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Abstract

Abstract

The presence and expression patterns of orthologues of LEA group 1 genes has been
characterised in the resurrection plant, Xerophyta humilis. The group I LEAs (Em1 and Em6)
were first identified as proteins that were abundantly and specifically expressed during the
desiccation and germination phase of angiosperm seed development. The group I LEA genes are
characterised by the presence of one or more tandemly repeated 20-amino acid motifs that are
particularly rich in Gly residues. In Arabidopsis, the group I LEA genes (AtEM1 and AtEM6)
have been used as a model to study the regulation of gene expression by ABA (abscisic acid)
during seed development. Phenotypic analysis of AtEM6 T-DNA insertion mutants has shown
that AtEM6 plays a role in buffering the rate of dehydration during the later stages of seed
maturation, but does not otherwise affect plant development. Since the LEA1 genes are
specifically associated with seed maturation and not abiotic stress responses in desiccation
sensitive plants, we have targeted the characterisation of X. humilis LEA1 genes, to test the
hypothesis that evolution of desiccation tolerance in X. humilis is a consequence of activation of
seed specific genes in vegetative tissue. Degenerate PCR primers designed to conserved regions
of LEA1 genes were used to amplify five LEA1 orthologues from ¢cDNA prepared from X
humilis desiccated seed, root and leaves. The full-length cDNAs of these orthologues was cloned
by 5" and 3' RACE PCR. The three X. humilis LEA1 orthologues XhLEA1-1, XhLEA1-2 and
XhLEA1-4 respectively have one, two and four of the 20 amino acid motif repeats. A fourth
LEA1 orthologue, XHC00797a was identified in a microarray screen for mRNA transcripts that
are up-regulated during desiccation in X. humilis leaves. Its isoform XHCO00797b was later
isolated from leaf tissue. Two LEAs, XHLEAI-4 and XHC00797a were used for mRNA
expression analysis using quantitative RT-PCR. Both XHLEA1-4 and XHC00797a mRNA
transcripts were significantly induced by desiccation stress. The findings from this study
established a link between the LEA1-EM, previously characterized as seed specific, and
desiccation tolerance in vegetative tissue of resurrection plant X. humilis. This opens exciting
new perspectives for identification of genes previously associated with acquisition of desiccation

tolerance in seeds, as candidates for acquisition of desiccation tolerance of vegetative tissue.



Abbreviations

Abbreviations

ABA

cDNA
DEPC
DNA
DNAse
EDTA

IPTG
kb
kDa
LEA

LB

HE

mg

m|

mM
mRNA
ORF
PCR
RNA
ROS
RWC

UTR

abscisic acid

base pair(s)

copy DNA
diethylpyrocarbonate
deoxyribonucleic acid
deoxyribonuclease
ethylenediaminetetra-acetic acid
grams

hour
isopropyl-f-D-thiogalactopyranoside
kilobase(s)

kilodalton(s)

late embryogenis abundant
litre(s)

Luria-Bertani

molar concentration
microgram(s)

milligram(s)

microlitre(s)

millilitre(s)

millimolar

messenger RNA

open reading frame
polymerase chain reaction
ribonucleic acid

reactive oxygen species
relative water content
unit(s) of enzymatic activity

untranslated region



Chapter 1

1. Introduction and Background

1.1.  Chapter Overview

This chapter will introduce the current understanding of desiccation tolerance in relation to
resurrection plants. First, a general introduction and a hypothesis on the evolution of desiccation
tolerance (DT) is presented. This is followed by an introduction to resurrection plants and
mechanisms of desiccation tolerance. In particular, late embryogenesis abundant (LEA) proteins
are discussed in terms of their classification, structure and proposed functions. Experimental
findings are reviewed with a view to give perspective to the data presented in subsequent
chapters of this dissertation. LEA proteins are putative targets in the understanding of
desiccation tolerance, and the one of their groups, namely LEAI-Em form the basis of this thesis.

Finally, the aims of the thesis are mentioned as a guide for subsequent chapters.

1.2. Desiccation Tolerance

Although the vegetative tissue of most organisms cannot survive severe water deficit stress, the
seeds of most plants (termed orthodox) and vegetative tissues of a small group of plants (termed
resurrection plants) have developed mechanisms to survive it. Such mechanisms enable cells to
resume normal cellular function and activities upon rehydration. This ability to withstand
intense and prolonged desiccation (equivalent to the loss of 95% of cellular water content) is
called desiccation tolerance (DT) (Bewley, 1979). Desiccation tolerance in vegetative tissue is
found mainly in less complex organisms like algae, lichens and bryophytes, although some 300
species of angiosperms also have vegetative drought tolerance (Gaff, 1977; Oliver et al., 2000).
Gymnosperms are the only major class of vascular plants that does not have a species that has

desiccation tolerant vegetative tissue (Oliver et al., 2000).

Oliver et al. (2000) hypothesizes that vegetative desiccation tolerance was primitively present in
bryophytes, the basal most living clade of land plants. This was lost during the evolution of
tracheophytes in preference for the advantages afforded to plants by increased growth rates,
structural and morphological complexity, and the mechanisms that conserve water within the
plant while maintaining efficient carbon fixation. The genes that had evolved for cellular

protection and repair in bryophytes were recruited for different but related processes such as
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response 1o water stress. and the desiceation 1elerance of reproductive propagules. Oliver et al.
(20003 goes on to postulate thar the mechanism of desiccation tolerance in seeds may have
evolved secondarily irom more primitive forms of vegetative desiceation tolerance and once
these mechanisms were estahlished in seeds, lhe developmenlally induced ccllular prolection
svstem hecame ayailable for induction in the vegetative tissues by environmenlal cucs that are

relared 1o drving (Figure 1.1).

b .
——m it -

recrLted for response to water stress,
ard OT of reproduchive
propaglles in tracheophytes

07 genes had evalved for celll-ar
protecticn and repair in bryophytes

OT genes became available
far induction in the vegetative
tissugs by environmental cues
In resurrection plants

Figure 1.1:  Evolutionary hypothesis of desiceation tolerance in vegetative tissue.
The flow diagram summarising the hypothesis on evolution of desiccation tolerance in vepefative tissue of
resarrection plants Oliver e @l (2000 The trazcheophyte and brvophyte plctures were adepted  from

T W s s eonr topes v ascular-plant Yeat - technoloesy and

b wwnw seience.siu.edod landplants ] P .Seminarbryoplivies.Gil 1 respectively.

1.3.  Resorrection Plants

There is a special group of plants known as resurrection plants which possess unique and
effective mechanism for coping with drought stress by heing desiccarion tolerant (Scotr, 2000).
Fully matured leaves ol these plants can [ose up to 95 % of their water content and then upon

rehvdralion. the leaves are rehydrated and are photosynthetically active within 24 - 72 h
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(Bernacchia et al., 1996; Sherwin and Farrant, 1996; Farrant, 2007). These plants can remain
quiescent for considerable periods of time, and upon rehydration they can resurrect (Scott, 2000),
for example the aquatic plant Chamegegis intrepidus is known to survive up to 11 months in the
dehydrated state (Hartung et al., 1998). Resurrection plants are naturally found in arid climates
such as southern Africa, southern America, and western Australia (Gaff, 1987) and are
frequently found in shallow, sandy soils (Sherwin and Farrant, 1995) as a result of their ability to
survive desiccation. Resurrection plants that are angiosperms have been subdivided into two
groups: homoiochlorophyllous, that retain their chlorophyll during drying (such as
Craterostigma wilmsii and Myrothamnus fabelifolia), and poikilochlorophyllous, those that lose
chlorophyll on drying, (such as Xerophyta viscosa) (Tuba et al, 1993; 1994; Sherwin and
Farrant, 1995). Some of the mechanisms that are used by resurrection plants to tolerate

desiccation are discussed below.

1.4. Mechanisms of Desiccation Tolerance

There are various mechanisms employed by the plant to tolerate desiccation and prevent lethal
damage to the different cellular components including membranes, proteins and cytoplasm.
These include antioxidants that counter damage by reactive oxygen species, sugars that replace
water and form glasses and proteins that stabilize macromolecules and membranes (Alpert,

2006).

1.4.1. Antioxidants that counter damage by reactive oxygen species

Reactive oxygen species (ROS) are natural by-products of metabolism. They are to a greater
degree present in chloroplasts and mitochondria. ROS are atoms or molecules with an unpaired
electron that are readily donated and thus highly reactive, and are cited as being the most
damaging consequence of desiccation stress (Hendry 1992, Smirnoff 1993, Kranner and Grill
1996, Kranner and Birtic 2005, Kranner et al, 2006). During desiccation the metabolic
processes shut down. During this time, by-products of continued respiration and light harvesting
lead to the accumulation of high energy intermediates that leak out of the mitochondria and

plastids. These intermediates form reactive oxygen species and free radicals (Puntarulo et al.,
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1991; Hendry 1993; Leprince et al., 1993, 1994, 1995). As a result plants have antioxidant
molecules and scavenging systems (Larson 1988; Hendry, 1993). Included in the enzymatic
free-radical scavenging system is the superoxide dismutase (SOD), which catalyses the
dismutation of superoxide (O;) into H,O; and O,, and those that are involved in the
detoxification of H,O; (ie catalase, glutathione reductase and peroxidases) (Berjek er al., 2007).
The removal of cytotoxic products resulting from oxidative events is considered to be of prime
importance in vegetative tissue for the survival of abiotic stress because genes that encode for
enzymatic antioxidants are upregulated during drying (Ingram and Bartels, 1996). Sherwin and
Farrant (1996) have shown that in C. wilmsii and X. viscosa, the activity of ascorbate peroxidase,
SOD and glutathione reductase increases during dehydration. In addition to that, C. wilsmii was

also found to accumulate large amounts of anthocyanins, which have antioxidant capabilities.
1.4.2. Swugars that replace water and form glasses

Soluble sugars have been shown to accumulate in different tissues, in seeds (LePrince et al.
1993), pollen (Hoekstra et al., 1992) and in desiccation tolerant vegetative tissue (Bewley and
Krochko, 1982; Ingram and Bartels, 1996; Oliver and Bewley, 1997), response to dehydration.
It is mostly sucrose, along with raffinose family oligosaccharides (RFO’s) such as stachyose,
raffinose and cyclitols (Horbowicz and Obendorf, 1994) that accumulate in desiccation tolerant

tissue.

