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Abstract

Epigenetic mechanisms are potentially heritable molecular changes that affect gene
expression, leading to differences in phenotype without changing the DNA sequence
of the organism. In plants, such mechanisms are involved in the control of a range of
processes, including response to stress. DNA methylation is an epigenetic
mechanism used by organisms to adapt to changing environmental conditions by
altering localised accessibility of the genome to transcription factors, thus ultimately
affecting gene expression levels. The sequence and organ specificity of this stress
induced de-novo DNA methylation in plants is guided by a class of small RNAs

(sRNAs), typically 23 to 24 nt long.

This project uses epiGBS, a reduced representation genome bisulphite sequencing
method, coupled with small RNA and whole transcriptome Next Generation
Sequencing to investigate interactions between sRNAs, DNA methylation and gene
expression in the leaves and roots of barley under salt stress. EpiGBS was chosen as a
method for gaining information about the methylation states of the genome since the
barley genome is large, at 5.1 Gbp, making whole genome sequencing prohibitive.
The method reduces the complexity of the genome by restriction enzyme
fragmentation and sequencing based on fragment size selection, with genome
coverage scalable by size selection and number of reads. Hordeum vulgare (barley)

was chosen for this study as it is the fifth most important crop in global agriculture

xii



with good coverage of genome sequence information. It is anticipated that findings

in this research should be applicable to other cereal crops such as wheat.

Analysis of small RNA sequence data identified 59 new H. vulgare microRNAs
(miRNAs) and corresponding precursor hairpin-loop sequences found that have not
been previously reported in miRBase. Of these newly discovered miRNAs, 44 did not
have sequence similarity to any previously identified miRNAs in other plant species
and 15 were similar to known miRNAs in other plant species. Eight of these newly
discovered miRNAs correlated with salinity stress and are likely to be involved in
stress response. DNA methylation changes were found in response to salinity stress,
with 1,210 loci in leaf tissue and 513 loci in root tissue found corresponding to a
change in 23/24 nt SRNA expression that targets a protein coding gene. The linkages
between sequence information from DNA methylation, small RNA and the
transcriptome will lead to a greater understanding of how this crop deals with this

important stress, and provide an extremely useful avenue for further research.
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1 Infroduction

Human food supply is severely affected by abiotic stress in plants, such as drought,
salinity and heat. With continuing population growth and a decrease in arable land,
there is an increasing need to effectively manage these stresses in the future (Tilman
et al. 2002; Godfray et al. 2010). By understanding how plants cope with stress, we
can potentially utilise and optimise these stress-coping mechanisms to maintain

yield, and therefore food supply.

Research in stress tolerance of plants has demonstrated the important role that
epigenetics plays in plant stress response. Epigenetics involves changes in genomic
markers without changes to the DNA sequence, which can regulate gene expression
levels and manage genome stability, with some epigenetic information being passed
onto subsequent generations (Danchin et al. 2011). Environmental factors such as
abiotic stress can result in changes in epigenetic states, allowing the plant to better

cope with the environmental conditions (Boyko & Kovalchuk 2011).

Barley (Hordeum vulgare) is an extremely important crop in global agriculture,
ranking fifth in global production (Mayer et al. 2011). Barley is an economically
important crop in Australia and is increasingly affected by dryland salinity which
decreases crop yield (Patterson et al. 2009). Given this, the research presented here

aims to determine the role that epigenetic mechanisms play in the salt stress response
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system in barley.

1.1 Stress in plants

Stress in agricultural crops can cause significant loss in yield. It can be defined as
biotic (caused by biological disease agents such as fungi, bacteria, viruses and
insects), and abiotic (caused by environmental factors). The most widespread abiotic
stresses include drought and salinity (Vinocur & Altman 2005), with global climate
change expected to increase problems associated with these stress. Other abiotic
stresses include heat, cold, flooding and nutrient deficiencies or toxicities. Salinity is
a major problem for yield loss, and production of salt tolerant crops is extremely

important for global food security in the future (Pitman & Lauchli 2002).

Stress in plants has been shown to stimulate homologous recombination, an effect
which can be passed on to progeny which were not exposed to the stress (Pecinka et
al. 2009). Tricker et al. (2012) found that application of stress in young Arabidopsis
thaliana plants resulted in greater tolerance to the same stress in later development,
with epigenetic changes involved in the stress response. While some of the stress
response mechanisms in plants are known, much of the currently unknown

mechanisms may be related to regulation by epigenetic factors.
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1.2  Epigenetics in plants

Epigenetic mechanisms have been defined broadly as “the structural adaptation of
chromosomal regions so as to register, signal or perpetuate altered activity states”
(Bird 2007). Certain molecules attached to specific regions of the genome can change
gene expression levels, or genome stability, based on environmental factors, with
some of the changes being passed down across multiple generations (Danchin et al.
2011). Environmental factors such as stress can result in changes in epigenetic states,
potentially allowing a plant and its progeny to cope with the stress inducing

conditions (Boyko & Kovalchuk 2011).

Epigenetic mechanisms are observed in plants, animals and fungi, with some
differences observed between the implementation in these three evolutionary
branches (Feng & Jacobsen 2011). It has been proposed that the original function of
epigenetics was to manage selfish DNA (which could harm the host organism), and
adapted to perform other regulatory functions (Slotkin & Martienssen 2007).
Modifications to the epigenome can involve DNA methylation, chromatin structure
changes and small interfering RNA (siRNA) (Feng & Jacobsen 2011). In plants, 24-nt
siRNAs play a significant role in activation and maintenance of epigenetic signalling

(Matzke et al. 2007).
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1.2.1  Small RNA

There are various small RNAs (sRNAs) in plants that regulate various aspects of
gene expression. Some of the sSRNAs can be categorised by the molecular machinery
that cuts the double-stranded RNA. The dicer-like class of enzymes cleave double-
stranded RNA for different functions as shown in Table 1.1. All four of these proteins
evolved prior to the evolutionary split between monocotyledonous and
dicotyledonous plants (Henderson et al. 2006). According to their sizes, the main

classes of small RNAs in plants are microRNAs (miRNAs) and siRNAs.

Table 1.1. Function of dicer-like enzymes in plants and the relationship with small RNA
function.

Dicer-like  Average size of = Function of small RNAs
protein cleaved RNA

DCL1 21l nt Post-transcriptional silencing
DCL2 22 nt Viral resistance

DCL3 24 nt Guiding DNA methylation
DCL4 21 nt Post-transcriptional silencing

Some small RNAs have been isolated and sequenced from barley. Schreiber et al.
(2011) found small RNA sequences in two barley cultivars (Golden Promise and
Pallas), finding that 24 nt siRNA made up about half of the unique short RNA (18 nt
to 24 nt) reads. Lv et al. (2012) exposed seedlings of the barley cultivar Clipper to
Poly Ethylene Glycol (PEG) and NaCl to simulate drought and salt stress
respectively. Small RNAs were extracted from leaf tissue at various stages in treated
and non-treated control plants. Some small RNAs were found to be involved in stress

tolerance.
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The function of sSRNAs in plants in relation to DNA methylation control is different
to animals (Law & Jacobsen 2010), with 23 nt to 24 nt sRNAs guiding DNA
methylation in plants (Matzke et al. 2007). De novo methylation is established by the

RNA directed DNA methylation (RADM) pathway and is discussed in section 1.2.4.

MircoRNAs in plants are typically 21 nt in size, but can range in size from 20 nt to 24
nt. They function as a control mechanism in plant gene expression, mostly targeting
transcription factors and proteins related to stress response, development, growth
and physiology (Rogers & Chen 2013). The miRNA is created through a transcript
generated by RNA polymerase II (Pol II). This primary (pri-) miRNA transcript is
processed into a stem-loop precursor (pre-) miRNA structure, then a small RNA
duplex with 3" overhangs by a complex of proteins including DICER-LIKE 1 (DCL1),
HYPONASTIC LEAVES 1 (HYL1), DOUBLE-STRANDED RNA BINDING 1 (DRB1)
and SERRATE (SE) (Moro et al. 2018; Wang et al. 2019). The 2’ hydroxyl group at the
3" ends are methylated by HUA ENHANCER 1 (HEN1) which decreases the rate of
degradation of the miRNA (Yu et al. 2005). Without this methylation modification,
uracil bases are added to the 3’ end (Li et al. 2005), signalling the miRNA for

degradation (Ji & Chen 2012).

One strand of the microRNA duplex is loaded in to the RNA Induced Silencing
Complex (RISC), this is often the strand with lower thermodynamic stability at the 5’

end (Schwab et al. 2006). The strand that is loaded in to the RISC can be called the
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guide strand and the discarded strand the passenger strand (Schwab et al. 2006), but
more recently the strands are now defined as the 5p strand and the 3p strand based
on the position of the miRNA in the hairpin loop precursor (Figure 1.1), with the 5p
strand usually loaded in to the RISC (Kozomara & Griffiths-Jones 2013). The miRNA
strand loaded in to the RISC anneals with a partial sequence match from a messenger
RNA (mRNA) strand and causes degradation or translational repression of that
mRNA strand, decreasing the expression of the targeted gene (Huntzinger &
Izaurralde 2011). Generally there is not perfect complementarity between the miRNA
strand loaded in to the RISC and the mRNA target. Typically, in plants there is
perfect complementarity between bases 2 to 12 and up to 5 mismatches with the
target mRNA. There are normally one or two mismatches between the miRNA and
the mRNA between bases 17 to 21 to prevent double stranded extension of the
mRNA/miRNA pairing by RNA dependent RNA polymerase (Moissiard et al. 2007;

Ossowski et al. 2008).

A 5

“\J
3’

B 5p strand

3p strand

Figure 1.1. MicroRNA hairpin-loop precursor and miRNA duplex with 5p and 3p strands.
A, Hairpin-loop miRNA precursor with 5 and 3’ ends labelled, is cleaved to form the
miRNA duplex. B, The miRNA duplex with the 5p strand and 3p strand definition related to
the hairpin-loop precursor that it originated from. Exact sequence complementarity between
strands is not necessary for miRNA and can result in small sections of the miRNA duplex
that do not pair.
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1.2.2 DNA methylation

DNA methylation occurs when a methyl group is added to the 5" carbon in a cytosine
nucleotide (Martienssen & Colot 2001). In animals, DNA methylation is typically
considered to be important at CG sequences, where the methylation is symmetric at
both cytosine bases in the double-stranded DNA. In plants methylation can occur at
symmetric CG and CHG contexts (where H is an A, C or T), and also at asymmetric
sites with a CHH context; all three contexts are considered important in plants

(Mirouze & Paszkowski 2011).

