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ABSTRACT

Plants are continuously exposed to various environmental stresses. They employ numerous
strategies of resistance and develop a memory of stress exposure for future generations.
Abiotic stress, like cold, can prompt the changes in phenotype, genotype, and epigenotype
of plants. Plants can establish these as somatic and transgenerational memories. We studied
the Arabidopsis thaliana plants exposed to multiple generations of cold stress. We
hypothesized that the progeny of plants exposed to 25 generations to cold stress would be
genetically and epigenetically more diverse than the parental plants. Our study reveals that
multigenerational exposure to cold stress resulted in the physiological changes, as well as
changes in the genomic and epigenomic (DNA methylation) patterns across generations.
The main changes in the progeny were due to the high frequency of genetic mutations
rather than epigenetic changes. Our work supports the existence of transgenerational stress

response in plants and demonstrates that genetic changes prevail.
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CHAPTER 1: INTRODUCTION

Environmental factors actively influence the growth as well as the reproductive and
biological fate of plants. Plants must endure environmental stresses during most of the time
of their life cycle because they cannot escape them. In broad, stresses that plants endure
can be categorized primarily into two sections—biotic and abiotic. Biotic stresses are
connected to biological entities like bacteria, viruses, fungi, abiotic stresses include
temperature extremes, water scarcity and salinity, among other factors. In response to
stress, plants exhibit physiological, cellular, molecular and morphological changes for the
sake of their survival. More importantly, plants develop the ability to adapt or tolerate those
changes due to stress (Lamke and Béurle 2017). Since plants are frequently exposed to
various environmental stresses, the molecular- and cellular-level changes in the physiology
and morphology are observed in plants grown under stressed conditions, but they seem to
disappear particularly when stress conditions are no longer present (Rejeb, Pastor et al.
2014). Several studies suggest that environmental stresses may lead to an increase in the
genomic diversity in the plants’ progeny, even in the untreated generations, and they

potentially result in the adaptation to adverse conditions (Molinier, Ries et al. 2006).

Even though stresses can trigger massive changes in the development of plants, they can
show certain degrees of tolerance to stress. As a result, plants develop a complex system
to identify and respond to different stresses to minimize the damage. At the same time, they
can maintain their cellular and biological resources for growth and reproduction (Atkinson

and Urwin 2012). Several studies also suggest that abiotic stresses can lead to an increase



in homologous recombination frequency and point mutation frequency (Yao and
Kovalchuk 2011). Sometimes those changes are heritable. For instance, it has been
demonstrated that exposure of Arabidopsis thaliana plants to ultraviolet-C (UVC)
increases the homologous recombination frequency in the progeny at least for two
consecutive non-stressed generations (Molinier, Ries et al. 2006). Such capability of plants
to pass the memory from their previous experience to their progeny is called the
transgenerational response (Pecinka, Rosa et al. 2009). Abiotic stresses can trigger changes
in methylation patterns, genomic stability and stress tolerance. For instance, in the progeny
of salt-stressed plants, changes have been reported in the genome stability, DNA

methylation, histone modifications, and gene expression (Bilichak, lInystkyy et al. 2012).

The phenotypic plasticity and adaptability help plants in shaping their morphology under
different environmental conditions and thus maintains the relative fitness of plants.
Moreover, several reports found that the previous experience in the past environmental
conditions can be passed on and reflected in the progeny for several generations (Latzel,
Janecek et al. 2014, Lampei, Metz et al. 2017). Transgenerational effects can refer to the
passing of responses to chemicals and/or pathogens from parents to offspring
(T. E. Huxman, T. N. Charlet et al. 2001). Several studies suggest that the preprogramming
of phenotypes of the offspring can be inherited through epigenetic mechanisms (Thellier
and Lulttge 2013, Miller-Xing, Xing et al. 2014). The environmentally induced and
inherited epigenetic marks can facilitate plants’ adaptation to the changing environments.
It can cause short-term microevolution in clonal plants (Latzel, JaneCek et al. 2014,

Verhoeven and Preite 2014, Dodd and Douhovnikoff 2016).



Plants experience many environmental stresses (e.g., drought, salinity, extreme
temperatures) for more than once in their lifespan. Undesirable conditions could induce
morphological, physiological and molecular changes of plants and adversely affect plant
growth. In response to the recurring stresses, plants often show improved stress resistance
or enhanced adaptation. However, most of the environmentally induced memories are
relatively short and can exist only as somatic memories. Only a few memories can be
transmitted to the subsequent generations as transgenerational memories (Avramova, 2015;
Kinoshita & Seki, 2014; Martinez-Medina et al., 2016; Sani, Herzyk, Perrella, Colot, &
Amtmann, 2013). However, now it has been well reported that a transgenerational memory
can play a role in generating epigenetic variants that can allow plants to exhibit a certain
degree of tolerance to the environmental stresses and consequently lead to adaptation,

microevolution and potentially speciation (Ldmke & Béurle, 2017; Rasmann et al., 2012).

Epigenetic mechanisms in plants primarily consist of DNA modifications, e.g., DNA
methylation, small non-coding RNAs (regulating gene expression) and chromatin
structures such as histone modification. DNA methylation is environmentally inducible
and, in many cases, inheritable (Ld&mke and Baurle 2017). However, due to the
reprogramming of the environmentally induced epigenetic marks in meiosis, in most of the
cases, epigenetic modifications are maintained within generations and infrequently passed
onto the sexually derived offspring (Heard and Martienssen 2014, Tricker 2015). In terms
of studies of the epigenetic inheritance, the majority of studies focus on DNA methylation.

DNA methylation occurs in CG, CHG and CHH contexts in plants where H represents the



nucleotides A, T or C. CHH methylation is relatively unstable since it is asymmetrical and
can only be maintained via the guidance of non-coding RNAs, such as small interfering
RNAs (siRNAs) (Law & Jacobsen, 2010). In plants, epigenetic regulation such as DNA
methylation is meiotically stable and can be transmitted either through maintenance methyl
transferases at symmetrical cytosines (CG and CHG) or at asymmetrical CHH via small
RNAs that can further guide in the re-establishment of DNA methylation patterns to their
progeny acquired from the parents (Bond & Baulcombe, 2014; M. Iwasaki & J.
Paszkowski, 2014b). For the successful transmission of the transgenerational information
to progeny, epigenetic marks need to be transmitted by the settings of genome
reprogramming during gametogenesis and zygote development (Bond and Baulcombe
2014, Iwasaki and Paszkowski 2014). In plants, epigenetic regulation such as DNA
methylation is meiotically stable and can be transmitted via small RNAs that can further
guide the system to the re-establishment of DNA methylation patterns to their progeny
acquired from the parents (Bond and Baulcombe 2014, Iwasaki and Paszkowski 2014).
Even though recent studies suggested some estimated rates of transgenerational stability in
DNA methylation modifications (Becker, Hagmann et al. 2011), it is still unclear what
extent of stress exposure can trigger the stable methylation patterns, how many generations
of DNA methylation persist, and what subsequent level of epigenetic persistence is
required for adaptive processes by epigenetic regulation (Rapp and Wendel 2005, Herman

and Sultan 2011, Herman, Spencer et al. 2013).

Since abiotic stress, such as cold, could play a crucial role in the changes of the phenotypic,

genetic, and epigenetic diversity of plants, it has been planned to explore this further.



Although plants exposed to cold stress exhibit changes in the transposon expression and
recombination frequency (Migicovsky and Kovalchuk 2015) data gathered during
experiments on the prolonged exposure to cold stress are yet to be analyzed, especially data
on the investigation of multigenerational genetic variations. A widely considered model
plant, Arabidopsis thaliana, had been selected for this study. For instance, in response to
heat stress, changes in the phenotypes and epigenotypes have already been reported in
Arabidopsis thaliana (Migicovsky, Yao et al. 2014). Therefore, there arises a great interest
in examining the evidence of response to cold stress in this model plant by studying its
phenotypic profiling, genetic diversity, and epigenetic traits across multiple generations.
Therefore, we anticipate elucidating further the phenotypic, genomic, and epigenomic
differences in response to cold stress across multiple generations in the progeny of stressed

plant in comparison with the progeny of control plants.

It has been hypothesized that the progeny of plants exposed to cold stress across 25
generations would be genetically and epigenetically more diverse than the parental plants.
Moreover, epigenetic diversity would be associated with the pathways and stress-specific

features of epigenetic inheritance (DNA methylation) linked to cold stress.

Greater understanding is needed of whether microevolution occurs at the genomic and
epigenomic level. Moreover, concerning changes in the epigenome, it has been planned to
investigate whether epigenomic microevolution is more prevalent than genomic diversity.
For this purpose, experiments for studying genomic and epigenomic variations in-between

generation 2 and generation 25 have been developed by using computation techniques and



data obtained by whole-genome sequencing (WGS) and whole-genome bisulfite
sequencing (WGBS) for the methylome. Further research is required to recognize the
location and direction of mutations and the occurrence of epimutations and determine
whether they are random or non-random. Differentially Methylated Regions (DMRs) and
Differentially Methylated Cytosines (DMCs) have been investigated both in 100 base pairs
and 1000 base pairs windows to find out whether those DRMs and DMCs are associated
with cold stress-related genes. Finally, the bioinformatics-based analysis has been made to

determine the biological functions associated with changes in DNA methylation.

The following questions are planned to be answered:

Are the progenies of the plants that had the previous experience of being exposed to stress
genetically and epigenetically more diverse? Are these changes random or non-random in
nature? If genetic changes occur in the progeny of plants in response to cold stress, are
there any patterns associated with the genomic and epigenomic changes and pathways
involved in the stress response? The patterns associated with the epigenetic changes and

pathways are considered to be investigated.
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CHAPTER 2: REVIEW OF LITERATURE

2.1 Introduction

Faithful transmission of the phenotypic traits of an organism from one generation to
another is a crucial part of life. Inheritable traits of an organism are primarily mediated by
copying and transmitting the genomic DNA. In addition to the genetic information of an
organism, the epigenetic information is equally essential for determining cell fate (Gurdon
2006). As for multicellular organisms, in most of the cases, many traits can be inherited
during the mitotic cell division. Let us consider a classic example in mammals where it has
been demonstrated that one out of the two X chromosomes is randomly chosen by cells in
the early embryo for the silencing activity, and the X chromosome remains inactive in
females (Lyon 1961). Cells can remember this choice in the subsequent cell divisions as
somatic memory that is responsible for large fur colour patches in calico cats. In the
germline, most of the cell’s information is erased or reprogrammed in multicellular
organisms because all the distinct cell types are re-established in each organismal
generation. However, in more than a decade of study, many special cases revealed the
phenomena of transgenerational epigenetic inheritance from one organismal generation to
the next: by transmitting the germline epigenetic information (epigenome) from one

generation to another.
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2.2 The Concept of Transgenerational Memory

The term “transgenerational inheritance” denotes the transmission of information from one
generation to at least next two generations of offspring, which implies multiple generations
of inheritance without re-exposure to stress at every generation. On the other hand,
“intergenerational inheritance” refers to the inheritance affecting only the next generation.
The concept of the establishment of heritable traits induced by the environmental
conditions is often referred to as soft inheritance (Holliday 2006, Dickins and Rahman
2012). Several studies tried to decipher the molecular mechanisms behind the
transgenerational inheritance in plants (Boyko, Blevins et al. 2010, Bilichak, linytskyy et
al. 2015). Now it has been well established that if the phenotypic characteristics are
transferred to the offspring without any intervention of the gene sequences, the underlying
mechanism is likely epigenetic in nature. There are three types of mechanisms well
considered for the epigenetic gene regulation: DNA methylation, the expression of small
RNAs and histone modifications. In the dynamic response to environmental stresses, plants
exhibit both immediate and delayed responses at the somatic level of an individual plant
(Leyva-Pérez, Valverde-Corredor et al. 2015). To fight back properly, plants may acquire
a certain memory of stress exposures for further encounters to similar and dissimilar
stresses, and responses are applicable for both the abiotic and biotic stress response
(Kachroo and Robin 2013, Zhang, Lv et al. 2018). The memory acquired from the stress
exposure can be passed onto the progeny. The acquired memory of stress exposure and
successful passing it onto the progeny is often referred to as transgenerational inheritance

or transgenerational memory when conceptually, an organism can respond and remember
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the environmental conditions at the molecular level and may pass the memory of alterations

in the phenotypes of the subsequent progenies. (Tricker 2015).

2.3 Physiological Responses in Plants

2.3.1 Embryogenesis

Embryogenesis is a critical stage of the life cycle of a flowering plant; it begins with the
formation of a single cell zygote resulting from the fusion of the male and female gamete.
Flowering plants (angiosperms) exist primarily as sporophytes. In angiosperms, such as
Arabidopsis thaliana, the female gametophyte develops in the ovule. It is originated from
a single haploid spore consisting of seven cells that are generated mitotically, including the
haploid egg cell and the diploid cell. In Arabidopsis, all embryonic developmental stages
are named by the shape of the embryo at that stage. The embryonic developmental stages
of Arabidopsis can be categorized into several stages, such as mature, bent, linear, heart
and globular stages. Moreover, development of endosperms also occurs in several distinct
stages (Berger 1999, Li and Berger 2012). When embryo matures, the endosperm is
gradually depleted; only a single layer of endosperm cells remains because when an
Arabidopsis thaliana seed matures, the embryo occupies nearly the whole space of it

(Berger 1999).

2.3.2 Control of Multicellular Gene Expression
Most cells are genetically identical in multicellular organisms, even though there are
substantial phenotypic variations that exist between and among cells which eventually

formulate very different forms and functions. Therefore, the question is, how can a single
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DNA sequence show such verities? It is well established that DNA sequences are organized
and compacted with the protein scaffold which can be marked with different modifications
that sometimes determine the function of the cell’s DNA without changing the original
DNA sequence. These marks can concert with the cellular pieces of machinery and proteins
to effectively turn on or off gene expression. These marks are known as epigenetic marks
which determine the cellular forms and functions without changing the actual DNA
sequence. Another important genetic material is Transposable Elements (TEs). TEs are
important pieces of moveable genetic information. They can shape the genome architecture
and phenotypic differences by moving genetic information/elements (Vicient and
Casacuberta 2017). As such, TEs could be a source of genetic variations (McClintock
1984). The existence of TEs affects various biological processes (Chuong, Elde et al.
2017). Although TEs insertions might have adaptive advantages, transpositions could be
highly mutagenic. TEs could be regulated by the epigenetic mechanisms, such as epigenetic
silencing. Mobilization of TEs and changes of the epigenetic landscapes altogether could
allow the species in rapid phenotypic adaptations to the environmental changes (Lerat,

Casacuberta et al. 2019).

2.3.3. Control of Gene Expression in Plants

Like other multicellular organisms, plants must retain the genomic stability in every stage
of their development. The genomic DNA of an organism is always threatened by a constant
pressure of internal and external factors. Also, cellular processes like photosynthesis and
respiration consistently challenge the plant genome. Free radicals produced by internal

stresses that can cause damage of the DNA can directly pose additional challenges in
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maintaining the genomic stability. Since plants are sedentary organisms, they are
sometimes vulnerable to challenging environmental conditions. Chemical and physical
stresses from the external environment factors such as temperature fluctuations, light
intensity, wind, nutrients, water availability as well as various biotic stresses produced by
pathogens can have a significant impact on the genomic expression and stability of plants.
To fight against stresses and for better survival rates, plants usually display responses that
are controlled by genetic and epigenetic mechanisms. More importantly, plants can develop
mechanisms of tolerance and resistance (Boyko and Kovalchuk 2011) to cope with stresses
and develop new adaptive mechanisms. Plants can maintain genomic stability in the ever-
challenging growth environment (Dassler, Roscher et al. 2008) because they contain
additional copies of various DNA repair genes in their genome that can have redundant
functions (Singh, Roy et al. 2010). The genome integrity is controlled by different
mechanisms which include utilizing different DNA repair pathways and a proper
maintenance of the nuclear and chromatin architecture. DNA damage repair mechanisms
can be maintained at several levels, including scanning and identification of DNA damage,
DNA damage repair by synthesizing and proofreading the newly added DNA sequences
and by relaxing the chromatin structure globally or locally. Moreover, different or similar
epigenetic factors like DNA methylation and histone modifications can have an impact on
the DNA damage repair mechanisms. The genome stability is regulated by a different
chromatin compaction when chromosomal regions can be relaxed through numerous
epigenetic modifications and by choosing different DNA repair pathways (Downey and

Durocher 2006).
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2.4 Epigenetic Mechanisms of Gene Expression
Epigenetic mechanisms of gene expression are broadly mediated by three distinct
mechanisms: DNA methylation, chromatin architecture (histone modifications), and

utilizing small non-coding RNAs.