There are two roles that sugars are thought to be involved in desiccation. That is in water
replacement hypothesis and vitrification. In the water replacement role, it has been postulated
that during desiccation soluble sugars interact with the polar head group and replace water
molecules, allowing phospholipid molecules to largely retain the original spacing between one
another (Buitink ef al., 2002). Crowe et al. (1992) proposed that the hydroxyl group of trehalose
may substitute for water to maintain hydrophilic interaction in membranes and proteins during
dehydration by using liposomes and isolated proteins. However, this sugar is not present in most
higher plants (Berjak ef al., 2007; Paul 2007) and it has been shown that sucrose is present, and
accumulates in DT plants (Bianchi ef al., 1991, 1992, 1993; Drennan et al., 1993; Kaiser ef al.,
1985; Suan ef al., 1991). There is no evidence that it does so by interaction of OH groups with

membranes. Instead, it is now believed that sugar plays a buffering and “osmotic spacer role” as
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water becomes limiting (reviewed in Berjak ef al., 2007). Aty <-60 MPa cell membranes move
closer together such that repulsive forces counteracting the close approach of opposing
hydrophilic surfaces become increasingly operative. However concomitantly, if membrane
surfaces come to be positioned sufficiently close to one another, lateral compression can result,
with the possible consequence of transition of some phospholipids to the gel phase, and even
demixing of membrane components and exclusion of integral proteins. Sugars within the
aqueous phase between opposing membrane surfaces, will help to counteract the close approach
of the membranes, acting physically as volumetric and osmotic spacers (Koster and Bryant,

2005).

The second mechanism involves sugars as major contributors to vitrification, the formation of a
biological glass, of the cytoplasm of dry cells (Leopold et al., 1994). It has been previously
proposed that high concentrations of sugars lead to vitrification of the cytoplasm during
desiccation which prevents crystallization (Burke, 1986). The glass formation in the cytoplasm
has been postulated to maintain the structural and functional integrity of macromolecules (Crowe
et al, 1986). Glass formation alone is not sufficient to confer desiccation tolerance since
desiccation sensitive tissues are capable of forming cytoplasmic glasses (Sun ef al, 1994,
Buitink er al., 1996). However, there is no doubt that cytoplasmic vitrification plays an
important role in the survival of anhydrobiotic organisms during desiccation and subsequent dry

storage (Sun et al., 1994).

1.4.3. Proteins that stabilize macromolecules and membranes, LEA proteins.

The LEA proteins are known to be present in abundance during the late stage of embryogenesis
in seed development. This stage is associated with the acquisition of desiccation tolerance is
seeds (Cumming 1999; Kermode and Finch-Savage, 2002). They have also been shown to be
present in vegetative tissue of the DT grass Sporobolus stapfianus (Kuang et al., 1995), the dicot
C. plantagineum (Piatkowski er al, 1990) and monocot X. humilis (Collet et al, 2004). LEA
proteins represent a broad class of proteins of highly conserved genes that are expressed in a

wide range of plants. The classification of LEA proteins has previously been independently
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done by different authors who have divided them into five groups. These groups are namely,
group 1, 2, 3, 4 and 5 (Dure, 1993; Ingram and Bartels, 1996, Zhang and Zhao, 2003). This
classification was mainly based on their amino acid composition and mRNA homology.
Recently though, Wise (2003) and Wise and Tunnacliffe (2004) have grouped the LEAs
according to a computational method called Protein and Oligonucleotide Probability Profile
(POPP) which allows proteins to be compared based on similarities in their peptide composition
as opposed to similarities in their sequences, this has led to the definition of super families (SF)
of LEA proteins. This classification was used for the purposes of this study. Table 1.1 taken
from Berjek et al., (2007) summarizes the various classifications that have been used by different
authors while referencing the author, while the last eight rows of the table include the

classification by Wise and Tunnacliffe (2004).

LEAs have been shown to respond to dehydration, low temperature, salinity and exogenous
abscisic acid (ABA), indicating their responsiveness to cellular dehydration. Additional to their
responsiveness to cellular dehydration, LEA proteins have also been shown to be absent in some
dehydration sensitive seed (Farrant ef al., 1992), validating their association with desiccation

tolerance.

LEA proteins are usually of low molecular weight ~ 10 - 30 kDa and are presumably involved in
protecting higher plants from environmental stress damage particularly dehydration. LEA
proteins are mostly hydrophilic proteins and are generally unstructured in solution. These
proteins unfolded state in solution has made it difficult to assign structure and determine function
for which they can be classified and named (Farrant, 2007). Although their precise functions
have not been extensively investigated, some functions of LEA proteins have been postulated
mainly in reference to their amino acid composition. These include protection of the subcellular
milieu by acting inter alia as ion scavengers, acting as molecular chaperones, forming fibre-like
structures, which may act as a cytoskeleton to avoid excessive shrinking of the cells during
desiccation and facilitating glass formation (Bray, 1993; Cuming et al., 1999; Berjak, 2006;
Mtwisha et al., 2006; Berjak et al., 2007). Figure 1.2 shows a summary presentation of the

functions mentioned above.
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A database search of LEA protein sequences using the FoldIndex unfolded protein prediction
tool (Prilusky et al., 2005) showed that LEA proteins from group 1, 2, 3 are at least 50 %
unfolded, and many of the smaller proteins are predicted to be totally unfolded (Tunnacliffe and
Wise, 2007). Although these proteins usually occur as unstructured in solution, environmental
conditions, and/or the binding to a partner molecule or cation can induce folding. Several LEA
proteins have been shown to gain structure when dried. This has been demonstrated with LEAM
from pea mitochondria (Tolleter et al, 2007). They are typically found or localized in the
cytosol and nuclear regions. The hydrophilic and a-helix nature confers LEA’s with thermal

stability, this structure is thought to be involved in ion enrichment during dehydration (Zhang

and Zhao, 2003).
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Figure 1.2: Summary of the predicted functions of LEAs.

The roles of LEAs during the dehydration and rehydration cycle are shown in the above schematic. The diagram
above shows different LEAs grouped according to their associated functions during dehydration. These include
their involvement in ion sequestration, acting as molecular chaperones, protection of protein structure, maintenance

of membrane stability and water replacement.
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Table 1.1: Classification, properties and proposed roles of LEA proteins, reported in various sources. This table is taken from
Berkjak et al., 2007 .
Group Super- Family Pfam Motif / Consensus Postulated roles & distributions | Source
family domain (where applicable)
(Wise, (Illing
2003) et al,
2005)
1 (I)°" D-19 PF00477 GGQTRREQLGEEGYSQMGRK Water binding Bray
(1993);
Cuming
(1999)
2 (I1m)* D-11 PE00257 K segment at carboxy | All seedling tissue [ water-stressed or | Close et
dehydrins terminus: not] but quantitative differences | al. (1993);
EKKGIMDKIKEKLPG or | related to tissue type Close
minor variants, but (1996;
all characterised by | Localised [ also] near membranes of | 1997)
KIKEKLPG protein bodies in maize scutellum; | ‘Mtwisha et
endomembrane localisation in onion | al. (2006)
S (serine-rich) | epidermal cells.
segment in some | Postulate interactions of dehydrins
dehydrins; Y segment | with types of surfaces, rather than
in most - | specific macromolecular classes
(V/T)DEYGNP - near
amino terminus K-segment: amphiphilic a—helix;
hydrophobic interaction with partially
denatured proteins, membranes;
synergistic action with compatible
solutes in stabilising macromolecules
& protoplasm; solubilising agents
[ detergent properties]; dehydrin-sugar
interaction* * Blackman
Distribution: nucleus and cytoplasm; | et al.
nuclear location depends on tissue and | (1992)
dehydrin concerned
3 (I11)° D=7 PF004238 ll-mer repeating Repeating elements postulated to exist | Bray
TAQAAKEKAGE as amphiphilic a-helices; (1993);
speculated function of both D~7 & D-29 | Dure (1993)
(Gp 5) is ion sequestration
4 (V) D-113 PF03760 May preserve membrane structure Baker et
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al. (1988) ;
Bray
(1993);
Dure (1993)
5 (v)' D-29 ll-mer repeats; some | Sequesters ions
homology with D=7
6 (VI)' a-helical conformation; along with | Mtwisha et
some Group 3 members, are the only | al. (2006)
other group to have some structure in
water
la 4 GGQTRREQLGEEGY SQMGRK Wise and
Tunnacliffe
(2004)
1b 6
2a 1 DEYGNP (Y domain) Produced late in embryogenesis; not
assocliated with cold-tolerance
2a 10 EEKK (K domain) As for 2a
2b 3 S, (S segt) Assoclated with cold-tolerance; a few
not produced during embryogenesis
3a 2 TAQAAKEKAGE
3b 5
6 7 ?
Members of ‘conventional’ groups 4 & 5 incorporated into LEA groups 2 & 3, according to Wise and Tunnacliffe (2004)
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The group 1 LEA proteins (D19), which are the main focus of this study, will be discussed in
detail in chapter 2. As an introduction they are a highly conserved group of LEAs which are
characterized by a conserved sequence made up of 20 amino acid residues that can be repeated in

tandem up to four times and these can absorb a large amount of water (Close, 1996).

The group 2 LEAs (D11), are also called dehydrins (dehydration induced proteins; Close et al.,
1989). They have a conserved stretch of 15 amino acids, namely, EKKGIMDKIKEKLPG in
their carboxyl terminal region. These proteins are thought to play a role as molecular chaperones
during metabolism and protecting protein structure during drought (Rizhsky et al., 2002,
Wisniewski er al,, 2001). The POPP classification (Wise and Tunnacliffe, 2004) of group 2
characterises this group as having repeats of either or both DEYGNP and EEKK. This
classification also splits this group into two subgroups, group 2a and 2b (Table 1.1). Group 2a,
includes all group 2 proteins that are not associated with cold tolerance and all that are present
late in embryogenesis; while group 2b includes those that are generally not associated with cold
stress and with a few that are not produced during late embryogenesis (Wise and Tunnacliffe,
2004). Group 2a overall charge is neutral or basic, with an over-representation of glycine. Group
2b has similar levels of basic residues to group 2a, however, this group also has increased levels
of acidic residues (Tunnacliffe and Wise, 2007). Jensen et al. (1998) demonstrated that the
movement of group 2b proteins from maize, DHN1/Rab 17, between the nucleus and the
cytoplasm is controlled by phosphorylation of its serine stutter. Consequently, the removal of
this sequence results in the lack of phosphorylation and retention of the proteins in the
cytoplasm. This group of LEAs like most other LEAs are predominantly unfolded as shown by
examples from maize, the resurrection plant Craterostigma plantagineum, cowpea, Citrus and
Arabidopsis (Ceccardi et al., 1994; Lisse et al., 1996; Ismail et al., 1999, Hara et al., 2001;
Mouillon et al., 20006).