When DNA is replicated, the methylation information will not be present on the
newly replicated strand. The DNA METHYLTRANSFERASE 1 (MET1) maintains the
methylation state of CG sites in plants during DNA replication by fully methylating
hemi-methylated CG sites (Saze et al. 2003; Vanyushin & Ashapkin 2011). The DNA
methylation maintenance method for CHG sites is related to histone modifications,
which are discussed in further detail in section 1.2.6. Methylation in a CHG context is
mainly maintained with CHROMOMETHYLASE 3 (CMT3), but also to a lesser
extent with CHROMOMETHYLASE 2 (CMT2) (Zhang et al. 2018). These enzymes
cause cytosine methylation at CHG sites based on the methylation state of histone H3
tail at lysine 9 (H3K9) (Stroud et al. 2014; Yaari et al. 2019). The methylation at CHH
contexts is predominantly maintained by RdDM (discussed further in section 1.2.4),
but can also be maintained with CMT?2 in large Transposable Elements (TEs) (Stroud

et al. 2014; Kawakatsu et al. 2017).
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Demethylation of cytosine bases in plants can occur passively through DNA
replication without methylation maintenance, or through active removal of the
methylated cytosine base (Viggiano & de Pinto 2017). The DNA glycosylase
REPRESSOR OF SILENCING 1 (ROS1), removes the methylated cytosine base, and
DNA repair mechanisms replace the excised base with an unmethylated cytosine (Li
et al. 2018). The mechanism for targeting a specific region for demethylation is not
fully understood. A complex called the Increased DNA Methylation (IDM) complex
forms and causes histone acetylation which is believed to recruit ROS] to target the
site (Nie et al. 2019). Given this discussion on how methylation and demethylation

occur in plants, it is worth considering its role.

DNA methylation has two main functions in plants; genome stability and regulation
of gene expression (Castiglione et al. 2010). Transposable Elements can be silenced by
DNA methylation (Teixeira et al. 2009). Epigenetic activity of TEs influences
regulation of genes near the TE and can modulate stress response. (McCue et al.

2012).

DNA methylation is related to suppression of gene expression, however the link
between DNA methylation and mRNA transcript levels is not simple (Bewick &
Schmitz 2017). Many cases have been observed where an increase in DNA
methylation of a promoter causes lower production levels of mRNA (Berdasco et al.
2008). However there are many documented instances where the opposite is true;
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hundreds of genes associated with tomato fruit ripening increase expression as a
result of increased methylation at the promoter (Zhang et al. 2018). An increased
level of methylation at another site in a gene body has resulted in decreased
production of mRNA in one example (Anastasiadi et al. 2018) and increased
production of mRNA in a different example (Shibuya et al. 2009). In most cases an
increase in methylation results in silencing of the targeted region (Law & Jacobsen
2010). However there appears to be a greater level of complexity involved than being
able to observe methylation level changes and having a simple predictable outcome

for the expression of the associated gene.

1.2.3 Detection of DNA methylation

There are a number of ways to detect DNA methylation, with differing levels of
resolution, with some of the more common methods listed in Table 1.2. Methylation
Sensitive Amplified Polymorphism involves the use of isoschizomer restriction
enzymes where the same recognition site is used, but with differing ability in cutting
if methylated cytosines are present within the enzyme’s recognition site. The
restriction enzymes Hpall and Mspl are commonly used in this application, and the
methylation states that are cleaved are shown in Table 1.3. Adapters are ligated
during digestion and act as primers for PCR amplification of a population of
products. The amplified fragments are run on a denaturing acrylamide gel and any

unique fragments observed between the Hpall and Mspl digested template are cut
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Table 1.2. Some of the more common methods for determining methylation states across
the genome in genomic DNA.

Method

Technique overview

Resolution

Whole genome
bisulphite sequencing

Third generation direct
sequencing

Reduced Representation
Bisulphite Sequencing
(RRBS)

methylation-sensitive
Genotyping-By-
Sequencing (ms-GBS)

Methylation Sensitive
Amplified
Polymorphism (MSAP)

Conversion of unmethylated
cytosine (C) to uracil while
methylated cytosine (5mC)
remains unchanged.
Sequencing of modified DNA.

Subtle differences in the way
5mC and C are processed is
detected with when sequenced
with extremely high coverage.

Like whole genome bisulphite
sequencing but the complexity
of the genome is reduced by
use of restriction enzymes and
fragment size selection.

A variant of Methylation
Sensitive Amplified
Polymorphism (below) that
sequences the amplified
fragments rather than
observing on a gel.

The genome is digested by
restriction enzymes that cut at
the same sequence, but have
different abilities in cutting a
methylated cytosine. The
digested DNA is PCR
amplified and run on an
acrylamide gel with the
presence or absence of bands
indicating a difference in
methylation state in samples.

Methylation states of all
cytosines that can be mapped
to the genome can be known.
Large repetitive elements will
not be able to be mapped to
the genome.

Methylation state
information for mapped
cytosines, with potentially
better mapping than 24
generation sequencing due to
longer reads. Base calling
accuracy requires
improvement before
matching whole genome
bisulphite sequencing.

Only methylation states of
fragments selected in size
selection process are
obtained. This is somewhat
scalable with a trade-off on
the sequencing reads
required and the breadth of
fragment selection.

Only methylation states at
restriction digest sites can be
determined.

Only methylation states at
restriction digest sites can be
determined.
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out of the gel and sequenced (Dong et al. 2006; Akimoto et al. 2007; Zhao et al. 2007;
Li et al. 2008; Lister & Ecker 2009; You et al. 2012; Wu et al. 2013; Avramidou et al.
2015; Baranek et al. 2015; Sun et al. 2015). Alternatively, if the specific sequence is not
required, information can be gained from the presence or absence of specific
fragments. The amplified fragments can be separated by capillary electrophoresis to
generate a chromatogram (Yaish et al. 2014). This method is quite limited in that only
methylation differences at the restriction site sequence can be observed. A variant of
this method is methylation-sensitive Genotyping-By-Sequencing (ms-GBS), where
digested fragments are sequenced (Xia et al. 2014). This variant is able to identify
differential methylation to a much greater degree than the presence or absence of a
band on a gel, but still has the limitation of only providing methylation information
at the restriction digest site.

Table 1.3. Restriction enzymes Hpall and Mspl digestion and cytosine methylation. Where
C is an unmethylated cytosine and C™ is a methylated cytosine. The restriction enzymes are
not perfect; a small amount of digestion will occur when the site would normally remain
undigested and vice-versa.

Methylation state of Restriction enzyme Hpall =~ Restriction enzyme Mspl
sequence ability to digest ability to digest
cCGG digested digested
c~C G G undigested digested
C "G G undigested undigested
CnC~G G undigested undigested

The bisulphite conversion method modifies an unmethylated cytosine to a uracil as
shown in Figure 1.2, while a methylated cytosine will remain unmodified as the
sulphonation reaction cannot occur. Control of the pH is important for progression of

the equilibrium reactions to convert almost all unmethylated cytosine bases to uracil
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(Howkit et al. 2017). The bisulphite converted DNA can then be amplified by PCR,
during which uracils are copied as thymines before sequencing. It is possible to
determine the methylation state of the genome when compared to a library that is
not bisulphite treated or a reference genome. Any C to T conversion indicates an

unmethylated cytosine, and an unconverted C indicates a methylated cytosine

(Lizardi et al. 2017).

Sulphonation Hydrolytic deamination Desulphonation
NH, NH, 0 ) 0
HNZ | L HN;j\ O, HN O—H> HN |
O)\N OH O)\N S0, O)\N 50, HSO, o)\N
H H H H
Cytosine Cytosine sulphonate Uracil sulphonate Uracil

Figure 1.2. Bisulphite conversion of an unmethylated cytosine to a uracil, adapted from
Tollefsbol (2017). Cytosine on the left is converted to uracil on the right via two intermediate
molecules, cytosine sulphonate and uracil sulphonate. Adjustment of the pH of the reactions
results in an equilibrium with uracil as the final product when a low pH in the sulphonation
stage and a high pH in the desulphonation stage is used.

The bisulphite treatment can be utilised in multiple ways. Either the methylation
state of the entire genome can be determined, that of a reduced representation of the

genome, or a melt-curve analysis can be performed for a specific region.

The melt-curve analysis compares the dissociation temperature of PCR amplified
bisulphite treated and untreated DNA. It is possible to measure the level of
methylation between different samples by bisulphite treatment, PCR and then

comparing the dissociation temperature by observing the change in fluorescence
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with small increments in temperature at the end of the PCR cycle. A shift in the peak
change in fluorescence indicates a difference in dissociation temperature. A lower
dissociation temperature indicates a higher AT content, which results from a higher

level of unmethylated cytosine (Guldberg et al. 2002).

Reduced Representation Bisulphite Sequencing (RRBS) methods combine the use of
non-methylation sensitive restriction enzymes, bisulphite treatment, restriction
fragment size selection, and Next Generation Sequencing to reduce the complexity of
the data obtained. Reduced representation is achieved as the size selection of
restriction products retain a relatively small number of DNA fragments that are
shared by all samples (Meissner et al. 2005). This method does not account for single
nucleotide polymorphisms, insertions, deletions or TE activity differences between
samples at the restriction digestion sites. What this approach does allow is the
identification of DNA methylation differences between multiple samples, and at a
lower cost to that of complete genome sequencing. The level of representation in the
genome is somewhat scalable, as the size selection step can potentially be tuned to

deliver a desired level of coverage across the genome (Wang et al. 2012).

More recently, two types of third generation sequencing techniques have become
available with direct sequencing potential, without the need for bisulphite treatment
of DNA. These methods are currently not as reliable or cost-effective as bisulphite
sequencing, but the technology continues to develop and may be a viable alternative
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for some situations, particularly if long reads are required. The Oxford Nanopore
MinION measures the changes in the ionic current as a single DNA strand is pushed
through a tiny pore (Jain et al. 2016). It is able to detect and correctly call a 5-
methylcytosine with an accuracy ranging from 83% to 91%. The higher accuracy is
achieved when a more strict quality control limit is applied and 32% of the base calls
are discarded (Simpson et al. 2017). The PacBio SMRT sequencer can also obtain
cytosine methylation information directly from sequencing, however a minimum

coverage of 250x is required to detect cytosine methylation (Liu et al. 2020).

Other techniques exist that can determine the methylation states of specific
sequences of interest, and are summarised by Sestikova et al. (2019). Global
methylation levels can be compared with various techniques detailed by Kurdyukov
& Bullock (2016). Such techniques are less relevant for this research as this study is
looking to identify and locate various changes in methylation states across the

genome.