2.4.1 DNA Methylation

Methylation of cytosine at position 5 is central to many epigenetic mechanisms and
inheritance. The copying mechanisms in cytosine methylation patterns are conceptually
simple for the epigenetic inheritance. Heritable cytosine methylation mostly occurs in the
framework of symmetric CpG dinucleotide, where replication results in two daughter
genomes each carrying hemi methylated CpG which eventually gives a substrate for the
proper maintenance of methylation by methyltransferase, e.g., MET1 in Arabidopsis. It is
also common for plants to methylate cytosines in the sequence context of CHG and CHH,
but mechanisms that are generally needed for the ongoing reestablishment of epigenetic
modifications are mostly guided by small RNAs or heterochromatin-directed methylation
pathways (Feng, Jacobsen et al. 2010, Stroud, Greenberg et al. 2013). Inherited CpG
methylation patterns can be stable in dividing mammalian cells, but they are largely erased
from one generation to the next organismal generation. However, in plants, DNA
methylation epialleles can be transmitted over hundreds of generations (Paszkowski and
Grossniklaus 2011, Quadrana and Colot 2016). Additionally, recent studies reported that
modifications in the adenine 6-methylation could be a potential carrier of the epigenetic

memory (Luo, Blanco et al. 2015).
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2.4.2 Histone Modifications

In eukaryotic genomes, chromatin architecture is primarily composed of nucleosomes
consisting of DNA wrapped around a histone octamer. The mechanisms of replication of
chromatin states are vaguely understood and remain subject to ongoing research (Kaufman
and Rando 2010, Alabert and Groth 2012). Parental histones are disbursed to both daughter
chromosomes in replication. They are retained within 400 base pairs downstream or
upstream of the locus from which they were evicted. At a small number of genomic loci,
the newly synthesized histones fill in the gaps between parental nucleosomes. These
histones eventually establish the covalent modification state of the previous old
nucleosomes. The central concept behind this mechanism is that many modifying enzymes
bind to the very modifications which they catalyse (Campos, Stafford et al. 2014). Most
modifications that occur in response to an environmental stimulus are rapidly erased or
diluted when the inciting stimulus is removed. (Coleman and Struhl 2017, Wang and
Moazed 2017). But several studies show that chromatin states often need the production
of local RNAs that might either recruit or activate chromatin regulators (Huang, Fejes Toth

etal. 2017).

2.4.3 Small RNAs

There are different kinds of small non-coding RNAs including microRNAs, tRNAs,
rRNAs, snoRNAs and other that differ in both biogenesis and the mechanism of action
(Ghildiyal and Zamore 2009, Heard and Martienssen 2014, Holoch and Moazed 2015).
Small RNAs, such as small interfering RNAs (siRNAs), are fundamental for the

mechanisms of establishing the transgenerational epigenetic memory. In the mediated
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mechanisms, RNA levels are maintained by the involvement of an RNA-dependent RNA
polymerase (RARP), where small RNAs are a key to copying the host transcripts from
which, consequently, various secondary RNA species are produced (Guérin, Palladino et
al. 2014). Overall, an epigenetic inheritance paradigm usually depends on the interplay
between two or more various mechanisms in the epigenetic pathways. Small RNAs, for
instance, can direct the de novo cytosine methylation at the homologous genomic loci in
both plants and mammals (Zilberman, Cao et al. 2003, Aravin, Sachidanandam et al. 2008).
Likewise, small RNAs also can direct the formation of H3K9-based heterochromatin
(Volpe, Kidner et al. 2002). In this case, long non-coding RNAs facilitate a complex
mechanism of the recruitment and modulation of H3K4/Trithorax and H3K27/Polycomb
chromatin pathways (Rinn and Chang 2012). As a result, DNA modifications and

heterochromatin jointly can affect the expression of small RNA-generating loci.

2.5 Stress and the Physiological Response to Stress

During their dynamic life cycle, plants face different environmental factors that are broadly
grouped into biotic and abiotic stresses. Different types of stresses can have a powerful
impact on the growth, reproduction, and yield potentials of plants. Abiotic stresses relate
to the non-living stresses and include light intensity, temperature fluctuations, availability
of water, heat, and salinity. In contrast, biotic stresses refer to biological entities like
bacteria, viruses, or fungi. For successful reproduction, plants respond to stresses by
switching from the normal developmental program to the stress-response program.
Response to stresses could be tissue and organ-specific and can be contingent on the

developmental stage of plants (Gray and Brady 2016). Even though normal development
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of plants can be affected by stresses that can radically disturb their healthy development,
plants can also exhibit certain degrees of tolerance to stresses. By a very long evolutionary
history, plants developed a complex network in their genome to identify stresses and
respond to them by minimizing damages while preserving resources for their growth and
reproduction (Atkinson and Urwin 2012). Thousands of years of evolution enabled plants
to shape their genome to make a robust defence system against biotic stresses and to
develop mechanisms of tolerance against abiotic stresses (Alvarez, Nota et al. 2010). In
response to stresses, in most of the cases, plants either change their gene expression so that
they can produce proteins that can support them to cope with stresses or they change the
molecular reconfiguration of the genome (also known as genome reprogramming) which
directs the expression pattern. Genome reprogramming takes place at the transcriptional
and post-transcriptional levels during the natural development or under certain degrees of

stress (Arnholdt-Schmitt 2004).

2.5.1 Plant Response to Cold Stress

In nature, environmental stresses are commonly observed as combined. Periodically, cold
stress can be a significant factor in the determination of crop production as one of the
responsible agents that causes crop yield losses. Plant exposure to low temperatures
triggers the phenotypic responses like poor germination rates, wilting, the reduction in
organ expansion, and impaired reproductive development (Hussain, Hussain et al. 2018).
Cold stress in Arabidopsis can be persistent in low temperatures or low temperature
oscillation, both having an immense impact on the regulation of the plant’s healthy

development and fitness. Similarly, in rice (Oryza sativa), cold-priming can prevent the

18



cold-induced impaired water uptake in roots, colour bleaching, and leaf wilting (Ahamed,
Murai-Hatano et al. 2012). At the same time, cold-priming can lead to a certain degree of
tolerance to subsequent exposure to a similar stress or other stresses (Vyse, Pagter et al.

2019).

2.5.2 Epigenetic Modifications Induced by Stress

Understanding how epigenetic factors can influence the cell identity and gene expression
during gametogenesis and cell development, and how it is transmitted and affect the
offspring is very important for answering a wide range of biological questions. In recent
years, several stress-induced epigenetic changes have been demonstrated. Over the past
decades, considerable achievements have been observed in the development of cutting-
edge technologies for studying the differentially expressed genes at the transcription level
(e.g., high-throughput RNA and sRNA sequencing). These technologies are also necessary
for studying the complexity of the regulation of histone modifications and whole-genome
cytosine methylation profiles (Castellano, Martinez et al. 2016, Wibowo, Becker et al.
2016). Several biotic stresses like bacteria (Li, Mukherjee et al. 2015) and viroid infections
(Martinez, Castellano et al. 2014), and abiotic stresses like dehydration (van Dijk, Ding et
al. 2010) and salinity (Chen, Luo et al. 2010) can induce and cause the relaxation of the
epigenetic control of transposable elements (TEs) or ribosomal DNA (rDNA). Since the
epigenetic control over repetitive regions like TES in the genome has been reported as an
extra layer of gene expression control (Lisch 2013), TEs near the regulatory parts of the
gene can influence the epigenetic regulation at the transcriptional level (Wang, Weigel et

al. 2013).
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Likewise, abiotic stresses can lead to changes in the epigenetic regulation; for example,
drought can induce changes in the genome at the methylation levels which are strongly
correlated with responses of the transcriptome. Another well-studied abiotic stress is heat
which also induces changes in the methylome of the genome. Heat stress also causes the
reactivation of ONSEN retrotransposons in Arabidopsis thaliana (Ito, Gaubert et al. 2011).
Recently, a study of 1001 Arabidopsis thaliana epigenomes has shown changes at the
methylation level that are robustly correlated with the environmental response and

expression of defence genes (Kawakatsu, Huang et al. 2016).

2.6 Epigenetic Mechanisms of Transgenerational Memory

It has been identified that epialleles in plants could be stable for hundreds of years. The
peloria mutant of Linaria vulgaris identified by Linneus may be an excellent example of
this. Due to changes in the promoter of the flower morphogenesis gene, flowers of this
mutant are symmetrical compared to wild-type flowers that are dorsoventrally
asymmetrical (Cubas, Vincent et al. 1999). Transgenerational epigenetic inheritance and
stress memory are meiotically stable and can extend their activity over at least a single

stress-free generation (Luna, Bruce et al. 2012).

2.6.1 Mechanisms of Stress Memory Inheritance

At low temperatures, mutants lacking demethylase activity usually pass the vernalized state
onto their progeny. It has been suggested that a histone-based epigenetic state could be
transmitted by gametogenesis and meiosis (Crevillen, Yang et al. 2014). For example, in

yeast, in the absence of EPE1l demethylase, H3K9me is stable over many mitotic
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generations at the transgene locus (Audergon, Catania et al. 2015, Ragunathan, Jih et al.
2015). Even though genetic analysis reveals the involvement of DNA methylation and
SiRNA pathways in several cases of transgenerational stress memory, our understanding of
a mechanistic basis for transgenerational or even intergenerational memory remains

unknown.

2.6 Conclusion

In the 19th century, Lamarck first coined a hypothesis that traits acquired in one generation
can be transmitted to the following generations. The proposed idea of the inheritance of
acquired traits was viewed with considerable scepticism until this century when rapid
progress in genomics and epigenomics studies came into light. Since the life cycle of
Arabidopsis thaliana is short, it is a valuable model for studying adaptation and
transgenerational effects because several generations could be obtained in just one year. In
this study, the transgenerational inheritance of Arabidopsis had been studied to decipher
complex mechanisms in stress response. However, in most of the cases, the stress memory
is reset in plants after a single stress-free generation (Wibowo, Becker et al. 2016). Since
transgenerational memory is likely inherited through epigenetic mechanisms, including
changes in DNA methylation, histone modifications and chromatin states, and it is likely
in part triggered by non-coding RNAs, in Arabidopsis, it would be exciting to investigate
if stress responses trigger the stress memory and inheritance. If we find some meaningful
insights, it might be helpful to the breeders for a universal practice for growing

economically important crops.
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CHAPTER 3: MATERIALS AND METHODS

3.1 Plant Material:

Arabidopsis thaliana plants from different generations were used to examine the
transgenerational stress response to cold. Experimental plant seeds were obtained from a
single inbred Columbia plant (Columbia ecotype, Col-0). The F1 progeny of parental seeds
from the 15D8 line was obtained from our laboratory (Plant Biotechnology Laboratory,
University of Lethbridge). The 15D8 line is a special transgenic plant for the luciferase
(LUC) recombination reporter gene carrying a copy of a direct repeat of the luciferase
recombination transgene. Dr. Kovalchuk’s laboratory has already propagated 25
generations of plants exposed to cold stress (12 hours at +4°C for seven days) and control
plants grown under normal conditions. Seeds from the parental and progeny sampling
generations were kept at 4°C for the stratification and then planted in all-purpose potting
soil prepared with water containing a generic fertilizer (Miracle-Gro, Scotts Canada) made
to field capacity in 4 x 4 pots. Plants were grown in a growth chamber (BioChambers) at
22°C under extended day conditions of 16 hours light and 8 hours dark (18°C). The pots
containing plants were placed in trays measuring ~ 25 cm x 50 cm and watered from the
tray. A total of eight (8) plants per pot and two pots per sample group were designed for
the phenotypic profiling, thus resulting in approximately sixteen (16) plants per treatment
group. Three independent stress groups and two independent control groups were
generated and propagated for 25 generations by replanting seeds harvested at each

generation.
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3.1.1 Key Concepts Relevant to The Study

Vi.

Vil.

viii.

Two set of seeds were collected: 25 (F1 to F25) generations from plants
propagated under cold stress conditions (S) and 25 generations under non-stress
conditions (NS). Control non-stressed lines were named F1C to F25C and cold-
stressed (Cd) lines - F1Cd to F25Cd.

Two sets of independently propagated (for 25 generations) lines were used:

a. Progeny of cold stressed plants: two different populations, Cd-4 and Cd-5.
b. Progeny of control plants: two different populations, C-12 and C-13.

Two sets of conditions:

The propagation of all plants under two different conditions: Cold Stress
Condition (S) and Non-stress Condition (NS).

The experimental plan: Study the phenotypic, genomic and epigenomic profiles
of plants to find differences in their progenies.

For the phenotypic analysis: Generations were used as follows F1, F10, F15,
F20, and F25.

For the genomic and epigenomic analysis: All plants were propagated in non-
stress condition. Generations used for the sequencing were: F2C (Control),
F25C (Control) and F25Cd (Cold).

The method used for the Genomic Analysis: Whole Genome Sequencing
(WGS).

The method used for the Epigenomic Analysis: Whole Genome Bisulfite

Sequencing (WGBS).
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3.2 Growth Conditions and the Phenotypic Profiling Setup:

For this study, there were two sets of samples (i.e., stressed and control plants) and two
types of conditions (i.e., normal and cold) to perform the phenotypic profiling. Seeds from
the generations F1, F10, F15, F20, and F25 were collected from our lab for the phenotypic
profiling. Seeds were planted in all-purpose potting soil with a ratio of 9:1 to vermiculite
and kept at 4°C for 72 hours for the stratification. Approximately after three days, the plants
were transferred into the growth chamber, and after five days post germination (dpg), the
plants were transplanted into individual pots. At 5 dpg, only the plastic lids covering the
plant pots were kept and let them be opened for 20 minutes for allowing the natural airflow.
At 10 dpg, cold stress was applied to one treatment group, and it was counted as day-1 for
the cold stress. Cold stress was applied for seven consecutive days by placing plants at 4°C
overnight, from 8 pm to 8 am. At 21 dpg, the number of true leaves was counted. Next,
bolting and flowering time observations were made by observing the plants daily. Usually,
in between 22 to 40 dpg, data collection from flowering and bolting observations was done.
At 43 dpg, to measure the fresh weight of plants, individual plants were uprooted and
weighed on a five-digit balance (Mettler Teledo), and then we continued to dry the plants
by putting them in the incubator at 55°C. Then a few days later, when the plants dried
completely, the dry weight of individual plants was taken. Finally, seeds were harvested,
and seed size measurements were done by using a microscope (Hund WETZLAR). The
height and width of an individual seed were measured in micrometer scales using a
photograph from the microscope; approximately 25 seeds were measured for each
generation. Overall, the phenotypic profiling includes data from true leaf counts, bolting

time, flowering time and measurements of seed length and width.
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3.2.1 Statistical Analysis of Phenotypic Data

Phenotypic data were obtained, recorded, and graphically represented by using Microsoft
(MS) Excel® 2016. Statistical analyses were performed by using an R Studio and MS
program. Standard errors or standard deviations were calculated, and significant
differences between the means were compared using a two-way ANOVA and Tukey-
Kramer HSD test. Significant differences between experimental groups were analyzed

using p-values. All statistical tests were conducted at a 95% level of confidence.

3.3 Genomic and Epigenomic Profiling:

3.3.1 Molecular Techniques Used

The parental F2C plants and the progeny of F25 plants (both from the progeny of cold
stressed plants, F25Cd and parallel control plants, F25C) were grown to about 21 dpg, and
then the leaf tissue was harvested for molecular analysis. Methylation profiles of the
generation F2C allowed us to consider it as parental control progeny, F25C as parallel
control progeny and F25Cd as the progeny of cold-stressed plants to find the methylation
profile differences among progeny generations. Methylation profiles of sample groups

used were F25Cd versus F2C, F25Cd versus F25C, and F25C versus F2C.

3.3.2 DNA Isolation

The whole rosette leaves of F2 and F25 plants were collected, frozen in liquid nitrogen,
and stored at -80°C for DNA extraction. Total genomic DNA was extracted from
approximately 100 mg of leaf tissue homogenized in liquid nitrogen using a CTAB

protocol with some modifications. A DNA extraction buffer consisted of 31.8 g Sorbitol,
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6 g Trizma base (Tris), 0.84 g EDTA in 500 ml of DDW, pH adjusted to 7.5 with HCI. A
nucleic lysis buffer was prepared using 30.29 g Tris, 23.27 g EDTA, 73.05 g NaCl, 5 g
CTAB dissolved in ~ 250 ml DDW, pH adjusted to 7.5. The total extraction buffer used
was prepared with Na-bisulfite (38 mg/10 ml) added before use, 10 ml of nucleic lysis
buffer, and 4 ml of 5% Sarkosyl. 700 ul of the total extraction buffer was used per sample.
Samples were incubated at 65°C for 1 hour and inverted periodically. 700 pl of chloroform
was added to the samples and shaken by hand for 5 minutes. The samples were centrifuged
at 16,000 g for 10 minutes at 4°C with a supernatant phase transferred to a new tube; this
chloroform step was repeated. Two-third volume of isopropanol was added and incubated
at room temperature for about 24 hours to precipitate DNA. All samples were then
centrifuged at 12,000 g for 15 minutes at 4°C, the pellet of precipitated gDNA was rinsed
twice with 70% ethanol and once in 100% ethanol, then air-dried at room temperature for
about 10 minutes. 100 pl of P1 buffer (Qiagen Kit) mixed with RNAase was added, and

the samples were incubated for 10 minutes at 37°C.

An additional extraction was performed at this stage by adding 100 ul of Phenol:
Chloroform mixture, centrifugation at 16,000 g for 10 minutes at 4°C and transferring 90
pl of the supernatant phase to a new tube. 9 pl of Sodium acetate and 250 ul of 100%
ethanol were added and incubated at room temperature to precipitate DNA. The samples
were centrifuged at 12,000 g for 10 minutes at 4°C to obtain pellets of precipitated DNA
and washed twice with 1ml of 70% ethanol and once in 1ml of 100% ethanol, then they

were air-dried at room temperature. The DNA pellets were dissolved in distilled water and
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quantified using a NanoDrop 2000C spectrophotometer (Thermo Fisher Scientific Inc.).

Also, agarose gel electrophoresis was performed to verify the integrity of DNA samples.