The group 3 LEA’s (D7 from cotton) (Baker et al., 1988) are made up of 11 amino acid namely,
TAQAAKEKAGE , in 13 repeats and have an amphypathic a-helix structure, they are involved
in ion enrichnment during dehydration in higher plants (Zhang and Zhao, 2003). The POPP
classification (Wise and Tunnacliffe, 2004) splits group 3 LEAs into two subgroups, group 3a
and 3b (Table 1.1). Two closely related group 3 LEA proteins that contained a putative
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endoplasmic reticulum (ER) signal peptide at the N-terminus and a putative ER-retention signal at the
C-terminus were shown to be located in the ER (Hsing er al., 1995). These groups of proteins
are predominantly unfolded in the hydrated state, for example a group 3 LEA protein from
bulrush pollen (Wolkers ef al., 2001) and one from an anhydrobiotic nematode Aphelecus avenae
(Goyal er al., 2003). It has however been demonstrated that a small (8kDa) group 3 LEA protein
from Typha latifolia became largely a-helical when dried rapidly; slow drying resulted in both o-
helical and intermolecular B-sheet structures (Wolkers ef al., 2001). The same response was
observed with group 3 LEA proteins AavLEA1 from nematode Aphelenchus avenae (Goyal et
al., 2003) and LEAM from pea mitochondria (Tolleter et al., 2007), which also fold upon drying.

The group 4 LEA proteins (e.g. DII3, cotton LEA14) have no repeating motif in their sequence
and contain a conserved region at the N-terminal to form an amphiphathic a-helical structure
(Hong er al., 2005). These proteins are thought to maintain membrane stability because they are
able to form adaptative conformational changes during drying and dehydration (Chaves et al.,

2003).

The Group 5 LEA proteins (D29) have low amino acid residue specificity and this is predicted to
be related to their roles in seed maturation, dehydration and combining concentrated ions (Han et
al., 1996; Chen et al., 2002; Yu et al, 2002). Group 5 as well as group 4 disappear under the
POPP classification. The former members of the group are redistributed into LEA groups 2 and 3
(Wise and Tunnacliffe, 2004).

There is not much reported on group 6 of LEAs. Bray and Lay (1994) classify D34 from cotton
(Baker et al., 1988) and rab28 from maize (Pla et al., 1991) as members of this group. The rab28
and D34 proteins have 55 % similarity and are both rich in alanine and valine whereas cysteine is
absent in both cases (Pla et al.,, 1991). They are however postulated to have a o-helical
conformation. Together with group 3 LEAs they are thought to have some structure in water

(Mtwisha er al., 2006).
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1.5.  Summary and Aims

Global transcriptome analysis has offered a basic framework to test different hypothesis on the
evolution of desiccation tolerance and expression of LEA proteins. Such a study analyzing the
Arabidopsis transcriptome (Illing et al., 2005) has demonstrated that the LEA protein gene set
divides roughly into those with seed specific expression and those expressed in vegetative tissues
and some a combination of seed and vegetative tissue expression. Illing er al. (2005) also
identified LEA genes belonging to superfamilies -1, -6 and -9 to be only significantly expressed
during seed development and suggested that these LEA groups might be uniquely associated
with defence against severe water loss such as would occur in desiccation-tolerant angiosperm,
resurrection plants or orthodox seeds. Group 1 LEAs have been demonstrated to be essential in
slowing down the rate of drying in Arabidopsis seed by characterizing the T-DNA knockout
ATEMS6 knockout mutant (Manfre et al., 2006). This group of LEAs have however not been
characterized in the vegetative tissue of resurrection plants. This study, characterizing the
LEA1-Em genes in X. humilis, aims test the hypothesis that desiccation tolerance in vegetative

tissue of resurrection plants is a consequence of the appropriation of seed specific genes. This

will be done by:

1. Isolating LE1-Em orthologues from X. humilis vegetative tissue and seed.

2. Isolating and cloning the 5’and 3° UTR sequences of all the orthologues isolated.

3. Investigating the expression patterns for LEA1-Em orthologues in seed, and during

desiccation and rehydration in leaves and roots of X. humilis.

12
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2 Isolation and cloning of LEA1-Em genes from X. humilis

2.1 Introduction

The group 1 LEAs are named LEA1-Em. They obtained their name , early methionine labelled
(Em) as they were the first strongly labeled polypeptide observed in wheat embryos when
incubated in the presence of [**S] Met (Cumming and Lane, 1979). Several LEA1-Em genes
have been isolated from different plants. The national centre for biotechnology information
(ncbi) database contains several entries of LEAI-Em orthologues isolated from at least nine
different plant species. Some of the LEAI-Em orthologues are listed in Table 2.1 with the
nomenclature used in this study for LEAl-Em. The nomenclature adopted in this study was
derived by taking the first letter of the genus and species followed by the LEA group which is
LEA1 and the number of times that the 20 amino acid motif, used to classify the LEA1 group, is

repeated in that sequence.

Table 2.1: List of LEA1-EM genes
Source- plant name Accession Number of | Nomenclature used in
number (NCBI) | repeats this study:
Triticum aestivum (bread wheat) CAA36323 1 TALEAL-1
Glycine max (soybean) AAB71224 1 GMLEA1-1
Brassica napus (rape) CAA05711 1 BNLEAI-1
Robinia pseudoacacia AAB39474 1 RPLEAI-1
Robinia pseudoacacia AAB39473 2 RPLEAI-2
Vigna radiate AAB07225 1 VRLEAI-]
Vigna radiate AAB07224 2 VRLEAI1-2
Arabidopsis thaliana ATEM1 NP 190749 4 ATLEAI-1
Arabidopsis thaliana ATEM6 NP 181546 1 ATLEA1-4
Oryza sativa (japonica cultivar- | CAA44836 1 OSLEA1-1
group)
Secale cereal (rye) CAB88086 1 SCLEAI-1
Gossypium hirsutum (upland cotton) | CAA38374 2 GHLEA1-2

As mentioned before in the introduction, this group of LEA proteins has a conserved sequence
made up of 20 amino acid, that can be repeated in tandem up to four times (Close, 1996). LEA-
Is are highly hydrophilic and are predicted to have a high percentage of charged amino acids and

13



Chapter 2

glycine (Tunnacliffe and Wise, 2007). This has led to the prediction that they have high capacity
for water binding and thus thermal stability.

The precise structure and function of group 1 LEAs remain unknown. On the basis of their
amino acid sequence, these proteins are predicted to largely exist as random coil structures in
aqueous environments (Gilles et al., 2007). LEA-1 proteins are found in plants where their
function is thought to be the prevention of protein aggregation under water stress conditions
(Goyal et al., 2005). Russouw ef al. (1995) showed using far UV circular dichroism (CD) that
LEA1 from pea (Pisum sativum) was almost entirely unstructured, having only an estimated 2 %
of protein folding as a-helix in water. Eom ef al. (1996) also showed that the Em homologue
from carrot (Daucus carota) has no secondary or tertiary structure when examined by proton

nuclear magnetic resonance.

The exact function of Em proteins is not known. However, they have been associated with DT
of seeds and vegetative tissue. Manfre et al, (2006), has recently shown using a Arabidopsis
mutant with a T-DNA insertion in the ATEM®6 locus, that in the absence of ATEMG6 there is
premature drying and maturation of seeds at the distal ends of the silique. In transgenic rice, the
expression of LEA1 protein (PMA959) in vegetative tissue has been shown to enhance cellular
integrity when plants are subjected to salt stress (Cheng et al., 2002). They are assumed to
protect cellular or molecular structures during desiccation (Dure et al., 1989, 1993, Kermode,
1997). This has also been demonstrated in yeast where expression of Em protein attenuates the
growth inhibition that is normally observed in media of high osmolarity and mitigates the
detrimental effects of low water potential in a non-specific manner (Swire-Clark and Marcotte,
1999). The Em proteins are also presumed to act as a “molecular shield” to prevent formation of
damaging protein aggregates during water stress. In addition it was demonstrated that in the
presence of trehalose, Em proteins exhibit a protective and synergistic effect and do not behave

as classical molecular chaperones (Goyal et al., 2005).

Studies published to date, which investigates the expression of LEA1-Em genes are limited to
seeds (llling er al., 2005; Manfre et al., 2006), the expression of these genes in desiccation

tolerant vegetative tissue is yet to be published. In the model plant Arabidopsis the two LEAIL-
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Em genes, encode for similar protein, the main differences being the number of repeats of the
conserved 20-amino acid motif (ATEM1 having four copies and ATEM6 one copy). They are
however, temporally and spatially expressed differently during embryo maturation. ATEMI
mRNA is mainly expressed in the provascular tissue with the strongest expression in the root tip
whereas ATEM6 expression is essentially in all regions of the embryo with the strongest
expression in the apical meristem and provascular tissue (Vicient ef al., 2000). ATEM] mRNA
is also expressed 2 days prior to the expression of ATEM6 (Bies et al., 1998). Morris ef al.
(1990) has shown that this group of LEAs is induced by osmotic stress in the developing wheat
embryos in culture, while their accumulation is triggered by abscisic acid (Williamson et al.,

1985; Marcotte, 1988).

Messenger RNA and reporter gene expression studies of the two Arabidopsis LEAT-Em genes
have shown that these genes are only expressed during the later stages of seed maturation
(Hughes et al., 1989, 1991; Raynal ef al, 1989). Recently it has been shown using microarray
data from Arabidopsis that both ATEM1 and ATM6 genes are seed specific and have low

expression in vegetative tissue in response to abiotic stress (Illing et al., 2005).

The seed specificity of this group of LEAs makes them an ideal candidate to investigate the
hypothesis, proposed in the introduction, that desiccation tolerance in X. humilis arose through
the activation of seed-specific genes in vegetative tissues in response to water loss. The first step
in testing this hypothesis was cloning the full-length cDNAs for LEA1-Em orthologues from X.
humilis. This was done using 5° and 3’ rapid amplification of cDNA ends (RACE). RACE is a

molecular biology technique used to obtain the full length sequence of an RNA transcript.

2.2 Materials and Method

2.2.1 Plant Material and Growth Conditions

Mature X. humilis plants were collected from Pilanesberg Nature Reserve (North West, South
Africa). They were grown in a mixture of their natural soil and potting soil and were maintained

in the Botany greenhouse with no supplementary lighting. Whole plants of X. humilis were dried
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by withholding water and allowing the plant to dry out naturally. Hydrated tissue samples were
taken at full turgor and dried tissue samples were taken at the relative water content (RWC) less

or equal to 5 %.

2.2.2 RNA Extraction for LEA1-Em isolation

Approximately 100 mg of X. humilis leaf samples, were ground in liquid nitrogen in a motar and
pestle and transferred while frozen to a 2 ml eppendorf tube containing 10 times the volume (1
ml) of TRI REAGENT® (ie: 1 ml per 100 mg of leaf material). Total RNA was isolated from the
tissue using TRI REAGENT® (Molecular Research Centre, USA) according to the
manufacturer’s instructions, with the following amendments. Plant cells were lysed by agitation
(vortex) in 1 ml TRl REAGENT. A high salt precipitation {0.8 M tri-sodium citrate, 1.2 M
NaCl, 50 % (v/v) isopropanol] at -20 °C for an hour was performed in replacement to the
standard 100% isopropanol precipitation, in order to remove polysaccharides. RNA was
resuspended in 20 pl nuclease-free water and stored at -80 °C until analysis and further use. The
concentration of the RNA was determined using the ND-1000 spectrophotometer (NanoDrop
Technologies, USA). RNA samples were run on agarose gels in the presence of formaldehyde
(Merk, USA). Gel pictures were used to confirm the integrity of the RNA. RNA was taken to be
intact if the 28S RNA band was approximately twice the intensity of the 18S RNA band.