1.2.4 The RNA directed DNA Methylation (RADM) pathway

The RNA directed DNA Methylation (RADM) pathway is the epigenetic pathway in
plants where de novo methylation is guided by small RNA (Figure 1.3). This
pathway involves two RNA polymerases, Pol IV and Pol V, which are only found in

plants (Matzke & Mosher 2014). The RdDM pathway involves production of
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Figure 1.3. The RNA Directed DNA Methylation pathway. RNA polymerase IV (Pol IV)
dependent siRNA is generated when SAWADEE HOMEODOMAIN HOMOLOGUE 1
(SHH1) recognises methylation state of the histone 3 tail at lysine 9 (H3k9) and recruits Pol
IV for transcription. The Pol IV transcript is converted to double-stranded RNA (dsRNA)
with RNA DEPENDENT RNA POLYERASE 2 (RDR2). DICER-LIKE 3 (DCL3) cleaves the
dsRNA in to 24 nt siRNA which is then exported to the cytosol. The 3" ends are methylated
by HUA ENHANCER 1 (HEN1) before the siRNA is loaded in to ARGONAUTE 4 (AGO4)
and imported back in to the nucleus. RNA polymerase V (Pol V) produces a single-stranded
transcript. When the siRNA loaded in to AGO4 matches with the Pol V transcript,
DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2) causes the de mnovo
methylation of the DNA. Reproduced with permission: Matzke & Mosher (2014).

transcripts from Pol IV which are made in to double stranded RNA (dsRNA) by
RNA DEPENDENT RNA POLYMERASE 2 (RDR2). This dsRNA is then cleaved to 24
nt siRNA with DICER-LIKE 3 (DCL3) (Zhang & Zhu 2011) and exported to the
cytoplasm where the 3" ends are methylated by HUA ENHANCER 1 (HEN1) to
prevent degradation (Matzke & Mosher 2014). Once a siRNA is loaded into

ARGONAUTE 4 (AGO4), it is re-imported to the nucleus where the siRNA pairs
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with a complementary section of scaffold transcript produced by Pol V. This pairing
results in methylation of cytosine by DOMAINS REARRANGED METHYL-
TRANSFERASE 2 (DRM2) (Lister et al. 2008). This de novo methylation function can
be performed in all (CG, CHG and CHH) sequence contexts (Zhang & Zhu 2011;

Matzke & Mosher 2014).

1.2.5 Silencing of Transposable Elements via the RADM pathway

Transposable Elements, found in both prokaryotes and eukaryotes, are self-
replicating entities in the genome with the ability to move or copy their sequence
throughout the genome (Kim 2017). Historically they had been considered parasitic
genomic elements, but more recently have been found to play a significant role in
evolution (Makatowski et al. 2019) and also are an important component in plant

stress response (Horvath et al. 2017).

There are two top-level classes of TEs, the retrotransposons which utilise RNA
transposition and reverse transcription, and the DNA transposons which do not.
These are further broken down in classification based on structural patterns that
make up the sequence such as terminal repeats, coding regions and non-coding
regions (Wicker et al. 2007). During insertion, the TEs can be incorporated in various
sections of the genome, which can result in harmful, neutral or beneficial changes
(Rebollo et al. 2012). The insertion location of some TEs can target regions close to

genes and can have an impact on the regulation of the targeted gene (Galindo-
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Gonzalez et al. 2016). A group of TEs called the Long Terminal Repeat (LTR)
retrotransposons have been found to have a preference for insertion within other
similar TEs or non-functional TE fragments (Wei et al. 2013; Ma et al. 2019). The LTR
retrotransposons are the most abundant TE in plants and have resulted in significant
changes to their host genomes (Sabot & Schulman 2006). The ability of TEs to move
or replicate throughout the genome is heavily regulated by DNA methylation (Lisch

2009).

The initiation of epigenetic silencing of active TEs is triggered by 21-22-nt siRNA and
may be an important part of stress responses in plants (Nuthikattu et al. 2013). Figure
1.4 shows how stress can inhibit RdDM, enabling TE insertion events which can
silence or permanently disrupt gene expression (Matzke & Mosher 2014). There is
evidence that an un-silenced TE is transcribed by Pol II with RDR6 generating double
stranded RNA which is then cut into 21-nt siRNA by DCL4 or 22-nt siRNA by DCL2
(Figure 1.5). The 22-nt siRNA guides DNA methylation, and the methylated DNA
causes production of 24-nt siRNA to reinforce methylation of the TE (Nuthikattu et

al. 2013).

1.2.6 Histone modification and chromatin silencing

Chromatin is the complexing of genomic DNA with histone proteins related to DNA
packaging, protection and gene expression regulation. Histone modification in plants

can be initiated by DNA methylation and can modulate the accessibility of genomic
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DNA. Chromatin changes occur in response to drought, salinity, heat, and cold
stresses in plants (Kim et al. 2015). There are a number of different histone
modifications that can increase or decrease expression levels with the most common
forms in plants being methylation, acetylation, phosphorylation and ubiquitination

(Pfluger & Wagner 2007).

Transposable  Protein-coding gene
element

B

Stress =———| RADM

Figure 1.4. Activity of Transposable Elements enabled by stress induced inhibition of
RNA-directed DNA Methylation (RdADM). A, A Transposable Element (TE) is prevented
from replication by DNA methylation established and maintained by RdADM. B, A stress
event prevents RADM from maintaining methylation at the TE which is able to replicate to
certain locations in the genome. C, RADM re-establishes methylation which supresses TE
replication and gene expression remains altered as a result. Reproduced with permission:
Matzke & Mosher (2014).
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Figure 1.5. Initiation and reinforcement of Transposable Element (TE) silencing. RNA
Polymerase II (Pol II) produces a transcript from the TE which is made double-stranded with
RNA-DEPENDENT RNA POLYMERASE 6 (RDR6) and cleaved by DICER-LIKE 2 and 4
(DCL2 and DCL4) in to 21 nt to 22 nt siRNAs. New Pol II transcripts are then cleaved when
the siRNA is loaded in to ARGONAUTE 1 (AGO1) and sequence complementarity is found.
DOMAINS REARRANGED METHYLTRANSFERASE 2 (DRM2) methylates the TE when the
siRNA is loaded in to ARGONAUTE 2 (AGO2) and sequence complementarity is found in a
Pol V transcript. This methylation is maintained with a feedback loop involving Pol IV
generating transcripts that RDR2 converts to double-stranded RNA. DCL3 cleaves this
product in to 24 nt siRNA which is loaded in to AGO4. When a sequence match is found
between the siRNA and the Pol V transcript, DRM2 reinforces the methylation of the TE.
Reproduced with permission: Matzke & Mosher (2014).

The DNA sequences that specific histone modifications are associated with can be
determined by chromatin immunoprecipitation (ChIP). In this technique, the genome
is fragmented with the histones still attached, then isolated with antibodies specific
to the histone modification of interest. The isolated fragments can then be sequenced
to determine the location on the genome and sequence associated with the specific

histone modifications of interest (Saleh et al. 2008).
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1.2.7 Epigenetic changes in plants under abiotic stress

Retaining the memory of a prior stress event can be very useful to a plant. A form of
stress memory that depends on stress related proteins or metabolites would be
limited by the half-life of the signalling molecules and only useful over short periods
of time. A much longer term memory involves more stable epigenetic modifications,

with potential heritability in some cases (Chinnusamy & Zhu 2009).

A variety of experiments have been performed by various research groups to
understand how epigenetic changes are related to stress response in plants. Tricker et
al. (2012) demonstrated that environmentally induced epigenetic responses were lost
in A. thaliana mutants lacking de novo methylation capability or mutants lacking
siRNA production capability. Further research showed that A. thaliana exposed to
low humidity stress induced epigenetic changes. These changes were passed on to
the next generation, resulting in offspring with changed stomata density, and
therefore an early increased ability to cope with conditions of low humidity (Tricker

et al. 2013).

Under salinity stress, rice varieties that are more salt tolerant have a greater level of
flexibility in methylation changes under salinity stress than non-tolerant varieties
(Joel 2013). Research in the salinity tolerance of wheat varieties has shown a
correlation between high salinity tolerance and high global methylation levels when

not under stress. The high tolerance varieties experienced a greater reduction in
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methylation during the salinity stress event in a dose-dependent fashion (Zhong et
al. 2009). When looking at the methylation characteristics of winter and spring wheat,
Sherman & Talbert (2002) found that winter wheat had higher global levels of
methylation and that vernalisation (a cold treatment) caused de-methylation in

sequences related to floral induction.

Research performed by Pecinka et al. (2010) found evidence for environmental
conditions transiently overriding epigenetic states in A. thaliana. Several repetitive
elements under epigenetic regulation by transcriptional gene silencing became
activated by prolonged heat stress. It has also been demonstrated that RNA directed
DNA Methylation is essential in basal tolerance against heat stress when comparing

the response of mutant plants without RADM functionality (Kim et al. 2015).

An inverse correlation was found between DNA methylation and gene expression in
rice, with the epigenetic changes being heritable. This research also discovered a
disease resistance gene was activated by demethylation and expression of this
resistance gene was stably inherited (Akimoto et al. 2007). Boyko et al. (2010) verified
that the trans-generational response to stress induced changes depended on DNA
methylation and small RNA. The progeny of stressed plants had an increase in
homologous recombination under non-stress conditions compared with progeny

from non-stressed plants.
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There has been some prior research in methylation changes in barley under salinity
stress. Demirkiran et al. (2013) grew the barley cultivar Tokak in MS media with 0
mM, 50 mM and 100 mM NaCl and used MSAP in combination with specific PCR
primers to further reduce the population of fragments. They found that 5 of the 23
amplified bands experienced methylation changes when comparing 100 mM salt
stressed plants with control plants. Konate et al. (2018) used ms-GBS to look for
differentially methylated markers in five barley varieties in soil exposed to 75 mM,
150 mM and 200 mM NaCl. This led to the discovery of thousands of significantly
differentially methylated markers associated with salinity stress. All of these markers
were limited to methylation differences at the CCGG restriction enzyme recognition

site.

To our knowledge, there has not been any prior research in barley that has attempted
to observe this plant under salinity stress and obtain methylation states along with

small RNAs and mRNA transcript levels from the same tissue samples.

1.2.8 Priming plants for abiotic stress

Methods have previously been investigated for priming seeds and seedlings to better
cope with later stresses. Hydropriming involves imbibing seeds in sterilised water at
a specific temperature, and drying back to the original weight of the seed. This
method has yielded a 3 to 4 fold increase in the length of roots and shoots in primed

plants under low water conditions when compared with control plants (Kaur et al.
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2002). Osmopriming is a method where the seeds are imbibed in a solution that
possesses a low water potential. This method has been used to improve yields in

sugarcane, canola and chickpea under salinity stress (Jisha et al. 2013).

A greater understanding of the interactions between small RNAs, DNA methylation
and salinity stress response mechanisms may lead to treatment methods where small

RNAs can be introduced to plants to help prime the plant for oncoming stresses.

1.3  Hypotheses
If gene expression in barley plants under salinity stress is partly controlled by
epigenetic mechanisms, then exposing the plants to salinity stress will result in

changes in SRNA and DNA methylation associated with mRNA expression.

