DOCTORATE IN ENGINEERING AND

Pontificia Universidad

. >Q JAVERIANA APPLIED SCIENCES
' Faculty of Engineering and Sciences

DNA Methylation Patterns
Associated with Aluminum
Tolerance in Cultivated and Wild
Rice Species

Jenny Johana Gallo Franco

Advisor: Mauricio Alberto Quimbaya Dissertation presented in partial
Co-Advisor: Thaura Ghneim Herrera fulfillment of the requirements for the
Assessor: Fabian Tobar Tosse degree of Doctorate in Engineering and

Applied Sciences

Calj, Valle del Cauca, Colombia
May 2023



Dedicated to my parents, my brother and my boyfriend
for all their love and unconditional support in every step

of this challenging adventure



Acknowledgements

This doctoral dissertation is the result of the collaborative work of a wonderful team of
people who have been by my side in one way or another.

First, I would like to express my sincere gratitude to Professor Mauricio Quimbaya, who
believed in me from the very beginning and became not only my academic guide but also a
mentor for my personal development. Thank you, Professor Mauricio, for your unwavering
support, guidance, motivation, and inspiration. It was a great honor to have you as my
director.

[ would also like to thank Professor Fabian Tobar, who has taught me a lot and has always
been there for me whenever [ needed guidance, motivation, or simply a piece of advice. I
learned a lot from you, thank you.

[ want to thank Professor Thaura Ghneim whose support from the beginning has provided
me with the academic and personal tools necessary to navigate my path and become better
every day. Thank you for being a woman of inspiration for me.

[ would also like to express my immense gratitude to the Universidad Javeriana Cali and the
Omicas program financed by the World Bank, the Ministry of Science, Technology and
Innovation, the Colombian Ministry of Education, the Colombian Ministry of Industry and
Tourism and ICETEX for financing my doctoral training. I extend my thanks to all the
members of the Omicas program, especially Leidi Rojas, Janeth Rodriguez, Mabren Camayo
and Alejandra Catafio for their support in making this project possible. I want to acknowledge
the doctoral program in engineering and applied sciences under the leadership of Professor
Andres Jaramillo for the continuous support provided throughout my academic journey, and
to Andrea Ramirez for guiding me every step of the way towards the completion of this goal.

[ am grateful to the plant physiology group at Universidad Icesi for their experimental and
emotional support, with special appreciation to Juliana Chaura and Vannesa Reyes for their
teachings. Furthermore, I am immensely grateful to Dr. Frank Johannes for welcoming me
into his research group. It has been an honor for me to work and learn from you and all your
team, including Rashmi Hazarika, loanna Kakoulidou, Robert Piecyk, Luca Schlegel and Zhilin
Zhang. [ am left with great learning, many stories and experiences and new friends.

[ thank my friends and doctoral colleagues, Miguel Romero, Camila Riccio, Christian Sossa,
Nicolas Lopez, Carolina Saavedra, Gustavo Lara, David Jimenez and Carolina Clavijo for their
unwavering support and all that each of you taught me. Thank you for being incredible
friends in this journey, creating unforgettable memories and experiences. Likewise, thanks
to my friends and colleagues at iOmicas for being part of this process in various ways and

3



enriching my journey in every conversation or discussion. [ also want to thank my students
[sabella Zuluaga, Ana Maria Restrepo, Sebastian Zapata and Juan Pablo Gutierrez who
actively contributed to this process and taught me so much.

Last, but certainly not least, [ want to extend my deepest thanks my parents Jenny Franco and
Jhon Jairo Gallo, and my brother, Jhon Alexander Gallo, for their love, for always believing in
me, for being my unconditional support and my inspiration to accomplish every goal in my
life. To my life partner, Mauricio Pefiuela, thanks for his love, unconditional support and for
being always there to encourage me and accompany me in the most challenging moments.



Contents

LiSt Of aDDreviations...........ccooiiiiiiii ettt e b e s 8
ADSETACE ... ettt ettt b e e bt s bt e s bt e st e e et e e s be e s be e e be e e be e sbe e ebee s beenateas 9
LT 11 11 T<) « OO EOTPO PP PPPROP 10
LISEOF FIGUIES ..ottt s b e b e b e e b e bt e b e et et e et e satesatesatesaeas 11
LIST Of TADIES ..ottt et e e sttt e sa b e e s it e e sbeeesaseesaeeesaeeenaseesaneas 15
L INEFOAUCEION....c...eiiiiiii e ettt et e a et e s at e e sat e e s abe e sabeesabeesabeesabeesabeesabeanas 16
1.1. Research Hypothesis ... 20
1.2. GeNEral ODJECTIVE.........cccooiiiiiiiiiee e e e s saaee e s eaees 20
1.3. SPECIHIC ODJECTIVES ........ooiiiiiiiiiiie et s s sbe e e 20
1.4. Document QULIINE. ..ot s 21
2. Epigenetic Control of Plant Response to Heavy Metal Stress: A New Window to Explain
Aluminum TOIETAINCE .........c..cooiiiiiiiiiie et sttt b e b et e b e b et e e beeare e 23
(01 -1 0112 g 1111011 ) o) 2 OO SRTOPPP 24
21 Genetic Mechanisms Underlying Aluminum Tolerance................ccccccooiviiiiiinennne. 25
2.2 Epigenetic Mechanisms in Plants..............c..cocoiiiiiiiiiiii e, 28
2.3 Epigenetic Regulation of Plant Stress Response ..............cccccoovvvvvviiviiinincneecneeenne, 28
2.4 Epigenetic Mechanisms Involved in Heavy Metal ToXicCity...........c.cccoceneenienennenne 30
2.5 Epigenetic Mechanism Involved in Aluminum ToXicCity ..........c..ccccooviniiiiiinnnne. 32
2.6 DNA Methylation as a Regulatory Factor in Plant Responses to Aluminum
Stress: Rice @S @ STUAY CASE .......oc.eoiiiiiiiiiiieieeeee ettt et et 33
Concluding REMATKS ..........cocoiiiiiiii e e 35
3. Whole-Genome DNA Methylation Patterns of Oryza sativa and Oryza glumaepatula
Associated with Aluminum Tolerance Under Control Conditions...............cccecveviniinnennee. 37
(01 E:1 0102 Y 1111011 1 o) PO STOUPT U P O USRTOPP 38
3.1 INEFOAUCEION ..ottt sttt e be e e 39
3.2 Materials and Methods ..............cociiiiiiiiiiiii e 40
3.2.1 Plant Material and Genomic DNA eXEracCtion ..........eneeneenneesseessneessssessessssessnees 40
3.2.2  Whole-Genome Bisulfite Sequencing (WGBS)...........ccooeremereeseessessssssssesesnns 40
3.2.3 Data Filtering, Read Alignment, and General StatiStics .........ccoomnmennecnnecennecensecnna. 41
3.2.4  Analysis of DNA Methylation Landscape Between Rice Species.........cooenernneennne. 41

5



3.2.5 Methylation Patterns in Relation to Genes and TES.........ccoonnnnnennsesns 41
3.2.6 Identification of Differentially Methylated Regions (DMRs) Between Rice
SPECIES ...t 42
3.3 RESUIES ..o e 43
3.3.1 Genome-Wide DNA Methylation Patterns in Cultivated and Wild Rice Genotypes
............................................................................................................................................................................... 43
3.3.2 DNA Methylation Profiles of TES In RiCe ... seeesesssesssessseesas 44
3.3.3 Differential Methylation Patterns Between Cultivated and Wild Rice Genotypes.
............................................................................................................................................................................... 47
3.34 Differential Methylation Patterns Associated with Al-Tolerance: A Comparison
Between Wild and Cultivated RiCe. .............cnenincssesesnsssssssssssssssssssssssssssssssssesns 48
3.4 DISCUSSION ..ottt e e 51
Concluding REMATKS ..........cocoiiiiiiiiiie ettt ettt b e bbb e 54

4. Transcriptional Analysis in Wild and Cultivated Rice Genotypes Reveals Core Genes and

Mechanisms Associated with Aluminum Tolerance ...............cccccooiiiiiiiniiiiin e 56
(01 -1 0112 g 1110011 ) o 2P SRRPP 57
4.1 INEFOAUCEION ..ot ettt s ae e s be e e 58
4.2 Materials and Methods .............cccooiiiiiiiiiii e e 59

4.2.1 Plant material and Al treatment ... sssssesssasens 59
4.2.2 Transcriptomic ANALYSIS ... sesess s s ss s sessssesses s s sssnees 60
4.2.3 FUNCioNal ANALYSIS ..ottt ss s s sesss s ssssssss s s s ss s s s s ss s 60
4.3 RESUIES ...ttt sttt st sbe bt e b et 61
4.3.1 Transcriptome ANALYSIS...... st ss s sssss s sss s ssnees 61
4.3.2 Differentially Expressed Genes (DEGs) Identified for All the Analyzed Genotypes
............................................................................................................................................................................... 61

4.3.3 Comparison of DEGs between Cultivated and Wild-rice Genotypes........cccoccounueunne. 63
4.3.4 Comparative Functional ENrichment............ceeeessssssssssssessssssssesesans 66
4.3.5 Genes Previously Associated with Al Stress in Rice.........n. 67
4.4 DIESCUSSION ...t e s e s e s sare e e e sareee s sanees 70
Concluding REMATKS ..........c.oooiiiiiiiii ettt s sae e saee e saee s 75

5. DNA Methylation Changes Associated with Gene Expression in Cultivated (Oryza sativa)
and Wild Rice (Oryza glumaepatula) Genotypes Exposed to Aluminum Stress Conditions 77

(00T 01 2 g 1 100 10 F: ) ST 78
5.1 INEFOAUCEHION ..ottt st sttt see e 79
5.2 Materials and Methods .............cccoviiiiiiiiiiiiiiec e s 80

5.2.1 Plant Material and Al treatment ... 80



5.2.2 Whole-Genome Bisulfite Sequencing (WGBS), Read Alignment, and Data

L0 00] 010z U0 0] 4 TP 80
5.2.3 Genome-Wide Methylation Patterns ... sssssssssessssssssesesans 81
5.2.4  ldentification of Differentially Methylated Regions (DMRs) and Differentially
Methylated Senes (DMGS).......coeereereessessseessessssssssssssessssesssess s sssssssssssssasassssassssesssssesas 81
5.2.5 Functional Enrichment ANAlLYSis ... eeeessssessssssssssssssssssssssssssssssssssssssssssssnees 81
5.3 RESUIES ..ottt ettt st st bt e bt e bt 82
5.3.2  Al-exposure Alters DNA Methylation Patterns of Genes in Rice..........cccconrenreennn. 85
5.3.3 Correlation Between DNA Methylation and Gene Expression Under Al-Stress
CONAITIONS ...t ces e ees st s e e R R R 88
5.3.4 Al exposure Alters Expression of Genes Related to DNA Methylation..................... 91
5.4 DISCUSSION .....couiiiiiitieieee ettt ettt et et st st saa e satesbeesbeesbeesbeens 94
Concluding REMATKS ..........ccooviiiiiiiiiii ettt sabe e saae e saeeennseesanees 99

6. Methylation in the CHH Context Allows to Predict Recombination in Rice: Another

Function of DNA Methylation in RiCe .............cccooiiiiiiiniiiii e 100
Chapter SUINMATY .......oocoiiiiiiiieiieee ettt ettt saeesbe e sbee s bt e s beesbe e bt e bt enbe e beeabesabesanesanens 101
6.1 INEFOAUCEION ..ot sttt s bbb s 102
6.2 Materials and Methods .............cccooiiiiiiiiiiii e 103

6.2.1 ReCcOMDBINAtiON RAES ..ottt sssssssssssss s s sssss s ssssssssssssssssssssssens 103
6.2.2 Plant Material and Growth Conditions for Methylation Experiment...................... 104
6.2.3 Whole-Genome Bisulfite Sequencing and Data Analysis..........cconenmenmeennecenneeennees 104
6.2.4 Comparison between Recombination Rates and Methylation Patterns............... 104
6.2.5  Functional EVAlUATION ... sessssssssessssssessssssssssessssssssssssssssssesssssssssssssssns 105
6.2.6  Machine Learning MOAEIING ... sssssssssssssssssssesssssssssssans 105

6.3 Results and DiSCUSSION ...........cocciiiiiiiiiiiiiie et 105
Concluding REMATKS .........ccc.ooiiiiiii ettt sbe e e sae e e saee e 114
7. Conclusion and FUuture WOTK ..ottt 115
7.1 COMCIUSION.....coeiiiiiiiiiiee ettt ettt st esbeesbeesbeeees 115
7.2 FURUI@ WOTK......ooiiiiiii et st 117
REFEIEIICES ...ttt et b e bt e e bt e e bt e e bt e e bt e e abee e ebeeebeeaabeeesbeeenbeeanns 118
LiSt Of PUDLICATIONS ...ttt st sttt e st sane e 136
Supplementary FIGUIES.............cooiiiiiiiii ettt ettt et sttt et st saee e 137



List of abbreviations

Al: Aluminum

DEG: Differentially Expressed Gene

DMG-DEGs: Differentially methylated and Differentially Expressed Gene
DMG: Differentially Methylated Gene

DMR: Differentially Methylated Region

gbM: Genebody Methylated

HM: Heavy Metals

mCs: Methylated Cytosines

NDM-DEGs: Non-Differentially Methylated but Differentially Expressed Genes
OA: Organic Acids

PCC: Pearson Correlation Coefficient

ROS: Reactive Oxygen Species

teM: TE-like Methylated

TEs: Transposable Elements

UM: Unmethylated

WGBS: Whole Genome Bisulfite Sequencing



Abstract

Plants are sessile organisms that constantly face stressful biotic and abiotic conditions,
which they must overcome to survive. To combat these challenges, plants have developed
diverse strategies involving genetic, molecular, and physiological approaches. Recently, the
role of epigenetics in plant stress response has gained significant attention. Epigenetic
modifications, including alterations to DNA or histone proteins, can affect gene expression
in a potentially stable and heritable manner without affecting DNA composition. Although
there have been several studies investigating the role of epigenetics in plant stress
response, significant knowledge gaps still exist, with most studies focusing on a limited
number of species or specific stress conditions. This doctoral dissertation studies the role
of DNA methylation, one of the most studied epigenetic mechanisms, in relation to
aluminum stress tolerance levels in rice plants. The research addresses the proposed
problem through several approaches: (i) Examination of pre-existing epigenetic marks in
tolerant and susceptible genotypes of Oryza sativa and Oryza glumaepatula, as well as DNA
methylation changes generated in response to Al exposure (ii) Evaluation of differential
expression of aluminum stress response genes; and (ii) correlation of the gene expression
patterns with changes in DNA methylation levels in response to stress. Presentation of
evidence highlighting the significance of epigenetics as a key regulatory factor in aluminum
stress response, along with a group of potentially epigenetically regulated genes involved
in aluminum tolerance. These findings lay the bases for a better understanding of
epigenetics as a crucial determinant in plant response to abiotic stresses, while also raising
new questions and challenges for future research in the scientific field.



Resumen

Las plantas son organismos sésiles que se enfrentan constantemente a condiciones bidticas
y abidticas estresantes que deben combatir para poder sobrevivir. Para ello, han
desarrollado diversas estrategias que involucran enfoques genéticos, moleculares y
fisiolégicos. Recientemente, ha surgido un gran interés en el estudio del papel de la
epigenética en la respuesta de las plantas a las condiciones de estrés. Las modificaciones
epigenéticas, que incluyen alteraciones en el ADN o proteinas histonas, pueden afectar la
expresion de los genes de manera potencialmente estable y heredable, sin afectar la
composicion del ADN. Aunque existen diversos estudios del papel de la epigenética en la
respuesta a estrés por parte de las plantas, atin existen grandes vacios alrededor del tema
con la mayoria de los estudios enfocados en algunas especies o en condiciones de estrés
especificas. Esta disertacion doctoral estudia el papel de la metilacién del ADN, uno de los
mecanismos epigenéticos mas estudiados, en relacidn con los niveles de tolerancia a estrés
por aluminio en plantas de arroz. Esta investigacién aborda el problema propuesto a través
de varios enfoques: (i) evaluaciéon de marcas epigenéticas preexistentes en genotipos
tolerantes y susceptibles de Oryza sativa y Oryza glumaepatula, asi como cambios en la
metilacion del ADN generados en respuesta a la exposicién al Al (ii) Evaluacion de la
expresion diferencial de genes de respuesta al estrés por aluminio; y (ii) correlacion de los
patrones de expresion génica con los cambios en los niveles de metilaciéon del ADN en
respuesta al estrés. Los resultados de este estudio representan bases fundamentales para
el entendimiento de la epigenética como un factor clave en la respuesta de las plantas a
estrés por condiciones abidticas. A partir de estos resultados también se plantean nuevo
interrogantes y retos para futuras investigaciones en el campo cientifico.
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Chapter 1

Introduction

Rice is considered the main staple food for more than half of the world's population and
the second most important cereal crop in the world. The Oryza genus comprises 24
species, but most of the world's rice falls into the Oryza Sativa (L.) classification. This
species, along with Oryza glaberrima (Steudel) are the two cultivated species of rice
(Pegoraro etal, 2018). In addition to its importance in human nutrition, rice has been
considered a model organism due to its distinction as the second plant and the first
cultivated species to have its genome sequenced. The sequencing of the rice genome had
a great impact on rice genetics and plant breeding research, especially because it could be
used as a model for other cereal crops with larger genomes, such as maize and wheat (
Jackson, 2016).

The constant growth of the human population implies an increase in the demand
for rice to supply nutritional needs. Currently, rice crops have a cultivated area of
approximately 167 million hectares, with an increment of 5.55 million hectares between
2010 and 2017 period (Food and Agriculture Organization of the United Nations, 2020;
Figure 1.1A). However, there is still a need to increase rice production by 50% by 2050 to
feed the growing population (Lin, etal, 2019). Among the challenges that must be
overcome in rice productivity is the impact of biotic and abiotic stresses that cause ~30%
and ~50% yield losses worldwide respectively (Fahad etal.,, 2019). So far, different
breeding strategies have been applied to increase the tolerance of rice crops to adverse
conditions. One effective strategy to enhance rice crop tolerance is the study of wild
genotypes which possess greater adaptability to adverse conditions and a diverse gene
pool that can be transferred to cultivated varieties. Among the valuable genetic resources
for rice breeding, wild species within the Oryza genus play a crucial role. Particularly,
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Oryza glumaepatula, the only diploid (2n= 24) species native to South America, offers
significant potential as a source of genetic diversity for rice breeding programs in the
region, given its adaptation to local edaphoclimatic conditions (Fuchs et al., 2016).

TiSes N ~ 3 g —— ——
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Figure 1.1. Worldwide distribution of acidic soils and rice crop areas (1 km? resolution). A.
Worldwide rice crop area coverage (pixel probability > 0) (N. D. Jackson et al., 2019). B. Areas with
a weighted averaged soil pH (0-30 cm) less than or equal to 5.5 (acidic soils) using data extracted
from Soil grids (Hengl et al,, 2017).

Among the most important abiotic stresses affecting rice production are drought,
salinity, temperature, and heavy metals (HM). Although there have been substantial
advances in increasing the resistance of current varieties to stressful conditions, there is
still a very wide range of stresses affecting agricultural production (Zhu, 2016).

HMs are elements with densities above 5g/cm3 that belong to the Earth’s crust
natural components. High concentrations of HMs can generate cytotoxic, genotoxic, and
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mutagenic effects in living organisms. Under physiological conditions, HMs can be divided
into two groups: (i). Essential elements that are necessary for plant growth being
structural blocks in proteins with an enzymatic function, such as iron (Fe), manganese
(Mn), zinc (Zn), magnesium (Mg), molybdenum (Mo), and copper (Cu), and (ii). Non-
essential elements like cadmium (Cd), chromium (Cr), lead (Pb), aluminum (Al), and
selenium (Se). While essential elements are necessary for plants in small amounts, high
concentrations of both types of elements can lead to inhibition of plant growth and
development (Rascio & Navari-Izzo, 2011).

HMs exert a significant impact for plants on acid soils, caused by the excess of
cationic species such as magnesium (Mg?2+), calcium (Ca2+), phosphorus (P), sodium (Na*)
and aluminum (AI3*) which in turn, affect plant physiological responses leading to crop
yield losses for breeders and farmers (Fryzova et al., 2017; Samac & Tesfaye, 2003). Acid
soils represent nearly 30% of worldwide arable land, with 13% of staple crops cultivated
in these areas. These types of soils classified as ultisols or oxisols are characterized by a
pH lower than 5.5 (Bojérquez-Quintal et al., 2017; Rahman et al., 2018). In South America,
acid soils constitute 33.3% of the land, with Brazil having the largest area (70.8%),
followed by Colombia (8.3%), Peru (6.9%), Venezuela (6.4%), and Bolivia (4.9%) (Figure
1.1B) (Cochrane, 1979). In the specific case of rice, the prevalence of acid soils poses a
significant challenge due to the substantial overlap between acid soil distribution and rice
cultivation areas (Figure 1.1).

Al toxicity on acid soils has been reported as one of the major factors limiting crop
production, and becoming worse due to current fertilization practices, pasture
management, and climate change (Kochian et al., 2015; Zheng, 2010). Normally, Al is found
in the form of aluminosilicates and Al oxides, which do not affect organisms. However,
when Al hydrolyzes water molecules, it forms Al hydroxide, which is toxic to living
organisms. The toxic effect of different forms of Al (speciation) on plant growth decreases
in the following order: Al, Al(OH)?*, Al(OH)2* and Al(OH)4". The most common form of Al
found in acidic soils is trivalent aluminum (Al3+), which has the most significant impact on
plant growth. Conversely, Al that is precipitated or chelated with organic compounds is
not toxic to plants (Bojorquez-Quintal et al.,, 2017). When plants are exposed to Al3* ions,
damage to root apices occurs within a matter of minutes, with the distal zone being
particularly affected, especially the last 2 to 3 mm of the root tips. The Al3* ions enter the
cell causing a decrease and/or cessation of cell growth by inhibiting the development of
the cytoskeleton. Additionally, these molecules bind to DNA molecules, affecting their
compaction and inhibiting DNA replication. Consequently, radical growth is slowed, and
various types of serious cellular disorders are generated, including oxidative stress, low
nutrient assimilation, and reduced water uptake (Kochian et al., 2004).
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There are various methods for partially amending acid soils, such as applying
calcareous compounds or mixing the soil with leaf litter. However, these practices only
correct the pH of a thin layer of the surface soil and are limited in time, offering only partial
solutions. In addition, soil amendment can increase production costs, making it
impractical for producers in the most affected regions. Additionally, these methods can
lead to soil salinization, creating yet another abiotic stress condition (Whitten et al., 2000).
A more promising solution involves searching for plants that have adaptations to acid soils
and are tolerant of the predominant stress conditions. These plants can be used in genetic
improvement programs by introgression of genes associated with tolerance using
molecular markers or incorporating the same genes through transgenic techniques. From
a different perspective, it is crucial to comprehend the underlying of tolerance exhibited
by tolerant varieties or species. This understanding can guide breeding programs through
various strategies, including genetic editing, among others.

Staple food crops such as maize, wheat, sorghum, and rice have been extensively
studied to unravel the functional mechanism involved in Al tolerance (Famoso etal,
2010). Significant progress has been made in the past decade, shedding light on the
genomic and transcriptomic mechanisms underlying heavy metal (HM) tolerance. Rice, in
particular, has served as a valuable model due to its notable tolerance to Al toxicity
(Famoso etal., 2010; Mustafa & Komatsu, 2016). It has been proposed that rice has a
complex response to Al stress, involving a wide range of strategies and a diversity of genes
(Famoso et al,, 2011; Zhang, et al,, 2019). However, despite these advancements, several
gaps in the understanding persist.

In addition, epigenetics has become a key actor of plant stress response, exerting a
strong influence on gene expression and phenotype. However, there is a lack of studies
investigating epigenetic mechanisms involved in rice Al tolerance (Chang etal., 2020;
Sudan etal, 2018). Understanding the epigenetic factors underlying rice's ability to
tolerate Al stress can provide invaluable insights into the regulatory mechanisms at play
and unlock new avenues for enhancing Al tolerance in rice breeding programs. Likewise,
there exist an urgent need for a comprehensive understanding of the link between genetic
and epigenetic factors influencing rice tolerance to Al stress, which is critical for paving
the way towards future improvements of rice varieties.

Therefore, this doctoral thesis studies the role of epigenetics in rice response to Al
exposure through several approaches: (a) a comprehensive review of the current state of
research on epigenetic involvement in response to heavy metal stress; (b) Examination of
pre-existing epigenetic marks in tolerant and susceptible genotypes of O. sativa and O.
glumaepatula, potentially associated with their tolerance levels prior to stress exposure;
(c) Evaluation of differential expression of Al stress response genes after a long stress
exposure time. No transcriptional studies on long-term Al-stress in rice plants has been
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carried out up to the time of this research; and (d) correlation of the gene expression
patterns with changes in DNA methylation levels in response to stress, to evaluate the
possible regulatory role of epigenetics in such differential gene expression. The outcomes
of this dissertation are as follows: (i) proposal of variety-specific methylome profiles,
along with a set of genes involved in Al tolerance that possess pre-established epigenetic
marks in different rice genotypes based on their tolerance level; (ii) Characterization of
the transcriptomic profile of tolerant and susceptible rice genotypes under prolonged Al
toxicity stress conditions; (iii) Exploration of the relationship between transcriptomic
profiles and epigenetic marks; and (iv) presentation of evidence highlighting the
significance of epigenetics as a key regulatory factor in Al stress response, along with a
group of potentially epigenetically regulated genes involved in Al tolerance.

1.1. Research Hypothesis

H.1. DNA methylation patterns are related to Al tolerance levels in contrasting rice species
and genotypes. Additionally, specific methylation patterns are regulating transcriptional
responses associated with aluminum stress.

1.2. General Objective

To elucidate relevant genetic elements and biological mechanisms associated with
physiological responses to aluminum stress, via epigenomic and transcriptional analyses
of cultivated and wild rice, to complement the current knowledge, derived from a genetic
perspective, of abiotic stress responses in rice.

1.3. Specific Objectives

S$0.1. To characterize genome-wide DNA methylation patterns of commercial (Oryza
sativa) and wild (Oryza glumaepatula) rice genotypes with contrasting response to
aluminum stress grown under control conditions by whole genome bisulfite sequencing
to identify the pre-established marks associated with Al-tolerance levels.

S$0.2. To characterize the transcriptional response of Al-tolerant and susceptible
genotypes of commercial (Oryza sativa) and wild (Oryza glumaepatula) rice plants under
Al exposure using RNA sequencing techniques to propose a functional model of the plant
response to aluminum stress.

$0.3. To identify genome-wide DNA methylation changes in Al-tolerant and susceptible

genotypes of commercial (Oryza sativa) and wild (Oryza glumaepatula) rice plants in
response to Al stress condition using whole-genome bisulfite sequencing.
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S$0.4. To evaluate the correlation between DNA methylation and the transcriptional
response of aluminum tolerant and susceptible genotypes under aluminum stress
conditions to determine genes or regions potentially regulated by epigenetic mechanism
involved in the contrasting levels of Al tolerance.