2.2.3 cDNA synthesis

The total RNA (5 pg) was heated to 65 °C for 10 min in the presence of 1 pul of 50 uM oligo(dT)
primer, 1 pl of 10 mM dNTP mix, in a final volume of 13 pl with nuclease free water. The
reaction was placed on ice for 2 min, prior to the addition of 4 ul 5X First Strand (FS) buffer
(Invitrogen, USA), 1 ul 0.1 M DTT, 1 pl RNase Inhibitor (Invitrogen, USA) and 1 pl Superscript
RT III (Invitrogen, USA) to give a final volume of 20 pl. Reactions were incubated at 50 °C for

90 min and inactivated at 70 °C for 15 min.

2.2.4 Degenerate Primer Design

The BLAST algorithm (http:/nchi.nlm.nih.gov/hitp:/ncbi.nlm.nih.govt/) was used to search for

LEAI-Em and Em-like gene sequences in the GenBank database. ldentified sequences were
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downloaded to the BioEdit programme and amino acid sequences were aligned by ClustalW.
Twelve LEA1-Em sequences isolated from nine different plant species were used for designing
primers. Conserved domains were identified following the ClustalW alignment, and were used
to design degenerate primers. DNAMAN (version 5.2.10) was used to predict the melting
temperatures (Tm) of the degenerate primers and their specificity and self complementarity. The
primers were synthesised in the Department of Molecular and Cell Biology Oligonucleotide

Synthesis Unit.

2.2.5 Degenerate Primer PCR

All PCR reactions were made up in deionised water in 50 pl volumes containing 1 pl
c¢DNA/genomic DNA template, 1 pl primers (10 mM) and 6 pl MgCl, (25 mM), 2 pl ANTPs (10
mM), 10 ul PCR buffer (10X) and 0.5 pl Supertherm polymerase enzyme (Southern Cross
Biotechnology, South Africa).

The annealing temperatures tested for degenerative primer optimization were 50.6 °C, 52.1 °C,
54.5 °C, 56 °C. The PCR cycles were: 94 °C (3 min), [94 °C 20 sec); 50 °C - 56 °C (40 sec); 72
°C (40 sec)] x 30, 72 °C (1 min). A negative control was included for all reactions. 20 pl of the

PCR product was electrophoresed on agarose gels.

2.2.6 Cloning

All PCR products were cloned into pGEM-T (Promega, USA) prior to sequencing. 20 pl of the
PCR reaction was electrophoresed on a 2 % low melting point agarose gel alongside 100 bp
ladder (Fermentas, USA). Specific bands were selected, cut from the gels under long
wavelength UV light with a sterile blade. The agarose was melted at 70 °C for 10 min and PCR
product purified using the Gel purification kit (Qiagen, USA) as described by the manufacturer.
3 ul of the sample was used for cloning of the fragment into pGEM-T Easy vector (Promega,
USA) as described by the manufacturer. The ligation reactions were used to transform
competent E. coli DH5a cells according to the protocol for transformation for pGEM-T ligation

reactions (Promega, USA). Transformants were plated onto Luria broth (LB) agar plates
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containing 100 pg/ml ampicillin, 10 pg/ml IPTG and 5 pg/ml X-gal and incubated at 37 °C

overnight.

2.2.7 Screening and sequencing

Colonies were picked using a micropipette tip and placed directly into the 20 ul PCR reaction,
containing 1X Taq polymerase Buffer, 1.5 mM MgCl,, 40 uM dNTP mixture (Roche, Germany),
0.2 uM of each primer forward primer T7 (5TAA-TAC-GAC-TCA-CTA-TAG-GG-3’) and
reverse primer SP6 (5'-ATT-TAG-GTG-ACA-CTA-TAG-AA-3") and 0.025 U/ul Supertherm
Taq polymerase. PCR conditions were 94 °C (5 min), [94 °C 40 sec); 52 °C (40 sec); 72 °C (40
sec)] x 30, 72 °C (1 min). No template controls were employed. Aliquots (20 pl) of PCR
reactions were loaded onto a 2 % agarose gel and electrophoresed at 100 V for one hour.
Products were visualized and photographed for future reference. Insert sizes, were estimated

from comparison with the 100 bp DNA marker (Fermentas, USA).

The positive colonies were inoculated into 5 ml Luria broth (LB) with ampicillin and incubated
at 37 °C overnight. The plasmids were isolated from the E. coli DH5a overnight culture using
the High Pure Plasmid Isolation Kit (Roche, Germany) according to the manufactures
instruction. Each pGEMT-Easy plasmid construct was sequenced using the forward primer T7
and reverse primer SP6. The nucleotide sequence of each gene was determined on both forward
and reverse direction where sequencing was successful. Sequence alignments were performed

using DNAMAN software (version 5.2.10).

2.2.8 Design of S’and 3’ Rapid amplification of cDNA ends (RACE) gene specific primer
(GSP)

The sequences from the PCR products were used to design primers for 5° and 3° RACE to

amplify the full-length sequence of LEA-1 ¢cDNAs identified by PCR using degenerate primers.

The melting temperatures (Tm) of the GSP were kept >65°C and determined using the

DNAMAN programme. The GSPs were designed to produce overlapping RACE products.

Primers were also aligned to check for self-complementarity and complementarity to the RACE

kit universal primers. All 5° and 3° RACE primers were synthesised in the Department of
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Molecular and Cell Biology Oligonucleotide Synthesis Unit.

amplification are listed below (Table 2.2).

The primers used for RACE

Table 2.2: List of primers used for 5’ and 3’ RACE PCR
Target Primer Primer Sequence (5°-37) Primer | Primer
Sequence Name Length | Tm*
Sequence 1 3> RACE | XHT2gspl | ggataccaaagaaatgggaagccgegg 27bp 74.9°C
(XHLEA1-1) | PCR
5" RACE | XHT2gsp2 | ggggttccaagetgttcacgtctagtctga 30bp 73.0°C
PCR
Sequence 2 37 RACE | XHMeégspl | ggtgaagctcaagagceaccttgetgaa 27bp 71.4°C
(XHLEA1-2) | PCR
5> RACE | XHM6gsp2 | cgececttgtggeccatttetttg 23bp 72.1°C
PCR
Sequence 3 37 RACE | XHBIlgspl | tagcaagggagggcagacgaggaa 25bp 71.0°C
(XHLEA1-4) | PCR
57 RACE | XHBlgsp2 | gctcctgataceectctgtceccaa 25bp 71.1°C
PCR
XHC00797 3> RACE | XHCgspl gggccccttcttttcectegte 22bp 70°C
PCR
5" RACE | XHCgsp2 gcgatctegtecggagataggtggegt 26bp 71.7°C
PCR

*Tm= thermodynamic melting temperature (°C).

2.2.9 5’and 3’ Rapid Amplification of cDNA Ends (RACE) PCR

Total RNA (1 pg) was mixed in a final volume of 5 pul with 1 pl of 5°CDS (5-

AAGCAGTGGTATCAACGCAGAGTACGCGGG-3") and |

ul of SMART II oligo for

5’CDNA and 3° CDS (5-AAGCAGTGGTATCAACGCAGAGTAC(T)30V N-3") for 3’°cDNA.

The contents were mixed and incubated at 70 °C for 2 minutes. The tubes were then cooled for 2

minutes and the following was added to the total of 10 ul. 2 pl 5X First strand buffer, 1 pl DTT
(20 mM), 1 ul ANTP (10 mM) and 1 pl Powerscript Reverse transcriptase (Clontech, USA). The

mixture was incubated at 42 °C for 1 h, and reaction was made up to 100 pl with Tricine-EDTA

buffer and stopped by heating at 72 °C for 7 minutes.

All PCR reactions were done using the Clontech SMART™ RACE c¢DNA amplification kit

(Clontech, USA). The positive and negative controls, summarised in Table 2.3, were included
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for all RACE PCRs. The positive control used the human placental total RNA as a template, and
the 5'-RACE TFR Primer (10 uM) and 3'-RACE TFR Primer (10 pM) were used for RACE
amplification (Clontech, USA).

Table 2.3: The controls used for 5’ and 3’ RACE PCR.

Tube number 5> RACE | 5°TFR GSP1+2 UPM only | GSP1 only

sample ( PCR + control) | (internal (+ control) | (+ control)

+control)
5’RACE  Ready + + + + +
cDNA (human placental
cDNA)

UPM + + - + -
GSP1 + - + - +
GSP2 - - + - -
Control 5° RACE - + - - -
TFR primer
Master Mix + + + + +

Target cDNA derived from the RT reaction was amplified by PCR using the 5°/3’RACE primer
(Table 2.2) and the Universal primer mix (UPM) (Long (0.4 uM): 5-
CTAATACGACTCACTAT AGGGCAAGCAGTGGTATCAACGCAGAGT-3" and Short (2
uM): 5'-CTAATACGACTCA CTATAGGGC-3"). The primers used for each sequence are
listed in Table 2.2. Target cDNA was combined with 0.2 pmol of each PCR primer, 1X
universal primer mix, 200 pM dNTPs, 1 pl of Tag DNA polymerase in PCR buffer and made up
to the final volume of 50 pl with PCR-Grade water. PCR was 30 cycles of 94 °C for 5 sec, 68
°C for 10 sec, and 72 °C for 2 min, followed by an extension step at 72 °C for 7 min. 1 pg of
cDNA was used for each PCR. The PCR products were excised from a 2 % agarose gel, purified
with a PCR purification kit (Qiagen, USA). All fragments were cloned into pGEM-T Easy

vector and the insert fragments were sequenced.
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2.2.9 Primer Design for cloning of full length Open Reading Frame (ORF) sequences

Primers were designed to amplify and the clone the full length open reading frame of XHLEAT1-
1, XHLEA1-2 and XHLEA1-4. The primers were based on the 3’ and the 5> RACE sequences
of the cloned cDNA. The primers were designed by manual inspection. Primers were then
checked on DNAMAN for self- complementarity, annealing temperature and primer dimer
formation. The primers were synthesised in the Department of Molecular and Cell Biology
Oligonucleotide Synthesis Unit are listed in Table 2.4. For XHLEA1-1 and XHLEA1-4, the
gene specific primers failed to amplify, the forward primer was used together with the Universal
primer mix (UPM) (Long(0.4 uM):5'-CTAATACGACTCACTAT
AGGGCAAGCAGTGGTATCAACGCAGAGT-3' and Short (2 uM): 5—CTAATACGACTCA
CTATAGGGC-3") and the 3° RACE ready cDNA to amplify the full length open reading frame.

