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Summary

Selenium (Se) is one of the essential micronutrients needed for proper metabolic function
of humans. Indeed, Se plays an active role in several functions, including antioxidant and immune
responses, reproduction, cardiovascular and muscular functioning. The form of the Se species and
their concentration have a key role in their bioavailability in humans. Generally, in humans the
inorganic Se species (selenite, Se(IV) and selenate, Se(V1)) are less bioavailable than the organic
species (e.g. selenocysteine, SeCys; selenomethionine, SeMet) which can be easily incorporated
in the body to fulfil metabolic activities.

Se is incorporated into the human body from food sources. The concentration of Se in the
soil where the food is produced directly correlates with the Se availability to the population in the
region. In Europe, especially in the northern and western part, Se is deficient in soils, challenging
the recommended intake (e.g. 55-70 ug of Se/day for adults). Se supplements are commercially
available, however, prolonged dosage and toxicity effects are of high concern. Plants have the
natural ability to transform inorganic Se species to more bioavailable organic Se forms which are
better assimilated by humans. Indeed, in some countries like New Zealand and Finland, large scale
Se biofortification of food crops were being practised. However, there are several important
aspects like the total Se accumulated, tolerable limits for the plants and in turn to humans, the
species of Se assimilated in the plants, environmental toxicity of Se fertilization, Se metabolism
in crops, competing mechanisms with other soil pollutants that are yet to be addressed in detail. In
depth knowledge in these areas will help us to better design the fortification practices and acquire
improved Se-biofortification results without affecting the agronomy practices.

This study focuses on the Se-biofortification of wheat and it has two main objectives.
Firstly, to analyse the competing behaviour of Se with pollutants (Cd or Hg) in hydroponic culture,
and, secondly, to assess how different Se application methods (soil or foliar) affect the Se species
produced by the plant in soil culture. Overall, we are aiming to understand the mechanisms affected
and the possible interaction in the plants with respect to Se concentration and the chemical

transformation of Se species.

In hydroponic culture, Se biofortified wheat plants were grown with and without Cd, a

common agricultural pollutant. In this study, different percentage ratio of Se**/Se®* (25/75, 50/50,
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75/25) treatments were applied. The objective is to identify the Se species and their accumulation
in the grains which are the final edible part and how this mechanism takes place by analysing the
different parts of the plant. We have studied the plant growth characteristics, the concentration of
different elements in plants and how Se species are affected under Cd pollution using X-ray
absorption spectroscopy (XAS). Complementary studies with respect to sulphur (S) speciation in
plants were analysed to address Se effects, as S metabolism is a direct analogous to Se assimilation
pathway in plants. Fourier transform infrared spectroscopy (FTIR) experiments were carried out
to study the amide band differences based on treatments along the plants. Molecular gene
expression studies on short term wheat plants exposed to Cd in hydroponic culture were performed
on specific genes related to S transporters, species metabolism, and stress response. In general, S
transporter genes is more expressed in aerial parts and particularly in Se®* treatment as they directly
compete with sulafte for plant uptake. The genes indicating metabolsim shows major differences
in Se** teatments (also in Cd presence), as Se(IV) could be transformed to organic species more
actively. The stress response genes affected by Cd presence were majorily seen in shoots and less
in roots even under less Cd exposure in study. This has helped us to have a more comprehensive
view in order to better understand the plant's interaction with Se under the absence and presence
of pollutants. Generally, we find that Cd affects the Se biofortification process, in terms of both
the Se accumulation and the species formation. In addition, getting elemental and spectroscopy
maps in grains has helped us to get information about the distribution of the Se species in the
different grain regions like eye, endosperm, filament and bran, which, instead, looks not strongly

affected by the treatment applied.

Mercury (Hg) speciation in Se biofortified wheat plants grown hydroponically under Hg
pollutant was analysed. We studied the overall protective nature of Se against Hg in plants and
how it affects Hg species in the plants. XAS was used to this purpose. Irrespectively of the Se
treatments applied, the plants grown under Hg pollution form toxic methylated Hg complexes
which are harmful to humans. The 50/50 mixture of Se** and Se®* species in the treatment reduces

the accumulation of methylmercury in grains, offering protection against Hg to a certain extent.

Se biofortification in soil pot-culture was used as an intermediate step to large scale
production and commercially viable cultures. Conversely to the hydroponic culture case, the

interaction of Se with the growing media, i.e. soil, influences the solubility and mobility of Se



species according to the soil properties (pH, organic matter, clay content, type of soil). This study
includes both either soil or foliar based Se application. Different Se treatments including,
individual inorganic Se (Se*" or Se®*) and a 1:1 mixture of both were used. We analysed the
concentration of different essential nutrients and how the Se speciation in soil changes after a long-
term cultivation of the wheat plants. The concentration of different elements in the plants was
analysed together with the growth parameters to learn the effects of Se application. In addition,
the speciation of Se along the plants and the spatial distribution of the elements and Se species in
grain sections were studied. Complementary studies of S speciation and functional groups of
proteins (amide-1: 1600-1700 cm, amide-11: 1500-1400 cm™) with the help of uXRF, XAS, and

FTIR in grains were performed.

Generally, selenate has been identified as the best Se treatment in soils. This is based on
the grain yield and Se concentration achieved in grains. On the other hand, soil application is more
efficient over the foliar one, thus, considering the former methodology to be followed. Moreover,
not only the application methods, but also the total Se accumulation in plants is related with the
Se species formed in the grains, suggesting that attention should be paid to both parameters to

control the Se biofortification process.

Globally, the here reported results help to understand the Se plant uptake mechanisms and
its interaction with pollutants and permit to improve the Se biofortification practices on wheat. The
thesis reports valuable information for achieving the formation of the desired Se species in wheat
grains, reducing the toxicity to the plants, and to finally help the society to access an adequate Se

intake which benefits the human’s dietary needs.



Resumen

El selenio (Se) es uno de los micronutrientes esenciales necesarios para las funciones
metabdlicas adecuadas de los seres humanos. De hecho, el Se juega un papel activo que incluye
las respuestas antioxidantes e inmunes, la reproduccion, el funcionamiento cardiovascular y
muscular. La forma de las especies de selenio y su concentracion juegan un papel importante en
su biodisponibilidad en humanos. Generalmente, en los seres humanos, las especies inorganicas
de Se (selenito, Se (IV) y selenato, Se (V1)) son menos biodisponibles que las especies organicas
(por ejemplo, selenocisteina, SeCys; selenometionina, SeMet) que se pueden incorporar

facilmente en el cuerpo para cumplir actividades metabdlicas.

Se incorpora al cuerpo humano a partir de fuentes alimentarias. La concentracion de Se en
el suelo donde se produce el alimento se correlaciona directamente con la disponibilidad de Se
para la poblacién de la region. En Europa, especialmente en la parte norte y occidental, el Se es
deficiente en los suelos, desafiando la ingesta recomendada (por ejemplo, 55-70 pg de Se / dia
para adultos). Los suplementos de Se estan disponibles comercialmente, sin embargo, la dosis
prolongada y los efectos de toxicidad son de mayor preocupacion. Las plantas tienen la capacidad
natural de transformar especies de Se inorganico en formas de Se organico mas biodisponibles que
son aceptables para los seres humanos. En algunos paises como Nueva Zelanda y Finlandia, se
estaba practicando la biofortificacion con Se de cultivos alimentarios a gran escala. Sin embargo,
existen varios aspectos importantes como el Se total acumulado, limites tolerables para las plantas
y a su vez para los humanos, las especies de Se asimiladas en las plantas, la toxicidad ambiental
de la fertilizacién del Se, el metabolismo del Se en los cultivos, los mecanismos que compiten con
otros contaminantes del suelo. que ain no se han abordado en detalle. Un conocimiento profundo
en estas areas nos ayudara a disefiar mejor las practicas de fortificacion y adquirir mejores

resultados de biofortificacion con Se sin afectar las practicas de agronomia.

Este estudio se centra en la biofortificacion Se del trigo y tiene dos objetivos principales.
En primer lugar, analizar el comportamiento competitivo del Se con los contaminantes (Cd o Hg),
en cultivo hidropdnico y, en segundo lugar, evaluar como los diferentes métodos de aplicacion de
Se (suelo o foliar) afectan a las especies de Se producidas por la planta en cultivo en suelo. En
general, nuestro objetivo es comprender los mecanismos afectados y la posible interaccién en las

plantas con respecto a la concentracion de Se y la transformacion quimica de las especies de Se.
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En cultivo hidropénico, se cultivaron plantas de trigo biofortificado con Se con y sin Cd,
un contaminante agricola comdn. En este estudio, se aplicaron diferentes proporciones
porcentuales de tratamientos Se4 + / Se6 + (25/75, 50/50, 75/25). El objetivo es identificar las
especies de Se y su acumulacion en los granos que son la parte final comestible y como se produce
este mecanismo analizando las diferentes partes de la planta. Hemos estudiado las caracteristicas
de crecimiento de las plantas, la concentracion de diferentes elementos en las plantas y como las
especies de Se se ven afectadas por la contaminacién por Cd mediante espectroscopia de absorcion
de rayos X (XAS). Se analizaron estudios complementarios con respecto a la especiacion de azufre
(S) en plantas para abordar los efectos del Se, ya que el metabolismo del S es un analogo directo
a la via de asimilacién del Se en las plantas. Se llevaron a cabo experimentos de espectroscopia
infrarroja por transformada de Fourier (FTIR) para estudiar las diferencias de bandas de amida
basadas en tratamientos a lo largo de las plantas. Se realizaron estudios de expresion de genes
moleculares en plantas de trigo a corto plazo expuestas a Cd en cultivo hidropdnico en genes
especificos relacionados con los transportadores de S, el metabolismo de las especies y la respuesta
al estrés en las plantas. En general, los genes transportadores S se expresan mas en las partes aéreas
y también en el tratamiento con Se6 +, ya que compiten directamente con el sulafte por la absorcion
de las plantas. Los genes que indican metabolsim muestran diferencias importantes en los
tratamientos de Se4 + (también en presencia de Cd), ya que el Se (IV) podria transformarse en
especies organicas de forma mas activa. Los genes de respuesta al estrés afectados por la presencia
de Cd se observaron principalmente en los brotes y menos en las raices, incluso con menos
exposicion a Cd en el estudio. Esto nos ha ayudado a tener una visidbn mas completa para
comprender mejor la interaccion de la planta con Se en ausencia y presencia de contaminantes.
Generalmente, encontramos que el Cd afecta el proceso de biofortificacion de Se, tanto en términos
de acumulacion de Se como de formacion de especies. Ademas, la obtencion de mapas elementales
y espectroscopicos en granos nos ha ayudado a obtener informacidn sobre la distribucion de las
especies de Se en las diferentes regiones de granos como 0jo, endospermo, filamento y salvado,
que, en cambio, no parece muy afectado por el tratamiento aplicado. Se analiz6 la especiacion de
mercurio (Hg) en plantas de trigo biofortificado con Se cultivadas hidroponicamente bajo
contaminante Hg. Se estudio la naturaleza protectora general del Se contra el Hg en plantas y coémo
se varian las especies de Hg en las plantas usando XAS. Descubrimos que, independientemente de

los tratamientos con Se, las plantas contaminadas con Hg forman complejos toxicos de Hg
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metilado que son dafiinos para los seres humanos. La mezcla 50/50 de especies Se** y Se®* en el
tratamiento reduce la acumulacion de metilmercurio en los granos, ofreciendo proteccion contra

el Hg hasta cierto punto.

Se utilizo la biofortificacion en suelo en macetas como un paso intermedio para la
produccion a gran escala y cultivos comercialmente viables para especies de plantas superiores. A
la inversa del caso del cultivo hidroponico, la interaccion del Se con el medio de cultivo, es decir,
el suelo, influye en la solubilidad y movilidad de las especies de Se en el suelo segin sus
propiedades (pH, materia orgéanica, contenido de arcilla, tipo de suelo). Este estudio se dividio en
aplicacion de Se a base de suelo y foliar. Se utilizaron diferentes tratamientos de Se, incluyendo
Se inorganico individual (Se** y Se®) y una mezcla 1: 1 de ambos (Semix). Analizamos la
concentracion de diferentes nutrientes esenciales en los suelos y como cambia la especiacién de
Se en el suelo después de un cultivo a largo plazo de las plantas de trigo. Para las plantas, se analiz6
la concentracion de diferentes elementos junto con los parametros de crecimiento para conocer los
efectos de la aplicacion de Se. Ademas, se estudio la especiacion de Se a lo largo de las plantas y
la distribucion espacial de los elementos y especies de Se en secciones de grano. Se realizaron
estudios complementarios de especiacion S y grupos funcionales de proteinas (amidal / 1600-1700
cmt, amidall / 1500-1400 cm™) con la ayuda de FTIR en sesiones de grano.

Generalmente, el selenato ha sido identificado como el mejor tratamiento de Se en suelos,
siendo la aplicacion al suelo mas eficiente. Ademas, no solo los métodos de aplicacion, sino
también la acumulacion total de Se en las plantas estan relacionados con las especies de Se
formadas en los granos, lo que sugiere que se debe prestar atencion a ambos parametros para

controlar el proceso de biofortificacion de Se.

Los resultados aqui reportados ayudan a comprender los mecanismos de absorcién de las
plantas de Se y permiten mejorar las préacticas de biofortificacion de Se en el trigo. La tesis reporta
informacidn valiosa para lograr la formacion de las especies de Se deseadas en los granos de trigo,
reducir la toxicidad para las plantas y finalmente ayudar a la sociedad a acceder a una ingesta

adecuada de Se que beneficie las necesidades dietéticas del ser humano.
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Resum

El seleni (Se) és un dels micronutrients essencials necessaris per a les funcions
metaboliques adequades dels humans. De fet, el Se té un paper actiu, incloent respostes
antioxidants i immunes, la reproduccio, el funcionament cardiovascular i muscular. La forma de
les especies de seleni i la seva concentracio juguen un paper important en la seva biodisponibilitat
en humans. En general, en els éssers humans les espécies inorganiques de Se (selenita, Se (1V) i
selenat, Se (VI)) s6n menys biodisponibles que les espécies organiques (per exemple,
selenocisteina, SeCys; selenometionina, SeMet) que es poden incorporar facilment al cos per

complir-les activitats metaboligues.

Se s'incorpora al cos huma a partir de fonts d'aliment. La concentracié de Se al sol on es
produeix I'aliment es correlaciona directament amb la disponibilitat de Se per a la poblacio6 de la
regio. A Europa, especialment a la part nord i oest, el Se és deficient en sols, cosa que suposa un
consum recomanat (per exemple, 55-70 pg de Se / dia per als adults). Els suplements de Se estan
disponibles comercialment, pero, la dosificacié prolongada i els efectes de toxicitat son més
preocupants. Les plantes tenen la capacitat natural de transformar especies de Se inorganiques a
formes de Se organiques més biodisponibles que siguin acceptables per als humans. En alguns
paisos com Nova Zelanda 1 Finlandia, s’estava practicant la biofortificacié a gran escala de Se de
cultius alimentaris. No obstant aix0, hi ha diversos aspectes importants com el limit tolerable total
de Se acumulat per a les plantes i al seu torn per als humans, les espécies de Se assimilades a les
plantes, la toxicitat ambiental de la fertilitzacié del Se, el metabolisme del Se als cultius,
mecanismes competitius amb altres contaminants del sol. que encara no s’han d’abordar amb
detall. Un coneixement profund d’aquestes arees ens ajudara a dissenyar millor les practiques de
fortificacio i a adquirir millors resultats de Se-biofortificacié sense afectar les practiques

d’agronomia.

Aqguest estudi se centra en la se-biofortificacid del blat i té dos objectius principals. En
primer lloc, analitzar el comportament competitiu de Se amb contaminants (Cd o Hg), en cultiu
hidroponic 1, en segon lloc, avaluar com els diferents metodes d’aplicacidé de Se (sol o foliar)
afecten les especies de Se produides per la planta en cultiu de sol. En general, volem comprendre
els mecanismes afectats i la possible interaccid de les plantes respecte a la concentracio de Se i la

transformacio quimica de les espécies de Se.
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En cultiu hidroponic, les plantes de blat biofortificades de Se es van cultivar amb i sense
Cd, un contaminant agricola comu. En aquest estudi, es van aplicar diferents percentatges de
tractaments amb Se4 + / Se6 + (25/75, 50/50, 75/25). L'objectiu és identificar les espécies de Se i
la seva acumulacio en els grans que son la part final comestible i com té lloc aquest mecanisme
mitjancant l'analisi de les diferents parts de la planta. Hem estudiat les caracteristiques del
creixement de les plantes, la concentracio de diferents elements a les plantes i com es veuen
afectades les espécies de Se per contaminaci6é per CD mitjancant 1’espectroscopia d’absorcid de
raigs X (XAS). Es van analitzar estudis complementaris pel que fa a I’especiacié del sofre (S) a
les plantes per abordar els efectes del Se, ja que el metabolisme del S és una via analoga directa a
la via d’assimilaci6 del Se a les plantes. Es van dur a terme experiments d’espectroscopia infraroja
per transformada de Fourier (FTIR) per estudiar les diferencies de banda amida basades en
tractaments al llarg de les plantes. Es van realitzar estudis d’expressi6 de gens moleculars en
plantes de blat a curt termini exposades a Cd en cultiu hidroponic en gens especifics relacionats
amb transportadors de S, metabolisme de les espécies i resposta a 1’estres en plantes. En general,
els gens transportadors S s’expressen més en parts acries i també en el tractament amb Se6 +, ja
que competeixen directament amb el sulafte per a la captacio de plantes. Els gens que indiquen
metabolsim mostren grans diferencies en les tractaments de Se4 + (també en preséncia de Cd), ja
que el Se (IV) es podria transformar en espécies organiques de manera més activa. Els gens de
resposta a I'estrés afectats per la presencia de Cd es van observar principalment en brots i menys
en arrels, fins i tot amb menys exposicié a Cd en I'estudi. Aixo ens ha ajudat a tenir una visié més
completa per comprendre millor la interaccié de la planta amb Se en absencia i presencia de
contaminants. En general, trobem que el Cd afecta el procés de biofortificacio del Se, tant pel que
fa a l'acumulacié de Se com a la formacié d'especies. A més, obtenir mapes elementals i
d’espectroscopia en grans ens ha ajudat a obtenir informaci6 sobre la distribucid de les especies
de Se a les diferents regions de gra com ulls, endosperms, filaments i segd, que, en canvi, no es
veuen fortament afectats pel tractament aplicat.Es va analitzar 1’especiaciéo de mercuri (Hg) en
plantes de blat biofortificat de Se cultivades hidroponicament amb contaminants de Hg. Es va
estudiar la naturalesa protectora general de Se contra Hg en plantes i com es varien les especies de
Hg en les plantes mitjancant XAS. VVam trobar que, independentment dels tractaments amb Se, les

plantes contaminades per Hg formen complexos toxics de Hg metilats que sén perjudicials per als
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humans. La barreja 50/50 d’espécies de Se** i Se®* en el tractament redueix 1’acumulacié de

metilmercuri als grans, oferint en certa mesura proteccié contra Hg.

La biofortificacio en cultiu en test del sol es va utilitzar com a pas intermedi per a la
produccié a gran escala i cultius comercialment viables per a espécies vegetals superiors. Per
contra, en el cas del cultiu hidroponic, la interaccio de Se amb els mitjans de cultiu, és a dir, el sol,
influeix en la solubilitat i mobilitat de les espécies de Se en el sol segons les seves propietats (pH,
matéria organica, contingut d’argila, tipus de sol). Aquest estudi es va dividir en aplicacions de Se
basades en sols i foliar. Es van utilitzar diferents tractaments de Se, incloent-hi Se inorganic
individual (Se** i Se®*) una barreja 1: 1 de tots dos (Semix). Hem analitzat la concentracié de
diferents nutrients essencials als sols i com canvia 1’especiaci6 del Se al sol després d’un cultiu a
llarg termini de les plantes de blat. Per a les plantes, es va analitzar la concentracio de diferents
elements juntament amb els parametres de creixement per conéixer els efectes de I'aplicacio de Se.
A més, es va estudiar I’especiacio de Se al llarg de les plantes i la distribuci6 espacial dels elements
i de les espécies de Se en seccions de gra. Es van realitzar estudis complementaris d’especiacio S
i grups funcionals de proteines (amidel / 1600-1700cm™, amidell / 1500-1400cm™) amb 1’ajut de

FTIR en sessions de gra.

En general, el selenat s’ha identificat com el millor tractament de Se en sols, sent 1’aplicacio
del sol més eficient. A més, no nomeés els metodes d’aplicacid, sind també 1’acumulacio total de
Se a les plantes estan relacionats amb les especies de Se formades als grans, cosa que suggereix
que s’hauria de prestar atencio a tots dos parametres per controlar el procés de biofortificacio del

Se.

Els resultats publicats aqui ajuden a entendre els mecanismes d’adquisicio de plantes de Se
i permeten millorar les practiques de biofortificacié de Se al blat. La tesi informa d’una informacio
valuosa per aconseguir la formacié de les espécies de Se desitjades en els grans de blat, reduir la
toxicitat per a les plantes i, finalment, ajudar a la societat a accedir a una ingesta adequada de Se

que beneficii les necessitats dietetiques de 1’ésser huma.
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Abbrevations

SeCys : Selenocysteine

SeCyst : Selenocystine

SeMet : Selenomethionine

SeMeCys : Selenomethylcysteine

XAS : X-ray Absorption Spectroscopy

XANES : X-ray Absorption Near Edge Structure

EXAFS : Extended X-ray Absorption Fine Structure
UXRF : Micro X-ray Fluroscence

FTIR : Fourier Transform Infrared spectroscopy

ICP-MS : Inductively Coupled Plasma Mass Spectroscopy

gPCR : Quantitative Polymerase Chain Reaction



Introduction

Micronutrients are essential elements necessary for humans and other living organisms in
trace amounts. Generally, they include vitamins and minerals, which play an important role in a
whole series of physiological functions essential for the metabolism. Food is the primary source

of micronutrients for living organism, as they cannot be produced in their system.

Selenium (Se) is one of these essential micronutrients. Humans need Se in varying amounts
depending upon their age group and nutritional needs (Brown and Arthur, 2021). Kids of 1 to 3
years or 4 to 13 years need 15-20 ug/day or 30-4 pg/day, respectively. Adults from 14 to 50 yrs.
need 55-70 pg/day, while above 51 years, 70-100 pg/day of Se is needed. The recommended value
of pregnant women is around 65 pg/day, and of 75 pg/day for the period of lactation (Brown and
Arthur, 2021; Kieliszek, 2019).

The importance of Se in the human biological functions was discovered in 1957 (Brown
and Arthur, 2021; Gupta and Gupta, 2017). Se is one of the crucial elements for proper functioning
of the human metabolism. Indeed, in the mammalian genes, there are 30 different selenoproteins
which take part in the formation of various needed metabolites to regulate the body functioning
(Brown and Arthur, 2021). Glutathione peroxidase, selenoprotein P, selenoprotein W,
iodothyronine deiodinases and thioredoxin reductase are some of the most prominent
selenoproteins and its containing enzymes in humans (Brown and Arthur, 2021; Rayman, 2000),
where Se acts as an antioxidant and reduces free radical formation, thus helping against cancer
formation and aging. More in particular, thyroid functioning is related to Se which, with other
elements, affects the growth of hormones. In reproduction, Se also plays an important role in
fertility, embryonic implantation, and placental retention. In addition, Se is highly necessary to
maintain and permit a proper functioning of muscles especially that of skeletal and cardiovascular
wellbeing (Brown and Arthur, 2021; Kieliszek, 2019). Some of the known Se deficiency related
endemic was Keshan and Kashin-Beck diseases (Brown and Arthur, 2021; Gupta and Gupta,
2017). The former caused cardiomyopathy and the later reported cartilage softness in arms and
legs (Kieliszek, 2019). The Se level in the body is also related with diseases like Alzheimer’s,
depression, reduction in virulence of HIV, and fetal development (Kieliszek, 2019).



On the other end, upper tolerable limits of Se for adults is considered to be
300-400 pg/day (Boyd, 2011; Kieliszek, 2019). In particular, it has been reported that an oral
intake of 5 mg/day or inhalation exceeding 0.2 mg/cm? (volcanic eruption and organic matter
decomposition) causes heavy selenium poisoning (Kieliszek, 2019; Koller and Exon, 1986). In
fact, both inorganic and organic Se can cause the toxicity effects based on the organism and the Se
concentration and species consumed. Se poisoning by acute toxicity leads to, among others, hair
loss, tachycardia, hypotension, garlic breath, dry cough, anemia, hyper salvation, kidney
malfunction. Moreover, too high Se level distorts and accelerates the sulphur metabolism leading
to damage in biochemical functions of cells by over production of enzymes and proteins
(Kieliszek, 2019).

In terms of Se species, Se has four different oxidation states (-2, 0, +4, +6). In nature, it is
found in both organic and inorganic forms. Some of its organic forms biologically relevant are
selenomethionine (SeMet) and selenocysteine (SeCys), selenodiglutathione,
dimethylseleniumsulfide, dimethylselenide, hile the inorganic forms include selenite (SeOs?),
selenide (Se?"), selenate (SeOs2) and the elemental selenium (Se) (Fernandez-Martinez and
Charlet, 2009; Kieliszek, 2019). Inorganic selenium species, as selenite (Se(IV)) and selenate
(Se(V1)), or organic Selenocystine (SeCyst) can be assimilated into the human system but cannot
be easily incorporated into proteins. Therefore, they are less bioavailable than other selenoamino
acids such as selenomethionine (SeMet), selenocysteine (SeCys), and methyl selenocystine
(SeMeCys), which are instead efficiently absorbed for the needs of the metabolic activities in
humans (Roman et al., 2013).