S$0.5. To evaluate the relationship between DNA methylation and chromosomal
recombination through genome wide comparisons to identify the potential role of
methylation as a feature for prediction of recombination rates.

1.4. Document OQutline

The reminder of this dissertation is organized as follows:

1. Chapter 2 explores and analyzes the existing scientific literature on epigenetics as
an important factor that could regulate HM stress responses. In addition, the
relationship between epigenetic and genetic elements related to HM tolerance is
revised, with a special focus on Al tolerance in rice.

2. Chapter 3 presents the analysis of predetermined DNA methylation marks in Al-
tolerant with respect to the susceptible genotypes of Oryza sativa and Oryza
glumaepatula grown under control conditions.

3. Chapter 4 presents the transcriptome analysis of Al-tolerant and susceptible
genotypes of Oryza sativa and Oryza glumaepatula under Al-stress conditions.

4. Chapter 5 presents the methylome variations of Al-tolerant and susceptible
genotypes of Oryza sativa and Oryza glumaepatula under Al-stress conditions, as
well as the role of DNA methylation on gene regulation.

5. Chapter 6 explores the relationship between DNA methylation and chromosomal
recombination rates.

A graphical overview of the research questions addressed in each chapter of this
dissertation is presented in Figure 1.2, along with the principal methods employed to
obtain the results. Likewise, this figure shows the linearity as well as the relationship of
the different chapters developed in this doctoral thesis.
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Figure 1.2. Graphical summary of the outline of this doctoral thesis. Three main sections are
highlighted from left to right: research questions addressed in each chapter, methods employed,
and key findings obtained.
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Chapter 2

Epigenetic Control of Plant Response
to Heavy Metal Stress: A New Window
to Explain Aluminum Tolerance

This chapter was previously published as:

Gallo-Franco, J.J., Sosa, C.C, Ghneim-Herrera, T. & Quimbaya, M.A. (2020)
Epigenetic control of plant response to heavy metal stress: A new
window to explain Aluminum tolerance. Frontiers in plant science. 11:
602625
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Chapter Summary

High concentrations of heavy metal (HM) ions impact agronomic staple crop production
in acid soils (pH less than or equal to 5.5) due to their cytotoxic, genotoxic, and mutagenic
effects. Among cytotoxic ions, the trivalent aluminum cation (Al3*) formed by
solubilization of aluminum (Al) into acid soils, is one of the most abundant and toxic
elements under acidic conditions. In recent years, several studies have elucidated the
different signal transduction pathways involved in HM responses, identifying
complementary genetic mechanisms conferring tolerance to plants. Although epigenetics
has become more relevant in abiotic stress studies, epigenetic mechanisms underlying
plant responses to HM stress remain poorly understood. This chapter describes the main
epigenetic mechanisms related to crop responses during stress conditions, specifically, the
molecular evidence showing how epigenetics is related to plant adaptation responses to
HM ions. Likewise, the pivotal relationship between epigenetic and genetic factors
associated with HM tolerance was analyzed. Finally, using rice as a study case, a general
analysis over previously whole-genome bisulfite-seq published data was performed.
Specific genes related to Al tolerance, measured in contrasting tolerant and susceptible
rice varieties, exhibited differences in DNA methylation frequency. The differential DNA
methylation patterns could be associated with epigenetic regulation of rice responses to
Al stress, highlighting the major role of epigenetics over specific abiotic stress responses.

Keywords: Abiotic stress, aluminum tolerance, epigenetic response, heavy metals, rice.
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2.1 Genetic Mechanisms Underlying Aluminum Tolerance

Plants have evolved different strategies to cope with HMs, diverging according to distinct
factors as the plant species or the HMs exposure time and concentrations (Horst etal,
2010). These strategies fall into two general mechanisms: (i) An exclusion mechanism,
where plants exudate organic compounds to the rhizosphere to chelate HM ions,
transforming them into nontoxic compounds, and avoiding their chemical intake through
root cells; and (ii) A detoxification mechanism, where plants allow the entrance of HM ions
for internal detoxification and sequestration (Figure 2.1; Kochian et al., 2015). Among the
heavy metals, aluminum (Al) stress is widely considered as one of the primary limiting
factors in plant crop production. As the most abundant metal on Earth and the third most
prevalent element, following oxygen and silicon, aluminum constitutes approximately
8.1% of the Earth's crust by weight. Table 2.1 summarizes the different exclusion and
tolerance mechanisms reported so far in plants.

Rice have been a model species for studying Al tolerance, as it is one of the plants
with the highest tolerance to this element (Famoso etal., 2010, 2011). Rice has a complex
response against Al stress, involving a wide range of strategies and a diversity of genes
(Magalhaes et al,, 2007). These genes are potentially involved in the exclusion of Al3* ions
through OA efflux; for instance, the MATE transporters OsFRDLZ2 and OsFRDL4, has shown
a role in OA transport (Delhaize et al., 2012; Famoso et al.,, 2010; Yokosho et al., 2014).
Other rice Al responses include the modification of the cell wall properties (Che etal,,
2018; Kochian etal, 2015), and Al3* ions wuptake and subsequent
sequestration/translocation into the vacuole by different Al transporters like bacterial-
type ABC and Nramp Al transporters (Huang et al., 2009; Liu et al,, 2014; Xia et al., 2010).
Other genetic elements associated with Al tolerance include genes encoding transcription
factors as ART1, ASR1 and ASR5 (Arenhart et al.,, 2016; Che et al.,, 2016; Yamaji et al., 2009).
The upregulation of specific genes as 0sMGT1, a magnesium transporter, is also linked to
high Al tolerance (Chen etal.,, 2012). More recently, Zhang etal., (2019) reported 69
potential candidate genes related to Al tolerance, identified in a collection of 150 rice
landraces using a combined GWAS-transcriptomic approach. Complementarily, several
QTLs associated with Al tolerance have been identified in rice using different inter and
intra-specific mapping populations (Famoso etal, 2011; Ma etal., 2002; Nguyen et al.,
2003; Wu etal., 2000; Xue etal.,, 2006, 2007; Zhang et al.,, 2019). Famoso et al. (2011)
reported 48 QTLs located on chromosomes 1, 3,9, and 12. The QTLs were generated based
on mapping populations exposed to Al stress, using relative root growth as the
experimental phenotypic readout. The major QTL was found on chromosome 12,
explaining 19% of the phenotypic response. Findings reported in above mentioned studies
support the hypothesis that Al tolerance in rice involves multiple genes, genomic regions,
and mechanisms.
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Figure 2.1. Schematic representation of physiological, genetic, transcriptional, and epigenetic
mechanisms involved in plant responses to heavy metals (HM) exposure. Plant exposure to HMs
induces different physiological deficiencies that could be countered by two principal tolerance
mechanism shown at the bottom right of the figure: an exclusion mechanism, where the plant
secretes organic acids (OAs) out of the root, avoiding the entrance of HM ions or, a detoxification
mechanism and sometimes bioaccumulation, wherein plants internalize HM ions through
membrane transport proteins such as ALMT or MATE carriers, and subsequently, HMs can be
chelated by organic acids (OA) or translocated into the vacuoles through ABC carriers or
aquaporins. The regulation of HM responsive genes has been related to epigenetic mechanisms as
DNA methylation and histone modifications which can repress or activate gene expression through
promoter or gene body methylation as well as avoiding transposon movement (top right). Another
important epigenetic mechanism involved in the HM stress response is the hypermethylation
along the genome to protect DNA from possible damages caused by metal subproducts.

The previous evidence relates both, genic elements, and specific genic mechanisms
with the phenotypic response to cope with HMs stresses. Besides the genetic control that
exists to regulate these responses, additional regulation layers might exist, being
epigenetics a controlling mechanism of paramount importance to adapt to abiotic
stresses, and specifically, to HMs restrictive conditions. The following sections will review
the current evidence associating epigenetics with HMs stress responses. Giving its
agronomic relevance, special attention is given to rice epigenetics as integrated strategies
to cope with HMs and aluminum stresses.
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Table 2.1. Summary of main exclusion and tolerance mechanisms reported in plants.

Species Genes Mechanism Specific mechanism Function References
P. vulgaris, T. aestivum, S. ALMT, MATE, Exclusion Organic acid Chelate (release of malate, citrate, Kochian et al., 2004,
bicolor, H. vulgare, Zea mays, OSALMT4 exudation or oxalate) located in the root 2015; Liu et al., 2018
snapbean, oat, rye, Glicine apex
max, Colocasia esculenta,
Triticale sp., Helianthus
annuus
Zea mays, Cinnamomum Exclusion Phenolic Release of other organic Kochian et al., 2015
camphora, Eucalyptus compounds compounds (e.g. catechol,
camaldulensis exudation catechin, and quercetin),

Cucurbita pepo, wheat, tea

Oryza sativa, Solanum
tuberosum, Arabidopsis
thaliana, Petunia inflata

Arabidopsis thaliana, Oryza
sativa,

Brassica napus, Nicotiana

ATPases

XTH, XET, XTH31,
pectin
methylesterases,
OsFRDL4, STAR1,
STAR2, ABC

transporters, HMG2,

HMG3, WAK1

Nramp, OsNratl,

OsALS1, aquaporine

family, ABC, ALMT,
OsCDT3

ALMT, MATE,

tabacum, wheat, Arabidopsis SOMATE, TaALMT1,

thaliana, Zea mays

Oryza sativa, Arabidopsis
thaliana, Andropogon
virginicus

Oryza sativa, Arabidopsis
thaliana

Oryza sativa, Arabidopsis
thaliana, Hydrangea
macrophylla

OsFRDL4

Nramp, OsALS1,
Nratl

OsSTAR1, OsSTAR2,
AtALS3, OsALS1,
AtALS1

Aquaporins such as
HmVALT, HmPALT1

Al detoxification

Al detoxification

Al detoxification

Al detoxification

Al detoxification

Al detoxification

Al detoxification

Changes in the
Rhizosphere pH

Cell wall
modification

Al transportation

ALMT/MATE
proteins Al
transportation

Nramp proteins Al
transportation

ABC proteins Al
transport

Aquaporins
transportation

cenothein B and proanthocyanidin
in roots

pH rhizosphere changes to induce Bojdorquez-Quintal
to Al detoxification mechanisms et al., 2017

Changes in the structural Horst et al., 2010;
properties of cell wall such as Kochian et al., 2015;
reduction of wall Morkunas et al.,
plasticity/elasticity, carbohydrates, 2018; Schmohl et al.,
methylated pectins, and reduced 2000; Wagatsuma
pectin methylesterases; increased et al., 2018

sterols biosynthesis; negativity of

apoplast to enhance Al transport

Arrest Al from cell wall to root cell Kochian et al., 2015;
vacuole Arbelaez et al., 2017

Passive efflux of malate; carriers  Kochian et al., 2015;
that mediate citrate efflux coupled Liu et al., 2014
to H+ influx

Specific transporter for aluminum Yokosho et al., 2011;
ions (no divalent cations) transportEzaki et al., 2013;
from cell wall to vacuoles Kochian et al., 2015

ATP-driven pumps (ABC
transporters);

Huang et al., 2009;
Delhaize et al, 2012;
Kochian et al., 2015

Transport and store in shots (Kochian et al., 2015;

Negishi et al., 2012)
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2.2 Epigenetic Mechanisms in Plants

Epigenetics refers to the study of heritable and stable changes in gene expression without
DNA sequence modifications (Wu and Morris, 2001). Three epigenetic mechanisms have
been described in gene expression regulation: (i) DNA methylation (modifications at
genomic level), (ii) histone modifications (chromatin modifications) and (iii) Small RNA
modifications (RNA directed DNA Methylation-RdDM pathway) (Chang et al., 2020; Sudan
et al., 2018). Currently, DNA methylation is the most documented epigenetic modification,
and it is recognized as a relatively stable, and inheriting transgenerational mark involved
in a set of biological processes such as the activity of transposable elements, genomic
imprinting, alternative splicing, and regulation of temporal and spatial gene expression
(Ou et al,, 2012; Zhang et al,, 2006). Mammals and plants differ in their DNA methylation
patterns. In plants, DNA methylation is more widespread and complex, and occurs in
cytosine residues in the CG, CHG, and CHH sequence context (H can be A, C, or T), while in
mammals it occurs mainly in a CG context (Bender, 2004; He et al., 2010). Studies on
general DNA methylation profiles conducted on plants have shown that transposable
elements and repetitive sequences are the most heavily methylated DNA regions in the
rice genome. Overall, gene methylation occurs mainly in the CG context, while transposon
methylation occurs in all three described contexts (He et al., 2010; Li et al.,, 2012; Yan et al,,
2010).

The methylome in plants is mainly monitored and maintained during DNA replication and
cell division by DNA methyltransferases. There are three major classes of DNA
methyltransferases: DNA methyltransferases (METs), which are the main CG methylases
in charge of maintaining CG methylation; the plant specific enzymes
chromomethyltransferases (CMTs), that are known to mantain CHH and CHG methylation;
and the domain rearranged methyltransferases (DRMs), that are involved in the
maintenance and de novo methylation in all three contexts: CG, CHG and CHH. In contrast,
DNA demethylation is performed by DNA glycosylases such as ROS1 (Repressor Of
Silencing 1) and the DME (Demeter) enzyme (Lanciano & Mirouze, 2017).

2.3 Epigenetic Regulation of Plant Stress Response

Abiotic stresses can generate a diverse range of phenotypes in plants, which are a
consequence of complex molecular, biochemical, and physiological changes. Plants
responses and adaptation to these stress conditions vary in different ways and at various
levels, including short term physiological responses such as metabolic and gene
expression changes, and long-term responses such as genetic and epigenetic genome

modifications (Turner, 2009). The mechanisms of signal transduction, as well as the
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genetic variability underlying plants responses to stress, have been widely studied and, in
many cases, successfully exploited by plant breeders to improve resistance to abiotic
stress through traditional breeding or marker-assisted selection (Kantar et al,, 2015; Zhu,
2016). Recently, epigenetic marks have gained attention as important factors of abiotic
stress-related gene control (Kumar, 2018). For example, a stress signal can promote DNA
methylation changes in the promoter regions of stress-responsive genes, thus modifying
their expression pattern, generating histone conformational changes, and promoting
transcriptional repression by preventing transcription factors binding to their target sites
(Boyko etal.,, 2010; Ou etal, 2012; Ueda & Seki, 2020). Since methylation affects how
genes are transcribed, itis hypothesized that DNA methylation is involved in the long-term
transgenerational maintenance of transcriptional regulation patterns.

DNA methylation states can be complemented by additional mechanisms such as
histone modifications (Mirouze & Paszkowski, 2011). These modifications refer to
covalent changes that occur at the histone tail, including methylation, acetylation,
phosphorylation, ubiquitination, sumoylation, glycosylation and ADP-ribosylation (Chang
et al, 2020). These modifications are known to be capable of altering the chromatin
structure and thus the accessibility of genes for transcription factors and other regulatory
elements, which eventually, may influence gene transcription (Zhao & Shilatifard, 2019).
Although considered a more dynamic and transitory mechanism because most changes
that occur under stress conditions revert to their initial state quickly, histone
modifications could play a role in the inheritance of certain stress-tolerant phenotypes
(Pecinka & Mittelsten Scheid, 2012). For example, Kim etal, (2012) showed that
H3K4me3 and H3K9ac histone modifications were abundant in several drought associated
genes in Arabidopsis thaliana plants subjected to water-deficit regimes. When plants were
irrigated, the H3K9ac modifications were rapidly eliminated, while H3K4me3 ones
remained, indicating that the latter modification can be stably inherited through
generations. Histone modification effects on gene regulation have also been reported for
other stress conditions. Sokol et al., (2007) reported transient H3Ser-10 phosphorylation,
H3 phosphoacetylation, and histone H4 acetylation under salinity and cold-stress related
to the expression of stress-specific genes. Likewise, the trimethylation of H3K4 and
acetylation of H3K9 in A. thaliana was generated by exposure to drought, ABA, and salt
stress, causing stress-responsive genes expression (Kim et al., 2008).

Stress-induced epigenetic changes, especially DNA methylation, occur regularly in
all plant species, reinforcing the importance of this mechanism for regulating plant
responses to environmental changes; most of these changes are heritable and play an
important role in plant adaptation (Feng et al., 2010). Genomic sequences whose changes
in their methylation status are maintained over generations, without altering the acquired
methylated pattern, are known as epialleles (Kalisz & Purugganan, 2004). There is
evidence that epialleles can occur over stress-related genes, however, they can also be
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present in genetic regions that are not directly related with the specific stress response,
generating random changes across the genome. Moreover, both types of variations could
be affected by natural selection according to the phenotypic effects they may cause
(Verhoeven et al., 2010).

Transposons can also play a role in suppressing gene expression. This can occur
due to the methylation state of a transposon located in or near a gene, which can directly
affect the regulation of that gene through a methylation spread mechanism. Thus,
transposon silencing through epigenetic marks contributes to the establishment of
epigenetic variations affecting gene modulation in plants (Galindo-Gonzalez et al.,, 2018;
Saze & Kakutani, 2007).

Although the heritability of stress-induced methylation in plants remains poorly
understood, some studies show that most of the induced variations are faithfully inherited
to the offspring. For instance, Boyko et al.,, (2010) showed that A. thaliana plants exposed
to salinity, cold, heat, and flooding, showed an overall increase in DNA methylation,
associated with a higher stress tolerance in the progeny. In addition, Herman & Sultan,
(2016) reported that in Polygonum persicaria, DNA methylation is involved in increasing
offspring drought tolerance when parental plants are subjected to this stress. Some
studies have even found epialleles with direct effects on economically important traits; for
instance, heritable methylation changes induced in rice due to nitrogen deficiency (Kou
etal, 2011), heavy metal toxicity (Ou etal.,, 2012), and drought (Zheng et al., 2017) have
been described. This last study showed the conservation of several non-random
methylation changes generated under drought conditions (>40%) through several
generations. Zheng et al., (2017) also found that these epigenetic changes are related to
stress responsive genes, and they seemed to influence rice long term adaptation to
drought conditions. Thus, these studies support the potential role of epigenetic variation,
and its inheritance across generations, as a relevant evolutionary process in crops.
Similarly, they show that in rice, the mechanisms of epigenetic regulation of stress
responses may be related to the type of stressor.

2.4 Epigenetic Mechanisms Involved in Heavy Metal Toxicity

A recent recurring question is whether there is a general pattern of DNA methylation
related to HMs exposure in plants. Evidence from previous studies suggests that DNA
methylation might play a role in the regulation of plant responses to HMs through at least
two mechanisms (Aina et al., 2004; Arif et al., 2016; Choi & Sano, 2007; Greco et al., 2012).
The first mechanism is related to a protective effect of methylation against HM-induced
DNA damage through single-strand breaks or multi-copy transposition (Figure 2.1)
(Bender, 1998). For example, Aina et al. (2004) compared methylation levels between
clover (Trifolium repens L.), which is sensitive to Cr, Ni, and Cd, and hemp (Cannabis sativa
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L.), which is partially tolerant to these HMs. The study found that in the absence of HM
stress, the level of methylation of hemp roots was significantly higher than in clover.
Similarly, Gulli etal, (2018) found that Noccaea caerulescens plants (a niquel (Ni)
hyperaccumulator species) grown under high Ni concentrations were significantly
hypermethylated at the genome level in comparison to A. thaliana Ni susceptible plants
exposed to high Ni concentrations. These authors also showed that MET1, DRMZ2, and
HDAS8 genes, which are involved in DNA methylation and histone modification, were
differentially expressed between N. caerulescens and A. thaliana. Hypermethylation has
also been reported to act as a defense mechanism to counteract radiation genotoxic effect
as shown by (Kovalchuk et al., 2003); Volkova et al., (2018) who reported that pine trees
plants (Pinus silvestris) adapted to survive high ionizing radiation, exhibited significantly
hypermethylated loci compared to less adapted plants.

A second type of epigenetic response to HM stresses involves gene expression
control (Figure 2.1). This regulation is not limited to the promoter region of genes but
includes their coding regions (Choi & Sano, 2007). DNA methylation on gene promoters
usually represses genetic transcription but, in some cases, it can also promote it (Zhang
et al,, 2006). In the meantime, exon/intron methylation occurs mainly in CG context and
its function remains unclear. Gene body methylation has been related to transcriptional
upregulation and has been suggested to protect genes from aberrant transcription caused
by cryptic promoters (Feng etal, 2016; Zhang etal, 2006). The local acetylation of
histones located near the promoter region of genes can induce transcriptional activation
(Finnegan, 2001). Although there are no reports of specific histone modifications related
to HM stresses in plants, some studies in animals have revealed a direct relation between
HM exposition and histone modifications (Cheng et al., 2012).

Gene expression changes generated by HM exposure in rice have been described
extensively in the literature and linked to variations in DNA methylation levels. For
instance, Oono et al., (2016) showed a positive correlation between Cd dose-response in
plants and the expression of genes coding for metal ion transporters where DNA
methylation marks were detected. Similarly, using whole-genome bisulfite sequencing
(WGBS), Feng etal., (2016) evaluated DNA methylation changes induced by specific Cd
stress in rice plants (Oryza sativa ssp. japonica cv. Nipponbare). The authors found specific
differentially methylated regions after Cd treatment, with patterns of methylation closely
associated with transcriptional differences of stress response genes involved in metal
transport, metabolic processes, and transcriptional regulation. Likewise, some studies
have shown the heritability and stability of HM stress-induced methylation changes (Ou
etal., 2012; Rahavi, 2011). For instance, in A. thaliana, improved tolerance to HMs has
been observed in the progeny under the same stress experienced by parental plants (Ou
et al,, 2012). More recently, Cong et al,, (2019) showed that specific methylation changes
induced by HM stress, specifically methylation changes at the Tos17 retrotransposon,
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displayed transgenerational inheritance through three generations. Therefore, the
evidence suggests that epigenetic mechanisms contribute to HM stress adaptation
through successive plant generations.

2.5 Epigenetic Mechanism Involved in Aluminum Toxicity

Al exposure can trigger DNA damage and cell death through a strong binding of Al ions to
pectins and other structural components of the cell wall (Murali Achary & Panda, 2010).
Although there are currently few studies that have explored the relationship between
epigenetic regulation and Al tolerance (Table 2.2), current evidence suggests that Al
tolerance might be conferred through DNA methylation as specific methylation changes
frequently occur after Al exposure. For example, Bednarek et al.,, (2017) subjected five Al-
tolerant and five non-tolerant triticale lines to Al exposure. Using methylation-sensitive
amplification polymorphisms (MSAP), the study showed that Al exposition in both Al
tolerant and non-tolerant plants induced demethylation.

These findings are consistent with other reports that describe the effects of HMs
on methylation patterns (Aina et al., 2004; Feng et al., 2016; Ou et al., 2012). However, the
opposite pattern has also been reported; for example, by using coupled restriction enzyme
digestion and random amplification (CRED-RA) in corn (Zea mays cv. RX9292), Taspinar
et al., (2018) established that exposure to Al induced mobilization of long terminal repeat
retrotransposons (LTR) and triggered DNA hypermethylation as a protective response to
the stress condition. Complementarily, Agnieszka, (2018) compared liquid
chromatography (RP-HPLC), MSAP analysis and methylation amplified fragment length
polymorphisms (metAFLP) to detect DNA methylation levels of triticale lines showing
contrasting tolerance to Al treatments. After Al exposure, a reduction in DNA methylation
across nontolerant lines was identified with the RP-HPLC technique, in contrast, increased
methylation was seen in tolerant plants; this outcome was independent of the Al dose.
When MSAP was used, increased demethylation was found in the roots of both non-
tolerant and tolerant lines, with no differences between them. Finally, metAFLP results
demonstrated no differences in DNA methylation under stress conditions, suggesting that
only a portion of the genome responds to Al stress.

Hossein Pour etal, (2019) used CRED_RA in three wheat cultivars (Triticum
aestivum cv. aymana79, Kilgiksiz, and Bezostajal) to evaluate genetic and epigenetic
variations to different Al conditions (7.5 and 30mM). DNA hypermethylation was
observed in wheat plants at higher Al concentration (30 mM) and hypomethylation at
lower Al concentration (7.5 mM). These results suggest a gradual effect of Al on
methylation, with concomitant cellular damages associated with increased Al toxicity. A
methylation increase along the genome was concluded to confer a protective response in
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the affected plants. Thus, the existing evidence points to a complex influence of DNA
methylation on the response to Al-induced stress in a species-dependent manner.

Table 2.2. Summary of epigenetic studies related to Al stress responses in plants.

Plant

Variety

Epigenetic modification

Method

Reference

Nicotiana tabaccum

Sorghum bicolor

Zea Mays

Arabidopsis thaliana

Triticale inbred lines

Zea mays

Triticale inbred lines

Triticum aestivum

Xan-thi nc

inbred lines, YN336 and
YN267

Kenyan tropical maize
(KTM)

Col-0 ecotype

cultivar RX9292

Haymana 79, Kilgiksiz,

and Bezostaja 1.

DNA Methylation

DNA Methylation

DNA Methylation

DNA Methylation, Histone
modifications

DNA Methylation

DNA Methylation

DNA Methylation

DNA Methylation

HPLC, Direct bisulfite
sequencing.

MSAP

MSAP

Chromatin Immuno-
Precipitation (ChlP),
direct bisulfite
sequencing.

MSAP

CRED-RA

metAFLP, MSAP, HPLC

CRED-iPBS

Choi & Sano, 2007

Kimatu et al., 2011

Kimatu et al., 2013

Ezaki et al., 2016

Bednarek et al., 2017

Taspinar et al., 2018

Agnieszka, 2018

Hossein Pour et al., 2019

2.6 DNA Methylation as a Regulatory Factor in Plant Responses to
Aluminum Stress: Rice as a Study Case

Epigenetics has the potential to explain mechanistically, at least part of the molecular
responses to different abiotic stresses, including HM toxicity (Figure 2.1). Although there
are no studies related to the epigenetic regulation of Al tolerance in rice, it is hypothesized
that epigenetic mechanisms, like DNA methylation, could play an important role as a
regulatory factor in this response. Potentially, several of the genes mentioned in this
chapter might be regulated through differential patterns of DNA methylation. As a first
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approach on this dissertation to test this assumption, a brief analysis was conducted to
quantify the methylation status of specific Al responsive genes in three different rice
varieties (IR64, Nipponbare, and Pokkali) with contrasting responses to Al exposure.