Table 2.4: List of primers used for full length amplification of the Open Reading Frame

Target Primer | Primer Name | Sequence (5°-3°) Primer | Primer
Sequence Length | Tm*
Sequence | Full FLXHT2gspl | GCAGCATCCACGCCTGGAG | 22bp 70.6°C
(XHLEAT1-1) | length

PCR AAC
Sequence 2 Full FLXHMé6gspl | GAGAAGCAGCAGCTGAGG | 26bp 65°C
(XHLEA1-2) | length GTTAGTAGT

PCR

Full FLXHMé6gsp2 | TTTATTAACCTAACATAAC | 31bp 62.1°C

length CCTAGCTGATTG

PCR
Sequence 3 Full FLXHBl1gspl | CTCATTGTCATTTTCGTTGT |27 68.6°C
(XHLEAT1-4) | length GAGCAGG

PCR
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2.3 Results

2.3.1 Degenerate Primer Design

LEAI-Em and Em-like sequences were obtained from the GenBank database and aligned in
order to identify conserved domains. The alignments (Figure 2.1) show the conserved sequences
highlighted in blue that occur outside the 20 amino acid motif repeats. The sequences, forward
(TVVPGGQG) and reverse (MGRKGGL) primers are ideal because they are highly conserved, and
not repeated in a single gene. Such primers eliminate the possibility of obtaining multiple PCR
products from a single gene amplification. The details of the primer designed are summarised

below (Table 2.5).

Table 2.5: Degenerate primers used for isolation of LEA1-Em from X. humilis.
Target | Primer | Sequence (5°-37) Length | Tm* Expected
Gene Product
Size
LEA1- | Forward | GACCGTCGT(CG)CC(CA)GGIGGIAC 21 59.9°C | 100-
Em 300bp
Reverse | GGAGXCCXCC(ICT)TTX(CT)GXCCCAT | 22 53.6°C

*Tm= thermodynamic melting temperature (°C).
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Figurc 2.1:  Maltiple sequence alignments of selecied LEAT-Em’s, listed in Table 2.1,
The amine acid seyuences were downloaded onto the BioEdit propramime and alisned wsing Clistalw, The

underlined sequenced present the conservad 20 aming acid domain. The blue highlighied sequences represent the

[orward and reverse primer positions. The direction of the primer is shown by an arrow below the primer region.
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2.3.2 Optimization of degenerative PCR and cloning

A range of annealing temperatures was tested for the optimisation of the PCR. The optimal
annealing temperature was found to be 52 °C (data not shown). The expected product size from
the Arabidopsis ATEM6 cDNA sequence was 138 bp and ATEMI being 315 bp. The PCR
product size of approximately 200 bp was obtained from the PCR using the desiccated leaf tissue
cDNA (Figure 2.2). This size was considered to be within the expected size range. Lane 2 is the
no template control which resulted in no PCR product indicating absence of contaminants in the
PCR reaction. However, positive PCR products, with the product size of about 330 bp, in
negative RT control (Lane 3, Figure 2.2) suggested that there were additional LEA-1 orthologues
in X. humilis that were amplified by a carry-over of genomic DNA in the reaction. Similar sized
PCR products were also present in PCR on c¢cDNA template, and were interpreted as a
consequence of genomic contamination. Lane 6 was a positive control using Arabidopsis
genomic DNA as a template, this was used to confirm the success of the PCR. The possible
reason for the presence of two higher molecular weight bands instead of the expected sizes of,
138 bp and 315 bp, is likely a result of the presence of an intron in the template as genomic DNA
was used as a template in the PCR. The 200 bp band from the PCR on ¢cDNA template from
desiccated leaf tissue (lane 4 and 5) was cloned into pGEM-T Easy vector. Five colonies were
confirmed by colony PCR to contain the insert of the expected size of approximately 200 bp and

one clone was sequenced in both the forward and reverse direction.
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300 by e
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Figure 2.2:  Amplification of LEAL-Em from X, fumifiy cDNA using degencrate primers.

Lane M: Low melecular weight maker, Lang 17 conlains a nesalive conleol (oo lemplade), Fane 20 contains roverse
transcriprion negative control, Lane 3and 4: shows g PCR product oblaioed using ¥ fuomifis desiceated leaf DN A

as lemplate, while Lane 3: contains positive control gsing Arabidopsis genomic DNA as 8 lemplaie,

The results of the sequence isolated from the desiccated leal tissue ¢DNA had an 83 % maximum
identity to the Arabidopsis ATEM| with the E value of 7e-22 and a 75 % maximum identity to
ATEMG with the E value 3e-14. These results contirmed that the isolated sequence was indeed a
LEAI-Em orthologue. 1o check for paralogues of LEA-Em in the genome of X humilis the
same "CIR was done at the same annealing temperature of 32 °C (Figure 2.3) using genomic
DMNA as a template. Lane 3 and 4 PCR had X, hairlis gonomic DNA as a template and resulted
in two strong bands of approximately 250 by and 330 bp. as well as a much fainter band of 280
bp between the two strong bands.  The bands obtained from this POR were also cloned into
PGEM-T Easy vector. the inscrts continmed by colony PCR and scquenced. The size dillerence
in these PCR products could be dee to the ditferent number of the 20 amino acid repeats
assoctaled with this group of LEAs. Lane 2 is the negative control and had no amplification
indicating the absence of non specific amplification while lanc 5 is a positive control using the
Avghtdopsis genomic TINA to confirm the success ol the PCR. The presence of amplitied

praduct contirms that the PCR was suceesslul,
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Xerophyts genomic aeguence 1 1 CGGCGGAALGAGICTCOARGITCALCLACRCCTCICOGAE 40

Yeropkvta oIl saquernce 1 GEGECGGCAAGAGIT T CARCCTCASCAACLOCTC RO TEAR 40

Yeropoyta genori> secuence & 1 GECOGGLERAGCCT? 33

Yeropoyta genowls secuence 3 1 TGGCGGEARAASCCTTCALCCTCAAGAGIACTTTGITRAL 40

Xeropoyta geromix szguence 1 £1 GGETCS gC

Xeropoyra cINA s=guence 21  GGOTOGTRGCALGGGAGGCCAGEL CAGG ARG GARCACC TS EO

Xeopyphiyia UeLumis Seguence 2 40 GOACGGRLGCCGTGGAGETCAGACTAGAL ZT GAACAGITTS =

Xeropialid gerorric szguence 3 11 FELCGGAGCCGCGEAGE T AGAC TAGACGTGRACAGCTIG GO

Xeropayta gercmic s=guence 1 81 EECSOEEERRREE - -~ .- 200G0G 11¢
Xerophyra cINL Sequ=nas Bl BCATHFARFGCTITCAIZAIATIG - ——CORDA-AGG000 11F
Xerophvia geromic segusnce & 50 GRACTGLILGGLTE i15
Xerophys @ geromic ssuence 3 G, GLECTG 20
Xerophyta ganomic sequance 1 127 BEBRCCR 123
Xeropkyvia 20NL segquenzs 117 GCCTICL s
Xerophyta gznonic seqgushce 116 GCCTICA 122
ASLCEAVEE QENODIC SEquence 3 11 [ . oG RIACAGGAL LB
Aercrkvta jJenomic Zeduzazz L 124 123

Aercrkyta 20HL seguence 174 123

Xercrhvta gyznomwic sequeace 2 123 122

Noroplarta yanowie sequeade 3 151 ATCCECCRCARACGLGECCTCCL 183

Figurc 2.4:  Muliiple alignment of the sequences isnlated using degenerate primers,

The highlighted scquences are the forward and reverse GSP for RACLE PCR, The primer positions for RACE PCR

are highlighicd in pink Jor sequenee | red for sequence 2 and hlue for sequence 3,

233 5 and 3' RACFE Cloning

Rapid amplification of c[INA ends {RACL) was used o isolate and clone full length sequences
of all the isolated partial sequences. The RACE PCR was done using ¢lINA isolated from ieaf,
root and seed tissue including all the appropriate controls (Table 2.3).  Although 37 RACE
products were successlully amplificd lor XHLEAL-2 and XHLEAT-S trom root clDNA template
(Figurc 2.5A) a 5° RACE product was only identified for XHLEAF-4 (Figure 2.5B). RACE

products were not amplilied for XHLEA -1 from root cDNA template.

a7
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The mRNA trunseripts for XELEAT-1, XITLEA1-2 and XHLEA -4 were all identified in seed
cDNA by 57 RACE, although the PCR products for 3° RACE were only successlully identified
for XHLEAT-2 and XHLEA! 4 in seed. In leal ¢DNA template 37 RACE product was only
identitied for XHLEA -4 (Figure 2.6).

200 by

Figure 2.5:  Agarose gel analysis of (A) 3’RACE PCR with root ¢DNA as template and
{B) 5 RACE PCR with root cDNA as template

Giel Aand 15 were loaded is a similar patlern, the only dilference was Lane 13, 14 and 15 that used 57 RACE GSP?
(XHT2gsp2, KHMOpsp2, XHB1psp?) respectively, Lame M OFGeneRuler 100 bp DNA ladder. Lane | to Lane 3:
coliaing o aegalive contred (no templatcd for cach primer set Clable 2.2, Lane 4 and 5: comains RACE PCR
positive contrel using Lhe human placental ¢DNA with TFR primers (Clontechy. |ane & contains the UPM primer
acgative control {no GSPE Lane 7 fo 0 shows GSP negative control (oo UPM). Lane 10-12 contains the GSI?
puosilive control usimg both 3'and 3*RACE GS1P primers. Lane 13 10 13 are the positive 3° RACE PCR. preduocts i,
Lanc 13 using the primers (XH T22sp1 1 LIPMVL Lane 14 (XHMG2sp 1 -TIPA) and Lane 15 {XHB 1aspl-TIFY)
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Figure 260 Agarosc gel analysis of RACE-PCR praducts from leaf and seed ¢DNA
template.

Lane 3 (X GeneRuler 100 hp DA fadder. Lanc | to |ane 32 shopws the 3 RACE POR product from sead cD™NA
using KHT2gspl. XHMbgspl and XHBEgspl respectively. Lanc 4 10 Lane 6; containg the 3° RACE PCR producl
from leaf clINA using X1 2gspl, XHMébespl and X1 i3 1gspl respectively. Lane 7 to Lane & shows the 37 RACE
PCR product from sced oDNA using XH 1 2gsp2, KHMGpsp2 and XHB Lgsp? respectively. Luane [0 to Lane 12:
shows lhe 37 RACE PCR product from Teaf ¢ DONA wsing XHT2psp2, XHMOesp2 and XHE | gsp2 respectively.

A partial sequence of a LEAT-Em orthologue (X1C00797) was identified in a cDNA library
used in a concurrent microarray study on X Aumiflis {(1lling and Shen, personal communication),
This clone was derived from a ¢DNA library, and thus contained the full-length 37 sequence
{Figure 2.7), The partial sequence was used o desisn a primer (Figure 2.7} lor 57 RACE 1o
1solate and clone full length sequence of XHCODT7YT using ¢cDNA isolated from leaf, root and
seed lissue.

