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ABSTRACT

ELUCIDATION OF SELENIUM TOLERANCE MECHANISMS IN
Puccinellia distans (Jacq.) Parl. USING A TRANSCRIPTOMIC
APPROACH

Selenium (Se) has a versatile chemistry. Therefore, it is present in a wide variety
of materials on Earth. Although it is not an essential element for plants, Se provides
several survival and ecological advantages. Puccinellia distans (P.distans) is weeping
alkali grass which has a relatively fast growth rate and produces a large biomass. It can
also hyperaccumulate extreme concentrations of boron and tolerate high levels of
salinity. It is known that some plant species can tolerate high concentrations of soil salts
and boron while hyperaccumulating Se in their leaves. Therefore, in this study, the Se
accumulation and tolerance capacity of P. distans were investigated, and the plant’s Se
tolerance mechanism was elucidated using a transcriptomic approach. The results of this
study indicated that P. distans accumulated more than 100 mg Se kg in its shoots.
Therefore, P. distans was discovered to be a novel Se accumulator plant. Biochemical
analyses and RNA sequencing results helped us to decipher the Se tolerance and
accumulation mechanism of P. distans. Accordingly, the tolerance mechanism was
found to be associated with the upregulation of genes involved in sulfate,
selenocompound and antioxidant pathways. Here, we suggest that upregulation of Se
assimilation and stress responses genes may have been due to induction of jasmonic
acid signaling. In addition, we propose that the cell wall may play an important role in
restriction of Se movement to the cytoplasm. Also, we put forward that sequestration of

selenate inside the vacuole may be a way that Se accumulates in cells.
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OZET

Puccinellia distans (Jacq.) Parl”’ DA SELENYUM TOLERANS
MEKANIZMALARININ TRANSKRIPTOMIK YAKLASIM
KULLANILARAK ANLASILMASI

Selenyum (Se), farkli durumlara adapte olabilen bir kimyaya sahiptir. Bu
nedenle, diinya iizerinde bircok materyal i¢inde bulunabilir. Se bitkiler i¢in gerekli bir
element olmamasmna karsin, bitkilere yasamini siirdiirme konusunda ve ekolojik
anlamda bir¢cok avantaj saglar. Puccinellia distans (P. distans) nispeten hizl1 bliyliyen
ve genis biyokiitle Ttreten bir corak ¢imidir. Ayrica, son derece yiiksek
konsantrasyonlarda boru biriktirebilir ve yiiksek tuz konsantrasyonlarina dayanabilir.
Glinimiizde baz1 bitki c¢esitlerinin  yiiksek bor ve tuz konsantrasyonlarina
dayanabilirken, selenyumu da yapraklarinda hiperakiimiile edebildigi bilinmektedir. Bu
nedenle, bu c¢alismada P. distans bitkisinin Se akilimiilasyon ve tolerans kapasitesi
arastirilip, tolerans mekanizmasi transkriptomik yaklagim kullanilarak aydinlatilmaya
calistimistir. Calismanin sonuglari P. distans’in >100 mg kg' ‘dan fazla selenyumu
yapraklarinda biriktirdigini gostermistir. Bu nedenle, P. distans’in yeni bir Se
akiimiilator bitki oldugu kesfedilmistir. Biyokimyasal analizler ve RNA sekanslama
sonuglar1 P. distans bitkisinin Se tolerans ve akiimiilasyon mekanizmasini agiga
cikarmak konusunda yardimci olmustur. Buna gore, tolerans mekanizmasinin siilfat,
selenyum bilesigi ve antioksidan yolaklarinin upregulasyonuyla alakali oldugu
bulunmustur. Burada, Se asimilasyon ve antioksidan yolaklarinin ve stres cevap
yolaklarinin upregulasyonunun, jasmonik asit sinyalizasyonundan kaynaklanabilecegini,
buna ek olarak hiicre duvarinin selenyumun sitoplazmaya gegisinin engellenmesinde
onemli bir rolii oldugunu onerdik. Ayrica, selenatin koful i¢ceresinde tutulmasinin da bir

cesit Se akiimiilasyon yolu olabilecegini ileri siirdiik.



TABLE OF CONTENTS

LIST OF FIGURES ...ttt viii
LIST OF TABLES ...ttt ettt sttt s X
CHAPTER 1. INTRODUCTION ......ooiiiiiiiiiniieieeiieiteieetesiteie ettt 1
L1 SEIENIUIN ..ttt 1

1.1.1 Properties of Selenium..........ccccvieriiireeiiieeeiie e 1

1.1.2. Selenium in the Environment ............ccccoecvevieeiiienieeiiienieeieeee e 2

1.1.3. Se as a Nutrient: Toxicity and Deficiency.........cccoeceeeieeiiierieeneennen. 3

1.2 Metal/Metalloid Tolerance in Plants...........cccccooiiiiiniiniiniiiieieeeee 4

1.3. Metal/Metalloid Hyperaccumulation in Plants............ccccceevieeeeieennnnn. 5

1.3.1. HyperacCumulators ..........ccceeruieriieniieeiieriie et 5

1.3.2. Selenium Tolerance and Hyperaccumulation............c.cccceeeeveeunennnen. 6

1.4 Molecular Mechanisms of Selenium Tolerance and

Hyperaccumulation .............coccuiieiiiieiiie et e 8
1.4.1 Se Uptake and TranSpOrt........ccceeecueerierieenienieeniieeieeiee e evee e eaeens 8
1.4.2 Se Reduction, Assimilation and Volatilization...................ccceuveeenn. 10

1.5 Phytoremediation ...........cccueeeriiieeciiieeiieecee e eee e e 15

1.6 Puccinellia diStans............ooooiuiiiiieiiiiie e 16

1.7 ATm 0f the StUAY ....ooouiieiieieeeee e 17
CHAPTER 2. MATERIALS AND METHODS .....ccooiiiiiieeeeeeeeee e 19
2.1 MAtErIalS ..o e et a e e 19

2.1.1 Plant Materials and Selenium Treatment..............cccceeeeiiiieeeinnennn. 19

2.2 MEhOAS ... e e et 19

2.2.1 RNA ISOIAtiON ....eeeiiiiiciiiecciie et 19

2.2.2 RNA Sequencing and ANalysiS.......ccceeeveeerieeeiireniiieenieeenieeesneeenns 19

2.2.3 Quantitative Real-Time PCR ............cooooiiiiiiiiee, 21

2.2.4 Determination of Leaf Selenium Content...........oevveeeveeeeeeeeeeevenennnn.. 22



2.2.5 Antioxidant ANalySeSs.........ccccverieeiiierieiiiienieeiienre e 23

2.2.6 Chlorophyll Measurement ............cccoocveeeuieriieeiieeneeeieenieeeee e 24

CHAPTER 3. RESULTS AND DISCUSSIONS ...ttt 25
3.1 Tissue Selenium Concentration Determination of P. distans ................ 25

3.2 Transcriptome Analysis of P. distans using RNA-Seq.....cc.ccccevvenennee. 26

3.2.1 De Novo Transcriptome Assembly Analysis.........cccceevevevienieennenne. 26

3.2.2 Gene EXpression ANALYSIS .....cccuveeecieeeiieeeiieeciie e eevee e 27

3. 3 Gene Ontology Analysis for RNA-Seq data...........ccceeeevveenvieenieeennenn. 33

3.3.1 Biological ProCESS........eevuiiiiieiieeiieiie ettt 33

3.3.2 Molecular FUNCHON ........cccuiriiriiiiiiieeeieieeeeeeeee e 34

3.3.3 Cellular COmMPONENLS ......ccecvrieriiieiiieeiieeerteeesiveeeveeeeeesreeesaee e 35

3.4 KEGG Pathway Analysis for RNA-Seq data .........ccceeeevveeeiieenieeeienne 37

3.5 Sulfate MetaboliSm .......cccuciiiiiiiiiniiiiiieeeeceeee e 41

3.6 Cell Wall MetaboliSm.......cccueeieriieiiinieniieieeienieeieeee e 42

3.7 RT-qPCR Results of Transcript AnalysiS.......ccccceervveeeriieeerireeenieeenieenns 45

3.8 Physiological Characterization of Selenium-Stressed P. distans............ 54

3.8.1 Chlorophyll Content ...........ccecceeriieriieeiiieie et 54

3.8.2 Antioxidant and Redox Capacity........cccceeeveeriieniienieenieeiieeieeeene 57

CHAPTER 4. CONCLUSION ...ttt ettt eneas 61
REFERENCES ...ttt ettt ettt et sttt ettt ente et e sneenseeneas 63

vii



LIST OF FIGURES

Figure Page
Figure 1. Schematic diagram of the Se cycle. Red arrows indicate the main

PALNWAYS. ettt ettt e et e e et e e st e e sabeeessbaeeesbeeeesbeeensaee e areeenns 3
Figure 2. Sulfate transport system in A. thaliana. ................ccceeeeeeecieeecieencreeeeieeeennennn 10

Figure 3. Model for selenate/sulfate reduction, assimilation and volatilization

PALAWAY. .ottt et ettt e e e e ns 14
Figure 4. The production of volatile Se/S compounds from selenomethionine

(151 (1 TSP 15
Figure 5. Workflow of RNA-Seq data analysis.........ccccceevieriiiniieniieniieeieeie e 21

Figure 6. Selenium concentration in shoots of control (0 pM) and treated plants
(20,40, 80 and 120 M) .coiuieiiiieeeieee et 25
Figure 7. Heat map of log transformed RPKM values of 3525 differentially expressed
transcripts from RNA-Seq of control (left) and selenium (right) treated

SAMPLES. . .eeeuiiiiiiieiie ettt ettt ettt et e et e aeeebe e taeenbeeaaeens 28
Figure 8. GO annotation level distribution statistics of P. distans transcript................. 32
Figure 9. Enzyme classification based on KEGG pathway analysis.........c.ccceeeveeennen. 41
Figure 10. Expression pattern of transcripts involved in sulfur metabolism (KEGG

pathway: map00920). ......cooiiiiiiiiieiiecie ettt 43
Figure 11. Expression pattern of transcripts involved in phenylpropanoid biosynthesis

(KEGG pathway: map00940)........c.oeeeiuireriieeiiie e eeee e e 46
Figure 12. RT-qPCR results of 12 selected transcripts.........cccceveeveerienersieneeneeieneenne 48
Figure 13. Mechanism for the selenium sequestration in vacuole..........c..ccoceevuereennennne. 49

Figure 14. Expression pattern of transcripts involved in alpha-linolenic acid metabolism
(KEGG pathway: map00592)......cccuieeiiieiiieeiiie ettt evee e 51
Figure 15. Expression pattern of transcripts involved in selenocompound metabolism
(KEGG pathway: map00450). ....ccveeiieiieiiieiieeie ettt 53
Figure 16. Measurement of chlorophyll a (A), chlorophyll b (B) and total chlorophyll
(C) content of control and 80 uM selenium treated P. distans plants............ 55
Figure 17. Expression pattern of transcripts involved in porphyrin and chlorophyll
metabolism (KEGG pathway: map00860). T. ........cccceeviiriieiieiiieiecieeiee 56

viii



Figure 18. Measurement of GR activity of control and 80 uM selenium treated P.
AISTANS PLANTS. ..oeveieiieeiieeie ettt ettt et ate et e e teeesaeebeeenseeseens 57

Figure 19. Expression pattern of transcripts involved in glutathione metabolism (KEGG
pathway: Mmap00480). ....cveieerieeeiieeiee et e e e e 59

Figure 20. Measurement of POD activity of control and 80 pM selenium treated P.
AISTANS PLANLS. ..eieiiiiiiiiiieeie ettt ettt ettt e e e et e enbeebeessbeeseens 60

iX



LIST OF TABLES

Table Page
Table 1. Selenium concentrations in NAtUral MAtETIALS ..ce.vueeeeeeeeeeeeeieeeeee e eeeeeeeeeeeeeeees 1

Table 2. Examples to the threshold values of some of the elements that are used to

define a plant as a hyperaccumulator. .............cceeeeiieriiieeniie e 6
Table 3. Summary of sulfate transporter family proteins............cccceeveeeevveniienienieennnens 12
Table 4. RT-qPCR primer sequences of transCripts ........cceeeveerueerieesieenieesieenreeiieeneens 22
Table 5. Summary statistics of RNA-Seq of P. distans............ccoeevevveevciveencreeenieeennenn. 26
Table 6. Summary statistics of transcript MeasUremMents...........cceeevvveerireeerreeerveeesneens 27

Table 7. Summary statistics of the comparison of gene expression, annotation and gene

ontology (GO) MAPPING ....veevieeiieiieeiieiee ettt eieette e et esteebeeseaeebeesaaeens 28
Table 8. The top 100 differentially expressed transcript in response to 80 uM Se

treatment in P. distans SNOOTS. ........c.coiiiiiiiiiiiiiiiiiieeeeee e 29
Table 9. Top 20 descendant terms of biological function.........c..cceceeverviiniineniencenens 34
Table 10. Top 20 descendant terms of molecular function............cceceveeveiiieniencnnenen. 35
Table 11. Top 20 descendant terms of cellular component ............cccceeeevieerciieenieeennnn. 37

Table 12. Pathway assignment of differentially expressed genes based on the KEGG
Pathway database.........cccveriiiiiiiiiieiiece e 38
Table 13. Differentially expressed transcripts and corresponding enzyme names in
phenylpropanoid biosynthesis in response to 80 uM Se treatment in P. distans
SROOTS. ...ttt sttt 47
Table 14. Differentially expressed transcripts and corresponding enzyme names in
alpha-linolenic acid metabolism pathway in response to 80 pM Se treatment
N P. distans  SNOOTS. ........coeiiiiriiniiiiiieeee e 52
Table 15. Differentially expressed transcripts and corresponding enzyme names in
porphyrin and chlorophyll metabolism pathway in response to 80 uM Se
treatment in P. distans SNOOLS. .......c..cocerieriiniiiinieientesee e 54
Table 16. Differentially expressed transcripts and corresponding enzyme names which
are responsible for antioxidant scavenging in response to 80 uM Se treatment

IN P. dISTANS SNOOTS. e e e e e e e e e e e eaeereaes 60



CHAPTER 1

INTRODUCTION

1.1 Selenium

1.1.1 Properties of Selenium

Selenium (Se) was discovered by Jacob Berzelius in 1817 and named after the
Greek goddess of the moon (Oldfield 1974). Se is used in a wide range of areas
including agriculture, electronics, solar cells, glass industry, photocopying, cosmetics
industry and medicine (Wadgaonkar et al. 2018). It is a Group 6A element with an
atomic weight of 78.9 and is a metalloid. Therefore, it shows physical and chemical
properties that are intermediate between metals and nonmetals (Fordyce 2013). Se is
similar to sulfur (S) in terms of its chemical properties. They both have five valance
states. These are 2-, 0, 2+, 4+ and 6+. Therefore, Se can exist as Se* (selenide), Se
(elemental Se), Se,03” (thioselenate), SeOs” (selenite) and SeO4> (selenate). In aerobic
and neutral to alkaline (oxidizing) conditions, Se speciation shifts towards selenate
whereas selenide and elemental Se are the major species under anaerobic (reducing)
conditions. Due to its versatile chemistry, Se is present in all natural materials on Earth;
for example, rocks, soils, waters, air and biological tissues (Table 1). Although Se and S
share some properties, they are differentiated from each other by significant
characteristics. For example, the radius of Se (0.50 A) is larger than S (0.37 A) and the
bond between two Se atoms is longer and weaker than the disulfide bond (Lauchli

1993).