1.4  Project aims

This project aims to identify how different epigenetic mechanisms such as sRNAs
and DNA methylation interact and lead to changes in gene expression in barley
plants that have been exposed to salt stress. Understanding such interactions at a
molecular level will help us understand how barley manages salinity stress, and
could potentially lead to novel methods of plant tolerance to stress via breeding

programs or via epigenetic priming of planted crops.
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2 Barley under salinity stress

2.1 Infroduction

Salinity stress is an extremely important issue for grain growing regions in Australia
(Rengasamy 2002). A salt stress (step-wise increases in salt concentration), rather
than a salt shock (a sudden increase to maximum concentration) more accurately
represents natural changes (Shavrukov 2012) and was chosen to be applied to this
experiment. Significant differences have been observed previously in the response to
salinity stress in barley in soil and in hydroponic systems (Tavakkoli et al. 2010) so
the experiment was designed around a salt stress in soil. A salinity stress of 100 mM
NaCl was selected, as it produced a significant biomass difference in about a week,
and is also in the concentration range most commonly used to impose salt stress in

barley in the existing literature (Patterson et al. 2009; Shelden et al. 2013).

The variety Morex was chosen for the experiment as the genome had been sequenced
with the highest degree of coverage (IBGSC 2012) and the transcriptome also has
good coverage and annotation (Mascher et al. 2013; Mascher et al. 2017). Prior
preliminary growth tests (data not shown) had highlighted the susceptibility of this
variety to net blotch and aphid infestations when grown in a glasshouse. These
issues were removed by growing plants in a growth chamber. This had the added

advantage that the growth conditions were more controlled and repeatable.
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Previous observations from growth experiments (data not shown) had indicated that
the emergence of the third leaf would occur about 14 Days After Sowing (DAS). The
rate of growth of the third leaf would rapidly decrease by around 20 DAS indicating
the leaf had reached a relatively mature stage. This was considered important, as the
observed difference in expressed genes should be more related to the stress rather

than to potential differences in growth stages.

2.2 Methods

2.2.1 Seed growth and collection

Hordeum vulgare variety Morex seeds were germinated to check for viability. Seeds
were sterilised using the method described by Tavakkoli et al. (2010) where seeds
were placed in a 70% (v/v) ethanol solution and gently agitated for 1 minute,
followed by 3% sodium hyperchlorite solution for 5 minutes, then three washes in
milliQ water. Three seeds per pot (26 cm diameter, 28 cm high) were grown in a soil
mixture made up of 50% (v/v) University of California mix, 35% (v/v) peat mix and
15% (v/v) clay loam soil with pH 6.0. Plants were grown to maturity and seeds

collected and stored in envelopes grouped by seed head.

2.2.2 Plant growth conditions

Morex seeds which had been collected from a single head from one healthy barley
plant were sterilised using the method described above. Each pot had 1519 g soil (soil

mixture as described above) added with an initial water content of 13% (w/w), and
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each empty pot and saucer weighed 55 g. Three seeds per pot were placed 2 cm
below the surface, each 3 cm apart, covered, and watered to a final soil moisture

content of 30% (w/w) making the mass of the pot, saucer and soil 1800 g.

Plants were placed in a Sanyo MLR-352 growth cabinet (Osaka, Japan) set to 20°C
with a 16 h day / 8 h night cycle at a light intensity of 380 umol/m?2 The eight plants
were positioned as shown in Figure 2.1 on the middle shelf of the growth cabinet.
This shelf was previously found to have the most consistent temperature and even
airflow. Plant positions were allocated by random number generation and were
rotated daily (Figure 2.2) so that any slight temperature, humidity or lighting bias
would not persist over the duration of the experiment. A ninth pot, set up in the
same way as described above, was placed on the bottom shelf to act as a reserve if all
of the seeds from one pot did not have a successful germination. On the eighth day
after sowing, the plants of similar height in each pot were kept such that only one

plant per pot remained, and other seedlings were carefully removed.

2.2.3 Salinity stress tfreatment

Plants were exposed to salt stress using a similar method employed by the University
of Adelaide Plant Accelerator Facility for salinity stress experiments (Asif et al. 2018)
with some modifications as outlined below. Plants were watered to weight as shown

in Table 2.1 with a decreasing water content until reaching 20% (w/w) water content.
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Figure 2.1. Top view diagram of plant positioning in the growth cabinet for the barley
salinity stress experiment.
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Figure 2.2. Plant positional rotation scheme for barley salinity stress experiment. Plants 1-4
were control plants and 5-8 were salt treated. DAS = Days After Sowing. The position refers
to the label shown in Figure 2.1.
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The day before the first salt application, the water content was decreased to 19%

(w/w).

On both the 14" and 15" day after sowing, 30 ml of a 224 mM NaCl solution was

added to the saucers in which the pots were sitting, once in the morning and again in

the evening. The weight of all pots was adjusted by adding water to the saucers to

achieve the same mass as shown in Table 2.1. For salt treated plants, this gave a final

salinity concentration of 100 mM at 18-21 DAS. The same procedure was repeated on

control plants without salt added to the water.

Table 2.1. Watering and salt treatment schedule for salinity stress experiment.

Days Mass of soil, Watered NaCl added to Water Salinity
after pot and saucer fromtopor treated plants  contentof  concentration in
sowing  watered to (g) bottom (8) soil (w/w) soil of treated
plants (mM)
0 1800 Top 401 g (30%) 0
1 1785 Top 386 g (29%) 0
2 1765 Top 366 g (27%) 0
3 1745 Top 346 g (26%) 0
4 1725 Top 336 g (25%) 0
5 1705 Top 306 g (23%) 0
6 1685 Top 286 g (21%) 0
7to12 1670 Top 271 g (20%) 0
13 1650 Bottom 251 g (19%) 0
14 1690 Bottom 0.393+0.393 291 g (22%) 47
15 1730 Bottom 0.393+0.393 331 g (25%) 82
16 1705 Bottom 306 g (23%) 89
17 1685 Bottom 286 g (21%) 95
18 to 21 1670 Bottom 271 g (20%) 100
2.2.4 Tissue harvesting

At the point of sampling, the 3 leaf of control and salt treated plants was removed,
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quickly weighed, then snap frozen in liquid nitrogen, and stored at -80°C until DNA
and RNA extraction. Immediately after snap freezing the 3 leaf, the soil was placed
in a large bucket of water and the roots gently separated from the soil. Once most of
the soil was removed, roots were placed in a fresh bucket of water, rinsed and dried
by dabbing with a paper towel. The roots were cut off, weighed, snap frozen in
liquid nitrogen, and stored at -80°C until DNA and RNA extraction. The fresh mass
of the shoots without the 3 leaf was then measured, dried for two days at 80°C and
the dry mass measured. The total shoot dry mass was estimated to be (dry mass
without the third leaf) * (3 leaf fresh mass + fresh mass without 3t leaf) / (fresh mass
without 3¢ leaf). The water content ratio was calculated as (fresh mass + dry mass) /

(dry mass).

2.3 Results

Images of plants just prior to harvesting tissue are shown in Figure 2.3. Plants 1-4
were control plants and 5-8 received a salt treatment with a final concentration of 100
mM. A small difference in growth between control and salt treated plants can be
seen. The fresh mass, dry mass and water content ratio of shoot tissue is shown in
Figure 2.4. There is a clear statistically significant difference between control and salt
treated plants for each of these measurements, demonstrating that the plants exposed

to salt were stressed with a consequential decrease in biomass.

Barley under salinity stress Page 29



Figure 2.3. Barley plants 21 days after sewing, prior to tissue sampling. Plants 1-4 were
control and 5-8 were salt treated to a final salinity concentration of 100 mM.
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Figure 2.4. Comparison of biomass for control and salt treated plants. A: Fresh mass of
shoot tissue. B: Dry mass of shoot tissue. C: Water content ratio of shoot tissue. Error bars
represent SEM with ** p <0.01, ** p <0.001.

Evaporation and transpiration rates were measured relative to position in the growth
chamber to ensure water loss positional effects were minimal. The evaporation rate
over the first six days (before cotyledons emerged from the soil) is shown in Figure

2.5.A. No significant differences in daily water loss were observed across the
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different plants. Figure 2.5.B shows evaporation (and transpiration) losses over the

first 13 days after sowing, and again no statistically significant differences were

found.
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Figure 2.5. Evaporation/transpiration loss per day for each pot in the growth cabinet. Plant
identification 1-4 were control plants and 5-8 salt treated plants. A. Average daily
evaporation loss over 6 days after sowing for each pot (before cotyledons emerged). B.
Average daily evaporation and transpiration loss over the first 13 days after sowing for each
pot. Error bars show SEM withn=6in A and n=13 in B.
2.4 Discussion
2.4.1 Seed growth and collection
Plants were grown to collect seed for use in the experiments. It was thought that

seeds from one plant should have a more similar starting epigenetic state than seeds
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from different parent plants. It was also expected that seeds from one head of one
plant would develop in a shorter time window than all seeds from different heads,
and are therefore likely to have a more similar epigenetic starting condition than
different heads from the one plant. These expectations were not tested due to the cost

and time required to verify these assumptions.

In this experiment it was important to maintain equal growing conditions between
control and salt treated plants. To achieve this, the pot positions were rotated and
weighed daily in an attempt to minimise any confounding variables such as highly
localised airflow, lighting, temperature and humidity. Such issues had been observed
in earlier trials investigating drought stress (data not shown), where plants in certain
locations in the growth chamber lost water at noticeably different rates when left to
dry over a two week period. These issues with growth chamber spatial variability
have been noted in prior research (Potvin et al. 1990; Liu et al. 2000). The daily
watering to maintain identical weights of pots and rotation in the growth chamber
appears to have minimised any positional effects with relation to transpiration and
evaporation as seen by the lack of any statistically significant differences in Figure

2.5.

There were some variations in the measurement of light levels at different locations
in the growth cabinet and at different light sensor orientations, with a light level
reading of 352 to 451 umol/m? at position B, and 199 to 353 umol/m? at position D.
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Possible impacts from this difference on subsequent data (Chapters 3-6) cannot be
ruled out. Prior tests had indicated that the middle shelf of the growth cabinet was
the best choice for minimal variations resulting from the position. The middle and
bottom shelf was found to be best for minimal differences in soil evaporation rates
which was presumably related to air flow coming from the top of the growth cabinet.
The middle shelf was found to have minimal variation in light levels between

positions and the best with regard to temperature stability.

Salt stressed plants clearly showed a decrease in biomass (Figure 2.4). This indicates
that the salinity exposure did effectively stress the plants. This decrease in fresh
mass, dry mass and water content ratio has been observed previously in experiments
and is consistent with other experiments involving transcriptome changes in

response to salt stress in barley (Long et al. 2013; Shen et al. 2016).

The salt stress may also have had an effect on leaf growth stages as the salt stressed
plants were smaller. It is possible that some observed gene expression or epigenetic
differences may be related to growth cycle stages rather than directly related to
salinity stress. The timing had been chosen so that the third leaf was relatively
mature and a similar size in both control and salt treated plants based on prior tests.
At the time of harvesting, the salt treated total shoot fresh tissue biomass was 36%
less than the biomass from control plants, however the 3 leaf experienced a 12%
lower biomass in salt treated vs control. This suggests that the 3™ leaf had reached a
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period of less rapid growth compared with other newer leaves on the plant at the

time of harvesting tissue.