3.3.3 Whole Genome Sequencing (WGS) and Whole Genomic Bisulfite Sequencing
(WGBS)

The isolated genomic DNA was used for whole-genome sequencing (WGS) and whole-
genome bisulfite sequencing (WGBS) (Illumina) to assist in identifying the genomic and
epigenomic (associated with changes in DNA methylation) profiles and variations. Data
obtained were analyzed using several toolkits found in the methylKit package. WGBS
allows for the investigation of genome-wide patterns of DNA methylation at a single base
resolution. It involves the sodium bisulfite conversion of unmethylated cytosine to uracil.
The resulting cytosine residues in the sequence represent the methylated cytosine in the
genome, which is then mapped to a reference genome (Clark, Harrison et al. 1994).
Binomial tests were applied and used to determine the observed methylation frequency
against a bisulfite conversion reaction, and the percentage methylation (%methylation)

levels were calculated at each base (Schultz, Schmitz et al. 2012)

3.3.4 Bioinformatics Based Analysis of WGS Data

Adapter trimming was done by using Trim Galore software with the "-q 30" option. Then
reads were mapped to the Tairl0 genome using the bwa-mem of BWA software, and
duplicates were marked by using the Picard software. Local realignments around SNPs and
INDELSs were performed using GATK (a Genome Analysis Toolkit) which accounts for

genome aligners, mapping errors and gives the consistent regions that contain SNPs and
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INDELs. The resulting reads were quality controlled by Haplotype scores, and sample
variant sites were called individually and jointly by using Haplotypercaller with GATK.
The sites marked as a low-quality score by GATK were filtered out and used. The effects
of variants in the genome sequences were classified using the SnpEff program (Cingolani,
Platts et al. 2012). Toolkits used included genomation to obtain a biological understanding
of genomic intervals and the Functional Classification SuperViewer to create gene
expression profiles and show the difference between samples. The genes nearest to the non-

overlapping SNPs and INDELSs sites were annotated.

3.3.5 Bioinformatics Based Analysis of WGBS Data

Raw sequencing reads were quality controlled and trimmed using Trim Galore software
similar to the WGB analysis initiation. The trimmed reads were subsequently aligned to
the TAIR10 reference genome using the bisulfite mapping tool Bismark (Krueger and
Andrews 2011). The methylated cytosines (Cs) were extracted from the aligned reads with
the Bismark methylation extractor using default parameters followed by the computation
of methylation frequency using the R package software, methylKit. The %methylation was
calculated by counting the ratio of the frequency of Cs divided by reads with C or T at each

base and computed at bases with coverage > 10 (Akalin, Kormaksson et al. 2012).

%Methylation = {Frequency of C+ read coverage} x 100

Common bases covered across all samples were extracted and compared, and the

differential hyper- and hypomethylated bases in each chromosome were extracted. The
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differentially methylated cytosines (DMCs) overlapping with genomic regions were
assessed (in the preference for a promoter > exon > intron), and the average percentage
methylation of DMCs around genes with distances of DMCs to the nearest transcription
start sites (TSSs) were also calculated. Annotation analysis was performed with the
genomation package within a methylKit to obtain a biological understanding of genomic
intervals over the pre-defined functional regions like promoters, exons, and introns
(Akalin, Franke et al. 2015). Functional commentary of the generated gene expression
profiles was performed using the SuperViewer tool with Bootstrap to show the difference
between samples (Provart and Zhu 2003). Hierarchical clustering of samples was used to
analyze for similarities and detect sample outliners based on the percentage methylation
scores and a possible molecular signature. Also, Principal Component Analysis (PCA) was
utilized for variations and any biological relevant clustering of samples. Scatterplots and
bar plots showing the percentage of hyper-/hypo- methylated bases, overall chromosomes
and heatmaps were used to visualize similarities and dissimilarities between DNA

methylation profiles.

3.3.6 Analysis of Differentially Methylated Regions (DMRs)

DMRs information was investigated over the predefined regions for all contexts; CG, CHG,
and CHH on 100 bp and 1000 bp tiles across the genome to identify stochastic and
treatment associated DMRs (Akalin, Kormaksson et al. 2012). The differential hyper-
/hypo- methylated regions were also extracted and compared across samples. By default,
DMRs were extracted with g-values < 0.01 and percent methylation difference > 25% to

find out biologically relevant results; it was taken as arbitrary because > 50% would result
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near to nothing significant results. The differential methylation patterns between sample
groups and methylation events of these differences per chromosome were extracted too. In
summary, sliding windows of 100 bp and 1000 bp were considered for both DMRs and
DMCs, and values were extracted based on at least 25% and 50% differences (g-values >

0.01) to assess significant differences among samples.

3.3.7 Quality Control and Statistical Analysis of Sequencing data

Mapped reads were obtained with a quality score of <30, differential hyper- and
hypomethylated bases were extracted with g-values < 0.01 and percent methylation
difference larger than 25% in methylKit. Heatmaps of differentially methylated bases were
quantified at g-values < 0.01 and the percent methylation difference was more significant
than 50%. The distances of DMCs to the nearest TSSs obtained from genomation were run
at >25% and >50%. The TSSs distance to DMCs was extracted within +/- 1000bp and
annotated at DMCs >50%. DNA methylation profiles obtained from melthylKit used the
pairwise correlation coefficients of the percent methylation level and the 1-Pearson’s
correlation distance for the hierarchical clustering of samples. Logistic regression and
Fisher’s exact test were used to determine differential methylation with calculations of g-
values and Benjamini-Hochberg for p-values corrections. The T-test for the mean
difference between groups was calculated and extracted with p-values at least < 0.05.
Global genome methylation results were graphed using Microsoft Excel® (MS) and output

graphs from each corresponding program used.
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CHAPTER 4: RESULTS

4.1.1 The Origin of the Study

A single Arabidopsis thaliana plant (Col-0: 15d8) was used as a seed origin. Plants were
propagated for twenty-five generations; they were either exposed to cold stress or to a
control non- stress environment. Seeds of the first and second generations, F1 and F2, were
used as the experimental parental progeny generations for the comparison with other
advanced progeny generations where F1C was used for phenotyping and F2C for the
genomic and epigenomic analysis. Progeny generations that were tested for the effects of
transgenerational inheritance in phenotypes were F10, F15, F20, and F25. Whole-genome
bisulfite sequencing and whole-genome sequencing were also performed from the plants
propagated independently from F2C (a parental control sample), F25C (a parallel control
progeny sample), and F25Cd (an advanced cold stressed progeny sample) seeds. For the
genomic and epigenomic data analysis, the results of bioinformatics analysis are also

represented in the results section to decipher the transgenerational inheritance mechanism.

There were two distinct lineages of plants relevant to this study:

1. Plants are propagated from F1 to F25 generations under control conditions. They
are called “the control progeny (F1C to F25C)” as mentioned before in the methods
section.

2. Plants are propagated from F1 to F25 generations under cold stress conditions. They
are called “the cold stressed progeny (F1Cd to F25Cd)” as mentioned before in the

methods section.
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Both control and cold stressed progenies were used for the phenotypic analysis by exposing

them to stress or by propagating them under normal conditions (figures 1 and 2).
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4.1.2 Schematic Diagram of the Phenotypic Profiling

F1 F10 F15 F20 F25

Figure 1. A schematic diagram of the phenotypic profiling experiment for plants

propagated under non-stress conditions (both the control and cold stressed progenies).

Figure 2. A schematic diagram of the phenotypic profiling experiment for plants

propagated under cold-stress conditions (both the control and cold stressed progenies).

The schematic diagrams show plants of different generations propagated under control
conditions (figure 1) and cold stress conditions (figure 2) applicable both for control (F1C,
F10C, F15C, F20C, F25C) and cold-stressed progenies (F1Cd, F10Cd, F15Cd, F20Cd,
F25Cd); the phenotypic analysis quantified the number of true leaves, bolting and

flowering time and seed size measurements in height and width.
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4.1.3 Schematic Diagram of the Genomic and Epigenomic Profiling

The parental generation F2C and progeny generations F25C and F25Cd were propagated
under control conditions and were used for WGS and WGBS to find differences among
progenies of cold (F25Cd as the advanced cold stressed progeny) and control lines (F25C
as the parallel advanced control progeny) in comparison with the parental control progeny,

F2C.

Figure 3. The design of the study for the genomic and epigenomic profiling (F2C, F25C,

and F25Cd were used for the sequencing, labeled with green colored font).
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4.1.4 Results of Phenotypic Profiling

4.1.4.1 Changes in the leaf numbers

Changes in the number of leaves were counted in both parental and advanced progeny

generations. True leaf numbers varied from progeny to progeny. There was an overall

significant difference (p < 0.05) in the number of leaves across all the generations when

the progeny plants (F10, F15, F20, F25) are compared to parental plants (F1). Regardless

of the propagation conditions, the progeny of parallel control plants (F25C) and the

progeny of the cold stressed plants (F25Cd) showed a significant difference (p < 0.05) in

the number of leaves. It is strongly supported by the data that the number of true leaves

was significantly higher in the advanced progenies in comparison with the leaf number of

the parental progeny, regardless of propagation conditions (figure 4).
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Figure 4. Data on true leaves from plants propagated under cold stress and non-stress
conditions (applicable both to the control and cold-stressed progeny). Error bars represent
Standard Error (SE). Leaves were counted at 21 dpg (n=16, SE). The asterisk (*) above
shows a significant difference compared with the parental generation, where * indicates p

<0.05.

In summary, the number of leaves is significantly greater in the advanced progeny plants,
regardless of the propagation conditions. The most advanced progeny of cold stressed
plants (F25Cd) showed a significantly lower number of leaves compared with the progeny

of parallel control plants (F25C).

4.1.4.2 The Bolting Phenotype

The percentage of bolted plants was calculated at 31 days post-germination (dpg). The
bolting data were collected from both the control and cold stressed progenies plants
propagated under cold stress and non-stress conditions. Surprisingly, plants propagated
under cold stress conditions (both the control and cold stressed progenies) did not bolt until
35 dpg. In summary, all plants propagated under non-stress conditions showed early
bolting compared with plants grown under cold stress conditions. When plants were
propagated under cold-stress conditions, bolting time varies from generation to generation
in both the control and cold stress progenies. However, when plants were propagated under
non-stress conditions, all the progenies (both cold stressed and control) showed early
bolting compared with the parental control plants (figure 5). In particular, both of the

advanced progeny generations (F25C and F25Cd) showed a statistically significant
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difference in the percentage of bolting compared with the parental progeny generation
(F1C) when propagated under non-stress conditions. In the case of cold stress conditions,
the parental progeny (F1C) did also show a statistically significant difference in the bolting
percentage, in comparison with the advanced progeny of the cold stressed plants (F25Cd),

but not with the advanced parallel control progeny (F25C) (figure 5).
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Figure 5. The percentage of plants showing bolting under non-stress and cold stress
conditions (applicable for both the control and cold progenies). The percentage averages

were calculated from approximately 24 plants for the control and 24 plants for cold stressed
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groups. The error bars represent Standard Error (SE). The asterisk (*) above shows a

significant difference compared with the parental generation, where * indicates p < 0.05.

In summary, non-stress conditions plants (both the control and cold stressed progenies
plants) showed the earlier flowering than cold stressed plants. But the response of bolting

was not consistent across generations within the same growth conditions.

4.1.4.3 The Flowering Phenotype

The percentage of flowering plants was calculated on the 35 dpg. The flowering data were
collected from both the control and cold stressed progenies of plants propagated under cold
stress and non-stress conditions. Surprisingly, plants propagated under cold stress
conditions (both control and cold progenies) did not show any flowering until 40 dpg. In
summary, all the plants propagated under non-stress conditions showed the earlier
flowering compared with plants grown under cold stress conditions (figures 7, A-E). Like
in the case of bolting time, in plants propagated under cold stress conditions, flowering
time varied from generation to generation in both the control and cold stress progenies.
However, a similar process was observed in plants propagated under non-stressed
conditions where all the advanced progenies (both cold and control) showed the earlier
flowering compared with the parental plants. F25C and F25Cd propagated under non-stress
conditions showed a statistically significant difference (greater flowering) in the
percentage of flowering compared with the parental generation (F1C). In the case of cold
stress conditions, the parental progeny (F1C) showed a statistically significant difference
in the flowering percentage in comparison with the advanced progeny of the cold stressed
plants (F25Cd), but not with the advanced parallel control progeny (F25C) (figure 6)
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Figure 6. The percentage of plants showing flowering under non-stress and cold stress
conditions (applicable for both the control and cold progenies). The percentage averages
were calculated from approximately 24 plants for the control and 24 plants for the cold
stressed groups. The error bars represent Standard Error (SE). The asterisk (*) above shows

a significant difference compared with the parental generation, where * indicates p < 0.05.
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(B) F10

Non-stress Condition Cold-stress Condition
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(C)F15
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(D) F20

Non-stress Condition Cold-stress Condition
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Non-stress Condition Cold-stress Condition

Figure 7 (A-E). Plants showing the flowering phenotype under non-stress and cold-stress
conditions on the 35" day, “C” as the control and “Cd” as cold stressed progeny, where
(A) shows F1, plants only from the control progeny (B) F10, plants from both the control
and cold stressed progenies (C) F15, plants from both the control and cold stressed
progenies (D) F20, plants from both the control and cold stressed progenies (E) F25,

plants from both the control and cold stressed progenies.

In summary, like in the case of bolting time, plants propagated under non-stress conditions
(both the control and cold stressed progenies) showed earlier flowering than cold stressed
plants. But the response of flowering was not consistent across generations within the same

growth condition.
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4.1.4.4 Changes in the average height of seeds

The height of seeds was measured in the micrometer scale (um) from twenty-five randomly
selected seeds. When the progeny of cold-stressed plants were propagated under non-stress
conditions and the seeds were collected from those plants, the average height of seeds
increased in general compared to the parallel control progenies. However, when plants
were propagated under cold stress conditions, the average height of seeds decreased in the
cold stressed progenies compared to the parallel control progenies. No statistically
significant differences were found when the height of seeds from the parental generations
(F1C) was compared with F25Cd propagated under the non-stressed conditions.
Statistically, significant differences (p<0.05) were observed when the height of seeds from
the parental generation (F1C) propagated under either the control conditions or cold
stressed conditions was compared with the height of F25Cd seeds propagated under cold
stress conditions; but no significant difference was found in F25C propagated under cold

stress conditions (figure 8).
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Figure 8. The height measurement of seeds, where 25 seeds were measured for each group.
Error bars represent Standard Error (SE). The asterisk (*) indicates a statistically significant

difference, where p<0.05 (using two-way ANOVA and Tukey-Kramer Test).
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4.1.4.5 Changes in the average width of the seeds

The average width of seeds was measured from the same seeds which were used for the
height measurement. The measurement was done in the micrometer scale (um) from the
twenty-five randomly selected seeds to represent a population of a sample generation.
When plants were propagated under cold stress conditions, the average width of seeds
decreased in the cold stressed progenies compared to the parallel control progenies. No
statistically significant difference was found when the width of the seeds from the parental
generation (F1C) was compared with the seeds from plants F25Cd propagated under non-
stress conditions. However, when plants were propagated under cold stress conditions, the
average width of seeds decreased in all the control and cold stressed groups. Statistically,
significant differences (p<0.05) were observed when the width of seeds from the parental
generation (F1C) was compared with the width of seeds in the F25Cd and F25C groups

propagated under cold stress conditions (figure 9).
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Figure 9. The measurement of seed widths, where 25 seeds were measured for each group.
Error bars represent Standard Error (SE). The asterisk (*) indicates a statistically significant

difference, where p < 0.05 (using two-way ANOVA and Tukey-Kramer Test).
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4.2 Genomic and Epigenomic Changes in F2 and F25

Results from the Whole Genome Sequencing (WGS) data have been analyzed to reveal the
genetic changes over multiple generations of control and cold stress groups. Similarly,
Whole Genome Bisulfite Sequencing (WGBS) data reveals the epigenomic changes from
the analysis of the DNA methylation profiles. Five genomes or methylomes (biological
replicates) from each of the generations (F2C, F25C, and F25Cd) were considered for the

study.

4.2.1 Genomic Variants between F2 and F25

4.2.1.1 Single Nucleotide Polymorphisms (SNPs)

The average number of SNPs calculated from the five biological replicates is higher in the
cold stressed progeny (F25Cd) than in the parallel (F25C) and parental (F2C) control
progeny. In comparison among generations, F25Cd showed a significant difference in the
numbers of SNPs when F25Cd (9751) was compared with either F2C (9308) or F25C

(9359), where p < 0.05 (figure 10).

53



Average SNPs Variants
12000
10000 9308 9359 9751
8000
6000

4000

2000

F2C F25C F25Cd

Figure 10. A comparison of average SNPs variants in the genome calculated from five
independent biological repeats where F25Cd showed a significantly different number of
SNPs. The asterisk above (*) shows a significant difference between the cold stressed

progeny and parental or parallel control generations (p < 0.05).
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4.2.1.2 The Number of Insertions and Deletions (INDELS)

The average number of Insertions and Deletions (INDELS) calculated from five biological
replicates is higher in the cold stressed progeny (F25Cd) compared with the parallel and
parental control progeny. Data comparison among generations showed a statistically
significant difference in the number of INDELSs in the cold stressed progeny such as F25Cd
(4589) and F2C (4350), F25C (4380) where p < 0.05 (figure 11). On the contrary, the
number of insertion events was slightly but not significantly lower in the cold stressed
progeny compared to the parallel and parental control progeny (figure 12). on the other
hand, deletion events in the cold stressed progeny is significantly higher compared with

the parallel or parental control plants where p < 0.05 (figure 13).