Table 1. Selenium concentrations in natural materials
(Source: Fordyce 2013)

Material Total Se (mg kg™)
Earth's crust 0.05

Atmospheric dust (general) 0.05-10

Oil (general) 0.01-1.4

World freshwater (ug L) 0.02

(cont. on the next page)



Table 1. (cont.)

Material Total Se (mg kg™)
Polar ice water (general) 0.02

Sea water (general) 0.09

Animal tissue (general) 0.4-4

Air (ng m™) (general) 0.05-10

Soil (general) 0.4

Soil (seleniferous) 1-5000

1.1.2. Selenium in the Environment

Se in the Se cycle is derived from man-made sources (76,000- 88,000 tonnes
year') and natural systems including marine (38,250 tonnes year), terrestrial (15,380
tonnes year'') and atmospheric (15,300 tonnes year') sources. The major release of Se
occurs through anthropogenic activities. Some of these activities are metal processing,
burning of coal and fossil fuels, disposal of sewage sludge, and agricultural use of
pesticides and phosphate fertilizers. A major pathway of Se loss from land in the Se
cycle occurs through flux of Se from land into the oceans (14,000 tonnes year). The
average concentration of Se in seawater is relatively low (Figure 1), however, the
residence time for Se ranges from 70 to 1,100 years. Therefore, the marine system is an
important natural sink for Se. Rocks are the primary source of Se in the terrestrial
system and Se enters the food chain via weathering of rocks, water-rock interactions
and biological activities. In addition to this, volatilization of Se from soils, waters,
biological organisms (plants, animals and microorganisms) and industrial activities
leads to flux of Se to the atmosphere. Seventy six to 93% of total gaseous Se returns to
the land surface in wet form (rain, snow, etc.) and more than 70% of that is in soluble
form. This contributes 5,610 tonnes Se per year to Earth’s surface (Fordyce 2013).

The soil concentration of Se changes significantly depending on local land
conditions. Therefore, it is not distributed evenly across the Earth and ranges from 0 to
5000 pg Se g'. For example, it reaches up to 1200 pg Se g in Se rich soils at a site
near County Meath, Ireland (Wadgaonkar et al. 2018, Fordyce 2013). The normal range
of Se in soil is 0.1-2 pg Se g, Se deficient soils contain less than 0.05 pg Se g and Se
rich (or seleniferous) soils contain more than 5 pg Se g (Wadgaonkar et al. 2018). The

bioavailability of Se depends on several factors including pH, redox potential, the



chemical form and speciation of Se, soil properties (texture, mineral, etc.) and the

presence of competitive ions (Wadgaonkar et al. 2018, Fordyce 2013)
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Figure 1. Schematic diagram of the Se cycle. Red arrows indicate the main
pathways (Source: Fordyce 2013).

1.1.3. Se as a Nutrient: Toxicity and Deficiency

Se is an important trace element for humans and other animals because it is part
of at least 25 different selenoproteins (e.g. glutathione peroxidase, thioredoxin
reductase). These proteins generally contain a selenocysteine, the 21* amino acid, at
their active site (Schiavon et al. 2015, Rayman 2000). Se enters the food chain through
plants and algae (Fordyce 2013). The recommended daily uptake of Se is 55-70 pg Se
day”' (NIH, 2016). Because the minimum and maximum levels of Se as a nutrient are
narrow, both deficiency and toxicity cause problems worldwide (Schiavon et al. 2015).

Se toxicity is prevalent in Se rich areas whereas Se deficiency occurs in Se poor
soils (Yasin et al. 2015). Plants and animals can accumulate Se in greater concentrations
than are present in their environment and bioaccumulation causes toxicity (Fordyce
2013). For example, Se toxicity is a common problem in many countries including parts
of the USA, China, Canada and India (Schiavon and Pilon-Smits 2017). High doses of
Se may increase the likelihood of having diabetes and hypercholesterolemia (Schiavon
et al. 2015). In addition, it increases the risk of some cancers such as pancreatic and skin

cancers (Fordyce 2013).



Like excess Se, Se deficiency also poses problems to organisms. It is mostly
seen in China, northwestern Europe, Australia, New Zealand, sub-Saharan Africa,
southern Brazil and parts of the USA (Wu et al. 2015). Se at low doses may lead to
heart diseases (e.g. Keshan disease and Kashin-Beck disease), reduced fertility,
irreversible brain injury and reduced immune function (Rayman 2000, 2012, Schiavon
et al. 2015). It is also associated with decreased survival in HIV-infected patients
(Rayman 2012).

Although Se is necessary for humans and animals, it is not an essential element
for plants. However, Se is beneficial for plant growth and is associated with increased
antioxidant activity at low tissue levels (10 mg kg). Plants use Se as an elemental
defense against certain herbivores such as the black tailed prairie dog (Cynomys
ludovicianus), caterpillars (Pieris rapae), crickets (Orthoptera) and aphids (Myzus
persicae) In addition, Se protects plants against some fungal pathogens (Fusarium and
Alternaria). Thus, it provides ecological advantages to plants (Freeman et al. 2007,
Freeman et al. 2009, Hanson et al. 2003, Hanson et al. 2004, Quinn et al. 2010, White
2016, Schiavon et al. 2017).

1.2 Metal/Metalloid Tolerance in Plants

Plant tolerance is the ability of a plant to survive in soil which is toxic to other
plants of the same or different species. Other plants are used as a reference to determine
the toxicity of the soil (Macnair et al. 1999). Toxicity symptoms are observed due to
several reasons. Firstly, metals may bind to sulphydryl groups in proteins or interfere
with the functional groups of important molecules and disrupt their function. Secondly,
they can take the place of an essential element and cause deficiency of this element.
Lastly, excess amount of the specific metal may lead to oxidative stress due to
formation of free radicals and reactive oxygen species (ROS). ROS may lead to lipid
peroxidation; ion leakage; and disruption of macromolecule, DNA and membrane
integrity (Hall 2002, Rascio and Navari-Izzo 2011).

Metal tolerant plants have adaptation mechanisms at the cellular level that allow
them to survive and grow on metalliferous soils. They develop avoidance and
homeostatic mechanisms that keep toxic concentrations of metals away from their

susceptible sites and prevent their accumulation. For example, the restriction in



movement of metals across the plasma membrane is one of them. A second mechanism
is trapping metals in the apoplastic environment by binding them to the cell wall, root
exudates or various ligands. A third method is the transport and accumulation of metals
in vacuoles. A fourth mechanism is the repair and protection of plasma membrane. The
final mechanism is the activity of mycorrhizae that are utilized by plants to tolerate
metal (Hall 2002, Rascio and Navari-Izzo 2011).

In general, metal tolerant plants minimize the translocation of metals from roots
to above ground tissues. Therefore, most of the metals are retained and detoxified in the
roots. On the other hand, hyperaccumulator plants behave exactly opposite to tolerant
plants and translocate and distribute metals to other plant tissues (Rascio and Navari-

Izzo 2011).

1.3. Metal/Metalloid Hyperaccumulation in Plants

1.3.1. Hyperaccumulators

Hyperaccumulator plant species are of special importance in the plant kingdom
because they pave the way for studies aimed at understanding adaptations to harsh
conditions, the metal homeostasis mechanism and evolution of naturally selected
complex traits (Hanikenne and Nouet 2011).

Hyperaccumulator is a term that is used to define plants which have the ability to
take up large amounts of one or more metals/metalloids from the soil during normal
growth and reproduction without suffering any phytotoxic effects. Hyperaccumulators
share several common features that differentiate them from non-hyperaccumulator
plants. Some of them are their enhanced ability to detoxify and translocate metal from
their roots to shoots and store it in their above ground organs at concentrations 100 -
1000 fold higher than those found in non-hyperaccumulators (Peer et al. 2006, Rascio
and Navari-Izzo 2011). Some examples of threshold values that are used for a definition
of specific metal/metalloid hyperaccumulation are indicated in Table 2. There are at
least 515 taxa from 60 plant families that have been defined as metal/metalloid
hyperaccumulators. The Brassicaceae family constitutes 25% of hyperaccumulators,

especially the genera Thlaspi and Alyssum (Rascio and Navari-lzzo 2011).



Table 2. Examples to the threshold values of some of the elements that are used to
define a plant as a hyperaccumulator.

Element Threshold values
Manganese and Zinc >10mgg’
Arsenic, Cobalt, Copper, Nickel and Selenium >lmgg’
Cadmium >0.1mgg

1.3.2. Selenium Tolerance and Hyperaccumulation

Se is easily taken up and metabolized by all plants because Se is atomically
similar to S. Selenate and selenite are two of the available forms of Se that a plant takes
up (Sors, Ellis, and Salt 2005). However, the extent of Se accumulation levels varies
among different plant species. Plants are divided into three groups in terms of their Se
accumulation capacity. These are: Se non-accumulators, secondary accumulators and
hyperaccumulators. Se non-accumulators accumulate 10 - 100 mg Se kg dry weight
(DW) and Se secondary accumulators accumulate Se in the moderate range of 100 -
1000 mg Se kg' when growing on seleniferous soils. On the other hand, Se
hyperaccumulators take up Se 100 - 1500 fold more than non-accumulators, typically
1000 - 15000 mg Se kg™ from seleniferous soils (White 2016).

Se non-accumulators cannot differentiate selenate and sulfate. Therefore, the
amount of selenate and sulfate taken up and incorporated into S compounds by non-
accumulators is proportional to the amount that is present in the growth medium (Pilon-
Smits, Winkel, and Lin 2017). Also, the Se/S ratio in tissues of non-accumulators is
similar to the Se/S ratio of their growth medium. Se is accumulated mostly as inorganic
Se in non-accumulators and secondary accumulators (Schiavon and Pilon-Smits 2017).

Hyperaccumulators of Se are found in at least 45 taxa from 14 genera and 6
families. Some genera of different families are Astragalus (Fabaceae); Oonopsis,
Xylorhiza, Symphyotrichum  (Asteraceae); Castilleja angustifolia var.  dubia,
Coelospermum decipiens (Rubiaceae), Stanleya pinnata, S. bipinnata (Brassicaceae);,
Neptunia amplexicaulis (Mimosaceae). The Scrophulariaceae, and Chenopodiaceae
families also contain Se hyperaccumulator species (El Mehdawi et al. 2014, Reeves and

Baker 1999, Rosenfeld 1964, Schiavon et al. 2017).



Se hyperaccumulators can distinguish selenate and sulfate and prefer Se over S.
In addition, sulfate uptake is restricted by selenate in these plants (Harris, Schneberg,
and Pilon-Smits 2014). Se hyperaccumulators also have other special features making
them different from non-hyperaccumulators. For instance, they assimilate most of the
Se into organic forms, distribute Se into various organs, and store it as methyl-
selenocysteine in specific epidermal storage areas. Conversion of inorganic Se into
organic forms contributes to increased Se tolerance because organic forms of Se cause
less oxidative stress than inorganic Se (Van Hoewyk 2013). Moreover, Se
hyperaccumulators have higher Se/S ratios in their tissues than their growth medium
and other plants in the same environment (Prins et al. 2011, Schiavon et al. 2017).
Although, both Se hyperaccumulators and non-accumulators accumulate Se in their
reproductive tissues, Se hyperaccumulator flowers can contain relatively more Se in
ovules and pollen compared to non-accumulators (Quinn et al. 2011). The sequestration
pattern of Se in hyperaccumulators is thought to serve a protective function since the
level of Se is high in important and sensitive organs including young leaves, pistil,
anthers, seed and seedling, and tissues such as mesophyll (Schiavon et al. 2017).

Se hyperaccumulators have an advanced sulfate/selenate uptake and assimilation
ability because genes involved in the antioxidant pathway and genes encoding
stress/defense hormones (jasmonic acid, salicyclic acid and ethylene) are constitutively
upregulated in these plants. Defense related genes are also constitutively upregulated in
Se hyperaccumulator plants but their effects on plants’ hyperaccumulation capacity still
needs further research. Plant defensin protein (PDF) is an exception since its
overexpression is known to lead to increased Se tolerance (Freeman et al. 2010,
Schiavon et al. 2017, Tamaoki, Freeman, and Pilon-Smits 2008)

Furthermore, Se hyperaccumulators have advanced detoxification mechanisms
that allow them to eliminate damaged/misfolded proteins to be degraded by the
proteasome and minimize Se incorporation into proteins by assimilating or sequestering
Se into different organs (Sabbagh and Van Hoewyk 2012, Sors, Ellis, and Salt 2005,
Wang et al. 2018).



1.4. Molecular Mechanisms of Selenium Tolerance and

Hyperaccumulation

1.4.1 Se Uptake and Transport

Although selenite enters plant cells through passive diffusion, selenate is taken
up against its electrochemical potential gradient through active transport (Sors, Ellis,
and Salt 2005, Terry et al. 2000). Uptake of selenate competes with that of sulfate
because both enter the plant via sulfate transporters (SULTR) (Terry et al. 2000) (Figure
3). Sulfate transporters are proton/sulfate co-transporters (3H7/SO,>) (Hawkesford,
Davidian, and Grignon 1993, Shibagaki et al. 2002). There are five groups of SULTRs
(SULTR 1-5) (Table 2), which have been studied widely in the model species
Arabidopsis thaliana. They have 12 transmembrane spanning domains. Both C- and N-
termini reside in the cytoplasm. The C terminal site of SULTRs contain a Sulfate
Transporter and Antisigma factor antagonist (STAS) domain which is proposed to
interact with Se/S assimilation enzymes (such as cysteine synthase) for regulation of
acquisition rate (Shibagaki and Grossman 2010, Vatansever et al. 2016).