The mBNA transcript were identificd 1n all three tissue, seed. root and leat (Fizune 2.8), however

sequencing results were only suceesstul lor the root and seed sequence al this point.
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GUACGAGGSEGEC SAGGEASRSECGACACCETCGTCOCC GECECECACAGEC SEALAL
AGCCTOGAAGOTCARAGAACACITCCOTGAUGCAC CCAGICETCCAC GOCAGITCT
GCAGGEATCAGC THRCGEATC AGARCCETACASTEAGC TTGGICOCATGOECGEACA
CACCGCCCGUTCCTATTCCGAT ZAGATECCC ACAGRC GHGET GITHEGGRUGEAT
CTCCEAGCGLEECACACCGTCCTACC TEGACGOGOCGOUCEEAAGAC I'C T ' GAAG
COCAAGAGAATC UG CAGAGGTCTGCTAGAT T GUTCTTATC TGT TACCTAC A
ATCTTTTCATCCACTCAAT AN TCTTCATTACCACAATTGZARTGEATGARGGAT
GEACATGLGGOGEEERGAC GOGCAGCGAGCAGE TCGGAATC CGARAGG T ACAGTGE
ACTCGHOTIHTAC ACGRGCAAGUAGCTERACGCCACCTATC TCC GACGAGATCGUT
CEAGAGTTGARACACGTAT TATACGGAT CTACCGCTGTAACGA IGAATATATACT
AlIATAAGTATHETEAACGTARTGIETTTTTARGCGTTCTHETCT IGETGTEECCET T
TCTACGTACGATETTTTETGC U TG TTTC T GTGTETGEARTAANT TARARGTA

Figurc 2.7:  Partial sequence of X1ICOBTY9T gene identified from microarray study on
X hrumily

I he STRACE primer sequence is shown i a red font, The solid arow below the primer shows it direction.

600 hp

Figure 2.8: 'Fhe 5° RACE amplification of XHCH797 gene from leaf, root and seed
cDNA.

[Lane 1t (P Cenallaler TH) bp 130 & ladder, Lane 1 and Lape 23 contaims a pegative control 4 no remplate), Lane 3 160
5 showys g PCR product oblained frony leal, coot and seed ol A respectively. The sequence fir G317 used for this

reaction is X110 gsp,
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The sequencing results from the 5° RACE amplification indicated that the sequence ampliliad
during the full length amplification was different from the ornegimal XHCODT9T partial sequence.
even though there was high similarity. The 3'RACE amplification was done w0 compare the
FUTR regions of all the sequences, The primer for the 3’RACH (highlighted in blue in Figure
2007 was designed W amplify an amplicon including the open reading frame (ORF) and the
F'UTR (Figure 2.9). The resulling sequenges trom the 3UTR showed that the 3°UTR region
was conserved inoall the sequences.  However. (he sequence infommation revealed that
XHCM0797 isolated from leat had a different repeat pattern to XHCOO797 isolated from root
and seed. hence the renaming of the sequencing, XTCOO0797a tor the seed and root sequence and

NHCHTITh tor the Teal scquence,

M | 2

LF]
N
n

Figurc 2.9 : The 3" RACE amplification of XHCMTIT gene trom Ieaf, root and secd
cDNA

Lane M: O CGencRuler 100 bp DNA ladder. Lanc | contains a noeative comtrol {no template), Lane 2 to 4: shoaws a
PCR product obtained from leal, root and sead ¢cDNA respectively, The sequence for GEP used for this reaction is
KHCzspt.

All fragments were cloned into pGEM-T Lasy vector and the insert fragments were sequenced.
The sequence information was obtaimcd by seguencing in buth the forward and ceverse dircction.
The resulting sequence is summarizcd in Table 2.6 with relerence to the tssue rom which it was

Isolated,

3l
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Figure 2.10: - Alignment of XHCO0797 partial sequence with 3’RACE PCR products

Thee prosition ol Lhe 3° RACE and 37 RACE prime

re highlighted in red and hlue respectively. 1 he primer ditection

is indicated by amows below the primer seguences.
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Table 2.6: Summary of RACE PCR sequencing results.

Tissue Type |5’ RACE | 3’RACE sequence
sequence
XHLEA1-1 Seed v
Root
Leaf
XHLEAI1-2 Seed v 4
Root v
Leaf
XHLEA1-4 Seed v v
Root v v
Leaf v
XHC00797 Seed v v
Root v
Leaf v v

* the tick indicate successful cloning and sequencing from the specific tissue and the cross indicatesunsuccessful
cloning

2.3.4 XHLEAI1-1 Sequence

The initial RACE PCR for cloning XHLEAT1-1 resulted in a single sequence from the S’RACE
using seed cDNA. The sequence from the S’RACE was used to design primers to amplify the
full length sequence and the 3’UTR region. The mRNA transcripts for the full length 3’RACE
PCR was only identified from seed cDNA (Figure 2.11). The sequence had one 20 amino acid
motif repeat used to classify the group 1 LEAs (Figure 2.12). The coding region encodes a
polypeptide of 92 amino acids with a predicted molecular of 9.91 kDa and a predicted pl of 5.67
(DNAMAN).
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60( b

Figure 2.11:  Cloning of XHLEAI-1 full length open reading frame (ORF) sequence using
3" RACE ready cDNA.

Lane b O°GeneRuoler L0 bp 13NA ladder. Lang 13 shows @ posilive control using the human placental cDNA
while Lune 2 contuins a ocgative control (no template), Lane 3 to 5 shows a XHLEA -1 full length ORF PCR

product obicained Lrom leal) rool and seed clINA respectively.
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Figure 2,12: Primary strecture of the full lenpth XTILEAL-1 gene,
Fhe key amine acid motif prescot in XHLEA |- 2ene topether with ils sequense are shown in the schematic above,

The CGRF is hizhlighred in arey with the putative start and stop codon.
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2,34 XHLEAI-2 Sequenee

XHLEAT-2 ORF full length sequence was isolated, using two GSP, from both seed and root
tissug (Figure 2.13). The sequence has two of the 20 amino acid motif repeats used to classity
the group | LEAS (Figure 2,143 The coding region encodes a polypeptide of 112 amine acids
with a predicted molecular of 12.01 KDa and a predicted pl of 5.03 (DNAMAN).

300 bp

Figure 2.13: Cloning of XHLEAL-2 full length sequences wsing gene specific primers
FLXHMé6gspl and FLXHM6gspl (Table 2.4).

lane b CFGeneBuder 100 bp DNA ladder, Lane 1: contains a negative control (oo templateh. Lane 3 1o 5: shows a
KHLEA 12 full length ORF PCR product obtained from leal, root angd seed cTIN A respectivaly,
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61 TETGTTAALARGTGTCHCATTATCC AR MAARRADARAAADALAARL S DAL LS

Figure 2.14: Primary structure of the full length XHLEA -2 gzenc.
The key aming acid motif present in XHLEAT-2 zene topether with ils segquence are shown in (he schématic above,
The ORI is highlizhied in grey wilk the pulative start and stop codon presented i red and the 20 aming acid motif

is repeated four times which is highlizhied in yellow and underlined.
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235 XHLEA1-4 Sequence

For XHLEAT-4, 37 RACE sequences were 1solated from all three plant tissees: leal, seed and
root. The 57 RACE scquences were identilied rom seed and root Ussue. However, the mRNA
for the igolation ot the full length ORFE was identified tfrom root and seed tissue (IFigure 2.15).
I'he combined sequence gives a full length cDNA sequence of 841 bp (Fiaure 2.16), The
sequence has four of the 20 amino acid motif repeated in tandem (Figure 2.16). The coding
region cneodes a polvpepude of 132 amino acids with a predicted molecular of 16,58 k1Ja and a

predicted pl of 5,75 {DNAMAN),

Figure L15:  Cloning of XHLEA1-4 full length ORF sequence using 3 RACE ready ¢DNA
amd the FLXHB1gspl primer.

Lane M: OFGeneHuler |00 bp DA fadder. Lune I oshows o positve control wsing the buman plzcentad <ONA
while Lanc 2: _contains a negative conerol (no template). Lane 3 10 3: shows a XHLEAI-4 fulf length ORF PCR

product obtained from leaf ool and sced cDNA respectively
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Figure 2.16:  Primary structure of the full length XHLEA1-4 gene.
The key aming acid monf peesent in X1 ILEA -4 gene wgether with ils sequence are shown in the schematic uhoye,
The QRET 15 hizhlighted in grey wilh the putative start and stop codon presented i ored and the 20 amine acid mouf

is repeated four times which is highlighied in yellow and wnderlined.
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2.3.6 XHCIN797a Sequenee

XHCON797a full length sequence. was isolated from both seed and root tissue, The 20 amino
acid motif (indicated in grey in Figure 2.1 7 used o classily the group | LEAS is repeated twice
i this sequence, There 1s an atvpical repeat pattern in this sequence. as another amino acid
motil is present. The sceond amino acid repeat of 26 amino acids (indicated in red in Figure
217y is also repeated twice in the sequence. The coding region encodes a polypeptide of 136
amine acids with a predicted molecular weight of [13.7] kDa and a predicted pl ol 5.1
(IPNAMAN), The combined sequenee gives a full-length ¢cDNA sequence of 681 bp (Figure
2.18).

1 2 122 1499 250 33 0 473 424 BEC
ELUTE 20 aa mokif 20 an mofif JUTR I Poty Atan 1

Wit 7 Mot 2

taa s L

]
I~

mo>T1lt

Figure 2.17: (A} Primary structure of the full length XHCO09794, and (B) amino acid
sequence alignment of the two motifs,

Ihe typical 2tk aming acid motil of LEA1-EM proup s highlighied in grev. The amine acid modifhighlighted in red
indicales 4 unigue motif dor this group of LEAs. The sequence of the unique motil 15 boxed in panel B, The

conserved aming acid amony the two modifs is highlighied in pink.
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Jal CORGARGAGTGTTGAANCTCAAGAGALT J TCGLCGRAGGRACE T AGLCGCGGTGGGRAGLC
421 FUGCAAAGAGCAGC TTOGTRCCGRA GG TACAGTGCAC TCGEZ D0 ACGEEEGEALGTLG
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451 TG A A A TATC TG A G A F AT OGO CGGA ARG TTGAGACACGTATTATGOG AT
=

5491 T A T T R AT A ATAT AT T FATATEAGT AT TALAS T TAG TG TG T T TTAGSCG

501 TTCTGTCTTG TG TG G TCGTTTC TACGTACGACS TTTTGTAC TTTACTTTE TC TGTG TGS

561 ARTRALATTAAAAGCATATTACARAARARLAARAL ARARAADAALI DAL

Figure 2.18: Primary sequence of the full length XHCO0T9Ta gene.
The key amine acid motif prescor in XHODTSTa wene wpether with ils sequetice are shown above. The ORF s
highlighted in grev. The twio motifs (Figure 2,150 are highlighted in red and vetlow. The typical 20 amino acid

mutifof the LEAT-Em group is highlighted in yellow and undertined.