For this exploratory evaluation, publicly available data from (Stroud et al., 2013)
was analyzed for the Nipponbare cultivar (highly tolerant to Al toxicity) and from Garg et
al. (2015) for IR64 and Pokkali varieties (both susceptible to Al toxicity). These published
data are from plants grown under control conditions as the aim is to identify fixed
epigenetic marks in pre-existing rice varieties before being subjected to stress conditions.
To explore the possible role of methylated cytosines over gene expression, in a set of 250
genes associated with Al tolerance in rice (Arbelaez et al., 2017; Arenhart et al,, 2014), the
number of methylated cytosines (mCs) was calculated considering the different
methylation contexts (counting was performed 1000 bps before and after the
transcription initiation site). According to the reported experimental data, these 250
genes showed significant changes in expression after Al exposure (upregulated genes
Log2FC < 1, downregulated genes Log2FC > 1) (Supplementary Table 2.1). As a result, a
group of 72 genes was kept, representing 10% of genes with the highest counts for
methylated cytosines (Supplementary Table 2.2). Additionally, to increase the probability
that the effects over gene expression were caused by an epigenetic regulation solely, genes
with copy number differences or SNP variations in the coding region were filtered out
from this list, retaining for the analysis only single-copy genes identified from the rice
genes paralogous list generated by Lin et al.,, (2008) and without SNPs variants identified
from the database Rice SNP Seek database (Mansueto etal, 2017, https://snp-
seek.rri.org/). After filtering by gene duplication and SNPs variants, 26 candidate genes
were retained (Supplementary Figure 2.1 and Supplementary Table 2.3).

Among the three analyzed varieties, considering the different methylation
contexts, and the localization of the methylated cytosines, Nipponbare exhibited more
methylated sites than the other two varieties (p < 0.01 in an FDR analysis), while IR64 and
Pokkali did not show differences in methylation (Figure 2.2). These results are interesting
since Nipponbare has been extensively reported as a cultivar highly tolerant to Al (Famoso
etal, 2010). These exploratory analyses show indications of the role of methylation in the
response of plants to aluminum stress conditions. However, it is possible that this result
reflects a higher level of genome-wide methylation of Nipponbare in general relative to
the other two varieties analyzed.

At the top of the list, representing highly methylated genes (Table 2.3), some genes
previously reported as important players in rice Al tolerance were found. For example, the
Calmodulin binding protein (Loc_0s09g13890) is a calcium ion-binding molecule that
regulates different cellular processes, and recently, the association of the Calmodulin
signal transduction pathway to Al stress has been reported (Zhang et al.,, 2016). This study
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showed that transgenic Saccharomyces cerevisiae strains transformed with the
Calmodulin gene were more tolerant to Al toxicity, suggesting that the gene is a good
candidate for improving Al tolerance in plants through transgenic approaches. Similarly,
the analyses also showed the proteins STARI (Loc 0s06g48060) and ARTI
(Loc_0s12g07280) as relevant in Al-related methylation. STAR1 encodes a nucleotide-
binding domain that associates with STARZ, which encodes a transmembrane domain, to
form a bacterial-type ABC transporter required for Al detoxification in roots (Table 3.1;
Huang et al., 2009). On the other hand, the ART1 zinc finger protein is a transcription
factor that regulates around 31 genes, probably involved in Al detoxification at different
cellular levels, including STAR1 and STARZ genes (Yamaji et al., 2009). The results suggest
that the methylation status of reported Al response genes, could play a role in
Nipponbare’s Al tolerance.
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Figure 2.2. Boxplots showing methylated cytosine counts in three sequence contexts: CG (blue),
CHG (red), and CHH (green) for three different rice varieties with contrast responses to aluminum
exposure: Nipponbare (Tolerant), Pokkali, and IR64 (Susceptible). The results are discriminated
according to the location of the epigenetic. mark, either inside the gene body region (GB), the
promoter (PR), or both the promoter and inside the gene body region of analyzed genes (PR + GB).

Concluding Remarks

Current knowledge of HM and Al tolerance in plants has been extensively documented
with a direct focus on the physiological, and biochemical effects of these molecules, and
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their negative impacts on crop production. In rice, there is abundant information about
genes and QTLs involved in Al tolerance in comparison with other staple cultivars such as
Barley or even the model plant A. thaliana. Nevertheless, recently, epigenetic mechanisms
have emerged as important factors in the response of plants to HM stresses. Based on
existing knowledge, two epigenetic strategies for coping with Al stress in plants were
identified: (i) epigenetic marks are used as a mechanism to protect plants from possible
DNA damage caused by metal ions through random DNA methylation along the genome,
and (ii) epigenetic changes are used for the regulation of transposon and stress-
responsive genes (Figure 2.1).

The studies conducted so far provide evidence of the potential impact of
epigenetics in plant response to HMs. However, there remains a significant knowledge gap
regarding the epigenetic mechanisms involved in plant response to Al stress. Addressing
this knowledge gap is the main focus of this doctoral dissertation, which aims to evaluate
the role of DNA methylation in rice plants response to Al stress through various
approaches. The experiments and analyses conducted in the subsequent chapters of this
dissertation represent pioneering research in this field, offering compelling evidence for
considering epigenetics as a crucial factor in regulating the response to heavy metal stress
in rice.

Table 2.3. Top 10 of genes with the highest methylated cytosines count for three O. sativa
varieties with different aluminum tolerance levels.

Gene (MSU ID) Annotation IR64 Nipponbare Pokkali
Loc_0s12g32850 Cytochrome P450 71E1, putative 202 949 273
Loc_0s09g13890 Calmodulin binding protein, putative, expressed 202 1075 159
Loc_0s12g42860 Cysteine dioxygenase 161 937 219
Loc_0s03g11950 CRAL/TRIO domain containing protein, expressed 137 1059 156
Loc_0s06g48060 Protein STAR1 130 1155 175
Loc_0s05951470 2-aminoethanethiol dioxygenase, putative, expressed 115 1053 143
Loc_0s12g07280 Zinc finger protein ART1 109 1024 99
Loc_0Os12g06660 Actin-7, putative, expressed 99 990 121
Loc_0s04g33640 Glycosyl hydrolases family 17, putative, expressed 83 1357 94
Loc_0s09g37510 DUF292 domain containing protein, expressed 69 941 82
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Chapter 3

Whole-Genome DNA Methylation
Patterns of Oryza sativa and Oryza
glumaepatula Associated with
Aluminum Tolerance Under Control
Conditions

This chapter was previously published as:

Gallo-Franco, }.J., Ghneim-Herrera, T., Tobar-Tosse, F,, Romero, M., Chaura,
J. & Quimbaya, M.A. (2022) Whole-genome DNA methylation patterns of
Oryza sativa (L.) and Oryza glumaepatula (Steud) genotypes associated
with aluminum response. Plant Direct: e430.
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Chapter Summary

Epigenetic mechanisms in crops have emerged as a fundamental factor in plant
adaptation and acclimation to biotic and abiotic stresses. Among described epigenetic
mechanisms, DNA methylation has been defined as the most studied epigenetic
modification involved in several developmental processes. In this chapter, single-base
resolution methylome maps were analyzed for Oryza sativa and Oryza glumaepatula
genotypes grown under control conditions. The results showed that overall, genome-
wide methylation profile is mainly conserved between both species, nevertheless, there
are several differentially methylated regions with species-specific methylation patterns.
In addition, the association of identified DNA methylation marks in relation with Al-
tolerance levels of studied genotypes was analyzed. Several differentially methylated
regions (DMRs) and differentially methylated genes (DMGs) that are linked with Al
tolerance were found. Some of these DMGs have been previously reported as
differentially expressed under Al exposure in O. sativa. Complementarily a Transposable
Elements (TEs) analysis revealed that specific aluminum related genes have associated-
TEs potentially regulated by DNA methylation. Interestingly, the DMRs and DMGs
between Al-tolerant and susceptible genotypes were different between 0. sativa and O.
glumaepatula, suggesting that methylation patterns related to Al responses are unique
for each rice species.

Keywords: Abiotic stress, aluminum, bisulfite sequencing, epigenetic, heavy metals,
methylome, rice

Connection to Previous Chapter

Chapter 2 provided an in-depth description showing evidence of epigenetics as a possible
regulator of the response to Al stress in several economically important crops. In addition,
an exploratory analysis of DNA methylation patterns in rice was also performed, which
showed strong differences in DNA methylation between Al tolerant and susceptible
genotypes, based on bisulfite sequencing data from the literature. To confirm the
exploratory results from the previous chapter through new experimental and analytical
evidence, in this chapter single-base resolution methylome maps were analyzed for
genotypes of Oryza sativa, a cultivated species, and Oryza glumaepatula, a wild species,
with contrasting levels of Al tolerance that were grown under control conditions. The
findings provide new insights into the pre-established DNA methylation patterns in
tolerant and susceptible rice genotypes under control conditions, and how they may be
contributing to the regulation of rice plant responses to Al stress.
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3.1 Introduction

Rice is an important crop as it represents the primary food source for over half of
the world population. Similarly, it has been established as a biological model for monocots
molecular and evolutionary research. As it was described in the previous chapter,
numerous studies have shown differential methylation patterns that are related to specific
developmental stages in rice (Liu etal., 2017; Stroud et al.,, 2013; Xing et al., 2015), and
with contrasting responses to stress conditions (Feng et al., 2016; Hu et al,, 2015; Ou et al.,
2012; Schmidt et al., 2018). However, most of these analyses have been restricted to elite
Oryza sativa (L.) (cultivated rice) crops, analyzing few stress conditions, mainly salinity
and drought (Ferreira et al., 2019; Garg et al,, 2015; Rajkumar et al,, 2019; Wang et al.,
2011; Zheng etal.,, 2013, 2017). Additionally, it has been shown that DNA methylation
differences might explain gene expression variations between cultivated and wild species
(Lietal, 2012). Nevertheless, the epigenomic divergence between wild and cultivated rice
and how the model crop differs from its wild relative has been poorly studied.

The aluminum (Al) toxicity is one of the most limiting factors for plant growth and
crop yield on acid soils (Rascio & Navari-Izzo, 2011; Zheng, 2010) and is particularly
severe in the tropical and subtropical regions that represent most of the worldwide arable
land affected by soil acidity. Among staple food crops, rice is the most aluminum (Al)
tolerant cereal and there is genetic variation for Al-tolerance at the genus/species level,
with several genotypes exhibiting highly contrasting tolerance responses (Famoso et al.,
2010). Remarkably, greater genetic variability and higher Al-tolerance levels have been
reported for wild rice species (Cao etal, 2011; Mao, 2003). The identification of
mechanisms that are associated with Al responses have been studied from a genomic and
transcriptomic perspective. However, to date, there are no studies on DNA methylation
influence over Al-tolerance in rice, although there is some evidence pointing towards
epigenetics as a regulatory factor in Al stress responses in other plant species as described
in chapter 2.

To address the lack of information regarding epigenomic variation between
cultivated and wild rice species, single-base resolution methylome maps were generated
for four genotypes of the cultivated rice species O. sativa, and two genotypes of the wild
specie O. glumaepatula (Steud) grown under control conditions. The results showed that
the genome-wide methylation profiles are conserved between both species, but there are
several differentially methylated regions (DMRs) with species-specific methylation
patterns. Likewise, overall methylome profiles were not found to be shaped by the
response to Al toxicity. However, there exist several DMRs between Al-tolerant and
susceptible species, some of which correlate with differentially expressed genes under Al-
stress conditions previously reported in the literature (Arbelaez etal., 2017; Arenhart
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et al., 2014). The findings shed light on the methylation patterns associated with cultivated
and wild rice species that will serve as a reference scaffold for future studies of rice
genetics and epigenetics.

3.2 Materials and Methods

3.2.1 Plant Material and Genomic DNA extraction

This chapter presents the evaluation of the global methylation patterns for the O.
sativa genotypes: Azucena (AZU), Nipponbare (NIP), IR64 and BGI9311 (BGI), and for the
0. glumaepatula genotypes: 0G131 and OG97 (Supplementary table 3.1). Seeds used in
this study were given by the plant physiology laboratory from ICESI University, Cali,
Colombia. Tolerance levels for Oryza sativa genotypes were defined according to literature
data where AZU and NIP are the most tolerant varieties followed by IR64 which is
considered intermediate tolerance and BGI has the lowest tolerance index and is
considered a susceptible genotype (Famoso et al., 2010). These authors used the Relative
Root growth (RRG) of the total root system to define the tolerance level of the different
varieties. On the other hand, the plant physiology laboratory at Icesi University previously
characterized the tolerance levels of Oryza glumaepatula genotypes using the Total Root
System Length Index. Based on this characterization, 0G131 was classified as a susceptible
genotype, whereas OG97 was identified as tolerant. After sterilization and break of
dormancy, seeds were subjected to dark conditions at 30°C for 4 days. Later, seeds were
grown in a culture room at 30°C and 12:12 dark/light conditions for 10 days. Seedlings
were transferred to a hydroponic medium with a Kimura B solution (pH 7) and Arnon
micronutrients. Roots from three weeks-old seedlings were collected and stored at -80°C.
Total genomic DNA was extracted from frozen root tissue by CTAB 2X protocol with
modifications (Maropola et al., 2015). Genomic DNA quality was evaluated on agarose gels
and DNA quantity was measured using a Nanodrop spectrophotometer (Thermo
Scientific).

3.2.2 Whole-Genome Bisulfite Sequencing (WGBS)

Bisulfite-seq (BS-seq) libraries were made from genomic DNA isolated from O.
sativa and 0. glumaepatula seedlings roots. DNA from three independent seedlings was
pooled as one sample, and two samples were sequenced per genotype. DNA was first
fragmented by sonication from 100 to 300 base pairs (bp) in size, followed by end-
blunting, dA addition at the 3' end, and ligation of adapters. Next, adaptor-ligated
molecules of 200 to 300 bp were isolated by agarose gel electrophoresis and subjected to
a treatment of sodium bisulfite conversion using the ZYMO EZ DNA Methylation-Gold kit
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(ZYMO Research Corporation, Irvine, California, USA). Finally, the Polymerase chain
reaction (PCR) enriched libraries were purified and subjected to high-throughput
sequencing with I[llumina HiSeq X ten platform to achieve an approximately 30X
sequencing depth for each sample. BS-seq was performed by CD Genomics (CD Genomics
Inc., Shirley, New York, USA).

3.2.3 Data Filtering, Read Alignment, and General Statistics

The FastQC tool was used to perform basic statistics on the quality of the raw reads.
Then, sequencing adapters and low-quality data of the sequencing data were removed by
Trimmomatic (version 0.36). Pre-processed reads were aligned to the Os-Nipponbare-
Reference-IRGSP-1.0 genome downloaded from de Rice annotation project database
(RAP-DB) (https://rapdb.dna.affrc.go.jp/download/irgsp1.html) using Bismark v.0.16.3
(Krueger & Andrews, 2011) and the Bowtie2 v.2.2.8 tool (Langmead & Salzberg, 2012)
with default parameters. The same reference genome was used for both species since one
of the objectives of this chapter is to make direct comparisons between the two species.
Only the uniquely aligned reads were maintained and all the samples were de-duplicated
using the Bismark deduplication module. The methylation calling data obtained from
Bismark was used for further analysis. The methylation level of each cytosine was defined
as the proportion of reads displaying mCs among all the reads covering the same cytosine
position.

3.2.4 Analysis of DNA Methylation Landscape Between Rice Species

A comparative analysis among the rice genotypes methylome was made using the
methylation level per cytosine position throughout the complete genome. The methylation
level was also calculated for each sequence context (CG, CHG and CHH) inside gene and
TE-body as well as their 2Kb upstream and 2Kb downstream regions. Each region was
divided into 20 bins of equal size and the average methylation level for each bin was
calculated and plotted. In addition, the number of unmethylated (uM), gene body
methylated only in CG context (gbM), and TE-like methylated (teM) genes were
determined using the method reported by (Kawakatsu et al., 2016).

3.2.5 Methylation Patterns in Relation to Genes and TEs

The rice genome was divided into 300Kb windows and for each one of them (i) the
number of genes, Gypsy TEs and Mite TEs were computed; and (ii) the average
methylation level per sequence context for each species. The Gypsy (Class [) and Mite TEs
(Class II) were selected because they are the most common and diverse TEs families in
rice (Song & Cao, 2017). The correlation among the characteristics computed per window

was compare using a PCC. For the two families of TEs, Gypsy and Mite, the distance
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between the TE and the closest gene was calculated. Based on this information, TEs were
classified into two categories: close TEs as those located less than 2 Kbp to a gene, and
distant TEs as those located more than 2Kb away from a gene. Finally, it was defined
whether TEs were located inside the centromere region or in the chromosome arms. The
coordinates used to define the area of influence of the centromere in each chromosome
was 2Mb on each side of the window with the highest frequency of CentO (AA) sequences
(Lee etal., 2005).

3.2.6 Identification of Differentially Methylated Regions (DMRs) Between Rice
Species

A comparison between methylation level of the cytosines was performed using the
Pearson Correlations Coefficients (PCC). Thus, the methylome of each species is compared
to the others. The hierarchical clustering between all the comparisons was made using 1-
PCC distance metric. Likewise, differentially methylated regions (DMRs) between rice
species were identified using the tiling window approach with a window’s size of 200bp
and step size of 100 in the software Methylkit (v.1.16.1.). Only the methylated cytosines
covered by 210 reads and windows with at least five cytosines each were considered for
the analysis. A linear regression model was used to determine statistical significance (q-
value) followed by a Sliding Linear Model (SLIM) correction. A window with methylation
difference of 75%, 50% and 15% for CG, CHG and CHH respectively, and a q-value < 0.01
as compared with the reference samples was considered as a DMR. Neighboring DMRs
with a gap less than 100bp were merged. Pairwise comparisons were made between all
the O. sativa genotypes against the 0. glumaepatula genotypes to determine DMRs (0.
sativa genotype was considered as the reference group). Finally, overlapping DMRs for all
the pairwise comparisons were selected. The location of DMRs in the genome was defined
with at least 1 bp overlapping between the DMR and a functional feature (Genebody,
upstream -2Kb, downstream +2Kb and TEs) (Sun et al., 2019; Wang et al., 2018). Genes
overlapping with DMRs in the functional or promoter region were defined as DMR-
associated genes (DMGs).

Pairwise comparisons were also made between Al-tolerant and susceptible
genotypes for O. sativa (NIP-BGI, AZU-BGI) and O. glumaepatula (0G97-0G131) using the
same procedure described above. The susceptible genotype was considered as the
reference group. Overlapping DMRs for the two comparisons made inside O. sativa were
selected for further analyses.

DMR-associated genes identified among Al-tolerant and susceptible genotypes for
0. sativa and 0. glumaepatula were compared with a set of 250 genes previously associated
to Al stress-response inrice (Arbelaez et al.,, 2017; Arenhart et al., 2014). According to the
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reported experimental data, the 250 genes showed significant changes in expression after
Al exposure (upregulated genes Log2FC=1, downregulated genes Log2FC<-1) (Arbelaez
et al., 2017; Arenhart et al., 2014). This comparison allowed us to explore the association
between expression and methylation patterns of Al responsive genes.

3.3 Results

3.3.1 Genome-Wide DNA Methylation Patterns in Cultivated and Wild Rice
Genotypes

In this chapter, the methylome of four cultivated and two wild rice genotypes with
contrasting responses to Al stress were generated and characterized, grown under control
conditions. In this way, it was possible to analyze the methylation profiles associated with
each of these species, and their role as a mechanism associated with Al tolerance. In total,
47 - 60 million and 55 - 63 million high-quality reads were obtained for O. sativa and O.
glumaepatula, respectively, whose mapping statistics are presented in Supplementary
Table 3.1. The genome coverage for all samples ranged between 33-44X, with an average
depth per base between 15-19X. The cleaned reads for all the samples were aligned to the
reference genome: Os-Nipponbare-Reference-IRGSP-1.0 from the Rice Annotation Project
Database (RAP-DB). Only those sequences that mapped uniquely were considered,
therefore, duplicated sequences were removed from all samples. The percentage of unique
aligned reads ranged between 49 - 65% for O. sativa and 42 - 43% for O. glumaepatula.
The bisulfite conversion rate for all the libraries was above 99.5%. The depth and quality
of the sequencing were enough to ensure a high-quality genome-wide methylation
analysis in all the samples.

The percentage of mCs varied from 10 to14% in O. sativa and from 8 to 15% in O.
glumaepatula samples. The CG context had the highest methylation level for both rice
species, i.e.,, number of reads showing mCs for all reads covering the same cytosine site,
followed by CHG and CHH contexts. Because DNA methylation has a known role in TEs
silencing and gene regulation, the methylation levels for genes and TEs was analyzed. This
analysis was performed inside genes and TEs bodies, and their 2kb upstream and
downstream regions (Figure 3.1A). The general methylation patterns for these genomic
features were similar for both species, but the methylation levels in the 0G131 genotype
of 0. glumaepatula tended to be lower with respect to the other samples. Consistent with
other plant species, for genes and TEs, the methylation level was higher in the CG context,
followed by CHG and CHH contexts (Niederhuth et al.,, 2016). Furthermore, TEs had a
higher methylation level compared with genes for all sequence contexts. In addition, the
methylation levels variation for all the genes and TEs was calculated (Figure 3.1B), as well
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as the number of genebody methylated genes (gbM), TE-like methylated genes (teM), and
unmethylated genes (uM) for all the genotypes (Figure 3.1C). Overall, no clear differences
were observed between species for methylation patterns inside these genomics features.
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Figure 3.1. DNA methylation levels in Oryza sativa and Oryza glumaepatula genotypes. A. Average
methylation levels for genes and TEs bodies, upstream (-2Kb) and downstream region (+2Kb).
Each region was divided into 20 bins and the average methylation level was calculated for each
bin. B. Boxplot showing methylation levels variation located in genes and TEs, for all the sequence
context in rice genotypes. Blue bars: O. sativa; Orange bars: 0. glumaepatula C). Number of
unmethylated genes (uM), genebody methylated genes (gbM), and TE-like methylated genes (teM)
in rice genotypes.

3.3.2 DNA Methylation Profiles of TEs in Rice

The rice genome was divided into windows of 300 Kb and for each one of them (i) the

number of genes, Gypsy TEs, and Mite TEs; and (ii) the average methylation level per
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sequence context for each species were computed. To understand the relationship
between the DNA methylation patterns and the distribution of genes and TEs throughout
the genome, the PCC among the computed characteristics per window was compare
(Figure 3.2A). This approach showed that DNA methylation for CG and CHG context for
both species correlated positively with Gypsy TEs density (PCC: 0.69 - 0.72, Figure 3.2A),
which means that windows with a higher methylation level had a greater number of Gypsy
TEs. In contrast, the methylation level correlated negatively with the number of genes and
Mite TEs per window.

Genes Mite Gypsy Os CG Og CG Os CHG Og CHG Os CHH Og CHH

Genes -0.16

Mite 0.07

-0.59 049 0.21

Gypsy
0s.CG 085 -060 063 013

-0.59 0.20

09 CGC  -082 -057
Os CHG 081 -064 051 026
Og_CHG -0.76 -060

Og CHH 016 007

Figure 3.2. A. Pearson Correlation Coefficients (PCC) calculated comparing the methylation levels
for Oryza sativa and Oryza glumaepatula, associated with the number of genes, Mite TEs, and
Gypsy TEs along the genome. B. Circos plot showing in a genome-wide context, genes, Mite TEs
and Gypsy TEs distribution in association with average methylation levels in the CG, CHG and CHH
context for O. sativa and 0. glumaepatula.

The calculated PCC between methylation level and genes density ranged from -0.76
to -0.85, while for methylation level and Mite density it varied from -0.57 to -0.64 (Figure
3.2 A, B). It is worth noting that the CHH context showed a different trend, mainly for O.
sativa species. Thus, CHH-methylation showed a positive correlation with respect to genes
and Mite densities, and a negative correlation with respect to the methylation in CG and
CHG context, as well as Gypsy density (Figure 3.2A y B, Supplementary figure 3.1). Even
though the rice methylation levels along the genome are differentially related to the Gypsy
and Mite TEs density, there is not a clear association between the TEs methylation levels
and their impact on the gene structure or regulation. In consequence, TE methylation
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levels was explored with respect to genes distance, classifying them as close (<2Kb from
the gene) and distant (>2Kb from the gene) elements.

Our results showed no significant correlations between TEs methylation levels and
the distance to the closest gene, but the methylation patterns were clearly different among
CG, CHG, and CHH contexts, especially for Gypsy TEs as shown in Figure 3.3A. In fact, for
the CG context, the higher distances to a gene correlate with higher methylation levels, but
itis an opposite trend in the CHH context, where higher distances to a gene correspond to
lower methylation levels. Likewise, for Gypsy TEs there is a clear difference regarding
methylation levels for close and distant TEs in all methylation contexts. For Mite TEs
similar methylation levels were observed between these two categories (Figure 3.3B). In
addition, the methylation levels distribution of TEs located in the centromeres or
chromosome arms was explored, but clear differences between them were not found
(Supplementary figure 3.2).
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Figure 3.3. A. Gypsy and Mite TEs methylation levels in relation to the distance to the nearest gene
for all the sequence contexts. B. Boxplot showing methylation level variation between Gypsy and Mite
TEs close and distant from genes for all the sequence contexts.
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3.3.3 Differential Methylation Patterns Between Cultivated and Wild Rice
Genotypes.

Although methylation patterns were similar between rice species, a detailed
comparison between their methylomes was carried out by performing a pairwise
comparison between species per each sequence context. Here, the Pearson Correlation
Coefficient (PCC) was used to contrast cytosine methylation levels. For this analysis, only
the cytosines covered in all samples were considered. The hierarchical clustering of all
samples using 1-PCC distance, showed clustering by species but not grouping by
subspecies inside O. sativa for all sequence contexts (Supplementary figure 3.3). In fact,
the most Al-tolerant (AZU) and the most Al-susceptible (BGI) genotypes were clustered
together. Additionally, the comparisons considering only the cytosines inside genes and
TEs for all the sequence contexts were repeated (Supplementary figure 3.4, Figure 3.4A).
The results showed the same clustering profile as the one obtained using whole genome
methylation data.
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Figure 3.4. Differential methylation between wild and cultivated rice species. A. Clustering
analysis of rice genotypes according to the methylation levels of mCs inside genes and TEs for CG
context B. Number and location of hyper and hypomethylated DMRs between Oryza sativa and
Oryza glumaepatula varieties for each sequence context. C. Number of DMR-associated genes
found between 0. sativa and O. glumaepatula species. Genes were considered as DMR-associated
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genes if DMRs were located at gene-body (GB), upstream (US) (-2Kb), or downstream (DS)
(+2Kbps) regions.

Since the rice species are separated according to the methylome correlation analysis
(Figure 3.4A), it was decided to explore which regions differ between the analyzed species.
Therefore, differentially methylated regions (DMRs) were calculated by a tiling window
approach (200bp window size) between O. sativa and 0. glumaepatula. O. sativa genotypes
were used as reference for all the pairwise comparisons. In total, 1601 DMRs were found
of which 60% were hypermethylated and 40% were hypomethylated in 0. glumaepatula
with respect to O. sativa (Figure 3.4B). Notably, hypermethylation was mainly found for
the CHH context with most DMRs located in TEs, while hypomethylation was mainly for
the CG context with most DMRs located in the genebody region. Additionally, for the
identification of differentially methylated genes (DMGs), the genes overlapping with at
least 1 bp of distance to a DMR on its annotated genebody, upstream (-2Kb) or
downstream regions (+2 Kb) were tagged. A total of 1324 DMGs were reported, of which,
799 genes were hypermethylated and 547 were hypomethylated (Figure 3.4C).