Group 1 transporters constitute the high affinity SULTRs. They have a
Michaelis constant (Km), which shows the affinity of the transporter for the specific
substrate; the higher the Km value, the lower the affinity and vice versa (Boyle 2005).
Hyperaccumulators constitutively overexpress these transporters encoding genes as
compared to non-hyperaccumulators (Buchner, Takahashi, and Hawkesford 2004,
Schiavon et al. 2017). Among these SULTR1;2 and SULTR1;1 are primarily expressed
in the root (root tip and root epidermis). They facilitate the influx of sulfate (and thus,
selenate) into the root symplast (Buchner, Takahashi, and Hawkesford 2004). Both
selenate and sulfate are mainly taken up by SULTR 1;2 transporter. It is expressed
under both sulfate-rich and sulfate-deficient conditions. In addition, the expression level
of this gene is relatively independent from the external sulfate concentration and
suggested to be regulated by metabolic demand and photoperiod. However, SULTR 1;1
expression depends on sulfate supply since its expression is induced under sulfate
starvation (Buchner, Takahashi, and Hawkesford 2004, Rouached et al. 2008, Schiavon
et al. 2015, Yoshimoto et al. 2002). In addition, it is thought to have higher specificity
for sulfate than selenate (Takahashi et al. 2000). Another high affinity transporter is



SULTR1;3 which is localized in the phloem (mainly in transport phloem) of cotyledons,
hypocotyls, and roots in A. thaliana. Specifically, it is expressed in sieve element-
companion cell complexes in mature organs and companion cells in roots but not in
young developing leaves. SULTR1;3 is suggested to function in source to sink transport
of sulfate, specifically it recovers the sulfate that is leaked out from the sieve tube
during long distance transport within the transport phloem (Yoshimoto et al. 2003).

Group 2 transporters are composed of low affinity SULTRs. There are two
group 2 transporters in A. thaliana: SULTR2;1 and SULTR2;2. They are expressed both
in root and shoot of the plant and mainly localized in vascular tissue. Therefore, they
mediate the transfer of sulfate/selenate within the vascular cylinder and between organs.
SULTR2;2 helps transport via phloem and causes an increase in the sulfate/selenate
concentration in the root. In the shoot, it is responsible for uptake from the vessels for
further sulfate/selenate assimilation (Baraniecka and Kopriva 2014). SULTR2;1 is the
main pathway for the translocation of sulfate/selenate from roots to other organs. Its
expression in the xylem parenchyma is involved in the reabsorption of sulfate/selenate
for regulation of sulfate/selenate transport to shoots during deficiency, and further
xylem transport (Buchner, Takahashi, and Hawkesford 2004). In addition, the activity
of SULTR2;1 is regulated and reaches its maximum capacity through
heterodimerization with SULTR3;5 to translocate sulfate/selenate to xylem parenchyma
(Kataoka, Hayashi, et al. 2004).

Group 3 is the largest group of SULTR family proteins including SULTR3;1,
3;2, 3;3, 3;4 and 3;5. They are low affinity transporters (Talukdar and Talukdar 2015)
and expressed in shoots (Vatansever et al. 2016, Yoshimoto et al. 2002). Among them,
SULTR3;1 is localized in the chloroplast and involved in sulfate/selenate transport into
the chloroplast. SULTR3;2, SULTR3;3, SULTR3;4 but not SULTR3;5 are also
suggested to be chloroplast sulfate transporters. However, the functions of these group
members are still unknown and remain to be elucidated (Cao et al. 2013).

Group 4 transporters contains two members: SULTR4;1 and SULTR4;2. They
are localized in both roots and shoots, and they are responsible for export of
selenate/sulfate from vacuoles (Kataoka, Watanabe-Takahashi, et al. 2004).

Group 5 is the last group of SULTR transporters. It has two members:
SULTRS;1 and SULTRS;2. They are localized in the tonoplast. This group shares a low
level of sequence similarity with Groups 1 to 4 and is significantly diverged from them

(Buchner, Takahashi, and Hawkesford 2004, Hawkesford 2003). Indeed, Group 5



SULTR transporters have different functions. They are involved in molybdate transport
and accumulation. In addition, their role in sulfate transport has not yet been confirmed
and so they are not accepted as sulfur transporters (Baxter et al. 2008, Tomatsu et al.
2007, Takahashi et al. 2011, Gigolashvili and Kopriva 2014). SULTRS;1 and
SULTRS;2 are also named MOT2 and MOT]1, respectively.
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Mesophyll ceills parenhyma cells  Xylem
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Figure 2. Sulfate transport system in A. thaliana. Blue shapes show the SULTRs and
dashed arrows are transport pathways that remain to be elucidated (Source:
Baraniecka and Kopriva, 2014)

1.4.2 Se Reduction, Assimilation and Volatilization

After selenate is taken up into roots, it can be moved to plastids for reductive
assimilation (Figure 3). The first and rate limiting step is the activation of selenate by

ATP sulfurylase (APS) (Pilon-Smits et al. 1999). In this process, ATP is coupled to
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selenate to form adenosine 5’-phosphoselenate (APSe) which is subsequently reduced

to selenite by APS reductase (APR) in another rate limiting step in the chloroplast.

Selenite is further reduced to selenide either non-enzymatically or enzymatically
(Setya, Murillo, and Leustek 1996).. The non-enzymatic reduction is accomplished by
glutathione (GSH) while the enzymatic pathway requires the action of sulfite reductase
(Ng and Anderson 1978, Terry et al. 2000). After that, selenocysteine (SeCys) is
produced from selenide by the action of two enzymes: serine acetyltransferase (SAT)
and O-acetyl thiol-lyase (OAS-TL) which form a complex named cysteine synthase.
Selenide is assimilated with O-acetylserine (OAS) by cysteine synthase and SeCys is
formed (Bogdanova and Hell 1997, Ng and Anderson 1978). The SeCys can be utilized
to synthesize glutathione, which is an important molecule to decrease oxidative stress in
plants by gamma-glutamylcysteine synthetase and gluthathione synthetase in a two-step
reaction (Noctor et al. 1998). In addition, SeCys can be converted into
selenocystathionine (Secysth) by cystathionine gamma synthase (CGS) or methylated
by SeCys methyltransferase (SMT) to form MeSeCys. Se hyperaccumulators can
accumulate and tolerate higher concentrations of Se because they sequester Se into non-
protein amino acids such as Se-methylselenocysteine (MeSeCys), y-glutamyl-Se-
methylselenocysteine (GGMeSeCys) and selenocystathionine. For example, S. pinnata
accumulates MeSeCys, the Se hyperaccumulator Neptunia amplexicaulis stores Secysth
and Astragalus bisulcatus accumulates GGMeSeClys in its seeds (Freeman et al. 2006,
Pilon-Smits, Winkel, and Lin 2017, Peterson and Butler 1962). In this way, integration
of Se into proteins is limited or prevented (Sors, Ellis, and Salt 2005, Cakir, Turgut-
Kara, and Ar 2012).

SeCys can also be metabolized to selenomethionine (SeMet) through the Met
biosynthesis pathway. SeMet is the precursor for the production of volatile Se
compounds (Figure 4). For example, dimethylselenide (DMSe) is one of these volatile
Se compounds and the main one in non-accumulators. The initial step in the production
of DMSe is further methylation of SeMet to form Se-methylselenomethionine
(MeSeMet) by S-adenosyl-L-methionine: L-methionine S-methyltransferase (MMT).
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Table 3. Summary of sulfate transporter family proteins

Members Localization Function
Group SULTR1;1 The influx of sulfate/ selenate into the root Under sulfate starvation
1 Root tip and root epidermis symplast
SULTR1;2 Both
sulfate-rich and sulfate-starvation conditions
SULTRI;3 Phloem of cotyledons, hypocotyls, and Source to sink distribution
roots
Group SULTR2;1 Shoot Xylem parenchyma and phloem
2 Root Transfer of sulfate/selenate within the Xylem parenchyma and pericycle cells
vascular cylinder and between organs.
SULTR2;2 Shoot Xylem vessels
Root Phloem

4!

(cont. on the next page)




Table 3. (cont.)

Members Localization Function
Group SULTR3;1 Influx of sulfate/selenate into chloroplast
3 SULTR3;2 Shoot (SULTR3;1 is localized in
SULTR3;3 chloroplast)
SULTR3;4
Root Root to shoot transport of sulfate/selenate
SULTR3;5
Group SULTR4;1 Root and Shoot Efflux of sulfate/selenate from the vacuole
4 SULTR4;2
Group SULTRS;1 (a.k.a Tonoplast Molybdate transport and accumulation
5 MOT2)

SULTRS;2 (a.k.a
MOT1)

€l




After that, MeSeMet is converted into DMSe by S-methylmethionine hydrolase
(Lewis, Johnson, and Broyer 1974, Sors, Ellis, and Salt 2005). Dimethyldiselenide
(DMDSe), another volatile Se compound, is produced from the oxidation and

subsequent methylation of MeSeCys (Meija et al. 2002, Sors, Ellis, and Salt 2005).
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Figure 3. Model for selenate/sulfate reduction, assimilation and volatilization pathway
(Source: Sors et al., 2005). Cys, cysteine; cysth, cystathionine; hocys,
homocysteine;  Met, methionine; GGMeSeCys, gamma-glutamyl-
methylselenocysteine; MeSeCysSeO, methylselenocysteine
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Figure 4. The production of volatile Se/S compounds from selenomethionine (SeMet)
(Source: Sors et al, 2005). S, sulfur; Se, selenium; DMSeP
(dimethylselenoniopropionate); SeMM (Se-methylmethionine)

The wvolatilization process is used by both non-accumulator and
hyperaccumulator species to avoid the harmful effects of Se. Non-accumulator plants
either lack the enzyme selenocysteine methyltransferase (SMT) or have the SMT
enzyme without selenocysteine methyltransferase activity. Therefore, they cannot
convert SeCys to MeSeClys. Instead, they reduce the toxicity by converting SeMet into
DMSe (Wang et al. 2018, Sors, Martin, and Salt 2009). On the other hand,
hyperaccumulator plants metabolize MeSeCys to produce mainly volatile DMDSe

(Sors, Ellis, and Salt 2005, Wang et al. 2018).

1.5 Phytoremediation

Soil pollution due to metals and metalloids is different from air or water
pollution because metals/metalloids remain in the soil for much longer periods of time
than in air or water (Lasat, 2002). Therefore, removal and recovery of metals/metalloids
from contaminated soil is important to reduce toxicity and protect ecosystems. A green
solution to decontaminate polluted soil/environment is phytoremediation (Sarma 2011).

Phytoremediation is a method which utilizes naturally occurring or genetically
engineered plants and associated microbes to recover the area from contamination
(Sarma 2011). The use of plants for this purpose has several advantages. Firstly, it is

cost effective, efficient and applicable in situ. Secondly, the biological properties and
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physical structure of the soil are maintained because plants can clean contaminants
without disturbing the composition and fertility of the soil. Indeed, they may increase
the quality of the soil by producing organic compounds as a byproduct of natural
processes. Moreover, plants protect soil from erosion and metal leaching. Its final
advantage is that contaminants with a market value can be extracted by plants and
harvested for further purposes (Ali, Khan, and Sajad 2013, Yang et al. 2005).

Selection of the appropriate plant is an important step to increase the
effectiveness of a phytoremediation program. Grasses are thought to be the best
candidate for phytoremediation because they have high growth rate, high biomass and
fibrous root system. Fibrous rooting systems are preferred because they stabilize soil
and cover larger soil surface which enhances root and soil contact. In addition, grasses

can adapt to extreme conditions (Ali, Khan, and Sajad 2013, Sarma 2011).

1.6 Puccinellia distans

Puccinellia distans (P. distans) belongs to the Poaceae family. It is hexaploid,
2n=42 (Bowden 1961, Edgar 1996). P. distans is perennial, monocotyledonous and C3
facultative weeping alkali grass (Tarasoff, Mallory-Smith, and Ball 2007, Hajiboland,
Dashtebani, and Aliasgharzad 2015). It is native to Eurasia and distributed throughout
Europe, Africa, Asia, Australasia and USA (Barkworth, Capels, and Long 1993,
Clayton et al. 2006). P. distans is a facultative halophytic plant and can tolerate high
salinity levels (Akhzari et al. 2012, Hajiboland, Dashtebani, and Aliasgharzad 2015).
Therefore, it can be found by the side of salted roads, marshes, meadows and ruderal
areas (Bernhardt and Koch 2003, Bar, Doganlar, and Frary 2015, Tarasoff, Mallory-
Smith, and Ball 2007).

P. distans collected from a boron (B) mining area of Eskisehir, Turkey was
identified to be extremely B-tolerant (Bar, Doganlar, and Frary 2015, Babaoglu et al.
2004, Stiles et al. 2010). It can tolerate extremely high levels of boron (B) (> 1250 mg
B L") and has the ability to accumulate approximately 6000 mg B kg in its shoots
under hydroponic conditions (Bar, Doganlar, and Frary 2015, Padmanabhan, Babaoglu,
and Terry 2012, Stiles et al. 2010). Padmanabhan et al. (2012) suggested that molecular
mechanisms related to stress and defense are important for P. distans to tolerate boron

toxicity. Bar et al. (2015) investigated the difference in protein profile of P. distans
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control and 500 mg B L' applied stress groups. They pointed out three candidate
proteins that might play roles in boron hyperaccumulation. These proteins were
involved in malate synthesis pathway, iron storage and oxidative stress. Recently,
Oztiirk et al. (2018) elucidated the boron hyperaccumulation and tolerance mechanism
using a transcriptomic approach. The results showed that 3312 transcripts of P. distans
were differentially expressed (67% of the transcripts were up-regulated and 32 % were
down-regulated) when it was exposed to 500 mg B L. Transcriptomic changes specific
to the boron tolerance and hyperaccumulation included genes associated with stress, the
cell wall, transporters and plant hormones. The most significant transcriptional
differences were observed in the malate pathway, cell wall components, a putative
boron transporter and two putative aquaporins.

P. distans produces a large biomass, has a relatively fast growth rate and can
tolerate harsh conditions. In addition, P. distans is widely distributed throughout the
world (Padmanabhan, Babaoglu, and Terry 2012, Stiles et al. 2010). The potential of a
US ecotype of P. distans for phytorestoration of boron contaminated soil was evaluated
by Stiles et al. (2011). They concluded that P. distans can be used as initial vegetation
to return B contaminated land to its natural state. Moreover, the work by Ghasemi et al.
(2017) suggested that P. distans could be a suitable plant species for phytoextraction of
lead (Pb). In addition, Puccinellia frigida which is a close relative of P. distans is found
to tolerate higher concentrations of boron and proposed to have boron phytoremediation
potential (Ramila et al. 2016). Overall, these studies point out that Puccinellia species

could be useful candidate for phytoremediation of metals/metalloids.