Avg. INDELs
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Figure 11. A comparison of the average number of INDELS (insertion and deletion events)
variants in the whole genome of F2C, F25C, and F25Cd where F25Cd shows a significantly
different number of INDELS. The asterisk above (*) shows a significant difference between

the cold stressed progeny and the parental or parallel control generations (p < 0.05).
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Figure 12. A comparison of the average number of insertions variants in the whole genome
of F2C, F25C, and F25Cd. No group is statistically significantly different from another

where p > 0.05.
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Figure 13. A comparison of the average number of deletions variants in the whole genome
of F2C, F25C, and F25Cd. The numbers of deletion events in F25Cd was statistically
significant in comparison with both the parental (F2C) and parallel (F25C) control progeny.
The asterisk above (*) shows a significant difference between the cold stressed progeny

and the parental or parallel control generations (p < 0.05).
56



4.2.2 Venn Diagram of SNPs and INDELs

SNPs and INDELSs variants that are unique to each sample of the genome were extracted
by common and non-overlapping sites specific to F2C, F25C, and F25Cd. The analysis of
the unique number of SNPs reveals that the number of SNPs in the cold stressed progeny
F25Cd is higher (705) than the number of SNPs in F2C (375) and the number of SNPs in
F25C (367) (Figure 14). Similarly, the analysis of the unique number of INDELSs reveals
that the number of INDELSs in the cold stressed progeny F25Cd is higher (158) than the
number of INDELSs in the parental control progeny F2C (87) and the number of INDELS

in the parallel control progeny F25C (70) (Figure 15).
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Figure 14. Venn diagram of SNPs for F2C, F25C and F25Cd progenies.
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Figure 15. Venn diagram of INDELSs for F2C, F25C and F25Cd progenies.
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4.2.3 The Variants’ Rate of SNPs and INDELSs

The variants’ rate of SNPs and INDELSs can be calculated from the effective variants in a
range of a certain genome length. The number of SNPs and INDELS variants and the rate
of SNPs and INDELSs variants were significantly higher in the cold stressed progeny (tables
1-2). Although the rates of variants were comparable between F2C and F25C (tables 1-2),
there was a statistically significant difference between the cold stressed and control
progenies (p < 0.05). Specifically, F25Cd had an average rate of one variant per every of ~
12256 bases, F25C had one variant per every of ~ 12771 bases, and F2C had one variant
per every of ~ 12841 bases. Therefore, it indicated that SNPs variants were occurring more
frequently in F25Cd, meaning that the variants’ rate is higher in the cold stressed progeny

compared with the other two control groups (table 1).

Similar to SNPs, the rate of INDEL variants also showed that the INDEL occurrence rates
were more frequent in F25Cd in comparison with F25C and F2C (table 2), wherein in
F25Cd, there was one variant per every of ~ 26078 bases, F25C had one variant per every

of ~ 27325 bases, and F2C had one variant per every of ~ 27523 bases (table 2).
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Table 1. The average number of SNPs variants from five biological replicates.

Avg. fragment length

Avg. SNPs variants for each of

Progeny SNPs variants
Control Progeny (F2C) 9308 12841.8

SD 159 220.0

Control Progeny (F25C) 9359 12771.8

SD 127 172.8

Cold Progeny (F25Cd) 9751 12256.4

SD 49 61.2

Table 2. The average number of INDELSs variants from five biological replicates.

Avg. fragment length

Avg. INDELs for each of INDELSs

Progeny variants variants INS DEL
Control Progeny

(F2C) 4349.8 27523.4 2425.6 1924.2
SD 104.9 665.1 74.0 38.3
Control Progeny

(F25C) 4379.6 27325.8 2435.8 1943.8
SD 44.2 276.0 12.9 34.1
Cold Progeny

(F25Cd) 4589.2 26078.4 2383.2 2206.0
SD 56.3 321.7 32.5 43.7
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4.2.4.1 The functional classification of SNPs

To analyze the potential meaning of differences in SNPs, the functional classification of
genes associated with these SNPs was performed. Enrichment in three categories was
analyzed: biological process, molecular function, and cellular component. Enrichment
would represent a statistically significantly higher or lower number of SNPs in the specific

category as compared to a random occurrence in the Arabidopsis genome.

Analyzing functional enrichment of SNPs in the cellular components, the enrichment
analysis revealed that the cold stressed progeny (F25Cd) uniquely showed the statistically
significant over-representations in mitochondria, extracellular and other cellular
components. However, only the parallel control progeny (F25C) showed the over-
representation in the nucleus and plasma membrane, whereas the parental control progeny
showed the over-representation in the cytosol. All three-progenies showed the over-
representation in other intracellular and cytoplasmic components and in other membranes;

and the difference between the progenies was not significant (figure 16).

In the case of molecular functions analysis, only the parallel control progeny (F25C)
showed the over-representation in other types of enzymatic and hydrolase activities. The
transcription factor activity is over-represented only in the parental control progeny (F2C).
The cold stressed progeny (F25Cd) showed a significant over-representation in other

binding and transferase activities (figure 16).

From the biological process analysis, protein metabolism was found statistically over-
represented only in the cold stressed progeny (F25Cd). However, other biological

processes showed over-representation only in parallel control (F25C); and interestingly,
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the parental control progeny (F2C) showed over-representation in response to stress. Also,

F2C showed the over-representation in transcription, DNA dependent process. All threes

progenies showed the over-representation in other cellular and metabolic processes; and

there was no difference among progenies (figure 16).

Table 3. Functional Annotations of SNPs.

F25Cd
Enrichment F2C SNPs F25C SNPs SNPs
Biological process
transcription, DNA-
dependent frequency 13 - -
SD 0.261
p-value 0.045
other metabolic 0.87 0.82 0.88
processes frequency
SD 0.08 0.134 0.077
p-value 0.024 0.042 0.026
other cellular processes  frequency 0.82 0.79 0.81
SD 0.076 0.13 0.077
p-value 9.44E-03 0.029 5.69E-03
cgll organization and 0.47 051
biogenesis frequency -
SD 0.164 0.163
p-value 9.26E-03 0.012
response to stress frequency 0.69 - -
SD 0.162
p-value 0.03
other biological 033
processes frequency - -
SD 0.193
p-value 0.012
protein metabolism frequency - - 0.76
SD 0.165
p-value 0.037
Molecular function
transcription factor
activity frequency 1.53 - -
SD 0.334
p-value 0.026

63



protein binding

nucleotide binding

other binding

transferase activity

hydrolase activity

other enzyme activity

Cellular component

other membranes

other cytoplasmic
components

chloroplast

other intracellular
components

cytosol

plasma membrane

nucleus

frequency
SD
p-value
frequency
SD
p-value
frequency
SD
p-value
frequency
SD
p-value
frequency
SD
p-value
frequency
SD
p-value

frequency
SD
p-value

frequency
SD
p-value
frequency
SD
p-value

frequency
SD
p-value
frequency
SD
p-value
frequency
SD
p-value
frequency
SD
p-value

0.74
0.163

0.036
0.7
0.185

0.047

0.8
0.132
0.025

0.77

0.108
0.013
0.72
0.16

0.029
0.71

0.124

8.18E-03
0.49
0.204
0.02

64

0.13
0.11
3.27E-03
0.73
0.189
0.043
0.32
0.169
0.011
0.23
0.156
5.26E-03
0.21
0.138
2.02E-04

0.55
0.165
9.75E-03

0.53

0.162
3.60E-03

0.64

0.189
0.027

0.5
0.227
0.036
1.26
0.169
0.023

0.74
0.168

0.034
0.61
0.187

0.022
11
0.125

0.048
0.72
0.185

0.037

0.85
0.12
0.039

0.79

0.122
0.016
0.8

0.151

0.048
0.72

0.133
8.68E-03



other cellular

components frequency 0.46
SD 0.233
p-value 0.041

extracellular frequency 1.38
SD 0.244
p-value 0.021

mitochondria frequency 0.72
SD 0.184
p-value 0.036
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Figure 16. An enrichment analysis of SNPs and associated genes and their classification
based on biological processes. The X-axis represents the normalized frequency with
binomial coefficients as calculated by SuperViewer. Genes are classed with p-values <

0.05, and two asterisks (**) is with p < 0.01, £bootstrap StdDev.

When we further analyzed the SNPs to reveal the functions of the cold stressed progeny
(F25Cd) specifically, we found that in the case of cellular components, other intracellular
components showed the over-representation (p<0.01 scale) in the cold stressed progeny
F25Cd compared with the parallel control progeny F25C. Similarly, with an interest in the
biological process, F25Cd showed the over-representation (p<0.01) in other cellular
processes, compared with F25C. However, other metabolic processes showed the over-

representation (p<0.01) in the parental control progeny, F2C (figure 16).
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4.2.4.2 INDELSs Functional Enrichment Analysis in F2C, F25C, and F25Cd progenies

To analyze the potential meaning of differences in INDELSs, the functional classification of
genes associated with these INDELs was performed. Enrichment in three categories was
analyzed: biological process, molecular function, and cellular component. Enrichment
would represent a statistically significantly higher or lower number of INDELs in the

specific category compared with a random occurrence in the Arabidopsis genome.

From the analysis of functional annotation of INDELS, in the case of cellular components
analysis, only the cold stressed progeny (F25Cd) showed a statistically significant over-
representation in cell walls and plastids. However, all three progenies showed over-
representation in the chloroplast, other membranes, extracellular, other cytoplasmic
components, other intracellular components, the nucleus, and other cellular components

(figure 17).

In the case of molecular function, the cold stressed progeny (F25Cd) uniquely showed
over-representation in kinase activity, whereas the parental control progeny (F2C) showed
over-representation in transporter activity. All three progenies showed over-representation
in other enzyme activity, transferase activity, other bindings, DNA or RNA bindings, and
transcription factor activity (figure 17).

In the case of the biological process analysis, only the cold stressed progeny (F25Cd)
showed over-representation in other biological processes, cell organization and biogenesis,
and response to stress. All three progenies showed over-representation in other cellular
processes, other metabolic processes, protein metabolism, transcription, DNA dependent,

and signal transduction (figure 21).
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Table 4. Functional Annotations of INDELSs.

F2C F25C F25Cd
Enrichment INDELSs INDELs INDELSs
Biological process
signal transduction frequency 1.23 0.62 1.20
SD 0.22 0.18 0.15
p-value 0.034 0.018 0.021
transport frequency 1.20 - 1.08
SD 0.20 0.14
p-value 0.031 0.042
transcription, DNA-dependent  frequency 1.12 1.38 1.38
SD 0.15 0.20 0.13
p-value 0.047 7.74E-03 3.22E-04
protein metabolism frequency 1.10 0.89 0.91
SD 0.14 0.13 0.08
p-value 0.034 0.048 0.026
other metabolic processes frequency 0.99 1.00 1.01
SD 0.06 0.07 0.04
p-value 0.039 0.045 0.027
other cellular processes frequency 0.99 0.93 1.00
SD 0.05 0.07 0.04
p-value 0.039 0.028 0.03
developmental processes frequency 0.87 - 1.19
SD 0.14 0.12
p-value 0.046 9.82E-03
response to abiotic or biotic 0.72 1.09
stimulus frequency -
SD 0.13 0.11
p-value 0.016 0.031
response to stress frequency - - 1.25
SD 0.11
p-value 1.30E-03
cell organization and 0.85
biogenesis frequency - - '
SD 0.12
p-value 0.027
other biological processes frequency - - 1.15
SD 0.13
p-value 0.013
Molecular function
other molecular functions frequency 1.54 - 1.28
SD 0.33 0.23
p-value 0.014 0.03
nucleic acid binding frequency 1.39 1.36 -
SD 0.24 0.26
p-value 0.011 0.025
transporter activity frequency 1.32 - -
SD 0.28
p-value 0.027
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SD 0.11 0.12 0.09
p-value 9.92E-03 0.014 6.54E-03
Golgi apparatus frequency 0.66 - 0.67
SD 0.19 0.15
p-value 0.035 0.013
plasma membrane frequency - 0.77 0.87
SD 0.13 0.08
p-value 0.019 0.018
cytosol frequency - 0.56 0.85
SD 0.17 0.11
p-value 6.65E-03 0.032
plastid frequency - - 0.79
SD 0.14
p-value 0.027
cell wall frequency - - 1.27
SD 0.23
p-value 0.042
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Figure 17. The enrichment analysis of INDELs and associated genes and their
classification based on biological processes. The X-axis represents the normalized
frequency with binomial coefficients as calculated by SuperViewer. Genes are classed with

p-values < 0.05, and two asterisks (**) is with p < 0.01, bootstrap StdDev.

By further analyzing the functional annotations of INDELS with a particular interest in the
cold stressed progeny (F25Cd), we found that in the case of biological process, a response
to stress and developmental processes showed the over-representation (p<0.01) only in
F25Cd compared with both F25C and F2C. Transcription, DNA-dependent function also
showed the over-representation (p<0.01) in both F25Cd and F25C compared with the
parental progeny control line, F2C. Moreover, the analysis done in the context of molecular
functions associated with F25Cd, showed another notable over-representation (p<0.01) in

F25Cd was DNA/RNA binding (figure 17).
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4.2.6 SNPs and INDELSs associated with transposons

Transposable elements are frequently activated in response to stress. Previous reports
suggest evidence of changes in the regulation and activity of transposons in the progeny of
plants exposed to stress. The average number of transposons associated with SNPs and
INDELs revealed that the cold-stressed progeny (F25Cd) showed significantly higher
numbers in comparison with the control progenies (F2C and F25C). But, when comparing
controls (F2C and F25C), no statistically significant differences were found in SNPs and
INDELS (tables 5-6). The data in Tables 5 and 6 show the summary of the average number
of variant positions in all regions, the promoter and gene regions of transposable element

genes, the enhancer regions, and the remaining other regions (tables 5-6).

The results revealed a higher number of SNPs associated with gene body compared with
the promoter and enhancer, wherein in almost all cases, the cold stressed progeny showed
a higher number of SNPs, except in the enhancer region (table 5). However, INDELSs
primarily occurred in the promoter region compared with the gene body and enhancer,

wherein in all cases, the cold stressed progeny showed a higher INDELSs number (table 6).
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Table 5. The average number of transposons associated with SNPs.

Sample All Transposons%

Sample Type Id Transposons Others in SNPs

Promoter Gene Enhancer Total

Control

Progeny

(F2C) F2_ctl 9416 | 2437 2979 47 5463 3953 58.02
F2_ct4 9324 | 2359 2971 29 5359 3965 57.48

Average 9308 | 2349 2922 38 5309 3999 57.03

SD 159 | 59 80 8 124 100 0.83

Control

Progeny

(F25C) F25 ct6 9532 | 2415 2976 48 5439 4093 5706
F25 ct7 9343 | 2334 2918 35 5287 4056 56.59
F25 ct8 9348 | 2376 2937 29 5342 4006 57.15
F25 ct9 9178 | 2358 2912 33 5303 3875 57.78
F25 ctl0 9392 | 2357 2986 42 5385 4007 57.34

Average 9359 | 2368 2946 37 5351 4007 57.18

SD 127 | 30 34 8 62 82 0.43

Cold stressed

Progeny

(F25Cd) F25 cdl 9771 | 2458 3015 35 5508 4263 56.37
F25 cd4 9805 | 2407 3181 35 5623 4182 57.35
F25 cd5 9676 | 2422 3110 36 5568 4108 57.54

Average 9751 | 2463 3104 35 5602 4149 57.45

SD 49 52 59 0 64 76 0.68
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Table 6. The average number of transposons associated with INDELS.

Sample All Transposons%
Sample Type [o] Transposons Others in INDELs
Promoter Gene Enhancer Total
Control
Progeny (F2C) F2_ctl 4295 | 385 347 124 856 3439 19.93
F2_ct2 4213 | 355 320 125 800 3413 18.99
F2_ct3 4424 | 405 343 127 875 3549 19.78
F2_ct4 4479 | 396 328 133 857 3622 19.13
F2_ct5 4338 | 397 335 115 847 3491 1953
Average 4350 | 388 335 125 847 3503 19.47
SD 105 | 20 11 6 28 85 0.40
Control
Progeny (F25C) F25_ct6 4438 | 390 365 124 879 3559 19.81
F25_ct7 4316 | 368 323 128 819 3497 18.98
F25_ct8 4395 | 382 327 136 845 3550 19.23
F25_ct9 4380 | 396 315 122 833 3547 19.02
F25_ctl0 4369 | 396 305 124 825 3544 18.88
Average 4380 | 386 327 127 840 3539 19.18
SD 44 12 23 6 24 24 0.37
Cold Progeny
(F25Cd) F25 cdl 4609 | 397 329 142 868 3741 18.83
F25_cd2 4555 | 411 343 143 897 3658 19.69
F25 cd4 4647 | 421 364 137 922 3725 19.84
F25_cd5 4509 | 406 357 122 885 3624 19.63
F25 cd6 4626 | 410 353 130 893 3733 19.30
Average 4589 | 409 349 135 893 3696 19.46
SD 56 9 14 9 20 52 0.40
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4.3.1 Epigenomic Profiling

Whole Genome Bisulfite Sequencing (WGBS) was used to profile the epigenomic changes
in the form of changes in DNA methylation patterns. For epigenomics, the distribution of
Differentially Methylated Cytosines (DMCs) and Differentially Methylated Regions
(DMRs) was analyzed to study responses to cold stress over multiple generations. Plants
propagated independently from F2C (the parental control progeny), F25C (the parallel
control progeny), and F25Cd (the cold-stressed progeny) have been studied. Five
methylomes (biological replicates) stemming from individual plants in each of the
generations (F2C, F25C, and F25Cd) were analyzed. In total, fifteen methylomes were

analyzed in this study.