3.3.4 Differential Methylation Patterns Associated with Al-Tolerance: A
Comparison Between Wild and Cultivated Rice.

It is well known that the methylome could be related to stress tolerance
phenotypes in plants, so it was decided to evaluate whether there are specific DMRs in
relation to established Al tolerance in different rice genotypes. DMRs between Al-tolerant
and susceptible genotypes were calculated within each rice species, using the susceptible
genotypes as control for all the pairwise comparisons. For O. sativa the overlapping DMRs
between NIP-BGI and AZU-BGI pairwise comparisons were selected for further analysis.
The results showed 4633 DMRs for O. sativa of which 38% were hypermethylated and
62% were hypomethylated, with most hypomethylated DMRs in the CHH context (mainly
inside TEs) (Figure 3.5A). Complementarily, 8048 DMRs were found for O. glumaepatula
of which 72% were hypermethylated and 38% were hypomethylated (Figure 3.5B). It is
worth noting that most DMRs were hypermethylated at the CHH context contrary to the
DMRs found for O. sativa. Lastly, 3024 DMGs were identified for O. sativa and 5484 DMGs
for O. glumaepatula (Figure 3.5C). These DMGs are considered as potentially regulated by
DNA methylation patterns between Al-tolerant and susceptible genotypes within each rice
species. Besides, obtained DMRs between species were compared to evaluate whether
there are similarities in DNA methylation patterns associated with Al-tolerance. Here, 91
shared DMRs were found between these two species, 63% hypermethylated and 37%
hypomethylated of which 58 were associated with 83 genes.
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To gain more insights into the methylation profiles associated with Al tolerance in
rice, the methylation patterns of 250 genes that were previously reported as differentially
expressed under Al-exposure were analyzed (upregulated genes Log2FC = 1 and
downregulated genes Log2FC < -1), reported by Arbelaez et al. (2017) and Arenhart et al.
(2014). Here 21 DMGs were reported for O. sativa (Supplementary table 3.2) and 37 DMGs
for 0. glumaepatula (Supplementary table 3.3) that were associated with Al-responsive
genes of which 11 were shared between both species (Table 3.1). Additionally, for each
genotype, the average methylation level for the upstream, genebody, and downstream
regions of these 250 genes were calculated (Supplementary figure 3.5). Then, the average
methylation level between genotypes were compared. The results showed a similar
clustering among genotypes for all sequence contexts as previously obtained using whole-
genome methylation data (Figure 3.1D), where O. sativa and 0. glumaepatula belong to
different clusters, but inside O. sativa the most Al-tolerant (AZU) and the most Al-
susceptible genotype (BGI) are grouped together (Supplementary figure 3.5). These
results suggest that there are no differential methylation patterns for all these Al-
responsive genes between Al-tolerant and susceptible species, grown under control
conditions. But a few genes are being epigenetically regulated in relation to the Al-stress
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Figure 3.5. DNA methylation patterns associated to aluminum tolerance in wild and cultivated
rice species. A. Hypo and hyper DMRs detected between Al- tolerant and susceptible genotypes for
Oryza sativa. B. Hypo and hyper DMRs detected between Al- tolerant and susceptible genotypes
for Oryza glumaepatula. C. Number of DMR-associated genes in O. sativa and O. glumaepatula
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genotypes. D). Clustering analysis of rice genotypes built by using the average methylation levels
of TEs close to Al-responsive genes for CG context. E. Clustering analysis of rice genotypes built by
using the average methylation levels of TEs close to Al-responsive genes for CHG context. F.
Clustering analysis of rice genotypes built by using the average methylation levels of TEs close to
Al-responsive genes for CHH context.

Finally, the methylation status of 127 TEs close to Al-responsive genes was
analyzed. 79 of these TEs were associated with a DMR in 0. glumaepatula and 70 were
associated with a DMR in O. sativa. In addition, implementing a PCC analysis, the
methylation levels of TEs in proximity to Al-responsive genes were compared between
varieties. Genotypes were clustered according to Al-tolerance level, at least, for the CG
methylation context (Figure 3.5D, E and F). This result is especially interesting within O.
sativa species where the two most tolerant genotypes (AZU and NIP) were grouped
together while IR64 (intermediate genotype) and BGI (susceptible genotype) were
clustered apart. These results suggest a possible role of TEs in the epigenetic regulation of
Al-genes.

Table 3.1. DMR-associated genes found in both O. sativa and O. glumaepatula between aluminum-
susceptible and tolerant genotypes. These DMR-associated genes were reported as differentially
expressed under aluminum stress conditions by Arbelaez et al., 2017 and Arenhart et al.,, 2014.

O. sativa 0. glumaepatula
Gene ID Location Status Context Location Status Context
050190949900 Upstream Hypo CHH Upstream Hyper CHH
0s01g0639600 Upstream Hypo CHH Upstream Hyper CHH
051290210500 Upstream Hypo CHH Genebody Hypo CHH
Genebody Hypo CHH
050290186800 Upstream Hypo CHH Upstream Hyper CHH
050590472400 Upstream Hypo CHH Genebody Hypo CHH
Genebody Hypo CHH Downstream Hyper CHH
050890158200 Genebody Hyper CHG Genebody Hyper CHG
050790509800 Genebody Hyper CHH Genebody Hyper CHH
0s01g0609300 Genebody Hypo CG Genebody Hypo CG
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Upstream Hyper CHH

0Os119g0134900 Genebody Hypo CHG Genebody Hypo CHG
0s01g0597800 Downstream Hyper CG Upstream Hyper CHH
051090459300 Downstream Hypo CHH Downstream Hyper CHH

3.4 Discussion

DNA methylation is the most studied epigenetic variation, having an important role
in the regulation of many genomic features such as chromatin structure, transposon
silencing, gene expression regulation and recombination. From this perspective, DNA
methylation patterns are considered an evolutionary result of life histories in plant species
(Niederhuth etal, 2016). However, most epigenetic variation studies have focused on
model species.

In this chapter, DNA methylation patterns between O. sativa, a rice cultivated
species, and O. glumaepatula, a South American endemic wild rice, were compared. Two
genetically and ecologically different species (Stein et al., 2018). The results showed that,
despite the genetic and ecological differences in the studied models, their general
methylation profiles are very alike. Here, it is demonstrated that gene methylation showed
the typical behavior reported previously for each context with a similar number of gbM,
teM, and uM genes between species. Likewise, for all the methylation contexts, TEs showed
a strong methylation level compared with genes. This result agrees with the important
role of epigenetics in the TEs silencing, preventing their mobilization along the genome
(Jones, 2012; Rabinowicz, 2003) and they are in accordance with the global genome-wide
methylation patterns reported in several rice species and genotypes (Feng et al., 2016;
Garg etal., 2015; Li et al.,, 2020; Li etal.,, 2012; Stroud et al,, 2013; Zheng et al., 2017). In
fact, previous studies have shown that general methylation trends are conserved in
phylogenetically distant plant species (Niederhuth et al., 2016; Zemach et al., 2010).

It has been reported that the methylation status of TEs can regulate nearby genes
expression, affecting plant responses to environmental conditions. In this regard, a novel
finding from this study is that methylation levels throughout O. sativa and 0. glumaepatula
genomes were positively correlated with Gypsy TEs density. Conversely, these levels were
negatively correlated with genes and Mite TEs density. Previous studies have reported the
relationship that exists between methylation level, genes and TEs densities (Bhatia et al,,
2018; Rajkumar etal, 2019; Zhang etal.,, 2006). For instance, Bhatia etal, (2018)
evaluated the methylation levels of different organs of chickpea plants and reported the
overlapping of low methylation levels with high gene density regions, while high
methylation levels positively correlate with high TEs density. These reports agree with the
high methylation level found in the TEs body region, possibly associated with TEs silencing
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through methylation mechanisms (Jones, 2012; Rabinowicz, 2003). However, the
mentioned studies reported a generalized trend of high methylation levels for all TEs. In
contrast, the results show that methylation patterns vary according to the TEs family and
the DNA methylation sequence context.

Our findings showed that Gypsy TEs have lower average methylation levels when
they are located close to a gene, whereas for Mite TEs this trend is not clear. It has been
previously reported that methylation levels of TEs can affect the transcriptional activity of
neighboring genes (Hollister & Gaut, 2009; Zhang et al., 2015). For instance, Choi &
Purugganan, (2018) showed that Class I TEs near to genes have reduced methylation
levels in comparison with TEs located far from genetic regions. Likewise, they showed that
Gypsy TEs located far from genes heavily methylate as a defensive mechanism against TEs
transposition. Therefore, the clear methylation level differences found for Gypsy TEs close
and distant to genes, in this study, suggests a possible interaction between TEs and
surrounding genes regulation. Regarding methylation levels for Mite TEs, there is not a
clear difference between mobile elements located close or distant from genes. One of the
possible hypotheses for this behavior is that Class Il TEs (DNA) such as the MITE group of
transposons do not have an independent transposition mechanism, so the silencing of
these elements through DNA methylation is probably not as necessary as it is for Class I
transposons. In fact, these types of TEs are preferentially inserted near or within genes
and have been observed to contribute to allelic diversity and act as transcriptional
regulators. (Dubin et al., 2018). Likewise, Class II TEs might have strong regulation effects
on gene expression associated with methylation spread (Choi & Purugganan, 2018). Given
that Mite family is one of the most diverse TEs families in rice, with almost four times more
copy numbers in comparison with other sequenced plant genomes (Song & Cao, 2017;
Wang etal.,, 2014; Zhang et al.,, 2014), it would be interesting to further study, from a
functional perspective, the potential relation between Mite TEs distribution and
transcriptional control.

Another result derived from TEs methylation patterns was the high methylation
levels of Gypsy and Mite TEs close to genes in the CHH context. The genome-wide
methylation levels for CHH context in several plant species, including this study, are lower
than CG and CHG methylation (Niederhuth et al., 2016). However, higher CHH methylation
levels of TEs close to genes were found. This behavior has been previously related to the
presence of mCHH islands, which are defined as short and highly methylated regions,
typically found upstream and downstream genes (Martin etal., 2021). In fact, mCHH
islands were reported by the first time associated with Mite TEs in rice plants (Zemach
etal, 2010). Likewise, Martin et al. (2021) showed a high level of genes associated with
CHH islands (78%) in rice plants compared with other Poaceae species. Although the
function of this CHH island is not clear, it has been proposed that they modify chromatin
states, to prevent the spread of epigenetic modifications into genes or vice versa (Gent
etal.,, 2013).
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So far, the general patterns of methylation shared between wild and cultivated rice
genotypes have been analyzed. Samples clustering using whole-genome methylation as
well as specific genes and TEs methylation patterns allowed us to group samples to the
species level. Specific genome regions that differ in their methylation status between 0.
sativa and O. glumaepatula were identified, representing species-specific epigenetic
marks. Then, DMGs found in this study were contrasted with genes, previously reported
as differentially methylated when comparing wild and cultivated rice species (Li etal,
2012). 11 common genes differentially methylated in both studies were found:
(050890236800, 0s03g0170200, 0s04g0460900, 0s03g0760000, 0s06g0608401,
050690690600, 0s05g0525800, 0s06g0499900, 050990434600, 0s11g0275500,
0s04g0277400). Likewise, two DMGs (050790669500 and 0s08g0424500) that have been
previously reported as key domestication-related genes in rice were identified (Chen et al.,
2021; Kovach et al., 2007). 0s07g0669500 (FRIZZI PANICLE-FZP) is a gene that increased
the number of secondary branch and grains per panicle (Chen et al. 2021) and
050890424500 (SCENTED KERNEL - SK2) gene has been related to the grain fragrance
(Kovach etal., 2007). Although more studies are needed, these results provide evidence
for the role of DNA methylation during the domestication process in rice plants.

Interestingly, the wild rice 0. glumaepatula showed a high number of
hypermethylated TEs with respect to O. sativa, specifically in the CHH context. Even though
epigenetic variations can arise spontaneously in different organisms (Becker et al.,, 2011;
Schmitz et al.,, 2011; van der Graaf et al., 2015), genetic background and environmental
conditions are considered the most important factors that structure epigenetic patterns
(Kawakatsu etal., 2016). Given that O. sativa and 0. glumaepatula are phylogenetically
distant and have been subjected to their own evolutionary histories the different
methylomes must reflect adaptation processes (Stein etal, 2018). Nevertheless, the
analyzed O. sativa genotypes were not clustered according to the subspecies division. It is
possible that methylome differences at the sub-species level could be strongly affected by
the environmental conditions in which they have evolved, or by stable epialleles
segregation, generated by spontaneous DNA methylation (Zhang etal., 2018). The
segregating epimutations have been reported, in several cases, as factors that contribute
to inheritable variation, independently of DNA sequence changes (Cortijo et al., 2014;
Richards, 2006).

Considering DNA methylation level in different rice genotypes, the aluminotoxic
conditions in contrasting rice varieties could be associated with differential methylation
patterns. When analyzing contrasting genotypes in both, O. sativa and O. glumaepatula,
several DMRs were reported between tolerant and susceptible varieties, suggesting a
possible role of DNA methylation in Al-response regulation. For 0. sativa mainly
hypomethylated regions in the CHH context were found while hypermethylated ones were
found in the CHH context for O. glumaepatula. Likewise, most of the found DMRs between
Al-tolerant and susceptible varieties were unique for each rice species, suggesting that
epigenetic regulation mechanisms related to Al-tolerance are different between 0. sativa

53



and O. glumaepatula. These variations might be associated with different adaptation
processes in contrasting environments, for example, 0. glumaepatula being a wild species,
endemic from South America, has been permanently subjected to acid soils guiding an
adaptation process to Al toxicity. Likewise, epimutation accumulation in plants is also a
source of heritable epigenetic and phenotypic diversity in plants such as the generation of
epialleles related to stress tolerance (van der Graaf et al., 2015).

Our experimental strategy depicted 91 shared DMRs and 83 common DMGs
between O. sativa and O. glumaepatula. Additionally, DMGs that have been reported as
differentially expressed under Al-stress conditions were found (Arbelaez etal., 2017;
Arenhart et al., 2014). (Supplementary Table S1 and S2). Notably, 11 of these genes were
differentially methylated between Al-tolerant and susceptible genotypes for both species
(Table 1). These convergent features represent promising genetic elements that might
structure a core machinery in the epigenetic regulation of Al-tolerance. Further work must
elucidate their functional role in Al-tolerance by evaluating the transcriptional regulation
of identified DMGs under stress conditions, helping to confirm the causal relationship
between methylation and transcriptional repression or activation. The results suggest
epigenetic mechanisms of aluminum tolerance based on a set of limited core genes rather
than generalized regulation mechanisms exerting phenotypic effects through thousand
genes.

Concluding Remarks

According to these results the methylation patterns associated with genes and TEs for
both rice species are conserved. Interestingly, a positive correlation between the
methylation level and the density of Gypsy TEs were found. But a negative correlation was
found between the methylation level and the density of Mite TEs and genes. Likewise, for
Gypsy TEs a clear difference between methylation levels according to their distance to the
closest gene were found, while no differences for Mite TEs were observed. However, there
exist several genomic regions with species-specific methylation patterns, reflecting the
own evolutionary histories of 0. sativa and 0. glumaepatula. Complementarily, several
regions potentially regulated through epigenetics that are related to Al-tolerance in rice
were identified. Different DMRs and DMGs in O. sativa and 0. glumaepatula were reported
independently. Few of these reported DMGs between Al-tolerant and susceptible
genotypes for both rice species were shared between them, suggesting different
mechanism of Al-response between cultivated and wild rice species, nevertheless, these
convergent features, represent promising genetic elements that might structure a core
machinery in the epigenetic regulation of Al-tolerance. These findings represent a first
approach in the understanding of the differential methylation patterns between wild and
cultivated genotypes and suggest a participation of DNA methylation in the regulation of
Al tolerance in rice.
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Chapter 4

Transcriptional Analysis in Wild and
Cultivated Rice Genotypes Reveals
Core Genes and Mechanisms
Associated with Aluminum Tolerance

This chapter is submitted as a research article in the journal Plant Science
as:

Gallo-Franco, }.J., Zuluaga-Yusti, I., Restrepo-Garcia, A.M., Zapata-Balanta,
S., Gutiérrez, ].P, Sosa, C.C., Ghneim-Herrera, T., and Quimbaya, M.
Transcriptional analysis in wild and cultivated rice genotypes identifies
core genes and mechanisms associated with aluminum tolerance.
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Chapter Summary

Differential gene expression analysis under stress conditions is a widely used strategy to
identify relevant genes and functional mechanisms that shape plant tolerance phenotypes
to abiotic stresses. In this study, RNA-Seq experiments were conducted to analyze the
transcriptional responses after 10 days of aluminum (Al) exposure in rice genotypes
belonging to both cultivated (Oryza sativa) and wild (Oryza glumaepatula) rice species,
which exhibit contrasting responses to Al stress conditions. After comparing
transcriptional responses under control and Al treatment conditions, differentially
expressed genes (DEGs) were identified for each genotype. In addition, functional analyses
carried out on identified DEGs revealed the coordinated action of both exclusion and
detoxification mechanisms associated with Al responses in rice. A group of 28 genes that
were differentially expressed in all analyzed species and genotypes were reported,
pinpointing a core set of mechanisms that are triggered by Al exposure. Similarly, 14 DEGs
were identified only in Al-tolerant genotypes, representing potential key elements to
understanding the successful adaptive response to toxic conditions adopted by tolerant
genotypes. Given that many of these identified genes have not been previously reported
or characterized, they could be considered novel regulators linked with Al tolerance
responses, and promising candidates for the generation of agronomically improved rice
varieties.

Keywords: Abiotic stress, Aluminum tolerance, Differential expression, RNA-seq exeriments,
Transcriptome, Wild rice, Cultivated rice, Al-detoxification mechanisms

Connection to Previous Chapter

Chapter 3 identified specific DNA methylation patterns associated with Al stress tolerance
levels rice varieties. However, the question remains as to how these epigenetic marks
affect transcriptional regulation under conditions of Al toxicity. To answer this question,
the variation in the transcriptome as well as in the methylome of tolerant and susceptible
rice varieties under Al stress conditions must be contrasted. As a first step to resolve this
question, this chapter analyzes the transcriptional variation of two tolerant and two
contrasting rice genotypes after 10 days of exposure to Al conditions. The results of this
chapter will be the starting point to evaluate the effect of methylation on gene regulation
that will be developed in the following chapter.
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4.1 Introduction

One of the most used approaches to understand the plant response to any specific stress
is the analysis of differential transcription of genes under the stress conditions. It has been
proposed the existence of an universally stress-regulated pathways base on a network of
core stress-responsive genes inrice under both biotic and abiotic stress conditions (Cohen
& Leach, 2019). However, several studies have also propose the existence of a stress-
specific group of responsive genes in different abiotic stresses such as drought, heavy
metals, salinity and cold (Baldoni et al., 2021; do Amaral et al.,, 2016; Shen et al., 2014).

As described in previous chapters, one of the most critical stresses affecting rice
production in the tropics and subtropics is Al toxicity in acid soils. Several approaches
have been explored to understand the mechanism underlying the response of rice to these
stressful conditions. Previous research has described several QTLs and genes involved in
Al tolerance in rice using massive sequencing techniques (Kochian et al,, 2015). Likewise,
some transcriptome studies have been conducted in rice to decipher the regulatory
networks underlying Al stress response (Arbelaez et al., 2017; Arenhart et al., 2014; Tyagi
etal., 2020; Zhang et al., 2019). However, most of the genes reported in those studies
reflect responses to Al3* toxicity rather than mechanisms of tolerance. This is especially
true when comparing genotypes with different levels of tolerance, because the sensitive
genotype may experience more severe stress than will the tolerant genotype (Delhaize
et al., 2012). Therefore, genetic mechanism of Al tolerance in rice is considered a complex
trait that requires further studies to reveal the different mechanisms at work in Al stress
tolerance.

Rice is considered an Al tolerant plant compared to other economically important
crops such as sorghum (Sorghum bicolor), maize (Zea mays) and wheat (Triticum
aestivum), having a wide variation in tolerance levels among different genotypes. These
characteristics turn rice into a very suitable crop to study transcriptional patterns in
varieties with contrasting responses to Al stress. In addition, it is well known that wild
relatives have the potential to introduce desirable traits into crops. From this perspective,
Oryza glumaepatula which is a wild rice species native to South America and distributed
in a wide range of environments, has a high capacity to tolerate different stress conditions
(Brondani etal.,, 2005). Posso etal., (2013) identified 0. glumaepatula genotypes with
contrasting tolerance to Al stress condition, designating 0G97 as a tolerant genotype and
0G131 as asusceptible one. Despite the potential of wild rice varieties in uncovering novel
mechanisms associated with Al tolerance, no transcriptomic studies involving wild rice
species have been conducted so far.
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In this chapter, transcriptional responses were evaluated for O. sativa and O.
glumaepatula genotypes after a 10-day period of Al exposure, which represents an
adaptation phase for tolerant genotypes. The analyses revealed several DEGs indicating a
coordinated action of exclusion and detoxification mechanisms in Al responses of O. sativa
and 0. glumaepatula. A core set of 28 genes that were consistently differentially expressed
across all genotypes and species was identified, suggesting their involvement in Al
exposure responses. Additionally, 14 DEGs exclusive to Al-tolerant varieties were
identified, which play crucial roles in understanding the adaptive strategies adopted by
tolerant genotypes under toxic conditions. Many of these genes are novel and
uncharacterized, presenting potential as key regulators directly associated with Al
tolerance responses and serving as candidates for the development of improved rice
varieties with enhanced agronomic traits.

4.2 Materials and Methods

4.2.1 Plant material and Al treatment

Four rice genotypes were selected for global transcriptomic analysis under Al
stress conditions. For Oryza sativa, the Al-tolerant genotype Azucena (AZU) and the Al-
susceptible genotype BGI9311 (BGI) were selected. For Oryza glumaepatula, the Al-
tolerant genotype OG97 and the Al-susceptible 0G131 were chosen (Supplementary table
4.1). The tolerance levels of 0. glumaepatula genotypes were previously characterized in
the plant physiology laboratory of ICESI University, Cali, Colombia. Seedlings were
germinated on agarose medium with a 12-h photoperiod and temperature of 28°C,
conditions that were kept for 7 days. After this period, seedlings were grown in a
hydroponic medium with a Kimura B solution (pH 6) and Arnon micronutrients for 3
weeks. In order to include a plant adaptation period to low pH as a basal condition for all
treatments, three days before the Al induction, solutions pH was progressively dropped to
4 for all plants. Subsequently, for the Al treatment, seedlings were subjected to Al stress
conditions for 10 days in the Kimura B solution supplemented with Al3Cl-100 uM while
controls remained in the original hydroponic culture. Finally, roots were collected from
treatment and control conditions and stored at -80°C. Total genomic RNA was extracted
using the RNAzol protocol with modifications (Supplementary datal). For the extraction
process, roots from five different plants were pooled and considered as a single biological
replicate. Genomic RNA quality was assessed on agarose gels and confirmed via
Bioanalyzer 2100. Paired-end (2x150pb) RNA sequencing was outsourced to NovoGene
company using the lllumina NovaSeq platform (NovaSeq 6000)
(https://www.novogene.com/).
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4.2.2 Transcriptomic Analysis

After sequencing raw sequence quality was assessed using FastQC (Simon Andrews,
2010). Obtained reads were cleaned removing [llumina adapters via Trimmomatic V.0.32
(Bolger et al., 2014). Cleaned sequences were aligned to the respective reference genomes
with STAR V.2.5 (Dobin et al., 2013). For O. sativa the Os-Nipponbare-Reference-IRGSP-1.0
genome from de Rice annotation project database (RAP-DB)
(https://rapdb.dna.affrc.go.jp/download/irgsp1.html) was used and for O. glumaepatula
the reference genome Oryza_glumaepatula_v1.5, downloaded from Ensembl Plants

Database was selected
(http://plants.ensembl.org/Oryza_glumipatula/Info/Index?db=core). Read count was
carried out using the software featureCounts v.2.0.3 (Liao et al., 2014) selecting the exon
counting option and summarized by gene ID to finally obtain reads number per gene.
Differentially expressed genes (DEGs) were identified using the DESeqZ2 R package (Love
et al., 2014) with default parameters including the Walt test for hypothesis testing and the
Benjamini-Hochberg (BH) method for multiple testing correction. To retain only highly
up- or down-regulated genes for further analyses, genes were considered differentially
expressed if their adjusted p-values were < 0.05 and their absolute Log2 Foldchange
(Log2FC) values were = 1.5. All reported statistics in the present study represent the
average values calculated from the three biological replicates tested per genotype. Finally,
to identify shared DEGs between both rice species, the g:Orth tool from the g:Profiler web
service (Raudvere et al., 2019) was used to identify orthologs between 0. glumaepatula
and O. sativa.

4.2.3 Functional Analysis

For the functional enrichment analyzes, the g:Profiler web service was used. For
each of the analyzed genotypes, up- and down-regulated DEGs were considered
independently. Functional enrichments were obtained for biological process, molecular
function, and cellular compartment ontologies, and complemented with enriched KEGG
metabolic pathways. As a multiple testing correction procedure, the g:SCS (Set Counts and
Sizes) parameter was used (Reimand et al., 2007). Only GO terms or KEGG pathways with
g:SCS values < 0.05 were considered as enriched features. In addition, the O. sativa subsp.
japonica genome annotation was used as reference for AZU and BGI genotypes and O.
glumipatula genome for 0G97 and 0G131 genotypes. The background gene list used for
functional analysis was integrated for genes with expression data in at least two samples
per genotype (available p-value). Finally, the tool REVIGO (Reduce and Visualize Gene
Ontology) (Supek et al,, 2011) was used to group the Gene Ontology terms with redundant
GO levels. The aim of this tool is to find a single representative GO term for highly similar
GO clusters. The default C-factor parameter (0.7) was used, which is considered a
conservative value, although it maintains strong statistical support.
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4.3 Results

4.3.1 Transcriptome Analysis

To analyze transcriptional responses in contrasting rice genotypes under Al stress
conditions, high-throughput RNA-sequencing experiments were carried out. After raw
data filtering, the number of total reads per treatment ranged from 20.6 to 22.2 million
reads for both species. Similarly, the percentage of uniquely mapped reads to the selected
reference genomes ranged from 67 to 83% while the reads assigned to genes varied from
61 to 86% (Supplementary Table 1).

Using the expression data, a PCA analysis was performed for all the samples within
each analyzed species. Specific clusters were formed where control replicates grouped
together as well as treatment replicates (Figures 4.1A and 4.1B). These results confirmed
that sampled replicates behaved as expected, supporting the biological variability during
experimentation, and thus, subsequent analyses can be considered reliable.
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PC2: 16% variance
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PC1: 83% variance PC1: 66% variance

Figure 4.1. PCA analysis for all samples within each analyzed species. For all biological replicates,
a principal component analysis (PCA) was performed using the normalized transcripts for each
gene. Specific clusters were formed where control (C) replicates grouped together as well as
treatment (T) replicates in A) Oryza sativa, AZU (AC and AT) and BGI (BC and BT) and B) Oryza
glumaepatula, 0G97 (CC and CT) and 0G131 (DC and DT).