One of the major sources of bioavailable Se for humans are edible plants, since plants are
able to convert inorganic Se species to bioavailable organic forms. The Se level in plants is
determined by the soil properties and type of plant, with a higher concentration in leafy and grasses
than in leguminous plants. The plants which can tolerate, and then accumulate, higher amount of
Se are seleniferous plants (e.g., Astragalus species from Fabaceae family and Stanleya pinnata
from Brassicaceae family) typically found in USA and China. In seleniferous plants, the Se
accumulation ranges from 70 to 20,000ug/g depending on the plant species. Plants that can
accumulate Se but not as a nutritional requirement for the plant are often termed as secondary

accumulators. Cereal crops are considered good secondary accumulators, which typically store Se



in their seeds in a range of 0.1-0.5 pg/g, where above 5 pg/g of storage is toxic for the plant (Gupta
and Gupta, 2017).

Generally, in soils under normal conditions plants uptake selenate form better than selenite
(Lara et al., 2019; Qin et al., 2017; Ros et al., 2016; Wang et al., 2017). Selenate is absorbed by
sulphate transporters, while selenite is taken up, especially in acidic soils where they are in the
form of selenic acids, mainly by phosphate transporters. Organic species are taken up by amino
acid transporters, however this mechanism is not yet well understood. The Se species are further
reduced in the plant. In particular, selenate is reduced into selenite by ATP sulphurylase, and
catalyzed with ATP reductase and GSH, it is forming organic species. Anyway, the amount of
selenate accumulated is a rate limiting step in the process of Se transformation in plants. In
addition, with the help of O-acetyl serine enzymes and reductase, cysteine reductase, selenite
further forms SeCys. Alternatively, with the help of semethyltransferase, inorganic species can be
directly converted into organic SeCys species. Further methylated species such as Semethionine
(SeMet), Seleno-methylmethionine or Se-methylselenocysteine (Se-MSC) are formed from
mechanisms like SeCys methyl synthase, cysteine reductase. SeMet and SeMeCys can be
incorporated into proteins with the release of dimethyl selenide or dimethyl-diselenide (Ellis and
Salt, 2003; Schiavon et al., 2020; Zhou et al., 2020).

The level of Se in foods is then directly related to the soil characteristics, therefore, Se-
poor soils around the world (Koller and Exon, 1986) results in the production of Se-deficient food
lacking of the essential seleno-aminoacids for humans. Indeed, the Se amount is widely distributed
along the earth crust, but its concentration critically varies with soil type and texture, organic
matter content, climatic factors, and with certain anthropogenic activities. For example, the Se soil
content can be increased with fertilization rich in selenium, crude oil refining, and coal combustion
(Boyd, 2011; Dinh et al., 2017; Qin et al., 2017; Shamberger, 1983; Sharma and Singh, 1983). Se-
rich soils are present mainly in Northern parts of America, China, Australia, Ireland, while Se-
poor areas include New Zealand and a wide part of Northern Europe (Gissel-Nielsen et al., 1984;
Gupta and Gupta, 2017; Toth et al., 2016).

Biofortification has been proposed to overcome such Se-deficiency in diets due to Se-poor
soils. Biofortification is a process by which the plants’ nutritional properties are improved by

increasing the presence of the desired elements in their system either via genetic modification



(Malagoli et al., 2015) or agronomy practices (Boldrin et al., 2016; Curtin et al., 2006; Schiavon
et al., 2020; Subirana, 2018; Xiao et al., 2020). Agronomical biofortication is advantageous since
it is cost-effective and it can be performed in large scale applications. Currently, the most
commonly practiced method consists on applying inorganic selenium species in the field as
fertilizers within the approved limits (Curtin et al., 2006; Xiao et al., 2020). In Europe there is no
general consensus, respect to limits and, selenium feeding is preferred in the form of sodium
selenate (EFSA Journal 2017).

Current efforts are devoted to find the most effective Se application methodology to get
Se-biofortification of crops with less long term effects in the agricultural land and without altering
the other nutritional benefits of the plants. Two main approaches exist to provide inorganic Se
species to the plants: by directly irrigating the soils, or by foliar application spraying the fertilizer
over the leaf surface. In addition, the biofortication process should be optimized considering
different parameters including the crop variety, the Se species used (species solubility in soil,
organic matter content in soil, pH related uptake, uptake and breakdown pathways in plants), time
of application, other fertilization practices during Se application (e.g. nitrogen application before
fortification process increases the Se yield), and frequency of application (Curtin et al., 2008, 2006;
Dinh et al., 2017; Lara et al., 2019; Z. Li et al., 2017; Lidon et al., 2019). Such parameters affect
the Se assimilation pathway and the final Se species provided by the plant in the final product, the
edible part of the plant. On the contrary, controlled hydroponics culture plays a vital role in
understanding the mechanism of Se uptake in plants, making it the first step prior to address soil
cultures (soil and foliar applications) and to pass to large scale applications (Sambo et al., 2019;
Verdoliva et al., 2021).

Other factor to take into consideration is that the Se-biofortification process can be
hindered by soil pollutants, which could compete with Se in the elemental soil accumulation,
complex formation, and plant uptake. This is often the case of pollutants which share the same Se
metabolic pathways, reducing the Se concentration and affecting the Se species distribution along
the plant. Therefore, it is also essential to address the role of different pollutants in the
biofortification process. Many previous works have reported antagonism behavior of selenium
towards mercury, cadmium, lead, and arsenic which are some common agricultural pollutants

delivered to the medium by anthropogenic activities (Dong et al., 2019; Huang et al., 2017; Toth



et al., 2016; Zhou et al., 2020; Punshon and Jackson, 2018; Tangahu et al., 2011; Wang et al.,
2014). In that respect, information regarding the major mechanisms affected by the Se
biofortification practices and environmental pollutants, especially in terms of species which form
in major part in successful biofortification, has not been reported yet.

In this work, we have studied the Se-biofortification of wheat as it is one of the three major
cereals crops consumed and produced around the world along with rice and maize. They are used
for both human food and livestock feed. The starch content in wheat is higher compared to proteins
at 60-80% however, the 10-20% protein content present is essential of human metabolism
(Shewry, 2009). Wheat production is the second largest cultivar in Europe (Brisson et al., 2010;
Poblaciones M.J et al., 2014) being the average production about 10 tons per ha (Gupta and Gupta,
2017). In addition, wheat can be easily harvested in large scale and the grains can be stored for a

long time without losing their nutritional and breeding properties.

The understanding of Se formation under pollutants, by speciation studies and gene
expression analysis reveals the Se metabolism and factors influenced in the plants. This helps us
to address the knowledge gap in the literature in terms of species accumulation distribution and
plant tolerance. In addition to the application methods in soil culture, foresee startergies in large

scale agronomic pratices.



Experimental approach
The main aims of this work are to biofortify wheat with Se and to understand the Se

accumulation mechanism and the fate of Se in the plants, and, in addition, to analyse the influence

of common pollutants like Cd and Hg into the biofortification process. Respect to the

biofortification, parameters like Se treatment applied, growth medium, Se application method and,

influence of pollutants were studied to compare, understand and choose the best conditions for

performing the most effective and sustainable biofortification process.

Thus, the work was broadly divided into two sections based on the growth medium

1) Hydroponics

Long term wheat plants were grown under different ratio of inorganic Se mixture
(Se**/Se’) treatments applied at the vegetative stage, with or without Cd pollution.
The elemental concentration, Se species and their spatial distribution in grains, Cd
speciation, S speciation and distribution in grains, FTIR of bulk samples were
analyzed.

gPCRs of genes related to S and Se metabolism were performed in short term wheat
plants grown with individual inorganic Se treatments and Se mixture with or
without Cd, to understand the uptake, distribution and speciation mechanisms of Se
to easily exploit the knowledge in soil-based cultures.

Also, the Hg speciation in Se biofortified wheat plants under Hg pollution was

studied and analysed.

2) Soil cultivation

Long term wheat plants were cultivated in soil medium, and biofortified with Se by
direct soil application or by foliar application. Individual inorganic Se species (Se**
and Se®*) and mixture of both (applied at fluorescence stage) were used in the study.
Plant samples (divided as roots, stems, leaves and grains) were analyzed for their
elemental concentration, Se speciation along different parts of the plant, Se species
and spatial distribution in grains, S speciation and distribution in grains, FTIR in

grain sections were studied.



Hydroponic culture

Chapter 1

Influence of Cd pollution in Se biofortification of wheat crops



1.1 Introduction

Soil pollution, especially with heavy metals is a growing environmental concern
(Motuzova et al., 2014). In agriculture, the presence of pollutants in the soil could affect the Se-
biofortification process. In fact, the antagonism between Se and other heavy metals (e.g. Hg, Cd,
Pb) and their effects on plant functioning and elemental uptake must be considered (Chen Shan et
al., 2009; Landberg and Greger, 1994; T6th et al., 2016). Among the most common pollutants,
cadmium (Cd) is a non-essential toxic compound for both plants and humans, that cause damage
to lungs, liver functions, lead to cancer, and induce kidney diseases (Johri et al., 2010). Cd can
occur naturally in agricultural soils, although recent reports warn about the increase of Cd on soils
due to the continuous use of phosphate based fertilizers (Robertsa,2014). Despite the fact that
several restrictions have been implemented in different European countries from 1970s (Ulrich,
2019), Cd concentrations in agricultural soils of around 10-20 pg/g have been reported (Toth et
al., 2016), whereas the EU regulation recommend a Cd limit of 1-3 pug/g (Commission Regulation
(EC) No 1881/2006, n.d.; Council Directive 86/278/EEC of 12 June 1986, n.d.). Hence, it is
necessary to study the influence of Cd in the Se biofortification process, to adapt the developed
methodologies to large scale production (2020 (EU), n.d.) (Boldrin et al., 2016; Brown and Shrift,
1982; Ellis and Salt, 2003; Gupta and Gupta, 2017;Chen et al., 2002; Wang et al., 2013, Mehes-
Smith et al., 2013;).

Previous studies, reported that a 1:1 molar concentration mixture of Se**/Se®* (herein
referred as 50/50 or Semix) has less toxic effects in wheat plants grown hydroponically (Guerrero
et al., 2014), and it forms more beneficial species in grains (Subirana, 2018). Hence, in our study
different mixture ratios of selenite and selenate were used. We have performed the Se
biofortification of wheat crop in hydroponic culture to have a better control of the cultivation
parameters (e.g. nutrients availability) and to have a simple environment in which the interaction
of Se with other factors, like in the presence of agricultural pollutants, and their effect in the

biofortification process can be studied.

The term hydroponics was coined from merging two Greek words meaning “working” and
“water” (hydro means “water”, and ponics means “working”). Hydroponic systems are also termed

as “soilless” cultures, as plants need only water, essential nutrients at proper proportion, and



enough time for getting a successful growth. Although the use of hydroponics dates far back in
history (Babylon gardens), it started to gain renewed attention in the 1930’°s. However, the better
adaptability of the soils respect to more sensitive and care demanding hydroponic systems lead to
a decrease in its commercialization despite that over decades different growing methods based in

the soil-less culture were developed.

In soilless culture, the roots of the plants are either suspended freely in the nutrient solution
(open systems) with static or continuous aeration, or submerged in a substrate (either organic, e.g.,
moss; or inorganic, e.g., perlite) with continuous or occasional addition of nutrient solution. The

open systems are mainly referred to as hydroponics among the soilless systems.

The major advantages of hydroponic systems include the ability to grow plants in diseased
or nutrient poor regions, the manual labouring of soil preparation is reduced, the nutrient and water
requirement are more controlled and readily available to plants in the production. This leads to less
waste, reduced pollution and increased productivity by reducing the effects of soil borne diseases
and, more importantly, it can be adapted to any region and size with better cultivation. The major
disadvantages are the initial construction cost of the system for large scale production, and it needs
proper monitoring with skilled personnel (“Hydroponics: A Practical Guide for the Soilless

Grower - J. Benton Jones Jr.,” n.d.).

In today’s growing demand for food for increased population and the amount of
agricultural land conditions and availability across globe, vertical farming is considered a better
solution for filling the gap. Also, especially in aerospace studies to fulfil the dietary need of
astronauts, different hydroponic systems were being studied. Moreover, in research, hydroponic

cultivation helps to understand the plant metabolism due to the highly controlled parameters.

Here we report, the Se species evolution along Se-biofortified wheat plants, grown under
hydroponic medium with and without Cd. We have analysed the effects of Cd interaction with Se
and overall effects in plants with respect to different ratio of Se biofortication treatments. Direct
Se speciation has been obtained by means of X-ray absorption spectroscopy at the Se K-edge.
Complementary species studies respect to Cd and S were reported. The elemental concentration
and the functional groups present in the plant samples obtained from lon coupled plasma mass

spectroscopy (ICP-MS) and Fourier infrared spectroscopy (FTIR) respectively are reported.
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1.2 Experimental methods

1.2.1 Cultivation in hydroponics with and without Cd

Wheat (Triticum aestivum) seeds were procured from Fito S.A. (Barcelona, Spain). Seeds
of similar size and no visual fungal infection were selected and germinated using moistened filter
paper at 25°C, 7 days in dark and 4 days in light, until they had a shoot of 6-7 cm in length.
Afterwards, the plants were pre-cultured in pots for 30 days with 0.5L of % strength Hoagland
solution per plant before applying Se and/or Cd. The formulation of the Hoagland solution is
describped in Table 1.1. The nutrient solution was buffered using MES (2-

morpholinoethanesulphonic acid) at pH 6.0 and renewed once a week.

For the Se biofortification, sodium salts of selenite (Se**) and selenate (Se®*) were used to
form the Se**/Se®* mixture in the ratios 25/75, 50/50 and 75/25. The total Se concentration was set
to 0.78 pg/g following the best results from previous studies regarding the optimization of Se
dosage in wheat plants (Subirana, 2018). Cadmium chloride (CdCl>) was used to introduce the Cd
pollution in the system at the concentration of 0.1 pg/g which is well below the upper limit set by
the European regulation for agricultural soils (Council Directive 86/278/EEC of 12 June 1986,

n.d.). The treatments were applied weekly and every time the nutrient medium was renewed.

The treatments applied along with their naming are summarized in Table 1.2 for the sake
of clarity. Six plants per pot with two pots per treatment of 10L capacity were studied in order to
provide replicates, where a total of 16 pots and 72 plants were cultivated.

The plants were grown until they were completely mature and harvested for further
characterization. After the harvest, the plants were divided into roots, shoot (leaves and stems) and
grains. Roots were cleaned with ice cold 2 M CaCl: to remove surface impurities. Roots and shoots
were lyophilized at -80 °C for 12 h and dry weights were measured. Grains were stored at -4°C in
sealed paper bags. Figure 1.1 reports the pictures from the cultivation. The samples were powdered
using an automatic agate mortar and pestle grinder, and stored in airtight tubes until further

processing for performing ICP-MS elemental analysis and for XAS direct speciation studies.
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Table 1.1: Hoagland solution (half strength)

Final
Stock Stock
. Volume
solution concentration
M) added
/L
@/L) (mi/L)
KNO3 1 101.1 3
)
C
2 | Ca(NO3): 1 236.16 2
>
§ NHHPO4 1 115.08 1
(44
= | MgS04 -7H.0 1 246.49 0.5
Stock mM
KCI 50 3.728 0.5
MnSO4 -H20 2 0.338 0.5
ZnS0, -7H.0 2 0.575 0.5
CuSO4 -5H,0 0.5 0.125 0.5
£ | (NH4)sM07024-4H,0 | 0.5 0.088 0.5
Q
S | H3BOs 3 1.546 0.5
o
-§ Fe-EDTA 20 7.341 0.5

Table 1.2: Se biofortication with Cd pollution treatments

Without Cd

With Cd

Control

Cd

25/75: (25% Se**, 75% Se*)

25/75+Cd: (25% Se**, 75% Seb*) + Cd

50/50: (50% Se**, 50% Se*)

50/50+Cd : (50% Se**, 50% Se’*) + Cd

75/25: (75% Se**, 25% Se*)

75/25+Cd:(75% Se**, 25% Seb*) + Cd
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Figure 1.1: Stages of the Se biofortication under Cd pollution cultivation.

1.2.2 Sample preparation and characterization

To analyze the elemental concentration by means of ICP-MS, an average of three plants
per treatment were grouped and microwave digested using 10 ml HNO3:H20> (3:1) mixture. The
digested samples were filtered using 0.22 um syringe filters before further dilution. The samples
were diluted according to the set calibration range of the desired elements and most of the major
elements were analyzed. The results obtained were checked for statistical differences using one-
way ANOVA and compared with student t-test distribution with each pairs of all possible
individual comparison, with no adjustments for multiple tests in JMP pro 13 software. The

statistical significance was denoted by compact letter display of LSD (o - 0.05) based on
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treatments. Translocation factor was calculated as the ratio between the Se concentrations of the

sample from initial to final part in the study.

X-ray absorption near edge structure (XANES) spectra were measured at CLASS beamline
(Simonelli etal., 2016) at the Se, Cd, and S K-edge. The synchrotron radiation emitted by a wiggler
source was monochromatized using a double crystal Si(311) monochromator. The rejection of
higher harmonics was done by choosing proper angles and coatings of the collimating and focusing
mirrors. Powdered plant samples (combination of three plants),
~21 mg, were pressed into 5 mm pellets using a hydraulic press. The appropriated amount of
inorganic and organic reference compounds was mixed with cellulose and pelletized. The K-edge
absorption spectra of plant samples were collected in fluorescence mode using a multi-element
silicon drift detector with Xspress3 electronics, while the reference spectra were measured in
transmission mode using ionization chambers. High energy resolution Se K-edge XANES
(HERFD-XANES) spectra were collected using the CLEAR emission spectrometer available at
the beamline based on Johansson-like dynamical-bent diced-analyzer Si crystals for scanning-free
energy dispersive acquisition. The Se Ka1 emission line was collected using the Si(444) reflection
of the analyzers working in back-scattering geometry. The energy resolution estimated from the
FWHM of the quasi-elastic line was around 0.8 eV. All the measurements were carried out at
liquid nitrogen temperature to minimize radiation damage. The data were processed and the linear
combination fitting (LCF) analysis was performed using Athena software of the Demeter package

),

Y (data-fit)?

(Ravel and Newville, 2005). The goodness of the fit was obtained by the R-factor ( > data?

which is a measure of the mean square sum of the misfit at each data point.

Spatial distribution of Se and other elements in grain sections (half grain) was determined
collecting micro-focused beam X-ray fluorescence (UXRF) maps using a pinhole of 50 um
diameter. In each grain, around 100 points were selected for collecting WXANES spectra at the Se
K-edge. After an exploratory assessment, a linear combination fitting (LCF) analysis of the maps
with the most appropriated set of references was carried out using an in-house developed software
(Marini et al., 2021). Moreover, the complementary spatial distribution of some selected sulphur

species has been studied in the grains.
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The functional groups present in the different parts of the plant were characterized with
Fourier infrared spectroscopy (FTIR) using a globar source in transmission mode. The samples
were prepared by homogenizing 1 mg of plant samples in 99 mg of potassium bromide (KBr),
from Sigma Aldrich IR grade and made into 13 mm thin pellets. The background was subtracted
using pure KBr pellet during the analysis. The measurements were carried out in transmission
mode, at 36x with 30x30 um aperture. A total of 3 points per sample at different locations in the
pellet with three replicates where collected (256 scans per point) in the range of 400-4000 cm™.
The measurements were pretreated and analyzed using unscrambler software. The spectra
collected were baseline corrected using a linear baseline transformation and normalized using unit
vector normalization followed by smoothing of spectra with 2" order and 7 points smoothing using

Savitzky-Golay Smoothing transform.

1.3 Results and Discussion

1.3.1 Growth parameters

The dry weight (DW) of the different parts of the plants gives information about the
biomass produced by the plant and allows us to assess factors in the biofortification treatment that
influence the plant’s growth. Figure 1.2 shows the DW of different parts of the plant for the

treatments applied.

In roots, respect to the Se treatments, the dry weight changes with 75/25 having less DW
compared to 25/75 and 50/50. Then for the case in which only Cd is added to the feeding, Cd
treatment, the DW increases respect to the Control. When adding Se and Cd, Se+Cd treatments,
there is an overall decrease of the DW respect to the Se treated plants except for the 75/25+Cd.
Statistically, the decrease of the DW for the treatments with higher Se®* ratio, 25/75+Cd and
50/50+Cd, is significant from other treatments.

In shoots, the presence of Se in the treatment reduces the shoots biomass respect to the
control sample. There is no appreciable effect of the selenium species used in the Se treatment.
When adding Cd, the DW decreases noticeably, and for the Se+Cd treatments there is dependence

with the ratio of the Se species being the DW lower for the treatments with higher Se®* content,
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25/75+Cd and 50/50+Cd. Statistically, Se treated samples, with treatments of different rations
(except 50/50) are significantly different from Control however, they share the components with
50/50 treatment. The changes observed for the Cd addition is significant respect to Control, and
similar to roots, Se®* higher treatments are significant compared to other treatments.

In case of spikes, the addition of Se, Cd or both dramatically decreases the DW respect to
the Control. Although the DW is rather similar for all treatments in the Se and Se+Cd groups,
overall, the DW for the Se group is higher, compared to Se+Cd one. For the Se group, the DW
decreases when increasing Se** in the treatment. On the other hand, in the Se+Cd group there is
not a clear trend, but the 25/75+Cd displays the lowest DW among all treatments. Statistically, the
differences found for Control and Cd treatments are significant among each other and respect to
25/75+Cd treatment, however, the rest of the treatments do not show statistically significant

differences among them.

For the grains, in the case of the Se group, the DW is higher in case of 25/75 treatment
respect to Control, whereas the 50/50 and 75/25 treatments display the lowest grain weight among
all the treatments. Upon the addition of Cd, the highest grain weight is obtained for the Cd
treatment, whereas for the Se+Cd group, the trend regarding the Se**/Se®" ratio is inverted respect
to the Se group being 75/25+Cd the treatment which displays the highest DW. Control and
treatments in Se and Se+Cd groups are statistically not fully significant whereas, Cd treatment is

significantly different from all the treatments.

The Figure 1.2 panel (e) shows the total number of grains produced. Among all the
treatments, Control produced the highest number of grains, however, respect to the standard
deviation (SD) of total grains produced in two pots, Cd is almost similar to Control. In Se group,
the grain production decreases with the increase of Se** in the treatment. In Se+Cd group,
50/50+Cd has the lowest grain production respect to the other two ratios which are almost similar

among them. This also correlates with the average weight of the grains produced.
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Figure 1.2: Biomass of different parts of the plant (DW), roots (a), shoots (b), spikes (c) and grains
(d) and total number of grains (e). The treatment groups are represented as control (black), Cd
(brown), 25/7 (blue), 50/50 (green), 75/25 (red), Control and Se group (no pattern), Cd and Se+Cd
group (diagonal pattern). The statistical significance between different treatments based on means
comparison of technical replicates was shown by student t-test with significance a-0.05. Different
letters define the level of significance.
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In summary, our results show that, respect to the Control, the addition of Cd has a
significant effect in the plant’s development affecting differently the different parts of the plant.
In terms of Se application, respect to the Control, along the plants the treatments do not
significantly affect the biomasses, whereas in grains the total DW clearly increases when
increasing in Se®* content in the treatment. In terms of Cd treatment along with Se, Se+Cd group,
globally less biomass was produced respect to the Se group and an increase of Se** in the treatment
increases the total grain DW. Moreover, 25/75+Cd and 50/50+Cd show the lowest DW in roots
and shoots compared to 75/25+Cd. This could be due to the presence of more Se(1V) in the plant,

which helps to overcome the stress induced by Cd.

1.3.2 Elemental concentration along the plant

The Se concentration found in the different parts of the plants (roots, shoots and grains) is
displayed in Figure 1.3(a). Overall, considering all the parts of the plant, the Se concentration
decreases in the presence of Cd. In addition, the amount of Se accumulated in the roots is higher
than in the aerial parts (shoots and grains). The Se concentration in roots significantly increases

when increasing the ratio of Se** in the treatment both with and without Cd.

Instead, in shoots, theSe accumulation decreases with the increase of Se** in the ratio,
whereas the Cd presence does not noticeably influence the trend. In terms of significance,

regarding the Se and Se+Cd groups, the individual Se treatments are significant among each other.

In grains, the Se concentration in the presence of Cd gets reduced, with slightly higher
values toward higher Se** amount, with values which are consistent with previous results reported
in the literature (B Bisbjegr, 1969; Curtin et al., 2006; Gissel-Nielsen et al., 1984; Stroud et al.,
2010). Interestingly, for the grains grown without Cd, the 50/50 treatment has a slightly higher Se
concentration among all treatments (156 pg/g). This enhancement is statistically significant respect

to all the rest of the treatments.

These results highlight the strong influence of Cd on the Se bioaccumulation process.
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Figure 1.3: Elemental concentration and translocation factor for selenium (a, b) and cadmium (c,
d). For the concentrations (a, c): roots (brown), shoots (green) and grains (blue). For the
translocation factor (b, d): roots-to-grains (pink), shoots-to-grains (yellow) and roots-to-shoots
(blue). Bars for Control and Se group have no pattern, and for Cd and Se+Cd group have diagonal
pattern. Error bar represents the %RSD of the measurement. The statistical significance between
different treatments based on means comparison of technical replicates was shown by student t-

test with significance a-0.05. Different letters define the level of significance.