4.3.2 The Percentage of Global DNA Methylation

Global DNA Methylation data were obtained to explore the difference in total methylation
in CpG, CHG, and CHH contexts in the tested generations. Bisulfite sequencing data
revealed that the average percentage of global genome methylation was higher in F25Cd
in the case of the CpG, and CHG contexts, but in the CHH context, F25Cd showed lower
global methylation. The average percentage of global genome methylation in the CpG
context was 23.46%, 23.64%, and 26.14%, respectively, in F2C, F25C, and F25Cd (figure
18). In the CHG context, the average percentage of global genome methylation was 6.92%,
6.77%, and 7.17% in F2C, F25C, and F25Cd, respectively (figure 18). Finally, the CHH
context showed the average percentage of global genome methylation as 2.24%, 2.11%,
and 2.01% in F2C, F25C, and F25Cd, respectively (figure 18). Furthermore, statistical tests

revealed that only F25Cd showed a significant difference (p<0.05) compared with F2C in
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the percentage of CpG global methylation (figure 18). Among all other comparisons in the

CpG, CHG, and CHH contexts, global methylation showed no significant difference (p >

0.05).
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Figure 18. The average number of methylated cytosine (bases) identified with the
corresponding percentages in F2C, F25C, and F25Cd in the CpG, CHG, and CHH sequence
contexts (H=A, T, C and mean, n=5). F25Cd in the CpG region showed a statistically
significant difference compared with the F2C, p-value < 0.05. Methylation levels were
determined from reads with minimum coverage > 10 mapped to TAIR 10 reference; data

were analyzed by using Bismark.
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Overall, the percentage of global methylation was higher in F25Cd in the CpG and CHG
contexts. But only the percentage of global CpG methylation in F25Cd showed a statistical

significance compared with F2C.

4.3.3 The Frequency Distribution of Methylation Percentages

The frequency distribution of methylation percentages in F2C, F25C, and F25Cd showed
that most of the bases had either a high (70-100%) or a low (0-10%) level of methylation
in the methylated CpG context (figure 19). Cytosine methylation in the CHG context was
much lower in frequency compared with the CpG context; most sites had 0-20% of
methylation level, and sites with high levels of methylation (70-100%) were not observed
(figure 20). Similarly, methylation in the CHH context was much lower than in CpG or
CHG,; there was an even lower frequency of occurrence of sites with 10-20% methylation
level (figure 21). In general, F2C, F25C, and F25Cd showed a similar distribution pattern

of methylation percentages in the CpG, CHG, and CHH contexts (figures 19-21).
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Figure 19. The frequency distribution of methylation percentage in the CpG sequence
context of (A) F2C, (B) F25C, and (C) F25Cd; most of the bases have either a high or a
low methylation based on bimodal distribution. The data have been normalized in
Methylkit to account for clonal reads (PCR duplication bias), and each histogram

represents a biological replicate where n=5 for F2C, F25C, and F25Cd.
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Figure 20. The frequency distribution of methylation percentage in the CHG sequence
context (A) F2C, (B) F25C, and (C) F25Cd samples; most of the bases have low
methylation levels based on bimodal distribution. The data have been normalized in
Methylkit to account for clonal reads (PCR duplication bias), and each histogram

represents a biological replicate mean n=5 for F2C F25C and F25Cd.
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Figure 21. The frequency distribution of methylation percentage in the CHH sequence
context for (A) F2C, (B) F25C, and (C) F25Cd samples; most of the bases have low
methylation levels based on bimodal distribution. The data have been normalized in
Methylkit to account for clonal reads (PCR duplication bias), and each histogram

represents a biological replicate mean n=5 for F2C F25C and F25Cd.
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4.3.4 The Total Number of Differentially Methylated Cytosines (DMCs) and

Differentially Methylated Regions (DMRS)

The analysis of the total number of DMCs showed that the largest number of DMCs was
observed in F25C vs. F2C comparison group — 80,464. Other comparisons showed 63,524
in F25Cd vs. F2C group and 77,648 in F25Cd vs. F25C group (table 7). This was
somewhat surprising as we hypothesized that there would be more changes in methylation

levels observed in the progeny of stressed plants (F25Cd) as compared with the controls.

The analysis of DMCs in a specific sequence context revealed a different pattern. While
DMCs in the CpG context were more numerous in F25C vs. F2C comparison groups, in
the CHG and CHH context, they were more numerous in comparison groups involving
F25Cd (table 7). In fact, over a 10-fold difference was observed in the hypomethylated
DMCs in the CHH context in F25Cd vs. F2C as compared with F25C vs. F2C — 1,894 vs.
176 DMCs, respectively (table 7). A similar picture was observed in the CHG context

where over a 5-fold difference was observed — 1,189 vs. 230 DMCs.

These data suggest that the cold stress-induced epigenetic variations are primarily
associated with changes in the CHG and CHH contexts, and that hypomethylation is a

prevalent mechanism.

The analysis of the total number of DMRs in a 100-bp window showed 10,722 DMRs in
F25Cd vs. F2C group and 14,524 DMRs in F25Cd vs. F25C group. Whereas comparison
among the control groups F25C vs. F2C showed 12,619 DMRs. The analysis of the total
number of DMRs in a 1,000-bp window showed 86 DMRs in F25Cd vs. F2C group, 67

DMRs in F25Cd vs. F25C group and 32 DMRs in F25C vs. F2C group (tables 8). In the
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case of a 1,000-bp window, around a 3-fold difference was observed in DMRs in F25Cd

vs. F2C group compared with F25C vs. F2C group. Similarly, a 2-fold difference was

observed in DMRs in F25Cd vs. F25C group compared with F25C vs. F2C group (table

9).

Table 7. A comparison table of the total number of DMCs.

Samples Methylation F25Cd vs. F25Cd F25C
Group Type F2C F25C vs. F2C
CpG Hypermethylation 37036 42058 44620
Hypomethylation 21715 32535 34856
CHG Hypermethylation 1006 893 495
Hypomethylation 1189 768 230
CHH Hypermethylation 684 1175 87
Hypomethylation 1894 219 176
Total 63524 77648 80464
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Table 8. A comparison table of the total number of DMRs (in 100-bp windows).

DMRs (100bp) F25Cd vs. F2C F25Cd vs. F25C F25C vs. F2C
Hypermethylation 6859 8131 6991
Hypomethylation 3863 6393 5628

Total 10722 14524 12619

Table 9. A comparison table of the total number of DMRs (for 1000 bp windows).

DMRs (1000bp) F25Cd vs. F2C F25Cd vs. F25C F25C vs. F2C

Hypermethylation 76 44 25
Hypomethylation 10 23 7
Total 86 67 32
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4.3.5 Hierarchical Clustering in DMCs
Clustering of DMCs in F25Cd vs. F2C comparison group in the CpG and CHG contexts
showed a clear separation of F25Cd samples and F2C samples (figure 22 and 24). In

contrast, F25Cd vs. F25C group did not show such a clear separation (figure 23 and 25).
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Figure 22. Global methylation clustering of DMCs in the CpG context (F25Cd vs. F2C).
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Figure 23. Global methylation clustering of DMCs in the CpG context (F25Cd vs. F25C).
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Figure 24. Global methylation clustering of DMCs in the CHG context (F25Cd vs. F2C).
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Figure 25. Global methylation clustering of DMCs in the CHG context (F25Cd vs. F25C).
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4.3.6 Hierarchical Clustering (DMRs in 100-bp windows)
Clustering of DMRs in 100-bp windows in F25Cd vs. F2C comparison group in the CpG
and CHG contexts showed a clear separation of F25Cd samples and F2C samples (figures

26 and 28). In contrast, the separation was not that clear in F25Cd vs. F25C group (figures

27 and 29).
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Figure 26. Global methylation clustering of DMRs in 100-bp windows in the CpG context

(F25Cd vs. F2C).
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Figure 27. Global methylation clustering of DMRs in 100-bp windows in the CpG context

(F25Cd vs. F25C).
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Figure 28. Global methylation clustering of DMRs in 100-bp windows in the CHG context

(F25Cd vs. F2C).
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Figure 29. Global methylation clustering of DMRs in 100-bp windows in the CHG context

(F25Cd vs. F25C).
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4.3.7 The Distribution of Differentially Methylated Cytosines (DMCs) across the
chromosomes

The analysis of changes in DMCs in CpG sites at the level of chromosome showed that
there was a lower percentage (~2%) of methylated DMCs in F25Cd vs. F2C compared with
F25Cd vs. F25C (~2.5%) or F25C vs. F2C (~2.3%) (figure 30A). The distribution of
hypermethylated and hypomethylated regions was more or less equal in F25Cd vs. F25C
or F25C vs. F2C comparison groups, while hypermethylated regions prevailed in F25Cd
vs. F2C comparison group. In contrast, in CHG sites, the percentage of methylation was
much higher in comparison groups involving F25Cd (~0.06% in F25Cd vs. F2C and
~0.05% F25Cd vs. F25C) compared with control groups F25C vs. F2C (~0.02%). In CHG
sites, hypomethylation prevailed in F25Cd vs F2C comparison group compared with F25C
vs. F2C group where hypermethylation prevailed (figure 30B). A similar picture was
observed in CHH sites; there was a substantially higher percentage of DMCs in F25Cd vs.
F2C (~0.013%) and F25Cd vs. F25C (~0.007%) compared with F25C vs. F2C group
(~0.0012%). In the CHH context, hypomethylation prevailed dramatically in F25Cd vs.
F2C and F25C vs. F2C groups compared with F25Cd vs. F25C where hypermethylation
prevailed (figure 30C).

So, it appears that stress indeed causes more dramatic hypomethylation changes in CHG
sites. These data are in agreement with the above-mentioned data on the number of DMCs

found in different methylation contexts.
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Figure 30. The distribution of Differentially Methylated Cytosines (DMCs) across the
chromosomes. Distributions of differentially methylated bases are shown here in (A) the
CpG context, (B) the CHG context, and (C) the CHH context, respectively; the context for
each chromosome was identified in a 100-bp window. The horizontal bar plots show the
number of methylated events per chromosome as a percent of sites with minimum coverage
and differential. The pink section indicates the percentage of hypermethylation, and the

green one indicates hypomethylation, g-value <0.01, and methylation difference > 25%.
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4.3.8 Heatmaps of Differentially Methylated Cytosines (DMCs)

We also analyzed the relatedness of the samples using heatmaps and hierarchical clustering
in the CpG, CHG and CHH sites. Plants were segregated by creating distinct groups and

branching from their ancestral generations, as depicted in the heatmaps (figure 31).

When DMCs in CpGs were compared, clustering of hypo- and hypermethylated regions

clearly separated F25Cd from F2C samples, whereas the separation of F25Cd samples from

F25C samples and the separation of F25C from F2C samples were less clear (figure 31 AB).

100



(A)

S
[
Qo
>

2C_25Ct_H

yper

0 a0 100 [y || | |

Fact_F25cd_H

po G2d

yper

F25ct_F25cd_H

01107624
810 Ged

100

0 40

101



(B)

F2ct_F25cd_Hypo 2C_25Ct_Hypo

L.
0 40 100 IJ__I

O 2 @O oo
o O 0O 0O 0 0 0 0 0
N O v v L N N N N N
Lo o T SV I o R VI 1 VI VI 1
L o L W
o
F25ct_F25cd_Hypo
0 40 100
T 88 YEE 2 S
S 6 © o 9 L9 9 B 9
0w W W
To R To BT SR To N To)
A A A A
gEdogEgege

Figure 31. A comparison of heatmaps of differentially (A) hypermethylated and (B)
hypomethylated cytosines in the CpG context; the comparison was done for the following

groups: F2C vs. F25Cd, F2C vs. F25C and F25C vs. F25Cd (g-value <0.01).
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4.3.9 Annotations of Differentially Methylated Cytosines (DMCs)

To decipher the impact of all observed differential methylation events, DMCs were further
characterized to determine whether they were preferably located near genes. The location
of hypo- or hypermethylated DMCs was compared to the annotated Arabidopsis genes

using genomation.

The percentages of hypermethylated DMCs in all groups (F25Cd vs. F2C, F25Cd vs. F25C
and F25C vs F2C) were the highest in the exon region (37%, 44% and 47%, respectively),
then in the promoter region (34%, 26% and 30%, respectively), followed by the intron
region (11%, 15% and 12%, respectively) and the intergenic region (19%, 13% and 11%,
respectively) in CpG sites (figure 32A-C). Similarly, the percentages of hypomethylated
DMC:s sites were higher in gene bodies, especially in the exon regions followed by the
promoter regions in CpG sites (Figure 32D-F). In the case of CHG sites, all groups (F25Cd
vs. F2C, F25Cd vs. F25C and F25C vs F2C) showed the highest percentage of
hypermethylated DMCs in the promoter (49%, 47% and 53%, respectively), then in
intergenic regions (41%, 46% and 36%, respectively), followed by exon (8%, 5% and 7%,
respectively) and intron (2%, 2% and 3%, respectively) regions (figure 33A-C).
Interestingly, F25Cd vs. F2C and F25Cd vs. F25C groups showed the highest percentage
of hypomethylated DMCs in intergenic regions (61% and 60%, respectively), followed by
the promoter (35% and 34%, respectively) as compared with F25C vs F2C group where
the highest percentage of DMCs was in the promoter (52%) followed by intergenic (44%)
regions (figure 33D-F). In the CHH context, the percentage of both hyper- and hypo-

DMCs was the higher in the promoter region then in the intergenic region followed by exon
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and intron regions in all comparison groups (figures 34A-F). Interestingly, the control
group F25C vs. F2C showed the higher percentage of hyper- and hypomethylated DMCs
(77% and 73%, respectively) in the promoter region compared with F25Cd vs. F2C (53%
and 64%, respectively) and F25Cd vs. F25C (50% and 49%, respectively) groups in CHH

sites.
Overall, in the case of the CpG context, the highest percentage of DMCs was observed in

gene body, whereas in the case of the CHG and CHH contexts, it was in the highest in the

promoter and intergenic regions.
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Figure 32. The percentages of differentially hypermethylated and hypomethylated DMCs
in CpGs in different genomic regions in F2C vs. F25Cd, F25C vs. F25Cd, and F2C vs.
F25C comparison groups. The percentages plotted are the average percentages of DMCs
overlapping various genomics regions, including promoters, exons, introns and intergenic

regions where DMCs were considered as regions with > 25% difference in methylation

with the coverage of at least 10 sequence reads per DMC.
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Figure 33. The percentages of differentially hypermethylated and hypomethylated DMCs
in CHG in different genomic regions in F2C vs. F25Cd, F25C vs. F25Cd, and F2C vs.
F25C comparison groups. The percentages plotted are the average percentages of DMCs
overlapping various genomics regions, including promoters, exons, introns and intergenic
regions where DMCs were considered as regions with > 25% difference in methylation

with the coverage of at least 10 sequence reads per DMC.
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Figure 34. The percentages of differentially hypermethylated and hypomethylated DMCs
in CHH in different genomic regions in F2C vs. F25Cd, F25C vs. F25Cd, and F2C vs.
F25C comparison groups. The percentages plotted are the average percentages of DMCs
overlapping various genomics regions, including promoters, exons, introns and intergenic
regions where DMCs were considered as regions with > 25% difference in methylation

with the coverage of at least 10 sequence reads per DMC.
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4.3.10 Biological Enrichment Analysis

The functional classification of variants, DMRs and DMCs unique to each test group, was
interpreted using SuperViewer to identify regions with the statistically over-represented
numbers of genes and genomic features. The biological processes that might be enriched
or under-represented within and between generations were assessed. All values were
normalized by bootstrap x100, and p-values < 0.05 only were retrieved as significant. The
x-axis is the normalized frequency with binomial coefficients as calculated by
SuperViewer. The biological enrichment analysis of hyper- or hypomethylated DMRs in
100-bp windows in the CpG, CHG, and CHH contexts and their functional classification

were analyzed based on the biological processes.

The biological enrichment analysis revealed that CpG hyper- and hypomethylation in
DMRs sites were enriched in many general and specific biological processes. More
specifically, when F25Cd were compared with F2C and F25C, CpG hypermethylation sites
in F25Cd were statistically significant over-represented in the biological processes such as
responses to abiotic and biotic stimuli, cell organization and biogenesis, responses to

stresses, and transport processes. (figure 35).

On the other hand, interestingly, when control groups (F25C vs. F2C) were compared using
the biological enrichment analysis of DMRs CpG hypermethylation, several biological
processes showed a statistically significant over-representation in the functions such as
DNA or RNA metabolisms, transcription and DNA dependent and development processes

(figure 35).
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Figure 35. The enrichment analysis of hypermethylated DMRs in CpG sites and their
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with binomial coefficients as calculated by SuperViewer. Genes are classed with p-values

< 0.05, £bootstrap StdDev.