4.3.2 Differentially Expressed Genes (DEGs) Identified for All the Analyzed
Genotypes

As aresult of the differential expression analysis, Log2FC values were obtained for
all the analyzed genotypes. An evaluation was made on the number of genes retained
when different Log2FC thresholds (>0.5, 1, 1.5 and 2) were established (Supplementary
figure 4.1). The number of DEGs resulting from contrasting the tolerant and susceptible
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genotypes decreased when the Log2FC threshold stringency was increased, especially for
0. glumaepatula. For further analysis, genes with absolute Log2FC values = 1.5 in
combination with an adjusted p-value < 0.05 were classified as DEGs. These values varied
from -7.9 to 8.7 for AZU, from -7.3 to 7.4 for BGI, from -7.4 to 11.2 for 0G97, and from -6.4
to 8.3 for 0G131 (Figure 4.2A). Tolerant genotypes showed a broader Log2FC range than
susceptible ones for both species.
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Figure 4.2. Differentially Expressed Genes (DEGs) identified for all the analyzed genotypes. A)
Fold change patterns of differentially expressed genes (padj<0.05) when contrasting control vs Al-
treated genotypes in Oryza sativa (AZU and BGI) and Oryza glumaepatula (0G131 and 0G97)
species. B) Number of DEGs (padj<0.05) for the analyzed genotypes. C) Venn diagrams for shared
up-regulated and down-regulated genes between 0. sativa genotypes. D) Venn diagrams for shared
up-regulated and down-regulated genes between O. glumaepatula genotypes. E) Venn diagrams
for shared up-regulated genes in all genotypes and F) Venn diagrams for shared down-regulated
genes in all genotypes.
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For the AZU genotype, a total of 962 DEGs were identified when contrasting control against
Al-stress condition (497 up- and 465 down-regulated genes, supplementary table 4.2), 768 DEGs
were detected for BGI (299 up- and 469 down-regulated genes, supplementary table 4.3), for the
0G97 genotype, 361 DEGs were identified (249 up- and 112 down-regulated genes,
supplementary table 4.4), and for the 0G131 genotype, 538 DEGs were found (428 up- and 110
down-regulated genes, supplementary table 4.5). For AZU, 0G97 and OG131 genotypes, a greater
number of up-regulated genes was observed, in contrast to the BGI genotype where an increased
number of down-regulated genes was detected (Figure 2B). In the wild-tolerant Oryza
glumaepatula genotype (0G97), the lowest number of DEGs among all genotypes were identified.

4.3.3 Comparison of DEGs between Cultivated and Wild-rice Genotypes

Once DEGs were retrieved, different pairwise comparisons were established (Figures 4.2C-
F). Accordingly, in O. sativa, 118 up-regulated genes were shared between AZU and BGI, and 127
down-regulated genes were common. In 0. glumaepatula, 107 up-regulated genes were shared
between 0G97 and 0G131, while 31 down-regulated genes were found to be in common. To
establish proper comparisons between both rice species and based on information retrieved from
the Ensembl Plants database, DEGs identifiers from 0. glumaepatula were translated to their
respective orthologs in O. sativa. It was possible to detect 74% orthologs between commercial and
wild rice. After interspecific comparisons, 12 up- and 16 down-regulated genes shared among all
the rice genotypes were identified (Figures 4.2E and 4.2F, Tables 4.1 and 4.2). Similarly, when
contrasting only tolerant genotypes (AZU and 0G97), 9 up- and 5 down-regulated genes were
detected (Figures 4.2E and 4.2F, Table 4.3). Finally, for the 28 shared DEGs among all genotypes, a
correlation analysis was performed implementing the Pearson Correlation Coefficient (PCC)
calculated using Log2FC values. Similar correlation values were generated for all the genotypes
with a slightly higher similarity between tolerant and susceptible genotypes inside species (0.95-
PCC) than tolerant genotypes between both species (0.93-PCC) (Supplementary Figure 4.2).
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Table 4.1. Up-regulated genes shared between Oryza sativa and Oryza glumaepatula genotypes

Gene Ontology associated terms (BP, CC, or

Gene ID Gene name  Description MF)
0s04g0538900 OsGLYI5 Glyoxalase/bleomycin resistance
protein/dioxygenase domain
containing protein
0s0790214900 OsCHS2 Similar to Chalcone synthase C2 (EC  Biosynthetic process, Acyltransferase activity,
2.3.1.74) (Naringenin-chalcone Transferring groups other than amino-acyl
synthase C2) groups
0s09g0435700 Hypothetical conserved gene Hydrolase activity
0s01g0595600 Alpha/beta hydrolase fold-1 Hydrolase activity
domain containing protein
0s01g0343100 Protein of unknown function Membrane
DUF594 family protein
051290614500 Similar to Lipase family protein Lipid metabolic process, phospholipase activity
0s12g0614100 Similar to Lipase family protein Lipid metabolic process, phospholipase activity
0s01g0106400 OsIRL Similar to Isoflavone reductase Oxidoreductase activity
homolog IRL (EC 1.3.1.7)
050990448200 OsHAK17 Similar to High-affinity potassium Potassium ion transport, Potassium ion
transporter transmembrane transporter activity, Integral
component of membrane
0s05g0463000 OsRLCK188 Similar to Receptor protein kinase- Protein phosphorylation, ATP binding, Plasma
like protein membrane
0s12g0108500 OsFbox636 Similar to Leucine Rich Repeat SCF-dependent proteasomal ubiquitin-
family protein, expressed dependent protein catabolic process,protein
binding, SCF ubiquitin ligase complex
050190919100 OsFRDL4 Aluminum-induced citrate Transmembrane transport, xenobiotic

transporter, Aluminum tolerance

transmembrane transporter activity, Membrane
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Table 4.2. Down-regulated genes shared between O. sativa and O. glumaepatula genotypes

Gene Ontology associated terms (BP, CC, or

ID D ipti
Gene Gene name escription MF)
0s119g0249000 AP2/ERF family protein, Abiotic Defense response, ADP binding
stress respons
0s01g0609300 OsPDR9 F-box domain, cyclin-like domain Transmembrane transport, ATP hydrolysis
containing protein activity, integral component of membrane
0s10g0525500 OsGSTU21 Conserved hypothetical protein Glutathione metabolic process, Glutathione
transferase activity, Cytoplasm
0s09g0367700 OsGSTUS Similar to GST6 protein (EC 2.5.1.18)  Glutathione metabolic process, Glutathione
transferase activity, Cytoplasm
0s04g0556400 Similar to UDP-glycosyltransferase Hexosyltransferase activity, Intracellular
UGT93B9 membrane-bounded organelle
0s07g0638400 Os1-Cys Similar to 1-Cys peroxiredoxin Hydrogen peroxide catabolic process,
Antioxidant activity,nucleus
0s089g0153900 Similar to nodulin-like protein Integral component of membrane
0s07g0241500 OsUGT710C2 Zinc finger, C2H2 domain containing  UDP-glycosyltransferase activity, Intracellular
protein membrane-bounded organelle
0Os11g0145200 OsUGT75E1 UDP-glucuronosyl/UDP- UDP-glycosyltransferase activity, Intracellular
glucosyltransferase family protein membrane-bounded organelle
0s09g0518200 OsSGT UDP-glucuronosyl/UDP- UDP-glycosyltransferase activity, Intracellular
glucosyltransferase family protein membrane-bounded organelle
0s01g0557100 Alpha/beta hydrolase family protein  jasmonic acid metabolic process, methyl
indole-3-acetate esterase activity
0s03g0838800 Similar to Legumain Response to acidic pH, Nucleic acid binding
0s03g0226200 HB2 Similar to Polyketide reductase Oxygen binding
050290227500 Protein kinase, catalytic domain Protein phosphorylation, ATP binding, Plasma
domain containing protein membrane
0s03g0571900 PEZ1 Similar to transparent testa 12 Transmembrane transport, Antiporter activity,
protein Integral component of membrane
0s07g0625400 0OSK28 Conserved hypothetical protein Ubiquitin-dependent protein catabolic process,

Cullin family protein binding, Cytoplasm

65



4.3.4 Comparative Functional Enrichment

To characterize the functional roles of identified DEGs in rice crops under Al-
exposure, a functional enrichment analysis was performed using the g:Profiler tool
(Supplementary Table 4.6). From this analysis, the unique and shared enriched functional
categories were identified for all genotypes studied (Figure 4.3). Functional enrichment
profiles were different between tolerant and susceptible genotypes, showing a higher
number of unique categories than shared.

A B C
0. sativa 0. glumaepatula

AZU
0G97 0G131

Figure 4.3. Comparative functional counts for analyzed genotypes. To characterize the functional
roles of DEGs identified in rice crops under Al-exposure, a functional enrichment analysis using
the g:Profiler was performed. A) Number of enriched categories shared between Oryza sativa
genotypes (AZU and BGI). B) Number of enriched categories shared between Oryza glumaepatula
genotypes (0G97 and 0G131). C) Number of enriched categories shared among all analyzed
genotypes for both rice species.

Interaction plots were generated using the REVIGO tool based on the biological
processes (BP) associated with each genotype. This application removes redundant GO
terms enabling the construction of clean and meaningful functional associations. For
cultivated rice, the functional analyses revealed 19 BPs exclusively enriched for the AZU
genotype, classified into eight functional subclusters, four derived from differential up-
regulated genes and four subclusters obtained from differential down-regulated genes
(Figures 4.4A-B). Remarkably, for BGI, unique categories derived from up-regulated genes
were not identified given that all categories were shared with the AZU genotype. In
contrast, 10 unique categories resulting from down-regulated genes were retrieved
(Figure 4.4C). After comparing the functional categories shared by 0. sativa genotypes,
seven BPs were retrieved, mainly associated with the photosynthetic process, and
associated with differentially down-regulated expressed genes (Figure 4.4D). Categories
derived from shared up-regulated genes were not obtained.

In the case of 0. glumaepatula, it was difficult to derive functional information, most
likely due to its genome remaining poorly annotated. Nevertheless, four functional
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clusters were identified for the OG97 genotype, three obtained from differential down-
regulated genes and one subcluster obtained from differential up-regulated genes
(Figures 4E and F). For the 0G131 genotype, two exclusively enriched BPs were identified,
namely the “transmembrane transport” and the “response to aluminum ion”.

As previously mentioned, 12 up- and 16 down-regulated genes shared among all
analyzed rice genotypes were identified, forming a cluster of 28 genes which structure a
core machinery that is triggered upon Al induction. To address the role of these central
genetic components, a functional characterization was performed. The categories from
the Gene Ontology (GO) associated with “Catalytic activity”, “Primary metabolic
processes”, “Transmembrane transport”, and “Cellular anatomical entity” were derived
from differentially up-regulated genes (Table 4.1). In the same way, categories linked with
differentially down-regulated genes were associated with “Transmembrane transport”,
“Metabolic processes”, “Catalytic activity”, “Response to stimulus”, and “Oxygen binding”
(Table 4.2). Additionally, for the 14 DEGs shared between both tolerant genotypes but not
differentially expressed in the susceptible genotypes, categories were recovered according
to their functional characterization that related to “Transmembrane transport”, “Metal ion
transport”, “oxidoreductase activity” and “Phytohormone metabolic processes” (Table

43).

4.3.5 Genes Previously Associated with Al Stress in Rice

In order to contrast the results with studies previously conducted on rice crops
under Al stress conditions, the DEGs identified in this current study were compared to a
list of 288 Al stress responsive genes, generated via massive RNA sequencing technology
(Arbelaez et al., 2017; Arenhart et al., 2014; Tyagi et al., 2020; Zhang Zhong, et al., 2019).
A match was found with 95 of these previously reported genes: 52 for BGI, 62 for AZU, 23
for 0G131, and 17 genes for 0G97 (Supplementary table 4.7). After contrasting this gene
list with scientific literature, genes with an experimentally proven role in Al tolerance
were identified. Seven differentially expressed genes were found in this study with
Log2FC values between 0.5 and 1.5, and three genes with Log2FC values > 1.5. Similarly,
six common differentially expressed genes in all evaluated rice genotypes had been
previously reported in other studies: 0s12g0108500 (OsFbox636), 0s01g0106400,
050190609300 (OsPDR9), 0s12g0614500, 0s01g0919100 (OsFRDL4), 0s0390233900 (HB1)
(Table 4.4).
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Table 4.3. Functional characterization of DEGs shared between tolerant genotypes

Gene ID Status Gene Description Gene Ontology associated terms (BP, CC, or MF)
0s03g0807900 Down PAMP (pathogen-associated molecular pattern)- Chaperone-mediated protein folding, chloroplast
responsive transrepressor, Defense response stroma, protein folding chaperone
0s01g0940800 Down  Similar to IN2-1 protein Carbohydrate metabolic process, anchored
component of plasma membrane, hydrolase
activity
050590244700 Down  Glycoside hydrolase, family 17 protein Carboxylic acid metabolic process, cytosol,
branched-chain-amino-acid transaminase
activity
0s04g0665200 Down  SABATH family protein, IAA homeostasi Auxin homeostasis, methyltransferase activity
0s049g0660900 Down  TGF-beta receptor, type I/Il extracellular region Transmembrane transport, plasma membrane,
family protein transmembrane transporter activity
0s03g0182000 Up Similar to flavin-dependent monooxygenase 1 NADP binding
050490288100 Up Similar to Auxin-binding protein ABP20 Extracellular region, nutrient reservoir activity
0s10g0555700 Up Beta-expansin Sexual reproduction, extracellular region
050490629200 Up Cupredoxin domain containing protein Electron transport chain, anchored component
of plasma membrane, electron transfer activity
0s01g0249800 Up Heavy metal-associated domain, HMA domain Metal ion transport, metal ion binding
containing protein
050490666800 Up Similar to HL005F08.21 protein Phenylpropanoid biosynthetic process, apoplast
0s01g0722300 Up Myb transcription factor domain containing Cell differentiation, nucleus, sequence-specific
protein DNA binding
0s09g0518750 Up Conserved hypothetical protein
0s01g0187600 Up Similar to Cytokinin dehydrogenase 1 Cytokinin metabolic process, Cytokinin

dehydrogenase activity
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Table 4.4. Genes previously associated with Al-tolerance mechanisms in rice and detected as DEGs
in the present study. Values in parentheses represent Log2 FoldChange values for each genotype

. Tolerance Log2FoldChange value
Gene name Function . Reference
mechanism per genotype
Transports trivalent Al ion, required for a prior  Inclusion AZU (2.6), BGI (1)
NRAT1/ , e , , .
step of final Al detoxification through 0G97 (1.5), 0G131 Xia et al. 2010
NRAMPA4 sequestration of Al into vacuoles (1.6)
OsALS1 Responsible for sequestration of Alinto the Inclusion AZU (0.82) Huang et al. 2011
vacuoles
Form a complex that functions as an ABC AZU (1.72), BGI (1.19),
OsSTAR1 transporter, which is required for Exclusion 0G97 (1.63), 0G131 Huang et al. 2009
detoxification of Al in rice (2.38)
Form a complex that functions as an ABC
OsSTAR2 transporter, which is required for Exclusion 0G131(1.6) Huang et al. 2009
detoxification of Al in rice
Al-induced citrate transporter localized at the AZU (4.1), BGI (5.1),
OsFRDL4 plasma membrane of rice root cells and is one  Exclusion 0G97 (7.2), 0G131 Yokosho et al. 2011
of the components of high Al tolerance in rice (6.2)
Expressed in the root tips are required for the
OsEXPA10 root cell elongation, but the contribution of Exclusion AZU (0.8), BGI (1.1) Che et al. 2016
this gene to high Al tolerance in rice is small.
OsFRDL2 is involved in the Al-induced
OsFRDL2 secretion of citrate, its contribution to high Al Exclusion AZU (1), BGI (0.67) Yokosho et al. 2016
tolerance is relatively small in rice
Promote Al-induced increases in OsFRDL4 Transcription
WRKY22 expression, thus enhancing Al-induced citrate factor P 0G131(1.5) Li, 2017
secretion and Al tolerance in rice
Regulates the expression of different genes Transcrintion 0G131 (1.9), 0G97 Arenhart et al
ASR5 that collectively contribute to the protection P (1.18), AZU (1.14), BGI ’

of the cell in response to aluminum stress.

factor

(0.66)

2014
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4.4 Discussion

Multiple stressors affect rice production, with Al identified as one of the most significant,
resulting in substantial yield losses when combined with acid soils. Among cereals, rice
has been reported to be one of the most Al-tolerant crops when compared with maize,
sorghum, and wheat (Famoso et al., 2010). To develop a comprehensive description of the
molecular mechanism underlying Al-tolerance in rice, the transcriptome of two cultivated
and two wild rice genotypes with contrasting responses to Al-exposure were explored.
The transcriptional data allowed cluster the samples according to experimental
treatments (control and Al stress). Similarly, tolerant, and susceptible genotypes were
also grouped together, demonstrating the correspondence of the transcriptional data with
genotypic identity for both evaluated species.

For all analyzed genotypes, several genes were differentially expressed under the
condition of Al stress. Susceptible genotypes showed a higher number of DEGs compared
to the tolerant ones. Additionally, the difference in the number of DEGs between the
tolerant and susceptible genotypes is reduced when the stringency level based on the
Log2FC value is more restrictive, suggesting that for susceptible genotypes, Al stress
generates fluctuations in a high number of genes, but expression changes are mild. These
results have been reported in previous studies where an increased Al toxicity is reflected
in massive transcriptional responses, particularly in the susceptible genotypes (Maron
et al,, 2008). Similar observations were also reported for rice under salinity stress (Walia
etal, 2005, 2007) and for other crops under abiotic stresses such as cold and salinity
(Chopra etal.,, 2015; Rahman et al.,, 2014; Shen etal, 2014), where a large number of
transcriptional changes were found for susceptible genotypes during abiotic stress
adaptation times. Interestingly, in the present research the transcriptional responses were
evaluated after 10 days of exposure to Al stress, and thus it can be stated that gene
expression changes are mediated by this adaptation phase in the evaluated genotypes.
From this perspective, Kawasaki et al., (2001) evaluating rice genotypes with contrasting
sensitivity to salt stress, observed that the number of DEGs after 1h of the stress increased
for the tolerant genotype, but after 3h, these DEGs were progressively reduced declining
over time (7 days). In contrast, in the susceptible genotype, this response was delayed,
resulting in many down-regulated genes prior plants death, suggesting that this delay
might underlie the ineffective response of susceptible genotypes to the stress condition.
The transcriptional changes observed are consistent with this behavior, in which the
susceptible genotypes displayed a higher number of deregulated genes in the evaluated
adaptive phase, indicating the massive physiological changes that susceptible genotypes
are tuning to cope with Al conditions.
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Among the reported DEGs for the evaluated genotypes, several genes previously
linked to Al responses, were identified. This is key evidence that reinforces the idea of a
common set of genes in rice synergistically acting in response to Al. Interestingly, the wild
genotypes showed a smaller fraction of genes shared with previous reports, suggesting a
divergence in the genetic machinery that is triggered upon Al stress induction between
wild and cultivated rice species. However, it is also possible that during the orthologs
search between 0. sativa and O. glumaepatula, information from genes that have not been
well characterized in the wild rice had been lost, reducing the potential number of genes
from which to infer functional associations.

Al detoxification has been associated with two main processes: exclusion
mechanism, where Al ions are blocked before entering the root apex, and detoxification,
in which plants tolerate Al accumulation either in the root cell wall or in the symplast,
where it is chelated and sequestered. In this sense, these results revealed contrasting
patterns of gene expression that encompass both tolerance mechanisms. This evidence
reinforces the notion that Al tolerance in rice crops is an additive process involving
multiple genes and mechanisms that operate in an orchestrated fashion (Kochian et al,,
2015).

Differential expression of OsSTAR1, OsSTARZ, OsFDRL4, OsFDRLZ2 and OsEXPA10
genes involved in the external detoxification mechanism 1is reported here.
Complementarily, OsSTAR1 and OsSTARZ genes are involved in cell wall modification.
OsSTAR1 encodes an ATP-binding domain while OsSTARZ encodes a membrane-binding
domain of a bacterial-type ABC transporter (Arenhart et al., 2014; Huang et al., 2009). This
carrier transports UDP-glucose from the cytoplasm to the cell wall, reducing the binding
ability of Al to the cell wall (Huang et al., 2009). In rice, overexpression of OsSTAR1 and
OsSTARZ genes has been found to be associated with reduced Al accumulation in the cell
wall (Zhu et al., 2018).

The overexpression of the OsEXPA10 gene in response to Al stress induction has
been previously reported in rice (Che et al,, 2016). In fact, expression changes of this gene
were specifically and rapidly induced by Al exposure. OsEXPA10 is involved in root cell
elongation by mediating cell wall loosening, and thus affects Al binding. Additionally,
OsFRDL4 and OsFRDLZ2 are two Al-induced citrate transporters belonging to the multidrug
and toxic compound extrusion (MATE) family, located at the plasma membrane and at
cytosol vesicles (Jingguang et al,, 2020). It is well known that organic acid secretion is a
mechanism associated with Al-tolerance, given that organic acids can chelate Al3+ ions,
forming non-toxic compounds that cannot enter root tip cells. Interestingly, both the
expression of OsFRDLZ2, a citrate transporter, and OsEXPA10 induction are rapidly and
specifically induced by Al. In this study they presented low Log2FC values and were only
differentially expressed for AZU and BGI genotypes. Nevertheless, previous studies have
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also reported the minor effects of these genes on Al tolerance suggesting that they are
probably not present in wild genotypes (Che et al., 2016; Yokosho et al., 2011).

NRAT1 and ALS1 genes are related to the detoxification mechanism. NRATI was
differentially expressed for all the genotypes, with higher values in the AZU genotype
(Log2FC 2.6) than in the other varieties. In contrast, ALS1 was differentially expressed
only in AZU (Log2FC 0.82). NRAT1 is a member of the Nramp gene family that transports
Al3* ions into the root cytoplasm (Xia et al., 2010). After the introduction of Al3* ions, the
transport process is mediated by the ABC transporter Al-sensitive 1 (0OsALS1), which is a
half-size ABC transporter localized at the tonoplast. It is interesting to find a tolerance
mechanism involving the introduction of toxic substances into the cell, but it could be
considered a strategy to reduce the high levels of Al accumulation in the cell wall and their
detrimental effects. Similar to OsSTAR1 and OsSTARZ expression behavior, NRAT1 was
differentially expressed in all genotypes. ALS1, however, was only expressed in AZU, a
tolerant genotype, suggesting that adapted genotypes are better able to cope with the
stress, triggering more specific mechanisms than susceptible genotypes.

The involvement of previously studied Al-responsive genes in the tolerance
mechanism linked with Al detoxification has been discussed. Thus, it is proposed that
these already known mechanisms coincide with the canonical strategies reported for Al
tolerance in cultivated and wild rice genotypes. However, in this study 28 genes were
differentially expressed for all genotypes after long-term Al exposure. Most of these genes
have not been directly linked to Al-stress response, but some have been previously
associated with responses to different stress conditions such as nitrogen starvation
(0s01g0595600), salinity stress (0s04g0538900), drought (0s0990448200,
Os11g0145200), sulfur starvation (0s01g0106400), anaerobic  germination
(0s07g0638400) and wounding stress (Baldoni et al., 2021; Hsieh et al., 2018; Lunde et al,,
2008; Mustafiz etal., 2011; Seto etal.,, 2011; Yang etal, 2019), indicating that they are
indeed stress-associated genes. In addition, this group of 28 genes are associated with

”» «u

functional categories such as “Metabolism”, “Transport activity”, “Glutathione metabolic
process”, “Plant hormone signaling”, and “Oxidative stress” that relate to stress conditions
in plants. From this perspective, the evidence gathered supports the idea that, regardless
of tolerance levels, a core set of genes exist which is acting response to develop long-term
tolerance responses to Al stress. Reinforcing this hypothesis, other researchers have also
put forward the idea of a central responsive machinery that is activated by different stress

conditions in rice (Cohen & Leach, 2019).

Functional characterization revealed the association of the core of genes identified
with oxidative stress responses. Such responses are due to an excess of Reactive Oxygen
Species (ROS), produced in the context of heavy metal (HM) stress that can disrupt the
redox status of cells, resulting in the oxidative stress of exposed cells, and leading to
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membrane dismantling, biological macromolecule deterioration, ion leakage, lipid
peroxidation and DNA-strand cleavage (Shahid et al., 2014). In addition, the up-regulation
of oxidative stress-responsive genes under Al exposure has been shown in several plant
species, including tea (Li et al.,, 2017), maize (Maron et al., 2008) and rice (Tsutsui et al.,
2012). Another function related to the characterized central machinery is the Glutathione
metabolic process. Notably, when the functional enrichment analysis was performed, this
category was enriched for all genotypes, suggesting glutathione metabolism plays an
important role in the basal response that is proposed. Glutathione associated processes
have been determined as one of the central mechanisms that regulate ROS levels in plants,
but glutathione metabolism is also associated with the detoxification of the glycating
agent methylglyoxal, a toxic product of glycolysis (Foyer & Noctor, 2011). Similar to ROS,
increased methylglyoxal accumulation is a common outcome in plants exposed to
environmental constraints such as salinity, drought, cold, and heavy metals (Dorion et al.,
2021). Within these functional categories two specific down-regulated genes
(0s10g0525500 and 0s09g0367700) were found in all the genotypes analyzed. It should
be noted that enriched categories are being reported after 10 days of stress exposure and
therefore the down-regulation observed is related to a compensation process after several
days of stress conditions.

From these findings, it is proposed that there is a common machinery that
regulates Al stress responses in rice, and, furthermore, that there is an additional core of
specific genes and mechanisms that control Al stress responses in tolerant genotypes. In
addition, 14 DEGs shared by tolerant genotypes but not differentially expressed in
susceptible ones were reported. Previous work linked three of these genes to stress
responses. The most interesting of these is the 0s01g0249800 gene that is a cation
transporter under cadmium stress conditions (Chen et al., 2023). Subsequently, as aresult
of the functional characterization of these 14 DEGs, several GO categories were identified
such as “Transmembrane transport”, “Metal ion transport” and “phytohormone signaling”,
that have been previously reported as specific processes associated with stress signaling
in plants (Jingguang et al., 2020). As part of the mechanism that involves phytohormone
signaling activation, ethylene regulation has been potentially implicated in plant
adaptation or tolerance to toxic metals (Asgher et al,, 2014; Khan & Khan, 2014). Recent
studies have shown that tolerant genotypes activate genes that encode components of the
ethylene signaling pathway (Cao et al,, 2014; Fu et al., 2014; Guan et al., 2015). Likewise,
Keunen and collaborators described a close relationship between ethylene and
glutathione metabolism during HM stress responses (Keunen et al., 2016). This group of
alternative core genes associated with specific responses observed only in the tolerant
genotypes are suggested as potential key factors involved in the inter-specific tolerance
mechanism in rice. The lack of information around these genes could be indicative of novel
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tolerance mechanisms that have yet to be studied, especially given the focus on O.
glumaepatula, a wild species that remains poorly studied.