The translocation factor (TF) is described as the ratio of elemental concentration between
the destinations to origin of the part of the plants. The TF of a heavy metal should be more than 1
to consider that the mobility and the accumulation of that element is successful along the plant
(Usman et al., 2019). Figure 1.3(b) shows the translocation of Se along the plants under different

treatments. Se TF from roots-to-shoots is higher in the Se+Cd group treatments respect to the Se
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group treatments. This suggests that under Cd pollution the translocation of Se to the shoots is
favoured. Among the Se treatments, the TF decreases with Se** (25/75 > 50/50 > 75/25). In
contrast, the shoots-to-grains TF is lower for the Se+Cd group and increases with the Se** content.
This trend is better defined under Cd pollution, while along the Se group, the shoots-to-grains TF
looks to reach a plateau already at the 50/50 treatment. Finally, the roots-to-grains TF change
marginally in the purely Se treated samples, with a maximum for the 50/50 ratio. The Cd looks to
increase the roots-to-grains TF when Se®* is applied in higher amount. The better TF in bio
fortification was seen in root-to-shoot in 25/75 treatment and from shoots-to-grains in 50/50 and
75/25 treatment, for the latter with TF > 1 for purely Se treated samples. Hence, these results
indicate that the Cd application hinders the Se translocation during the biofortification process
respect to only Se treated plants, with a major effect found for the treatments involving a significant

Se** amount.

The Cd concentration under the Se treatments is depicted in Figure 1.3(c). Respect to the
Cd treatment, roots and shoots of Se+Cd group plants show reduced Cd concentration. Slight
changes are found in roots in terms of the Se treatments applied with 50/50 having the minimum
concentration (98 pg/g). Instead, in the case of shoots, the Cd concentration shows pronounced
dependence as a function of the Se treatment applied, having higher Cd concentration for the
treatments with higher Se** content. 25/75+Cd displays the lowest Cd concentration (27 pg/g),
while 75/25+Cd has more than twice (68 ug/g). In grains, we observe that the Cd concentration is
overall very small, and it less affected by the Se treatment applied. The highest Cd concentration
is found for 50/50+Cd (11 pg/g), in contrast with the opposite trend displayed by roots.

When assessing the results of the TF of Cd, see Figure 1.3(d), the shoots-to-grains TF
follow an opposite trend respect the Se TF, with increase of Se** concentration that correspond to
Cd TF decrease. Roots-to-shoots and roots-to-grains Cd TF show a maximum translocation at
50/50+Cd treatment, with all Se treatments having a better translocation than the Cd treatment
sample. However, the overall translocation of Cd in the plant system is systematically below 1,
thus limiting the Cd accumulation.
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experimental points.

The plot reporting the average grain weight as a function of the Cd concentration is shown
in Figure 1.4. The linear correlation found together with the data reported in Figure 1.2 d-e suggest

a combined toxicity effects from Cd and Se, which causes the reduction of the grain weight.

The Se and Cd interaction affecting their accumulation and translocation is similar to
previous findings in rice (B. Huang et al., 2017), where Se hinders excessive Cd accumulation in
the grain. In our case, depending on the treatment, Cd accumulation in the Se+Cd group decreased
from 80% (50/50+Cd) to 30% (25/75+Cd and 75/25+Cd) respect to the Cd treatment. Moreover,
Cd affects the biofortification process by significantly reducing the concentration of Se. For both
Se and Se+Cd groups, the higher Se concentration in roots is found in treatments towards higher
Se** in the ratio. This could be ascribed to the higher solubility of Se** in water than Se®*, which

makes Se** more available for plants in hydroponic systems (Meltzer et al., 1993).

It is important to assess the concentration of other elements like zinc (Zn), molybdenum
(Mo), copper (Cu), manganese (Mn) and boron (B) which are essential for protein synthesis, proper

enzymatic reactions and affect plant antioxidant behaviour. The concentrations of these elements
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along the different parts of the plant are reported in Figure 1.5. The statistical significance analysis
among treatments with significance 0.05 under student t-test respect to comparison of each pair
among the treatments is detailed in the figure as letters on top of the column bars. As seen from
the figures, all the elements concentration was affected respect to the Se treatments and the

presence of Cd.

Regarding the Mn concentration, see Fig. 1.5(a), shoots contain higher amount of Mn than
grains and roots. In roots, the Mn concentration decreased among all treatments except 25/75,
respect to Control treatment. Se groups have higher concetrations compared to Se+Cd groups.
Except for 25/75 treatment and Control, all other groups display significant differences among
them. In shoots, all treatments show higher Mn content respect to the Control treatment. Selenium
group has less Mn concentration compared to Se+Cd group. 25/75 treatment has more Mn in Se
group and significant than other two ratios. In contrary, 25/75+Cd has less Mn in the Se+Cd group.
Cd and 50/50Cd are similar and significant among all the other treatments.

In grains, the concentration of Mn was higher in Cd treatment respect to Control. Opposite
to shoots, Se group has higher Mn than Se+Cd groups. 50/50 treatment has less Mn in Se group,
whereas 50/50+Cd has higher Mn in Se+Cd group. In addition, respect to Control and Cd

treatment, the differences observed for Se and Se+Cd groups are statistically significant.

Mo is an important micronutrient that, as Se follows the sulphate transporters and takes
part in related to antioxidant defense activity in wheat plants and also in general in amino acid
synthesis. The Mo concentration is shown in Figure 1.5(b). The results show that Mo is more
present in roots and shoots than in grains. In roots, overall concentration of Mo is higher in Se
group compared to Se+Cd. Control has less Mo than Se groups, similar to Cd treatment being less
then Se+Cd groups. 50/50 is higher in Mo content compared to other ratios in Se group and in
contrary 50/50+Cd is the lowest in case of Se+Cd group. In shoots, Se group has less concentration
of Mo compared to Se+Cd group. Control has less concentration compared to all the treatments.
The 25/75 treatment had more Mo in Se group and 50/50+Cd have more Mo in case of Se+Cd
groups in shoots. In grains, the overall concentration is more or less similar. However, respect to
Control and Cd treatment, the differences found for Se and Se+Cd groups are statistically

significant.
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The concentration of Cu along the parts of the plant is given in Figure 1.5(c). Roots show
higher concentration of Cu compared to the shoots and grains. In addition, respect to the Control,
except 25/75 treatment, all the rest have less Cu and this change is statistically significant.
Similarly, Cd treatment has higher Cu concentration than Se+Cd treatments. In general, in roots,
Se treatments have higher Cu than Se+Cd groups. 25/75 show the highest concentration among all
treatments and within Se group, while 75/25+Cd has high concentration in case of Se+Cd group.
In shoots, all Se treatments are higher in concentration than Control treatment and similar among
Se group. Cd treatment shows higher concentration among all treatments, also compared to Se+Cd
groups. In case of Se+Cd group, 25/75+Cd has less concentration compared to the other ratios.
Generally, in grains, Se group has higher levels of Cu compared to Se+Cd group. The 25/75 has
higher concertation among all. The Cd treatments have higher concentration than Se+Cd

treatments.

Zn concentration shown in Figure 1.5(d) suggests that, generally, the concentration of Zn
in roots is lower than in shoots. In roots, the Control and the Cd treatments are higher in
concentration compared to Se and Se+Cd groups. The concentration decreases with increase in
Se** in the treatment ratio in Se and Se+Cd groups. The Cd ad 25/75+Cd have same concentration
and not significant while other treatments show significance. In shoots, Se+Cd group has higher
concentration compared to the Se group, which is also more or less similar in grains. In shoots,
respect to Control and Cd treatments, Se and Se+Cd groups have higher Zn concentration. The
50/50 treatment has lower concertation in Se group whereas 50/50+Cd has higher concentration in
Se+Cd group. This trend is also similar between the shoots and grains. All treatments show

significance among each other.

Concentration of B is shown in Fig 1.5(e). In general terms, shoots have lower
concentration of B than roots, and the highest concentration is found for grains. In roots, respect
to control, all treatments are lower in concentration, also compared to Cd treatment Se+Cd group
is lower. The Se group 50/50 have the lowest concentration compared to other two ratios. In case
of Se+Cd group, the concentration decreases with increase in Se** in the treatment. The treatments
are significant among each other. In shoots, less difference among treatments are seen unlike roots,
the control being highest in concentration similar to Cd and 25/75 in Se group. 50/50 and 75/25
are similar in case of Se group. In Se+Cd 50/50+Cd is higher compared to others and significant
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compared to the other two ratios. In grains, 50/50+Cd has the highest concentration followed by
Control, Cd and 25/75. The concentration in 50/50 and 75/25 is significantly lower than in the
other treatments.

The results from the microelements in the plants help us to understand the effects of Se and
Cd. The lower concentration of Mn in grains respect to shoots can be attributed to the plants
hindering capacity against Mn. It has been reported that, in some cases, Se application lowers the
Mn accumulation in sunflower plants to prevent Mn induced toxicity due to metal related elements
antioxidant activity of plants (I. Saidi et al., 2014). Previous work on lettuce also reported a
decrease in Mn concentration linked to an increase in the Se level (Kleiber Tomasz et al., 2018).

Similar to Se, Mo follows the sulphate transport in plants. Overall plant growth seems
affected by the coexistence of Mo, Se, and S in the growing media because of their competition in
the uptake. In Shoots, we find more Mo in the Se+Cd group. This could be due to the lower
accumulation of Se and due to the Cd presence, which increases the Mo. As the presence of Se or
the concomintant anomalous S level tends to affect Mo in the plant tissues. This effects among
elements were reported in sulfur presence and absence in wheat. (Shinmachi et al., 2010) . Also
protective effect of Mo and Se are reported to reduce the stress induced by Cd in plant (Ismael et
al., n.d.).

On the other hand, the Cu level is generally affected by the plant uptake pathway in terms
of ion exchange since its primarily role in the production of enzymes. This may explain the higher
Cu level found in roots, where the major elemental uptake takes place (Hou et al., 2006).

The interaction between Cd and Zn was reported to affect the accumulation of both
elements in some small herbs (Festuca arundinacea) (Dong et al., 2019). Some works report that
the presence of Cd and Zn reduces the Cu uptake (Adamczyk-Szabela et al., 2020) which was not
true in our case. The B changes respect to Se and Cd interaction in plants were not reported in
literature. Thus, in general, micronutrients are affected by the presence of Se treatments and
pollutants in the growing medium. Despite the significance of the results clear trends where
difficult to identify, implying that further studies are necessary to increase the data set to further

address correlations.
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Figure 1.5: Elemental concentration of Mn (a), Mo (b), Cu (c), Zn (d), and B (e). The stacked plot
represents roots (brown), shoots (green) and grains (blue) of control and Se group (no pattern) and
Cd and Se+Cd group (diagonal pattern). The error bar denotes the RSD of the measurements. The
statistical significance between different treatments based on means comparison of technical
replicates was shown by student t-test with significance a-0.05. Different letters define the level
of significance.
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1.3.3 Se species along plant and grains

To assess the evolution of the different Se species along the plant, XANES was used as a
direct speciation technique. This allows us to study the Se species present in the wheat plants
without having to destroy the sample nature with other chemical treatments as occurs with other
indirect speciation techniques such as HPLC-ICP-MS. Figure 1.6 shows the Se K-edge XANES
spectra collected on roots 1.6(a), shoots 1.6(b) and grains 1.6(c) samples. By direct comparison,
of the XANES spectra of the plant samples with those of the Se references the main Se species can

be qualitatively assessed.

In the case of roots, the spectral profile of the Se treated samples resembles mostly the one
of the Se organic species having the white-line (first resonance feature after the absorption rising
edge) at similar energy (12660.4 eV) then SeMet and SeMeCys references, in which the
coordination of Se is in the form of C-Se-C. It is worth noticing that the white-line is wider in the
plant samples than in the Se standards. This can be attributed to a more distorted local environment
of the Se present in the plants or coexisting phases. Overall, no major spectral differences regarding
the Se**/Se®* ratio in the treatments were observed, except for the 25/75+Cd sample, where there
is a clear rise of spectral weight at higher energies respect the main common white line. Such
higher energy feature may correspond to intermediated Se species. According to the energy
position at which it appears (between C-Se-C and Se(IV) references), it might be compatible with
selenide intermediate species, formed as a residue during the breakdown of Se(V1) to Se(1V) using
ATPSulphurlayse, or further breakdown using cysteine synthase complexes in plants reduction of
Se(VI) and Se(lV) assisted by S-containing thiol compounds like gluathionine reductase. This is
expected to occur in roots due to the presence of sulphur assimilators and transporters (Ellis and
Salt, 2003; Schiavon et al., 2016). Moreover, a slightly shift of the white-line towards lower energy
was found in the case of 75/25 sample (with and without Cd), most likely reflecting the presence
of a small amount of Se bound to cysteine (e.g. SeCyst, in the form of C-Se-Se-C bonding

structure).

On the other hand, XANES spectra of shoots show a major contribution of selenide
intermediated species the which presence is reduced in favour of Se(VI) contribution upon

increasing the Se®* ratio in the treatment. With the addition of Cd that trend is less marked.
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Interestingly, both with and without Cd, the evolution of this intermediated species as a function
of the Se treatment looks inverted respect to the roots case. The presence of Se(VI) in shoots was
also reported in by Xiao and coworkers (Xiao et al., 2021) and it could be attributed to oxidative
processes within the plants leading to the conversion of Se(IV) to Se(V1).

The conversion of Se(VI) to SeCys or SeMet in plants has been reported to occur in shoots, where
major transformation of organic species takes place with the help of O-Acetyl serine complexes,
Seleno methyl transferase, Cysteine reductase and other Se reducing enzymes. This process is
normally less efficient for Se(VI) than from Se(1V), since Se(VI1) needs a prior conversion to
Se(1V). This limits the conversion of Se inorganic species in the organic ones trough ATPSe
reductase and transferase (Ellis and Salt, 2003; Schiavon et al., 2020). The Se(VI) transformation
along this process seems to be slowed down by the presence of Cd in the treatment. The release of
selenide from Se(VI) conversion can form organic bonds with Cd, making Se and Cd less
bioavailable. The formation of selenide bonded to Cd in roots was reported among other species
of plants like kidney beans (Shanker et al., 1995).

Similar to roots, the Se species present in grains do not differs much respect to the treatment
applied, however, the spectral profiles are much similar to the one from the selenoamino acid
references than in the root case, and less broadening of the white-line intensity is found. This
indicates that the Se species have reached a more stable organic form at the end of the translocation
process. The 25/75 treatment displays an enhancement of the second spectral feature at higher

energy, where the Se(VI) contribution appears.

To get a better understanding of the different Se species coexisting in grains, a linear
combination fitting (LCF) analysis was performed using selected Se reference spectra: Se(lV),
Se(VI), SeMet, SeCys, and SeMeCys. The best fit provides semi-quantitative information of the
combination of references that reproduce the grain Se K-edge XANES spectra, see Fig. 1.6(d).
The R-factor of the fitting is reported in Table 1.3.

27



Table 1.3: R-factor of LCF of grains

Se Se+Cd
25/75 0.0014 25/75+Cd 0.001
50/50 0.0014 50/50+Cd 0.002
75/25 0.0016 75/25+Cd 0.002

The results from the LCF analysis confirm the observations discussed above, by directly
comparing the spectra collected in the grains with the references. The Se(VI) feature has been
found only in the 25/75 samples (with and without Cd), while organic SeMet and SeCys resulted
to be the main species in all the Se treated samples, being SeMet the dominant one, in agreement
with the literature (Schiavon et al., 2020). For the Se+Cd treatments, mainly the dominant SeMet
species reduce in favour of SeMeCys, which was negligible for the treatments without Cd. 50/50
have slightly higher SeMet component than the other two Se treatment ratios applied. Instead,
SeCys is slightly suppressed in 50/50 Se treatment, while both trends are reversed under Cd
application. It resulted then that the presence of Cd changes the SeCys and SeMet accumulations
and, more importantly, it helps in the conversion and accumulation of SeMeCys compound.
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Figure 1.6: Se K-edge XANES spectra collected over roots (a), shoots (b), and grains (c). Se
species weight components resulting from the linear combination fitting analysis of the grain
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Figure 1.7: Cd K-edge absorption spectra collected over plants grown under Cd pollution. The
panel on the left shows the XANES region, while the right one the EXAFS region. The spectra of

references, roots, shots and grains (from top to bottom) are shown.

Cd K-edge XAS measurements performed along the different parts of the plants, is shown
in Figure 1.7. It shows a similar spectral profile regardless the Se treatment applied. Both the
profile of the samples Cd K-edge XANES spectra, as well as the corresponding EXAFS Fourier
transform resembles Cd nitrate reference. It could be due to the presence on amine groups as Cd
complexes, which could form as defense mechanisms with the help of phytochlelatin reductase

and gluathionine reductase while accumulating Cd in cell vacuoles, imobilizing it in the plants.
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Figure 1.8: Selenium (a, b) and Se species distribution (c, d) along the wheat grains. Two
representative grains have been selected: Se treated 50/50 (a, c), and 25/75+Cd (b, d). The red dots
in panle a and b represent the positions where the Se K-edge uXANES spectra have been acquired.

The contour plots in panels ¢ and d reports the Se species distribution in the grains. Sketch of the
different grain regions (e).
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The spatial Se distribution along the grain sections was obtained by uXRF mapping with a
resolution of 50 um. Being the mapping results independent by the Se feeding mixture, in Fig.1.8
are reported only the representative Se distribution maps for samples grown without (panel a) and
with (panel b) Cd. Se rich regions appear in warmer colours (red maximum, blue minimum). The
main grain regions of interest are eye, endosperm, bran and pigment as represented in the picture
displayed in Fig. 1.8(e). Our results show that Se is more concentrated in the bran, eye and filament
regions. The Se distribution for the rest of the samples is reported in Figure 1.9(a) without and
1.9(b) with Cd left.

(a) Se SeCyst

o
N~

e
N

v

N

o

N~
(b) Se SeCyst SeMet SeMeCys

50/50

75/25

Figure 1.9: Se and Se Speciation Spatial distribution on grains produced by wheat plants grown
without (a) and with Cd (b). The red dots represent the positions where the Se K-edge pXANES

spectra have been acquired. The contour plots report the Se species distribution in the grains.
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Se K-edge uXANES spectra were collected at different positions to determine the Se
species along the grains. To be able to retrieve a chemical picture of the grain section, we
performed an LCF analysis of each pXANES measured and then re-built the map of the Se species
distribution (Fig 1.8(c) and 1.8(d), and Fig 1.9 right side) by applying a linear interpolation among
the measured points (red dots on the Se maps in Fig 1.8(a, b), and Fig 1.9 left). As it is possible to
quickly visualize, the results are irrespective of the Se applied treatment. The Cd presence promote
the SeMeCys formation and Se(VI) species are present in minor amount for Se treatment with
higher Se®* fraction. From, the Se species distribution, we can identify that SeMet is mainly
accumulated in the filament and eye region of the grain. SeMeCys and Secys are commonly
distributed in the endosperm of the grain, with the SeMeCys showing not negligible also in the
eye region. Finally, Se(V1) is accumulated in the endosperm. In samples with reduced Se®* feeding
ratio it could be found in the endosperm, near bran, mostly as concentrated regions, as shown in

Figure 1.8 and 1.9 of Se mapping of grains from different treatments.

To support these observations, the pXANES spectra within each grain region were
averaged and the resulting spectra reported in Figure 1.10. The results from the LCF analysis of
the merged spectra are displayed in Figure 1.11. The results clearly correlate with the reconstructed
chemical images of the grain maps. The presence of SeMet is enhanced in the eye and filament
region, and with higher weight in purely Se treated samples than under Se+Cd treatments. The
SeCys is generally more present in the endosperm and bran of purely Se treated samples, while its
distribution looks more homogeneous along the grain on the Cd treated ones, even if globally
within a similar total amount. SeMeClys is distributed among the regions only under Cd pollution
and more prominently visible in endosperm region. Se(V1) is present in 25/75 at the endosperm

region both with and without Cd pollution.
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Figure 1.10: Se K-edge uXANES spectra collected along different grain regions. The spectra
represent references, merged spectra collected along the filament, endosperm, eye and bran
regions (from top to bottom).

Inorganic Se species Se** and Se®* compounds enter the plant system through the sulphur
pathway (Ellis and Salt, 2003). Se®* reduce into selenide and selenite respectively, by different
mechanisms and other enzymes of thiol groups in plants. Accumulation and further breakdown of
inorganic Se species in plants, helps their transformation into Se organic compounds. Selenite
breakdowns to form SeCyst, with the main help of O-AcetylSerine, cysteine syntheses, and
gluthahione reductase. SeCyst further convert into SeMet, with the release of selenide as exchange
and different intermediate compounds are normally formed. In addition, SeMet is also methylated
into volatile dimethyl selenium compound with an intermediate SeMeCys and release of other

volatile elements.
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Figure 1.11: LCF of Se K-edge uXANES spectra collected along the grains. The results correspond
to average values obtained on the three different Se treatments. Left panel shows the Se treated-
closed symbols and right panel shows Se+Cd treated —open symbols. The error bars represent the

variations of the results obtained for the different Se treatments.

The change in the plants’ response, especially under stress, concerns these metabolic
pathways, altering the Se accumulation patterns. For example, it has been reported that Cd stress
can affect the sulphur pathway and gluathionine assimilations in different organisms including
plants (Mendoza-Cozatl et al., 2005). In wheat, Cd induces more stress compared to Se into the
sulphur assimilation pathway and S containing thiol compounds, potentially affecting the Se
speciation in grains (Harada et al., 2002; Nocito et al., 2007). In the present work, we detected the
intermediate SeMeCys forming in the grain under Cd condition at the expenses of SeMet species.

This indicate how the stress induced by Cd can affect the Se transformation in wheat.

In summary, the major Se species found in the wheat grains, as products of Se
biofortification, are SeMet, SeCyst, SeMeCys, and Se(V1). SeMet and SeCyst are found to be the
major components in Se group, while the presence of Cd promotes as well a significant SeMeCys

fraction. Se(VI) is present independently by the Cd presence in minor quantity and only
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corresponding to a high fraction of Se®* in the treatment. SeMet and SeMeCys have the highest
absorption capacity in the human system, similarly to Se(IV), of 95-98%. It is important to
highlight that Se(lV) is more toxic to humans than SeMet since it cannot be readily incorporated,
and it makes its formation not as desirable as the other species. SeCyst cannot be accumulated in
the body since it needs to be reduced to SeCys to be incorporated in the selenoproteins. Instead,
SeCys, similar to cysteine in S species, could be easily incorporated as functional proteins for
metabolic functions in humans (Fox et al., 2004). As proposed previously (Xiao et al., 2020), the
presence of SeCyst could be directly related to sample handling, where SeCys could oxidize to
SeCyst. However, the not systematic presence of this species in all the samples suggests that it did

not occur in the present case.

These common factors make the Se species obtained from the proposed Se biofortification
beneficial for food resources. Respect to the treatments, in Se group there were no major
differences the in species formed, however, the total Se in grains is higher in 50/50 treatment
compared to 25/75 and 75/25. In Se+Cd group, species composition and the total Se where less
affected by the Se treatments. However, the presence of Se(VI) in 25/75 and 2575+Cd is not good
in terms of biofortification, as it can be absorbed by the human system but it cannot be incorporated
into the metabolic functions. Considering, the studies carried out in hydroponic culture and its
affinity to Se(1V) species in plants, it is more reliable to say that the 50/50 treatment is better in

terms of biofortification.

The distribution of other essential micronutrients like zinc (Zn) and iron (Fe) of different
treatments are shown in the Figure 1.12 and 1.13, respectively. They have been acquired
simultaneously to the Se distribution by selecting the corresponding Ko emission line of the
element of interest detected by the fluorescence detector. The distribution of these elements does
not differ among treatments. Zn is seen to be mostly concentrated in the filament strand and the
eye region followed by the bran. In the case of Fe, it is also present in filament and eye however,
its distribution is more homogenous respect to the concentration. The presence of Zn and Fe in
these regions coincides with the natural presence of wheat proteins, as these elements are mainly

involved in enzymatic mechanisms in plants.
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Figure 1.12: Spatial distribution of Zn among different treatments. The top layer represents the Se

group and bottom layer represents the Se+Cd group.
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Figure 1.13: Spatial distribution of Fe among different treatments. The top layer represents the Se

group and bottom layer represents the Se+Cd group.
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1.3.4 Sulphur speciation along the plants

Sulphur speciation in plants, provides complementary information to address the Se
biofortification processes since S and Se (especially selenate) share the same sulphate uptake and
transformation pathways as plants cannot differentiate between these two elements. Selenate share
similar characteristics with sulphate and are easily available for plants. Different Se treatments are
expected to affect the sulphur speciation either by starving the essential amount needed by the
plants or by hindering the process of conversion of other essential sulphur related organic species
like cysteine and methionine, with the help of enzymes like gluathionine peroxidases,
phytochelatins, phytoalexins and glucosinolates. These enzymes and their conversion process are
also affected by heavy metals entering the plant systems, eg. Cd and Se, as they form chelating
compounds as glutathione (GSH) bounded, for example, to Cd or Se by peptide chain, and restrict
their transformation. Characterizing the S speciation helps in identifying the Se and S interactions,

by which their effects in the Se biofortification process.

The S speciation is directly accessible by S K-edge XAS. The corresponding spectra
collected on different parts of the plants are shown in Figure 1.14, together with the spectra of the
reference compounds (glutathione, thiophene, cysteine, cystine methionine sulfoxide, methionine,
sulfonate (V), sulfone (IV) and sulphate (V1)). The reference spectra, of sulfonate, sulfone, cystine
and sulphate were taken from the ESRF database. All the spectra show contributions in the low
and high energy side in different extent. The low energy feature, located around 2472.5 eV, is
compatible mainly with cysteine (S-C) contribution, however, that broad feature could also contain
minor contributions from GSH (N-S=0O, contributing around 2472.5 eV), methionine (C-S-C,
contributing around 2472.9 eV) and thiopene (C-S-C, contributing around 2473.2 eV) references.
At higher energies, main contributions can be identified around 2480.5 and 24815 eV,
corresponding to the S(V) (sulfonate), and S(VI) (sulphate) oxidation state, respectively and

intermediates among them based on treatments.
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Figure 1.14: S K-edge absorption spectra collected over roots, shoots and grains samples (from

(bottom to top) compared with references (top).