The measurements collected from these control and salt-treated plants indicate that
the treatment imposed here was effective in eliciting a stress response and consistent
with other literature reports on salt-stressed barley plants. The following chapters
describe the subsequent DNA and RNA extraction, messenger RNA and small RNA
sequencing, and DNA methylation sequencing performed on these plants to identify

overlapping regions of the genome that respond to salinity stress in barley.
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3 Messenger RNA changes in barley under salinity stress

3.1  Infroduction

Transcriptome analysis is an extremely useful tool for observing changes in mRNA
transcripts under different conditions. Comparing mRNA transcript levels under
different treatment conditions can highlight genes that are important to and
potentially related to dealing with the applied treatment. The rapid decrease in costs
related to sequencing has resulted in a huge increase in transcriptome-related
experiments (McCarthy et al. 2012). There are two major methods for RNA library
preparation for transcriptome analysis. The first is poly A capture, which generates
sequence data from mRNA alone; while the second is more comprehensive,
employing ribosome depletion, to include other non-coding long RNAs in addition

to mRNA reads (Zhao et al. 2014).

Prior research by Ziemann et al. (2013) had been performed using transcriptome
analysis of salt stressed barley using poly A capture. They applied a 150 mM salt
shock to Hordeum vulgare in soil and recorded mRNA changes 12 hours later. The
limitations in read count and the incomplete assembly of the barley transcriptome at
the time meant that only 1.65 million reads per sample could be mapped to an
mRNA transcript. These limitations resulted in only 110 genes that were found to be

differentially expressed.
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In another study, Bahieldin et al. (2015) applied a 500 mM salt shock to Hordeum
spontaneum (the ancestor to cultivated barley) after two weeks growth in soil and
observed transcriptome changes in leaf tissue at four time points. They found that a
high proportion of genes that mapped to the wild barley transcriptome were
differentially expressed. Some genes were found to increase production of enzymes
to protect cells from the damaging effects of the Reactive Oxygen Species (ROS)
produced under stress conditions. These included antioxidants, iron ion binding
proteins, and dehydrins which are all known to interact with ROS. Some signalling
molecules, serine threonine-protein kinases and mitogen-activated protein kinases
were found to have expression related to the salt shock. The involvement of ethylene
production in barley stress response has been known (Dey & Vlot 2015), and ACC
oxidase, an enzyme with increased expression in the stressed plants, is required for
ethylene production. A transcription factor related to ethylene detection (ethylene-
responsive element binding factor) showed increased expression in stressed plants.
They also found that genes encoding refolding proteins were differentially expressed

when the seedlings were exposed to the salt shock.

Hill et al. (2016) applied a 100 mM salt stress to germinating H. vulgare seeds and
observed changes in the transcripts in different root zones three days after
germination. The gene with the highest increase in expression under salt stress was a
dehydrin. Carbohydrate-binding glycoproteins were found to be under increased
expression in the elongation region of roots under salinity stress, and the production
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and transportation of sugars was also increased. An ethylene responsive
transcription factor BABY BOOM (BBM) had increased expression under salt stress.
A number of the differentially expressed genes and molecular functions correlated

with prior research.

Gene Ontology (GO) analysis has become a useful tool for distilling gene expression
information to gain an insight in to the changes in processes, molecular functions,
and cellular compartments. It can help with understanding the overall systems that
are changing rather than looking at specific up and down regulation of individual
genes, assisting in dealing with and interpreting the large quantity of data generated

by transcriptome analysis (Doniger et al. 2003).

This chapter investigates the transcriptome changes occurring in barley grown in soil
under 100 mM salt stress when compared with control plants. Differential expression
patterns of genes are explored, used for gene ontology analysis and compared with
prior literature. Observing similarities between the transcriptome changes and GO
terms in this experiment with prior research provides validity to the use of
transcriptome analysis in this experiment. It indicates that the tissue under stress
reacted in the expected fashion, which is also useful for methylation and small RNA

sequencing of the same tissue.
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The hypothesis tested in this chapter is: if gene expression in barley is related to
stress, then exposing barley to a salt stress will result in changes in the transcriptome.

These changes should be relatable to prior research.

3.2 Methods

3.2.1 Messenger RNA library preparation

Snap frozen tissue described in section 2.2.4 was ground under liquid nitrogen.
Either 100 mg of leaf tissue or 200 mg of root tissue was used for RNA extraction and
further ground using a 1.5 ml tube and micropestle in liquid nitrogen until it was an
extremely fine powder. The root tissue extractions had 20 mg of PVP 40 (40,000 MW)
added. Then 1 ml of TRIzol (Life Technologies, NY, USA) was added and extraction
proceeded as per the manufacturer’s instructions with two exceptions. The
supernatant was poured off after pelleting RNA, and two washes in cold 75% ethanol
were performed as earlier trial experiments attained better yield, better RNA
integrity and lower phenol contamination. The final pellet was dissolved in 25 ul of
DEPC-treated water, with the concentration measured using the Nanodrop
spectrophotometer (Thermo Fisher, DE, USA) and RNA was stored at -80°C. RNA
quality and concentration was determined using the Agilent 2100 Bioanalyser with a
RNA 6000 kit (Agilent Technologies, CA, USA) following the manufacturer’s
instructions with samples diluted to be in optimal instrument range based on the
previous Nanodrop results. A messenger RNA library was generated by the Flinders
Genomics Facility (Adelaide, Australia) using the TruSeq messenger RNA library kit
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(llumina Incorporated, CA, USA) as per the manufacturer’s instructions. Sequencing
was performed by SAHMRI (Adelaide, Australia) using Illumina NextSeq with 76 bp

+76 bp paired-end reads.

3.2.2 Bioinformatics

Read quality was checked with fastqc (Andrews 2017) and the splice-aware
sequencing aligner STAR (Dobin et al. 2013) was used to map mRNA reads against
the ensemble annotated genome for Hordeum vulgare (Kersey et al. 2017). A custom R
script mRNA_STAR_PCA.R shown in section 10.1 was written to perform principle
component analysis and observe separation between groups. Differential expression
between control and salt treated groups was determined by a custom R script
mRNA_DE.R shown in section 10.2, which used the false discovery rate threshold of
pagj < 0.01 and fold change threshold of l|logx(fold change)l > logz(1.5). The scripts
used the additional R libraries DESeq2 (Love et al. 2014), edgeR (Robinson et al.
2010), ggplot2 (Wickham 2016a), ggfortify (Tang et al. 2016) and Rsamtools (Morgan
et al. 2016). PANTHER (Mi et al. 2019) using the GO ontology database released 8
October 2019 was used to find gene ontology terms for biological, molecular and
cellular function using the PANTHER overrepresentation test with Fisher’s exact test

and a false discovery rate correction.
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3.3 Results

3.3.1 RNA quality and quantity

Extracted RNA quality results are shown in Table 3.1 with further information in
Appendix A (Figure A.9.1 and Figure A.9.2). The RNA Integrity Number (RIN),
which is an algorithm that calculates RNA degradation, based on a variety of
parameters including the ratios of the 18S and 25S ribosomal RNAs, was determined
to be acceptable for all extracted RNA. The RIN for leaf tissue RNA was less than
root due to the method for calculation not accounting for extra peaks from plastid
ribosomal RNA. The quality of all RNA preparations was considered acceptable for
both mRNA and small RNA sequencing. The number of reads obtained by

sequencing each mRNA library is shown in Table 3.2.

Table 3.1. Extracted RNA concentration and RNA Integrity Number. Tissue samples 1-4
were from control barley plants and 5-8 were from 100 mM salt treated barley plants.

Leaf tissue  Concentration RIN Root tissue  Concentration RIN
sample (ng/ul) (ng/ul)
1 1336 7.1 1 818 9.2
2 1614 7.1 2 628 9.4
3 1142 7.2 3 604 9.1
4 1172 6.4 4 902 9.0
5 1326 7.3 5 506 9.2
6 1432 7.2 6 798 8.9
7 1274 7.3 7 1062 9.1
8 1796 7.2 8 1305 9.1

Table 3.2. Total RNA reads per sample. Tissue samples 1-4 were from control barley plants
and 5-8 were from 100 mM salt treated barley plants.

Tissue 1 Control 2 Control 3 Control 4 Control 5 Salt 6 Salt 7 Salt 8 Salt

Leaf 26,233,942 22,465,779 28,866,034 23,663,568 28,871,394 29,670,450 30,413,398 27,476,863
Root 27,663,203 29,049,610 28,728,790 36,855,037 26,724,253 29,814,578 27,510,581 26,708,516
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Sequence reads were mapped against the reference transcriptome and a Principle
Component Analysis (PCA) was performed on the counts per million (CPM) of
mapped reads (Figure 3.1). The PCA plot shows clear separation between leaf and
root tissue along with separation between control and salt treated plants. The
separation of tissue type shows a greater contrast than for the salt treatment,
indicating the difference in gene expression across all samples is primarily from

tissue type and secondarily from exposure to salinity stress.

Control
leaf

Salt
root
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Control
root

100k —100k
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PCA2 (2.7%) - 100k

600k 400k 200k 0 ~200k 400k ~600K
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Figure 3.1. Principle component analysis of mapped messenger RNA reads from salt
stressed barley and control plants. Leaf control tissue in green, leaf salt treated tissue in
orange, root control tissue in blue and root salt treated tissue in purple. Principle
components 1, 2 and 3 account for 93.3%, 2.7% and 2.0% of the total variance respectively.
Barley plants were grown in soil and exposed to 100 mM NaCl stress or a control.
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3.3.2 Differential expression of mRNA

Differentially expressed genes between salt treated and control plants were found
and these are summarised in Figure 3.2 with normalised relative expression levels
shown graphically in Figure 3.3. There was an increase in expression of 762 or 625
genes in leaf and root tissue respectively, with a decrease in expression of 404 or 591
genes in leaf and root tissue respectively (pag¢j < 0.01, |logz(fold change)!| > log:(1.5)).
A complete list of genes found to be differentially expressed is also included in
Appendix A (Table A.9.1 and Table A.9.2). A summary of the ten genes with the
most increased or decreased transcript expression for leaf and root tissue is shown in

Table 3.3.

The most highly up-regulated transcript found in barley leaf tissue under salinity
stress was an RNAse S-like protein which also had 78% protein sequence identity
with the third most up-regulated transcript. Some other up-regulated transcript
include a polyamine oxidase, an unknown protein containing a BURP domain, a
xylanase inhibitor, a dehydrin, an invertase inhibitor, a purine-uracil permease, and a
papain-like cysteine proteinase. Some of the most heavily down-regulated transcripts

include a metacaspase, a dirigent protein, and some signalling related proteins.