Concluding Remarks

In this chapter, transcriptional responses of tolerant and susceptible rice genotypes were
analyzed after 10 days of Al exposure. Based on the evidence gathered, a model to further
understand the distinct mechanisms triggered by Al exposure in rice varieties was
proposed (Figure 4.5). The model suggests that upon Al stress induction, susceptible
genotypes transcribe a greater number of DEGs, suggesting that the drastic physiological
changes observed in susceptible genotypes is associated with a greater transcriptional
variation, indicative of they attempt to adapt to cope with Al conditions. Nevertheless, this
transcriptional response is not effective and susceptible genotypes exhibit detrimental
phenotypes. In contrast, it is suggested that in tolerant genotypes a distinct response
occurs after prolonged exposure to Al that is mediated by a smaller set of genes conferring
the ability to adapt to the stress condition. This set of genes is directly associated with
biological processes such as transmembrane and metal ion transport, plant hormone
signaling, and secondary metabolism-associated genes. Some of these molecules have not
been previously characterized and could be considered novel regulators directly linked
with Al tolerance responses, and promising candidates for the generation of
agronomically improved rice varieties.

A group of 28 genes that were differentially expressed in all genotypes were
described, putting them forward as core components in the functional response of rice
cultivars to Al stress conditions, regardless of their tolerance levels. These genes are
involved in glutathione metabolism, plant hormone signaling and oxidative responses,
underscoring the relevance of these processes in the generation of specific Al-tolerance
mechanisms. In addition, it is worth noting the significant transcriptional induction of
NRAT1 and FRDL4 genes in all genotypes. These two genes participate in exclusion and
detoxification mechanisms respectively, suggesting that both tolerance mechanisms for
Al detoxification are active in the analyzed genotypes. This is of particular interest in the
case of wild genotypes that have not been previously studied, as possible tolerance
mechanisms operating in wild rice to Al stress can now be highlighted.
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Figure 4.5. Suggested model that explains Al tolerance mechanism exhibited by analyzed
genotypes. A proposed model is presented to explain the potential mechanism of Al tolerance
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Chapter 5

DNA Methylation Changes Associated
with Gene Expression in Cultivated
(Oryza sativa) and Wild Rice (Oryza
glumaepatula) Genotypes Exposed to
Aluminum Stress Conditions
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Chapter Summary

DNA methylation is the most studied epigenetic mark, and it has been involved in
TEs silencing, chromosomal interactions, trait inheritance and regulation of gene
expression. In addition, several studies have considered DNA methylation as a potential
mechanism of plant response to stress conditions, showing specificity for different types
of stresses. However, so far there are no studies of DNA methylation patterns associated
with Al stress conditions in rice, which is one of the most critical abiotic stresses affecting
rice crops in acid soils. Thus, in this chapter, DNA methylation variation in response to
long-term Al toxicity was evaluated in Al-tolerant and susceptible genotypes of cultivated
and wild rice species. In addition, the relationship between DNA methylation patterns and
gene expression was evaluated to identify the possible role of DNA methylation in gene
regulation under Al stress conditions. According to these results, the overall genome-wide
level of variation is similar across the genome and among genotypes, showing a trend of
hypomethylation for CG and CHG sequence contexts and hypermethylation for CHH
sequence context for stress samples. Similarly, the distribution of differentially methylated
regions is similar among genotypes and species, suggesting a common response of rice to
Al-stress conditions. Several of these reported DMRs are related to genes, a small portion
of which were also differentially expressed, suggesting that some specific genes are
associated with epigenetic regulation under Al-stress conditions. To reinforce this
hypothesis, a functional analysis of genes differentially methylated and differentially
expressed genes (DMG-DEGs) was performed resulting in several enriched categories
related to stress response in plants. Finally, potential genes involved in the mechanisms of
Al tolerance in rice that are being epigenetically regulated were identified. These DEGs
with potential epigenetic regulation represent key genes with a view to their potential use
in breeding susceptible genotypes.

Keywords: Abiotic stress, Aluminum tolerance, Bisulfite sequencing, DNA methylation,
Differential expression, Methylome, RNA seq, Transcriptome.

Connection to Previous Chapter

In chapter 4, transcriptional analysis of 0. sativa and 0. glumaepatula under prolonged Al
exposure conditions was performed. As a result, several differentially expressed genes
(DEGs) were identified for all genotypes studied. However, the question remains open as
to the role of DNA methylation in the transcriptional regulation of these genes under Al
stress conditions. To answer that question, in this chapter, variation in the methylome of
tolerant and susceptible rice genotypes in response to Al stress was evaluated and the
results were contrasted with the differential expression results of the previous chapter.
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5.1 Introduction

Plants are constantly confronted with challenging environmental conditions and have
evolved different physiological and genetic defense strategies to survive. In addition to the
elucidation of the genetic basis, signal transduction and regulatory mechanisms
underlying stress responses, a growing number of studies have demonstrated the
important role of epigenetics in plant responses to abiotic stress. Likewise, it has been
evidenced that epigenetic mechanisms play crucial roles in the formation of stress
memory, which can be inherited by the offspring of stress-treated plants (Chang et al.,
2020). Therefore, elucidating the epigenetic codes of plant stress responses could be of
great importance for breeding stress-tolerant crops.

Epigenetic mechanisms, including DNA histone modifications and DNA
methylation, are heritable changes that do not affect DNA sequence and define chromatin
structure and accessibility. DNA methylation is considered the most studied epigenetic
mark, and is considered a relatively stable, heritable, and transgenerational mark. This
epigenetic modification has been implicated in TEs silencing, chromosomal interactions,
trait inheritance and DNA regulation.

Stress-induced DNA methylation changes have been extensively investigated under
various stress conditions in many plants, showing specificity to different types of stresses
(Sun etal, 2022). Most abiotic stress-induced DNA methylation modifications are
transient and return to initial levels after removal of the stress; however, studies have also
shown that some short- or long-term memory effect could be induced in plants
(Verhoeven etal., 2010). Thus, DNA methylation has been considered a mechanism by
which plants adapt to abiotic stress (Akhter etal, 2021). In rice several studies have
reported variations of DNA methylation patterns in response to stress conditions, as well
as a possible role of DNA methylation in gene responsive gene regulation. Details of these
findings is described in depth in Chapter 2.

In Chapter 3 of this thesis, several evidence on the possible role of pre-established
DNA methylation patterns on the Al tolerance levels of rice genotypes grown under control
conditions were presented. However, the next step is to evaluate the DNA methylation
changes generated in response to the stress condition. So far, there have been some studies
evaluating the effect of heavy metals on DNA methylation in plants (Choi & Sano, 2007; Ou
etal,, 2012), but there are no Al-related epigenetic studies in rice. Thus, in this chapter,
whole genome bisulfite sequencing (WGBS) and RNA-sequencing (RNAseq) data was used
to identify the patterns of DNA methylation changes under Al exposure and their
correlation with gene expression regulation.
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5.2 Materials and Methods

5.2.1 Plant Material and Al treatment

The rice genotypes used for DNA methylation experiments were the same analyzed in
chapter 3 for transcriptomic analysis (Supplementary table 3.1). For Oryza sativa, the Al-
tolerant genotype Azucena (AZU) and the Al-susceptible genotype BGI9311 (BGI) were
selected. For Oryza glumaepatula, the Al-tolerant genotype OG97 and the Al-susceptible
0G131 were selected. Plant growth and Al treatment conditions are described in section
3.2.1. Total genomic DNA was extracted from frozen root tissue by CTAB 2X protocol with
modifications (Maropola et al., 2015). For the extraction process, roots from five different
plants were pooled and considered as a single sample. Genomic DNA quality was evaluated
on agarose gels and DNA quantity was measured using a Nanodrop spectrophotometer
(Thermo Scientific).

5.2.2 Whole-Genome Bisulfite Sequencing (WGBS), Read Alignment, and Data
Imputation

Bisulfite-seq (BS-seq) libraries and paired-end (2x150pb) DNA sequencing were made
from genomic DNA isolated from O. sativa and O. glumaepatula seedlings roots by
NovoGene-Korea using an Illumina NovaSeq platform (NovaSeq 6000)
(https://www.novogene.com/). Three samples were sequenced per experiment.

The FastQC tool (Simon Andrews, 2010) was used to perform basic statistics on the
quality of the raw reads. Then, sequencing adapters and low-quality data (Phred score <
30) were removed by Trimmomatic (V.0.32) (Bolger et al.,, 2014). The reads were mapped
to the Os-Nipponbare-Reference-IRGSP-1.0 (https://rapdb.dna.affrc.go.jp/download/
irgspl.html) genome for O. sativa and the Oryza_glumaepatula_v1.5
(http://plants.ensembl.org/Oryza_glumipatula/Info/Index?db=core) genome for O.
glumaepatula using Bismark (v.16.3) (Krueger & Andrews, 2011) with default parameters.
In contrast to Chapter 3, this chapter uses the reference genome available for each species,
since comparisons of the same regions of the genome will not be made, but rather a
comparison of the final results.

Only the uniquely aligned reads were maintained and all the samples were de-
duplicated using the Bismark deduplication module. Finally, cytosine-level methylation
calls were obtained for CG, CHG and CHH sites with METHimpute (Taudt etal., 2018),
which is a Hidden Markov Model for inferring the methylation status/level of individual
cytosines, even in the presence of low sequencing depth and/or missing data. All WGBS
data processing was performed using the MethylStar pipeline (Shahryary et al., 2020).
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5.2.3 Genome-Wide Methylation Patterns

A comparative methylome analysis was done between Al-stress and control samples for
all the rice genotypes using the methylated cytosines (mCs) counting throughout the
complete genome. The rice genome was divided into windows of 100 kb and for each
window the number of mCs per sequence context (CG, CHG, and CHH) was computed for
each sample. In addition, the difference in mCs between the stress and control samples
per window was calculated (Average values for the three replicates were used to
compare). Then, exponential smoothing with a = 0.1 was applied to the calculated
difference to remove noise associated with the abrupt change in the count of mCs in
adjacent windows.

5.2.4 Identification of Differentially Methylated Regions (DMRs) and
Differentially Methylated genes (DMGs)

To identify DMRs, the jDMR R package was used (https://github.com/jlab-code/jDMR), a
heuristic DMR caller that produces methylation calls for bins based on a Hidden Markov
Model (HMM). In this experiment, the genome was divided into windows of 500, 400, and
100pb for the CG, CHG, and CHH sequence context respectively and only bins with at least
five cytosines were retained. The methylation status of a given region was classified as
either unmethylated or methylated. Pairwise comparisons between the control and
treatment groups were performed by generating a DMR matrix containing region calls
corresponding to each sample and each bin. Finally, non-polymorphic regions were
excluded, and adjacent bins were merged to obtain the list of DMRs.

To characterize the distribution of DMRs along the genome their overlap with
transposable elements (TEs), genes, promoters, and intergenic regions was evaluated. An
overlapping of 2pb for each functional feature was considered as a positive result.
Annotation files for genes and TEs in gff3 format were downloaded from Ensembl Plants
(http://plants.ensembl.org/info/data/ftp). TEs annotation was unavailable for O.
glumaepatula. Promoters were defined arbitrarily as regions 2 kb ahead of the TSS.
Intergenic regions were defined as all regions in the genome that were not covered by any
of the above annotations. Therefore, genes with DMRs overlapping their body or promoter
region were considered Differentially Methylated Genes (DMGs).

5.2.5 Functional Enrichment Analysis

g:Profiler web service was used for functional enrichment analysis of DMGs shared
only between tolerant genotypes (AZU and 0G97) but not present in susceptible ones.
Functional enrichments were obtained for biological processes (BP), molecular function

81



(MF), cellular compartment (CC), and KEGG metabolic pathways. g:SCS (Set Counts and
Sizes) method was used as a multiple testing correction procedure because it takes into
consideration the directed acyclic graph structure of the GO terms to obtain adjusted p-
values (Reimand et al., 2007). Only GO terms or KEGG pathways with g:SCS values < 0.05
were considered enriched. Finally, the REVIGO (Reduce and Visualize Gene Ontology) tool
(Supek etal., 2011) was used for summarizing the Gene Ontology terms by removing
redundant GO terms. The default factor C = 0.7 was used, which is considered a
conservative value, maintaining strong statistical support.

5.3 Results

5.3.1 Consistent DNA Methylation Changes in Wild and Cultivated Rice Genotypes
under Aluminum Exposure

In this chapter, the base resolution methylome of one Al-susceptible and one Al-tolerant
genotype for O. sativa and O. glumaepatula species grown under stress conditions was
generated. As a result, a total of 55 million raw reads on average were generated for O.
sativa and 58 million for 0. glumaepatula. After the mapping of reads, the genome coverage
ranged from 88% to 96% for O. sativa and 65% to 69% for O. glumaepatula with
sequencing depth ranging between 14 and 20X. The bisulfite conversion rate for all the
libraries was above 99.5%. The depth and quality of the sequencing were enough to
ensure a high-quality genome-wide methylation analysis in all the samples. Regarding the
overall methylation results, a higher number of mCs was found in the CG context, followed
by CHG and CHH context. Summary statistics for each sample can be found in
Supplementary Table 5.1. The overall statistics of O. sativa were better than O.
glumaepatula, which may be due to a better quality of the reference genome.

To analyze the distribution of DNA methylation in CG, CHG, and CHH contexts, a
genome-wide profile of mCs counts using 100kb static windows was plotted for stress and
control samples of O. sativa and O. glumaepatula. Figure 1 presents the methylation
profiles of chromosome 1 in O. sativa (Figures 5.1A and B) and O. glumaepatula (Figures
5.1C and D). A similar pattern was observed across all chromosomes with consistent
behavior observed in CG and CHG contexts, while the opposite trend was observed in the
CHH context. The graphs reveal significant differences between control and stress
samples, particularly in O. glumaepatula genotypes, suggesting a widespread shift in the
rice genotypes' methylome under Al-exposure. However, the results for the CHH context
in O. sativa genotypes were inconclusive due to ambiguity in one of the replicates.

82



A Azucena B BGI
Chrl .€G Chrl -CG
6000 6000
5000 5000
£ &
S w000 S 4000
1 -
2 00 2 3000
g 2000 & 2000
3 3
1000 1000
o °
o 1 2 3 4 0 1 2 3 4
Chrl -CHG b Chrl -CHG bk
2000
17%
§ 1500
8 1250
-
> 1000
o
8 750
E 500
250
°
0 1 2 3 4
Chrl -CHH 107
1750
1500
g 1250
o
2 1000
>
o 7%
3
500
£
250
o
v 1 2 3 4
Chromosome length (Mb) 1e7
C 0g97 D 0g131
Chrl -CG Chrl -CG
3500 3500
1000 3000
ﬁ 2500 g 2500
g g
— 2000 - 2000
> >
£ 1500 £ 1500
I} 3
1000 1000
E E
500 500
o 0
o 1 2 3 4 o 1 2 3 4
Chrl -CHG le7 Chrl -CHG 1a?
1000
800
o 8%
3 3
600
= g
> >
2 w00 < 400
w w
() o
€ 200 E 200
0 0
1000
1000
o 800 o
- = 800
8 8
—~ 600 ~ 00
2 2
n 400 w 400
o o
€ 200 E 20
0 0
0 1 2 3 4 0 1 2 3 4
Chromosome length (Mb) le7 Chromosome length (Mb) le7

Figure 5.1. Number of methylated cytosines (mCs) along the genome for A. AZU, B. BGI, C. 0G97
and D. 0G131 genotypes. The rice genome was divided into windows of 100 kb and for each one
of them, the number of mCs per sequence context (CG, CHG, and CHH) for each sample was
computed. The plain lines correspond to the control samples and the dotted lines correspond to
the samples under stress conditions.
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The difference in the mCs counts per window between control and stress
conditions was analyzed. Figure 5.2 shows the methylation profile for chromosome 1 in
all analyzed genotypes as an example of the obtained results. A similar pattern was
observed across all chromosomes. Interestingly, in both O. sativa and O. glumaepatula
species, the susceptible genotype exhibited the highest values for the CG and CHG contexts
and the lowest values for the CHH context. Itis possible to say this based in the percentage
of windows where the susceptible genotype showed a greater change compared to the
tolerant genotype. In O. sativa, BGI showed a higher variation in a greater percentage of
windows (CG: 56%, CHG: 99%, CHH: 93%) compared to AZU (CG: 44%, CHG: 1%, CHH:
7%). In O. glumaepatula, 0G131 displayed a higher variation in a greater percentage of
windows for CG (80%) and CHG (80%) compared to 0G97 (CG:20%, CHG:20%), but the
opposite trend was observed in the CHH context (0G131: 35%, 0G97: 65%). Notably, CG
and CHG context showed mainly positive differences, indicating generalized
hypomethylation in the genome. In contrast, only negative differences were observed in
the CHH context, indicating generalized CHH hypermethylation in the rice genome under
stress exposure. These results suggest uneven effects of Al stress on DNA methylation in
the three contexts.
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Figure 5.2. Calculated difference in the number of mCs between control and stress conditions for A.
Oryza sativa genotypes, AZU and BGI, and B. Oryza glumaepatula genotypes, 0G97 y 0G131. The
control sample was used as the reference point. A positive value indicates hypomethylation which
represents a decrease in methylation levels compared to the control condition. Conversely, negative
values indicate hypermethylation, which represents an increase in methylation levels compared to the
control condition, in response to the treatment.
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To analyze specific regions in the genome where the significative changes are
occurring under Al exposure, DMRs between control and stress conditions were identified
for all the rice genotypes. For AZU 1759 CG-DMRs (828 hyper and 931 hypomethylated),
2639 CHG-DMRs (633 hyper and 2006 hypomethylated), and 10980 CHH-DMRs (2328
hyper and 8652 hypomethylated) were found (Figure 3A). For BGI 1852 CG-DMRs (1126
hyper and 726 hypomethylated), 2429 CHG-DMRs (552 hyper and 1877 hypomethylated),
and 13588 CHH-DMRs (212 hyper and 11467 hypomethylated) were found (Figure 3A).
For 0G97 3335 CG-DMRs (907 hyper and 2428 hypomethylated), 5325 CHG-DMRs (471
hyper and 4854 hypomethylated), and 14267 CHH-DMRs (1581 hyper and 12687
hypomethylated) were found (Figure 5.3B). For 0G131, 14814 CG-DMRs (992 hyper and
13822 hypomethylated), 9614 CHG-DMRs (705 hyper and 8909 hypomethylated), and
26855 CHH-DMRs (983 hyper and 25872 hypomethylated) were found (Figure 3B).
Overall, there are mainly hypo-DMRs for all the genotypes and sequence contexts and the
number of DMRs is higher in the susceptible genotypes. The high number of
hypomethylated CHH-DMRs is interesting considering that CHH positions along the
genome tended to be hypermethylated under Al exposure (Figures 5.1 and 5.2).

Finally, DMR annotation was done to characterize its distribution along the
genome. An overlapping of 2bp between the DMR and the functional element (gene,
promoter, TEs) was considered a positive result for the DMR annotation. According to the
results, there exists a common pattern for DMRs location among susceptible and tolerant
genotypes for both rice species (Figure 5.3C and 5.3D), where most of the DMRs overlap
with TEs. In the same way, the different locations of hypo and hyper-DMRs showed the
same proportions. For 0. glumaepatula the coordinates of TEs in the genome are not
available so only genes, promoters, and “others” as the excluded category were
considered. It is remarkable that most of the hyper-DMRs for the CG context in both
genotypes were in the genes or gene promoters instead of TEs.

5.3.2 Al-exposure Alters DNA Methylation Patterns of Genes in Rice

Genes with DMRs located within their body or promoter region (2kb upstream)
were considered DMR-associated genes (DMGs). A total of 3979 DMGs were identified in
AZU, 4440 in BGI, 6175 in 0G97, and 13482 in 0G131, considering the overlaps with the
promoter region. Likewise, 1765 DMGs were identified in AZU, 2049 in BGI, 4275 in 0G97,
and 8940 in 0G131 considering the overlaps with the gene-body region. The distribution
of hypo-DMGs and hyper-DMGs per context is depicted in Figures 5.4A and B. Notably, the
CHH context exhibited the highest number of hypo-DMGs, and there was a greater number
of DMGs for the susceptible genotype in both species.
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Figure 5.3. DMR statistics for Oryza genotypes A. Number of hypo and hyper DMRs reported for
Oryza sativa and B. Oryza glumaepatula. C. DMR annotation for O. sativa genotypes, (AZU and BGI)
based on functional features including Genes, Promoter (-2Kb), Repeats and Intergenic regions.
Some DMRs may overlap with multiple features. D. Annotation of DMRs for O. glumaepatula
genotypes (0G97 and 0G131). The functional features considered were Genes, Promoter region (-
2Kb) and Other, which includes any other location in the genome.
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Figure 5.4. Differentially methylated genes (DMGs) for all the analyzed rice genotypes. A. Number
of DMGs for Oryza sativa and B. Oryza glumaepatula. C. Number of shared hyper and D. hypo DMGs
among rice genotypes. E. Relationship among functional categories associated with DMGs unique
to tolerant genotypes. The axes in the plot have no intrinsic meaning. Revigo uses
Multidimensional Scaling (MDS) to reduce the dimensionality of a matrix of the GO terms pairwise
semantic similarities. The guiding principle is that semantically similar GO terms should remain
close together in the plot.
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Functional enrichment analysis was performed for hyper and hypo-DMGs of all
genotypes. No results were obtained for O. sativa genotypes. However, several categories
were enriched for 0. glumaepatula genotypes. Eight functional categories were enriched
for 0G97 (two biological processes (BP), three molecular functions (MF), one cellular
component (CC), and two metabolic pathways (KEGG)) of which seven were for hypo-
DMGs. On the other hand, 26 functional categories were enriched for 0G131 (six BP, 16
ME, two CC, and two KEGG) of which 25 were associated with hypo-DMGs (Supplementary
table 5.2). Among the enriched categories it is worth highlighting the categories “lipid

metabolic process”, “transmembrane transport”, “catalytic activity”, “oxidoreductase
activity” and “Diterpenoid biosynthesis” that were shared between both genotypes.

Finally, 70 DMGs shared among all the genotypes were identified, suggesting a
possible role of these genes in the epigenetic regulation of rice response to Al-stress.
Likewise, 80 DMGs were identified only in the tolerant varieties turning these DMGs into
potential tolerance genes that are being regulated through DNA methylation (Figures 5.4C
and D). Functional characterization of these 80 DMGs showed a relationship with several
categories such as “Membrane transport”, “Cell wall” and “Regulation of plant hormones”
for the hyper-DMGs and categories such as “DNA demethylation”, “Transmembrane
transport”, “Response to stimulus”, “Cellular response to DNA damage stimulus”,
“Regulation of plant hormones”, among others for hypo-DMGs (Supplementary table 5.3).
The relationship of the different ontology terms associated with these genes based on
their semantic similarity was evaluated using the Revigo web platform. The guiding
principle of the resulting scatterplot is that semantically similar GO terms should remain
close together in the plot (Figure 5.4E). It is worth noting the formation of functional
clusters of genes that are affected by DNA methylation in both tolerant genotypes.

5.3.3 Correlation Between DNA Methylation and Gene Expression Under Al-Stress
Conditions

Although several genes exhibited differential DNA methylation under Al-exposure
conditions, it remains unknown whether these changes affect their transcriptional
activity. Therefore, a comparison was made between the Differentially expressed genes
(DEGs) obtained in chapter 4 to identify genes that showed both differential methylation
and expression (DMG-DEGs) under Al conditions. For detailed methods and results
regarding the transcriptomic analysis, please refer to Chapter 4.

Subsequently, the comparison between DMGs and DEGs revealed that 13% of the
total DEGs were also identified as DMGs, while 3% of the DMGs overlapped with the DEGs
(Figure 5.5A and B). These findings suggest that alterations in DNA methylation within the
promoter or gene-body region do not necessarily correlate with changes in gene
expression. However, it is noteworthy that a subset of genes may be regulated by DNA

methylation. Importantly, the number of DMGs does not necessarily correspond to the
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number of DMG-DEGs, indicating the existence of specific mechanisms that orchestrate
the impact of DNA methylation on gene expression.

Promoter

AZU 0G97 0G131

C DMG-DEGs

AZU BGI

W DMG-DEGs W DEGs W DMGs

Genebody
0G97 0G131

W DMG-DEGs m DEGs  m DMGs

Figure 5.5. Differentially methylated and expressed genes (DMG-DEGs) in Oryza sativa and Oryza
glumaepatula genotypes. DEGs: differentially expressed but not differentially methylated, DMGs:
differentially methylated but not differentially expressed and DMG-DEGs: differentially methylated
and expressed genes. A. Number of DEGs, DMGs and DMG-DEGs differentially methylated in the
promoter region. B. Number of DEGs, DMGs and DMG-DEGs differentially methylated in the
genebody region. C. Venn diagram of DMG-DEGs shared among all the genotypes.

To gain more insights into the possible role of DNA methylation in the regulation of
gene expression under Al-exposure in rice, DMG-DEGs will be the focus of analysis. As a
first approach, whether there is a directional regulation of gene expression it was
explored, meaning that hyper-DMRs cause the downregulation of genes or vice versa.
Therefore, the Log2FC value of genes was plotted against the DMR meth level difference
between control and stress samples for O. sativa (Supplementary figure 5.1) and O.
glumaepatula (Supplementary figure 5.2). As a result, no clear trend was found from the
results, but a higher number of up-regulated rather than down-regulated genes associated
with DMRs was identified.

In Chapter 4 of this dissertation, a list of genes previously associated with Al-
tolerance was presented, which were identified as DEGs in this study (Table 4.4). Then, to
gain further insights into the epigenetic regulation of Al stress-responsive genes, the
methylation status of these genes across all genotypes was analyzed. Notably, DMRs in the
promoter or genebody regions of Nratl, OsSTAR1 and FRDL4 genes were observed, with
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distinct sequence contexts (Table 5.1). These findings suggest that DNA methylation might
play a role in regulating these genes; however, additional studies are required to
substantiate this conclusion.

Table 5.1. Methylation status of genes experimentally linked to aluminum stress response in
literature.

Gene Transcriptional status Methylation DMR location DMR sequence context Genotype
status
Nratl Up Hyper Promoter CG 0G131
OsSTAR1 Up Hypo Promoter CG 0G131, AZU
Genebody CHH 0G131, AZU
FRDL4 Up Hypo Genebody CG 0G131
Promoter CHG

A comparison was conducted between DMG-DEGs across all the genotypes was
done. A total of 939 DMG-DEGs were identified, out of which 69 genes (7%) were found to
be shared between at least two genotypes, while 870 genes (93%) are unique to specific
genotypes. The next step involved assessing whether there were enriched functional
categories for all the identified DMG-DEGs. As a result, eight functional categories were
found to be enriched in AZU, with the highest number of genes falling into the
“Oxidoreductase activity” category. Similarly, eight categories were enriched in BGI, with
the highest number of genes in the “Response to stimulus” category. Additionally, 0G97
displayed enrichment in seven categories, with the highest number of genes in the
"Oxidoreductase activity" category, while 0G131 exhibited enrichment in ten categories,
with the highest number of genes in the "Transmembrane transport" category. (Table 5.2).