In the roots, the S species are varying among treatments especially in higher energy.
Comparing the Control to the 50/50 of Se group, the lower spectra energy range (cysteine, S-C) is
relatively similar, while differences appear in the higher energy side, where S(V1) decreases and
S(V) increases. Around 2475.5 eV, close to the methionine sulfoxide white line and the second
absorption peak of all the references having a white line at lower energy, a bump clearly appears
on the root spectra at slightly different energies for the different treatments, suggesting the

presence of overlapping contributions in this energy range.
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On the other hand, the application of Cd has a more severe effect on the spectral profile and the
contributions at low energy increase whereas those at high energy decrease and both shift towards
higher energy. The 50/50+Cd treatment, instead, recall more the Se group. It induces a slight
depletion of the components contributing at lower energy, while the components at higher energy

slightly increases.

In shoots, among 50/50 and50/50+Cd treatments there were not spectral differences, while
Cd have slightly different spectra. The components at higher energy dominate the spectral profile
and the component at low energy (cysteine, S-C) is only significant for the Cd sample. Differently
from rootsthe S(V1) contribution dominates the spectra and S(V) is rising only in the case of the

Cd sample.

For the grains, the spectra are similar in shape among treatments at lower energy, where
only small intensity changes can be apreciated. Indeed, the contributions at low energy (cysteine,
S-C) show a slight depletion when adding 50/50 or Cd to the system, but the relative distribution
of the species does not change. Instead, at higher energy 50/50 is clearly different compared to
50/50+Cd, Cd, and the control, showing a marked S(V) contribution, which is absent in the other

samples. The S(VI) contribution is more pronounced in 50/50+Cd respect all the other treatments.

The major S species present in the plants are organic, at lower energy and highly oxidized
species at higher energy. Organic speceis are expected as the results of the plant metabolism ,
which convert inorganic S to organic S species (Dall’acqua et al., 2019; Riidiger Hell et al., n.d.;
Yarmolinsky et al., 2013). The reducing intensity in the organic contributions respect to treatments
could indicate their replacement or interaction of Se as competing systems, forming Seleno amino
compounds. The latter could be the case in grains, where control has the highest intensity compared

to the other treatments.

As previously mentioned, the spectral contribution at lower energies, is compatible with a minor
contribution of glutathionine and L-methionine. Glutathione is also an important species seen in
plants. It helps in the intermediate compound formation (GRX glutathione reducatse activity),
antioxidant response induced in plant stress, to form peptide complexes with heavy metals. It acts

as a bridge between cysteine reduction and further metabolism (Rey and Tarrago, 2018).
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Moreover, L-methionine is a common product of S transformation in plants formed from

methylation of cysteine.

Further, mainly for the root samples, a thiopene contribution is compatible in the low energy side.
It is expected that thiophene is produced in the plants as a chemical defense mechanism, especially
in plant species where organic substances were stored in different parts of the plant (Ibrahim et al.,
2015).

In the medium energy range, relatively lowmethionine sulfoxide components could be
present, mainly in the roots spectra. Unfortunately overlapping contributions do not really permit
to clearly recognize its contribution. Methionine sulfoxide reductase has a major role in antioxidant
response in plants and it is for this of interest in the present case. Methionine and sulphur
containing amino acids can reduce to form methionine sulfoxide (reversible) and methionine

sulfone (irreversible) (Rey and Tarrago, 2018).

Finally, S(VI) contribution is present in most of the spectra in the high energy side,
especially in shoots and grains. It is expected to be related to the detoxification process
(Yarmolinsky et al., 2013).

S(1V) can be further reoxidized to S(VI) species or assimilated in S reductive pathway. The
reoxidation is normally catalyzed by sulphite oxidase. The reoxidation normally takes place as a

protective mechanism against plants sulphite toxicity (Yarmolinsky et al., 2013).

The spatial distribution of organic and oxidized sulphur species has been studied in the
grains. The grains where spatially scanned by selecting the S Ko emission line with the
fluorescence detector and setting the incoming energy at selected energies, corresponding to
organic and oxidized species and to an isosbestic point above the XANES region for normalization

purposes. The beam size defined the spatial resolution around 150 pum.
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Figure 1.15: Sulphur species distribution in grains from control and 50/50 Se treatment. The first
column (a) and (d) represents the total S, second column (b) and (e) represents the organic species
distribution and column (c) and (f) represents the highly oxidized species distribution. The

intensity of the maps is represented by the scale bar.

The incoming energy have been set at 2472.5 (organic species white line) and 2481.5 eV
(S(VI) white line), to characterize the distribution of the organic and highly oxidized S species
distribution. The S distribution has been collected as well fixing the incoming energy to 2491.6
eV (isosbestic point) for normalization purposes. Figure 1.15 depict the corresponding relative
species distribution obtained by normalizing each map respect the isosbestic point (yni) and
dividing a particular normalized map (for example yncys) per the sum of all the normalized maps
(Ycys = yncys / (Yneys + ynseviy). It can be seen that the S organic species look present in the
endosperm, while the higher S oxidized species are concentrated in the bran, eye, and filament

regions.

From, the literature, generally in biological systems S and Se occur in proteins as
constituents of the amino acids as cysteine, methionine, selenocysteine, and selenomethionine.
Their redox activity can allow an amazing variety of post-translational protein modifications, metal

free redox pathways, and unusual chalcogen redox states. Unlike any other amino acid, the “redox
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chameleon” cysteine can participate in several distinct redox pathways, including exchange and
radical reactions, as well as atom-, electron-, and hydride-transfer reactions. It occurs in various
oxidation states in the human body, each of which exhibits distinctive chemical properties (e.g.
redox activity, metal binding) and biological activity, and are then of interest in the present study
(Jacob et al., 2003).

Comparison between the main Se and S species distribution in grains, for the Control and 50/50
treatment shows that both SeMet and highly S oxidised species are located in the eye and filament
regions. Instead, the endosperm contains mainly Secys species and S organic species, as it could
be expected, confirming both the reported results as in general Se is replaced by S in cysteine and
methionine. Interestingly, the bran seems to present mainly a coexistence of SeMet, SeCys, and
higly S oxidated species. However, the thickness of the samples, around 0.5 mm, should be

considered, having S and Se K-edge absorption energies different penetration depths.

1.3.5 FTIR analysis in biofortified plant

Complementary information to the Se and S speciation can be obtained by Fourier
transform infrared spectroscopy (FTIR), giving it access to the functional groups present in the
plant samples, identifying the protein bonds present in the plants. The IR fingerprints of different
regions of the plant were given in the Figure 1.16. In general, amide | band (1700-1600 cm™)
which represents mainly C=0 stretching and CN stretching and NH bending vibrations of peptide
linkage. This amide region is very sensitive to protein secondary structures, with alpha helix and
beta sheets at 1645-1640 cm™ Amide 11 which can be seen around 1600-1500 cm™ presentation of
combined peptides with CN stretching and NH bending vibrations. Amide IlI, which is also
sensitive to secondary protein structure and a less pronounced mostly seen in lower wavelength at
1130-1175 cm suggesting CN stretching and NH bending vibrations, CC stretching and CH
bending. In some case the amide I and 11 are studied complementary to each other to analysed the

protein conformational changes (Samargandi et al., 2014).

Table 1.4: FTIR wavelength and respective functional group found in the samples.
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Wavelength
Roots | Shoots | Grains
(cm™)
O-H stretching
3400-3700
3382 | 3396 3367 | N-H stretching
3300-3500 _
(amides)
2850-2975 2917.7, C-H
2927 2929 _
2873 stretching(aldehydes)
1650-1750 | 1733.6 | 1729.8 C=0 stretching
1641, C=0 strectching
1600-1700 1644.9 | 1654.6 _
1602.5 (amide I)
C-H stretching and
1500-1600 | 1515 1540.8 | N-H bending amide
I
1387 1384.6 | 1384.6 C-H methyl
1274 1253 1240 | C-N stretch amide I11
1112, | 1155, )
1000-1400 | 1049 C-O stretching
1079 1024

In the roots samples on panel (a) of Figure 1.16, the absorbance spectra respects to
treatments are seen. The main peaks related to amine C=0 stretching at 1641 cm™, sharp peak in
all samples and N-H stretching shifted to 1515 cm™ at lower region. Also 1604 cm™, C-C stretching
of aromatic compounds, with 1255 cm™ amide 111 seen in all Cd treated samples as a small peak,
and mainly by control group and less pronounced in Se treatments. Similarly, the amide peaks
were seen in present in shoots Figure 1.16(c) at slightly shifted positions 1644 cm™ of amide |,
amide 11 and 111 is not present in shoots. In grains, Figure 1.16(e) amide | at 1654.6 cm™ and amide
Il at 1540.8 cm™ were more pronounced in all the samples. This could represent the more

functional groups representing proteins in the grains than roots and shoots.
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The peak at 1387 cm™ could be due to C-H bending, of methyl species, and they are only
seen in roots and shoots. As seen from the left panel (b) and (d) of roots and shoots, they are more
prominent in Se treatments and Cd group compared to Se with Cd treatments. This contribution
could be either from a methyl, an aliphatic C-H streching of methyl and phenolic compounds
(Bulgariu et al., 2019; Samargandi et al., 2014). Also, the amide | and Il peaks of grains can be
visualized clearly in left panel (e), where in Se treatments and Se with Cd treatments the intensity
of the bands is reversed, with 75/25 higher in Se group and lower under presence of Cd. It could
be due to more selenite in the plants affects the protein contribution.

The contribution at lower energy 1049 cm™ is C-O stretching, broad range at 3382 cm™ O-
H stretching of alcoholic compounds and C-H stretching of aldehydes at 2927 cm™. They were
also seen in shoots 1.16(c) and grains 1.16(e) at slightly shifted positions. However, the 3330-3500
cm also represents N-H stretch in amides in general, they don’t attribute to protein bonding. These
were not important in our study and not directly related to the proteins or peptide chains of enzymes
and they won’t be discussed further. The fingerprints of the IR respect to the samples were given

in Table 1.4.

The selenium treatments have minor effects in the protein accumulation in the grains, they
have reverse trend under the presence of Cd, moreover the amide 1l peak is not seen in the shoots
and only in the roots and shoots rather methyl and phenolic compound is dominant in these parts

of the plant.

In plants, the amide functional groups are main contribution of selenoproteins and suflur
bound proteins. From, the results presented, we can see the presence of distinctive functional
groups present and how the peaks vary according to treatment. Quantitative analysis based on

amides present in the samples was not possible with the small set of data.
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Figure 1.16: FTIR along different parts of the plant respect to treatments; (a), (c) and (e) represent
the whole absorbance range of the spectra and (b), (d), and (f) represent the second derivative in
different amide regions respect to roots, shoots and grains of different treatments. Continuous lines
of spectra represent control and Se treatments, while dashed lines of spectra represent Cd and Se

+Cd treatment group.
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1.4 Conclusions

Se biofortification with different ratio of Se** and Se®* in the treatments was studied in

hydroponically grown wheat plants, in the absence and the presence of Cd.

The biomass and grain yield were reduced by the Se biofortification process, as well as by
the Cd application. The total number of grains produced under Cd treatments were not significantly
different from the Control, but it got reduced in the presence of Se. The Se uptake and translocation
was reduced by 50% under Cd pollution, with a maximum of Se accumulation in grains for the
50/50 treatment. Instead, the Cd translocation from roots to grains increased in the presence of Se,
with a maximum for the 50/50+Cd treatment. The average grain weight was linearly reduced when
the Cd accumulation was higher. This suggests a combined toxicity effect from Cd and Se
applications. Se and Cd treatments affect the uptake and storage of the essential micronutrients as
Mo, Zn, Cu and Mn because of the competing uptake mechanisms.

SeMet and SeCyst are the major Se species found in Se biofortified grains, approximately
73% and 37%, respectively. In the presence of Cd, SeMeCys is forming while the amount of SeMet
species gets reduced. The effect of Cd on the Se speciation does not affect the Se biofortification
process as SeMet and SeMeCys are both directly bioavailable for human body, while SeCyst is
less desired.

In a similar way to Se case, S K-edge XAS study showed how the Cd and Se interactions
in the plant metabolism affect as well the coexisting sulphur species. Both organic and highly
oxidized S species coexist along the plant and in the grains. SeMet and highly S oxidised species
are mainly located in the eye and filament regions, while the SeCyst and S organic species are
present in the endosperm. Instead, SeMet, SeCyst, and highly S oxidated species are present in the
bran region of the grains. This is in accordance with the known natural distribution of wheat

proteins.

The FTIR results show that the presence of Amide protein, which could be linked to seleno
aminoacid, varies slightly depending upon the treatments. In roots and shoots, the peaks of methyl
and phenolic compounds are more prominent, but only in shoots highly oxidized Se and S species
are found, where all are expected to be related to the Se-induced stress.
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Considering the Se speciation and total Se accumulation reported, the 50/50 treatment is

better in terms of Se-biofortification of wheat plants grown in hydroponic media.
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Chapter 2

Gene expression analysis
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2.1 Introduction

Plant molecular studies focus on genes related to the elemental transportation pathways,
adaptability of plants to different environments and defensive responses, for example against

heavy metals and helps in optimizing the plant production in an effective way.

The stress responses of plants vary within plant genera, species, and cultivars (Gaudet et
al., 2011). Moreover, plants have the ability to interact with different chemical species differently.
For example, the Se** uptake is more diffusion based, mainly by phosphate transporters. Instead,
Se®* uptake is mainly due to sulphate transporters and follow, the sulphur metabolism in the plant
system.(Ellis and Salt, 2003; Schiavon et al., 2020) In addition, it is well known that Se and Cd
are reciprocally affecting their uptake and accumulation by plants (Affholder et al., 2019; Zhu et
al., 2020). So, to address the sulphur pathway is a strategy to understand the effect of Se treatments
and the possible Cd interference on the plant’s metabolism and heavy metals accumulation.

In wheat, an adequate supply of sulphur is required for optimum growth and grain yield
and quality. Sulphur is a constituent of amino acids, redox compounds, and many secondary
metabolites contributing to both abiotic and biotic stress responses (Zhao et al., 1999). Sulphur
transporters are responsible for trans-membrane transport of sulphate and other oxy-anions
(Buchner et al., 2004) among them Se whose rate of uptake is likely to be influenced by both
transporter expression levels and competition with bio-available sulphate (Hawkesford and Zhao,
2007).

In the present study, we quantify the expression of several genes related to sulphate
transport and metabolism, and the antioxidant activity of the cell (Table 2.1) to assess how Cd-

induced stress affects the Se biofortification process in wheat plants.

Up to now, similar studies have been done mainly on rice (Cui et al., 2018; Wan et al.,
2016; Wu et al., 2021) and in less extent concerning other crops like broccoli (Pedrero et al., 2007)
,rape (Zembala et al., 2010), and wheat as well (Li et al., 2020; Zembala et al., 2010; Zhu et al.,
2020), but as far as we know there is no information available respect the above mentioned genes
expression comparing different Se forms (Se** , Se®* and the mixture of them) combined or not

with Cd exposure.
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Table 2.1: Genes of interest and their function

Wheat gene acquisition
Database
(IWGSC)code

/(Gramene.org)

Gene name

Function

TraesCS4A02G043400

SULTR 1:1

high affinity sulphur transporter in

plasma membrane, roots guard cells

uptake of sulphate from roots as an anion

transporter

TraesCS5B02G228500

SULTR1:3

high affinity sulphur transporter in

plasma membrane

source to sink sulphate translocation in

roots

TraesCS5A02G166400

SULTR4:1

Low affinity sulphate transporter, found
in tonoplast of vacuoles

facilitates the efflux of sulphate from the
vacuole into the cytoplasm, influencing
the capacity for vacuole storage of
sulphate mainly in roots(Kataoka et al.,
2004)

TraesCS5A02G382900

APS

ATP sulphurylase (ATPS), involved in
the sulphate activation, first step in S
metabolism.

ATPS forms adenosine phosphosulphate
(APS) from ATP and sulphate, further
reduced into sulphide by APS reductase
to be incorporated into cysteine.
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TraesCS5A02G022200

OASTL

O-acetylserine(thiol)lyase, a catalyzer in
the synthesis of cysteine by condensation
of O-Acetyl serine and sulfide.

Involved in the S reduction assimilation

pathway.

TraesCS7A02G272200

PCS2

Mainly seen in vascular plants, in both
roots and shoots. Phytochelatins, are
small peptides synthesised for heavy
metal detoxification.

It is synthesised non-ribosomically, from
GSH by PC synthetase (PCS).

Mainly expressed in Cd2+ tolerance, known to
form Cd-GSH complexes (Kumari et al., 2015).

TraesCS4A02G025200

APX

Ascorbate peroxidase — induced by
antioxidant defense response.

It regulates various biological pathways
by maintaining H202 homeostasis within
the plant cell (Kumari et al., 2015).

TraesCS1A02G020500

Actin

Essential component of cell cytoskeleton
Plays an important role in cellular
functions involving, cytoplasmic
streaming, cell shape determination, cell
division, organelle movement and

extension growth.

Housekeeping gene of the study (gene

expression remains stable as not affected among

treatments)-
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2.2 Experimental methods

2.2.1 Plant samples and growing conditions with different treatments

The experimental conditions of the cultivation of short term plants were same as reported
in section 1.2. For the gene expression studies the treatment groups used were shown in the Table
2.2.

Table 2.2: Se biofortication with Cd pollution treatment groups gene expression studies

Control (No treatment) Cd (Cadmium)

Se** (Selenite) Se** + Cd (Selenite + Cadmium)

Semix (1:1 ratio of Se**/Se®*) Semix + Cd (1:1 ratio of Se**/Se®* + Cadmium)
Se®* (Selenate) Sef* + Cd (Selenate + Cadmium)

Note: The treatments were mentioned in the figures, with oxidation state inside brackets rather

than in superscript as shown in the table and the text follows.

The treatment concentration (Se10 uM and Cd1 uM) and the application time (vegetative)
were same as well as given in section 1.2, under experimental methods. The plants were harvested
just before the flowering stage. Pool of three plants (roots and shoots) from each group along with

two replicates were immediately frozen in liquid nitrogen and stored at -80°C for further studies.

2.2.2 RNA extraction, cDNA synthesis and quantification

RNA of root and shoot (leaves, stem, and nodes) samples were extracted following the
protocol of the plant extraction kit (Maxwell© RSC from Promega) and the concentration
measured using a nanodrop (Thermofisher). cDNA of the samples was retrotranscribed with the
help of Invitrogen-SuperScript Double-Stranded cDNA Synthesis Kit from Thermofisher. The
obtained cDNA was diluted 10 times and used for quantification of genes of insterest. Primers for
the targeted genes were designed in the 5°-UTR or 3’-UTR of the mRNA sequence of each gene,
obtained from Gramene wheat genome database using NCBI primer blast tool. The primer
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sequences are listed in Table 2.3. Each 10 pl gPCR reaction was composed of 1x LightCycler®
480 SYBR Green | Master (Roche), 10% of cDNA diluted 1:10 and gene-specific primers at a
final concentration of 250 nM. Three biological replicates and two technical replicates were used
for each treatment. The qPCR amplification program was set as: 1 cycle of pre-incubation at 95°C
for 5 minutes, 45 cycles of amplification at 95°C for 10 seconds, 58°C for 15 seconds and 72°C
for 10 seconds, 1 cycle of melting at 95°C for 5 seconds, 65°C for 1 minute, and a final cycle of
cooling at 40°C. The actin gene was used as internal reference (or housekeeping) gene, as it showed
the most stable expression among all the treatments. Normalization of gPCR data was done by
calculating the gene copy numbers from the Ct values and dividing for a normalization factor based
on the primer efficiency. Then the relative gene expression was calculated by comparing the values
to the control treatment, whose expression was set as equal to 1. The primers amplification
efficiencies were calculated using the raw amplification data in LinRegPCR software and used to

adjust the normalized expression value.
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Table 2.3: Primers for the targeted genes

Wheat gene acquisition ) )

Forward primer Reverse primer
Database (IWGSC) code | Gene name | o

5-3 5-3
/ (Gramene.org)

GCATCAGGTTCG | ACCTCCATCCAACTGC
TraesCS4A02G043400 | SULTR 1:1

CAAGAT T

AGCCGAGATCGG | ACAAGCTTGGCTTTTG
TraesCS5B02G228500 | SULTR1:3

TATAAGCA CTTCA

CCATCGCTTGAG | GAGGATGTGGGGAGCA
TraesCS5A02G166400 | SULTR4:1

TAGGAC AG

TGGTGCCAATAA | GTGCTCCAGTGAAAAA
TraesCS5A02G382900 | APS

GGATGG TATAACACC

GTCCATATGTCA | CCGACGGTCCAGATTG
TraesCS5A02G022200 | OASTL

GCCAGTG A

TGTTATGGATCG | TAGGGAGCTTCAGAAG
TraesCS7TA02G272200 | PCS2

GAGGGAC ACC

GAACCCTCTGAA | CATGAATAGCAGATGG
TraesCS4A02G025200 | APX

GATGTACG GGG

TGTAGCGATGAG | ACGACCAGAAGACGAT
TraesCS6D02G012200 | TaFNRII

TGAGTGG CGAG

) CCCTAGCATAGT | TCACGATACCGTGCTC

TraesCS1A02G020500 Actin

TGGTCGCC GATG
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2.3 Results and discussion

2.3.1 Sulphate transporters

The expression of several sulphate (SULTR1:1, SULTR1:3, and SULTR4:1) transporter
genes in relation to ACTIN in roots and shoots of wheat plants under different Se and Cd
treatments (Figure 2.1) shows that the S transport in the aerial part of the plants is statistically
(Table 2.4) more active than in the roots, most likely to facilitate the distribution of nutrients, while
they are not overexpressed or suppressed in the roots, probably as a natural plant defense in front
of a possible Se or Cd toxicity.

The expression of SULTR1:1 in roots (Figure 2.1(a)) is not affected by the exposure to Cd
neither Se, except for Se®*. However, when plants are grown in the combined presence of Se+Cd,
the expression of this gene is altered, being repressed with Se** and induced with Se®*, showing
intermediate values the Semix treatment. The uptake of sulphate from roots as an anion transporter,
which is represented by the SULTR1:1 gene expression, seems not altered under the presence of
Cd alone, while the Se®* treatments, both with and without Cd, enhance this process, indicating
that the Se®* species tend to activate and probably follow the sulphate uptake pathway. Higher
activity of SULTR1:1 in the presence of Se®* was also seen in the literature among different wheat
species (Ciaffi et al., 2013; Dall’acqua et al., 2019). Interestingly, the combination of Se** and Cd
seems to reduce such uptake. In the presence of Cd SULTR1:1 and SULTR1:3 root expressions
(Figure 2.1(b)) are highly correlated. Instead, contrary to SULTR1:1, the expression in roots of
SULTR1:3 are highly repressed by all Se and especially Cd treatments. When Cd is present, Se**
strongly repressed the expression of SULTR1:3 while the supplementation with Se®* tends to
ameliorate the repression of this gene caused by Cd. Again, the Semix treatment shows
intermediate expression values between both Se forms. Instead, in shoots the expression level of
SULTRZ1:3 (Figure 2.1(c)) is not altered by any of the Se treatments, but it is significantly increased
up to 6-fold by Cd compared to control and even more, up to 12-fold, by the combination of Se
treatments with Cd.

The sulphate translocation, represented by the SULTR1:3 gene expression, looks reduced
by Se and Cd in the roots, while is strongly enhanced by their combination in the shoots. It could

be due to the nature of the gene as SULTR 1:3 is a high affinity transporter localized in phloem
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and important for source—sink redistribution of sulphate (Gigolashvili and Kopriva, 2014). This
trend is also seen in SULTR 1:3 expression in other wheat species (Ciaffi et al., 2013). In particular,
the very strong up-regulation of this gene for the Semix with Cd seems to correlate with the
enhancement of the Cd TF from roots-to-shoots reported above (Figure 1.3(d)). It could correspond
to the final higher Cd contamination in the wheat produced grains, when the wheat plant are Se
biofortified with a 50:50 mixture of Se** and Se®* species in the presence of Cd, which need to be

considered for applications.

The expression of SULTR4:1 in roots (Figure 2.1(d)) is downregulated by Se** and it seems
to progressively increase by increasing the Se®* fraction in the treatment. In the presence of Cd,
SULTRA4:1 expression seems repressed by this metal, and significantly enhanced only by the Se®*
treatment. In shoots (Figure 2.1(e)) Se treatments caused no significant change in the expression
level of SULTR4:1 but Cd treatments significantly increased this gene expression. The SULTR4:1
expression is expected to facilitate the efflux of sulphate from the vacuole into the cytoplasm,
influencing the capacity of sulphate storage, mainly in roots. Its general stronger expression in
roots for Se®* respect to Se** treatment suggest a higher sulphate storage capability in the latter
case, confirmed by the corresponding smaller Se TF capabilities from roots to shoots (Figure
1.3(b)) Interestingly for the shoots it looks the contrary, with Se** treatment which shows a lower
sulphate storage capability, confirmed by the increased Se TF from shoots to grains with increasing
the Se** fraction in the treatment (Figure 1.3(b)).
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Figure 2.1: Expression of sulphate transporter genes (SULTR) in relation to ACTIN in roots (a,
b, d) and shoots (c, e) of wheat plants under different Se (10 uM no pattern bars) and Cd (1 pM
diagonal pattern) treatments. Control (black), Cd (grey), Se4™ (blue), Semix (green) and Se6™ (red).
Values are means = SE (n=3).
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Table 2.4: Statistical analysis of sulphate transporters by the non-parametric comparison Dunnet
test pair joint ranking respect to the control sample (P value 1). The score mean of comparison is
given in brackets. The groups are ordered from higher mean score ranking to the lowest based on
the expression obtained respect to control. The treatments statistically not significants respect to

control were given the same mean score.