237 XHCO0797h Scquence

The XHCOGT797h Tull length sequence was isolated from leat tissue. The 20 amino acid mout
repeat used 1o classify the group | LEAs is only present onee in the sequence. However, the 23
amine acds motit (GETVVPGGTGOKSLEAQEHLADG) is repeated twice in the sequence.
The combined sequence gives a full-length cDNA sequence of 705bp (Figure 2.19), The coding
region cncades g polypeptide of 119 amino acids with a predicted motecular of 12,02 kDa and a

predicted pl of 4.43 (IDNAMAN).
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Figure 2.19: Primary striccture of the full length XHCH797b gene.
‘the kev amino acid molifs present i XHCOOTYTh pene {ovether with i sequence are shown in the schomatic
abowe. The ORF is highlighted in grey with the putative start and stop codon presented i red, The 20 amine acid

mdid 1y repeated fowr times and is highlightad in vellos, The newly identified motif is highlighted in red,
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2.4 Discussion

The five cDNA clones of LEA [-Em were obtained using degencrate and RACE PCR. These
clones were between 625 and 8635 base pairs, with a 67 — 97 %o identity with each other (Figure
2.20% The clones represented four paralogues of LEAL-Em genes present in X Juanilis. Al
isolated sequences possess the conserved 20 amino acid motif that is characteristic of group |

1 EAS,

2.4.1 Secquence Analysis

BLAST results showed a percentage similarity of 56 and 77 % between LEA] genes isolated
from X Awmilis and those from Arabidopsis, However, multiple sequence alignment (Figure
221} revealed the diffcrence in the pattern of the repeated amino acid motill [t was concluded
that XHLEA1-1.2 and 4 can be grouped 1ogether as they only have the 20 amino acid motit
{highlighted in grev and underlined in Figure 2.21) typically associated with the LEAI-Em
group. However, XHCO0797a and XHCO0797b, have an additional amino acid repeal sequence
{highlighted in red in Figure 2.21). which is unigue for this group. The repeat is 26 amina acids
long in XHUD0797a and 23 amine actds long in XHCO00797b, The overall sequence similarity

between Lhe two transeripts is very high. (Figures 2.20and 2.21).

PG 95% 9Re 830 K% 75% 7(P4 6%
| | | i | | | | {

XHLEA -l =— o

XHIFA -2 — 4%

AHLEA 1-4 7%

XICOO797a

| 9] %

AHCOO79Th

Figure 2200 Sequenee homology free of LEAL-Em sequences from X, frmilis.
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XHLEAI-1. 2 and 4 are very similar to the Arabidopsis LEAL-Em orthologues, Their sequences
are highly conserved. similar w the Arabidopsis LEA LS containing one (ATEM6) and lour
{ATEMI} repeats of the 20 amino acid motif repeat. A blast sgarch of sequences in the GenlBank
database identified other dicots with similar sequences.  For example the dicat Robinia
pseucdoacacia, commonly known as the black locust. two LEAT-Em cantaining one and twa aof
the 20 amino acld motf repeats respectively. All the other LEA s on GenBank ineluding the

ones in listed in Table 2.1 are highly conserved.

10 i) 30 40 o oa

s limat b ey el tisnn sows Toard wIN ek e b
XHLEAL-1 MASE EKAELD UKARE L ETWVE 0T KSLEA) UHLAE | lsmuqmmgm:mm:ms
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FHCOOTAN HMLSADERIELDERARE G MQT*I}EE&‘ISEPG
To B0 S0 104 i1ad 120
IR Y AU L (U, " JRN (S | (N I [
IHLEA1-1 EE
YHL.EA1-2 SRGCQTTREQLGTERY
XHLEAI-4 m;mmmﬂwgﬁﬁam GERGYSEIGHKS 11} G
FHCODTI7a EMGGRSCCEYSDETATL CVLLEPDLE
KHCANTYTh EI:‘.I:I:]';l:-f-S‘EEDE'IJL'I'Dr-‘ﬂ.'?PNJ LRLLLSWTYE+
130 110 L50
acwnei |l aathon | o vaihemage | e |
EHLEA1-1 [ |;L5TGEEE.LI:EEAEREL.=IHIDE E.-IEK'IKS*
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XHLEAL-4 REo AL = TKUF S L ERAARE | TE IDE SKXK T 7w
FHCODTS7a L P SAL GET S5k
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Figure 2.21:  Aligament of the five LEAL-Em amino acitl sequences isolated from X
framils.

The amino acids highlighted in grey are the typical 20 aming acid motif associated with LEA T-Fm graup while the

redd highlighted sequence s the newly identificd motif,

XHC00797a and XHCOUGT97b clones are different from any other LIEAT geng in GenBank. This
sequence is classified logether with the LLEAT as it possesses the 20 amino acid motif

characteristic of the LEA [-Em group (highlizhted in grey in Figure 2.21) but it also contains an
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additional repeated sequence which has not been identified before. No similar repeat structure
has been identified from the monocot rice, as well as the dicot Arabidopsis genome. Both these

clone are most likely a result of alternative splicing of the gene.

2.4.2 Alternative splicing of mRNA transcript XHC00797a and XHC00797b

Alternative splicing is less documented in plants as opposed to mammals. The result of
alternative splicing is that diverse forms of mRNA and translation products can be a product of
one gene. It can be constitutive or under different developmental stages, cell differentiation and
physiological conditions. Recently, bioinformatics has also suggested that approximately 4 % of
barley genes (Zhang et al., 2004), 11 % of Arabidopsis (lida et al., 2004) and 10 % of rice genes
(Kikuchi et al., 2003) undergo alternative splicing. It is then possible that XHC00797a and
XHCO00797b are the product of alternative splicing of the same primary gene transcript.

The alternative splicing of XHC00797 seems at this point to be tissue specific as XHC00797a
was isolated from seed and root while XHC00797b was isolated from leaf. Factors that have
been noted to affect alternative splicing in plants include cell cycle, various tissue developmental
stages, cultivars and pathways of carbon assimilation. However, it must be noted that some
alternative splicing are constitutive with similar ratios of variant mRNA in different cells,
whereas others are alternatively spliced dependent on tissue and developmental stages (Gue et
al., 2007). It is also possible that the cell type and age can affect the splice site selection and the
relative concentration of the mRNA transcript in different tissues and developmental stages

(Zhang et al., 2003).

Alternative splicing also contributes to genome complexity and protein diversity since one gene
can produce several proteins which are structurally and/or functionally different or identical, or
inter-inhibiting. This could be beneficial to the vegetative tissue of resurrection as the plants is

continuously adapting to various degrees of water availability.

Alternative splicing has also been demonstrated to regulate the sublocalisation of a protein

within an organelle. This has been demonstrated by de la Fuente van Bentem et al., 2003 on
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tomato’s LePP5 gene which after splicing produces a 55 kDA LEPPS which is localized in both
the nucleus and the cytoplasm, while the 62 kDa isoform is targeted to the endoplasmic
reticulum, including the nuclear envelope. Localisation of the LEA1-Em proteins in desiccated
tissue will lead to some indication whether this is the case with the XHC00797a and

XHC00797b transcripts.

Connections have been found between alternative splicing and some human diseases (Caceres
and Kornblihtt, 2002), but whether alternate splicing of mRNA contributes to some abnormal

phenotype or susceptibility of plants is still unknown (Gue et al., 2007).

2.5 Conclusion

Following the completion of the isolation and cloning of the LEA1-Em from X. humilis, research
focus was shifted to the expression of LEA1-Em in vegetative tissue in response to dehydration.
Messenger RNA expression analysis of the five isolated LEA1-Em genes, was done to further
characterize the LEA1-Em in vegetative tissue. From the cloning study, the mRNA transcripts
were detected in seed as well as vegetative tissue either root or leaf for all clones. To elucidate
whether the LEA1-Em expression is responding to dehydration, RT-PCR experiments were done

and are discussed in the subsequent chapter.
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3 Changes in mRNA transcript abundance of X. humilis LEA1-Em

during dehydration and rehydration

3.1 Introduction

The real-time reverse transcription polymerase reaction (RT-qPCR) is a very sensitive technique
that is used to quantify mRNA transcript abundance from very small amounts of RNA even at
the level of the content of a single cell (Freeman et al., 1999). Nolan et al. (2006) summarises
RT-qPCR as a combination of three steps: (i) the reverse transcriptase (RT) - dependent
conversion of RNA into DNA, (ii) the amplification of the cDNA using PCR and (iii) the
detection and quantification of amplified products in real time. This technique combines the
amplification and detection steps of the PCR reaction in one tube by using fluorescent reporter
dyes. For each PCR cycle the assay measures the increase in fluorescent signal which is
proportional to the amount of DNA produced in that cycle. The reactions are characterised by
the threshold cycle (Ct), which is the PCR cycle at which fluorescence first rises above a defined
or threshold background fluorescence. It is the correlation between the fluorescence and the
amount of amplified product that allows for accurate quantification of target molecules, while

retaining the sensitivity and specificity of conventional PCR assays (Nolan et al., 2006).

There are however some considerations to be made in order to get quantitative data that is
reliable and reproducible. The main things to consider are (i) the quality and accurate
measurement of the starting RNA material and starting cDNA concentrations (ii) the presence of
inhibitory components in the samples (iii) the reverse transcriptase reaction and the priming of

the cDNA and finally (iv) the proper optimisation of the PCR.

3.1.1 Quality and measurement of the RNA and starting cDNA

RNA is rapidly digested by ubiquitous RNase enzymes, resulting in shorter fragments of RNA
which can potentially compromise RT-PCR results. RNA integrity has been previously evaluated
by using agarose gel electrophoresis stained with ethidium bromide, which produces a

characteristic banding pattern (Sambrook et al., 1989).
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The banding pattern usually comprises of a 28S, 18S. RNA is interpreted to be of good quality
when the 28S: 18S band ratio is 2:1. The limitation of this approach is its subjectivity as it relies

on human interpretation of relative intensities from photographs on RNA gels.

An alternative approach is now available which uses the Agilent 2100 bioanalyser for the
separation of RNA samples. The instrument is a bioanalytical device using microfluidics
technology that provides electrophoretic separations in an automated and reproducible manner
(Mueller ef al., 2000). Using a system like the bioanalyser allows RNA samples of different
quality to be distinguishable by examining electrophoretic traces and assigning integrity values
or integrity categories (Imbeaud et al,, 2005). The bioanalyser fulfils an important need for a
reliable, reproducible, and standardised approach to classify the quality of RNA samples,
because of the critical influence RNA integrity has on RT-PCR. The discrepancies that arise
during cDNA synthesis also need to be considered. The ideal situation is when the cDNA
synthesis is done in a single batch to avoid any potential variability caused by differences in the
efficiency of target and reference gene transcription (Whelan et al., 2003), as was the case in this

study.