In root tissue some of the transcripts which had the greatest increase in expression
under salinity stress were a glycosyltransferase, an aggulutinin isolectin, a sucrose

synthase, an endo-1,3;1,4-beta-D-gulucanase, an apoplastic invertase and a defence
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response protein. Some of the transcripts that were heavily down-regulated include a
peroxidase, an S-adenosylmethionine decarboxylase, a polygalacturonase, a

SAURS50-like auxin-responsive protein and a calcineurin B-like protein.

Root increased
expression

569
16

Leaf decreased
expression

348

Figure 3.2. Venn diagram of differentially expressed genes in salt treated plants relative to
control plants. Differentially expressed genes determined by use of DESeq2 with adjusted p-
value < 0.01 and |logz(fold change)| > logz(1.5).

3.3.3 Gene Ontology analysis

The differentially expressed genes were used to find significant changes in GO terms
using the PANTHER online database. High level biological, molecular and cellular

functions that were overrepresented in salt treated plants are shown in Table 3.4,

Messenger RNA changes in barley under salinity stress Page 43



L1 L2 L3 L4 L5 L6 L7 L8 R1 R2 R3 R4 R5 Ré R7 R8
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Leaf tissue Root tissue

Figure 3.3. Normalised transcript abundance heat-map, comparing control and salt treated
barley plants in (A) third leaf tissue and (B) root tissue. Dark blue is maximum normalised
expression and light blue minimum normalised expression. Only transcripts with DESeq2
adjusted p-values < 0.01 and |logz(fold change)| >logz(1.5) are shown.
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Table 3.3. Shortlist of the ten genes with the greatest increase or decrease in mRNA

expression in leaf and root tissue of salt stressed barley relative to control. Differential
expression is represented by logz(fold change) and the logw of the adjusted p-value is
shown due to extremely small values. Plants were grown in soil and salt treated plants were
exposed to a 100 mM NaCl stress. The annotation is shown, and if unknown in the Ensembl
database a protein BLAST was performed with the highest match with a known protein
shown and the identity of the match in brackets.

Tissue Gene Annotation or function of similar BLASTP result logz(fold  log1o(adj-
(identity of BLASTP in brackets if applicable) change) [3)]

Leaf  HORVU1Hr1G093780 RNAse S-like protein 5.96 -102.3
HORVU7Hr1G090410 Polyamine oxidase 3.94 -32.4
HORVU1Hr1G093660 RNAse S-like protein (78% identity) 3.83 -30.4
HORVU3Hr1G069650 BURP domain containing protein 3-like 3.30 -53.3
HORVU2Hr1G043890 Xylanase inhibitor 3.19 -48.9
HORVU6Hr1G084070 Dehydrin 3.12 -20.2
HORVU7Hr1G008260 Flavonoid O-methyltransferase-like protein (92% identity) 3.01 -23.7
HORVU2Hr1G103150 Invertase Inhibitor 2.96 -20.1
HORVU7Hr1G073640 Purine-Uracil permease 2.92 -40.6
HORVU7Hr1G120060 Papain-like cysteine proteinase 2.90 -54.4
HORVU4Hr1G090860 Metacaspase -3.00 -40.9
HORVU5Hr1G057090 Alcohol dehydrogenase -2.73 -15.9
HORVU7Hr1G047910 MYB-related pretein (transcription factor) -2.44 -32.4
HORVU2Hr1G028780 Protease inhibitor -2.37 -13.1
HORVU4Hr1G000040 Unknown (no matches) -2.35 -12.9
HORVUGHr1G004440 Wall-associated receptor kinase -2.32 -121
HORVUOHr1G000910 Putative Glucan 1,3-beta-glucosidase -2.23 -13.7
HORVU4Hr1G000030  Putative LRR receptor-like serine/threonine-protein kinase -2.19 -26.8
HORVU7Hr1G036960 Unknown (no matches) -2.16 9.9
HORVU1Hr1G000920 Dirigent protein -2.03 -7.6

Root ~ HORVU3Hr1G065420 Glycosyltransferase 3.10 -48.9
HORVU7Hr1G106900 Agglutinin isolectin (91.1% identity) 2.49 -34.7
HORVU2Hr1G030870 Sucrose synthase 240 -37.6
HORVU3Hr1G009360 Non-specific lipid-transfer protein 2.20 -14.3
HORVU4Hr1G087870 Unknown (no matches) 2.19 -16.0
HORVU3Hr1G093170 endo-1,3;1,4-beta-D-glucanase (91.4% identity) 210 -12.8
HORVU2Hr1G073210 Apoplastic invertase 2.07 -10.6
HORVU1Hr1G092310 Glucan endo-1,3-beta-glucosidase 1.98 9.0
HORVU2Hr1G011550 Unknown (no matches) 1.97 -8.0
HORVU4Hr1G071300 Defence response protein 1.90 -8.3
HORVU3Hr1G066090 High affinity nitrate transporter -2.91 -18.2
HORVU1Hr1G080790 Calcineurin B-like protein 4 (92.9% identity) -2.84 -20.9
HORVU5Hr1G076740 SAURS50-like auxin-responsive protein (87.6% identity) -2.80 -26.8
HORVU2Hr1G117610 Serine/threonine protein kinase -2.69 =211
HORVU5Hr1G114000 Transmembrane transporter -2.59 -29.6
HORVU5Hr1G109980 Polygalacturonase (90.8% identity) -2.51 -12.3
HORVU2Hr1G007510 Unknown (no matches) -2.28 -11.6
HORVU5Hr1G064040 Unknown (no matches) -2.14 -13.3
HORVU3Hr1G071800 Unknown (no matches) -2.12 -12.7
HORVU2Hr1G127480 Peroxidase 47 -2.09 -10.6
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Table 3.5 and Table 3.6 respectively, with lower level GO terms shown in Appendix
A (Table A.9.3, Table A.9.4 and Table A.9.5 respectively). From the biological GO
terms, only two high-level GO terms were enriched in both leaf and root tissue:
GO:1901607, alpha-amino acid biosynthetic process; and GO:0055114 oxidation-
reduction process. In enriched high-level GO terms in molecular processes, two were
overrepresented in both leaf and root tissue: GO:0005506, iron ion binding; and
GO:0020037, heme binding. The one high-level cellular function GO term that was

enriched in both leaf and root tissue of salt treated plants was located in the cell wall.
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Table 3.4. Biological process gene ontology terms overrepresented in differential
expression of leaf or root tissue in salinity stressed plants.

GO term

GO term process

0009834
0006782
0031408
0030244
0005985
0000302
0046677
0044247
0009251
0071555
0019318
0044036
1901607
0010035
0007017
0001101
0098869
0055114
0009627
0006002
0006568
0042401
0009664
0008299
0048544
0032269
0042737
0017001
0005975
0006468
0055085

plant-type secondary cell wall biogenesis
protoporphyrinogen IX biosynthetic process
oxylipin biosynthetic process

cellulose biosynthetic process

sucrose metabolic process

response to reactive oxygen species
response to antibiotic

cellular polysaccharide catabolic process
glucan catabolic process

cell wall organization

hexose metabolic process

cell wall macromolecule metabolic process
alpha-amino acid biosynthetic process
response to inorganic substance
microtubule-based process

response to acid chemical

cellular oxidant detoxification
oxidation-reduction process

systemic acquired resistance

fructose 6-phosphate metabolic process
tryptophan metabolic process

cellular biogenic amine biosynthetic process
plant-type cell wall organization

isoprenoid biosynthetic process
recognition of pollen

negative regulation of cellular protein metabolic process
drug catabolic process

antibiotic catabolic process

carbohydrate metabolic process

protein phosphorylation

transmembrane transport

Fold over-
represented
Leaf

Messenger RNA changes in barley under salinity stress

Root

Page 47



Table 3.5. Molecular function gene ontology terms overrepresented in differential
expression of leaf or root tissue in salinity stressed plants.

GO term

GO term function Fold over-
represented
Leaf Root

0004575
0016157
0016760
0005200
0033897
0051087
0016620

0008017
0016209
0005506
0016705

0020037
0000234
0004350
0004349
0005504
0005315
0003872
0030410
0030598
0016831
0030170
0030145
0004497
0042626
0016705

0030246
0016758
0004553
0004672
0005524

sucrose alpha-glucosidase activity

sucrose synthase activity

cellulose synthase (UDP-forming) activity

structural constituent of cytoskeleton

ribonuclease T2 activity

chaperone binding

oxidoreductase activity, acting on the aldehyde or oxo group of
donors, NAD or NADP as acceptor

microtubule binding

antioxidant activity

iron ion binding

oxidoreductase activity, acting on paired donors, with
incorporation or reduction of molecular oxygen

heme binding

phosphoethanolamine N-methyltransferase activity
glutamate-5-semialdehyde dehydrogenase activity
glutamate 5-kinase activity

fatty acid binding

inorganic phosphate transmembrane transporter activity
6-phosphofructokinase activity

nicotianamine synthase activity

rRNA N-glycosylase activity

carboxy-lyase activity

pyridoxal phosphate binding

manganese ion binding

monooxygenase activity

ATPase-coupled transmembrane transporter activity
oxidoreductase activity, acting on paired donors, with
incorporation or reduction of molecular oxygen
carbohydrate binding

transferase activity, transferring hexosyl groups
hydrolase activity, hydrolyzing O-glycosyl compounds
protein kinase activity

ATP binding
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Table 3.6. Cellular component gene ontology terms overrepresented in differential
expression of leaf or root tissue in salinity stressed plants.

GO term GO term component Fold over-
represented
Leaf Root

0042644  chloroplast nucleoid

0005874  microtubule

0005618 cell wall

0005576  extracellular region

0048046 apoplast

0016021 integral component of membrane

3.4  Discussion

The RNA extracted from root and leaf tissue was of sufficient quality for use in both
small RNA and mRNA transcriptome sequencing. The transcriptome data used for
PCA (Figure 3.1) demonstrated clear separation between groups. When observing
the separation of clusters in the PCA, the separation between root and leaf tissue is
very clear. This indicates that the largest components of variability in sample groups
are related to the tissue type. This is expected as different tissue groups specialise in
different functions and will utilise various transcripts to a greater or lesser extent.
The separation between salt and control tissue is not as great as the tissue type, but
can clearly be seen. This indicates that the salt stress had an effect on gene expression
and that the plants under stress had a similar gene expression response for each

tissue type.