Roots Shoots

SULTR 1:1 SULTR 1:3 SULTR 4:1 SULTR 1:3 SULTR 4:1
Se(6+)+Cd (3) | Cd (5) Cd (2) Semix+Cd (5) | Se(4+)+Cd (4)
Se(6+) (2) Se(6+)+Cd (0) | Se(6+) (0) Se(6+)+Cd (4) | Semix+Cd (3)
Cd (1) Semix (-1) Se(6+)+Cd (0) | Se(d+)+Cd (3) | Se(6+)+Cd (1)
Semix+Cd (1) | Se(4+) (-2) Se(4+)+Cd (-1) | Semix (1) Se(4+) (0)
Se(4+) (0) Se(6+) (-3) Semix (-3) Se(4+) (0) Se(6+) (0)
Semix (0) Semix+Cd (-4) | Se(4+) (-4) Se(6+) (0) Semix (-1)
Se(4+)+Cd (-2) | Se(4+H)+Cd (-6) | Semix+Cd (-5) | Cd (-2) Cd (-2)

2.3.2 Genes related to Sulphur metabolism

Figure 2.2 depicts the expression of the APS (panel (a) and OASTL (panels (b), (c)) genes
related to ACTIN, both involved in the sulphur metabolism. The statistics is given in Table 2.5. In
roots without Cd, the expression of APS seems slightly repressed by Se** and upregulated by Se®*
treatment. Anyway, the absence of a clear trend and the small amount of the variations once
compared with the error bars request a further confirmation to validate this result. Instead, when
Cd is present, the expression level of APS is strongly downregulated, indicating smaller sulphate
activation in the presence of this pollutant. Only the combination of Se** and Cd ameliorates the
expression of APS above the values found for Cd alone, suggesting that the particular combination
of Se(1V) species and Cd could help the formation of organic species. Such organic species could
link to Se to form SeCyst species at least, as shown by the increase of spectral weight at lower

energy in the previously reported Se K-edge absorption spectra (Figure 1.6). Instead, the
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expression of OASTL in roots is repressed similarly for the different Se treatments, both in the
presence and absence of Cd. However, all Se treatments in the presence of Cd have slightly higher
expression of this gene compared to Cd alone, highlighting possible synergies in between Se and
Cd to favor the organic species formation. Again, in shoots, the expression of OASTL seems
slightly enhanced in the presence of Se**, in agreement with the higher detected SeCyst content
when increasing the Se** fraction in the treatment (Figure 1.6). Cd alone has no effect on the
expression of OASTL compared to the control level, but Se®* and Se** together with this metal
downregulate and upregulate the relative expression of this gene once compared to both Cd and

control treatments, respectively.
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Figure 2.2: Expression of the sulphate metabolism genes, (a) APS and (b, ¢c) OASTL, related to
ACTIN in the roots and shoots of wheat plants under different Se (10 uM no pattern bars) and Cd
(1 uM diagonal pattern) treatments. Control (black), Cd (grey), Se** (blue), Semix (green) and Se®*
(red). Values are means = SE (n = 3).
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Table 2.5: Statistical analysis of sulphate metabolic genes by the non-parametric comparison
Dunnet test pair joint ranking respect to the control sample (P value 1). The score mean of
comparison is given in brackets. The groups are ordered from higher mean score ranking to the
lowest based on the expression obtained respect to control. The treatments statistically not

significants respect to control were given the same mean score.

Roots Shoots

APS OASTL OASTL

Cd (3) Cd (2) Se(4+)+Cd (3)
Se(4+) (0) Se(4+)+Cd (-1) Se(4+) (2)
Se(6+) (0) Se(6+)+Cd (0) Semix (1)
Semix (-1) Se(6+) (0) Cd (0)
Se(4+)+Cd (-2) Semix+Cd (-5) Se(6+) (0)

Semix+Cd (-4) Se(4+) (-4) Semix+Cd (-1)
Se(6+)+Cd (-5) Semix (-3) Se(6+)+Cd (-2)
Cd(3) Cd (2) Se(4+)+Cd (-3)

2.3.3 Stress responsive genes

Finally, the expression of APX and PCS genes in relation to heavy metal detoxification
can be used to characterize the Cd-induced stress response in wheat plants (Figure 2.3 and Table
2.6). In roots, both genes are repressed by the presence of Se and Cd alone or in combination
respect to the control, suggesting a reduced stress response in the Se biofortified roots plants. This
result is in contrast with the literature found (Kumari et al., 2015), but the discrepancy could be
due to the difference in concentration used by the authors, 200 mg Cd Kg* (1.7 mM) of soil respect
to 1 uMCd L™ of solution in our study.The higher threshold value in European agricultural soil is
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0.17mM (Toth et al., 2016). Indeed, the root DW in the present study is not affected by the Cd
concentration applied (Figure 1.2 (a)).
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Figure 2.3: Expression of stress responsive genes (a, b) APX and (c, d) PCS related to ACTIN in
roots and shoots of wheat plants under different Se (10 puM no pattern bars) and Cd (1 puM diagonal
pattern) treatments. Control (black), Cd (grey), Se** (blue), Semix (green) and Se®* (red). Values
are means + SE (n = 3).

In shoots (Figure 2.3(b) and (d)), the presence of Cd strongly increases both the APX and
PCS expression in a significant way. This is in accordance with the results from Kumari et al.,
2015, suggesting a tight control of such element in the above part of the plant where the most
sensitive metabolism is present. Moreover, in the presence of Cd, the APX expression seems
strongly correlated with the expression of SULTR4:1, which has low affinity to sulphate transport.

The Cd detoxification in shoots seems related to its storage in the vacuole. In the presence of Se,
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such a mechanism seems affected by the Se species with Se4+ which is favouring it. Still in shoots,
in the absence of Cd, the increase of Se6+ fraction in the treatment is progressively downregulating

up to the full suppression the APX gene expression.

Table 2.6: Statistical analysis of stress responsive genes by the non-parametric comparison Dunnet
test pair joint ranking respect to the control sample (P value 1). The score mean of comparison is
given in brackets. The groups are ordered from higher mean score ranking to the lowest based on
the expression obtained respect to control. The treatments statistically not significants respect to

control were given the same mean score.

Roots Shoots
APX PCS APX PCS

Cd (1) Cd (2) Se(4+)+Cd (4) Se(6+)+Cd (5)
Se(4+)+Cd (0) Se(6+)+Cd (1) Semix+Cd (3) Semix (4)
Se(6+)+Cd (-2) Se(4+) (0) Se(6+)+Cd (1) Semix+Cd (3)
Semix (-3) Se(4+)+Cd (0) Se(4+) (0) Se(4+)y+Cd (1)
Se(4+) (-4) Semix (-1) Semix (1) Se(4+) (0)
Se(6+) (-5) Se(6+) (-3) Se(6+) (-1) Se(6+) (0)
Semix+Cd (-6) Semix+Cd (-4) Cd (-2) Cd (-2)

Interestignly, in the same conditions, the PCS expression is strongly enhanced by Semix,
in agreement with the stronger wheat resistance to such treatment (Subirana, 2018). Always in the
presence of Cd, while the Se** treatment is increasing the APX, it is decreasing the PCS gene
expression respect the Se®* treatment, with the Semix systematically in the middle. These reported
trends unreveal the competing plant detoxification mechanism and their sensitivity to particular
chemical species. The results show that in shoots, the systematic transformation of inorganic to
organic species is altered among the presence and absence of Cd in the selenium treated samples,

suggesting that particular Se and Cd combinations can influence the formation of organic
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complexes and affect the final growing parameters. In the present case the shoots DW tend to
increase without Cd or Se treatment, while in Cd presence by increasing the Se** fraction in the
treatment, plants have positive effect against the Cd and Se toxicity indicating involvement of both
Cd and Se** species in plant stress reduction.
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2.4 Conclusions

The expression of the selected genes, characterizing the sulphate transport and metabolism,
and the plant stress response in young wheat plants grown under different Se treatments in the

presence and absence of Cd has been addressed.

The sulphate transporter genes, which are expected to affect the Se and Cd mobility, are
more active in the aerial parts of the plants for SULTR1:3 and SULTR4:1, while they are
suppressed in the roots. However, the major root transporter SULTRZ1:1 is seen active in roots.

In the roots, in most of the cases, the sulphate transporter genes are upregulated by the Se®*
treatments, independently of the Cd presence, but Se**+Cd downregulate them. Interestingly this
is not in accordance with the amount of Se and Cd detected in the roots for the different treatments.
It is more related to the uptake mechanism, as Se(V1) inhibits S uptake in the roots which results
in the gene expression upregulation for Se®* and downregulation in the presence of Se**. This
could be related with the previously reported general increase of other nutrients (Zn, Mo, Cu, Mn,

and B) by Se®*, caused by influence in uptake.

The expression of the genes related to the sulphur metabolism is, in most of the cases,
repressed by the Cd and Se treatments. However, most Se+Cd treatments show slightly higher
expression of these genes compared to Cd alone, highlighting possible synergies in between Se
and Cd in favouring the formation of organic species. As they could affect the gene expression
resulting in transportation of S and organic S componuds involved in the metabolism. This effect
is regconised by S starvation due to competion with Se and possibly Cd. Such organic species
seems partially to link to Se to form organic Se species, as shown in the previously reported results
from the Se K-edge XAS study.

In brief, both the stress responsive gene expressions in roots are suppressed by the presence
of Se and Cd respect the control sample, suggesting a reduced stress response in the Se biofortified
wheat roots, and look no correlated to the plant growing parameters. Just the combination of Cd

and Se** seems to slightly upregulate the APX gene in the roots.
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In shoots, the expression level of the sulphate transporter genes is not strongly altered by
any of the Se treatments, but they are increased for the Cd treatment respect to the control and even
more by the combination of Se treatments with Cd. This is in accordance with the translocation
factors reported previously, which are affected by the Se and Cd combination. In particular, the
very strong up-regulation of the SULTR1:3 gene for the Semix with Cd seems to correlate with
the enhancement of the Cd TF from roots-to-shoots and it could correspond to the higher Cd
accumulation in the shoots. Moreover, SULTR4:1 (controlling the efflux of sulphate from the
vacuole into the cytoplasm, influencing the capacity of sulphate storage) is slightly upregulated by
Se**, which may correspond with the increased Se TF from shoots to grains observed when Se**

fraction was higher in the treatment.

In addition, OASTL (catalyse the synthesis of cysteine) in shoots, is upregulated in the
presence of Se**, in agreement with the higher detected SeCyst content when increasing the Se**
fraction in the treatment, as visible from the previously reported Se K-edge XAS spectra. Cd alone
has no effect on its expression compared to the control level, but Se®* and Se** together with Cd
downregulate and upregulate the relative expression of this gene once compared to both Cd and
control treatments, respectively. Cysteine also affected by the antioxidant stress induced in plants,
which is could be activated more in the presenc of both Se and Cd.

Moreover, the presence of Cd increases significantly the stress responsive gene expression
for both APX and PCS in shoots, suggesting a relative tolerance to such element at low
concentration. This can be related to the fact that the APX expression is strongly correlated with
the SULTRA4:1 response. Se** enhances the availability of sulphate in the cytoplasm, but decreases
the expression of PCS which might be involved in the Cd detoxification mechanism. In contrast,
in absence of Cd, such correlations disappear. The increase of Se®* fraction in the treatment is
progressively downregulating up to the full suppression the APX gene expression, while the PCS
expression is strongly enhanced by Semix, in agreement with previous results showing the

enhanced resistance with Semix.

In conclusion, the selected genes expression looks affected by the different Se and Cd
treatments, even at realistic concentrations for practical applications. The presence of Cd and of
different Se species influences the plant metabolism and affects the Se biofortification process,

with the different chemical species competing in the sulphate pathways and transformation.
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Chapter 3

Mercury speciation in selenium biofortified wheat plants grown in mercury

contaminated environment
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3.1 Introduction

Mercury (Hg) is an element that has been traditionally used in different activities ranging
from mining to medicine (coal mining, (Hylander and Goodsite, 2006) gold mining, (Esdaile and
Chalker, 2018) dental amalgams, (Faheem Magbool et al., 2014) pharmaceutical industry (Vries
et al., 2015)). Unfortunately, the release of Hg as a result of anthropogenic activities causes
harmful effects on the environment and to the human health (Nica et al., 2017; Sanchez-Bascones
etal., 2017) .

Hg species can easily transform and form complexes making Hg contamination a cyclic
process in the environment (Alvarez-Fernandez et al., 2014; Arif et al., 2016; Singh et al., 2016;
Tangahu et al., 2011). Among all, methylated Hg species cause the major threat due to their high
toxicity. The ability of the methylated group to cross the blood brain barrier makes it more prone
to the development of nervous and nephron pathologies in humans (Sharma et al., 2019).
Moreover, in pregnant women, methylmercury species may affect the foetus development and may

lead to congenital neural disorders (Humaira, 2016; Karita et al., 2016; Nica et al., 2017) .

Hg concentration above 2 pg/g in soils is considered an ecological risk (Toth et al., 2016).
However, detailed surveys carried out across Europe, sampling mostly agricultural and grazing
soils, have found that Hg concentration ranges from 0.003 to 3.12 pg/g and it accumulates in those
areas of northern Europe where a wet and cold climate favours the build-up of soil organic material
(Ottesen et al., 2013). The Hg species present in soil depend on soil characteristics (pH and
moisture of the soil, the presence of sulphur reducing bacteria, organic matter content, etc....). In
general, there is a conversion of the most soluble and rather unstable Hg® and Hg?* species to
organic complexes. The combination of environmental and geological factors together with the
plant species define both the level of Hg and its chemical state present in food (Humaira, 2016).
Organic forms and methyl complexes formed by bacterial methylation (Hg?* species in case of
methyl group) are usually absorbed by plants over HgP at suitable acidic pH and Hg species
mobility conditions (Arif et al., 2016; Hylander and Goodsite, 2006; Tangahu et al., 2011).
Methylmercury species commonly bioaccumulate and biomagnify in the food chain mostly in
polluted aquatic ecosystems and in food crops and fodder produced from contaminated soils
(Andrews, 2006; Navarro et al., 2006; Sysalova et al., 2017) which is a major health concern.
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Heavy metal absorption by plants is mainly due to the ability of roots to exudate chelates
to form metal complexes, to induced pH changes and redox reactions to solubilize them or simply
by diffusion of ions into the cells driven by concentration gradients (Alvarez-Fernandez et al.,
2014; Arif et al., 2016; Tangahu et al., 2011). On the other hand, the plant metal uptake pathway
occurs through a series of chemical breakdowns which normally affects the main uptake of nutrient
elements, potentially modifying the efficiency of the absorption mechanism (Arif et al., 2016;
Dubey et al., 2018). Regarding Hg, different species of plants may have different Hg uptake
mechanisms as reported for grains like rice, wheat and maize (Dubey et al., 2018; Krupp et al.,
2009; R. Li et al., 2017; Sahu et al., 2012; Shumaker and Begonia, 2005). The forms in which
metal ions are transported from the roots to the shoots and grains are not well known. In cereal
crops, Hg accumulates more in roots whereas its concentration gets reduced in the plant system
along shoots and in the final amount stored in the grains (Dang et al., 2019; Li et al., 2019; Meng
et al., 2011; Y. Wang et al., 2016). Hg has the effect to reduce the chlorophyll synthesis activity
in the plants and to interfere with the nutrients uptake mechanisms (Dubey et al., 2018; Liu et al.,
2010). In addition, Hg generates oxidative stress and affects the plant root formation, biomass, and
grain yield (Sahu et al., 2012).

The antagonism between Hg and Se (Dang et al., 2019; Li et al., 2019) have been widely
studied in animals, (Cuvin-Aralar and Furness, 1991; Khan and Wang, 2009) and aquatic life
(Gailer et al., 2000; George et al., 2011). In case of plants, Hg and Se antagonism is gaining
attention for varying applications including bioremediation and nutritional enrichment (Chang et
al., 2020; Li et al., 2019). In plants, the sulphur pathway is the most affected under the presence
of Se and Hg as the accumulation of heavy metals causes stress in the sulphate transporters and
other redox reactions and in turn there reduction pathways along the plants (Alvarez-Fernandez et
al., 2014; Li et al., 2019; Singh et al., 2016). Hence, this competing mechanism may have a direct
effect on the final Hg concentration and on the ratio of chemical species found in crops grown in
Hg polluted soils, as well as, on the outcome of the Se-biofortification process. Heavy metal
accumulation varies from plant to plant; anyway some common behaviour can be identified. For
example, Se uptake has been found to reduce the Hg concentration by modifying the uptake of
other essential nutrients in rice grains (Li et al., 2019). Similarly, in vegetables like radish Se helps
in circumventing Hg uptake (Shanker et al., 1996).
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However, in most cases, the speciation of Hg in plants, which is intrinsically linked to its
toxicity, is overlooked or performed via indirect speciation techniques, e.g. HPLC-ICP-MS, that

require harsh sample treatment which may influence the chemical state of the species under study.

In this work, we report a study on the Hg speciation in Se-biofortified wheat. Wheat was
chosen since it is one of the crops most widely consumed over a wide range of population in
Europe (Eurostat, 2020) and secondary Se accumulator. In addition, wheat is one of the cereal
crops which is most largely affected by heavy metal contamination due to its physiological
nature(R. Li et al., 2017; Liu et al., 2009; Meng et al., 2011; S. Wang et al., 2016). We used
hydroponic cultivation system to be able to decouple the influence of the soil parameters over the
Hg and Se interactions. The aim of the present work is to study the influence that the different
inorganic Se chemical species used for Se-biofortification of wheat crops (selenite and selenate)
have over the concentration and speciation of Hg in the different parts of the plant (roots, shoots,
grains). X-ray absorption spectroscopy (XAS) has been used as a direct speciation technique to

get information about the chemical state and local coordination structure of Hg.

3.2 Experimental methods

3.2.1 Cultivation under Hg pollution

Common wheat (Triticum aestivum L. cv. Pinzon) plants were grown in hydroponic culture
to have a precise control of nutrient availability. Seeds (purchased from Semillas Fito, Barcelona)
were germinated in tap water damped filter paper for around 7 days. Afterwards, seedlings were
transferred to 12 L opaque containers (6 plants per container). Half strength Hoagland nutrient
solution buffered with MES (2-(N-morpholino) ethanesulfonic acid) to maintain a pH around 6.0
was used (details can be found in Table 3.1). Se and Hg treatments were applied as described in
the Table 3.2. For our study, 0.5 uM (0.1 ng/g) Hg was chosen which is well below the
concentration limit imposed for agricultural soils by the current regulations, 1.5 pg/g (Commission
Regulation (EC) No 1881/2006,.; Council Directive 86/278/EEC of 12 June 1986,). However, in

our hydroponic culture study, all the Hg was available for the plant whereas not all Hg in soils is

70



bioavailable for the plants. This is expected to be reflected in the results and it will be discussed

later.

Table 3.1: Half strength Hoagland nutrient solution composition (Arnon and Hoagland, 1940)

Chemical compound Concentration
Potassium nitrate, KNO3 3.0mM
Calcium nitrate tetrahydrate, Ca(NQOgz)2-4H20 2.0mM
Monopotassium phosphate, KH2PO4 10.0 mM
Magnesium sulphate heptahydrate, MgSO4-7H.0 0.5 mM
Boric acid, H3BO3 3.0 uM
Manganese(11) chloride, MnCl; 2.0uM
Zinc sulphate hepta hydrate, ZnSQO4-7H,0 2.0 uM
Copper(ll) sulphate pentahydrate, CuSO4-5H>0 1.0 uM
Ammonium heptamolybdate tetrahydrate, (NH4)sM07024-4H>0 0.1 uM
Ethylenediaminetetraacetic acid, Fe(Na)EDTA 60.0 uM
MES, 2-(N-morpholino)ethanesulfonic acid, CsH13NO4S (Buffer) 2.0mM

A total Se concentration of 25 uM was chosen which is below the reported toxicity value
threshold for wheat in hydroponic system (Guerrero et al., 2014; Li et al., 2008). The treatments
and the nutrient solution were renewed weekly together until the plants reached senescence. The
plants were grown in a controlled growth environment with relative humidity of ~70%, light

intensity of 320 uE-m2-s and different photoperiod based on the plant growth stage.

Matured wheat plants were harvested and divided into roots, shoots and grains. Samples
were oven dried at 65 °C, ground into fine powder using an automatic agate mortar and pestle

grinder, and stored in airtight tubes until further processing.
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Table 3.2: Hg and Se treatments

Treatment Treatment description

Control No Hg and No Se

Hg 0.5 uM of Hg (mercury(ll) chloride, HgCl,)

Hg+Se* 0.5 uM of Hg + 25 uM Se**(sodium selenite, Na,SeOs)
Hg+Seb* 0.5 uM of Hg + 25 uM Se®*)(sodium selenate, Na,SeOa)
Hg+Semix 0.5 uM of Hg + 12.5 pM Se** + 12.5 uM Se®*

3.2.2 Sample preparation and analysis

For shoots and grains, the Hg concentration was determined using a direct mercury
analyzer, DMA-80 (Milestone) based on based on thermal decomposition, gold amalgamation, and
atomic absorption spectroscopy (AAS). For the analysis, 2 mg of lyophilized powdered sample
were used. The reported error bars correspond to the measurements’ uncertainty.

On the other hand, since the Hg level in roots was too high to be measured by the direct
mercury analyzer, the Hg concentration was calculated considering the integrated counts of the Hg
Las emission line (9988.8 eV) collected by the X-ray fluorescence detector during the XAS
measurements. The XRF spectra collected at 12500 eV, far from the Hg L3 absorption edge, was
used. The background counts were determined from the XRF spectra collected in the absence of
Hg fluorescence (i.e. incident energy set at 12165 eV). For determining the Hg concentration from
the Hg Las XRF signal, the Zn Ka emission peak (8638.86 ¢V) was taken as reference and the
appropriate calibration of the XRF signal was done taking into account the Zn concentration
determined by ICP-MS (Table 3.3). In addition, the different fluorescence yield of Zn K and Hg
L3 edges 0.481 and 0.333, respectively, was taken into consideration.

The uncertainty reported corresponds to the standard deviation of the averaged

fluorescence counts of the independent channels of the fluorescence detector.

72



Table 3.3: Zinc concentration of samples (Analysed using ICP-OES (Perkin EImer Nexton 350D)

Treatment Concentration of Zn in pg/g with standard deviation of measurement
Root Shoot Grain

Hg 307.2(15.3) 130.7(7.9) 189.1(8.6)

Hg+Se** 92.6(5.3) 222.3(4.3) 118.4(0.8)

Hg+Se® 141.1(14.2) 200.9(24.1) 136.4(1.3)

Hg+Semix 182.3(7.9) 220.9(10.2) 106.6(9.4)

Elemental concentration of Se was analyzed in different parts of the plants by ICP-MS.
Samples were previously microwave digested (MARSS digestor) with nitric acid and hydrogen
peroxide at 180 °C with a holding time of 10 minutes. The concentration was determined by
external calibration of high purity Se standard along with the addition of internal standards (*°Sc,
9Ga, 1*°In, 8%Y) for proper monitoring. The concentration of Se is displayed as mean+SD (n=6)

with significance between treatments (p<0.05).

XAS at the Hg Lz-edge was measured at the BL22 CLASS beamline of the ALBA CELLS
synchrotron, Spain (Simonelli et al., 2016). Powdered samples (~20 mg) were pressed into 5 mm
pellets using a hydraulic press. The synchrotron radiation emitted by a wiggler source was
monochromatized using a double crystal Si(311) monochromator. The rejection of higher
harmonics was done by selecting the appropriate angles and coatings of the collimating and
focusing mirrors. Conventional XAS measurements were performed in fluorescence mode at
liquid nitrogen temperature using a multi-element silicon drift detector with Xspress3 electronics.
High energy resolution Hg Ls-edge XANES (HERFD) spectra were collected using the CLEAR
spectrometer available at the beamline based on Johansson-like dynamical-bent diced-analyzer Si
crystals for scanning-free energy dispersive acquisition. The Hg Lo emission was collected using
the Si(444) reflection of the analyzers working in back-scattering geometry. The energy resolution

estimated from the FWHM of the quasi-elastic line was around 1.4 eV. The X-ray absorption
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spectra were processed using Athena software of the Demeter package (Ravel and Newville, 2005)

following standard procedures.

3.3 Results and discussion

3.3.1 Concentration of element of interest

The Se concentration found in grains, 132-223 ug/g, indicates that the Se-biofortification
of the wheat grains was achieved (Subirana, 2018). The elemental concentration of Hg in the
different parts of the plant is displayed in Figure 3.1. For shoots and grains the Hg concentration
drops around two orders of magnitude respect from the amount of Hg found in roots.

Regarding roots, the higher concentration of Hg is found for Hg+Semix, 3080 ug/g DW, whereas
the other treatments had a slightly lower concentration. For grains, the highest Hg concentration
is found for Hg+Se®, and a significantly lower amount of at least a factor 2 was found for the

treatments those including Se**, i.e., Hg+Se*"and Hg+Semix treatments.

Table 3.4: Translocation factors of Hg along the plants

Hg Hg+Se* Hg+Seb* Hg+Semix

0.0075 (+/- 0.0146 (+/- 0.0066 (+/- 0.0062 (+/-
Roots to shoots

0.0003) 0.0004) 0.0008) 0.0001)

Shoots to grains | 0.58 (+/-0.02) 0.77 (+/-0.03) 2.46 (+/-0.10) 0.37 (+/-0.02)

0.0043 (+/- 0.0113 (+/- 0.0162 (+/- 0.0023 (+/-

Roots to grains
0.0003) 0.0004) 0.0008) 0.0001)

The Hg translocation factor based on concentration along the plants is reported in Table
3.4. 1t was calculated from the ratio of the Hg concentration obtained for different parts of the
plants. The results show that Hg is highly accumulated in roots, and very little is translocated to
shoots and grains. Plants treated with Hg+Se** show higher translocation from roots to shoots (a
factor 2 respect the other treatments) whereas plants grown with Hg+Se®* have higher translocation
of Hg from shoots to grains (a factor 5 more than the other treatments). The translocation from
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roots to grains for all the treatments is rather small. Interestingly it is minimized by the mixture of

Se species in the feeding, Semix.