Similarly, when F25Cd was compared with F2C and F25C, the CpG hypomethylation sites
in F25Cd were over-represented in the biological processes such as DNA or RNA
metabolism, responses to stress, and transport processes. In addition, when F25Cd was
compared with the control groups (F2C vs. F25C) using the biological enrichment analysis
of CpG hypomethylation, F25Cd also showed the higher over-representations in the
biological processes like other biological processes, transcription, DNA-dependent and

developmental processes, and responses to stress (figure 36).

On the other hand, when control groups (F25C vs. F2C) were considered for a comparison
using the biological enrichment analysis of CpG hypomethylation, several biological
processes also showed over-representation such as in the electron transport or energy,
signal transduction, responses to abiotic or biotic stimuli, protein metabolism, cell
organization and biogenesis, other cellular processes, and other metabolic processes (figure

36).
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binomial coefficients as calculated by SuperViewer. Genes are classed with p-values <

0.05, +bootstrap StdDev.

The biological enrichment analysis revealed that CHG hypermethylated sites in DMRs
were the only sites in F25Cd that showed the biologically enriched functions compared
with controls (F2C and F25C). In the case of DMRs CHG hypermethylated regions,
biological processes such as other cellular processes and other biological processes showed

a statistically significant (p<0.05) over-representation in F25Cd.

On the other hand, interestingly, when control groups (F2C vs. F25C) were compared by
the biological enrichment analysis of DMRs CHG hypermethylation, only a signal
transduction process showed a statistically significant (p<0.05) over-representation among
the control groups. In the case of DMRs hypomethylation in the CHG context in the
controls group, F2C vs. F25C, several biological processes showed a statistically
significant over-representation (p<0.05) such as other metabolic processes, transport, and

other cellular processes (figure 37).

There was no significant biological enrichment observed in the CHH contexts.
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CHAPTER 5: DISCUSSION

Being sessile, plants are more vulnerable to environmental changes. Plants face several
external stresses such as abiotic stresses, including chemical and physical changes, changes
in light intensity, temperature fluctuations, nutrients and water availability, wind and other
mechanical stimuli, and biotic stresses, including various pathogens (Madlung & Comai,
2004). Environmental stresses have an impact on the directly exposed generations as well
as on their progeny (Herman and Sultan 2011). This study aimed to understand the
multigenerational cold-stress effects on plant phenotypes, genotypes, and epigenotypes.
Specifically, we compared the progeny of plants exposed to cold stress over 25 consecutive
generations with their counterparts (control progenies). We have carried out our
experiments under both control and cold stress conditions over multiple generations. We
studied the genetic inheritance by means of the whole genome sequencing analysis as well
as the epigenetic inheritance by the whole genome bilsufite sequencing analysis of both
control and cold-stressed progenies. Overall, this study has deciphered the phenotypic,

genomic and epigenomic resilience in the cold-stressed progeny in response to cold stress.

Phenotype Resilience:
We have carried out the phenotypic analysis to decipher effects of multigenerational cold
stress exposure in the stressed progenies. For phenotypic profiling, we analyzed a number

of true leaves, their bolting and flowering time, and measured the seed size.
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Changes in the leaf number

The number of leaves was significantly higher in the advanced progenies (F25C and
F25Cd) compared with the parental progenies regardless of propagation conditions. This
might be due to the slow germination; F1C seeds were much older than the advanced
progenies. Interestingly, progenies of the cold-stressed plants (F25Cd) showed a
significantly lower number of leaves compared with the parallel control progeny (F25C)
under both control and cold stress conditions. Previously Chinnusamy et al. (2007)
demonstrated that cold stress led to a decrease in leaf numbers. Zoé & Kovalchuk (2015)
also showed that the progeny of cold-stressed plants had fewer leaves when propagated
under cold-stress and normal growth conditions. Similar to the cold- stress progeny, the
heat-stressed progeny showed a lower number of leaves under normal conditions
(Migicovsky, Yao et al. 2014). They suggested that the heat-induced modifications of the
gene expression could cause phenotypic changes such as leaf number and flowering time.
The epigenetic memory of the parental cold stress slows down the growth rate of plants
and can affect the rate of the growth of the new leaves in the progenies, under both stressed
and normal conditions. In slower growth conditions, plants can utilize less energy in the
metabolic processes. Since energy is crucial, a plant might develop tolerance mechanisms
that can help the progenies to cope up with the stress conditions and thus influence the

leave number.

The Flowering and Bolting Phenotypes
We found that all plants propagated under non-stress conditions showed an early flowering

phenotype compared with plants propagated under cold stress conditions. Plants
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propagated under cold stress conditions showed the delayed flowering responses in general
but varied from generation to generation in both the control and cold stressed progenies.
Seo et al. (2009) reported the flowering time delays because of the activation of cold-
responsive genes under cold stress which might modify the flowering time regulation. A
similar phenomenon occurred in the Arabidopsis thaliana plants that also showed the
delayed flowering responses after salt stress exposure (Kim, Kim et al. 2007, Suter and
Widmer 2013). In contrast, Brachi et al. (2012) reported early bolting in the progeny of the
water-stressed plants. Furthermore, parental exposure to heat stress was reported as a
crucial factor for increasing the time of bolting when progeny plants were propagated under

the normal growth conditions (Cicchino, Edreira et al. 2010).

Changes in the average size of seeds

Next, we noticed that when plants were propagated under cold stress conditions, the
average height and width of seeds decreased in both the control and cold-stressed
progenies. The progenies of cold-stressed plants had smaller seeds when propagated under
cold stress conditions. However, interestingly, when plants were propagated under non-
stress conditions, the average height and width of seeds increased in almost all tested cold-
stressed progenies. As reported previously, a larger seed reserves the energy, whereas a
decreased seed size can be the indication of the being less sensitive to the environmental
conditions (Hu, Zhang et al. 2017). Since we found that cold stress resulted in smaller seeds
in the progenies of cold-stressed plants, it is plausible to think that the reduction in seed
size in response to the multigenerational cold stress is an adaptive trait. Cold stress was

shown to cause pollen sterility and reduce seed length (Zinn, Tunc-Ozdemir et al. 2010).
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Likewise, heat stress also caused the reduced seed size in the heat-stressed progenies
(Morrison and Stewart 2002, Sadras 2007, Prasad, Staggenborg et al. 2008). Another report
in soybean also reported that seed sizes decreased due to water stress and high-temperature

stress (Dornbos Jr and Mullen 1991).

Genomic Analysis:

Environmental stresses can be mutagenic and capable of causing genome instability
(Boyko, Golubov et al. 2010, Boyko and Kovalchuk 2011, Gill, Anjum et al. 2015).
Environmental changes may also increase homologous recombination events or can
facilitate the mobilization of transposable elements (Long, Ou et al. 2009, Boyko, Blevins
et al. 2010, Migicovsky and Kovalchuk 2013). Eventually, environmental conditions may
induce changes in the genetic material and increase the chances of genomic diversity
leading to adaptation to fighting back against ever-changing environmental conditions

(Filichkin, Priest et al. 2010).

Single Nucleotide Polymorphisms (SNPs)

SNPs are vital genetic variations that can directly disrupt gene function and affect plant
adaptability in the changing environment (Shastry 2009). For instance, SNPs can affect
light response and flowering time by changing amino acids in phytochromes A and B
(Filiault, Wessinger et al. 2008); (Maloof, Borevitz et al. 2001). In our study, genomic
analysis revealed that the number of SNPs variants were significantly higher in the cold-
stressed progeny. More specifically, we found that the progeny of cold-stressed plants,

F25Cd, showed a significantly higher number of SNPs compared with the control

119



progenies, F2C or F25C. Zhang et al. (2013) found a frequent occurrence of SNPs in
drought-resistance genes in common wheat. They also found that SNPs were associated
with the genes responsible for the developmental processes and abiotic stress resistance in
wheat (Zhang, Mao et al. 2013). SNPs can also create new splice sites and alter gene
functions (Guyon-Debast, Lécureuil et al. 2010). Therefore, a higher number of SNPs in
the cold-stressed progeny may be an indication of the adaptive processes occurring in the

progeny of stressed plants.

Insertions and Deletions (INDELS)

In our study, we have found that the number of INDELS is higher in the cold-stressed
progeny (F25Cd) as compared with the control progenies, F2C or F25C. INDELS variants
could impose potential effects on the genome. It has been reported that INDELS can cause
changes in gene expression. Jain et al. (2014) discussed that positions of INDELSs within
the genome could affect the function and expression of genes. They indicated that INDELSs
were detected in the coding and regulatory regions (Jain, Moharana et al. 2014). Moreover,
it has been reported that small and large INDELs can cause pathogen sensitivity
(Mindrinos, Katagiri et al. 1994, Kroymann, Donnerhacke et al. 2003). Therefore, higher
numbers of INDELS in the stressed progeny can be an indicator of genomic diversity since
INDELSs can be considered as a crucial factor shaping the evolution of the genomes and

species.
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SNPs and INDELSs associated with transposons

We have also noticed that the average number of transposons associated with SNPs and
INDELSs revealed that the cold-stressed progeny (F25Cd) showed a significantly higher
number them compared with the control progenies. It has been reported that transposable
elements can act as stress-responsive regulators by controlling gene expression (Wheeler
2013). Moreover, as we discussed earlier that SNPs and INDELSs could affect the genomic
function in general, the higher number of transposons associated with SNPs and INDELS

in the cold-stressed progeny might eventually result in phenotypic changes.

The functional classification of SNPs and INDELs

An enrichment analysis of SNPs revealed the over-representation of protein metabolism
processes only in the cold-stressed progeny. In the case of INDELs, the cold-stressed
progenies (F25Cd) showed the over-representation of other biological processes such as
cell organization and biogenesis, and responses to stress. Similar to our study, Wang et al.
(2017) reported a total of 211 differentially expressed proteins due to cold stress response
where the over-representation was observed in protein metabolism and translation, stress
responses, the membrane, and transport processes. Liu et al. (2018) also showed that SNPs

and INDELs were overrepresented in many biological processes.

An Epigenomic Analysis:
Finally, we have carried out whole-genome bisulfite sequencing (WGBS) of the control
(F2C and F25C) and cold-stressed (F25Cd) plants to decipher epigenomic variations

among the tested generations. DNA methylation is the most studied and best-narrated
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epigenetic modification for decoding the mechanisms of gene expression and the status of
the chromatin structure (Pikaard and Mittelsten Scheid 2014). It has been reported that
abiotic stresses can cause hyper or hypomethylation in the genome after either short-term
or long-term exposure (Uthup, Ravindran et al. 2011). Several studies suggested an idea
that multigenerational exposure compared with exposure of a single generation could
cause substantially higher heritable epigenetic variations (Remy 2010, Groot, Kooke et al.
2016, Zheng, Chen et al. 2017). This phenomenon also focused on a gradual
acclimatization of epigenetic effects (Groot, Kooke et al. 2016). Besides, it has been
reported that plants that have experienced multiple exposures to drought stress within the
same generation display an enhanced ability to fight against future stresses compared with

plants that have no such previous experience (Ding, Fromm et al. 2012).

The Percentage of Global DNA Methylation

We analyzed the epigenome of plants in the control and cold-stressed progeny in the light
of previous studies that reported hyper- and hypomethylation in plants under stress (Uthup,
Ravindran et al. 2011, Suter and Widmer 2013, Migicovsky, Yao et al. 2014). The
methylome analysis revealed that the average percentage of global genome methylation in
the CpG and CHG contexts was higher in the cold-stressed progeny, F25Cd. But in the
CHH context, F25Cd showed the lower global methylation. Similar to the results of our
study, Jiang et al. (2014) showed that soil salinity stressed lineages accumulate more
methylation at the CpG sites than the control progenies. It has been well documented that
epigenomic alterations can occur due to different types of stresses (Thiebaut, Hemerly et

al. 2019). For example, epigenomic changes have been observed in response to salt
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treatment in the offspring of the exposed plants in rice and Arabidopsis thaliana (Bilichak,
lInystkyy et al. 2012, Karan, DeLeon et al. 2012). Likewise, in response to environmental
signals such as heat and salt, distinct DNA methylation patterns have been observed (Y ao,

Bilichak et al. 2012, Popova, Dinh et al. 2013).

The Distribution Frequency of Methylation Percentages

We observed that the cytosine methylation frequency was higher in CpG but lower in CHG
and CHH in all of the tested groups. The methylation percentages of the tested progenies,
F2C, F25C, and F25Cd, were similar context-wise. The percentages of the frequency
distribution of cytosine methylation were found mostly in the cytosines in the symmetrical
context, which is commonly found in the plants' genome (Finnegan, Genger, Peacock, &
Dennis, 1998; Law & Jacobsen, 2010; Niederhuth et al., 2016). These results are in
agreement with most of the existing literature since it is widely accepted that DNA
methylation is commonly found non-random, and it clusters in specific segments of the

genome (Tran, Henikoff et al. 2005, Vaughn, Tanurdzi¢ et al. 2007).

The Total Number of Differentially Methylated Cytosines (DMCs) and Differentially
Methylated Regions (DMRs)

We also observed that the total number of differentially methylated cytosine (DMCs) was
higher in the control group F25C vs. F2C (80,464) as compared with the stressed progeny
groups F25Cd vs. F2C (63,524) and F25Cd vs. F25C (77,648). The total number of
differentially methylated regions (DMRs) showed an almost similar pattern in the stressed

and control groups in the case of the 100 bp window. This was somewhat surprising as we
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hypothesized that there would be more epigenetic changes in the progeny of stressed plants
(F25Cd) as compared with the parallel and parental control progenies. Our study suggests
that epigenetic variations are more spontaneous in nature, so it is plausible to think that
fewer DMRs can be an adaptation trait in response to cold stress where stressor might
reduce the rate of spontaneous epimutations. It has been shown that differently from genetic
mutations, epimutations are dynamic in nature and can be maintained by the forward-
backward dynamics (van der Graaf, Wardenaar et al. 2015). Environmental stimuli can
cause changes in DNA methylation in specific loci or in the entire genome (Bartels, Han
et al. 2018). The DNA methylation status can be changed during the regular cell division
when cells fail to maintain the same methylation levels. Therefore, it is plausible to think

that epimutations are spontaneous in plants (Johannes and Schmitz 2019).

Hierarchical Clustering in DMCs

The clustering analysis of DMCs among the progenies of cold-stressed plants and the
progenies of control plants showed a clear separation in the clusters, when we compared
the cold-stressed progenies (F25Cd samples) with the parental progenies (F2C samples).
Moreover, heatmaps of DMCs showed a clear separation among the cold-stressed and
control progenies. Ganguly et al. (2017) also found similar clustering patterns in response
to heat. They showed that the progeny of stressed plants clustered more separately than the
progeny of non-stressed plants due to the treatment with heat stress in Arabidopsis

(Ganguly, Crisp et al. 2017).
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The Distribution of Differentially Methylated Cytosines (DMCs) Across the
Chromosomes

The distribution analysis of changes in DMCs at the CpG sites at the level of chromosomes
showed that there was the lower percentage of DMCs in F25Cd compared with the controls
(F2C and F25C); but the comparisons between controls showed the higher percentages of
DMCs at the CpG sites. Although the distribution of hypermethylated and hypomethylated
regions was equal when the comparison was made among controls, the hypermethylated
regions prevailed in F25Cd vs. F2C groups. In contrast, at the CHG sites, the percentage
of DMCs methylation was much higher in comparison groups involving F25Cd compared
with the control group F25C vs. F2C. At the CHG sites, hypomethylation prevailed in
F25Cd vs F2C groups as compared with F25C vs. F2C groups where hypermethylation
prevailed. So, it appeared that stress indeed causes more dramatic hypomethylation
changes at the CHG sites. A similar phenomenon has been narrated in response to heavy
metal stresses where it has been reported that hypomethylation prevails in several loci in

hemp and clover (Aina, Sgorbati et al. 2004).

Likewise, a similar picture was observed at the CHH sites; however, hypomethylation
prevailed dramatically in F25Cd vs. F2C and F25C vs. F2C groups compared with F25Cd
vs. F25C where hypermethylation prevailed. In support of this concept, several reports
actually suggested that it is common for plants to methylate cytosines in the sequence
contexts of CHG and CHH, but mechanisms are generally needed for the ongoing

reestablishment of epigenetic modifications mostly guided by small RNAs or the
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heterochromatin-directed methylation pathways (Feng, Jacobsen et al. 2010, Stroud,

Greenberg et al. 2013).

Annotations of Differentially Methylated Cytosines (DMCs)

The annotated DMCs revealed that in the case of the CpG context, the highest number of
DMCs occurred in the gene body, whereas in the cases of CHG and CHH context, it was
in the promoter and intergenic regions. It was reported before that promoters of stress-
responsive genes may be hypomethylated under stress conditions (Yao and Kovalchuk

2011, Bilichak, llnystkyy et al. 2012), but other genomic positions may not be changed.