A number of differentially expressed genes were found in salt treated plants relative
to control plants, as shown in Figure 3.2. Reports in the literature describe various

approaches for selection of the most biologically important genes by setting cut-off

Messenger RNA changes in barley under salinity stress Page 49



values for adjusted p-value and fold change. Some researchers have used low
stringency threshold with adjusted p-value cut-off of 0.2 and a fold change greater
than 1.3 (McCarthy & Smyth 2009). In doing this, the aim is to capture as much
biologically significant gene expression data as possible with less concern for the
collection of false-positive results. Some researchers have suggested the use of more
strict selection criteria, with adjusted p-values of 0.01 and fold change limits of 1.5.
This came after comparing results from different platforms and results using p-value
thresholds of 0.01 and 0.05, and fold change thresholds of 1.5, 2 and 4 (Patterson et al.
2006). Many researchers choose thresholds for an adjusted p-value of 0.05 and a fold
change of 2 (or |log:(fold change)| > 1) (Xiao et al. 2012); which can potentially retain
some genes that are statistically not relevant, while also discarding other genes that
have some biological relevance. Genes with a fold change of less than 2 can still have
biological relevance, subject to the appropriate statistical significance test (Patterson
et al. 2006). In the research presented here, a compromise was used with an adjusted
p-value < 0.01 (a relatively strict cut-off for statistical significance) and relatively
relaxed biological significance threshold with a fold change of 1.5 (or Ilog:(fold
change)| > logz(1.5). Using the R library DESeq2, the error correction for low read
count genes has already been incorporated in to the adjusted p-value (Love et al.

2014).

Of the transcripts that were found to be significantly differentially expressed
between salt-treated barley and control plants, a few of the most differentially
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expressed were compared with prior literature. The gene with the greatest increase in
transcript expression in barley under salt stress was an RNAse S-like protein. The
protein sequence from this transcript had 100% sequence identity with a rice RNAse
S-like protein that had been found to have the greatest increase in protein abundance
in a proteomics study of drought stressed rice (Salekdeh et al. 2002). This protein is
unable to operate as an RNAse as it lacks histidine residues at the required sites
(Parry et al. 1997). Using a protein BLAST search, this protein also has a 78% identity
with the third most increased barley transcript under salinity stress. The transcript in
salt stressed leaf tissue that experienced the second highest level of increased
expression was a polyamine oxidase. This enzyme produces hydrogen peroxide
through polyamine catabolism, which enables hypocotyl growth in soybean under
salinity stress and is an important factor for salinity tolerance in soybean (Campestre
et al. 2011). The fourth greatest increase in expression in leaf tissue was from a
transcript labelled BURP domain containing protein 3-like, which has a 95%
sequence identity with a transcript found to be related to drought stress in Triticum
aestivum (bread wheat) (Han et al. 2016). The BURP domain is typically found in
proteins embedded in the cell wall in plants (Batchelor et al. 2002), indicating a
probable location for this particular protein. Dehydrin had previously been reported
as highly increased under salt stress in barley and is known for interactions with
ROS (Bahieldin et al. 2015; Hill et al. 2016). This transcript was also highly up-
regulated in our salt stressed plant leaves. Other transcripts with highly increased
expression include a xylenase inhibitor previously found to be required in wheat and
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Arabidopsis thaliana for salt and drought stress tolerance (Xin et al. 2014); a flavonoid
O-methyltransferase-like protein, previously shown to increase expression in salt and
cold stressed Hibiscus cannabinus (Ghosh et al. 2012); an invertase inhibitor, which is
known to play an important role in development and stress response (Castrillon-
Arbelaez & Delano-Frier 2011); a purine-uracil permease, previously found to have
increased expression in Saccharum sponteneum under drought stress (Kai-chao et al.
2018); and a papain-like cysteine proteinase which are known for their involvement

in biotic and abiotic stress response (Grudkowska & Zagdanska 2004)

Of the transcripts that experienced the greatest decrease in expression, many were
found to be related to stress in prior research. A metacaspase transcript experienced
the greatest down-regulation in salt-stressed barley. Metacaspases are proteases
whose function is related to stress, programmed cell death and cell proliferation
(Tsiatsiani et al. 2011). Prior research has found a positive correlation between
expression of a metacaspase and exposure to biotic and abiotic stresses in rice, and
that different metacaspases respond differently to a variety of stresses (Fagundes et
al. 2015). This seemingly opposing result may be explained by research in Arabidopsis
that has shown that two different metacaspases were regulating the hypersensitive
response with one acting as a positive regulator and the other a negative regulator
(Tsiatsiani et al. 2011). In a proteome analysis of soybean, alcohol dehydrogenase was
found to be at elevated levels in the hypercotyls of salt stressed plants (Sobhanian et
al. 2010). An increase in alcohol dehydrogenase transcripts has been observed in the
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leaves of salt stressed barley plants (Lee et al. 2009). The result from our experiment
does not match earlier findings as alcohol dehydrogenase was found to have
significantly decreased levels in leaf tissue in the current study. The reason for this is
unknown. An MYB-related protein is a transcription factor and was under decreased
expression in the salt stressed leaf tissue in this experiment. Ziemann et al. (2013)
observed two different MYB-related transcripts that were under decreased
expression in leaf tissue in barley under salinity stress, and Lee et al. (2007) found
that an MYB transcription factor was under decreased expression when exposed to a
waterlogging stress and increased expression under a low-oxygen stress. An MYB
transcription factor has also been found under increased expression in sugarcane
under drought and salt stress (Prabu & Prasad 2012). A proteome analysis of soybean
found that a protease inhibitor was found at decreased levels in salt stressed plants
(Aghaei et al. 2009), which is in agreement with the findings of our experiment. A
wall-associated receptor kinase experienced decreased expression in leaf tissue,
which has also been observed in drought stressed barley, in both the leaf and root
tissues (Ozturk et al. 2002), and also salt stressed barley root tissue (Marakli &
Gozukirmizi 2018). A dirigent protein was also found at decreased expression levels
under salt stress in leaf tissue. The dirigent proteins have been linked to biotic and
abiotic stress response (Paniagua et al. 2017) and have been observed under
increased expression in sugarcane under a polyethylene glycol stress (a drought
simulant) (Jin-long et al. 2012), and decreased expression in alfalfa under heat and
cold stress (Behr et al. 2015). Overall the transcripts with the greatest decrease in
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expression in leaf tissue in barley under salinity stress were mostly in concordance
with prior literature in other plant species, but with lower concordance than shown

from the transcripts under increased expression in leaf tissue.

In root tissue under salinity stress, a glycosyltransferase had the greatest increase in
expression when compared with control plants. Glycosyltransferases modify
compounds by glycosylation which is the transfer of sugars from donor to acceptor
molecules. They have been observed under increased expression in A. thaliana under
salinity stress and have improved the salt tolerance of a tobacco plant modified to
overexpress an A. thaliana glycosyltransferase (Sun et al. 2013). The root transcript
with the second greatest increase in expression was not known in barley, but had a
91.1% identity with an agglutinin isolectin from Aegilops taushii. These proteins are
responsive to salt and drought stress in rice (Lannoo & Van Damme 2010). A sucrose
synthase increased expression in root tissue under salt stress in our experiment. Prior
research has shown increased expression of sucrose synthase transcripts in barley
under hypoxia, drought and salt stress treatments (Barrero-Sicilia et al. 2011). A
transcript which was unannotated in barley, but had 91.4% translated sequence
identity with endo-1,3;1,4-beta-D-glucanase protein from A. taushii experienced
increased expression in root tissue of salt stressed barley. This transcript has
previously been observed with increased expression in rice when exposed to
ethylene, wounding, fungal infection, cytokinin or salicylic acid (Simmons et al.
1992). Ethylene production has been previously established as a signalling molecule
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for abiotic and biotic stress response (Fujita et al. 2006), which would make our result
match with this finding. The transcripts of an apoplastic invertase had increased
expression in the root tissue of salt stressed barley plants in this experiment.
Research by Fukushima et al. (2001) resulted in a transgenic tobacco plant with
improved salt stress response by overexpression of a yeast apoplastic invertase. A
glucan endo-1,3-beta-glucosidase was under increased expression in the roots of salt
stressed plants in our experiment. This protein has been observed with higher levels
of expression during drought stress in a wheat variety with higher drought tolerance
when compared against a variety with lower tolerance (Faghani et al. 2015). The
transcripts with the greatest increases in expression in root tissue under salt stress

were in concordance with prior research.

The transcripts with the greatest decrease in expression in barley root tissue under
salt stress include a high affinity nitrate transporter. In prior research in tomato roots,
a nitrate transporter was found under significantly decreased expression under
salinity stress (Yao et al. 2008). An unannotated transcript in barley, which when
translated had 92.9% identity with a Calcineurin B-like protein 4 from A. taushii had
the second most decreased transcript abundance in salt treated root tissue. This is a
somewhat unexpected result as this protein has previously been shown to be
involved in stress response, with A. thaliana mutants lacking this gene being more
sensitive to drought and salt stresses (Luan et al. 2002), and expression is induced in
salt and heat stressed foxtail millet seedlings (Zhang et al. 2017). Another
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unannotated gene in barley under decreased expression had 87.6% translated
sequence identity with a SAUR50-like auxin-responsive protein from A. taushii. This
protein, which is related to growth and development, was previously found to be
downregulated in gerbera flower stems under low-water stress (Ge et al. 2019). An
unannotated gene with decreased expression in barley root tissue had a translated
identity of 90.8% with polygalacturonase from Triticum uratu. Liu et al. (2014) found
that overexpression of polygalacturonase in rice resulted in increased abiotic
sensitivity and decreased pectin content, which aligns with the decreased expression
we observed. A second somewhat unexpected transcript decrease in root tissue was a
peroxidase. Peroxidases are known for ROS scavenging and increased expression
under stress events (Zipor & Oren-Shamir 2013). However, Ziemann et al. (2013)
discovered a peroxidase was under decreased expression in the leaves of salt stressed
barley plants, so this is not the first time this seemingly unusual result has been
observed. The transcripts with the greatest level of increase and decrease in root and
leaf tissue from salt stressed barley generally align with the prior literature, which

supports the validity of these data.

With a considerable number of differentially expressed genes, it is useful to observe
groupings of gene functions rather than attempting to look at the function of every
individual gene. Gene Ontology analysis was used to observe a higher level
perspective of changes that occurred. PANTHER was chosen for GO analysis due to
the monthly update and continual improvement of GO annotation terms (Carbon et
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al. 2017; Mi et al. 2019). In the biological process GO terms (Table 3.4), some highly
enriched terms related to Reactive Oxygen Species (ROS). ROS is a destructive by-
product of metabolism that needs to be carefully managed to prevent toxicity. This
class of molecules is also used for signalling and initiating a stress response
(Choudhury et al. 2017). High-level leaf GO terms related to ROS included;
GO:0000302, response to reactive oxygen species; GO: 0098869, cellular oxidant
detoxification; and GO:0055114 oxidation-reduction process. In the root tissue, the

high-level GO term related to ROS was GO:0055114, oxidation-reduction process.

Prior research of Bahieldin et al. (2015) and Hill et al. (2016) have reported biological
process GO terms related to salinity stress and these are summarised and compared
to the findings of this study in Table 3.7 and Table 3.8. Bahieldin et al. (2015) studied
leaf tissue transcriptome changes in wild barley Hordeum spontaneum under a 500
mM NaCl salt shock after two weeks growth in soil. Hill et al. (2016) investigated the
transcriptome of root tissue of H. vulgare germinated in a control or 100 mM NaCl
nutrient medium and harvested three days after germination. It is important to note
that recent advances in gene ontology completeness (Carbon et al. 2017) will mean
that prior research will be likely to yield fewer GO terms. Different enrichment tools
will use differing background comparisons and will also result in some differences.
Gene Ontology information and annotations are updated frequently, with changes to

how information is mapped between GO terms and genes. This can result in
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variations in enrichment of GO terms between different releases of the same database

or between separate databases (Rhee et al. 2008).