3000 - Roots

2000 &

1000 — /

0 T T T
(=) Hg Hg+Se** Hg+Se®*
ey
2 304 Shoots
<
L2 204
-
o m
E 10— @
0y
O
S 0
; Hg+Se“+ Hg+Seb*  Hg+Semix
4

30 :

Grains

20 +

10

0 , : \\\

Hg Hg+Se!* Hg+Seb*  Hg+Semix

Figure 3.1: Concentration of Hg (ug/g DW) in different parts of the wheat plant grown under

different Se bio-fortification and Hg exposure treatments. See text for details.

The high Hg uptake in roots can be ascribed to phytostabilization (complexation
mechanisms related with root exudates) reducing Hg bioavailability (Chang et al., 2020; Dang et
al., 2019; Tangahu et al., 2011). The Hg distribution found in our wheat plants resembles the trend
reported in previous studies on Hg accumulation in Se-biofortified rice grains (Li et al., 2015). The
increased Hg concentration in the shoots from roots, showing less accumulation in the grains for
the Semix sample could indicate the role of different species of Hg in the plant life cycle (Fortmann
L.C. etal., 1978; Siegel et al., 1974). However, this trend is opposite in case of selenate treatment,

interesting considering that the uptake efficiency of selenate (Ellis and Salt, 2003) correlates with
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Hg transformation. However, considering the shoots as an intermediate stage, the overall
translocation from roots to grains for the individual Se species acts in similar way.

Moreover, Semix enhances the accumulation of Hg primarily in roots compared to the Se-
biofortification by individual Se species, Se** or Se®*, and the control treatment with only Hg. This
suggests that the interaction of the different Se species with Hg is not simply additive, but that
separated accumulative processes might be behind this enhanced Hg uptake. It is possible that the
interaction of Hg with the mixture of the two Se species results in an enhanced transport through
root cell transporters. Despite of the higher concentration found in roots for Hg+Semix, this
treatment results in the lowest mercury accumulation in grains and thus the least harmful for animal

or human consumption.

3.3.2 Hg speciation and component analysis along the plant

To get a better insight about the translocation of Hg species in wheat plants and the
interaction between Hg and Se, Hg Ls-edge XAS measurements were performed to investigate the
chemical state of Hg. Figure 3.2 shows the comparison of the Hg Lz-edge XAS spectra collected
on roots, shoots and grains with the most representative Hg references for our study among all
references measured: mercury selenide (HgSe), methylmercury hydrochloride (HgCHsCI) and
mercury sulfide (HgS). The spectra of roots, shoots and grains of wheat plants reveal spectral
differences that can be ascribed to changes in the speciation depending on the Se-biofortification
treatment used and the tissue studied. The spectral profile of each Hg species contained in the
sample contributes additively to the total spectrum of the sample, hence, fingerprint comparison
and linear combination fitting analysis using the reference spectra can allow the determination of
the species present in the plant samples. The XANES spectra of the samples are shown in the
Figure 3.2(a). The most characteristic spectral features in the references have been labelled from
A to F. Regarding the Hg references, HgCH3Cl shows enhanced spectral weight around A, B, and
F at 12288.5, 12297.4 and 12330.7 eV; HgSe is characterized by features C and E at 12308.6 and
12324.4 eV, and HgS by D and slightly shifted from F at 12312.9 and 12332.5 eV.

The XANES spectra of grains samples have better defined the features A and B than the
spectra of shoots and roots. This suggests that a larger amount of HgCH3 species are present in
grains. Complementary information can be obtained from the extended X-ray absorption fine
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structure (EXAFS) region, see Figure 3.2(b). EXAFS oscillations characteristic of the HgSe

species are visible in the roots treated with Se** and Semix, while the spectra for Hg control and

Se®* suggest the presence of other species such as HJCHs; or HgS. In the case of shoots and grains,

the EXAFS oscillations are similar irrespective of the Se treatment and confirm the presence of

HgCHa species. A complementary comparison of the spectra along the plants and respect to the

different treatments is shown in Figure 3.3.
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Figure 3.2: Hg Ls-edge spectra XANES region (a), and k2-weighted EXAFS signal (b) acquired

over different part of the plants grown with different Se and Hg treatments.
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Figure 3.3: XANES (a) and EXAFS (b) comparison respect to different treatments at various
parts of the plant.

In order to confirm the observations obtained from the fingerprint analysis, HERFD-
XANES spectra were collected at the Hg La1 emission line (3ds/2-2pas2 transition) on roots samples
and Hg references. This technique allows overcoming the intrinsically large core-hole lifetime
broadening of the Hg(2ps2) level of the Hg Ls-edge (5.5 eV) (Krause, 1979) by monitoring the
3ds2 final state (2.28 eV) (Proux et al., 2017). The spectral enhancement achieved allows to clearly
identifying the energy position of the shoulder features of HgS, HgCHsCl and HgSe references.
The comparison of the samples and references spectra suggests that the presence of HgS in roots
might be negligible since the energy position of the pronounced shoulder at the rising absorption
edge in the samples appears at higher energy, ~12288 eV, than feature A in HgS reference, ~12286
eV (Figure 3.4).
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Figure 3.4: HERFD-XANES spectra collected at the Hg Lz-edge in the root samples grown with

different treatments.

In order to confirm the previous qualitative analysis and to better assess the ratio of Hg
species present in roots, a linear combination fitting (LCF) analysis of the HERFD-XANES was
done. The results for LCF analysis of HERFD-XANES are reported in Table 3.5 and it confirms
that the main specie present in roots is HgSe, while HgsS is probably not present.

Table 3.5: Results from the LCF analysis of HERFD-XANES measurements in roots.

3 Hg+Se* Hg+Se®* Hg+Semix
HgCHsCI | 0.073 0.148 0.101
HgSe 0.886 0.795 0.840
R-factor 0.010 0.012 0.012
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The LCF of the standard XANES was performed over all the samples considering the three
Hg references (HgSe, HgS, and HgCH3). The results systematically showed that, in agreement
with the HERFD-XANES analysis and the observations reported above, the HgS contribution is
absent or negligible in the full set of data. Hence, HgS reference was excluded in the final LCF

analysis shown in Figure 3.5 and Table 3.6.
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Figure 3.5: Results from the LCF analysis of the XANES spectra of different parts of the plants
(R: roots, S: shoots, G: grain) under different treatments.

Table 3.6: Results from the LCF analysis of XANES region of the spectra. R, S and G stand for
root, shoot and grain, respectively.

Hg+Se* Hg+Seb* Hg+Semix

R S G R S G R S G

HgCHsCl | 0.303 | 0.598 | 0.773 | 0.460 | 0.619 | 0.975 | 0.411 | 0.435 | 0.633

HgSe 0.697 | 0.402 | 0.227 | 0.540 | 0.381 | 0.025 | 0.589 | 0.565 | 0.367

R-factor | 0.001 | 0.002 | 0.006 | 0.001 | 0.002 | 0.010 | 0.001 | 0.001 | 0.008
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The LCF of the EXAFS signal is reported in Figure 3.6 and Table 3.7 confirms these trends as

well.

components weight

mHQCH3Cl BHgSe

Figure 3. 6: Results from the LCF analysis of the EXAFS region of the spectra.

Table 3.7: Results from the LCF analysis of the EXAFS region of the spectra. R, S and G stand
for root, shoot and grain, respectively.

Hg+Se* Hg+Seb* Hg+Semix

R S G R S G R S G

HgCHsCl | 0.152 | 0.538 | 0.823 | 0.371 | 0.698 | 0.819 | 0.233 | 0.535 | 0.884

HgSe 0.848 | 0.462 | 0.177 | 0.629 | 0.302 | 0.181 | 0.767 | 0.465 | 0.116

R-factor | 0.090 | 0.403 | 0.574 | 0.528 | 0.668 | 0.349 | 0.118 | 0.350 | 0.509

These results should be taken as semi-quantitative since the chemical state of Hg in the
plant will be slightly different to the one of the references selected. In fact, the complexation of

Hg-Se in plants will not be as crystalline as the references used, and the methylmercury group in
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plants will bound preferentially to thiol groups and amino acids instead to a chlorine atom as in
the reference used (Wang et al., 2011, 2014). In addition, it is important to bear in mind that the
set of Hg references chosen might be incomplete, i.e. there might be some Hg coordination
environment in the plant that it is not represented by the Hg reference compounds chosen. For
example, it is expected that the Hg control sample does not contain a significant amount of HgSe
since no Se was included in the treatment. Instead, the control roots spectra are not fully
represented by HgCHz alone, which looks to be anyway an important component from the analysis
of EXAFS signals (Figure 3.3(b)). Thus, if we assume that, in agreement with the HERFD-XANES
results, there is a small or negligible amount of HgS in the roots of the Hg-control sample, we can
conclude that most likely we are missing a reference. Moreover, it has been reported that Hg Ls-
edge absorption spectrum of HgS and Hg-Cysteine, Hg-gluthaionine and Hg-phytochelatins are
very similar and difficult to differentiate, (Li et al., 2015; Wang et al., 2012) making the speciation
analysis very challenging in the present case.

Despite of the limitations of the LCF analysis to quantify the different species, the fitting
results shown in Figure 3.5 and 3.6 highlight the presence of HgSe in the roots and its progressive
reduction in shoots and grains. Complementarily, the highest concentration of HgCHzs is found in
grains whereas it is lower in shoots and roots. This methylated Hg looks to be present all along the
plant irrespective of the addition of Se to the treatment. This concentration increase of the
methylated groups from roots to grains which was characteristically observed during grain
development stages is also expressed in other rice plant species (Dang et al., 2019; Li et al., 2019;
Meng et al., 2011; Pickering et al., 1999; Wang et al., 2014).

Our study was conducted in hydroponic culture. Unlike soil, where the presence of
different organisms helps in the conversion of Hg species to organic forms (Dang et al., 2019). In
our case, it is reasonable to assume that the methylated Hg found in the wheat plant has been
originated by the processes occurring within the plant itself.

Bioavailable Hg species, especially methylmercury, can be easily transported from shoots
to grains, being the methylated Hg groups in soluble fraction mobile in the nutrient transport of
the plants (Arif et al., 2016; Li etal., 2015; Meng et al., 2011). Hg+Se*" and Hg+Semix treatments
have higher Hg translocation from roots to shoots with less bioavailable species in the system and
lower translocation from shoots to grains. Also, the presence of heavier metal in the nutrient

phloem pathway may affect the photosynthetic activity or accumulate in the cell vacuoles of shoots
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which is typical to phytoaccumulation of heavy metal in plants (Alvarez-Fernandez et al., 2014;
Arif et al., 2016; Singh et al., 2016; Tangahu et al., 2011) leading to less accumulation. The
differences between selenium treatments may arise from the interaction of the different species
with the root exudates and complex formation assisting either in breakdown or accumulation of
heavy metal species. Selenite is more water soluble than selenate, and selenite has the potential to
form root complexes easier than selenate leading to better protective effects against Hg. Indeed,
there is a noticeable decrease in both the treatments including selenite of the Hg accumulation in
grains and its translocation percentage from roots to grains (0.0113 and 0.0023 for Hg+Se** and
Hg+Semix treatments, respectively). However, this supports the role of roots being a major
inhibitor of heavy metal translocation (Chang et al., 2020; Dang et al., 2019; Q. Q. Huang et al.,
2017; Li et al., 2015). Nevertheless, the mobility depends on the Hg species. Methylmercury is
expected to have higher mobility compared with Hg-Se complexes in the plant system (Dang et
al., 2019; Lietal., 2019; Zhou et al., 2015). The formation of a complex between Hg and Se would
reduce the fast ligand exchange mechanism of the system due to their stronger bonding. In the
same manner, the preference of Hg to form complexes with Se over thiol and sulfhydryl groups
would reduce its bioavailability and mobility through the plant metabolism (Li et al., 2019).
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3.4 Conclusions

In summary, our Hg speciation study along Se biofortified wheat plants grown
hydroponically in Hg contaminated environment allows accessing the pathway and mechanism of
accumulation of organic and inorganic Hg species. The results show that methylated species are
formed both with and without Se-biofortification conditions and that they are accumulated in the
grains. The formation of Hg-Se complexes, present in higher amount in the roots, is believed to
reduce the translocation of Hg. The 1:1 mixture of Se** and Se®* species in the feeding yields the
lowest translocation factor of Hg to the grains. This Se-biofortification treatment inhibits the
accumulation of methylmercury in grains offering protection against the Hg-induced plant toxicity
to a certain extent. These findings can be applied to reduce the presence of Hg in wheat-based
food.
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Soil culture

Chapter 4

Soils and Selenium
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4.1 Introduction

For horticulturist and farmers, soil is the fundamental foundation of plant life since it is an
essential reservoir of nutrients and provide water supply to the plants. However, soil is not an
essential element for plant growth, since, as it has been seen, plants can be grown as well

hydroponically, by providing to the plants all the necessary nutrients directly in solution.

Soil can be broadly defined as a naturally occurring system mainly consisting of minerals
(rocks and sediments), organic matter, water, and gases trapped in the pores (“Soils - Randall J.
Schaetzl, Michael L. Thompson - Google Books,” n.d.). All these parameters make soil a complex

system, fact to be considered when designing biofortification practices.

The different elements present in soils are categorized as major or trace elements depending
if their concentration is above or below 100 pg/g, respectively. There are around 17 major
elements. Among them carbon (C), nitrogen (N), sulphur (S) and phosphorous (P) are major
macronutrients, which helps in thriving lifecycle of the living organisms (“The Chemistry of Soils
- Garrison Sposito - Google Books,” n.d.).

Se biofortification helps to incorporate Se in food crops in Se deficient regions. The
different inorganic and organic Se species in their respective oxidation states (VI, 1V, 0 and —I1)
interact differently with the soil depending on the soil organic matter content, solubility, and redox
potential. These factors affect the overall availability of Se to the plants. For instance, Se(VI) and
Se(1V) species are generally present in aerobic soils, due to the high presence of oxygen which
contributes to the Se oxidation. Se(1V) presents the highest water solubility, but considering the
high Se(1V) affinity for soil particles, like metal oxides and organic matter, it readily forms
complexes reducing its mobility in soils. Instead, Se(V1) has higher mobility in soils that Se(1V)
which helps in an easy plant uptake. Elemental Se, Se(0), is not soluble in water and it is poorly
available. Hence, the reduction of Se(VI) and Se(IV) to Se(0) can reduce the mobility of Se in the
food chain. The organic Se species (SeMet, SeMeCys, SeCyst, SeCys), Se? are naturally formed
by biotic factors (organic matter, microorganisms)in soil and are available to the living organisms
(Qinetal., 2017) .
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Se in soil can be then divided into different subgroups based on the Se binding strength as
water soluble Se, exchangeable Se, iron/manganese oxide bound Se, organic matter (OM) bound
Se and residual Se. The different Se fractions in soil present variable mobility and bioavailability.
Water soluble fraction is easily available for both plant uptake and soil microorganisms. The OM-
bound fraction defines all Se species bound to organic matter, they are not readily available to
plants however, they can slowly become available after the break down of the OM bonds though
the soil stabilization process. Se Fe/Mn-bound fraction and residual elemental Se are strongly fixed
by soil components and are poorly or not available (Z. Li et al., 2017). Generally, Se is strongly
immobilized in acidic and reductive soils, leading to reduced species that are less mobile (Dinh et
al., 2017; Z. Li et al., 2017). More in particular, the Se availability to plants has been found
indirectly proportional to the soil organic acid content. Indeed, some studies propose that the
organic matter improves the Se mobilization in the soil, having the ability to immobilize or release
Se (binding to OM, kinetic rate of oxidation process, microbial reduction) (Z. Li et al., 2017). Also,
the organo-mineral complexes and their adsorption behaviour towards Se plays a role in the Se

mobility and availability (Tolu et al., 2014) .

In acidic soils, Se availability normally ranges from 19-53%, whereas in alkaline soils
availability decrease from 5.9 to 40%. In acidic soils they decrease steadily compared to sudden
drop in alkaline soils (Wang et al., 2017). In general Se of 5-100 g/ha in both species and all soil
types were visualized as good fertilization conditions (Curtin et al., 2006; Lyons et al., 2003). Also,
some reports conclude the higher the soluble fraction on the Se applied better the uptake
irrespective of the total concentration applied.

Here we address the Se-biofortification process on wheat plans grown in soil. Even if only
one soil example have been considered (gardening soil), the soil properties (with higher organic
matter content (98%) at average pH 5.5) and interaction with the different Se species provided to
the plants in the biofortification process have been analysed. The fortification process was carried
out by direct soil application (SA) and as well by foliar application (FA) on wheat plants in soil
culture. The results between their comparison, and further details of FA is given in section 5.2
(experimental design and methodology) and results respect to plants will be discussed in the next
chapter (5).
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4.2 Experimental methodology

4.2.1 Soil pre-culturing and initial analysis
Commercial gardening soil of universal substrate (Compo Sana) were used for the

cultivation. 3L cylindrical pots (WT*WB*H: 16x12.5x22) were used for the study. The pots were
filled leaving 5-8 cm from the top free of soil (soil capacity ca. 1.1 kg/pot).

Initial studies to determine the water retention capacity of the soil were carried out by
placing the pots inside a controlled chamber with a photoperiod of 10h day and 14h night. The
light intensity was kept the same as for the hydroponic experiments described in previous chapters,
320 uEm%s. Different volume of water (5, 10, 25, 50, 75, 100, 200 ml) and time intervals (1, 3
and 7 days) were tested. The results of this preliminary study indicated that a volume of 50 ml of
water per pot every week was the best amount to preserve the required humidity in the soil. This

irrigation volume was used in the whole cultivation study using soil pots.

The pH of the soil was measured as follow: a 1:1 (w/w) soil to water suspension was
prepared and stirred for 1h for the pH to stabilize, afterwards the pH was measured in the
supernatant using a pH meter. The average pH found was 5.2 +1.5. Alternatively, the soil pH was
also determined by direct soil measurements using a soil pH meter (Groline, Hanna instruments)
obtaining pH 5.5 3.

The stabilization of Se species in preconditioned soils was studied by performing solid-
phase extraction experiments with columns filled with soil. Glass columns were filled with 120 g
of soils up to 2/3 of its height (45 cm) and divided into four groups (Control, Selenite, Selenate
and Mixture). The withholding water capacity of the soils in the columns was 100 ml. The
concentration of Se used for this experiment was set to 50 uM. This is 5 times higher than the
concentration that will be used for the soil experiments in the soil application methodology, 10
MM, but it was designed like this to have a concentration similar to the one that will be reached in
the soil after the the wheat cultivation experiment. Soil from the first day and after a week was
collected for speciation studies to study the evolution. To perform the solid-phase extraction,
different fractions were collected, first water was used to remove the soluble and available Se

fraction, and afterwards hydrochloric acid, (HCI) was used to remove the rest of the species.
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4.2.2 Soil sample preparation and characterization

Soils from soil and foliar application (as described in section 5.2. experimental
methodology) at the time of harvest were collected from middle of the pot height and stored at
-80°C for further characterization. Elemental analysis was carried out to measure the total Se and
other nutrients in soil from microwave digested samples. From the total 9 pots, average of two pots
with replicates were analysed, the error bar reported was the standard deviation between two pools
of pots from same group. XAS measurements were carried out at liquid nitrogen temperature in
lyophilized and homogenised soil samples collected from three pots per group. The soil was

powdered and made into 5 mm pellets. The results are discussed in the next section.

4.3 Results and discussion

4.3.1 Soil elemental concentration

The concentration of Se in soils obtained by ICP-MS is reported in Figure 4.1. Besides the
SA and FA groups mentioned above in the Introduction, an additional set of pots was considered
as control for the soil application (CSA). This consists on pots filled with soil in which the
treatments were applied as for SA but no wheat was grown. Generally, SA has lower concentration
of Se than CSA. This difference can be attributed to the plants’ uptake in the case of SA. Moreover,
the Se concentration in CSA reduces progressively from 0.9+0.02 ug/g for Se** to 0.4+0.07 pg/g
for Se®* case when increasing the Se®* fraction. This might be probably due to the volatility of Se
intermediate species generated when Se®* reduces to Se** (Ellis and Salt, 2003; Sors et al., 2005;
Tolu et al., 2014). As expected, the Se concentration found for FA was very small, 0.01+0.003
Ma/g, which results negligible in comparison with the CSA sample, therefore, we can neglect any
biofortification influence of the Se reaching the soil in the case of FA. It is worth mentioning that
the control soils (no Se was applied) of the three different application methodologies (CSA, SA,
FA) showed that the soil used for the experiments have a Se level below 0.005£0.002 ug/g
(detection limit) and can be consider completely negligible. Also, the detection limit is given based

on the calibration range (0 -100 pg/g).
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Figure 4.1: Selenium concentration in soils (ug/g DW) as a function of the Se treatment provided.
The treatments groups are represented as Control (dark green), Se** (grey), Semix 1:1 (pink), and
Se®" (blue) and application methods CSA-diagonal pattern (control group no plants), SA- no
pattern (soil application) and FA- squared pattern (foliar application). The error bar shows the
standard deviation of measurements from two set (n=3). The statistical significance between
different treatments based on means comparison of technical replicates was shown by student t-
test with significance a-0.05. Different letters define the level of significance.

Figure 4.2 reports the concentration of different micro (B, Fe, Zn, Cu, Mn) and macro (Mg,
P, K,) nutrients present in the soils, with the objective of comparing the Se biofortification with

the elemental uptake.

Except for the Mn concentration, CSA group has slightly lower concentrations of the
investigated elements compared to SA and FA. These can be due to the water retention capacity
of the roots and their interaction with the soil. The ability of the soil to retain the applied solution

without leaching away and how the elements present affected the diffusion or competition in
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uptake between plant and soil. For the rest, the average values are comparable in between
treatments. Despite the error bar, it can be seen higher amounts of micronutrients in the soils by
increasing Se** fraction in the FA treatment. FA may affect the plant metabolism respect to the Se
species applied. FA can stimulate transpiration in plant leaves and increase the photosynthetic
activity leading to more exchange of elements in plants and soil. Moreover, the concentration of

nutrients found in the soil for SA are overall slightly lower than respect to FA.

Figure 4.3 shows the Se K-edge absorption spectra measured on soil samples obtained by
different Se application methods and Se treatments. The Se K-edge reference spectra of the
inorganic (Se(1V), Se(VI1)) and organic (SeMet, SeCyst and MeSecys) Se species are displayed on
the top of the figure. CSA and SA groups show a similar spectral profile for the same Se treatment
applied. In both cases the Se** feeding is mainly transformed to organic species, while the Se®*
feeding remains in its original form. In the case of FA, the low concentration Se found in the soil
seems to be in organic form, independently of the Se treatment applied. The level of Se in the
control sample (no Se applied) was below the detection limit and therefore the native species of

Se in the soil could not be determined.
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Figure 4.2: Concentration of macro (Mg, P, K) and micro (B, Fe, Zn, Cu, Mn) nutrients, in soils
as a function of the Se treatment provided. The treatments groups are represented as Control (dark
green), Se** (grey), Semix 1:1 (pink), and Se®* (blue) and application methods CSA-diagonal
pattern (control group no plants), SA- no pattern (soil application) and FA- squared pattern (foliar
application). The error bar shows the standard deviation of measurements from two set (n=3). The
statistical significance between different treatments based on means comparison of technical
replicates was shown by student t-test with significance a-0.05. Different letters define the level

of significance.

4.3.2 Speciation in soils
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Figure 4.3: Se K-edge XANES spectra collected on soils treated with different Se applications.
From top to bottom, the spectra of selected references, CSA (control no plants), SA (soil

application) and FA (foliar application) is shown.
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To have a better understanding of the evolution of the different Se species in the soil, a
experiment was performed in glass columns in which the Se speciation in soils was monitored as
a function of time from application and the Se treatment selected. The corresponding XAS results
are reported in Figure 4.4.

6 4— SeCyst — Sett
— SeMet —— Semix
|—— SeMeCys 6+
Se(1V)
| Se(VI)

Normalized XAS (arb. units)

12640 12650 12660 12670 12680 12690
Energy (eV)

Figure 4.4: Se K-edge spectra collect over CSA, i.e. from columns respect to time of collection
and treatment. Spectra represented from top to bottom indicate, references, samples from dayl

followed by day 7.

The samples collected after 1% and 7" day from application show similar spectral profile
in the case of Se®* treatment which corresponds to Se(V1) inorganic compound. Regarding Se**,
the first day samples show a Se(IV) contribution and a small organic contribution and this organic
contribution gets reduced in 7™ day where the Se(1V) increases. Semix spectra lie in between Se®*

and Se** treatments.
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4.4 Conclusions

The characterization of the soils corresponding to the Se bio-fortification process
investigated was reported. Se** species in the soil are progressively transformed into organic
species which are less available for the plant uptake. Instead, Se®* is more slowly transformed to

Se**, forming intermediate Se species, thus it is more immediately available for the plant uptake.

The Se amount provided to soils is reduced by the wheat plant uptake, in higher extent for
the Se** feeding, because of the volatility of the Se intermediate phases. Similarly, the strong
decrease of the Se concentration by increasing the Se®* fraction in the control soil suggests a

possible partial loss of Se through volatile species.