The tolerant genotypes AZU and OG97 displayed shared enriched functional
categories including “Tetrapyrrole binding”, “Oxidoreductase activity” and “Heme
binding”. Interestingly, unlike DMGs, DMG-DEGs do show enriched categories for both AZU
and BGI genotypes. Notably, the categories "Transmembrane transport” and
"Oxidoreductase activity" were enriched for both DMGs and DMG-DEGs in 0G97 and
0G131 genotypes.

Furthermore, two DMG-DEGs shared among all genotypes were identified (Figure
5.5C), namely 050190343100, characterized as an integral component of the membrane
(CC), and 0s04g0556400, involved in hexosyltransferase and UDP-glycosyltransferase
activity (MF), and characterized as an intracellular membrane-bounded organelle.
Additionally, five DMG-DEGs were identified specifically in the tolerant genotypes (Figure
5.5C). These genes are associated with functional categories such as "lon transport,”
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"Glutathione metabolic process," and "Integral component of membrane,” among others
(Table 5.3). These findings suggest that these genes may play crucial roles in the epigenetic
regulation of rice Al-tolerance levels.

5.3.4 Al exposure Alters Expression of Genes Related to DNA Methylation

Among the differentially expressed genes, those associated with DNA methylation changes
in rice will be selected for analysis. Several methyltransferases have been identified in this
regard. OsMET1-1 and OsMET1-2 belong to the MET family and are essential for
maintaining DNA methylation marks. CMT2 and CMT3 encode chromomethylases (CMT)
methyltransferases responsible for CHG methylation (Lanciano & Mirouze, 2017). Finally,
DRM1, DRM2 and DRM3 are the domains rearranged methyltransferases responsible for
DNA CHH-specific methylation (Cao & Jacobsen, 2002). No orthologous genes for these
proteins were found in the O. glumaepatula genotypes and no differential expression was
observed for these DNA methyltransferases genes (Figure 5.6A). The recently discovered
gene coding for the demethylase responsible for DNA demethylation, OsROS1, was also
evaluated (Agius et al., 2006). This gene showed significant up-regulation only in 0G131.
Finally, the genes encoding RNA-dependent RNA polymerases (RDR1, RDR2, RDR3 and
RDR6) were analyzed, which play a role in generating 24 nt small RNAs (sRNAs) (Matzke
& Mosher, 2014). Among these, only the gene OsRDR1 exhibited significant up-regulation
in BGI (Figure 5.6B). These results indicate that Al-stress modulates the expression of key
genes involved in the dynamic regulation of DNA methylation in rice, although to different
extents.

Table 5.2. Functional enriched categories for differentially methylated and expressed genes
(DMG-DEGs) under Al-exposure.

Genotype Source  Term name Number of genes Other genotypes sharing the category
AZU BP Hydrogen peroxide catabolic process 7

cC Extracellular region 19

MF Tetrapyrrole binding 18 0G97

MF Oxidoreductase activity 35 0G97, 0G131

MF Heme binding 16 0G97

MF Monooxygenase activity 12

KEGG Phenylpropanoid biosynthesis 9
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KEGG Biosynthesis of secondary metabolites 18 BGI
BGI BP Cellular modified amino acid metabolic 8
process
BP Glutathione metabolic process 6
BP Response to stimulus 54
BP Export across plasma membrane 5 0G97
MF Glutathione transferase activity 6
MF Betaine-homocysteine S- 2
methyltransferase activity
KEGG Biosynthesis of secondary metabolites 24
KEGG Lysine degradation 3
0G97 BP Export across plasma membrane 4 BGI
BP Transmembrane transport 15 0G131
MF Xenobiotic transmembrane transporter 4
activity
MF Heme binding 10 AZU
MF Oxidoreductase activity 20 AZU, 0G131
MF Tetrapyrrole binding 10 AZU
MF Oxidoreductase activity, acting on 9
paired donors, with incorporation or
reduction of molecular oxygen
0G131 BP Secondary metabolic process 14
BP Phenylpropanoid metabolic process 11
BP Secondary metabolite biosynthetic 10
process
BP Protein retention in Golgi apparatus 3
BP Transmembrane transport 35 0G97
cC Extracellular region 29
cC Apoplast 13
MF ABC-type transporter activity 8
MF Oxidoreductase activity 44 0G97, AZU
KEGG Fatty acid degradation 4
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Table 5.3. Functional characterization of DMG-DEGs shared between Al-tolerant genotypes, AZU
and 0G97, under Al exposure.

Gene stableID Genename GO domain GO term name

0s02g0198700 OsSub12 BP Proteolysis
MF Serine-type peptidase activity
MF Serine-type endopeptidase activity
MF Peptidase activity
MF Hydrolase activity
0s039g0575200 OsHAK16 BP lon transport
BP Potassium ion transport
BP Potassium ion transmembrane transport
MF Potassium ion transmembrane transporter activity
cC Integral component of membrane
cC Membrane
051090525500 OsGSTU21 BP Glutathione metabolic process
MF Glutathione transferase activity
MF Transferase activity
cc Cytoplasm
051290137700 BP Sulfation
MF Sulfotransferase activity
MF Transferase activity
cC Cytoplasm
0s12g0637100 OsPAP10c MF Metal ion binding
MF Acid phosphatase activity
MF Hydrolase activity
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Figure 5.6. Expression values for DNA-methylation and demethylation enzymes. A. Normalized
reads count values for enzymes identified only in O. sativa genotypes and B. Normalized reads
count values for enzymes genes identified in both O. sativa and 0. glumaepatula. AC: AZU contro],
AT: AZU treatment, BC: BGI control, BT: BGI treatment, CC: 0G97 control, CT: 0G97 treatment, DC:
0G131 control, DT: 0G131 treatment.

5.4 Discussion

As sessile organisms, plants undergo biotic and abiotic stresses and need to evolve diverse
physiological mechanisms to cope with them through regulation of gene expression in
their genome. Mechanisms such as DNA methylation and demethylation of cytosines are
believed to play a key role in this adjustment (Zhang et al., 2018). So far, several studies
have reported that genome-wide changes in DNA methylation occur in response to
environmental stress (Chang et al., 2020), but the role of these changes in the plant's stress
response is still poorly understood. Similarly, there are some previous studies on DNA
methylation patterns related to Al-stress exposure as describeb in Chapter 1. However, no
studies have been reported in rice plants exposed to Al-stress conditions. Therefore, in

this chapter, DNA methylation changes in response to Al-stress conditions were evaluated
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in rice cultivated and wild genotypes, as well as its relationship with gene expression using
whole genome bisulfite sequencing data.

According to the results, the Al-stress exposure causes genome-wide DNA
methylation changes for all the sequence contexts compared with control conditions. It is
interesting that variation is homogeneous along the genome and among genotypes.
Overall, hypomethylation was observed for CG and CHG context, with bigger changes for
CHG. This is in accordance with the idea that plant CHG methylation is more prone to
perturbation by environmental stresses than CG methylation (Boyko & Kovalchuk, 2008).
In fact, some studies have reported hypomethylation only in the CHG methylation under
heavy metal (HM) conditions (Ou et al., 2012). In the same way, various recent studies
have shown that HM and other environmental challenges tend to reduce global DNA
methylation (Choi & Sano, 2007; Feng et al.,, 2016; Marconi et al., 2013; Ou etal., 2012;
Wang et al,, 2011). It is possible that hypomethylation is an effect of the stress condition
on DNA e.g. by the production of Reactive Oxygen Species (ROS). These elements are
common products of HM stress (Shahid et al.,, 2014) and possess endonuclease activity
and hence can cause DNA damage including double-stranded breaks (DSBs). Jing et al.,
(2022) demonstrated that ROS play an important role in mediating HM-induced changes
in DNA methylation in plants. In fact, other studies have also shown that ROS can result
specifically in DNA demethylation (Aina et al.,, 2004; Bernardo etal., 2017). A possible
explanation to this phenomenon is that ROS-induced DNA damage may interfere with the
capability of DNA as an acceptor for the methyl groups and result in passive loss of
methylation at the affected sites (Jing et al., 2022; Ou et al., 2012).

Genome-wide methylation changes between control and stress conditions, as well
as the number hypo-DMR regions reported for both rice species, showed a higher
magnitude in the susceptible genotype compared to the tolerant one. This supports the
previous hypothesis that tolerant genotypes are more efficient in avoiding genome
hypomethylation. The results reported by Aina et al., (2004) also support this idea, as they
report DNA hypomethylation in clover (Trifolium repens L.) and hemp (Cannabis sativa L.)
exposed to chromium, nickel, and cadmium, with slightly higher methylation levels
observed in the partially tolerant hemp compared to clover.

Importantly, the results highlight the methylation status of plants after 10 days of
Al exposure, which is supposed to be an adaptation point for tolerant genotypes. Notably,
during the recovery periods, tolerant genotypes exhibited a significantly more efficient
reversion of hypomethylation compared to the susceptible genotypes. This finding is in
line with the results reported by Marconi etal., (2013), demonstrating that tolerant
genotypes display a superior ability to recover from hypomethylation, while the
methylation levels in the recovery period remain similar to those of the susceptible variety.
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For the CHH context, there was an oppositive trend of global hypermethylation.
These opposite DNA methylation patterns among the different sequence contexts were
also reported by (Feng et al., 2016), who evaluated the DNA methylation variation in rice
plants exposed to Cadmium (Cd). These results suggest that HM stress unevenly affects
DNA methylation in the three contexts. As discussed in chapter 1, hypermethylation could
act as a defense mechanism to counteract the negative effect of stress conditions. It is
possible that CHH methylation is more related to this global protective function than CG
and CHG methylation especially because there is a positive correlation between CHH
methylation and genes density, as well as higher levels of CHH methylation are present in
cytosines closer to genes (Chapter 1). Interestingly, previous studies evaluating DNA
methylation under Al-exposure, have reported both hyper or hypomethylation depending
on the species or metal doses (Sun et al., 2022). Likewise, multiple studies have shown
that patterns in methylation levels vary by HM type, and in some cases conflicting results
(Cong etal., 2019; Fan et al,, 2020; Jing et al., 2022). This suggests that HM-induced DNA
methylation in plants is a relatively complicated process and accordance to the results
could also vary according to the methylation sequence context, a factor that could be
hidden in several studies that do not use massive sequencing techniques which allows us
to identify changes with one nucleotide resolution.

Although DNA methylation changes occur globally along the genome, specific
regions that are differentially methylated between control and Al stress conditions were
identified. The distribution of DMRs along the genome showed a consistent pattern across
genotypes, suggesting a common regulatory mechanism for DNA methylation changes. In
particular, a majority of DMRs in CG, CHG and CHH contexts were reported to overlap with
TEs including both TEs and gene promoter regions in several cases. It is well known that
DNA methylation plays an important role in regulating TEs silencing and thus regulates
the genome stability (Law & Jacobsen, 2010; Zhang et al.,, 2018). However, methylation
changes associated with TEs can also impact gene expression, as TEs can influence gene
regulation through disruption of cis-regulatory sequences, chromatin alteration, and
providing novel regulatory information. (Hirsch & Springer, 2017). Therefore, it was
proposed that changes in DNA methylation changes linked to TEs may indirectly affect the
expression of Al-responsive genes. For example, Le etal., (2014) reported that DNA
demethylases play a role maintaining or positively regulating stress response genes
involved in Fusarium oxysporum resistance. Interestingly, the downregulated stress-
response genes were enriched for short transposable element sequences in their
promoters, which showed localized DNA methylation changes in a triple DNA demethylase
mutant, RDD (ros1, dml2, dml3), and a general reduction in CHH methylation. These
results suggest that RNA-directed DNA methylation (RdDM), responsible for CHH
methylation, may participate in DNA demethylase-mediated regulation of stress response
genes. Interestingly, according to the results described in this chapter, the O. sativa
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susceptible genotype (BGI) showed differential expression for the OsRDR1 gene involved
in RdADM pathways. In addition, although no differential expression was shown in the other
genotypes, there is also a tendency for up-regulation of the gene that might have decreased
over the course of the treatment. Together, these results support the possible role of CHH
methylation in the response of plants to stressful conditions.

Furthermore, a higher number of DMGs was found, mostly located in the promoter
region rather than the genebody. This result has also been reported previously, where the
gene regulatory region has been stated as the major target of methylation/demethylation
(Cao & Jacobsen, 2002). Several studies on the HM stress response have reported specific
changes in DNA methylation associated with the promoter regions of metal detoxification
genes (Feng etal, 2016; Shafiq etal, 2019). Notably, Shafiq et al. (2019) reported
hypomethylation of some selected metal detoxification transporters only for the HM (Cd,
Zn, Pb) tolerant maize variety. Then, to evaluate the association between methylation
changes and specific Al-stress response in this study, a functional enrichment analysis for
all the DMGs was performed. As a result, O. sativa genotypes did not show any enriched
categories, suggesting that DNA methylation changes are occurring for genes involved in
several functional networks. However, for 0. glumaepatula several enriched categories
related to stress response were found such as “transmembrane transport’,
“oxidoreductase activity” and “ion binding” suggesting a more stress-directed methylation
response in the wild-type species than in the cultivated species. To further explore the
potential mechanisms of Al tolerance associated with DNA methylation changes the DMGs
unique to tolerant genotypes (AZU and 0G97) were identified. These tolerant-DMGs were
found to be associated with various functional categories related to Al stress, such as

» «

“glutathione metabolic process”, “cellular response to DNA damage”, “DNA demethylation”,
“response to stimulus”, “transmembrane transport”, “cell wall organization” and “cell
redox homeostasis”. These findings further reinforce the earlier proposition that the

tolerance mechanism in rice may be associated with DNA demethylation.

Among the identified tolerant-DMGs, the promoter region of the REPRESSOR OF
SILENCING 1 (ROS1) gene, which encodes a demethylase responsible for DNA
demethylation (Agius etal, 2006), showcased hypomethylation in both tolerant
genotypes. Pertinently, Lei etal.,, (2015) reported a unique target sequence for RNA-
directed DNA methylation (RdDM) within the ROSI promoter region, where DNA
methylation plays a critical role in maintaining proper active DNA methylation. They
suggested that this specific region acts as a "methyl stat" that senses DNA methylation
levels, subsequently regulating DNA methylation through the control of ROS1 expression.
Hence, the observed hypomethylation in the ROSI promoter region exclusively in the
tolerant genotypes, but not in the susceptible ones, provides compelling evidence of a
mechanism employed by tolerant genotypes to circumvent hypomethylation under Al-
stress conditions. Furthermore, down-regulation of ROS1 expression was observed solely
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in the susceptible genotype 0G131 (0. glumaepatula), potentially indicating a delayed
response of this species to Al-stress conditions. Then, variations in genes encoding
epigenetic-modifying proteins could likely account for the distinctive DNA methylation
patterns observed in other genes under Al stress.

Profiling both methylome and transcriptome provides a comprehensive analysis of
the effect of DNA methylation on gene expression under Al-stress conditions. The findings
revealed that DNA methylation variation may be associated with changes in transcript
levels in a small group of genes. Interestingly, functional enrichment analysis for this group
of DMG-DEGs showed several categories involved in Al stress response, such as
“Transmembrane transport” and “Oxidoreductase activity”, suggesting that DMG-DEGs
predominantly include genes involved in regulating the response to Al-stress. Similar
studies conducted on rice cultivars have also reported a limited number of DMG-DEGs in
response to stress conditions (Li et al.,, 2020; Rajkumar et al., 2019). However, they also
reported a correlation between DMG-DEGs and stress-related functions. Moreover, it has
been reported in several studies that genes involved in heavy metal response could be
regulated by DNA methylation changes (Choi & Sano, 2007; Feng et al., 2016). Indeed, Jing
etal, (2022) showed that exposure to manganese (Mn) and cadmium (Cd) induces dose-
dependent DNA methylation changes at specific sites, suggesting that site-specific
methylation patterns, rather than overall methylation levels, play a key role in plant
responses to different heavy metals. These findings further support the hypothesis that
DNA methylation changes driven by Al stress play a significant role, as several genotype-
specific DMG-DEGs were observed that were independently enriched in Al-related
functional categories. This suggests that DNA methylation contributes to the plant's
response to Al exposure conditions.

To investigate DNA methylation as a key factor in Al tolerant genotypes of rice,
DMG-DEGs unique in both tolerant genotypes was selected. It is interesting to note that all
the identified DMG-DEGs were related to stress response. For instance, the gene OsHAK16
encodes a potassium transporter. Intracellular potassium homeostasis undergoes
significant alterations during abiotic and biotic stresses, which is crucial for optimal plant
metabolic functions. Membrane transporters play a vital role in controlling potassium
uptake, efflux, and intracellular relocation (Shabala & Pottosin, 2014). Similarly, the gene
OsPAP10c encodes an acid phosphatase enzyme that hydrolyzes soil and plant
phosphoesters and anhydrides, to release inorganic phosphate for plant acquisition. Acid
phosphatases are an important group of enzymes that hydrolyze soil and plant
phosphoesters and anhydrides thus releasing inorganic phosphate for plant uptake.
Phosphorus is an essential nutrient element that can alleviate exposure to potentially toxic
levels of Al, not only by direct immobilization and detoxification of Al through its
complexation with phosphorus in the rhizosphere and root tissues but also by stimulating
the exudation of Al-chelating organic acids. Interestingly, it has been reported that P-
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efficient genotypes exhibit higher Al tolerance compared to P-inefficient genotypes (Wang
et al.,, 2023). Although there are no specific reports on the involvement of OsHAK16 and
OsPAP10c in Al tolerance in rice, it is hypothesized that the up-regulation of these DNA
methylation-regulated genes enhances tolerance levels in rice plants. Further
investigation of these tolerant DMG-DEGs, which show potential epigenetic regulation, is
worthwhile in order to explore their potential utility in improving susceptible genotypes.

Concluding Remarks

In conclusion, this study revealed similar genome-wide variation in DNA methylation
across rice genotypes of both O. sativa and 0. glumaepatula, with a consistent trend of
hypomethylation in the CG and CHG sequence context, and hypermethylation in the CHH
sequence context. Hypomethylation appeared to be a common response to Al stress,
potentially influenced by reactive oxygen species (ROS) interactions with DNA. Conversely,
hypermethylation in the CHH context may serve a protective role in preventing DNA
damage. Importantly, tolerant genotypes exhibited lower levels of hypomethylation,
suggesting that this could be a contributing strategy to their higher Al tolerance.
Furthermore, the distribution of DMRs between the stress and control condition also
showed a consistent pattern across all the genotypes, with a higher number of DMRs
associated with TEs. These results together suggest the existence of a shared genome-
wide response in the rice methylome under Al exposure. However, specific DNA
methylation responses also exist. Supporting this notion, a group of genes that were both
differentially methylated and expressed (DMG-DEGs) were identified, predominantly
associated with stress-responsive functions. This suggests the presence of epigenetic
regulation of these genes in response to Al exposure. Moreover, a set of DMG-DEGs unique
to Al-tolerant genotypes were discovered, which are functionally related to previously
known stress pathways such as phosphatase activity and potassium transporters. These
genes have received limited attention in previous studies, suggesting their potential
involvement in epigenetically regulated high levels of Al tolerance. This study represents
the first exploration of epigenetic regulation under Al stress conditions in rice, providing
fundamental knowledge towards understanding the diverse regulatory factors
influencing Al tolerance. Further research is warranted to investigate the precise
mechanisms underlying the epigenetic control of Al tolerance and the potential
application of these findings in improving crop resilience to Al stress.
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Chapter 6

Methylation in the CHH Context
Allows to Predict Recombination in
Rice: Another Function of DNA
Methylation in Rice

This chapter was previously published as:

Penuela, M., Gallo-Franco, }.J., Finke, ]., Rocha, C., Gkanogiannis, A., Ghneim-
Herrera, T.,, Lorieux, M. (2022) Methylation in the CHH Context Allows to
Predict Recombination in Rice. Int. J. Mol. Sci. 2022, 23, 12505.
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Chapter Summary

DNA methylation is the most studied epigenetic trait. It is considered a key factor in
regulating plant development and physiology and has been associated with the regulation
of several genomic features, including transposon silencing, regulation of gene expression,
and recombination rates. Nonetheless, understanding the relation between DNA
methylation and recombination rates remains a challenge. This work explores the
association between recombination rates and DNA methylation for two commercial rice
varieties. The results show negative correlations between recombination rates and
methylated cytosine counts for all contexts tested at the same time, and for CG and CHG
contexts independently. In contrast, a positive correlation between recombination rates
and methylated cytosine count is reported in CHH contexts. Similar behavior is observed
when considering only methylated cytosines within genes, transposons, and
retrotransposons. Moreover, it is shown that the centromere region strongly affects the
relationship between recombination rates and methylation. Finally, machine learning
regression models are applied to predict recombination using the count of methylated
cytosines in the CHH context as the entrance feature. These findings shed light on the
understanding of the recombination landscape of rice and represent a reference
framework for future studies in rice breeding, genetics, and epigenetics.

Keywords: Bisulfite sequencing, DNA methylation, Machine learning, Modeling, Prediction,
Recombination

Connection to Previous Chapters

Up to chapter 5 of this dissertation, the possible role of DNA methylation in the stress
response of tolerant and susceptible rice genotypes was discussed. However, it is crucial
to understand all the factors influencing such methylation patterns and their indirect or
direct impacts on plant breeding strategies. One such factor is the relationship between
DNA methylation and recombination rates, which plays a pivotal role in generating
tolerant varieties. Therefore, as the final chapter of this thesis, the analysis of DNA
methylation was extended to explore its relationship with recombination prediction. The
bisulfite sequencing data obtained in Chapter 3 served as the basis for this analysis. By
incorporating DNA methylation as an input trait for recombination prediction, this chapter
provides valuable insights into the broader implications of epigenetics in plant breeding.
It offers a different perspective and sheds light on the intriguing contrast observed in the
methylation patterns of the CHH sequence context compared to the CG and CHG contexts
discussed in previous chapters. The findings presented in this final chapter contribute to
a deeper understanding of the intricate relationship between DNA methylation,
recombination, and the generation of genetically diverse and stress-tolerant rice varieties.

101



6.1 Introduction

Meiotic recombination is recognized as a key process in genetics. During this process,
maternally and paternally inherited homologous chromosomes exchange information by
gene conversion or crossing over to create novel allelic combinations. Recombination is
widely recognized for its role in promoting diversity to respond to continually shifting
environments, in addition to preventing the build-up of genetic load by decoupling linked
deleterious and beneficial variants (Rodgers-Melnick etal.,, 2015). However, meiotic
recombination between homologous chromosomes is restricted by the number and
location of crossover sites per chromosome. The crossover distribution and frequency
along the genome are uneven, especially in plants (Lambing et al., 2017). Sites with high
recombination rates have been linked to subtelomeric regions that are generally
hypomethylated and have high gene and DNA transposon frequencies. In contrast,
recombination is suppressed in the centromeric region, which is characterized by high
frequencies of long terminal repeat retroelements and few genes (Henderson, 2012).

The role of chromatin structure and DNA methylation in determining
recombination rates has been previously reported. For example, high levels of histone H3
acetylation in Arabidopsis mutants were associated with changes in the crossover
frequencies (Perrella et al.,, 2010). Likewise, studies using met1 and ddm1 mutants, which
are globally hypomethylated, showed regional remodeling of crossover frequencies with
increased recombination in chromosome arms and decreased recombination in the
pericentromeric region (Melamed-Bessudo & Levy, 2012; Mirouze et al., 2012). However,
understanding how the DNA methylation patterns affect the recombination rates remains
an open challenge.

Identifying factors influencing the meiotic recombination rates is important for
breeders interested in transferring genes from one variety to another through crosses.
Thus, developing new allelic combinations that allow breeders to meet the needs present
in agricultural systems. Recently, several studies have addressed this issue and have
developed different types of strategies to discover where crossovers occur most
frequently and try to predict them. For example, Liu et al. (2016) developed a predictor of
recombination hot/cold spots in yeast using a machine learning approach combined with
principal component analysis. Demirci et al. (2018) explored DNA sequence and shape
features to train machine learning models for predicting crossover occurrence in
Arabidopsis (Arabidopsis Thaliana), maize (Zea mays), tomato (Solanum lycopersicum),
and rice (Oryza sativa). Moreover, Adrion et al. (2020) used recurrent neural networks, a
deep learning method for estimating genome-wide recombination in a natural population
of African Drosophila melanogaster.
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In recent years, rice has been a model monocotyledonous plant for several research
approaches. However, few studies have analyzed methylation patterns in relation to
recombination rates in rice. For instance, Habu et al. (Habu et al,, 2015) developed an
experiment crossing methylated and unmethylated rice varieties and concluded that the
position and frequency of meiotic recombination in rice centromeric heterochromatin are
regulated by the epigenetic state of the chromatin. Likewise, Choi & Purugganan (2018)
explore how transposable elements interact with host plant epigenetics. They suggest that
high levels of methylation at these elements have a role in suppressing deleterious ectopic
recombination. Nevertheless, none of these studies have explored in detail how
methylation contexts are related with recombination rates.

In this chapter, the relationship between chromosomal recombination rates and
DNA methylation is explored by using Oryza sativa as a model. The objectives of this study
are as follows: (i) To estimate the correlation between recombination and DNA
methylation across all sequence contexts, (ii) to describe the effect of methylation within
genes, transposons, and retrotransposons with respect to recombination, and (iii) to
implement a machine learning model to predict recombination based on methylation data.
The results of this study provide evidence that recombination can be characterized by
methylation patterns specifically in the CHH context, regardless of their location within or
inside genes, transposons, and retrotransposons. Based on these results, it is proposed the
utilization of machine learning models to predict chromosomal recombination rates in
rice cultivars by leveraging CHH methylation data.

6.2 Materials and Methods

6.2.1 Recombination Rates

The recombination rates values used for comparisons in this chapter were obtained from
Pefiuela et al. 2023. The methods used are described briefly below. The recombination
rates were assessed in a population of 212 F11 recombinant inbred lines (RILs) derived
from a cross between the rice varieties IR64 (indica group) and Azucena (tropical japonica
group). These RILs were generated through a single seed descent method. To obtain
genotypic information, shallow Illumina sequencing with a coverage of approximately 2x
was performed on the population, followed by an imputation process using NOISYmputer.
To calculate local recombination rates, sliding windows of 100 kb were employed, and the
rates were expressed in centimorgans per base pair (cM/bp). This analysis was conducted
using MapDisto software, allowing for the estimation of recombination rates at a fine-scale
resolution.
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6.2.2 Plant Material and Growth Conditions for Methylation Experiment

Seeds of rice varieties IR64 and Azucena were germinated and grown in a growth chamber
at 30 °C and 12:12 dark/light conditions for 10 days. Seedlings were transferred to a
hydroponic medium with a Kimura B solution (pH 7) and Arnon micronutrients. Roots
from three weeks-old seedlings were collected and stored at -80 °C. Total genomic DNA
was extracted from frozen root tissue by CTAB 2X protocol with modifications (Maropola
et al., 2015). Genomic DNA quality was evaluated on agarose gels, and DNA quantity was
measured using a Nanodrop spectrophotometer (Thermo Fisher Scientific, Waltham,
Massachusetts, USA).