1.7 Aim of the Study

Plants can show tolerance to several elements and their tolerance relies on
similar mechanisms. It is known that some plant species can tolerate high
concentrations of soil salts and boron while hyperaccumulating Se in their leaves.
Because P. distans can withstand high levels of boron and salinity, it was proposed that
it can be tolerant to Se. In this study, we would like to understand the Se tolerance
capacity of P. distans and elucidate its Se tolerance mechanism using a transcriptomic
approach. For this purpose, P. distans plants were grown hydroponically under high Se

conditions. Se accumulation in treated and control plants was quantified by ICP-AES.
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Some biochemical analyses were also carried out including the measurement of
glutathione reductase, guaiacol peroxidase, and chlorophyll a and b content to determine
their responses to Se stress. RNA sequencing was used to detect genes that are
differentially expressed under Se stress conditions and the results were validated by
qRT-PCR. These genes were annotated to determine their possible roles in
accumulation and/or tolerance. Understanding the Se tolerance mechanism of P. distans
is necessary since it allows us to exploit the plant itself or its genes for
phytoremediation and biofortification. For example, the ability of P. distans to absorb
and sequester Se can be harnessed to clean up excess Se from seleniferous and polluted
soils and wastewater. In addition, the Se concentration of food crops can be increased
through transfer of genes playing roles in Se hyperaccumulation. Farm animals could
then be fed with forage with enhanced Se content. As a result of these processes, the
products and the meat of the animals will be rich in Se. In this way, P. distans can
directly or indirectly provide sufficient dietary Se to individuals in areas where Se

deficiency is prevalent.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Materials

2.1.1 Plant Materials and Selenium Treatment

P. distans seeds were obtained from a boron mining site, Kirka-Eskisehir,
Turkey (39° 17" 23.7156" and 30° 31" 33.4812" (Babaoglu et al. 2004). They were
germinated in perlite for 7 weeks in a growth chamber. Then, they were transferred to
full strength Hoagland solution and grown for one week. After that plants were grouped
as stress and control and grown for an additional week in full strength Hoagland
solution with and without 80 pM Na;SeO,, respectively. Selenium treatment was
stopped, and plants were rinsed with sterile distilled water. The shoot tissues were

frozen in liquid nitrogen and stored at -80°C.

2.2 Methods

2.2.1 RNA Isolation

Plant/Fungi Total RNA Purification Kit (Norgen Biotek Corp., Ontario, Canada)
was used for RNA extraction from shoot tissue of control and stress groups. The
obtained total RNA was treated with DNase I. Their quality and quantity were measured
by a NanodropND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, DE,
USA). They were stored at -80°C.

2.2.2 RNA Sequencing and Analysis

Extracted RNA samples were quantified using Qubit 2.0 Fluorometer (Life
Technologies, Carlsbad, CA, USA) and RNA integrity was checked with Agilent
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TapeStation (Agilent Technologies, Palo Alto, CA, USA). RNA library preparation,
sequencing reaction, and bioinformatics analysis were conducted at GENEWIZ, LLC
(South Plainfield, NJ, USA).

RNA sequencing library preparation used the NEB Next Ultra RNA Library
Prep Kit for Illumina by following the manufacturer’s recommendations (NEB,
Ipswich, MA, USA). The sequencing libraries were clustered on one lane of a flowcell.
After clustering, the flowcell was loaded onto the Illumina HiSeq instrument according
to manufacturer’s instructions. The samples were sequenced using a 2x150 Paired End
(PE) configuration. Image analysis and base calling were conducted by HiSeq Control
Software (HCS).

Raw sequence data (.bcl files) generated from Illumina HiSeq were converted
into .fastq files and de-multiplexed using Illumina's bel2fastq 2.17 software. After NGS
analysis of RNA samples, all sequence reads were trimmed to remove possible adapter
sequences and nucleotides with poor quality at the end, using CLC Genomics Server
version 9.0.1. After trimming, sequence reads shorter than 50 nucleotides were
discarded. De novo transcriptome assembly was conducted with data from all 5 samples
using the CLC Genomics Server (Figure 5). A reference genome was created using the
assembled transcriptome described above. Using the CLC Genomics server, trimmed
sequence reads were mapped to the reference genome for each sequenced sample. Gene
read counts were measured and RPKM values were calculated in accordance with the
mapping process. Unsupervised hierarchical clustering and principal component
analysis were performed to examine sample separation. Comparison of gene expression
between various treated samples and the control was conducted using the Wald test.
Genes with a False-Discovery-Rate (FDR) < 0.05 and fold-change > 2 were selected as
differentially expressed genes.

Annotation, gene ontology mapping of differentially expressed genes and KEGG
(Kyoto Encyclopedia of Genes and Genomes) pathway analysis of the selected
transcripts were conducted using Blast2GO (version 4.1.9). Transcripts were first
blasted against 4. thaliana and green plant proteomes separately. These proteomes were
generated from the NCBI database and UniProt Knowledgebase, respectively. Hits
obtained by the blast search were then mapped to the associated GO terms and
transcripts were functionally annotated. Patternscan and HMMPfam searches were
conducted on the InterPro database to further increase the quality of functional

annotation. KEGG pathway analysis of the selected transcripts which were successfully

20



annotated was done to discover the role of the up and down-regulated transcripts in

enzymatic pathways.

Fastq files for 5 samples

Trimming sequence reads to remove low quality bases at ends

De Novo transcriptome assembly

Mapping sequence reads to the assembled transcriptome

Calculating hit counts and RPKM values for genes

Comparing gene expression between samples

Figure 5. Workflow of RNA-Seq data analysis

2.2.3 Quantitative Real-Time PCR

RT-qPCR was used to confirm the results obtained from RNA-Seq analysis.
cDNAs were synthesized from 1 pug extracted total RNA of control and stress groups
using GoTaq® 2-Step RT-qPCR kit (PROMEGA). qPCR reactions were carried out in
the LightCycler® 480 Instrument II (Roche, Basel, Switzerland). Eight transcripts
involved in antioxidant and redox metabolism, sulfur assimilation, transport and four

transcripts from the top 50 up and downregulated transcripts were selected for
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validation by qPCR. The transcript specific primers were designed using Primer3
software (Untergasser et al. 2012) (Table 4). Three biological and three technical
repeats were carried out for both control and stress samples. The expression of actin
was used as a reference gene and for normalization. Relative changes in expression

levels were calculated using the 27*““" method (Livak and Schmittgen 2001).

Table 4. RT-qPCR primer sequences of transcripts

Transcript Name

Forward Primer (5°-3’, top)

Reverse Primer (5°-3’, bottom)

Transcript 112 TTAGACATTGAGCCTGGAAC
TTTACAGCTCCGAGACAAAA
Transcript 2159 CATTCCCATCTTGTGCTTTC
TGTGCAGAGTTCATCATCAA
Transcript_2796 ATGACACAAGTTCTGACCTC
CTTCCGAAGATGACAAATGC
Transcript_3369 CGTACAAAGAACCACTACCT
GTCAAGTCCATCCAGATCTC
Transcript_ 6651 GCTGCCAAGTAAATTTCGTT
TCAACCAAACACACCCTAAT
Transcript_ 6816 TTATGCCTGGGGAGTTTTAC
TGGTCGACATGTAACTTGTT
Transcript 25145 CTCAAGGAAGAACACCGATC
TTCCAATGGCTAGATCACTC
Transcript_ 27690 GTGGACTGTGCTATGGATAG
GCTCGCCACTATATGATGAA
Transcript 29272 GACTGAATGCAACTGGAATG
ATTGGGTATTGGTGTGAGAC

Transcript 39773

Transcript 41354

GGGAATACTACAGGAAGCAG
GGATATCTTCATGGCGAACT
AAGGCAAAGGAAAGTGAAGA

TGTCGTATATTATTGCCCGG
Transcript 49788 CAGAGGGTGTTAACAGATCC

AGTTGTTCTTTCTTCGGGTT
Actin CCATTGGTGCTGAGCGTTT

GCTTCCATCCCAATGAAGGA

2.2.4 Determination of Leaf Selenium Content
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P. distans (four controls and four Se treated) were grown under the same
conditions as the samples used for RNA-Seq. After selenium treatment, the shoots were
separated from roots. They were ground with liquid nitrogen and lyophilized for 4 days
at -20°C. Elemental Se concentrations of shoot samples were determined using
inductively-coupled plasma atomic emission spectroscopy (ICP-AES) in Mugla Sitki
Kog¢man University. Measurements were done using three biological and three technical

replicates.

2.2.5 Antioxidant Analyses

2.2.5.1 Determination of Glutathione Reductase

Shoot tissue (1 g) was homogenized in 50 mM potassium phosphate buffer
(pH=7). Homogenates were centrifuged at 15,000 g for 15 min and supernatant was
transferred to a new tube. The supernatant was mixed with a solution containing 50 mM
HEPES (pH=8), 0.5 mM EDTA, 20 mM glutathione oxidized and 2.5 mM NADPH
(Sgherri, Pinzincp, and Navari-Izzo 1996). After that the absorbance values of samples
were measured at 340 nm by Thermo Scientific™ Multiskan™ GO Microplate
spectrophotometer using three technical replicates. The enzyme activity was calculated

using the formulae defined in the glutathione reductase assay kit.

o VAsao (Time 2) - Ao (Time 1) @.1)
340/TmT Time 2 (min)-Time 1 (min)
AA;4o/min %X Final volume of assay (ml)x Sample dilution 2.2)

Enzyme activity= — - =]
NADPH extinction coefficient (WM™ )* Volume of plant extract (ml)

2.2.5.2 Determination of Guaiacol Peroxidase Activity

Shoot tissue (400 mg) was homogenized in 0.1 M cold sodium phosphate buffer
(pH=7). The homogenates were centrifuged at 14,000 rpm for 25 min and the
supernatant was transferred to a new tube. Then 0.1 mM sodium phosphate buffer

containing 5 mM H,0; and 15 mM guaiacol were mixed with the supernatant (Birecka,
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Briber, and Catalfamo 1973). After that the absorbance values of samples were
measured at 470 nm by Thermo Scientific™ Multiskan™ GO Microplate
spectrophotometer (Thermo Fisher Scientific, Waltham, MA USA) using three technical
replicates. The enzyme activity was calculated using the same formulae defined in

section 2.2.5.1.

2.2.6 Chlorophyll Measurement

Shoot tissue (1 mg) was ground to a fine powder by shaking for 1 minute at 30
Hz using TissueLyser II system (Qiagen Inc, USA). To extract chlorophyll, 1.00 ml of
methanol was added to the ground sample and the sample was shaken for 2 minutes at
30 Hz. Samples were centrifuged for 2 minutes at 14,000 rpm. (Warren 2008).
Supernatant was transferred to a new tube and its absorbance was measured at 652 nm
and 665 nm by Thermo Scientific™ Multiskan™ GO Microplate spectrophotometer
(Thermo Fisher Scientific, Waltham, MA USA) using three technical replicates. The
chlorophyll a (Chl a) and chlorophyll b (Chl b) concentrations were calculated using the
formulae of Ritchie (2006).

Chl a (ug/ml) = -8.0962 A652,1 cm + 16.5169 A665,1 cm
(2.3)

Chl b (pg/ml) = 27.4405 A652,1 cm — 12.1688 A665,1 cm
(2.4)
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CHAPTER 3

RESULTS AND DISCUSSIONS

3.1 Tissue Selenium Concentration Determination of P. distans

Se concentration in shoot tissue of P. distans was significantly increased by the
application of increasing selenate concentration (p <0.05) (Figure 6). The average
concentration of Se in shoot was 142.5 mg kg when plant was treated with 80 pM
selenate. This was almost 1500-fold higher than that found in the control group (0.1 mg
kg™). With the application of 120 pM selenate, the average Se concentration difference
between control and treated group (254 mg kg™) reached up to 2500-fold.

P, distans shoot
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00
ouM 20 uM 40 uM 80 uM 120 uM

Se Treatment

Figure 6. Selenium concentration in shoots of control (0 uM) and treated plants (20, 40,
80 and 120 uM). Values in the graph represent mean of three biological and
three technical replicates.

These results indicated that P. distans could tolerate and accumulate more than
100 mg Se kg 'dry weight (DW) in its shoots when it was treated with 80 uM and 120
uM. Tolerance was indicated by the ability of the plants to survive under high Se
concentration and to continue to grow. Plants that are able to accumulate tissue Se

concentrations >100 mg Se kg'DW are defined as Se accumulators (White 2016).
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Therefore, P. distans is a novel Se accumulator plant. In the previous study, S. pinnata
(an extreme Se hyperaccumulator) was grown on agar medium supplemented with 0,
20, 80 or 160 uM of sodium selenate. Then, selenium concentration in the shoots and
growth inhibition was detected to understand the plant’s tolerance to Se. It was found
that S. pinnata accumulated 2000 mg Se kg™' DW and did not display any significant
growth reduction, thus indicating hypertolerance to Se (Cappa et al. 2015).

3.2 Transcriptome Analysis of P. distans using RNA-Seq

3.2.1 De Novo Transcriptome Assembly Analysis

Four cDNA libraries generated from mRNA samples treated with selenium,
arsenic, sulfur, nickel and a control shoot sample were used for the investigation of
stress response of P. distans at the transcriptomic level. Generated libraries were then
sequenced using Illumina HiSeq. Illumina HiSeq sequencing resulted in 454 x 10° raw
reads (Table 5). CLC Genomics server was used to trim the reads from adapter
sequences to prevent adapter disruption of the assembly. After trimming, sequence
reads shorter than 50 nucleotides were discarded resulting in ~99.5 % of the original
reads. De novo transcriptome assembly was conducted with data from all 5 samples. As

a result, 78,520 transcripts were assembled (Table 7).

Table 5. Summary statistics of RNA-Seq of P. distans

Count Average Length Total bases (bp)
Reads 454 x 10° 131.7 59.9x 10"
Matched 361 x 10° 129.6 46.7 x 10"
Not Matched 94 x 10° 140.0 13 x 10"
Contigs 78.5x 10° 796.0 62 x 10°
Reads in pairs 274 x 10° 112.7
Broken paired reads 86 x 10° 139.4

Maximum and minimum transcript lengths were 404 and 14,460 nt, respectively.

The average length was 796 nt. The N50 value was 773 which means that, among the
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contigs that represent at least half of the assembled nucleotides, the smallest contig

length was 773 nt (Table 6).