Regarding the foliar application, a negligible amount of Se is detected in the soil and only

in organic forms. FA seems to affect the plant metabolism respect to the Se species applied.
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Chapter 5

Se biofortification by soil and foliar application
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5.1 Introduction

For practical applications of the Se biofortification processes many parameters should be
considered. First of all, Se inorganic species have better solubility and are more bioavailable for
the plant’s uptake (Dinh et al., 2017; Lara et al., 2019; Qin etal., 2017; Ros et al., 2016). Moreover,
they are more cost-effective and hence can be effectively used for large scale agronomic practices.
Taking into consideration that the uptake capacity of plants in soils can be less than 5% from the
total Se applied, hence, it is crucial to optimize the Se biofortification process considering all the
parameters that may affect it. This includes, the Se species provided to the plants and the
application method, time, frequency and concentration of the applications, and the intrinsic soil
properties (e.g. organic matter content, minerals and pH). These parameters can strongly influence
the outcome from the biofortification process since the plant uptake efficiency can vary from 1 to
50% (Ros et al., 2016).

Among different application methods, soil application (hereafter denoted as SA), in which
Se fertilization is applied directly in the soils, and foliar application (hereafter denoted as FA), in
which Se is sprayed over the surface of the leaves in the cultivation area, are widely practiced. In
terms of species, Se®* has high bioavailability in soils as it is more mobile and available for plant
uptake. Comparatively, Se** is less available for plants as it bounds to clay components and organic
matter present in the soils, which decrease its mobility. On the other hand, studies on rice (Lidon
et al., 2019) and carrot (de Oliveira et al., 2018) showed better Se uptake when Se** is applied by
FA, as this species can be easily accumulated on the leafs surface and taken up by the vacuolar
cells of the aerial parts of the plants (Ros et al., 2016). It was reported that Se** applied by foliar
increases the Se concentration in rice grains 10 times fold compared to Se®* application (Lidon et
al., 2019). In terms of quantity, the FA of 10 g Se**/ha in rice corresponded to an increase of Se
concentration in the grain 1.54 ug/g (Lidon et al., 2019). In case of wheat, the SA of Se®* at 10
g/ha is equivalent to the FA of Se®" at 50 g/ha to obtain the equivalent Se grain concentration or
similar fortification benefits (Curtin et al., 2006; Lyons et al., 2003). Generally, FA, are always
carried out with the help of adjuvants, which acts as a surfactant, helping the absorption of the
applied droplets by reducing their surface tension. Studies also reported that the use of adjuvants

increased the Se uptake two folds in wheat plants (Lyons et al., 2003).
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The time of application respect to the growth stage of the plant is also an important factor
influencing the Se uptake (Boldrin et al., 2016; Lara et al., 2019; Lidon et al., 2019; Ros et al.,
2016). Overall, both SA and FA during the heading stage and grain filling improves the yield and
Se concentration in crops (Ros et al., 2016). On the other hand, FA at vegetative stage results to

accumulate Se less than 30% due to the reduced dimensions of the leaves., (Ros et al., 2016).

The amount of Se needed for biofortification differs based on species and application
method. Depending upon soil properties, SA of at least 10 g/ha in the form of Se®* is needed to
obtain up to a maximum of 0.5 pg/g of Se in grains (Curtin et al., 2006; Lyons et al., 2003). It has
been reported that for an application of 20 g/ha Se®" in soils there is an increase in grain yield (Lara
et al., 2019). In general, for SA 5-30g/ha of Se®* applied in the fluorescence stage is effective for
fortification process (Curtin et al., 2008, 2006; Lara et al., 2019; Lyons et al., 2003).

The soil properties like pH and type (clay or more OM based) changes the Se accumulation
pattern (Lyons et al., 2003). However, irrespective of species and application conditions, Se
biofortification of 5-100 g/ha is considered good for fortification purposes (Dinh et al., 2017;
Lyons et al., 2003).

Several studies have reported how wheat Se enrichment can affect the plant metabolism
and the final wheat production, however, a systematic study on the effect of different application

methods and of the effect induced by different Se species treatments is missing.

Here we study the effects of the Se biofortification process on wheat plants, where different
Se species (Se**, Se®") are provided both by SA and FA methods. Following the results obtained
by hydroponic culture as reported in the previous chapters and previous works (Subirana, 2018;
Xiao et al., 2021, 2020), here it is included the treatment with the mixture of both Se species in a
1:1 ratio, which, to our knowledge, has not been addressed at all in the literature. The Se
concentration for the study was defined from the literature 21 g/ha of Se for SA (Curtin et al.,
2006; Lyons et al., 2003) and five times the concentration in case of FA to achieve the desired
results (Lyons et al., 2003). The idea is to exploit the different Se species uptake characteristics to
optimize the Se biofortification process for applications, with a particular focusing on the Se

species finally present in the wheat grains.
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5.2 Experiments and methodology

5.2.1 Cultivation of plants in soils by different Se application methods

The soil used and its initial characterization is described in 4.2. The pots were filled with
the same weight of soil (1.1 kg) and compacted to remove air pockets. The germinated wheat
seedlings (method as described in 1.2.1 section) were placed in the soils of about 3 cm in depth
with one plant per pot to better control the treatment and growth. The plants were grown in similar
conditions as hydroponics culture, with the same photoperiod. 50 ml of water were added every 7
days. In the cultivation, 18 plants per treatment group which are sub-divided into two application
method (soil application-SA and foliar application -FA), in total 72 plants were grown. Along with
these pots with plants, control group of soil only pots (CSA) without plants was included in the
study. The Se treatment was applied only after the plants reached the flag leaf stage accordingly
to the previous studies, i.e. to optimize the Se biofortification by reducing the toxicity effects. Se**,

Se®* and their mixture in the 1:1 ratio was applied to the plants, as listed on table 5.1.

Table 5.1: treatment groups under SA and FA

Control

Selenite (Se*")

Mixture 1:1 ratio (Se**: Se®*)

Selenate (Se®)

In SA, Se 10 uM in 50ml (were added to every pot. The CSA group were treated in the

same way as SA group.

In case of FA, the plants were grouped together in an area of 0.18 m? to optimize the
application, i.e. to minimize the fraction of Se biofortified solution fallowing to the soil. The Se
concentration was increased to account the less Se availability to plants. Se 50 uM (7 g/ha of Se)

in approximately 40 ml from the stock solution along with adjuvant (Tween 20-surfactant) were
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sprayed on the leaves surface. In FA control group only, water with adjuvant was added. Moreover,

the soil was irrigated with 50ml of water to keep the correct plant feeding.

In both SA and FA, the soil pH was checked at regular intervals. It has been found around
pH 5-6 for all treatments. The plants of all the groups were harvested together after they have
completely matured. The soils from the pots were collected for further characterization as
discussed in section 4.2. The plants were divided into roots, stems, leaves and spikes. The roots,
stems and leaves were lyophilized and stored for further studies as described in section 1.2.1. The

grains were stored after collecting from the spikes.

| germination and planting | flag leaf and spike formation

\‘.;-ll‘.\-.‘h ‘," ‘_J

| Maturation and harvest

Figure 5.1: wheat plant cultivation in soils from germination to harvest
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5.3 Results and discussion

5.3.1 Plant growth parameters

Similar to the previous chapters, the biomass of the plants, represented as the average dry
weight (DW) of their different parts, has been investigated and it is reported for both SA and FA

methodes in Figure 5.2.

The biomass of roots and leaves are not significantly affected by the different Se
treatments, neither by the application method. Instead, while the stems and grains DW looks not
significantly affected by the different Se treatments, they are slightly reduced by FA respect SA
method, including the FA control sample. This can be ascribed to the adjuvant application, wich

seems to reduce both the stems and grains development.

Interestingly, the FA control produced an enhanced amount of grains, respect the control

and all the SA and FA Se treated plants, whit the FA showing a slightly smaller grain production.
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Figure 5.2: Average dry weight of different parts of the plants roots (a), stems (b), leaves (c) and
grains (d) and total grains produced (e). The different treatments are represented as Control (dark
green), Se** (grey), Semix (pink), Se®* (blue) and application methods SA (no pattern) and FA
(squared pattern). The statistical significance between different treatments based on means
comparison of technical replicates was shown by student t-test with significance a-0.05. Different

letters define the level of significance.
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5.3.2 Concentration of elements in the plants

The Se concentration at different parts of the plants is reported in Fig 5.3. It is helpful to
address the influence of the treatment and application method applied on the Se uptake and transfer
along the plant tissues.

The Se concentration along the plants is of an order of magnitude higer in SA respect FA
method, and it is higer at the application place. In SA roots, stems, leaves, and grains the Se
concentration has been found around or below 150, 60, 50, 75 ug/g, respectively. Instead, in FA
roots, stems, leaves, and grains the Se concentration has been found around 2, 3, 10, 3 pg/g,
respectively. While in SA the Se concentration in the different plant parts decreases by increasing
Se** in the treatment, in FA it is not showing a Se treatment dependence.

The reduced Se concentration in SA roots with Se** treatment is in agreement with the
expected Se(IV) immobilization in the soil and the Se(VI) high mobility in xylem transport
(Cubadda et al., 2010; Curtin et al., 2006, Xiao et al 2021).

Instead, in FA samples, the increased Se concentration in leaves most likely corresponds
to the leaves ability of accumulating metals as a defence mechanism, i.e. to reduce the plant stress
and undesired metal translocation (Angulo-Bejarano et al., 2021).
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Figure 5.3: Se concentration along the different parts of the plant (grains, leaves, roots and stems).
The error bar is given by SD between different measurements (n=3). The different parts of the
plant are represented as roots (brown), stems (pink), leaves (green) and grains (blue). and based
on applications SA-no pattern and FA-squared pattern. The statistical significance between
different treatments based on means comparison of technical replicates was shown by student t-

test with significance a-0.05. Different letters define the level of significance.

In general, the Se applied is expected to be translocated and transformed along the different
parts of the plants, affecting the Se mobility and accumulation. The translocation factor (TF), as
defined in the previous chapter 1.3, identifies how much an element is transported along the plant.
TF of Se from different parts of the plant to grains is reported in Figure 5.4. Being in SA and FA
the Se uptaken by the roots and diffused by the leaf epidermis cell vacuoles, respectively, it is of
particular interest the roots-to-grains (R to G) and leaf-to-grains (L to G) TF in SA and FA,
respectively. It is worth to recall that the TF should be higher than one to denote metal translocation
along two different parts of the plant (Usman et al., 2019). Nevertheless, the high TF from R to G
in FA depends only by the very small Se amount in roots, because of the application method. The
R to G Se translocation in SA increases with the Se®* treatment, probably because of the high
Se(VI) mobility in the xylem transport (Cubadda et al., 2010; Curtin et al., 2006, Xiao et al 2021),
while this trend is opposite in FA for the L to G TF. In both cases the TF is below 1, characterizing
a relatively poor Se translocation from the application site to grains. The stems to grains TF is
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instead close or above 1 for both treatments, with a minimum for Semix and Se®* for SA and FA,

respectively.
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Figure 5.4: Translocation of Se from different parts of the plant to grains. The treatment groups
are given by Se** (grey), Semix (pink) and Se®* (blue) representing roots-to-grains (dashes) leaves-

to-grains (no pattern) and stems-to-grains(lines).

The concentration of other important micronutrients like Cu, Mn, Fe and Zn along the

different parts of the plants is shown in the Figure 5.5. Panel (a) focus on the Cu distribution.

Roots have higher concentration of Cu, followed by grains compared to the aerial parts. The Cu
concentration in roots and stems are not significantly different among treatments. The level of Cu
in leaves control group is significantly lower than in all the Se treated plants. In the case of SA
grains, Se** and Semix slightly decrease the Cu level, while Se treatments slightly decrease the Cu

content respect to control. Under FA, Se** increases significantly the amount of Cu in the grains.
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Mn concentration is seen in Figure. 5.5(b). The leaves sample of the control plant was lost
during the elemental analysis. The accumulation of Mn is the highest in leaves, where it does not
show clear trends as a function of the Se treatment or application method. Mn level in roots are
not different, while in stems is lower in SA with respect to FA. In FA stems lower Mn level is seen
for Se** treatment. In grains, FA causes higher Mn accumulation than SA. Grains treated under

SA, show a significant reduction of the Mn level in Se** and Semix.

Fe accumulation is shown in Fig 5.5(c). In the case of the leaves sample of the control plant
have less Fe content compared to other treatments. In stems, Fe is found in higher amount in FA,

while in grains for SA.

Zn concentration is reported in Fig 5.5(d). In the stems and leaves Zn accumulates more
for FA than SA. Zn accumulation in grains is significantly reduced independently of the

application in Semix treatment and enhanced in Se** for FA method.

Mn, Zn and Cu participate in major enzymatic activities. Differently from the here reported
results, in the work by Xiao et al. (2020) the Zn and Cu accumulations in wheat roots grown
hydroponically under a bio-stimulant and Se** application were significantly increased respect to
the control. This suggests that bigger data sets are necessary to address statistically the effect of

the Se treatments on the other micronutrients accumulation and their eventual correlations.
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Figure 5.5: Concentration of other essential ele ments along the plant from top left Cu (a), Mn (b),
Fe (c) and Zn (d). The error bar is given by SD of between two different measurements (n=3). The
different parts of the plant are represented as roots (brown), stems (pink), leaves (green), grains
(blue), and applications methods SA- no pattern and FA- squared pattern. The statistical
significance between different treatments based on means comparison of technical replicates was
shown by student t-test with significance a-0.05. Different letters define the level of significance.
The star mark in the control sample of Mn indicates experimental error.
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5.3.3 Se speciation and distribution in the grain: XANES and pXRF
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Figure 5.6: Se K-edge spectra collected over different parts of the plants: (a) roots (b) stems (c)
leaves and (d) grains. The spectra corresponding to different Se treatments were given by grey
(Se*), pink (Semix), blue (Se®"). The vertical lines are marked as a guide to the reader. The spectra
are shown in the order of references, SA and FA (from top to botton) in the panels.
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In order to better understand the plant metabolism and to correlate the translocation and
the accumulation of Se with the Se species present in the plant, especially in grains, Se direct
speciation was performed by XAS at the Se K-edge. The evolution of the Se species along the
different parts of the plants can be visualized in Figure 5.6. The spectral signal has been
systematically optimized during the measurements, and higher signal to noise ratio generally
corresponds to higher Se concentration (see Fig 5.3). Dashed vertical lines are a guide for the eyes
and indicate the position of the white-line corresponding to C-Se-C organic, Se(1V), and Se(VI)
species, appearing at 12660, 12663, and 12667 eV, respectively. In some cases, a spectral feature
appears at energy lying between the organic and Se(1V) white-line energies, around 12661.5 eV.
As it was mentioned in previous chapters, when describing the speciation results from the
hydroponic culture, it is likely that this contribution corresponds to selenide intermediate species
(Ellis and Salt, 2003).

Overall, large spectral differences are found at the different part of the plants as function
of the Se species used for the treatment. However, for the grains, a similar spectral profile,
resembling the one of the Se organic species, was observed for both SA and FA and for all the
treatments. A minor Se(VI) component appeared being more pronounced for SA and for the
treatments containing Se®*. In all the other part of the plants and for both applications methods the

Se(VI) species dominate the spectral profile as soon as Se®* is included in the treatment.

The SA roots spectra and their evolution as a function of the Se treatment, resembles the
one found for FA leaves spectra, with coexisting organic, intermediate and Se(VI) phases. In both
cases, the intermediate selenide component become evident only by including Se** in the
treatments. Moreover, by increasing the Se*" feeding fraction the contribution of the organic
species increases at the expenses of the inorganic Se(V1). The results clearly show that the ratio of
the Se species at the parts of the plants where the Se is applied is similar, independently of the

application method.

In both, SA and FA stems, the contribution from the selenide species is reduced respect to
the amount found in roots and leaves, respectively. The Se(VI1) dominates the spectral profile for
Se®" treated plants whereas the Se organic species are more prominent when feeding the plants
with Se**. Most likely it is the result of the plants natural defence systems, which, to avoid Se

toxicity, oxidize selenide to selenate species (Xiao et al., 2021).

109



To address the weight of the different Se species contributing to the different spectra, a
linear combination fitting analysis was performed on the XANES region (as described in the
method section), considering the Se(V1), Se(1V), SeMeCys, SeMet, and SeCyst references. The
semi-quantitative results are reported in Figure 5.7. The R-factor, representing the quality of the

fit (as described in section 1.3), is reported in Table 5.1.

The results confirm the qualitative description reported in the previous paragraph, while
finer details can be now appreciated, including the discrimination in between the different organic

species contribution.

Regarding the parts of the plants where the Se was applied, roots for SA and leaves for FA,
there are similarities in the detected organic species (SeMet and SeCyst) and their evolution as a
function of the Se treatment, with SeMet increasing and SeCyst decreases by increasing the Se®*
fraction in the treatment. Moreover, as expected, the Se(IV) (or, more properly, the intermediates
selenide species) and Se(V1) contributions are inversely related and their ratio correlate with to the
Se treatments applied. Instead, in stems, the SeMet fraction stay approximately constant respect
the application methods, while SeCyst looks clearly suppressed in favour of the Se(VI) component,
with a stronger effect for SA. It highlights the competition of this two Se species in the Se
assimilation process from roots (SA) or leaves (FA) to stems. Moving further toward leaves (SA)
or roots (FA), SeMet looks to not significantly change in both cases, while Se(V1) transforms in
SeMeCys for SA and the among of both SeCyst and Se(VI) diminishes in favour of Se(1V), i.e.
intermediated phases, for FA. Regarding grains, SeMeCys is the main component for both
applications methods, mainly at the expenses of Se(VI) and SeCyst. Interestingly, in SA SeMet
decreases, while SeMeCys increases by increasing the fraction of Se®* in the treatment. In the case
of FA while SeMeCys increases by increasing the fraction of Se®* in treatment, SeMet stay

constant. Differently from FA, SeCyst is not present in SA.
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Figure 5.7: LCF of Se K-edge XANES spectra along different parts of the plant: roots (a), stems
(b), leaves (c) and grains (d) from top left. The EO (rising edge position) of Se(IV) have been left
free to fit the selenide intermediate phase. The average shift in the EO of Se(IV) in the LCF fit is -
0.5 eV for roots for all treatments, while for stems of leaves -1 eV and 0.2 eV for Se** and Se®*

treatment, respectively.

We can conclude that within SA the grains contain only C—Se—C species (e.g. SeMet or
SeMeCys, and SeCys), while in the case of FA a minor fraction (around 10%) of C-Se-Se-C
species (e.g. SeCyst) is present. Characterizing the ratio of the Se species contained in the wheat
grains, including the ratio of the seleno-amino acids formed, it is not only important to understand
Se mechanism in plant, but it is also essential to determine the benefits of Se-enriched food for

human health. Indeed, the different seleno-amino acids are differently assimilated by the human
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body and they fulfill distinguished functions related with specific health benefits. C-Se-C bonds
can be readily incorporated in the humans in serum albumin of the blood. Also, they could be
further converted into dimethylselenide or dimethyl-diselenide to be further reduced and
incorporation of methyl Se species by leaving the Selenide and the intermediate volatile

compounds with the help of methyltransferase and cysteine based enzymes.

Table 5.1: R-factor of the linear combination fits along different parts of the plant

Roots Stems Leaves Grains
Soil Se** 0.002 0.002 0.002 0.004
Semix 0.002 0.005 0.007 0.004
Seb* 0.005 0.008 0.030 0.004
Foliar Se** 0.009 0.008 0.004 0.001
Semix 0.008 0.008 0.008 0.004
Seb* 0.009 0.006 0.008 0.002

The SeCyst found in the FA grain could reflect the original level of SeCys, since it has
been pointed out that SeCyst found in the plant are usually due to the oxidation of SeCys (Chan et
al., 2010). Anyway, being the C—Se—C species having less harmful effects, since the incorporation
of SeCyst into the protein could interfere with the formation of disulfide bridge affecting tertiary
structure of S-proteins (Terry et al., 2000), our results show that eventual Se toxicity is less severe
in SA than in FA. Also, on the other hand as reported under the Zn distribution by the assimilation
of heavy metals, in the leaves vacuoles Se can be less mobile in the plants, this is true in case of
Se(1V) as they can easily converted into aminoacids in plants without the need to reduce for plant
metabolism compared to Se(VI). In conclusion, being as well the Se accumulation process more

efficient in the SA, it looks finally the best application method ones compare with FA.

In the next part, we address the spatial distribution of Se and the different Se species along
selected grains (300 um thick sections, spatial resolution of 50 um). The grain sections have been
obtained from the centre of the grain along its longitudinal direction. It was impossible to obtain
perfectly identical grain sections, anyhow the main regions of interest (bran, eye, filament, and

endosperm) are easy to identify in all the sections. Se Ka emission pu X-ray fluorescence (UXRF)
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maps collected over grains obtained by different Se treatments and application methods are shown
in Figure 5.8. The Se distribution along the different regions of grains can be easily visualized. For
SA, Se is clearly accumulated along the outer bran region, in the eye, and in the filament region.
Instead, for FA, Se seems more diffuse, being more present also in the endosperm region.
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Figure 5.8: Spatial distribution of Se along the grains respect to treatment and application methods.
Top row shows the SA and bottom row shows the FA.

Se K-edge pXANES were collected at different points over the regions of interest. Figure
5.9(a) and 5.9(b) report the Se K-edge uXANES spectra collected on the eye bran endosperm and
filament of SA and FA grains. The merge of all the uXANES spectra collected over a grain agrees
with the measurement obtained from the ground grains that have been previously reported in Fig.
5.6(d). Minor spectral changes among grain regions can be seen. The spectral features are variating
slightly, with Se(V1) contribution appearing for increasing Se®* in the treatment.

The linear combination fitting analysis was possible only in the SA case. The U XANES
spectra from FA were too noisy in accordance with the very little Se concentration present. The

R-factor of the fitting results SA is reported in the Table 5.2. LCF of FA was not reported due to
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as the signal to noise ratio of the spectra were high. SeMeCys is the major component in all the
regions, except the eye, where a similar amount of SeMet is found (50%). In the endosperm, SeMet
is present only for the Se4+ treatment (20%). In the bran SeMet is around the 10% and looks
suppressed with Se6+ treatment. Finally, in the filament SeMet is around the 20% irrespectively
of the Se treatment applied. Se(VI) is present everywhere in small amount (below the 10%) as Se®*

is included in the treatment.

The spatial distribution of the Se Species in soil samples are shown in Figure 5.10. In
accordance with the above results, the SeMet is mainly seen in filament and eye region and
SeMeCys can be present along the full grain, as Se(V1). Thus, we can conclude that the desired Se
bioavailable species are produced in the regions which generally are not eliminated in wheat grain

processing for human consumption.
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Table 5.2: R-factor of the linear combination fits along grain regions

SA

Bran

Se(4+) 0.004

Semix 0

Se(6+) 0.004
Eye

Se(4+) 0.004

Semix 0.076

Se(6+) 0.074
Endosperm

Se(4+) 0.004

Semix 0

Se(6+) 0.005
Filament

Se(4+) 0.008

Semix 0.0058

Se(6+) 0.054
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Figure 5.10: Spatial distribution of Semix treatment representative of SA treatments, and LCF of

different species distribution SeMeCys, Se(VI1) and SeMet

The distribution of other micronutrients ise reported in Figure 5.11 (Zn) and 5.12 (K). Zn

is mainly accumulated in the filament strand and, in minor amount, in the eye and bran. Instead K

is mainly accumulated in the bran, and in minor amount in the filament and eye. On the other hand,

previous studies on wheat grains biofortified with Zn, shows localization of Zn in filament and eye

in the grain. The localization of Zn in the reported regions could be due to the bonding with the

wheat proteins natural distribution (Singh et al., 2018; Xiao et al., 2021). Whereas, K are found

along the outer bran region, where protein distribution is less (Xiao et al., 2021).
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Figure 5.11 Zn distribution along the grain grown under different treatments and Se application

methods. Top row shows the SA and bottom row shows the FA.
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To access finer details WXRF maps and Se K-edge uWXANES spectra were collected at 118
beamline at Diamond light source, using a beam size of 4 x 2 um? and a reduced beam flux (2*10*?
photons/s). Elemental maps and spectra have been acquired at low temperature (80K) to avoid
radiation damage. Figure 5.13, shows the Se spatial distribution along the grains for different Se
treatments of both application methods. Like the above reported results, obtained at CLASS
beamline with a lower spatial resolution, Se accumulates in the bran, filament, and eye, and it is
found in minor amount on the endosperm regions. Simultaneous acquisition of different elemental
maps permitted the co-localization of such elements along with Se. The tricolour maps of Se
(green), Zn (red), and K (blue) of all grains is given in Fig. 5.14. In some samples like Se®*
treatments a higher ratio of Zn and K in eye respect to Se can be apreciated, while Se is clearly
more distributed in the endosperm. The elemental coexistence is expected in regions were proteins
are more localized like the endosperm, filament and eye, identifying as well similar accumulation

mechanisms for the different elements.

Figure 5.13: Spatial distribution of Se collected with a 4 x 2 pm? beam size on grains. Top row
showing SA and bottom row FA, as a function of Se treatment: from left to right Se**, Semix and
Se6+.
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Se

Figure 5.14 : Tricolor maps of coexisting elements along the grain (Se (green), Zn (red), and
K(blue)) collected with a 4 x 2 pm? beam size on grains. Top row showing SA and bottom row

FA, as a function of Se treatment: from left to right Se**, Semix and Se®*

The production of the grains clearly reflects the influence of the different Se treatment and
application methods have in the biofortification process. In the case of SA samples, both the
production and the concentration are higher in the Se®* treatment than the Se**, followed by the
Semix treatment. This agrees with the results previously reported in the literature. As suggested in
those works, it could be due to the complex formation of Se** with soil organic matter and therefore
being less available to plants, while, Se®* being easily available for plant uptake and transformation
(Dinh et al., 2017; Lidon et al., 2019; Ros et al., 2016). On the other hand, FA shows higher total
grain weight for Se**, whereas the total number of grains is larger for Semix. Regarding Se
concentration, although we found that the values for FA are much lower than those for SA, their
translocation, especially that of Se**, is higher in plants as reported in literature from leaves to
grains (Lidon et al., 2019; Lyons et al., 2003). We found that the Semix provide an intermediate
behaviour in both the applications, leaning towards the fraction of soluble fraction in the
application adaptable to application technique. As Se(IV) can be easily bounded to organic content
and Se(V1) is more mobile and not readily converted in the plants, the combination of both helps

in the immediate access and the slow release of Se available to plants (as discusses in 4.1).