Biological Enrichment Analysis

In our study, the Gene Ontology analysis of differentially methylated regions revealed the
over-representation of DNA or RNA metabolism, responses to abiotic and biotic stresses,
transport, responses to stimulus and cell organization and biogenesis processes in the cold-
stressed progeny compared with the control progenies. These functions and pathways are
related to a normal plant development and associated with the stress response (Cramer,
Urano et al. 2011). As a result, the possibility of the activation and deactivation of the
stress-responsive gene can vary in the stressed and control progenies. Hence, it can be
inferred that cold stress has a substantial effect on the Arabidopsis epigenome (Banerjee,

Wani et al. 2017).
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Transgenerational Inheritance:

Transgenerational stress memory is often connected with alterations of DNA sequence,
chromatin structures and modifications of DNA such as DNA methylation. These could be
potential underlying mechanisms associated with plant stress responses and perhaps the
mechanisms of passing the memory of stress on to subsequent generations (lwasaki and
Paszkowski 2014). Our genomic study revealed higher numbers of SNPs and INDELS in
the cold-stressed progenies. Similarly, epigenomic studies showed that the average
percentage of global genome methylation was higher in the cold-stressed progenies in the
CpG and CHG contexts. Baulcombe & Dean (2014) reported that methylome variations in
plants could be a potential cause of phenotypic differences to mitigate the environmental
stresses where heritable differentially methylated cytosines might be responsible for
phenotypic differences. To clearly understand the inheritance processes, the interpretation
of the epigenetic inheritance system of epialleles in plants and their effects on the nearby
genes is crucial (Hauser, Aufsatz et al. 2011). It is well documented that the methylated
regions are found in the contexts of CpG, CHG, or CHH regions of the plants' genome
(Tirado-Magallanes, Rebbani et al. 2017). The inheritance of epimutations could be
observed in these regions in the subsequent progeny generations. Eichten & Springer
(2015) suggested that the separate hierarchical clustering of epimutations was associated
with cold stress treatment. In our study, we evidently observed that the progenies of cold-
stressed plants and the progenies of control plants showed a clear separation in the

clustering analysis.
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Conclusion:

In conclusion, global analysis of the genome and epigenome showed many changes in the
cold-stressed progenies, including the higher number of SNPs, INDELSs, and changes in
the percentage of global DNA methylation in the CpG and CHG contexts. Likewise,
several reports also suggested that epigenomic modifications could alter the DNA
methylation status which could induce a stable inheritance of phenotypic traits (Song,
Angel et al. 2012, Thiebaut, Hemerly et al. 2019). So, cold stress might have a substantial
effect on the methylome of the Arabidopsis epigenome, which subsequently leads to
phenotypic resilience (Chinnusamy, Zhu et al. 2007). The accumulation of the stress
responsiveness over multiple generations due to the consecutive cold-stress could be
guided by the cold-stress responsiveness. A similar observation has been reported in the
case of rice exposed to drought stress over eleven successive generations (Zheng, Chen et
al. 2017). Similarly, to their study, we also observed hierarchical clustering differences
between the control and cold-stressed progenies, which indicated that the methylation
pattern was common in all individuals of the same group. Cumulatively, these changes
could be due to the cold-included stress responses of transgenerational inheritance in
Arabidopsis. Our study highlights that multigenerational exposure to cold stress has a
substantial effect on the cold-stressed progenies in shaping their phenotypes, the genome
and epigenome, which potentially suggests driving force of creating the variations across

progeny generations.

128



CHAPTER 5 - BIBLIOGRAPHY

Ahamed, A., M. Murai-Hatano, J. Ishikawa-Sakurai, H. Hayashi, Y. Kawamura and M.
Uemura (2012). "Cold stress-induced acclimation in rice is mediated by root-specific
aquaporins.” Plant Cell Physiol 53(8): 1445-1456.

Aina, R., S. Sgorbati, A. Santagostino, M. Labra, A. Ghiani and S. Citterio (2004).
"Specific hypomethylation of DNA is induced by heavy metals in white clover and
industrial hemp." Physiologia Plantarum 121(3): 472-480.

Alabert, C. and A. Groth (2012). "Chromatin replication and epigenome maintenance."” Nat
Rev Mol Cell Biol 13(3): 153-167.

Alvarez, M. E., F. Nota and D. A. Cambiagno (2010). "Epigenetic control of plant
immunity.” Mol Plant Pathol 11(4): 563-576.

Aravin, A. A., R. Sachidanandam, D. Bourc'his, C. Schaefer, D. Pezic, K. F. Toth, T. Bestor
and G. J. Hannon (2008). "A piRNA pathway primed by individual transposons is linked
to de novo DNA methylation in mice." Mol Cell 31(6): 785-799.

Arnholdt-Schmitt, B. (2004). "Stress-induced cell reprogramming. A role for global
genome regulation?" Plant Physiol 136(1): 2579-2586.

Atkinson, N. J. and P. E. Urwin (2012). "The interaction of plant biotic and abiotic stresses:
from genes to the field.” J Exp Bot 63(10): 3523-3543.

Audergon, P. N., S. Catania, A. Kagansky, P. Tong, M. Shukla, A. L. Pidoux and R. C.
Allshire (2015). "Epigenetics. Restricted epigenetic inheritance of H3K9 methylation.”
Science 348(6230): 132-135.

Avramova, Z. (2015). "Transcriptional ‘'memory" of a stress: transient chromatin and
memory (epigenetic) marks at stress-response genes." Plant J 83(1): 149-159.

Banerjee, A., S. H. Wani and A. Roychoudhury (2017). "Epigenetic Control of Plant Cold
Responses.” Frontiers in Plant Science 8(1643).

Bartels, A., Q. Han, P. Nair, L. Stacey, H. Gaynier, M. Mosley, Q. Q. Huang, J. K. Pearson,
T.-F. Hsieh, Y.-Q. C. An and W. Xiao (2018). "Dynamic DNA Methylation in Plant
Growth and Development.” International journal of molecular sciences 19(7): 2144.

Baulcombe, D. C. and C. Dean (2014). "Epigenetic regulation in plant responses to the
environment.” Cold Spring Harbor perspectives in biology 6(9): a019471-a019471.

Becker, C., J. Hagmann, J. Muller, D. Koenig, O. Stegle, K. Borgwardt and D. Weigel
(2011). "Spontaneous epigenetic variation in the Arabidopsis thaliana methylome." Nature
480(7376): 245-249.

Berger, F. (1999). "Endosperm development.” Curr Opin Plant Biol 2(1): 28-32.

129



Bilichak, A., Y. llnystkyy, J. Hollunder and I. Kovalchuk (2012). "The progeny of
Arabidopsis thaliana plants exposed to salt exhibit changes in DNA methylation, histone
modifications and gene expression.” PLoS One 7(1): e30515.

Bilichak, A., Y. llnystkyy, J. Hollunder and I. Kovalchuk (2012). "The progeny of
Arabidopsis thaliana plants exposed to salt exhibit changes in DNA methylation, histone
modifications and gene expression.” PloS one 7(1): e30515-e30515.

Bilichak, A., Y. llnytskyy, R. Woycicki, N. Kepeshchuk, D. Fogen and I. Kovalchuk
(2015). "The elucidation of stress memory inheritance in Brassica rapa plants." Front Plant
Sci 6: 5.

Bond, D. M. and D. C. Baulcombe (2014). "Small RNAs and heritable epigenetic variation
in plants.” Trends Cell Biol 24(2): 100-107.

Boyko, A., T. Blevins, Y. Yao, A. Golubov, A. Bilichak, Y. linytskyy, J. Hollunder, F.
Meins, Jr. and I. Kovalchuk (2010). "Transgenerational adaptation of Arabidopsis to stress
requires DNA methylation and the function of Dicer-like proteins.” PL0oS One 5(3): e9514.

Boyko, A., A. Golubov, A. Bilichak and I. Kovalchuk (2010). "Chlorine ions but not
sodium ions alter genome stability of Arabidopsis thaliana.” Plant Cell Physiol 51(6): 1066-
1078.

Boyko, A. and I. Kovalchuk (2011). "Genome instability and epigenetic modification--
heritable responses to environmental stress?" Curr Opin Plant Biol 14(3): 260-266.

Brachi, B., C. Aimé, C. Glorieux, J. Cuguen and F. Roux (2012). "Adaptive Value of
Phenological Traits in Stressful Environments: Predictions Based on Seed Production and
Laboratory Natural Selection.” PLOS ONE 7(3): €32069.

Campos, E. I., J. M. Stafford and D. Reinberg (2014). "Epigenetic inheritance: histone
bookmarks across generations.” Trends Cell Biol 24(11): 664-674.

Castellano, M., G. Martinez, M. C. Marques, J. Moreno-Romero, C. Kohler, V. Pallas and
G. Gomez (2016). "Changes in the DNA methylation pattern of the host male gametophyte
of viroid-infected cucumber plants.” J Exp Bot 67(19): 5857-5868.

Chen, L. T., M. Luo, Y. Y. Wang and K. Wu (2010). "Involvement of Arabidopsis histone
deacetylase HDAG in ABA and salt stress response.” J Exp Bot 61(12): 3345-3353.

Chinnusamy, V., J. Zhu and J. K. Zhu (2007). "Cold stress regulation of gene expression
in plants." Trends Plant Sci 12(10): 444-451.

Chuong, E. B., N. C. Elde and C. Feschotte (2017). "Regulatory activities of transposable
elements: from conflicts to benefits." Nat Rev Genet 18(2): 71-86.

130



Cicchino, M., J. I. R. Edreira, M. Uribelarrea and M. E. Otegui (2010). "Heat Stress in
Field-Grown Maize: Response of Physiological Determinants of Grain Yield." Crop
Science 50(4): 1438-1448.

Coleman, R. T. and G. Struhl (2017). "Causal role for inheritance of H3K27me3 in
maintaining the OFF state of a Drosophila HOX gene." Science 356(6333).

Cramer, G. R., K. Urano, S. Delrot, M. Pezzotti and K. Shinozaki (2011). "Effects of abiotic
stress on plants: a systems biology perspective.” BMC plant biology 11: 163-163.

Crevillen, P., H. Yang, X. Cui, C. Greeff, M. Trick, Q. Qiu, X. Cao and C. Dean (2014).
"Epigenetic reprogramming that prevents transgenerational inheritance of the vernalized
state.” Nature 515(7528): 587-590.

Cubas, P., C. Vincent and E. Coen (1999). "An epigenetic mutation responsible for natural
variation in floral symmetry." Nature 401(6749): 157-161.

Dassler, A., C. Roscher, V. M. Temperton, J. Schumacher and E. D. Schulze (2008).
"Adaptive survival mechanisms and growth limitations of small-stature herb species across
a plant diversity gradient.” Plant Biol (Stuttg) 10(5): 573-587.

Dickins, T. E. and Q. Rahman (2012). "The extended evolutionary synthesis and the role
of soft inheritance in evolution." Proc Biol Sci 279(1740): 2913-2921.

Ding, Y., M. Fromm and Z. Avramova (2012). "Multiple exposures to drought ‘train’
transcriptional responses in Arabidopsis.” Nat Commun 3: 740.

Dodd, R. S. and V. Douhovnikoff (2016). "Adjusting to Global Change through Clonal
Growth and Epigenetic Variation." Frontiers in Ecology and Evolution 4(86).

Dornbos Jr, D. L. and R. E. Mullen (1991). "Influence of stress during soybean seed fill on
seed weight, germination, and seedling growth rate." Canadian Journal of Plant Science
71(2): 373-383.

Downey, M. and D. Durocher (2006). "Chromatin and DNA repair: the benefits of
relaxation.” Nat Cell Biol 8(1): 9-10.

Du, J.,, L. M. Johnson, S. E. Jacobsen and D. J. Patel (2015). "DNA methylation pathways
and their crosstalk with histone methylation.” Nat Rev Mol Cell Biol 16(9): 519-532.

Eichten, S. R. and N. M. Springer (2015). "Minimal evidence for consistent changes in
maize DNA methylation patterns following environmental stress.” Frontiers in Plant
Science 6(308).

Feng, S., S. E. Jacobsen and W. Reik (2010). "Epigenetic reprogramming in plant and
animal development.” Science 330(6004): 622-627.

131



Filiault, D. L., C. A. Wessinger, J. R. Dinneny, J. Lutes, J. O. Borevitz, D. Weigel, J. Chory
and J. N. Maloof (2008). "Amino acid polymorphisms in Arabidopsis phytochrome B cause
differential responses to light." Proceedings of the National Academy of Sciences of the
United States of America 105(8): 3157-3162.

Filichkin, S. A., H. D. Priest, S. A. Givan, R. Shen, D. W. Bryant, S. E. Fox, W.-K. Wong
and T. C. Mockler (2010). "Genome-wide mapping of alternative splicing in Arabidopsis
thaliana.” Genome research 20(1): 45-58.

Ganguly, D. R., P. A. Crisp, S. R. Eichten and B. J. Pogson (2017). "The Arabidopsis DNA
Methylome Is Stable under Transgenerational Drought Stress.” Plant Physiol 175(4): 1893-
1912.

Ghildiyal, M. and P. D. Zamore (2009). "Small silencing RNAs: an expanding universe."
Nat Rev Genet 10(2): 94-108.

Gill, S. S., N. A. Anjum, R. Gill, M. Jha and N. Tuteja (2015). "DNA damage and repair
in plants under ultraviolet and ionizing radiations."” ScientificWorldJournal 2015: 250158.

Gray, S. B. and S. M. Brady (2016). "Plant developmental responses to climate change."
Dev Biol 419(1): 64-77.

Groot, M. P., R. Kooke, N. Knoben, P. Vergeer, J. J. B. Keurentjes, N. J. Ouborg and K. J.
F. Verhoeven (2016). "Effects of Multi-Generational Stress Exposure and Offspring
Environment on the Expression and Persistence of Transgenerational Effects in
Arabidopsis thaliana.” PloS one 11(3): €0151566-e0151566.

Guérin, T. M., F. Palladino and V. J. Robert (2014). "Transgenerational functions of small
RNA pathways in controlling gene expression in C. elegans." Epigenetics 9(1): 37-44.

Gurdon, J. B. (2006). "From nuclear transfer to nuclear reprogramming: the reversal of cell
differentiation.” Annu Rev Cell Dev Biol 22: 1-22.

Guyon-Debast, A., A. Lécureuil, S. Bonhomme, P. Guerche and J.-L. Gallois (2010). "A
SNP associated with alternative splicing of RPT5b causes unequal redundancy between
RPT5a and RPT5b among Arabidopsis thaliana natural variation." BMC plant biology 10:
158-158.

Hauser, M.-T., W. Aufsatz, C. Jonak and C. Luschnig (2011). "Transgenerational
epigenetic inheritance in plants.” Biochimica et biophysica acta 1809(8): 459-468.

Heard, E. and R. A. Martienssen (2014). "Transgenerational epigenetic inheritance: myths
and mechanisms."” Cell 157(1): 95-109.

Herman, J., H. Spencer, K. Donohue and S. Sultan (2013). "How stable 'should’ epigenetic

modifications be? Insights from adaptive plasticity and bet hedging.” Evolution;
international journal of organic evolution 68.

132



Herman, J. J. and S. E. Sultan (2011). "Adaptive transgenerational plasticity in plants: case
studies, mechanisms, and implications for natural populations.” Front Plant Sci 2: 102.

Holliday, R. (2006). "Epigenetics: a historical overview." Epigenetics 1(2): 76-80.

Holoch, D. and D. Moazed (2015). "RNA-mediated epigenetic regulation of gene
expression.” Nat Rev Genet 16(2): 71-84.

Hu, X. W., R. Zhang, Y. P. Wu and C. C. Baskin (2017). "Seedling tolerance to cotyledon
removal varies with seed size: A case of five legume species.” Ecology and evolution 7(15):
5948-5955.

Huang, X., K. Fejes Toth and A. A. Aravin (2017). "piRNA Biogenesis in Drosophila
melanogaster.” Trends Genet 33(11): 882-894.

Hussain, H. A., S. Hussain, A. Khaligq, U. Ashraf, S. A. Anjum, S. Men and L. Wang
(2018). "Chilling and Drought Stresses in Crop Plants: Implications, Cross Talk, and
Potential Management Opportunities.” Front Plant Sci 9: 393.

Ito, H., H. Gaubert, E. Bucher, M. Mirouze, I. Vaillant and J. Paszkowski (2011). "An
SiRNA pathway prevents transgenerational retrotransposition in plants subjected to stress."
Nature 472(7341): 115-119.

Iwasaki, M. and J. Paszkowski (2014). "Epigenetic memory in plants."” Embo j 33(18):
1987-1998.

Iwasaki, M. and J. Paszkowski (2014). "Epigenetic memory in plants.” The EMBO journal
33(18): 1987-1998.

Iwasaki, M. and J. Paszkowski (2014). "ldentification of genes preventing
transgenerational transmission of stress-induced epigenetic states.” Proc Natl Acad Sci U
S A 111(23): 8547-8552.

Jain, M., K. C. Moharana, R. Shankar, R. Kumari and R. Garg (2014). "Genomewide
discovery of DNA polymorphisms in rice cultivars with contrasting drought and salinity
stress response and their functional relevance.” Plant Biotechnology Journal 12(2): 253-
264.

Jiang, C., A. Mithani, E. J. Belfield, R. Mott, L. D. Hurst and N. P. Harberd (2014).
"Environmentally responsive genome-wide accumulation of de novo Arabidopsis thaliana
mutations and epimutations.” Genome research 24(11): 1821-1829.

Johannes, F. and R. J. Schmitz (2019). "Spontaneous epimutations in plants." New Phytol
221(3): 1253-12509.

Kachroo, A. and G. P. Robin (2013). "Systemic signaling during plant defense." Curr Opin
Plant Biol 16(4): 527-533.

133



Karan, R., T. DeLeon, H. Biradar and P. K. Subudhi (2012). "Salt Stress Induced Variation
in DNA Methylation Pattern and Its Influence on Gene Expression in Contrasting Rice
Genotypes." PLOS ONE 7(6): e40203.