Table 6. Summary statistics of transcript measurements

Parameter Length
N75 621

N50 773

N25 1,084
Minimum 404
Maximum 14,460
Average 796
Count 78,520
Total 62.5x 107

3.2.2 Gene Expression Analysis

After the assembly of the reference genome using the generated transcriptome,
sequence fragments were mapped to the reference genome using CLC Genomics server.
Over 64% of the fragments (29.3 x 10”) were successfully aligned from 45.4 x 10’ total
fragments. For the detection of differentially expressed transcripts, mapped fragments
were used to calculate reads per kb per million (RPKM) values for each transcript.
Comparison of RPKM values of transcripts belonging to control and stress induced

samples allowed detection of up and down regulated transcripts.

A total of 3525 transcripts, 4.5% of the total, were differentially expressed in the
control versus Se treated plants. Almost half of these differentially expressed transcripts
were annotated to genes. The percent of upregulated genes (57.7%) was slightly higher
than downregulated genes (42.3%) (Table 7). Gene expression data were visualized
with a heatmap (Figure 7). The top 100 up- and downregulated transcripts are listed in
Table 8.
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Table 7. Summary statistics of the comparison of gene expression, annotation and gene

ontology (GO) mapping
Number Percentage

Total transcripts 78520

Differentially expressed transcripts 3525 4.5
Annotated (Gene) 1822 51.7
Annotated (GO Term) 1492 81.9
Upregulated genes 861 57.7
Downregulated genes 631 423

CTRL_GE Se_GE

Figure 7. Heat map of log transformed RPKM values of 3525 differentially expressed
transcripts from RNA-Seq of control (left) and selenium (right) treated
samples. RPKM ranged from - 0.8 (blue) to 1.6 (red).
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Table 8. The top 100 differentially expressed transcript in response to 80 uM Se
treatment in P. distans shoots. Transcripts with a False-Discovery-Rate (FDR)
< 0.05 and fold-change > 2 were selected as differentially expressed
transcripts. Increased expression is indicated with positive (+) and decreased
expression is indicated with negative (-) values.

Increased Expression

Sequence Name
Transcript_504
Transcript 5752
Transcript 3369
Transcript 75950
Transcript 548
Transcript 10894
Transcript 46264
Transcript 6910
Transcript 2532
Transcript 42592
Transcript 55125
Transcript 12213
Transcript 22794
Transcript 2193
Transcript 50309
Transcript 22653
Transcript 22653
Transcript 8359
Transcript 330
Transcript 29272
Transcript 40561
Transcript 6921
Transcript 2771
Transcript 33185
Transcript 57642
Transcript 28306
Transcript 58547

Transcript 54747

Transcript 8872

Transcript 26394

Sequence Description

iaa-leucine resistant 2
AO0A0J7YP30_BETVUUncharacterized protein (Fragment)
HSP20-like chaperones superfamily

Cytochrome ¢ oxidase, subunit 111

heat shock protein 101

HXXXD-type acyl-transferase family

splicing factor Prp18 family protein

N-terminal nucleophile aminohydrolases (Ntn hydrolases) superfamily
senescence regulator (Protein of unknown function, DUF584)
AOA1DSSEC9 WHEATUncharacterized protein
diacylglycerol kinase 5

Peroxidase superfamily protein

C2H2-type zinc finger family

AOA1E5SWHHS8 9POAL kinase chloroplastic
NP_568842.1phosphofructokinase 7

cytochrome P450, family 94 subfamily B, polypeptide 1
AOA1E5V391 9POALCytochrome P450

BCL-2-associated athanogene 6

NAD(P)-linked oxidoreductase superfamily protein

Heat shock protein 70 (Hsp 70) family protein

DHHC-type zinc finger family

UDP-Glycosyltransferase superfamily

NAD(P)-linked oxidoreductase superfamily

F2DPI4 HORVV OS=Hordeum vulgare vulgare PE=2 SV=1
cytokinin oxidase/ dehydrogenase 1

WWE Protein-protein interaction domain family

cytochrome P450, family 79, subfamily B polypeptide 3

Late embryogenesis abundant (LEA) hydroxyproline-rich glycoprotein

family
heat shock protein 70 (Hsp 70) family

FKBP-type peptidyl-prolyl cis-trans isomerase family

Fold
Change
407.6
2123
87.4
74.9
71.3
57.9
53.7
523
49.9
48.1
43.1
36.8
34.0
325
31.8
31.8
31.8
31.6
313
31.1
30.4
27.8
27.7
27.6
26.9
26.3
24.8

24.8

24.5

243

(cont. on the next page)
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Sequence Name

Transcript 5062
Transcript 25501
Transcript 21098
Transcript 39654
Transcript 9717
Transcript 194
Transcript 32558
Transcript 8290
Transcript 12155
Transcript 16723
Transcript 12155
Transcript 17394
Transcript 13911
Transcript 12866
Transcript 43776
Transcript 17028
Transcript 13028
Transcript 40146
Transcript 5986

Transcript 1645
Transcript 69038
Transcript 77662
Transcript 196
Transcript 42210
Transcript 5999
Transcript 41242
Transcript 57092
Transcript 34746
Transcript 11996
Transcript 8347
Transcript 51188
Transcript 21927
Transcript 77909
Transcript 75360

Table 8. (cont.)

Sequence Description

DNA-directed RNA polymerase subunit beta, putative (DUF630 and

DUF632)

MAC/Perforin domain-containing protein

RNI-like superfamily protein

aluminum induced protein with YGL and LRDR motifs

HSP20-like chaperones superfamily protein

Chaperone protein htpG family protein

Transducin/WD40 repeat-like superfamily protein

F2DVX4 HORVYV OS=Hordeum vulgare vulgare PE=2 SV=1

ubiquitin extension protein 1

PDI-like 1-4

AOAOVOGFL3_SOLCH ovule (Fragment)

Ribosomal protein L34e superfamily protein

Plant VAMP (vesicle-associated membrane protein ) family protein

Integrase-type DNA-binding superfamily protein

transferring glycosyl group transferase (DUF604)

Chaperone DNAJ-domain superfamily protein

ADP-ribosylation factor-like A1A

Insulinase (Peptidase family M16) family protein

Heat shock protein 70 (Hsp 70) family protein
Decreased expression

AOAOVOGHI9 SOLCH ovule (Fragment)

NADH dehydrogenase subunit 4 (mitochondrion)

glyceraldehyde 3-phosphate dehydrogenase A subunit 2

E1CJ62 9ROSIDehydration responsive (Fragment)

AOAOF7BID3 9CHLOATP synthase FO subunit 8

NADH dehydrogenase subunit 7 (mitochondrion)

apocytochrome B (mitochondrion)

NADH dehydrogenase subunit 1 (mitochondrion)

ribosomal protein S12 (chloroplast)

ribosomal protein L2 family

NP_176702.2transmembrane protein, putative (DUF2358)

Ribosomal protein L16p/ L10e family protein

NP_568447.1 30S ribosomal protein

Ribosomal protein L6 family protein

DEA(D/H)-box RNA helicase family protein

Fold

Change

24.1
23.7
235
233
22.6
223
22.0
21.8
21.3
21.3
21.3
213
21.3
21.3
21.3
20.7
19.8
19.8
19.8

-6522.6
-172.4
-146.7
-120.2
-112.1

-94.1
-86.6
-72.5
-54.7
-48.2
-41.5
-41.4
-38.2
-37.1
-37.1

(cont. on the next page)
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Sequence Name

Transcript 26964
Transcript 25145
Transcript 21789

Transcript 41032
Transcript 70837
Transcript 77657
Transcript 18958
Transcript 16491
Transcript 61963
Transcript 16597
Transcript 35323
Transcript 46485
Transcript 71329
Transcript 5304
Transcript 6991
Transcript 41382
Transcript 66092
Transcript 41382
Transcript 19467
Transcript 6764
Transcript 36326
Transcript 44155
Transcript 5533
Transcript 11028
Transcript 35902
Transcript 46219
Transcript 44981
Transcript 11203
Transcript 7631
Transcript 46283
Transcript 25932
Transcript 44950
Transcript 112
Transcript 40150

Table 8. (cont.)

Sequence Description

Ribonuclease H-like superfamily protein
NP_197943.1BURP domain-containing protein
ribosomal protein L23 (chloroplast)

P-loop containing nucleoside triphosphate hydrolases superfamily

protein

thymidylate synthase 2

Peptidase S24/ S26A/ S26B/ S26C family protein

Ion protease 4

protein kinase family protein

Zinc finger, C3HC4 type (RING finger) family protein
Fatty acid hydroxylase superfamily protein
myosin-binding protein (Protein of unknown function, DUF593)
ATP binding cassette protein 1

Protein kinase superfamily protein

RIBOSOMAL RNA PROCESSING 5

from the Czech 'roh' meaning 'corner’
UDP-Glycosyltransferase superfamily protein

Trypsin family protein with PDZ domain-containing protein
AO0A1D5ZL17 WHEATG]lycosyltransferase

J3LQ64 ORYBRATP synthase subunit beta
Ca(2+)-dependent nuclease family protein

histidine phosphotransfer protein 6

YELLOW STRIPE like 3

Protein kinase superfamily protein

AOA1E5VRX3 9POALPentatricopeptide repeat-containing
F6IAY1 HORVVNAC transcription factor
NP_199512.2RNA helicase

nuclear RNA polymerase D2B

phosphate transporter 2

Replication protein A, subunit RPA32
glucose-induced degradation-like protein
AOA1E5V7N4 9POAL helicase MAGATAMA 3
Glycosyl hydrolase family protein

MATE efflux family protein

heat shock protein 101

Fold

Change

-34.8
-31.7
-31.4

-30.4
-28.1
-28.1
-28.1
-27.0
-27.0
-24.8
-24.8
-24.8
-24.8
-24.8
-24.3
-23.6
-23.6
-23.6
-23.4
-22.5
-22.5
-22.5
-22.5
-22.5
-21.4
-21.4
-21.4
-21.4
214
-21.4
-21.4
-20.7
-20.3
-20.3
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Figure 8. GO annotation level distribution statistics of P. distans transcript
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3. 3 Gene Ontology Analysis for RNA-Seq data

Blast2Go analysis annotated 1492 transcripts to associated gene ontology (GO)
terms (Table 7). Based on the analysis, 1251 (83.8%), 1211 (81.2%) and 1431 (95.9%)
transcripts were annotated to three main categories: biological process, molecular
function and cellular component, respectively. There were 22 biological process, 13

molecular function and 16 cellular process subcategories (Figure 8)

3.3.1 Biological Process

Twenty-two main terms under biological process were expanded to descendant
terms. The descendant terms were sorted based on the percentage of transcripts (Table
9). A total of 17.7% of the top 20 were related to abiotic stress response, 2.2% to
developmental process and 2.2% to biotic stress response. Selenium has been suggested
to protect plants from abiotic stresses including salinity, water, cold, heat, high light and
metal (Feng, Wei, and Tu 2013). Similar to other studies we found that out of 20,
thirteen transcripts were associated with abiotic stress responses which were given on
table 8. Also, these transcripts comprised 15.1% of the total descendant terms. Some
examples of response to abiotic stimulus are salt stress (2.4%) and water deprivation
(1.1%) which are similar to each other in terms of osmotic disturbance. This might have
resulted from the presence of a high concentration of selenium because metals are
known to cause osmotic disturbances and changes in water transport (Rucinska-
Sobkowiak 2016). Water deprivation in turn increases reducing power and reactive
oxygen species (ROS) production (Tedeschini et al. 2015). Therefore, 2.7% of the
transcripts were related to oxidative stress and oxidation-reduction reactions. In
addition, the antioxidant capacity of Se is suggested to affect pollen development under
water stress (Tedeschini et al. 2015). A similar relationship was observed in the RNA-
Seq results because the transcripts related to pollen development (0.6%) and pollen tube
growth (0.6%) were altered under Se stress conditions. In addition, a high concentration
of Se application resulted in changes similar to those caused by biotic stress due to
changes in the transcription of genes with roles in the S assimilation pathway and

methionine metabolism. Methionine and selenomethionine are S/Se amino acids and the
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precursors of aliphatic glucosinolates. Glucosinolates are involve in plant-
pathogen/herbivore interactions. Therefore, 2.2% of the transcripts were associated with

defense response to bacteria and fungi.

Table 9. Top 20 descendant terms of biological function

Percentage of transcripts
Biological Process GO Term

(%)
response to salt stress 2.4
response to cadmium ion 2.1
oxidation-reduction process 1.8
response to cold 1.5
response to cytokinin 1.4
defense response to bacterium 1.2
response to abscisic acid 1.2
response to water deprivation 1.1
response to wounding 1.1
embryo development ending in seed dormancy 1.0
defense response to fungus 1.0
response to oxidative stress 0.9
response to karrikin 0.8
response to heat 0.8
regulation of transcription, DNA-templated 0.8
response to hydrogen peroxide 0.6
response to light stimulus 0.6
response to high light intensity 0.6
pollen development 0.6
pollen tube growth 0.6

3.3.2 Molecular Function

There were 13 subcategories of molecular function according to GO annotation
level distribution statistics. These subcategories were further divided into descendant
terms. The top 20 descendant terms came from two main molecular function categories:
binding (31.1%) and catalytic activity (4.2%) (Table 10). The transcripts functions in
binding were related to protein, ATP, metal, RNA, DNA and protein binding. A total of
7.3% of the top 20 descendant terms were directly related to transcription and
translation processes. These terms included mRNA binding, DNA binding, transcription

factor activity, sequence-specific DNA binding, structural constituent of ribosome,
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sequence specific DNA binding and RNA binding. In addition, Se treatment resulted in
changes in the expression level of transcripts involved in metal binding. This constituted

7.4% of the total and included the terms: zinc ion, metal ion, copper and iron binding.