120



Regarding the Se species in grains, the presence of SeMeCys, SeMet and Se(VI) in SA
samples and the additional presence of SeCyst only in the FA ones could be assessed based on the
metabolism of the plant. In the plants, SeCyst can be further broken-down to form methylated Se
complex species by leaving some residual compounds (selenide and dimethylselenide). Presence
of Se fertilization on the surface of the leaves could be the cause of the SeCyst presence in FA
which does not occur on SA. In the latter, the Se-soil interaction could also directly form
complexes which immobilize the Se species making them not available to the plants. Likewise,
the SeCys could be oxidized and less bioavailable to plants (Xiao et al, 2021). Also, in the studies
regarding the speciation and concentration of Se in SA, Se®" treated group have higher Se present

in the soil after cultivation respect to SCA treated samples.

The spatial studies helps us to visualize the major bioavailable species in the protein rich
regions of eye and filament (SeMet) and in endopserm, both protein and carbohydrate rich region
(SeMeCys), the antioxidant pathway affected by the Se stress can induce more biomass in terms
of carbohydrates in the crops (Ros et al., 2016). From our results we can conclude that, in terms
of biofortification, Semix is a good candidate for foliar application and Se®* in case of soil

application.

SeMeCys and SeMet with C-Se-C bonds are more bioavailable in human, as they can be
converted into dimethylselenide, dimethyldiselenide complexes with help if methyltransferase
reactions and easily incorporated into proteins. However, the SeCyst C-Se-Se-C is not bioavailable
as it was more energy efficient to break the bond of the Se to be incorporated into amino acids. In
terms of species, as reported SA produced more bioavailable species than FA and also at higher

concentrations.
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5.3.4 Speciation and distribution of S in grains
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Figure 5.15: S K-edge spectra collected on grains grown under different Se treatments and

application methods. The figure represents the reference, SA and FA spectra (from top to bottom).

Sulphur speciations have been studied in the grains of both application methods and
treatments. The corresponding S K-edge spectra are shown in the Figure 5.15. Similarly, to the
hydroponic application method, discussed in section 1.3, (Figurel.l), the spectra report organic
high S oxidation state contributions. In this case the spectra are more similar and very few changes
are found as a function of the Se treatments or application method. Only for SA sample, S(VI)

contribution is clearly enhanced by the Se®* treatment.
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The S(VI) species is expected due to the detoxification of sulfite with its transformation in sulphate
by plants as a protective mechanism (Yarmolinsky et al., 2013). It is seen higher in Se®* treatments,

where Se(VI) is also present due to the detoxification processes.

Sulphur species spatial distribution in the SA and FA grains have been obtained as
explained in hydroponic corresponding section 1.3. The SA and FA sulphur species distribution
for the Semix treatment is compared with the control in Figure 5.16. Also, the sulphur species
distribution for the FA selenium treatments Se** and Se®* are reported in Figure 5.17. Similar to
the hydroponic case, the maps focus on the organic (maps collected at 2472.6 eV of incoming
energy) and highly oxidized S species distribution (maps collected at 2481.5 eV of incoming
energy). While the organic species resulted mainly concentrated in bran region and in the filament,
the highly oxidized S species appeared to be predominant in the endosperm, irrespectively of the

Se treatment or application method.
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Figure 5.16: Sulfur elemental and organic and highly oxidized S species distribution in grains
corresponding to control and SA and FA of Semix treatments. The different organic (third row)
and highly oxidized S species (forth row) are shown respect to the sulfur distribution (second row).

On the top the image of the investigated grains.
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Figure 5.17: Sulfur elemental and organic and highly oxidized S species distribution in grains
grown under Se** and Se®* treatments with FA. The different organic (third row) and highly
oxidized S species (forth row) are shown respect to the sulfur distribution (second row). On the
top the image of the investigated grains.
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5.3.5 FTIR in grain sections
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Figure 5.18: FTIR spectrum collected on grain sections (a), second derivative of peaks respect to

protein functional groups (b).

To understand the effect of Selenium treatments in the functional groups of the wheat
proteins due to incorporation of Se in plant tissues was the aim to study FTIR spectroscopy using
synchrotron is studied. The wheat section of 40micron thickness treated with 1% amylase solution
for 8 hours after removing the excess starch content was used for the study. The removal of starch
was not very successful hence it was difficult to study in transmission in the samples. However,
some regions in the sections could be accessed and those data in different treatments were

presented in Figure 5.18.

The major functional groups respect to wheat proteins amide | at 1600-1700 cm™ and
amide 11 at 15000-1500 cm is of high interest as amide | peak can help to see secondary protein
structures in the samples. Also, the contribution at higher wavelength could be attributed to C-N
stretching of amine complexes or from alcohol compounds. The detailed functional groups and
corresponding wavelengths are described in section 1.3, under Table 1.4. In SA samples difference
between the bran of Semix treatment and endosperm of other treatments shows the absence of

proteins in the outer barn region and their presence mainly in the inner regions of the grain, where
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also wheat proteins are expected. Also, in SA over all spectral differences among the treatments
can be visualized. The second derivative also shows the amide peak at 1660 cm™ in all the samples.
The data quality does not permit direct comparison. Further studies are necessary to get more

information.
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5.4 Conclusions

In the present chapter, the soil and foliar application for Se biofortification has been

addressed.

No major changes on the biomass of roots and leaves has been detected as a function of
the different Se treatments applied or by the application method used. Although no differences
have been detected for SA, Se reduced the number of grains produced in the FA respect to the
control. Even though, the number of grains and weight was similar in all the Se treatments
independently of the application method.

In comparison with the hydroponic results previously reported, although the number of
grains is similar, their average weight is almost doubled, probably because the lower Se toxicity.
Indeed, in hydroponics, the absence of organic matter in the culture media permits the Se dosed to
the media to be fully available for the plant and, therefore, the total Se accumulation strongly

increases.

The Se concentration and translocation factor (TF) gives information about the overall
biofortification achieved. Plants accumulate substantially more Se by SA respect to FA. In SA,
along the full plant, the Se accumulation is reduced by the Se** treatment. This is due to the fact
that Se(1V) is rapidly assimilated into organic forms which are retained in soils, while Se(V1) is
highly mobile. The Se TF from roots-to-grains in SA is enhanced, while from leaves-to-grains in
FA it is reduced for Se®* treatment. In both cases, the TF is below 1, indicating a poor Se

translocation. The reported trends express the different Se pathways respect to plant metabolism.

Micronutrients like Cu, Mn, Fe and Zn are involved in major enzymatic activity. In the
present work, their concentrations in the different parts of plants do not show drastic changes as a

function of the Se treatment applied or the application method.

Se and S speciation has been addressed by XAS. For the Se K-edge XAS, large spectral
differences are found at the different part of the plants as function of the Se species used for the
treatment. However, for the grains, a similar spectral profile, resembling the one of the Se organic

species, was observed for both SA and FA and for all the treatments. Within SA group the grains
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contain only C-Se-C species (e.g. SeMet or SeMeCys, and SeCys), while in the case of FA a
minor fraction (around 10%) of C—Se—Se—-C species (e.g. SeCyst) is present. Since the C-Se-C
species are more bioavailable for humans, the above reported results show that the Se
biofortification via SA is more efficient than in FA in terms of the produced health benefits.

A minor Se(VI1) component appeared in grains for the treatments containing Se®* and it is
more pronounced for SA. In all the other part of the plants and for both application methods, the
Se(VI) species is dominating the spectral profile as soon as Se®* is present in the treatment. The
tendency of and increased Se(VI) presence in shoots is probably due to the plant detoxification
mechanism, which tend to oxidize Se to reduce its potential toxicity.

The S K-edge XAS spectra has been collected only for the grains. In a similar way to the
Se K-edge spectra, they do not significantly change when varying the Se treatment or the

application method, and show the coexistence of organic and highly oxidised S species.

The Se species distribution in the grain has been characterized only for SA method.
SeMeCys is the major component in all the regions, except the eye, where a similar amount of
SeMet is found (50%). In the endosperm, SeMet is present only for the Se** treatment (20%). In
the bran SeMet is around the 10% and looks suppressed with Se®* treatment. Finally, in the
filament SeMet is around the 20% irrespectively of the Se treatment applied. Se(VI) is present

everywhere in small amount (below the 10%) as Se®* is included in the treatment.

From the previously reported results, it is possible to expect a different Se species
formation in the grains as soon as the total Se accumulation increases. Indeed, in the hydroponic
case, six times more Se accumulation in the grains was corresponding to the formation of 73% of
SeMet and 37% of SeCyst distributed mainly in the eye and in the bran, respectively. Since the
SeCyst is less desirable in terms of Se health benefits respect to SeMet and SeMeCys, attention

should be paid to tune the formation of the most desirable Se organic species.

The S species spatial distribution has been obtained for both SA and FA grains. While the
S organic species resulted mainly concentrated in bran region and in the filament, the higher S
oxidation species appeared to be predominant in the endosperm, irrespectively of the Se treatment

or application method.
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Instead, similar to the hydroponic case, the grain FTIR results show that the presence of
amide protein, which could be linked to seleno aminoacid, varies little in the endosperm depending
upon the treatments and the application method. The difference obtained by comparing the
endosperm and bran spectra reflects differences in the proteins present in these two regions. In any

case, the results do not permit to easily correlate to Se proteins, subject of the present study.

Our results support the idea that the Se accumulation process is more efficient in the case
of SA than the FA, being Se better up taken by the plant from the soil in the form of Se®*, and
considering that only a minor fraction of Se(V1) can be expected to co-exist in the grains together

with the desired organic species.
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6 Thesis Conclusions

The reported results and related discusions lead to the following conclusions

Se biofortification in wheat plants with different Se treatments (Se** and/or Se®*) and
culture conditions was performed to study the influence of the presence of pollution (Cd, Hg) in
the cultivation media and the application methods (soil and foliar application) in fortification
process. The major conclusions are summarized as follows:

In hydroponic cultivation, the biomass and grain yield were reduced by the Se
biofortification process, as well as by the Cd application. The total number of grains produced
under Cd treatments were not significantly different from the Control, but it got reduced in the
presence of Se. The Se uptake and translocation was reduced by 50% under Cd pollution, with a
maximum of Se accumulation in grains for the 50/50 treatment. Instead, the Cd translocation from
roots to grains increased in the presence of Se, with a maximum for the 50/50+Cd treatment. It is
observed due to the combined toxicity effect from Cd and Se applications. Also, the influence of
stress can be seen from gene expression of stress indicators in plants (APS and PCS) especially in
shoots in our study. Se and Cd treatments affect the uptake and storage of the essential
micronutrients as Mo, Zn, Cu and Mn because of the competing uptake mechanisms.

SeMet and SeCyst are the major Se species found in Se biofortified grains, approximately
73% and 37%, respectively. In the presence of Cd, SeMeCys is forming while the amount of SeMet
species gets reduced. The effect of Cd on the Se speciation does not affect the Se biofortification
process as SeMet and SeMeCys are both directly bioavailable for human body, while SeCyst is

less desired.

S speciation showed both organic and highly oxidized S species coexist along the plant and
in the grains. SeMet and highly S oxidised species are mainly located in the eye and filament
regions, while the SeCyst and S organic species are present in the endosperm. Instead, SeMet,
SeCyst, and highly S oxidated species are present in the bran region of the grains. This is in
accordance with the known natural distribution of wheat proteins. The FTIR results show that the
presence of Amide protein, which could be linked to seleno aminoacid, varies slightly depending

upon the treatments.
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Considering the Se speciation and total Se accumulation reported, the 50/50 treatment is

better in terms of Se-biofortification of wheat plants grown in hydroponic media.

Gene expression studies in young plants showed that the sulphate transporter genes, which
are expected to affect the Se and Cd mobility, are more active in the aerial parts of the plants for
SULTR1:3 and SULTR4:1, while they are suppressed in the roots. However, the major root
transporter SULTR1:1 is seen active in roots. Se®* treatments are the most upregulated as Se(VI)
inhibits S uptake in the roots, whereas Se** treatments show downregulation. The stress responsive
gene expressions in roots are suppressed by the presence of Se and Cd respect to the control
sample, suggesting a reduced stress response in the Se biofortified wheat roots.

In shoots, the expression level of the sulphate transporter genes is not strongly altered by
any of the Se treatments, but they are increased for the Cd treatment respect to the control and even
more by the combination of Se treatments with Cd. In addition, OASTL (catalyse the synthesis of
cysteine) in shoots, is upregulated in the presence of Se**, in agreement with the higher detected
SeCyst content when increasing the Se** fraction in the treatment. Moreover, the presence of Cd
increases significantly the stress responsive gene expression for both APX and PCS in shoots,
suggesting a relative tolerance to such element at low concentration.

The presence of Cd and of different Se species influences the plant metabolism and affects
the Se biofortification process, with the different chemical species competing in the sulphate
pathways and transformation.

Hg speciation study along Se biofortified wheat plants grown hydroponically in Hg
contaminated environment show that methylated species are formed both with and without Se-
biofortification conditions and that they are accumulated in the grains.

The formation of Hg-Se complexes, present in higher amount in the roots, is believed to reduce
the translocation of Hg. The 1:1 mixture of Se** and Se®* species in the feeding yields the lowest
translocation factor of Hg to the grains.

Se-biofortification treatment inhibits the accumulation of methylmercury in grains offering
protection against the Hg-induced plant toxicity to a certain extent. These findings can be applied
to reduce the presence of Hg in wheat-based food.

Soils studies corresponding to the Se bio-fortification process shows Se** species in the

soil are progressively transformed into organic species which are less available for the plant
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uptake. Instead, Se®* is more slowly transformed to Se**, forming intermediate Se species, thus it
is more immediately available for the plant uptake.

The Se amount provided to soils is reduced by the wheat plant uptake, in higher extent for
the Se** feeding, because of the volatility of the Se intermediate phases. Similarly, the strong
decrease of the Se concentration by increasing the Se®* fraction in the control soil suggests a
possible partial loss of Se through volatile species. In foliar application, a negligible amount of Se
is detected in the soil and only in organic forms.

Se biofortification in soils based on soil and foliar application methods does not show any
major changes on the biomass of roots and leaves has been detected as a function of the different
Se treatments applied or by the application method used. Although no differences have been
detected for SA, Se reduced the number of grains produced in the FA respect to the control. Even
though, the number of grains and weight was similar in all the Se treatments independently of the
application method.

In comparison with the hydroponic (HP) results previously reported, although the number
of grains is similar, their average weight is almost doubled. This is probably related with the
toxicity induced by Se since, in hydroponics, even though the same concentration of Se is used,
the absence of organic matter in the culture media permits the Se dosed to the media to be fully
available for the plant and, therefore, the total Se accumulation strongly increases. Moreover,

leaching of elements and transpiration of some volatile species is reduced in hydroponic system.
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Figure 1: Grain production and Se concentration in grains obtained for the Semix treatment for the
different cultuivation methodologies used in this work: hydroponic (HP)-blue, Soil application
(SA)-brown and Foliar application (FA)-green.

Plants accumulate substantially more Se by SA respect to FA. In SA, along the full plant,
the Se accumulation is reduced by the Se** treatment. This is due to the fact that Se(IV) is rapidly
assimilated into organic forms which are retained in soils, while Se(V1) is highly mobile. The Se
TF from roots-to-grains in SA is enhanced, while from leaves-to-grains in FA it is reduced for Se®*
treatment. In both cases, the TF is below 1, indicating a poor Se translocation. The reported trends
express the different Se pathways respect to plant metabolism. Micronutrients like Cu, Mn, Fe and
Zn are involved in major enzymatic activity and their concentrations in the different parts of plants
do not show drastic changes as a function of the Se treatment applied or the application method

suggesting minor influences.
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Se and S speciation has been addressed by XAS show large spectral differences at the
different part of the plants as function of the Se species used for the treatment. However, for the
grains, a similar spectral profile, resembling the one of the Se organic species, was observed for
both SA and FA and for all the treatments.

Within SA group the grains contain only C-Se—C species (e.g. SeMet or SeMeCys, and
SeCys), while in the case of FA a minor fraction (around 10%) of C—Se—Se—C species (e.g. SeCyst)
is present. Since the C—Se—C species are more bioavailable for humans, the above reported results
show that the Se biofortification via SA is more efficient than in FA in terms of the produced
health benefits.

A minor Se(VI) component appeared in grains for the treatments containing Se®* and it is
more pronounced for SA. In all the other part of the plants and for both application methods, the
Se(VI) species is dominating the spectral profile as soon as Se®* is present in the treatment. The
tendency of and increased Se(VI) presence in shoots is probably due to the plant detoxification
mechanism, which tend to oxidize Se to reduce its potential toxicity. The S species do not
significantly change when varying the Se treatment or the application method, and show the
coexistence of organic and highly oxidised S species.

The Se species distribution in the grain has been characterized only for SA method shows
SeMeCys is the major component in all the regions, except the eye, where a similar amount of
SeMet is found (50%). In the endosperm, SeMet is present only for the Se** treatment (20%). In
the bran SeMet is around the 10% and looks suppressed with Se®* treatment. Finally, in the
filament SeMet is around the 20% irrespectively of the Se treatment applied. Se(VI) is present
everywhere in small amount (below the 10%) as Se®* is included in the treatment.

From the previously reported results, it is possible to expect a different Se species
formation in the grains as soon as the total Se accumulation increases. Indeed, in the hydroponic
(HP) case, six times more Se accumulation in the grains was corresponding to the formation of
73% of SeMet and 37% of SeCyst distributed mainly in the eye and in the bran, respectively. Since
the SeCyst is less desirable in terms of Se health benefits respect to SeMet and SeMeClys, attention

should be paid to tune the formation of the most desirable Se organic species.
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Figure 2: Se species in grains for Semix treatment for different cultivation methodologies used in
this work: hydroponic (HP), Soil application (SA) and Foliar application (FA). Se species Se(V1)-
blue; SeMet- green; SeCys-violet; SeMeCys-red.

The S species spatial distribution has been obtained for both SA and FA grains. While the
S organic species resulted mainly concentrated in bran region and in the filament, the higher S
oxidation species appeared to be predominant in the endosperm, irrespectively of the Se treatment
or application method. Instead, similar to the hydroponic case, the grain FTIR results show that
the presence of amide protein, which could be linked to seleno aminoacid, varies little in the
endosperm depending upon the treatments and the application method. The difference obtained by
comparing the endosperm and bran spectra reflects differences in the proteins present in these two
regions. In any case, the results do not permit to easily correlate to Se proteins, subject of the
present study.

Our results shows that the Se accumulation process is more efficient in the case of SA than
the FA, being Se better up taken by the plant from the soil in the form of Se®*, and considering that
only a minor fraction of Se(VI) can be expected to co-exist in the grains together with the desired

organic species.
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ANNEX

Characterization
Elemental concentration

The elemental analysis of the samples was performed using inductively coupled plasma
mass spectroscopy (ICP-MS), Perkin Elmer Optima 8300. This technique allows analysing the
liquid samples in organic and aqueous matrix. The argon plasma is used to ionize the atoms and
uses mass per charge ratio to discriminate the desired analytes. This technique is very sensitive
and can analyse down to few ppbs.
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Figure 1: Elemental concnetration identification ICP-MS

For these measurements, the plant samples were powdered and 100 mg of each sample was
digested in the HNOz:H202 (7:3 v/v), the samples were diluted as suitable for ICP-MS
measurements. The measurements were categorized based on their concentration in the plants and
appropriate calibration for each element of interest was carried out before measuring with high
sensitivity and coefficient of the elements. The calibration of each experiment was obtained from
isotopes showing highest contribution and less error with good sensitivity. The steps followed in
each experiment are explained in the respective chapters. The instrumentation and autosampler

setup shown in the Figure 1.



X-ray absorption spectroscopy and X-ray fluorescence mapping

XAS is an element specific technique which provides information about the chemical state
and the short-range order structure of the element proben. Synchrotron-based XAS benefits from
the high photon flux and the energy tuning capability over a large energy range of the synchrotron
source. In the hard x-ray region, the X-ray photon primarily interacts with the core electron rather
than the valence electron. The energy required for excitation of the core electrons depends on the
electron binding energies and it is representative for each element. Based, on the excited state
different edges can be measured, however K-edge (excitation from the 1s orbital) is the most
commonly studied in the hard x-ray regime. Broadly, the XAS spectra can be divided in two
different regions: XANES (X-ray absorption near edge structure) which is the regions around the
absorption edge, and EXAFS (extended X-ray absorption fine structure), which comprises the

spectral features present at higher energies, typically over 100eV from the absorption edge.

At the CLASS beamline in ALBA synchrotron, the synchrotron radiation is emitted by a
wiggler source and monochromatized using a double crystal monochromator, Si(111) or Si(311).
The rejection of higher harmonics was done by choosing proper angles and coatings of the
collimating and focusing mirrors. The XAS spectra of the samples were collected in fluorescence
mode using a multi-element silicon drift detector with Xspress3 electronics due to the lower
elemental concentration (Se, Cd, Hg), while the reference spectra were measured in transmission
mode using ionization chambers. High energy resolution XANES (HERFD-XANES) spectra were
collected using the CLEAR emission spectrometer available at the beamline based on Johansson-
like dynamical-bent diced-analyzer Si crystals for scanning-free energy dispersive acquisition. For
the measurements, plant samples were made into 5 mm pellets, without adding any binding
material. For the references, the appropriate amount for each compound to obtain the desired
absorption jump was homogenized with cellulose and made into 5 mm pellets to study in
transmission. Further details, regarding individual experiments were described in the experimental
section of the chapters. The sample holder representative of pellets and grain sections are given in
Figure 2.



Figure 2: Sample holder mounted in liquid nitrogen cryostat setup grain pellets (a) and sections

(b)

UXRF (micro-focused beam X-ray fluorescence) maps of wheat grains sections were
collected at CLAESS using a pinhole of 50 um diameter and at the 118 microXRF beamline of the
Diamond Light Source (undulator source and a Si(111) monochromator) using a 4x2 pm beam
focused by a set of Kirkpatrick—Baez mirrors. Grains sections of 300um thickness were obtained
using LeicaVT1000S vibratome (settings: speed 3 and continuous mode). The sample grains were
attached to the plate using super glue and immersed in a 30% glycerol bath. Sections were
performed in a way that the different regions of the grain (eye, endosperm, filament and bran) were

included in each section.

Fourier infrared spectroscopy

FTIR can be used to identify both inorganic and organic elements in different states. It is a
powerful tool for identifying various types of chemical bonds in an element by producing an
infrared absorption spectrum that is like a molecular "fingerprint”. Molecular bonds generally
vibrate at various frequencies; thus, the absorption peaks correspond to the frequencies of
vibrations between the bonds of the atoms making up the material. The functional groups present
in the different parts of the plant were characterized by FTIR using a globular source. The samples
were prepared by homogenizing 1 mg of plant samples in 99 mg of potassium bromide (KBr),

from Sigma Aldrich IR grade and made into 13 mm thin pellets. The background was subtracted



using pure KBr pellet during the analysis. The measurements were carried out in transmission
mode, at 36X with 30*30 um aperture. Totally, 3 points per sample at different locations in the
pellet, with three replicates where collected, with a total of 256 scans per point in the range of 400-
4000 cm™.

For the uFTIR measurements, 40 um thick sections were made with speed 1 in continuous
mode. The sections were washed of surface glycerol and treated with 1% amylase solution at room
temperature for 8 h for removing the starch (The instrumentation of the wheat sectioning inshown
in Figure 3). The dried and treated sections were placed on CaF slides of 0.5 mm for the

synchrotron-based IR analysis.

Figure 3: Vibratome (leica) used for wheat grain sectioning (right), sample mounted in glycerol
bath (left).

Gene expression studies

Quantitative PCR (qPCR) is a precise method used in molecular biology to quantify the
expression of targeted genes. It is effective where the whole genome is not required, and either the
gene or the pathway of interest is already known. Nowadays, strong efforts are invested in
sequencing the plant genome and wide information is available covering different plant species



and their metabolism from databases like it occurs for Arabidopsis (VanGuilder et al., 2008). For
wheat, the availability of the specific draft assembly of the wheat genome by the International
Wheat Genome Sequencing Consortium (IWGSC) and release of several RNA—seq datasets played
an important role in the study of gene functions (Appels et al., 2018).

The quantification of a gene expression is normally based on its relative expression respect
to the expression of a reference gene, which is used as control. The reference genes are normally
called housekeeping genes, as they are typically chosen in between the genes related to basic cell
functions, which are expressed at constant rates. In the present case, the housekeeping genes have
been chosen considering that their expression should be independent by the particular treatment
applied (Se or Se+Cd), being the main objective to analyse targeted genes expression related to
the applied treatments. Maxwell for plants was used for RNA extraction and cDNA was converted
using thermofisher kit. Lightcycler was the instrument used for running the gPCR analysis. The
conditions used for the studies and the genes for designed primers are explained in detail in the

section 2.2. The steps and instrumentation of gPCR were shown in Figure 4.

cDNA synthesis

RNA extraction

»
= AINAAN AN
{c. Seseecece).
ponreeeeee

% B Sk '_.’

Figure 4: qPCR steps and charcterization
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