6.2.3 Whole-Genome Bisulfite Sequencing and Data Analysis

Bisulfite-seq (BS-seq) libraries were made from genomic DNA isolated from IR64 and
Azucena seedling roots. DNA from three independent seedlings for each genotype was
pooled as one sample and sequenced. Bisulfite conversion of DNA, library construction,
and sequencing were performed by CD Genomics (CD Genomics Inc., Shirley, New York,
NY, USA). Raw data are available in the GenBank repository for IR64 (Accession number:
SRR20325840) and Azucena (Accession number: SRR20325842). Basic statistics on the
quality of the raw reads was done with the FastQC tool
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/  (accessed on 5
September 2021)). Sequencing adapters and low-quality data of the sequencing data were
removed by Trimmomatic (http://www.usadellab.org/cms/?page=trimmomatic
(accessed 21 Novem-ber 2021)). Cleaned data were aligned to the reference genomes
reported in the GenBank repository for IR64 (Accession number: RWKJ00000000) and
Azucena (Accession number: PKQC000000000) using Bismark v.0.16.3 (Krueger &
Andrews, 2011) with default parameters. Only uniquely aligned reads were maintained.
Methylation calling data obtained from Bismark were used for further analysis.

6.2.4 Comparison between Recombination Rates and Methylation Patterns

To compare the methylation patterns with the local recombination rates, the genomes
were divided into 100 kb windows. Within each window, the number of cytosines
exhibiting a methylation level greater than 75% was calculated separately for the CG, CHG,
and CHH sequence contexts. To mitigate the influence of noise arising from abrupt changes
in the count of methylated cytosines between adjacent windows, exponential smoothing
with a smoothing parameter (a) of 0.1 was applied to both the recombination and
methylation data. This smoothing process helped to achieve a more consistent
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representation of the underlying trends. Subsequently, a Pearson correlation analysis per
chromosome was developed to evaluate the linear relationships between the
recombination rates and the methylation patterns of both varieties.

6.2.5 Functional Evaluation

Pearson correlation analyses were conducted to examine the relationship between the
number of genes, transposons, and retrotransposons and the recombination landscape of
the chromosome. This analysis aimed to investigate whether these genomic elements
were associated with variations in recombination rates. Subsequently, the start and end
coordinates of these functional elements were utilized to extract the count of methylated
cytosines within each element. New correlation analyses were then performed to explore
the trends between methylated cytosines in each sequence context (CG, CHG, and CHH)
within these functional elements and their relationship with recombination. A
differentiation between the centromere and non-centromere regions was also included.

6.2.6 Machine Learning Modeling

To assess the usefulness of methylation in predicting chromosome recombination,
different machine learning approaches were explored. The total counts of methylated
cytosines in windows of 100 kb belonging to the CG, CHG, and CHH contexts for each
genotype were evaluated as features for machine learning modeling using the Shapley
package (https://shap.readthedocs.io/en/latest/index.html; accessed on 2 February
2022). Subsequently, the performance of different machine learning models was evaluated
using the LazyPredict package (https://pypi.org/project/lazypredict/; accessed on 2
February 2022). Exponential smoothing with a = 0.1 was applied to the data input before
training the model and another one to the model output with a = 0.3. The coefficient of
determination R2 and the root of the mean square error RMSE were used to evaluate the
performance of the models. MSE was used for predictions. Pearson correlation analyses
were also performed to discover general linear trends between the predictions and the
experimental data. The resulting best model was fitted, and the information from the
twelve chromosomes of one variety was used as a training dataset to predict the

recombination rates in each of the twelve chromosomes of the other variety. All these
analyses and the previous ones were run in Python.

6.3 Results and Discussion

In this study, the correlation between recombination rates and the methylated cytosine
counts for all chromosomes in two rice cultivars is evaluated (Figures 6.1 and 6.2). The
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correlation values are, on average, -0.44 + 0.17 for all chromosomes of both varieties, with
higher values in the centromere region. Similar results in rice were previously described
by Yan etal. (2010), revealing that DNA methylation patterns in the centromere are shaped
by the DNA sequence and the centromeric domains. Habu et al. (2015) described how
artificial chromatin modification can vary the frequency of meiotic recombination. Overall,
high levels of methylation in heterochromatin regions near the centromeres have been re-
ported as a common pattern, where meiotic recombination is repressed. In the same way,
recombination-free regions around centromeres are likely to be important for normal
centromere function during meiosis (Habu et al., 2015; Yan et al.,, 2005).
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Figure 6.1. Recombination and methylated cytosines through Chromosome 1 for the rice varieties
IR64 and Azucena. The centromere is represented by a red dotted line and the influence of the
centromere region by solid red lines.
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Figure 6.2. Correlations between recombination rates and the count of methylated cytosines for
rice varieties IR64 and Azucena. Blue and red colors correspond to positive and negative
correlations, respectively. The higher the correlation value, the higher the color intensity.

By evaluating the CG and CHG methylation contexts independently, a decrease in
recombination rates with increasing methylated cytosines is reported. On the contrary,
methylated cytosines in the CHH context increase with recombination rates showing a
positive correlation (Figure 6.3). The opposite relationship between the methylation
contexts of CG and CHH has been reported in rice by Li et al. (2012), who identified the
tendency to-wards hypermethylation in CG context, but hypomethylation in CHH.

The positive correlation between methylated cytosine count and recombination
rates observed in the context of CHH is not clear when all methylation contexts are
assessed together because the total number of methylated cytosines in the CG and CHG
contexts was higher. This trend is observed for both varieties, IR64 and Azucena, where
the methylation data and the alignment process have been obtained independently. The
positive relationship between the CHH methylated cytosine count and recombination
rates has been reported by Rodgers-Melnick et al. (2015), who include the CHH
methylation as a feature of a linear model to predict recombination in maize. It is unclear
what role methylated cytosines play in the CHH context with respect to recombination.

Variability in DNA methylation can be heritable or reversible, and this can allow for
phenotypic variation and rapid response to environmental changes. Even the degree of
intraspecies epigenomic diversity can be correlated with climate and geographic origin
(Lanciano & Mirouze, 2017). It has been reported that CHH methylation could be related
to fruit size in apples (Daccord etal., 2017) and silencing transposons in sugar beets
(Zakrzewski et al., 2017). A potential role in A. thaliana seed dormancy, with increases in
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CHH methylation in seeds during seed development and a decrease during germination,
has also been reported in (Zhang et al., 2018). These observations suggest the multiple
roles that CHH methylation can play in plant genomes. Recently, Wang et al. (Wang et al.,
2022) reported that CHH methylation levels are higher in rice reproductive organs, such
as panicles and pistils, than in seedlings, suggesting a positive feedback loop between DNA
methylation and RNA-directed DNA methylation activity involved in sexual reproduction.
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Figure 6.3. Distribution of methylated cytosines in CHH context in the twelve rice chromosomes
for the IR64 and Azucena varieties, in comparison with the chromosomal recombination between
these two varieties. The centromere is represented by a red dotted line and the influence of the
centromere region in recombination by solid red lines.
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The functional analysis performed with annotation data of genes, transposons, and
retrotransposons for each variety, shows that the increment in the number of genes per
window is correlated with recombination rates in the chromosomes of both varieties
(Figures 6.4 and 6.5). This positive trend has been previously evidenced in Drosophila, A.
thaliana, yeast, finches, monkeyflowers, and dogs, with recombination hotspots typically
located near the promoter regions of genes (Kent etal, 2017) and observed in the
euchromatic regions of maize (Anderson et al.,, 2006). In contrast, a negative correlation
between the number of transposons and retrotransposons has been found with respect to
recombination rates across all chromosomes for both rice varieties. This can be explained
by the abundance of such elements near the centromere where recombination rates are
low. Similar results have been found by Tian et al. (2009), who suggested that the rice
genome is organized along recombinational gradients due to the negative correlation of
recombination with transposable elements and positive one with gene densities.

Recombination tends to occur within and near genes and away from transposable
elements. This may reflect the passive effects of recombination initiating in open chroma-
tin (Kent et al., 2017). Recent analyses of the localization of recombination at the fine scale
tend to show negative correlations with local densities of repetitive elements. Actually,
strong recombination suppression and a large accumulation of transposable elements are
usual in peri-centromeric regions (Kent etal, 2017). For rice, this pattern is shared
between japonica and indica groups (Tian et al., 2009). There remains uncertainty about
the directionality of cause and effect, the extent to which the correlation is driven by
associations of both recombination and transposable elements with other factors, or why
patterns differ among species and types of repetitive elements (Kent et al., 2017).
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Figure 6.4. Genes, transposons, and retrotransposons compared to cross over recombination
through chromosome 1 for rice varieties IR64 and Azucena. The centromere is represented by a
red dotted line and the influence of the centromere region in recombination by solid red lines.
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Figure 6.5. Correlations between recombination rates and the number of genes, transposons,
and retrotransposons rates for rice varieties IR64 and Azucena. Blue and red colors correspond
to positive and negative correlations, respectively. The higher the correlation value, the higher
the color intensity.

The count of methylated cytosines was assessed within genes, transposons, and
retrotransposons and compared to recombination rates. The analysis showed that
methylated cytosine count in genes, transposons, and retrotransposons is negatively
correlated with recombination rates when evaluated for all contexts together. This
indicates that methylation inside these entities is higher when recombination is lower. The
same negative trend is observed when methylated cytosines are analyzed in CG and CHG
contexts. Methylation events in transposons and retrotransposons are associated with the
prevention of their expression and movement in chromosomes, which can be damageable
to the organism and even deleterious (Ahmed et al., 2011; Kent et al., 2017). It should be
noted that these methylation events can also affect surrounding genomic regions (Ahmed
etal, 2011), potentially influencing the methylation status of nearby genes. In genes,
methylation usually occurs at the promoters or within the body of the transcribed gene,
inhibiting their expression (Zhang et al., 2018). However, the methylated cytosines in the
CHH context are also positively correlated with the recombination rates. This is a
consequence of low CHH methylation near the centromere region and greater presence in
the chromosome arms. Gallo-Franco et al. (Gallo-Franco et al,, 2020) reported high CHH
methylation levels of transposable elements close to genes in rice, which supports the
conclusion of Martin et al. (Martin et al., 2021) for grass species that long genes and genes
close to transposable elements tend to have CHH islands more frequently. It could be
hypothesized that the presence of these CHH islands is promoting the positive correlation
between methylation and recombination in gene-rich regions.

Chromosomal regions close to the centromere have a high incidence on DNA
methylation. When only the chromosome arms are evaluated, correlation trends change,
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from being high negative to being negative, for all contexts evaluated together and for the
CG and CHG contexts evaluated independently (Figure 6.6). For CHH methylation, the
markedly positive correlation also decreases but is still positive. In the context centromere
regions are evaluated, negative correlations are evidenced in all contexts when they are
evaluated together and for CG and CHG contexts independently. These results are in
agreement with the reported importance of DNA methylation for plant chromosomal
interactions in peri-centromeric regions (Kawashima & Berger, 2014). They also agree
with the results obtained by Habu et al. (2015), who indicate that the position and
frequency of meiotic recombination in the centromeric heterochromatin of rice are
regulated by the epigenetic state of the chromatin. With respect to methylation in CHH
contexts, the correlation of the centromere region is positive but weaker than that of the
whole chromosome (Figure 6.6).
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Figure 6.6. Correlations between recombination rates and the count of methylated cytosines for
complete chromosomes, chromosome arms, and centromere region of rice varieties IR64 and
Azucena. Blue and red colors correspond to positive and negative correlations, respectively. The
higher the correlation value, the higher the color intensity.
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The contributions of methylation in CG, CHG, and CHH contexts to predict
recombination as features of machine learning models are assessed using the Shapley
package. The results show a great contribution of CHH for the prediction of recombination
and a low contribution of CG and CHG for both varieties (Supplementary figure 6.1). This
agrees with the fact that the CHH context has the highest correlation values with respect
to chromosome recombination rates, while the CG and CHG contexts have lower
correlations. The Shap summary plot also shows the same trend, evidencing the strongest
effect on recombination when the CHH values are higher.

Subsequently, the methylated cytosine count in the CHH context is used as a unique
feature to evaluate regression algorithms of machine learning, because the performance
of the model decreases when the other features are considered. The evaluation is carried
out independently for each variety using the Lazy Predict package. The results show that
the Extra Trees algorithm performed the best prediction (R2 = 0.57, RMSE = 0.01 for IR64;
R2 = 0.69, RMSE = 0.01 for Azucena). Thus, this algorithm is used to develop training and
subsequent predictions.

Predictions on Azucena’s chromosomes, by training the Extra Trees algorithm with
information from IR64, give an R2 of 0.32 + 0.13 and an MSE of 0.02 * 0.00, on average.
Meanwhile, predictions on IR64’s chromosomes by training the Extra Trees algorithm
with information from Azucena give an R2 of 0.21 + 0.21 and an MSE of 0.03 = 0.00, on
average. In both cases, the average correlation values between predictions and
recombination rates are 0.67 * 0.06 for Azucena and 0.65 * 0.07 for IR64, evidencing a
positive trend (Table 6.1, Figure 6.7).

Several studies have focused on predicting recombination using machine learning.
For example, Liu et al. (2016) combined support vector machines with consensus feature
dinucleotide-based autocross covariance to predict the recombination of hot/cold spots in
yeast. Demirci et al. (2018) used features, such as gene annotation, propeller, and helical
twist, AT/TA dinucleotides, and CA dinucleotides to train machine learning models for
predicting crossover occurrences in Arabidopsis, maize, rice, and tomato. More recently,
Adrion et al. (2020) proposed an approach to predict the recombination landscape in
African populations of Drosophila melanogaster using deep learning with recurrent neural
networks. For all cases, the results have been satisfactory according to the specific objective
of each study, which demonstrates the power of machine learning approaches to predict
complex traits such as chromosomal recombination.

The Extra Trees regression model makes it possible to predict chromosomal
recombination using a single feature: The CHH methylated cytosine count. Itis possible due
to the high correlation between this feature and the recombination rates, which behaved
similarly in all chromosomes. The model was trained on a dataset of one variety and was
tested on the other, performing two independent tests and finding that results were
consistent (Figure 6.8). This opens a door for future studies. The evidence suggests that
these models can be used to predict chromosomal recombination rates in any variety of
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Figure 6.7. Recombination predictions between IR64 and Azucena varieties by the Extra Trees
machine learning model using the count of methylated cytosines in the CHH context as a feature.
Predictions on the IR64 manifold are made using Azucena methylation as the training dataset, and
predictions on the Azucena manifold are made using IR64 methylation as the training dataset. The
centromere is represented by a red dotted line and the influence of the centromere region in
recombination by solid red lines.
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Table 6.1. Performance of chromosome recombination rates predictions of IR64 and Azucena
rice varieties using the Extra Trees model trained with CHH methylation data.

IR64 Azucena
Chromosome

R? Correlation MSE R? Correlation MSE
1 0.00 0.63 0.03 0.44 0.67 0.02
2 0.04 0.66 0.03 0.53 0.73 0.01
3 0.37 0.70 0.02 0.49 0.72 0.02
4 0.44 0.72 0.02 0.60 0.81 0.01
5 0.59 0.81 0.02 0.67 0.84 0.01
6 0.44 0.78 0.02 0.68 0.82 0.01
7 0.16 0.53 0.04 0.50 0.73 0.02
8 0.71 0.85 0.01 0.67 0.88 0.02
9 0.32 0.65 0.03 0.50 0.75 0.02
10 0.41 0.70 0.02 0.28 0.69 0.03
11 0.30 0.70 0.02 0.52 0.77 0.01
12 0.54 0.77 0.01 0.35 0.85 0.02

Concluding Remarks

This chapter reveals that methylated cytosines in the CHH context positively correlate
with recombination rates in the twelve rice chromosomes of the IR64 and Azucena
varieties. Conversely, a negative correlation is observed for CG and CHG contexts, as well
as for all three methylation contexts combined. In addition, functional analysis showed
that genes were positively correlated with recombination rates, unlike transposons and
retrotransposons, which showed a negative correlation. The correlation between
methylation and recombination suggests the same trends for the entire genome with
respect to only methylation in genes, transposons, and retrotransposons. The influence of
the centromere on methylation patterns and its correlation with recombination rates was
evident, supporting the hypothesis that the position and frequency of meiotic
recombination in rice centromeric heterochromatin are regulated by the epigenetic state
of the chromatin. Finally, a machine learning model was proposed and trained using the
CHH methylated cytosine count to predict recombination rates, which obtained consistent
results in two independent data sets. This suggests that the extraction of methylation data
and the use of machine learning models in future studies is a promising path to focus on
predicting recombination rates using the count of CHH-methylated cytosines in rice as a
feature.
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Chapter 7

Conclusion and Future Work

This chapter presents the conclusion of this doctoral dissertation, followed by a discussion
on research directions opened by it.

7.1 Conclusion

According to the in-depth literature review, several epigenetic mechanisms, especially
DNA methylation, have been implicated in the response of plants to HM stress. However,
existing evidence points to a complex influence of DNA methylation on the response to Al-
induced stress in a species-dependent manner, as well as depending on the type of HM,
the dose or intensity of the stress condition, and the time of exposure. Thus, because of
this literature review, two main epigenetic strategies underlying the HM stress response
were proposed: (i) DNA methylation as a mechanism to protect plants from possible DNA
damage caused by metal ions through random DNA methylation along the genome, and
(ii) the epigenetic variation used for the regulation of transposon and stress-responsive
genes.

Based on the information available at the time of writing this dissertation, there is
no report in the literature on the role of DNA methylation in the response to Al stress in
rice crops. Therefore, this study is considered a pioneer in the subject. Thus, the first step
to understand the possible role of DNA methylation in the response to Al stress in rice
crops was to compare the methylome of tolerant and susceptible varieties in a cultivated
rice species and a wild one under control conditions. As a conclusion of this first approach,
several species-specific genomic regions were reported evidencing the evolutionary
history they have undergone independently. However, regions in the genome
characteristic of the tolerant varieties were also report despite being different species,
which have been related to the response to Al stress, making them regions or genes of
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tolerance to Al toxicity potentially regulated by DNA methylation. It should be noted that
these are patterns already established in tolerant genotypes under control conditions,
which could influence the ability of tolerant genotypes to respond rapidly to stress
conditions.

As a next step in seeking to understand the epigenetic patterns of Al tolerance, the
pre-established marks in the different genotypes were no longer evaluated, but rather the
changes in DNA methylation that occurred in direct response to the stress condition. As a
conclusion of this analysis, it is reported that the patterns of DNA methylation changes
along the genome are similar for all genotypes in response to the stress condition, with a
tendency to hypomethylation in the CG and CHG contexts and hypermethylation in the
CHH context. Thus, it is proposed that there is a generalized effect of Al stress on rice
plants methylome. From these results, the existence of a hypomethylation phenomenon as
an indirect result of stress damage and hypermethylation possibly associated with
genome protection is proposed. These conclusions are reinforced by the fact that tolerant
genotypes showed less variation than susceptible genotypes.

Furthermore, methylome variation associated with specific regions of the genome
was also found. To assess the effect of these variations on gene regulation, both
differentially methylated and differentially expressed genes were identified in response to
stress. As a conclusion of these analyses, a specific group of genes were reported which
show changes in their methylation profile and that are also differentially expressed in
response to Al stress. Most of these genes are functionally related to plant tolerance or
detoxification mechanisms under HM toxicity, making them potential epigenetically
regulated stress tolerance genes. In the first place, it is proposed that there is a general
response at the functional level, since most of these genes show a general response in both
tolerant and susceptible varieties. However, it was also reported a group of differentially
methylated genes expressed only in tolerant varieties, which have not been previously
studied or implicated in Al tolerance mechanisms, probably involved in novel tolerance
mechanisms, especially considering that a wild variety is being studied.

As a general conclusion of this doctoral thesis, it is proposed that DNA methylation
is a mechanism potentially involved in the response to Al stress in rice cultivars showing
a global response that is more efficient in tolerant varieties, but also a specific response
possibly associated with gene regulation mechanisms of response to Al toxicity. Although
this response also occurs in a generalized manner in susceptible and tolerant genotypes,
there is a unique regulation of tolerant varieties that lays the foundation for future
breeding strategies. Overall, the results of this dissertation represent an important
advance in the state of the art, as well as in the biological underpinnings of the role of
methylation in the HM stress response in rice cultivars.
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7.2 Future Work

This doctoral thesis represents the first known study on the role of epigenetics in the
response of plants to Al stress. The findings presented in this dissertation establish a
fundamental basis for understanding Al tolerance, while also raising compelling questions
that pave the way for future research and exploration. Naturally, all the knowledge gained
in basic science will need to be extrapolated to the agricultural field, which entails an
entirely new branch of study.

However, several perspectives of great interest for the continuity of this work are as
follows:

J Expand this study on a larger scale by introducing additional rice varieties with
different ranges of tolerance to Al stress.
o Continue the characterization of the transcriptional profiles for all the genes

identified in this study, elucidating their potential involvement in the response
to Al stress and providing insights into the genetic basis of Al tolerance.

o It is necessary to conduct follow-up studies to assess the stability of the
reported epigenetic changes across generations. Epigenetic marks have the
potential to become heritable, affecting genotypes and influencing phenotypic
responses. Evaluating the transgenerational stability of these epigenetic
changes will provide insights into their long-term implications.

o Numerous additional experiments could be done to further characterize the
whole landscape of DNA methylation effects in Al response in plants including
the evaluation of different durations of Al exposure, examination of plant
responses to stress and subsequent recovery, among others.

. As a long-term perspective with a more practical application, conduct genetic
editing on genes with potential responses to Al stress to confirm their active
role in tolerance, for example, through gene knockout experiments in different
varieties. And targeting epigenetic marks to evaluate their direct effect on the
expression of Al-responsive genes.

In summary, future research should focus on expanding the scope of varieties studied,
characterizing new genes, investigating the direct effects of epigenetic marks, and
assessing the stability of epigenetic changes across generations. These efforts will
contribute to a deeper understanding of the complex interplay between genetics and
epigenetics in plant responses to Al stress and pave the way for improved breeding
strategies and crop improvement.
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Supplementary figure 2.1. Stacked bar plot showing differences among three different cytosine methylated
contexts: CG (blue), CHG (red), and CHH (green) per gene in three different rice varieties. The results are
discriminated considering the location of the epigenetic mark, either in the promoter region (PR) or inside
the coding region of analyzed genes.
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Supplementary figure 3.1. Methylated cytosines (mCs) per window (300Kpbs windows) throughout
the genome with respect to the number of genes, Mite TEs and Gypsy TEs for O. sativa and O.
glumaepatula.
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Supplementary figure 3.2. Boxplot showing methylation level variation for Gypsy and Mite TEs in the
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Supplementary figure 3.3. Pearson Correlation Coefficients (PCC) heatmap calculated using the
methylation level for each cytosine position along the genome among all Oryza sativa and O.
glumaepatula genotypes A. Heatmap for the CG context, B. for the CHG context and C. for the CHH
context.
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Supplementary figure 3.4. Clustering analysis of rice genotypes according to the Pearson Correlations
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of A. genes and B. TEs.

146



NiF

0ger  og131

BGI IR64

AZU

it oge?

0gs7  Ogldl

BGI

Azt

0987 Oglal
oga7  ogial

BG1

IR64

NIP

BGI

Supplementary figure 3.5. Clustering analysis of rice genotypes according to the Pearson Correlations
Coefficients (PCC) among rice samples using the average methylation levels for all the sequence
contexts. A) genebody, B) upstream region (-2Kb) and C) downstream region (+2Kb). The analysis was
performed using the 250 genes reported as differentially expressed under aluminum exposure in rice
(Arbelaez et al., 2017 and Arenhart et al., 2014).
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Supplementary figure 4.2. Pearson correlation values among rice genotypes based on the Log2FC
values of 28 genes differentially expressed in all the genotypes.
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Supplementary figure 5.1. Relationship between changes in methylation levels and changes in
gene expression (Log2FC) for differentially methylated and expressed genes (DMG-DEGs) in two
genotypes, A. Azucena and B. BGI, under aluminum exposure. Methylation level change was
quantified by comparing control and stress samples for regions identified as DMRs that are
associated with the DMG-DEGs.
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Supplementary figure 5.2. Relationship between changes in methylation levels and changes in
gene expression (Log2FC) for differentially methylated and expressed genes (DMG-DEGs) in two
genotypes, A. 0G131 and B. 0G97, under aluminum exposure. Methylation level change was
quantified by comparing control and stress samples for regions identified as DMRs that are
associated with the DMG-DEGs.
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Supplementary figure 6.1. Shap values and contributions of features CG, CHG, and CHH to the
prediction of re-combination rates, using IR64 and Azucena data: (i) Shap summary plot of
features for the IR64 variety; (ii) Shap summary plot of features for the Azucena variety; (iii) Shap
values for the IR64 variety; and (iv) Shap values for the Azucena variety.
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Supplementary Data 1.

RNA extraction protocol from roots and leaves for complex samples.

1. Add 1mL of Trizol to 200mg of tissue macerated in liquid nitrogen. 2.
2. Vortex for 5 min.

3. Incubate for 2 hours at 4°C and occasionally shake manually.

4. Centrifuge at 14000 rpm for 10min at 4°C.

5. Transfer 900uL of the supernatant to a new tube.

6. Add 500uL of PCl and vortex for 2min.

7. Incubate at 4°C for 10min with manual shaking every 2.5min.

8. Centrifuge at 14000rpm for 10 min at 4°C.

9. Transfer 400uL of the supernatant to a new tube.

10. Add 400uL of chloroform and vortex 30s.

11. Incubate for 3min at 4°C.

12. Centrifuge at 14000rpm for 15 min at 4°C.

13. Transfer the supernatant (approx. 300uL) to a new tube.

14. Add 300uL of chloroform and mix in vortex for 30s.

15. Incubate for 3min at 4°C.

16. Centrifuge at 14000rpm for 10 min at 4°C.

17. Transfer the supernatant (approx. 250ul) to a new tube.

18. Add 500uL of isopropanol and 80uL of 10M LiCl (should be at a final concentration of approximately
1M).

19. Incubate over night at -20°C.

20.
21.
22.
23.
24,
25.
26.
27.
28.
29.

Centrifuge at 14000rpm for 15min at 4°C.
Discard supernatant.

Add 1mL of 75% ethanol and vortex very briefly.
Centrifuge at 14000rpm for 10min at 4°C.
Discard the supernatant.

Add 500uL of 75% ethanol. 26.

Centrifuge at 14000rpm for 10min at 4°C.
Discard the supernatant

Allow the pellet to dry

Resuspend the pellet in 50ulL of inactivated DEPC water.
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