Table 10. Top 20 descendant terms of molecular function

Molecular Function GO Term Percentage of transcripts (%)
Protein binding 8.4
ATP binding 5.1
Zinc ion binding 3.1
Metal ion binding 2.1
mRNA binding 1.9
Heme binding 1.4
Copper ion binding 1.4
Protein homodimerization activity 1.3
DNA binding 1.3
Transcription factor activity, sequence-specific DNA binding 1.3
Protein serine/threonine kinase activity 1.1
Structural constituent of ribosome 1.1
Sequence-specific DNA binding 1.1
Identical protein binding 1.0
Iron ion binding 0.9
Calmodulin binding 0.8
Unfolded protein binding 0.8
Kinase activity 0.8
RNA binding 0.7

3.3.3 Cellular Components

Sixteen subcategories of cellular components were further divided into
descendant terms and the top 20 are listed (Table 11). According to this analysis, 3919
transcripts were associated with at least one cellular component. In addition, 1433 of the
total transcripts (26.5%) were observed to be related with plasma membrane,
chloroplast and vacuole associated GO-terms. This was an expected result since
selenate/sulfate is taken up through the plasma membrane and transported across the
chloroplast envelope for its reduction in the chloroplast. Also, excess selenate/sulfate

could be stored in the vacuole as part of the metal tolerance mechanism.
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Table 11. Top 20 descendant terms of cellular component

Cellular component GO Term Percentage of transcripts (%)
plasma membrane 8.1
cytosol 7.0
nucleus 6.5
plasmodesma 5.7
chloroplast 4.8
mitochondrion 4.6
chloroplast stroma 3.5
Golgi apparatus 34
integral component of membrane 34
vacuolar membrane 34
chloroplast envelope 3.1
apoplast 2.8
cell wall 24
nucleolus 2.3
endoplasmic reticulum 2.2
extracellular region 2.0
vacuole 1.8
chloroplast thylakoid membrane 1.7
membrane 1.7
plant-type cell wall 1.6

3.4 KEGG Pathway Analysis for RNA-Seq data

A total of 1357 differentially expressed genes had matches in the KEGG
database. The genes were associated with 715 enzymes and 121 KEGG pathways
(Table 12). In some cases, more than one transcript were connected to the same enzyme.
This might have been due to the presence of sequences encoding different portions of a
single transcript or isoforms of the same protein (Hyun et al. 2012, Wang et al. 2013).
The enzymes were further categorized into six groups based on their Enzyme
Commission (EC) numbers (Figure 9). Hydrolases (34.9%), transferases (26.9%) and
oxidoreductases (22.7%) were the dominant groups. The most represented main KEGG
pathway was metabolic pathway with 1313 transcripts (95.9%). The metabolic
pathways included 11 different subcategories. Of these categories, 274 (20.9%)
transcripts were involved in carbon metabolism, 160 (12.2%) in metabolism of

cofactors and vitamins, 145 (11%) in nucleotide metabolism, 142 (10.8%) in amino acid
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metabolism, 128 (9.7%) in xenobiotics biodegradation and metabolism, 127 (9.7%) in
lipid metabolism and 91 (6.9%) in energy metabolism subcategories. The remaining 246

(18.8%) transcripts were associated with other metabolism subcategories.

Table 12. Pathway assignment of differentially expressed genes based on the KEGG

pathway database
Pathway ID Pathways #Sequences #Enzymes
01130 Biosynthesis of antibiotics 108 80
00010 Glycolysis / Gluconeogenesis 47 22
00500 Starch and sucrose metabolism 19 17
00520 Amino sugar and nucleotide sugar metabolism 17 13
00620 Pyruvate metabolism 17 11
00051 Fructose and mannose metabolism 15 10
00630 Glyoxylate and dicarboxylate metabolism 13 10
00052 Galactose metabolism 13 10
00650 Butanoate metabolism 12 10
00562 Inositol phosphate metabolism 10 9
00030 Pentose phosphate pathway 18 8
00020 Citrate cycle (TCA cycle) 10 8
00053 Ascorbate and aldarate metabolism 13 7
00040 Pentose and glucuronate interconversions 13 6
00640 Propanoate metabolism 9 5
00521 Streptomycin biosynthesis 6 5
00960 Tropane,piperidine and pyridine alkaloid biosynthesis 5 5
00941 Flavonoid biosynthesis 7 4
00950 Isoquinoline alkaloid biosynthesis 5 4
00945 Stilbenoid, diarylheptanoid and gingerol biosynthesis 4 4
00401 Novobiocin biosynthesis 3 4
00944 Flavone and flavonol biosynthesis 7 2
00524 Neomycin, kanamycin and gentamicin biosynthesis 1 2
00525 Acarbose and validamycin biosynthesis 2 1
00402 Benzoxazinoid biosynthesis 1 1
00232 Caffeine metabolism 1 1
00261 Monobactam biosynthesis 1 1
00405 Phenazine biosynthesis 1 1
00901 Indole alkaloid biosynthesis 1 1
00660 C5-Branched dibasic acid metabolism 1 1
00966 Glucosinolate biosynthesis 1 1
00332 Carbapenem biosynthesis 1 1
00710 Carbon fixation in photosynthetic organisms 23 13
00920 Sulfur metabolism 11 10
00680 Methane metabolism 18 9

(cont. on the next page)
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Table 12 (cont.)

Pathway ID Pathways #Sequences #Enzymes
00910 Nitrogen metabolism 8 9
00720 Carbon fixation pathways in prokaryotes 13 7
00190 Oxidative phosphorylation 17 6
00195 Photosynthesis 1 1
00561 Glycerolipid metabolism 23 13
00071 Fatty acid degradation 18 12
00564 Glycerophospholipid metabolism 11 10
00592 Alpha-Linolenic acid metabolism 19 9
00062 Fatty acid elongation 8 7
01040 Biosynthesis of unsaturated fatty acids 8 6
00100 Steroid biosynthesis 4 6
00590 Arachidonic acid metabolism 8 4
00600 Sphingolipid metabolism 5 4
00565 Ether lipid metabolism 3 3
00073 Cutin, suberine and wax biosynthesis 5 2
00591 Linoleic acid metabolism 4 2
00061 Fatty acid biosynthesis 4 2
00072 Synthesis and degradation of ketone bodies 2 2
00120 Primary bile acid biosynthesis 3 1
00140 Steroid hormone biosynthesis 2 1
00230 Purine metabolism 128 17
00240 Pyrimidine metabolism 17 10
00270 Cysteine and methionine metabolism 16 19
00400 Phenylalanine, tyrosine and tryptophan biosynthesis 11 16
00360 Phenylalanine metabolism 18 12
00250 Alanine, aspartate and glutamate metabolism 11 10
00350 Tyrosine metabolism 14 9
00260 Glycine, serine and threonine metabolism 14 9
00380 Tryptophan metabolism 12 9
00280 Valine, leucine and isoleucine degradation 10 8
00330 Arginine and proline metabolism 9 7
00220 Arginine biosynthesis 8 6
00310 Lysine degradation 9 5
00290 Valine, leucine and isoleucine biosynthesis 3 3
00340 Histidine metabolism 4 2
00300 Lysine biosynthesis 3 1
00480 Glutathione metabolism 16 11
00460 Cyanoamino acid metabolism 7 5
00450 Selenocompound metabolism 9 4
00410 Beta-Alanine metabolism 8 3
00430 Taurine and hypotaurine metabolism 2 1

(cont. on the next page)
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Table 12 (cont.)

Pathway ID Pathways #Sequences #Enzymes
00471 D-Glutamine and D-glutamate metabolism 2 1
00440 Phosphonate and phosphinate metabolism 1 1
00511 Other glycan degradation 3 3
00603 Glycosphingolipid biosynthesis -globo and isoglobo series 2 1
00604 Glycosphingolipid biosynthesis- ganglio series 1 1
00510 N-Glycan biosynthesis 1 1
00531 Glycosaminoglycan degradation 1 1
00740 Riboflavin metabolism 11 6
00860 Porphyrin and chlorophyll metabolism 7 6
00830 Retinol metabolism 12 4
00130 Ubiquinone and other terpenoid-quinone biosynthesis 7 4
00770 Pantothenate and CoA biosynthesis 4 4
00730 Thiamine metabolism 108 3
00760 Nicotinate and nicotinamide metabolism 4 3
00750 Vitamin B6 metabolism 4 3
00790 Folate biosynthesis 3 2
00900 Terpenoid backbone biosynthesis 8 12
00281 Geraniol degradation 6 4
00906 Carotenoid biosynthesis 5 4
00908 Zeatin biosynthesis 6 3
00902 Monoterpenoid biosynthesis 2 3
00903 Limonene and pinene degradation 6 2
00981 Insect hormone biosynthesis 3 1
00523 Polyketide sugar unit biosynthesis 2 1
01055 Biosynthesis of vancomycin group antibiotics 2 1
00904 Diterpenoid biosynthesis 1 1
00940 Phenylpropanoid biosynthesis 44 15
00983 Drug metabolism-other enzymes 24 7
00362 Benzoate degradation 7 6
00627 Aminobenzoate degradation 36 4
00930 Caprolactam degradation 12 4
00982 Drug metabolism- cytochrome P450 12 3
00980 Metabolism of xenobiotics by cytochrome P450 12 3
00625 Chloroalkane and chloroalkene degradation 9 3
00623 Toluene degradation 5 2
00643 Styrene degradation 2 2
00626 Naphthalene degradation 5 1
00622 Xylene degradation 2 1
00984 Steroid degradation 1 1
00642 Ethylbenzene degradation 1 1
00970 Aminoacyl-tRNA biosynthesis 3 3

(cont. on the next page)
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Table 12 (cont.)

Pathway ID Pathways #Sequences #Enzymes
04070 Phosphatidylinositol signaling system 9 8
04150 mTOR signaling pathway 2 1
04660 T cell receptor signaling pathway 16 2
04658 Th1 and Th2 cell differentiation 14 1
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Figure 9. Enzyme classification based on KEGG pathway analysis
3.5 Sulfate Metabolism

Eight differentially expressed transcripts were found to encode eight enzymes in
sulfur metabolism based on the KEGG pathway (Figure 10). Seven transcripts were
upregulated and one transcript was downregulated. In addition, adenylylsulfate
reductase (aprA, EC 1.8.99.2) and phosphoadenosine phosphosulfate reductase (cysH,
EC 1.8.4.8) were encoded by the same transcript. Therefore, their expression levels

could not be assigned and are, therefore marked with yellow in the figure.

After Se is transported into shoots, it is either stored in vacuoles or moves to
plastids for further reductive assimilation (Ramos et al. 2011). The first and rate limiting
step is the activation of selenate to adenosine 5’- phosphoselenate (APSe) by ATP
sulfurylase (or ATP:sulfate adenylyl transferase; APS)(Pilon-Smits et al. 1999, Ramos
et al. 2011, Sors, Ellis, and Salt 2005). A previous study showed that when the Aps/
gene is overexpressed in Brassica juncea, plants accumulated 1.5 to 2-fold more Se in

their shoots and reduced selenate at increased rates (Pilon-Smits et al. 1999). Also,
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plants were tolerant to Se and performed better. APS] was expressed at 4.3-fold higher
levels under selenium stress in this study as expected. The next and second rate limiting
step in selenate assimilation is the formation of selenite. In this step, APS reductase
(APR) reduces activated selenate into selenite. The expression of APRI in P. distans
was 2.3-fold higher in selenate treated plants than in the control group. The third step is
carried out by sulfite reductase (SIR) which reduces selenite to selenide. SIR had a 4.5-

fold increased expression under Se-stress in our study.

According to our findings the expression of both sulfite reductase and serine O-
acetyltransferase were upregulated, the expression of cysteine synthase was
downregulated. Upregulation of sulfite reductase causes production of excess sulfide.
The presence of excess sulfide prevents dissociation of O-acetylserine (thiol)-lyase with
serine O-acetlytransferase. Association of serine O-acetlytransferase with O-
acetylserine (thiol)-lyase reduces the activity of O-acetylserine (thiol)-lyase (Feldman-
Salit et al. 2009). Therefore, there was a decrease in the conversion of selenide/sulfide
to selenocysteine/cysteine. These results indicated that P. distans may have tried to

decrease the production of selenocysteine to keep Se away from proteins.

3.6 Cell Wall Metabolism

The cell wall is an important part of metal stress tolerance and it is required for
stress sensing and signal transduction. Lignification of cell wall is one part of this
tolerance system. Production of lignin decreases the flexibility of the cell wall.
Therefore, the cell wall become stronger and more rigid. As mentioned before, metal
stress causes water deprivation due to osmotic disturbance. Lignification helps cells to
retain water inside the cytoplasm even under low water potential because it makes the
cell wall less permeable to water. In addition, lignin is composed of various functional
groups.

Thus, it can bind keep multiple metal ions (Cu>™ Cd*", Pb*", etc.) and decreases
transport of metals into the vascular bundles (Liu, Luo, and Zheng 2018, Luisa et al.
2004). Moreover, it was shown that As (V) and Cu treatment led to upregulation of the
genes mentioned below. Upregulation of lignin biosynthesis enzymes were found to

protect plants against adverse effect of metals (Chandran et al. 2008, Ali et al. 2006).
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Figure 10.

Expression pattern of transcripts involved in sulfur metabolism (KEGG
pathway: map00920). The green and red color correspond to up- and
downregulated transcripts, respectively. The yellow color represents the
transcripts whose expression level could not be determined. Adenylyl-
sulfate reductase (EC 1.8.4.9), sulfite reductase (EC 1.8.7.1), serine O-
acetyltransferase (EC 2.3.1.30), 3'-phosphoadenosine 5'-phosphosulfate
synthase (EC 2.7.7.4and EC 2.7.1.25), thiosulfate/3-mercaptopyruvate
sulfurtransferase (EC 2.8.1.1), 3'(2"), 5'-bisphosphate nucleotidase (EC
3.1.3.7), O-acetylserine (thiol)-lyase (EC 2.5.1.47), adenylylsulfate
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reductase (EC 1.8.99.2) and phosphoadenosine phosphosulfate
reductase (EC 1.8.4.8)
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RNA Seq analysis in this study showed that Se had a positive effect on lignin
production because in addition to guaiacol peroxidase, the expression of transcripts
encoding laccase, cinnamoyl-CoA reductase (CCR), phenylalanine ammonia-lyase
(PAL), hydroxycinnamyl alchocol dehydrogenase (CAD) and 4 coumarate CoA-ligase
(4CL) were upregulated (Figure 11 and Table 13).

The results suggested that P. distans may have tolerated Se and protected itself
from the adverse of Se by trapping it in the cell wall and restricting its movement across
the cell membrane. To understand whether Se binds to cell wall or not, the selenium
content of a whole cell and protoplast can be compared. Reduction in the selenium
content in protoplasts compared to whole cell indicates that some Se is trapped in the
cell wall before it enters inside the cell. Also, cellular fractionation and electrothermal
atomic absorption spectrometry can be used to find relative contribution of Se in the cell
wall. The next step should be to find the candidate molecules that Se can interact with.
In the previous studies with yeasts, it was suggested that polysaccharides (especially

mannan) could be a good candidate molecule (Kieliszek et al. 2015).

3.7 RT-qPCR Results of Transcript Analysis

A total of 50 transcripts were chosen for the next step in this study. Among
them, 20 were eliminated because either we could not obtain any amplification from
PCR or the size of the amplicon was not the same as it should have been. RT-qPCR
were carried out with the remaining primers. However, some primers were found to
bind nonspecifically to random sequences. The remaining 12 transcripts were used for
verification of RNA-Seq analysis. The up- and downregulated transcripts are shown in
Figure 12.