Kaufman, P. D. and O. J. Rando (2010). "Chromatin as a potential carrier of heritable
information.” Curr Opin Cell Biol 22(3): 284-290.

Kawakatsu, T., S. C. Huang, F. Jupe, E. Sasaki, R. J. Schmitz, M. A. Urich, R. Castanon,
J. R. Nery, C. Barragan, Y. He, H. Chen, M. Dubin, C. R. Lee, C. Wang, F. Bemm, C.
Becker, R. O'Neil, R. C. O'Malley, D. X. Quarless, N. J. Schork, D. Weigel, M. Nordborg
and J. R. Ecker (2016). "Epigenomic Diversity in a Global Collection of Arabidopsis
thaliana Accessions.” Cell 166(2): 492-505.

Kim, S. G, S. Y. Kimand C. M. Park (2007). "A membrane-associated NAC transcription
factor regulates salt-responsive flowering via FLOWERING LOCUS T in Arabidopsis."
Planta 226(3): 647-654.

Kinoshita, T. and M. Seki (2014). "Epigenetic memory for stress response and adaptation
in plants.” Plant Cell Physiol 55(11): 1859-1863.

Kroymann, J., S. Donnerhacke, D. Schnabelrauch and T. Mitchell-Olds (2003).
"Evolutionary dynamics of an Arabidopsis insect resistance quantitative trait locus." Proc
Natl Acad Sci U S A 100 Suppl 2: 14587-14592.

Lamke, J. and I. Bdurle (2017). "Epigenetic and chromatin-based mechanisms in
environmental stress adaptation and stress memory in plants.” Genome Biology 18(1): 124.

Lampei, C., J. Metz and K. Tielborger (2017). "Clinal population divergence in an adaptive
parental environmental effect that adjusts seed banking.” New Phytol 214(3): 1230-1244.

Latzel, V., S. Janetek, J. Dolezal, J. Klime$ova and O. Bossdorf (2014). "Adaptive
transgenerational plasticity in the perennial Plantago lanceolata.” Oikos 123(1): 41-46.

Law, J. A. and S. E. Jacobsen (2010). "Establishing, maintaining and modifying DNA
methylation patterns in plants and animals.” Nature reviews. Genetics 11(3): 204-220.

Lerat, E., J. Casacuberta, C. Chaparro and C. Vieira (2019). "On the Importance to
Acknowledge Transposable Elements in Epigenomic Analyses.” Genes 10(4): 258.

Leyva-Pérez, M. d. I. O., A. Valverde-Corredor, R. Valderrama, J. Jiménez-Ruiz, A.
Mufoz-Merida, O. Trelles, J. B. Barroso, J. Mercado-Blanco and F. Luque (2015). "Early
and delayed long-term transcriptional changes and short-term transient responses during
cold acclimation in olive leaves.” DNA research : an international journal for rapid
publication of reports on genes and genomes 22(1): 1-11.

Li, J. and F. Berger (2012). "Endosperm: food for humankind and fodder for scientific
discoveries."” New Phytol 195(2): 290-305.

134



Li, Y., I. Mukherjee, K. E. Thum, M. Tanurdzic, M. S. Katari, M. Obertello, M. B.
Edwards, W. R. McCombie, R. A. Martienssen and G. M. Coruzzi (2015). "The histone
methyltransferase SDG8 mediates the epigenetic modification of light and carbon
responsive genes in plants."” Genome Biol 16: 79.

Lisch, D. (2013). "How important are transposons for plant evolution?” Nat Rev Genet
14(1): 49-61.

Liu, J., L. Feng, J. Li and Z. He (2015). "Genetic and epigenetic control of plant heat
responses.” Frontiers in plant science 6: 267-267.

Long, L., X. Ou, J. Liu, X. Lin, L. Sheng and B. Liu (2009). "The spaceflight environment
can induce transpositional activation of multiple endogenous transposable elements in a
genotype-dependent manner in rice." J Plant Physiol 166(18): 2035-2045.

Luna, E., T.J. Bruce, M. R. Roberts, V. Flors and J. Ton (2012). "Next-generation systemic
acquired resistance.” Plant Physiol 158(2): 844-853.

Luo, G. Z, M. A. Blanco, E. L. Greer, C. He and Y. Shi (2015). "DNA N(6)-
methyladenine: a new epigenetic mark in eukaryotes?" Nat Rev Mol Cell Biol 16(12): 705-
710.

Lyon, M. F. (1961). "Gene action in the X-chromosome of the mouse (Mus musculus L.)."
Nature 190: 372-373.

MADLUNG, A. and L. COMAI (2004). "The Effect of Stress on Genome Regulation and
Structure.” Annals of Botany 94(4): 481-495.

Maloof, J. N., J. O. Borevitz, T. Dabi, J. Lutes, R. B. Nehring, J. L. Redfern, G. T. Trainer,
J. M. Wilson, T. Asami, C. C. Berry, D. Weigel and J. Chory (2001). "Natural variation in
light sensitivity of Arabidopsis." Nat Genet 29(4): 441-446.

Martinez-Medina, A., V. Flors, M. Heil, B. Mauch-Mani, C. M. J. Pieterse, M. J. Pozo, J.
Ton, N. M. van Dam and U. Conrath (2016). "Recognizing Plant Defense Priming."” Trends
Plant Sci 21(10): 818-822.

Martinez, G., M. Castellano, M. Tortosa, V. Pallas and G. Gomez (2014). "A pathogenic
non-coding RNA induces changes in dynamic DNA methylation of ribosomal RNA genes
in host plants.” Nucleic Acids Res 42(3): 1553-1562.

McClintock, B. (1984). "The significance of responses of the genome to challenge.”
Science 226(4676): 792-801.

Migicovsky, Z. and I. Kovalchuk (2013). "Changes to DNA methylation and homologous
recombination frequency in the progeny of stressed plants.” Biochem Cell Biol 91(1): 1-5.

135



Migicovsky, Z. and I. Kovalchuk (2015). "Transgenerational inheritance of epigenetic
response to cold in Arabidopsis thaliana." Biocatalysis and Agricultural Biotechnology
4(1): 1-10.

Migicovsky, Z., Y. Yao and I. Kovalchuk (2014). "Transgenerational phenotypic and
epigenetic changes in response to heat stress in Arabidopsis thaliana.” Plant signaling &
behavior 9(2): e27971-e27971.

Mindrinos, M., F. Katagiri, G. L. Yu and F. M. Ausubel (1994). "The A. thaliana disease
resistance gene RPS2 encodes a protein containing a nucleotide-binding site and leucine-
rich repeats.” Cell 78(6): 1089-1099.

Molinier, J., G. Ries, C. Zipfel and B. Hohn (2006). "Transgeneration memory of stress in
plants.” Nature 442(7106): 1046-1049.

Morrison, M. J. and D. W. Stewart (2002). "Heat Stress during Flowering in Summer
Brassica." Crop Science 42(3): 797-803.

Muiller-Xing, R., Q. Xing and J. Goodrich (2014). "Footprints of the sun: memory of UV
and light stress in plants.” Frontiers in Plant Science 5(474).

Paszkowski, J. and U. Grossniklaus (2011). "Selected aspects of transgenerational
epigenetic inheritance and resetting in plants.” Curr Opin Plant Biol 14(2): 195-203.

Pecinka, A., M. Rosa, A. Schikora, M. Berlinger, H. Hirt, C. Luschnig and O. Mittelsten
Scheid (2009). "Transgenerational stress memory is not a general response in Arabidopsis."
PLo0S One 4(4): e5202.

Pikaard, C. S. and O. Mittelsten Scheid (2014). "Epigenetic regulation in plants." Cold
Spring Harbor perspectives in biology 6(12): a019315-a019315.

Popova, O. V., H. Q. Dinh, W. Aufsatz and C. Jonak (2013). "The RdDM pathway is
required for basal heat tolerance in Arabidopsis.” Molecular plant 6(2): 396-410.

Prasad, P. V. V., S. Staggenborg, Z. Ristic, L. Ahuja, V. Reddy, S. Anapalli and Q. Yu
(2008). Impacts of Drought and/or Heat Stress on Physiological, Developmental, Growth,
and Yield Processes of Crop Plants.

Quadrana, L. and V. Colot (2016). "Plant Transgenerational Epigenetics.” Annu Rev Genet
50: 467-491.

Ragunathan, K., G. Jih and D. Moazed (2015). "Epigenetics. Epigenetic inheritance
uncoupled from sequence-specific recruitment.” Science 348(6230): 1258699.

Rapp, R. A. and J. F. Wendel (2005). "Epigenetics and plant evolution.” New Phytol
168(1): 81-91.

136



Rasmann, S., M. De Vos, C. L. Casteel, D. Tian, R. Halitschke, J. Y. Sun, A. A. Agrawal,
G. W. Felton and G. Jander (2012). "Herbivory in the Previous Generation Primes Plants
for Enhanced Insect Resistance." Plant Physiology 158(2): 854-863.

Rejeb, I. B., V. Pastor and B. Mauch-Mani (2014). "Plant Responses to Simultaneous
Biotic and Abiotic Stress: Molecular Mechanisms.” Plants (Basel) 3(4): 458-475.

Remy, J.-J. (2010). "Stable inheritance of an acquired behavior in <em>Caenorhabditis
elegans</em>." Current Biology 20(20): R877-R878.

Rinn, J. L. and H. Y. Chang (2012). "Genome regulation by long noncoding RNAs." Annu
Rev Biochem 81: 145-166.

Sadras, V. O. (2007). "Evolutionary aspects of the trade-off between seed size and number
in crops.” Field Crops Research 100(2): 125-138.

Sani, E., P. Herzyk, G. Perrella, V. Colot and A. Amtmann (2013). "Hyperosmotic priming
of Arabidopsis seedlings establishes a long-term somatic memory accompanied by specific
changes of the epigenome." Genome Biol 14(6): R59.

Seo, E., H. Lee, J. Jeon, H. Park, J. Kim, Y.-S. Noh and I. Lee (2009). "Crosstalk between
cold response and flowering in Arabidopsis is mediated through the flowering-time gene
SOC1 and its upstream negative regulator FLC." The Plant cell 21(10): 3185-3197.

Shastry, B. S. (2009). "SNPs: impact on gene function and phenotype.” Methods Mol Biol
578: 3-22.

Singh, S. K., S. Roy, S. R. Choudhury and D. N. Sengupta (2010). "DNA repair and
recombination in higher plants: insights from comparative genomics of Arabidopsis and
rice." BMC Genomics 11: 443.

Song, J., A. Angel, M. Howard and C. Dean (2012). "Vernalization - a cold-induced
epigenetic switch." J Cell Sci 125(Pt 16): 3723-3731.

Stroud, H., M. V. Greenberg, S. Feng, Y. V. Bernatavichute and S. E. Jacobsen (2013).
"Comprehensive analysis of silencing mutants reveals complex regulation of the
Arabidopsis methylome." Cell 152(1-2): 352-364.

Suter, L. and A. Widmer (2013). "Phenotypic Effects of Salt and Heat Stress over Three
Generations in Arabidopsis thaliana." PLOS ONE 8(11): e80819.

T. E. Huxman, T. N. Charlet, C. Grant and S. D. Smith (2001). "The Effects of Parental
CO2 and Offspring Nutrient Environment on Initial Growth and Photosynthesis in an
Annual Grass."” International Journal of Plant Sciences 162(3): 617-623.

Thellier, M. and U. Littge (2013). "Plant memory: a tentative model."” Plant Biology 15(1):
1-12.

137



Thiebaut, F., A. S. Hemerly and P. C. G. Ferreira (2019). "A Role for Epigenetic Regulation
in the Adaptation and Stress Responses of Non-model Plants.” Frontiers in plant science
10: 246-246.

Tirado-Magallanes, R., K. Rebbani, R. Lim, S. Pradhan and T. Benoukraf (2017). "Whole
genome DNA methylation: beyond genes silencing.” Oncotarget 8(3): 5629-5637.

Tran, R. K., J. G. Henikoff, D. Zilberman, R. F. Ditt, S. E. Jacobsen and S. Henikoff (2005).
"DNA methylation profiling identifies CG methylation clusters in Arabidopsis genes."”
Curr Biol 15(2): 154-159.

Tricker, P. (2015). "Transgenerational inheritance or resetting of stress-induced epigenetic
modifications: two sides of the same coin."” Frontiers in Plant Science 6(699).

Tricker, P. J. (2015). "Transgenerational inheritance or resetting of stress-induced
epigenetic modifications: two sides of the same coin." Front Plant Sci 6: 699.

Uthup, T. K., M. Ravindran, K. Bini and S. Thakurdas (2011). "Divergent DNA
methylation patterns associated with abiotic stress in Hevea brasiliensis." Mol Plant 4(6):
996-1013.

van der Graaf, A., R. Wardenaar, D. A. Neumann, A. Taudt, R. G. Shaw, R. C. Jansen, R.
J. Schmitz, M. Colomé-Tatché and F. Johannes (2015). "Rate, spectrum, and evolutionary
dynamics of spontaneous epimutations." Proceedings of the National Academy of Sciences
112(21): 6676-6681.

van Dijk, K., Y. Ding, S. Malkaram, J. J. Riethoven, R. Liu, J. Yang, P. Laczko, H. Chen,
Y. Xia, I. Ladunga, Z. Avramova and M. Fromm (2010). "Dynamic changes in genome-
wide histone H3 lysine 4 methylation patterns in response to dehydration stress in
Arabidopsis thaliana." BMC Plant Biol 10: 238.

Vaughn, M. W., M. Tanurdzi¢, Z. Lippman, H. Jiang, R. Carrasquillo, P. D. Rabinowicz,
N. Dedhia, W. R. McCombie, N. Agier, A. Bulski, V. Colot, R. W. Doerge and R. A.
Martienssen (2007). "Epigenetic natural variation in Arabidopsis thaliana.” PLoS biology
5(7): el74-e174.

Verhoeven, K. J. F. and V. Preite (2014). "EPIGENETIC VARIATION IN ASEXUALLY
REPRODUCING ORGANISMS." Evolution 68(3): 644-655.

Vicient, C. M. and J. M. Casacuberta (2017). "Impact of transposable elements on
polyploid plant genomes." Annals of botany 120(2): 195-207.

Volpe, T. A, C. Kidner, I. M. Hall, G. Teng, S. I. Grewal and R. A. Martienssen (2002).
"Regulation of heterochromatic silencing and histone H3 lysine-9 methylation by RNAI."
Science 297(5588): 1833-1837.

138



Vyse, K., M. Pagter, E. Zuther and D. K. Hincha (2019). "Deacclimation after cold
acclimation-a crucial, but widely neglected part of plant winter survival." J Exp Bot 70(18):
4595-4604.

Wang, T., C. Ye, M. Wang and G. Chu (2017). "Identification of cold-stress responsive
proteins in Anabasis aphylla seedlings via the ITRAQ proteomics technique.” Journal of
Plant Interactions 12(1): 505-519.

Wang, X. and D. Moazed (2017). "DNA sequence-dependent epigenetic inheritance of
gene silencing and histone H3K9 methylation." Science 356(6333): 88-91.

Wang, X., D. Weigel and L. M. Smith (2013). "Transposon variants and their effects on
gene expression in Arabidopsis." PL0oS Genet 9(2): e1003255.

Wheeler, B. S. (2013). "Small RNAs, big impact: small RNA pathways in transposon
control and their effect on the host stress response.” Chromosome Res 21(6-7): 587-600.

Wibowo, A., C. Becker, G. Marconi, J. Durr, J. Price, J. Hagmann, R. Papareddy, H. Putra,
J. Kageyama, J. Becker, D. Weigel and J. Gutierrez-Marcos (2016). "Hyperosmotic stress
memory in Arabidopsis is mediated by distinct epigenetically labile sites in the genome
and is restricted in the male germline by DNA glycosylase activity." Elife 5.

Yao, Y., A. Bilichak, A. Golubov and I. Kovalchuk (2012). "ddm1 plants are sensitive to
methyl methane sulfonate and NaCl stresses and are deficient in DNA repair." Plant Cell
Rep 31(9): 1549-1561.

Yao, Y. and I. Kovalchuk (2011). "Abiotic stress leads to somatic and heritable changes in
homologous recombination frequency, point mutation frequency and microsatellite
stability in Arabidopsis plants.” Mutat Res 707(1-2): 61-66.

Zhang, H., X. Mao, J. Zhang, X. Chang and R. Jing (2013). "Single-nucleotide
polymorphisms and association analysis of drought-resistance gene TaSnRK2.8 in
common wheat." Plant Physiology and Biochemistry 70: 174-181.

Zhang, Y., Y. Lv, N. Jahan, G. Chen, D. Renand L. Guo (2018). "Sensing of Abiotic Stress
and lonic Stress Responses in Plants.” International journal of molecular sciences 19(11):
3298.

Zheng, X., L. Chen, H. Xia, H. Wei, Q. Lou, M. Li, T. Li and L. Luo (2017).
"Transgenerational epimutations induced by multi-generation drought imposition mediate
rice plant’s adaptation to drought condition." Scientific Reports 7(1): 39843.

Zilberman, D., X. Cao and S. E. Jacobsen (2003). "ARGONAUTE4 control of locus-
specific SiRNA accumulation and DNA and histone methylation.” Science 299(5607): 716-
719.

Zinn, K. E., M. Tunc-Ozdemir and J. F. Harper (2010). "Temperature stress and plant
sexual reproduction: uncovering the weakest links." J Exp Bot 61(7): 1959-1968.

139