Table 3.7. Comparing GO term results that are common with prior research. Comparing
the gene ontology results from this study with prior research by Bahieldin et al. (2015) in leaf
tissue and Hill et al. (2016) in root tissue.

GO term GO term function Enriched term
Present Present Bahieldin  Hill 2016
study  study 2015 (leaf) (root)
Leaf Root

0071554 cell wall organization or biogenesis X X

0009987 cellular process X X X
0071840 cellular component organization or biogenesis X X

0044237 cellular metabolic process X X X
0008152 metabolic process X X X
0071704 organic substance metabolic process X X

0044249 cellular biosynthetic process X X
0009058 biosynthetic process X X X
0044281 small molecule metabolic process X X

0006629 lipid metabolic process X X
0044238 primary metabolic process X X X
0009059 macromolecule biosynthetic process X X
0005975 carbohydrate metabolic process X X
0042221 response to chemical X X

0050896 response to stimulus X X X
0016043 cellular component organization X X X
0006520 cellular amino acid metabolic process X X X
0007017 microtubule-based process X X

0051716 cellular response to stimulus X X

0055114 oxidation-reduction process X X X

0006950 response to stress X X X
0051707 response to other organism X X

0009605 response to external stimulus X X X
0009607 response to biotic stimulus X X X
0051704 multi-organism process X X X
0006955 immune response X X

0002376 immune system process X X

0008152 metabolic process X X X
0071704 organic substance metabolic process X X

0044281 small molecule metabolic process X X

0071554 cell wall organization or biogenesis X X

0009875 pollen-pistil interaction X X
0008037 cell recognition X X

0009056 catabolic process X X X
0005975 carbohydrate metabolic process X X
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Table 3.8. Quantity of GO terms and common terms across different studies. Comparing
the overlap in gene ontology terms found from this study with prior research by Bahieldin et
al. (2015) in leaf tissue and Hill et al. (2016) in root tissue.

Present study Present study Bahieldin 2015 Hill 2016
leaf root (leaf) (root)
Present study leaf 71 11 15 12
Present study root 86 1 8
Bahieldin 2015 (leaf) 176 39
Hill 2016 (root) 80

3.4.1 Conclusion

The information provided in this chapter indicates that the transcriptome changes
that occurred in treated barley plants were in response to the applied salt stress. A
comparison was performed between this present study and prior research with
reasonable concordance found in the most significantly modified transcript
expression levels and enriched gene ontology terms. Perfect matching between the
transcriptome profile of different experiments is not possible, as many factors
including timing of sampling, age of plants, growth conditions, stress conditions and
tissue type all have an impact on the expression profile. However, the correlations
with prior studies provide confidence that the changes in transcriptome were related
to the salinity stress. This supports the use of these tissue samples for further
molecular analysis of small RNA and DNA methylation in chapters 4 and 5

respectively.
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4 Small RNA changes in barley under salinity stress

4.1 Introduction

Small RNAs (sRNAs) are non-coding RNA molecules less than 200 nucleotides (nt) in
length, which can be further broken into two classes, microRNAs (miRNAs) and
small interfering RNAs (siRNAs) (Mallory & Vaucheret 2006; Chen 2012). In plants
they perform regulatory functions including post-transcriptional regulation and the

guiding of DNA methylation.

MicroRNAs in plants are generated from cleavage of hairpin-loop RNA structures by
RNAse III and DICER-LIKE 1 (DCL1) (Liu et al. 2017). The miRNA duplex has two
imperfectly paired strands, typically around 21 nt long with overhangs at the 3" ends
(Jones-Rhoades et al. 2006). A naming convention distinguishes the strands based on
the proximity to the ends of the hairpin-loop precursor. Mature miRNA strands
processed from the 5" end of the RNA hairpin-loop sequence are referred to as ‘5p’,
and strands processed from the 3’ end are named the ‘3p” strands (Kozomara &
Griffiths-Jones 2013). Typically the 5p strand is loaded in to ARGONAUTE 1 (AGO1)
forming the RNA-Induced Silencing Complex (RISC), however there are instances
where the 3p strand performs this function (Wang et al. 2019). When the miRNA
strand loaded into the RISC anneals with a mRNA strand from a partial sequence
match, the mRNA strand is either degraded or translational repression occurs

(Huntzinger & Izaurralde 2011).
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Endogenous siRNA in plants are produced from double-stranded RNA (dsRNA)
rather than hairpin-loop structures (Mallory & Vaucheret 2006; Zhang et al. 2012).
Small interfering RNA can be broken in to the sub-categories of trans-acting siRNA
(ta-siRNA), natural antisense transcript siRNA (nat-siRNA), and heterochromatic

siRNA (hc-siRNA) (Phillips et al. 2007).

Both ta-siRNAs and nat-siRNAs in plants have a similar mature form and function to
miRNA, but differ in their method of synthesis. Trans-acting siRNAs are generated
from a single stranded transcript which is targeted by a miRNA and after cleavage
becomes double-stranded by the action of RNA Dependant RNA Polymerase 6. It is
cut into 21 nt long segments with DICER-LIKE 4. Natural antisense transcript
siRNAs are formed when two complementary sections of different mRNA strands
generate a dsSRNA which is then cut into 21 nt or 24 nt long segments (Phillips et al.

2007).

The hc-siRNAs in plants are typically 24 nt long and they are involved in RNA-
directed DNA Methylation (RADM). They are produced by RNA polymerase 1V,
where the product is then made double-stranded by RNA dependant RNA
polymerase 2. This dsRNA is cleaved by DICER-LIKE 3, methylated by HEN1 and
loaded in to ARGONAUTE 4 (AGO4). DOMAINS REARRANGED
METHYLTRANSFERASE 2 (DMR2) is induced to methylate nearby genome
cytosines when base pairing between the siRNA loaded in AGO4 and an RNA
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transcript created by RNA polymerase V occurs (Matzke & Mosher 2014; Xie & Yu

2015).

While 24 nt siRNA targets DNA methylation, there is also a microRNA (miRNA)
class which can range in size from 23 to 27 nt which also targets DNA methylation.
These small RNAs (sRNA) were discovered relatively recently and are classified as
miRNA due to the production involving a hairpin-loop structure forming from a
single stranded RNA, which is then processed to form a miRNA (Teotia et al. 2017).
These miRNA are significantly less abundant in quantity than 24 nt siRNA (Jia et al.
2011), and in some prior research the 23 and 24 nt sSRNAs had been grouped together
(Qi et al. 2006; Kurihara et al. 2008; Groszmann et al. 2011; Blevins et al. 2015) as they
both caused DNA methylation via the RADM pathway (Jia et al. 2011). In this
chapter, the 23 nt sSRNA is referred to as miRNA, 24 nt sRNA is referred to as siRNA
since siRNA makes up a significant majority of 24 nt SRNA reads, and the grouping
of the two is referred to as 23/24 nt sSRNA. Changes in the expression of 23/24 nt
sRNAs has previously been linked to DNA methylation, which targets genes and
Transposable Elements (TEs) and modulates expression of these targets (Fultz et al.

2015).

Small RNAs have been found to be involved with abiotic stress response. A number

of miRNAs have been identified that are involved in plant management of various
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abiotic stresses including drought, cold, salinity, nutrient deficiency and radiation

(Lu & Huang 2008; Khraiwesh et al. 2012).

The objective of this section of the study was to identify sSRNAs that were involved in
salinity stress response. Fifty-nine previously unknown miRNAs in barley were
found, and six of these previously unknown miRNAs appear to be related to salinity
stress response. A number of genomic features were targeted for methylation by
23/24 nt sRNA, these targets are further explored in Chapter 6 when incorporated

with DNA methylation information from Chapter 5.

4.2 Methods

4.2.1  Small RNA library preparation

The small RNA sequencing libraries were prepared from the RNA extraction
described in Chapter 3. The Flinders Genomics Facility (Adelaide, Australia)
generated the libraries with size selection of 16 base pairs (bp) to 34 bp performed
using the Pippin Prep (Sage Science, MA, USA). The library was generated using the
[Nlumina Truseq small RNA library kit (Illumina Incorporated, CA, USA). The
barcode assignment for samples is shown in Appendix A (Table A.9.6). Sequencing
was performed by SAHMRI (Adelaide, Australia) using Illumina NextSeq with 76 bp

single end reads.
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4.2.2 Bioinformatics

Read quality was examined with fastqc (Andrews 2017) to check that the raw
sequencing reads were as expected. Adapters were then trimmed, sequences filtered
for quality of 30 or greater and size filtered for reads between 18 and 26 nt with
cutadapt (Martin 2011). Reads were aligned using Bowtie2 (Langmead & Salzberg
2012) against Hordeum vulgare var Morex ribosomal RNA, snRNA and snoRNA
sequences (Mascher et al. 2017) with matching reads discarded. Relative abundances
of read sizes and unique reads were calculated using a custom python script
Count_siRNA.py shown in section 10.3. Unique reads are only counted once for each
sequence; if a specific sequence is read multiple times, it only counts once as a unique
read. Reads were matched against the miRBase database entries for H. vulgare. A
custom script Barley_SmallRNA_PCA.R, shown in section 10.4 was written in R to
perform Principle Component Analysis (PCA) on the relative read abundance. The
custom R script used the additional packages Rsamtools (Morgan et al. 2016), ggplot2

(Wickham 2016a), plyr (Wickham 2016b), and edgeR (Robinson et al. 2010).

Previously unknown small RNAs were inferred using sRNAbench (Aparicio-Puerta
et al. 2019). PCA was performed with this new set of discovered miRNA using the
custom R script Barley_SmallRNA_PCA.R, shown in section 10.4 with the variable
miRBase set to FALSE. The online tool mfold (Zuker 2003) was used to determine the

secondary structure of the hairpin-loop miRNA precursor. Differential expression
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and adjusted p-values of miRNA between treatment groups was determined by a

custom R script Barley_SmallRNA_DE.R, shown in section 10.6.

Small RNAs were grouped by size wusing the custom python script
SmallRNA_size_grouping.py shown in section 10.6. SmallRNA targeting DNA
methylation was analysed by mapping 23-24 nt sSRNA reads against the H. vulgare
genome using Bowtie2. Reads were normalised as counts per million reads for each
sample and were binned in to 100 bp windows using the custom python program
smallRNA_windowing.py, shown in section 10.7. Reads that were mapped to
multiple locations were fractionally assigned to the relevant bins. For example, one
sRNA that mapped to ten different 100 bp bins only added 0.1 reads to each relevant
bin (and were later scaled by counts per million reads). The 