Transcript 112 was found to be downregulated by 20% according to RT-qPCR.
This result is consistent with the RNA-Seq results (-20.3-fold). Transcript 112 encoded
MATE-efflux transporter which is responsible for sequestration of flavonoids from
cytoplasm to vacuoles (Eckardt 2001). Plant decreased the expression of this transporter

because it needed flavonoids in the cytoplasm to protect itself from oxidative stress.
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Figure 11. Expression pattern of transcripts involved in phenylpropanoid biosynthesis
(KEGG pathway: map00940). The green and red color correspond to up-
and  downregulated  transcripts, respectively.  Cinnamyl-alcohol
dehydrogenase (EC: 1.1.1.195), cinnamoyl-CoA reductase (EC: 1.2.1.44),
guaiacol peroxidase (EC: 1.11.1.7), trans-cinnamate 4-monooxygenase (EC:
1.14.13.11), caffeoyl-CoA O-methyltransferase (EC: 2.1.1.104), shikimate
O-hydroxycinnamoyltransferase ~ (EC:  2.3.1.133),  coniferyl-alcohol
glucosyltransferase (EC: 2.4.1.111), sinapate 1-glucosyltransferase (EC:
2.4.1.120), beta-glucosidase (EC: 3.2.1.21), coniferin beta-glucosidase (EC:
3.2.1.126), phenylalanine ammonia-lyase (EC: 4.3.1.24),
phenylalanine/tyrosine ammonia-lyase (EC: 4.3.1.25), 4-coumarate--CoA
ligase (EC: 6.2.1.12).
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Table 13. Differentially expressed transcripts and corresponding enzyme names in
phenylpropanoid biosynthesis in response to 80 uM Se treatment in P.
distans shoots. Increased expression is indicated with positive (+) and
decreased expression is indicated with negative (-) values.

Transcript Name z(l)ll:nge Enzyme Names Enzyme Code
Transcript 17899 4.4 Guaiacol peroxidase 1.11.1.7
Transcript 5701 2.3 Guaiacol peroxidase 1.11.1.7
Transcript 21544 -5.6 Guaiacol peroxidase 1.11.1.7
Transcript 517 3.6 Guaiacol peroxidase 1.11.1.7
Transcript 12213 36.8 Guaiacol peroxidase 1.11.1.7
Transcript_14010 2.8 Guaiacol peroxidase 1.11.1.7
Transcript 33513 4.9 Cinnamyl-alcohol dehydrogenase 1.1.1.195
Transcript 26093 8.7 Cinnamyl-alcohol dehydrogenase 1.1.1.195
Transcript 11687 4.4 Cinnamyl-alcohol dehydrogenase 1.1.1.195
Transcript 1326 3.6 Cinnamyl-alcohol dehydrogenase 1.1.1.195
Transcript 74757 -8.5 Serine carboxypeptidase-like 8 2.3.1.92
Transcript_ 31560 5.5 Quinate O-hydroxycinnamoyltransferase; 2.3.1.99
Transcript_19349 18.8 Quinate O-hydroxycinnamoyltransferase; 2.3.1.99
Transcript_ 6806 10.3 Cinnamoyl-CoA reductase 1.2.1.44
Transcript_26093 8.7 Cinnamoyl-CoA reductase 1.2.1.44
Transcript 33895 -3.2 Cinnamoyl-CoA reductase 1.2.1.44
Transcript 8587 2.7 Trans-cinnamate 4-monooxygenase 1.14.13.11
Transcript 12622 10.8 Coniferyl-alcohol glucosyltransferase 24.1.111
Transcript 6921 27.8 Coniferyl-alcohol glucosyltransferase 24.1.111
Transcript 6418 3.7 Coniferyl-alcohol glucosyltransferase 24.1.111
Transcript 31560 5.5 Shikimate O-hydroxycinnamoyltransferase ~ 2.3.1.133
Transcript 19349 18.8 Shikimate O-hydroxycinnamoyltransferase ~ 2.3.1.133
Transcript 41382 -23.6 Sinapate 1-glucosyltransferase 2.4.1.120
Transcript 7083 6.3 4-coumarate--CoA ligase 6.2.1.12
Transcript 10541 5.8 4-coumarate--CoA ligase 6.2.1.12
Transcript 11819 5.6 Caffeoyl-CoA O-methyltransferase 2.1.1.104
Transcript 12179 2.6 Phenylalanine ammonia-lyase 43.1.24
Transcript 3895 2.5 Phenylalanine ammonia-lyase 4.3.1.24
Transcript 3794 2.0 Phenylalanine ammonia-lyase 43.1.24
Transcript 4628 2.3 Phenylalanine ammonia-lyase 43.1.24
Transcript_ 9564 -4.2 Phenylalanine ammonia-lyase 4.3.1.24
Transcript 12179 2.6 Phenylalanine ammonia-lyase 4.3.1.25
Transcript 3895 2.5 Phenylalanine ammonia-lyase 43.1.25
Transcript 3794 2.0 Phenylalanine ammonia-lyase 4.3.1.25
Transcript 4628 23 Phenylalanine ammonia-lyase 4.3.1.25

(cont. on the next page)
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Table 13 (cont.)

Transeript Name z(l)nl:nge Enzyme Names Enzyme Code
Transcript_ 9564 -4.2 Phenylalanine ammonia-lyase 4.3.1.25
Transcript_42464 54 Coniferin beta-glucosidase 3.2.1.126
Transcript 18491 8.3 Beta-glucosidase 3.2.1.21
Transcript_42464 54 Beta-glucosidase 3.2.1.21
Transcript 22869 -2.8 Beta-glucosidase 3.2.1.21
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Figure 12. RT-qPCR results of 12 selected transcripts.

Transcript 2159 encodes the sulfate transporter 4;1 (SULTR4;1) which is
responsible for export of sulfate/selenate from vacuoles. QRT-PCR result showed that
the expression of transcript 2159 was decreased 30% in Se-treated plants compared to

control.

The expression of two transcripts involved in glutathione metabolism were
increased. Glutathione S-transferase (GST, EC 2.5.1.18) encoded by transcript 6651
increased 30% compared to control group. Similarly, increased expression (3.2-fold) of
transcript 6651 was also obtained with RNA-Seq analysis. GST has a role in the
transfer of selanate ion to glutathione to make R-S-glutathione. The chelation step of
selenate with glutathione is necessary because it helps selenate to be transported into the
vacuole through ABC transporter (a.k.a glutathione S-conjugate-transporting ATPase 4)
(Zhou et al. 2018). Here, the expression of three transcripts encoding ABCC.4 were
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found to be upregulated according to RNA-Seq analysis (Transcript 3063, 2.3-fold;
transcript 53629, 3.2-fold and transcript 33226, 6.15-fold).

Downregulation of SULTR4;1 and upregulation of GST and ABCC.4
expression indicated that the plant tended to sequester selenate inside the vacuoles to
accumulate Se (Figure 13). It may also have been a protective mechanism of P. distans

against the adverse effects of Se.

f

GSH,-Se0,?

ABCC T » GSH,-Se0,?

SeQ >
Glutathione S-
transferase vacuole

SULTR4;1 l

Se0

A 4
K Shoot Se0,* /

Figure 13. Mechanism for the selenium sequestration in vacuole. The green arrow
indicates the upregulation and red arrow indicates the downregulation of
gene expression.

Hsp70 and Hsp20 are molecular chaperones located in the cytosol. Hsp70 blocks
accumulation of proteins and directs them to fold in the correct way. Hsp20 keeps
proteins in a competent state for folding. Hsp20 also helps them to disaggregate through
the Hsp70/90 chaperone system. Therefore, Hsp20 and Hps70 work in cooperation to
protect plants from the effect of stress (Park and Seo 2015, Al-Whaibi 2011). The
expression of heat shock protein Hsp70 and Hsp20 were upregulated 31.1 and 87.4-fold,
respectively based on the RNA-Seq analysis. Based on RT-PCR, we found that the
expression of Hsp70 (transcript 29272) and Hsp20 (transcript 3369) were increased 5.8
and 1.9-fold, respectively. Thus, RT-qPCR results showed a similar trend with the
RNA-Seq results. In addition to these, 25 transcripts were found to encode heat shock
proteins and their expression was upregulated according to RNA-Seq analysis. These
findings suggested that P. distans was able to cope with the adverse effect of Se on

protein folding and disaggregation through activating the molecular chaperone systems.
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Se stress-induced ROS stimulate the same signaling pathway that is triggered in
response to pathogens. These cascades of events in the signaling pathway lead to
jasmonate (JA) production (Tamaoki, Freeman, and Pilon-Smits 2008). JA is important
for Se tolerance because JA signaling has been reported to positively regulate sulfur and
antioxidant metabolism and increase Se resistance. After jasmonate is synthesized, it is
converted to methyl-jasmonate (MeJA) by S-adenosyl-L methionine-dependent
methyltransferase (a.k.a jasmonate O-methyltransferase) (Seo et al. 2001). MeJA is a
volatile compound and shown to be constitutively present in high amount in the Se
hyperaccumulator S. pinnata (Pilon-Smits, Winkel, and Lin 2017). It can diffuse
through the membrane and act as an inter- and intracellular regulator. Therefore, it is a
good signal transducer candidate to control jasmonate responsive plant responses. In
this study, an increase in the expression of transcript 49788 (13.9-fold) encoding S-
adenosyl-L methionine-dependent methyltransferase was observed and verified with

RT-qPCR.

The elevated expression of JA biosynthesis genes encoding eight different
enzymes were also found in our transcriptome analysis (Table 14 and Figure 13). The
key enzymes of JA biosynthesis (acyl-CoA oxidase and linoleate 13S-lipoxygenase)
were two of the upregulated biosynthesis genes. Similarly, previous studies showed that
the genes encoding these enzymes were constitutively upregulated in S. pinnata
compared to non-accumulator relatives (Pilon-Smits, Winkel, and Lin 2017, Wang et al.
2018, Tamaoki, Freeman, and Pilon-Smits 2008).

Transcript 41354 encoding enzyme thiosulfate sulfurtransferase (EC: 2.8.1.1)
was upregulated by 8.9-fold. This enzyme catalyzes the conversion reaction of
thiosulfate to sulfite. Sulfite is an important component of the sulfur assimilation
metabolism. Therefore, the expression of this transcript was checked with RT-qPCR.

An increase (20%) in expression was confirmed.

In this study, it was observed that the expression of transcript 2796 encoding
thioredoxin reductase was upregulated in Se treated plants compared to control based on
both the RNA-Seq (10.56-fold) and RT-PCR (30%) results. Thioredoxin reductase
converts selenite to hydrogen selenide (Figure 14). Afterwards, hydrogen selenide is
used as a reactant to produce selenocysteine. The production of selenocysteine is
identical to that of cysteine. Therefore, the same enzymes including O-acetylserine

(thiol)-lyase are used in the reaction (Pilon-Smits, Winkel, and Lin 2017).
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Figure 14. Expression pattern of transcripts involved in alpha-linolenic acid metabolism
(KEGG pathway: map00592). The green and red color correspond to up- and
downregulated transcripts, respectively. Alcohol dehydrogenase (EC 1.1.1.1),
12-oxophytodienoate reductase (EC 1.3.1.42), acyl-CoA oxidase (ACX, EC
1.3.3.6), linoleate 13S-lipoxygenase (EC 1.13.11.12), S-adenosyl-L
methionine-dependent methyltransferase (EC 2.1.1.141), acetyl-CoA C-
acyltransferase (EC 2.3.1.16), phospholipase A2 (EC 3.1.1.4), enoyl-CoA
hydratase (MFP2, EC 4.2.1.17), allene-oxide cyclase (EC 5.3.99.6).
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Table 14. Differentially expressed transcripts and corresponding enzyme names in
alpha-linolenic acid metabolism pathway in response to 80 uM Se treatment
in P. distans shoots. Increased expression is indicated with positive (+) and
decreased expression is indicated with negative (-) values.

Transcript Name Fold Change Enzyme Names Enzyme Code
Transcript 37606 5.4 Alcohol dehydrogenase 1.1.1.1
Transcript 17887 4.2 Alcohol dehydrogenase 1.1.1.1
Transcript 43832 2.7 Alcohol dehydrogenase 1.1.1.1
Transcript 26093 8.7 Alcohol dehydrogenase 1.1.1.1
Transcript 10632 6.7 Alcohol dehydrogenase 1.1.1.1
Transcript_66496 9.0 12-oxophytodienoate reductase 1.3.1.42
Transcript 5211 2.4 12-oxophytodienoate reductase 1.3.1.42
Transcript 47188 -10.7 12-oxophytodienoate reductase 1.3.1.42
Transcript_9947 3.9 Acyl-CoA oxidase 1.3.3.6
Transcript 9217 3.8 Linoleate 13S-lipoxygenase 1.13.11.12
Transcript 3677 9.7 Linoleate 13S-lipoxygenase 1.13.11.12
Transcript_24068 4.5 Linoleate 13S-lipoxygenase 1.13.11.12
Transcript 49788 13.9 Jasmonate O-methyltransferase 2.1.1.141
Transcript 32756 -3.7 Acetyl-CoA C-acyltransferase 23.1.16
Transcript_3584 6.3 Phospholipase A2 3.1.14
Transcript 24219 4.4 Enoyl-CoA hydratase 4.2.1.17
Transcript 6292 2.6 Enoyl-CoA hydratase 4.2.1.17
Transcript_10663 5.8 Enoyl-CoA hydratase 4.2.1.17
Transcript_3602 2.5 Allene-oxide cyclase 5.3.99.6

As can be seen in Figure 10, the expression of the transcript encoding O-
acetylserine (thiol)-lyase was downregulated. In other words, cells tried to decrease the
production of both cysteine and selenocysteine. Although cysteine is an essential amino
acid for proteins, selenocysteine causes toxicity if it is nonspecifically incorporated into
proteins. According to the RNA-Seq results and selenocompound metabolism pathway,
here, P. distans used two additional mechanism to prevent nonspecific incorporation of
selenium into proteins. First, it reduced the attachment of selenomethionine to
selenomethionyl-tRNA (Met) by decreasing the expression of methionyl-tRNA
synthetase enzyme. Second, it decreased the expression of cystathionine gamma-lyase
to keep selenocysteine in a methylated form and so to decrease the amount of available

selenocysteine for incorporation into proteins.

52



SELENOCOMPOUND METABOLIZM |

Seleno-

ruethinnyl-
R A(Iet

- Methyl
O seleno-

44111

Dlethoyl-

(Coer) ]

Me
SE

O

thyl-
i

o« [HHE ol
selerar acid

(20 | Ow {21158} w0 Ttk
SE HOHIT

cysteinyl-

2912
O-Phospho-

Drirnethyl-
-CHlutareyl-Se-
Fmthylsefénocysteme Sleaiey
O
EZI Ldenosine
¥ 1-Methylseleno- 3'-phosphoselenate
Protein O GTK o] O N-acetyl- O
Ilethylseleno- D-galaftosaing
t
B Glutatis-  Selenodi
selenol glutathions
41 16 O spontaneous <OMbspoantaneous 1971910
Selenocysteme n Selenite Selenate
L-Seryl-
tRNEESec) O Selenn Llanine O 1 E“Il-f
phosphate
2911 R
= O (2791} 13189
L-Seleno-

L-seryl-
GiliAfSe) RN A(5ec)
71164
0 L-Sery B A Sec)

004350 35014
() Kanehisa Laboratories

Figure 15. Expression pattern of transcripts involved in selenocompound metabolism
(KEGG pathway: map00450). The green and red color correspond to up- and
downregulated transcripts, respectively. The yellow color represents the transcripts for
which expression level could not be determined. Thioredoxin reductase (NADPH) (EC
1.8.1.9), 3'-phosphoadenosine 5'-phosphosulfate synthase (EC 2.7.7.4), cystathionine
gamma-lyase (CTH; EC 4.4.1.1), methionyl-tRNA synthetase (EC 6.1.1.10).

Two RT-qPCR results did not show similar trends with the RNA-Seq results.
The expression of transcript 25145 and transcript 39773 were downregulated by 31.7
and 10.7-fold, respectively, according to RNA-Seq. However, RT-qPCR indicated that
the expression of transcript 25154 and transcript 39773 were upregulated 5.8 and 1.4-
fold. This lack of correlation between RNA-Seq and RT-qPCR may be due to the use of

different parameters in calculation and the normalization processes of each technique.
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3.8 Physiological Characterization of Selenium-Stressed P. distans

3.8.1 Chlorophyll Content

The porphyrin and chlorophyll metabolism pathway (Figure 16) is composed of
several parts: S5-aminolevulinic acid (ALA) formation, proto IX formation, heme
formation, chlorophyll formation and chlorophyll breakdown. In this study, we
analyzed chlorophyll content of Se treated P. distans plants since chlorosis is one of the
important effects of Se toxicity. According to RNA-Seq analysis, there were no
differentially expressed transcripts involved in chlorophyll degradation. However, three
transcripts  (transcript 1562, transcript 9089, transcript 9144) playing roles in
chlorophyll synthesis were found to be downregulated (Table 15). This indicated that

chlorosis was attributable to a decrease in chlorophyll biosynthesis.

Table 15. Differentially expressed transcripts and corresponding enzyme names in
porphyrin and chlorophyll metabolism pathway in response to 80 uM Se
treatment in P. distans shoots. Increased expression is indicated with
positive (+) and decreased expression is indicated with negative (-) values.

Transcript Fold

Name Change Enzyme Names Enzyme Code
Magnesium-protoporphyrin IX monomethyl

Transcript 1562  -2.1 ester (oxidative) cyclase 1.14.13.81

Transcript 9144 -2.6 Chlorophyllide a oxygenase 1.14.13.122

Transcript 3500 -3.1 Glutamyl-tRNA reductase 1.2.1.70

Transcript 11804 -3.4 Glucuronosyltransferase 24.1.17

Transcript 4222 3.6 Glucuronosyltransferase 24.1.17

Transcript 9089 -3.2 Magnesium chelatase subunit H 6.6.1.1

Transcript 57445 -3.7 Glutamyl-tRNA synthetase 6.1.1.17

The chlorophyll a, b and total chlorophyll contents of control and stress groups
were determined to confirm RNA-Seq results. The chlorophyll a, b and the total
chlorophyll contents amount of the plants were decreased (Figure 15) was verified. This

also confirmed that plants were under Se stress.
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Figure 16. Measurement of chlorophyll a (A), chlorophyll b (B) and total chlorophyll
(C) content of control and 80 uM selenium treated P. distans plants. The data
represent the mean = SD (p<0.0001) values of three replicates (paired student
t-test). Asterisks (*) indicate significant differences.

In general, a decrease in chlorophyll could be explained by the S-deficiency
response induced by selenate (Schiavon et al. 2017). Low levels of S can cause an
alteration in carbon and nitrogen metabolism in plants. One consequence of inadequate
carbon and nitrogen levels is the decrease in chlorophyll content (Lunde et al. 2008).
More specifically, the observed decrease in chlorophyll a amount was caused by the
reduced expression of two transcripts: transcript 9089 and transcript 1562 (Table 15).
These encode magnesium chelatase subunit H and magnesium-protoporphyrin IX
monomethyl ester (oxidative) cyclase enzymes, respectively. These enzymes carry out
the consecutive steps of chlorophyll a synthesis from protoporphyrin IX. Synthesis of
chlorophyll a is an important step because it is the precursor of chlorophyll b. The
enzyme responsible for this reaction is chlorophyllide a oxygenase. In this study, the
transcript encoding chlorophyllide a oxygenase was found to be downregulated by 2.6

fold. This could explain the observed decrease in chlorophyll b in P. distans.
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Figure 17. Expression pattern of transcripts involved in porphyrin and chlorophyll
metabolism (KEGG pathway: map00860). The red color corresponds to
downregulated transcripts. The yellow color represents the transcripts for
which expression level could not be determined. Magnesium-
protoporphyrin IX monomethyl ester (oxidative) cyclase (EC 1.14.13.82),
chlorophyllide a oxygenase (EC 1.14.13.122), glutamyl-tRNA reductase
(EC 1.2.1.70), glucuronosyltransferase (EC 2.4.1.17), glutamyl-tRNA
synthetase (EC 6.1.1.17), magnesium chelatase (EC 6.6.1.1).



3.8.2 Antioxidant and Redox Capacity

ROS is the main component of oxidative stress signaling. These molecules are
continuously produced in plant cells as by-products of metabolic reactions and in excess
under metal stress. ROS are generated in certain locations in the cell: plasma membrane,
mitochondria, nucleus, chloroplast and cell wall (Gill and Tuteja 2010). ROS may affect
important macromolecules including lipids, proteins and nucleic acids negatively.
However, plants have defense mechanisms (both enzymatic and non-enzymatic) to
protect themselves against oxidative agents (Gajewska and Sklodowska 2007).
Selenium has a positive effect on the amount and the activity of the antioxidant
enzymes and metabolites. Therefore, changes in the expression and the activity of

antioxidant system in P. distans are discussed here.

Glutathione (GSH) is a non-enzymatic antioxidant with various fundamental
functions such as detoxification and redox homeostasis. It is also linked to responses in
oxidative stress signaling and acts as an antioxidant barrier. It reduces ROS and is
oxidized to glutathione disulfide (GSSG). This mechanism protects sensitive parts of
the cell against damaging effects of ROS (Bela et al. 2015). Therefore, GSH is an
indispensable part of the plant’s defense system in response to metal ions. At the end of
each reaction, however, GSSG should be recycled to GSH. This reaction is carried out

by glutathione reductase (GR).
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Figure 18. Measurement of GR activity of control and 80 uM selenium treated P.
distans plants. The data represent the mean = SD (p<0.001) values of three
replicates (paired student t-test). Asterisks (*) indicate significant differences.
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In this study, Se treatment led to upregulation of transcript 8650 and
transcript 6816 expression encoding GR by 2.52 and 5.51-fold. This RNA-Seq analysis
result was verified by both RT-qPCR and GR enzyme assay. According to RT-qPCR
results, transcript 6816 was expressed 3.9 times more in Se-treated plants compared to
control group. In addition, the activity of GR in Se treated plants were found to be
almost 2 times more than in the control based on the enzyme activity assay (Figure 17).

These results confirmed that Se treatment caused upregulation of GR expression.

Transcription of several antioxidant enzymes including glutathione reductase
(EC 1.8.1.7), catalase (EC 1.11.1.6), glutathione peroxidase (EC:1.11.1.9), superoxide
dismutase (EC 1.15.1.1), glutathione S-transferase (EC 2.5.1.18) were also upregulated
(Table 16 and Figure 18). Similarly, in previous studies, the expressions of these
antioxidant enzymes were upregulated in Se treated plants compared to control. In the
same studies, they also observed that the expression of these enzymes was higher in Se
hyperaccumulator plants compared to non-accumulators when plants were treated with
selenate (Freeman et al. 2010, Wang et al. 2018). Although most of the antioxidant
enzymes were upregulated in Se-treated P. distans, the expression of ascorbate
peroxidase (EC:1.11.1.11) was downregulated. However, overall, increased expression
and activity of antioxidant enzymes enhance the capacity of P. distans to cope with the

Se stress through relief of oxidative stress.

Another antioxidant enzyme involved in ROS elimination is guaiacol peroxidase
(POD, EC 1.11.1.7). It is also a key enzyme in the biosynthesis of lignin which is the
structural component of the secondary cell wall. Guaiacol peroxidase takes part in the
cross-linking of monolignols (coniferyl and sinopyl alcohol) to produce guaiacyl and
syringyl lignin. Here, Se treatment caused the upregulation of transcripts encoding POD
(Table 16). To verity RNA-Seq results, the enzyme activity of POD was measured. The
activity of POD in Se treated plants and control groups were found to be almost the

same (Figure 19).

The protein activity assay did not show a similar trend as the quantitative
transcriptome data. This may have been due to the fact that the presence of more mRNA
does not always mean that mRNAs will get translated into proteins since translation can
be regulated at different levels. The disparity between enzyme activity and mRNA may

have also linked to several other biological factors (ex. codon bias, protein half-lives
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and, regulatory proteins and sRNAs) and some methodological constraints (Maier,

Guell, and Serrano 2009, Glanemann et al. 2003).
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Figure 19. Expression pattern of transcripts involved in glutathione metabolism (KEGG
pathway: map00480). The green and red color correspond to up- and
downregulated transcripts, respectively. The yellow color represents the
determined.
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Table 16. Differentially expressed transcripts and corresponding enzyme names which
are responsible for antioxidant scavenging in response to 80 uM Se treatment
in P. distans shoots. Increased expression is indicated with positive (+) and
decreased expression is indicated with negative (-) values.

Transcript Name Fold Change Enzyme Names Enzyme Code
Transcript_8650 2.5 Glutathione reductase 1.8.1.7
Transcript 6816 5.5 Glutathione reductase 1.8.1.7
Transcript_15998 23 Catalase 1.11.1.6
Transcript 2547 2.6 Catalase 1.11.1.6
Transcript 17889 4.4 Guaiacol peroxidase 1.11.1.7
Transcript 5701 2.3 Guaiacol peroxidase 1.11.1.7
Transcript 517 3.6 Guaiacol peroxidase 1.11.1.7
Transcript 12213 36.8 Guaiacol peroxidase 1.11.1.7
Transcript_14010 2.8 Guaiacol peroxidase 1.11.1.7
Transcript 1570 2.6 Glutathione peroxidase 1.11.1.9
Transcript 1873 4.4 Glutathione peroxidase 1.11.1.9
Transcript 875 6.8 Glutathione peroxidase 1.11.1.9
Transcript 16187 -3.4 Ascorbate peroxidase [.11.1.11
Transcript_51844 -2.0 Ascorbate peroxidase 1.11.1.11
Transcript 3601 2.6 Superoxide dismutase 1.15.1.1
Transcript_6651 32 Glutathione S-transferase 2.5.1.18
Transcript_9391 3.9 Glutathione S-transferase 2.5.1.18
Transcript 1873 4.4 Glutathione S-transferase 2.5.1.18
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Figure 20. Measurement of POD activity of control and 80 uM selenium treated P.

distans plants. The data represent the mean + SD values of three replicates.
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CHAPTER 4

CONCLUSION

P. distans is known to hyperaccumulate boron and tolerate high salt
concentrations. Here, Se accumulation capacity of P. distans was determined. The
results showed that it can accumulate more than 100 mg Se kg ' dry weight (DW) in its
shoots when it was treated with 80 uM. Also, the Se tolerance and accumulation
mechanism of P. distans was investigated and a model was proposed for these.
According this model, after Se was taken up by the plant, some Se may have been
trapped in the cell wall and its movement restricted across the cell membrane.
Meanwhile, Se may have triggered the production of ROS in the plant. Se stress
induced ROS production may have led to JA production. In this study, the expression of
genes in the sulfate/selenate and antioxidant metabolisms were found to be upregulated.
Therefore, we suggested that the increased activities of these pathways may been due to
the positive effect of JA signaling on the stress response genes (antioxidant and

defence) and Se/S assimilation genes.

P. distans was suggested to use two pathways (sulfate and selenocompound) and
three strategies to prevent nonspecific incorporation of selenocysteine and
selenomethionine into proteins to protect itself against the adverse effect of Se. First, it
decreased the production of selenocysteine downregulating the expression of O-
acetylserine (thiol)-lyase. Second, it kept selenocysteine in a methylated form,
decreasing the expression of cystathione gamma-lyase. Third, it reduced the attachment
of selenomethionine to selenomethionyl-tRNA (Met) to keep selenomethione away

from proteins.

P. distans was also shown to use the antioxidant system as a protection
mechanism. Antioxidant enzymes protect plants against oxidative stress. Here, most of
the antioxidant enzymes were upregulated. This suggested that P. distans was able to
cope with Se stress through relief of oxidative stress. This study also showed that P.
distans activated the molecular chaperone system by upregulating the expression of heat
shock proteins to prevent aggregation of misfolded proteins due to nonspecific

incorporation of Se into proteins and activity of ROS.
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Finally, P. distans was found to increase the expression of glutathione S
transferase and ABC transporter while downregulating the expression of SULTR4;1.
These results suggested that P. distans tended to sequester selenate inside the vacuole to

accumulate Se.

Overall, discovery of new metal/metalloid accumulator plants is of great
importance because they help us to understand metal homeostasis and detoxification
mechanisms in plants. In this study, P. distans was found to be a novel Se accumulator.
It appears that P. distans may have an even greater capacity to accumulate Se because
the 120 puM Se application did not lead to any major phenotypic changes in the plant.
Thus, the species may actually be a hyperaccumulator, but this must be tested in future
studies that use even higher concentrations of Se in order to determine the limit of P.
distans tolerance and accumulation. Also, further studies should be performed to
determine the localization, distribution and chemical speciation of Se in shoot. The
effect of different Se concentration on the abundance and/or activity of sulfate
transporters could also be an interesting research topic. In addition, understanding of the
selenium tolerance mechanism better in P. distans could pave a path to exploit plants

for phytoremediation and biofortification in the future.
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