3.1.2 Inhibitory components

Inhibitory components can negatively affect the sensitivity and kinetics of the RT-PCR
(Radstrom et al., 2004; Guy et al., 2003). The inhibitors can possibly be traces of reagents that
are used during nucleic acid extraction or co-purified components from the biological sample
like polyphenolics in plant tissues or bile and urea in animal tissues. Inhibitors can lead to
inaccurate results of RT-PCR or create a false negative (Nolan et al., 2006).

If the PCR is to be used for quantitative purposes the presence of inhibitors in the test sample
may lead to the underestimation of mRNA in the test sample, especially in cases where the
standard curve is not generated with the same sample (Nolan er al., 2006). The assessment of
inhibitors in a sample can be assessed by a serial dilution of the sample and then comparing the
PCR efficiency (Stahlberg et al.,, 2003). Alternatively, one can use mathematical algorithms that
can provide PCR efficiency (Tichopad ef al., 2003; Liu e al, 2002). Yet, another way to detect
inhibitors and also indicate template loss during the processing is to use internal amplification

controls (IAC) that co-purify and co-amplify with the target nucleic acid (Pasloske ef al., 1998).
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3.1.3 The reverse transcriptase reaction

The efficiency of the reverse transcription directly affects the accuracy of RT-PCR. The
efficiency depends on the target and the choice of reverse transcriptase. For comparative
purposes it is important to use the same enzyme and priming strategy (Stahlberg et al., 2004).
Both oligo-dT and random priming allow a representative pool of cDNA to be produced during a
single reaction (Nolan et al., 2006). However it has been shown that in priming using random
hexamer primers, not all targets in the sample are efficiently transcribed and there is no linear
correlation between input target and cDNA yield when specific targets are measured (Buston and
Nolan, 2004; Lacey et al., 2005). Alternatively, oligo-dT priming should be used on intact RNA,

with polyA sequences, to enable a more representative transcription of cDNA.

3.1.4 Optimising the PCR reaction

The different primer sequences and concentration will affect the binding of the primer to the
target DNA. It is therefore very important to use primers at a concentration that results in
optimal hybridisation and priming.  Accurate identification of amplified products and
distinguishing them from primer dimers can be accurately done by first checking results of PCR
reaction on an agarose gel, and subsequently by checking the melting curve of the real-time PCR
reaction. The temperature where half of the DNA helical structure is lost is called the melting
temperature (Tm). It depends on the size and nucleotide composition. The use of fluorescent
dye allows for the calculation (-dF/dT) of the melt curve. These peaks are equivalent to the
bands on the electrophoresis gel (Nolan et al., 2006). Longer target amplicon products will melt

at a higher temperature than shorter primer dimers.

3.1.5 Normalisation of gene expression

To correct for sample-to-sample variation, measurements of mRNA transcript abundance must
be normalised. Starting material will usually differ in tissue mass or cell number, RNA integrity
or quantity or experimental treatment. As a result, real time PCR results are usually normalised
against a control gene. The mRNA transcript abundance of the ideal control gene should be

unchanged throughout the different experimental conditions.
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Housekeeping genes are traditionally used as controls in gene expression, as they are thought to
have stable expression. It is however necessary to validate the stability of a housekeeping gene
in the experimental conditions. Ribosomal RNA (rRNA) can sometimes be used as
housekeeping genes, the main limitation being that rRNAs are transcribed with a different
polymerase than mRNA, so this might introduce variability as changes in polymerase activity
may not affect both types of RNA expression equally (Spanakis, 1993). Total RNA
concentration can be use to normalise gene expression. There are however problems associated
with this approach as it does not correct for differences in RNA quality and reverse transcriptase

efficiency. Normalisation is also dependent on the accuracy of the RNA quantification.

Real-time PCR was used to quantify changes in mRNA transcript abundance of X. humilis LEA1
genes. The above conditions were considered when designing the RT-PCR experiment. To
ensure the quality and quantification of the starting RNA the Bionalyser was used in addition to
the denaturing gel analysis. The RNA from all the biological samples were pooled for the
reference sample, and this sample was used to generate the standard curve to minimise variation
that might be due to the presence of any inhibitory components from the extraction method. The
reverse transcription reaction was standardised for all reactions. This was accomplished by using
the same reverse transcriptase enzyme and priming with oligo dT primers to allow for
transcription of a representative pool of cDNA. Furthermore, sample-to-sample variation of
mRNA transcript abundance was normalised using a housekeeping gene, R1, that has been
previously shown to be relatively unchanged throughout the dehydration and rehydration cycle

of X. humilis (Walford, unpublished data).

3.2 Materials and Methods

3.2.1 Plant material and growth conditions

Mature X. humilis plants were collected and grown as described in Chapter 2. Prior to abiotic
stress treatment and sampling, the plants were equilibrated to the growth room conditions room

[16 hr light (350 pmol.m”.s™"); 8 hr dark) for two weeks.
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3.2.2 Abiotic treatment of plants

The experiment was conducted on 3 trays (60 cm X 30 cm) of plants, each containing 15 - 25
plants, sampled randomly. Twenty leaves were collected at the same time everyday for two
weeks until plants were fully dehydrated (~5 % RWC). For rehydration, the same number of
leaves was sampled every six hours until the plant was fully hydrated (~100 % RWC). Leaf
samples were prepared by splitting individual leaves in half down the midrib, the one half being
used to determine the RWC while the other half for RNA extraction was wrapped in aluminium
foil, and quickly frozen in liquid nitrogen. RWC was determined using the formula: RWC=
[Absolute water content/ absolute water content at full turgor] x 100 %. The absolute water
content was calculated using the formula: Absolute water content = [(FW-DW)/DW] where FW
is the fresh weight and DW is the dry weight.

The leaf sample in liquid nitrogen was stored at -80 °C until RNA extractions were performed.
This method allows for accurate measurement of RWC for each leaf sample. Leaf samples were
collected at full turgor and were pooled into the following ranges thereafter 80 %, 60 %, 40 - 45
%, 10 - 15 %, 5 %, according to the measurements of individual RWCs. Rehydration samples
were pooled together at the following RWC 25 — 35 %, 40 % and 100 %. Root samples were
sampled at full turgor and when fully desiccated, 5 % RWC.

3.2.3 RNA Extraction, RNA quantification and reverse transcription

Total RNA was extracted from three half leaves (approximately 100 mg) of plant material using
TRI-REAGENT as described in Chapter 2, section 2.2.3. The same mass of seed and root tissue
was used for RNA extraction. The concentration and integrity of RNA was analysed using the
Agilent 2100 bioanalyser (Agilent Technologies, USA). To remove contaminating DNA, the
RNA was treated with DNase 1 (Ambion, USA). 2.5 pg of total RNA was incubated at 37 °C for
one hour in the presence of 4 ul of DNasel buffer, 4 U of DNasel and 0,5 ul of RNase inhibitor
in a total volume of 20 pl. The DNasel enzyme was inactivated by incubating the sample at

75°C for 10 minutes.
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For first strand cDNA synthesis, the 20 pl reaction from the DNasel treatment was incubated
overnight at 50 °C in the presence of 1 pl of 50 uM oligo(dT) primer, 2 ul of 10 mM dNTP mix,
8 ul 5XFirst Strand (FS) Buffer, 2 pl of 0.1 M DTT, 1 pl of RNAse inhibitor (Invitrogen, USA),
and 1 ul Superscript RT III (Invitrogen, USA). The cDNA synthesis reaction was inactivated by

incubation at 70 °C for 15 min.

3.2.4 Primer design, primer concentration optimisation

All the primers used for SYBR real-time RT-PCR are listed in Table 3.1. The LEA! primers
were based on the 3° UTR sequence of the cloned cDNA of LEA1-Em genes to minimize cross-
complementarity between the LEA1 genes. The primers were designed using manual inspection.
Primers were also aligned using DNAMAN to check for self - complementarity and primer
dimer formation and sequence specificity. The primers were synthesised in the Department of

Molecular and Cell Biology Oligonucleotide Synthesis Unit.

The R1 gene encoding for a X. humilis secretory carrier membrane protein, was used as a
constitutively expressed control gene to normalize starting cDNA template concentrations,
Primers for the R1 gene were provided by Sally-Ann Walford (personal communication) and are

listed in Table 3.1.

Table 3.1:  Primer sequences for real-time PCR

Gene Primer Sequences (5'- 37)

R1 (housekeeping gene) 5" CCATGTACGCGATGCTTCTA 37 F
5" AGCGTGTGTAAAGTCATCCTG 3’ R

XHLEA1-1 5" GGAATCAGCTAGGGTTATGTTAGGT 3’ F
5" TAGAGAACACCAGACCAACCATT 3’ R

XHLEAL1-2 5" GCGATTTAGGTTGATGTACTGGTAGT 3’ F
5" GGGTTTAACATATTAAGAAGTGGTTAACAA | R
3 14

XHLEA1-4 5" GCTTGCGACGTTCTTAGTTCGT 3' R
5" GATAAACAACTTCAAGACACAAACCT 37 R

XHCO00797 5" CGGATCTACCGCTGTAACGAT3' F
5" GGGTACTTTTAATTTATTCCACACAG3' R
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3.2.5 Real-time (RT)-PCR

Quantification of mRNA transcript abundance was measured by real time PCR, using a Corbett
Rotor Gene 6000 real time rotary analyser (Corbett, Australia). Detection of real-time RT-PCR
products was done by using the SYBR®Green SensiMix kit (Celtic Molecular Diagnositcs, South
Africa). The total volume of the PCR reaction was 25 pl, containing 5 pl cDNA template, 1 pl
primers (10 pM), 12.5 ul 2X SensiMix, 0.5 ul 50X syber green and 5 ul deionised water. PCR
cycling conditions comprised an initial cycle at 95 °C for 10 min, followed by 40 cycles at 95 °C
for 10 s, 60 °C for 15 sec and 72 °C for 20 sec. Three technical repeats were performed for each
biological sample. At the end of each PCR run, a melting curve was generated to identify non
specific PCR products and primer-dimers. Specific PCR products can be discriminated from
these potential artefacts by using melting curve analysis, in which the Tm of the product is

determined and results in a single fluorescent peak.

3.2.6 Optimisation of RT-PCR

The PCR conditions and specificity was initially tested with the conventional PCR assay. The
reference cDNA was obtained by pooling all biological samples. Both the reference ¢cDNA and
cDNA from seed were used to first check the PCR reactions. The reference ¢cDNA was later
used to construct the standard curve. Primer concentration of target and reference gene was
determined using serial dilutions of pooled cDNA as template. The optimal concentration used

was 400 nM. The MgCl, final concentration was 3 mM.

3.2.7 Data analysis

To calculate the relative abundance of cDNA of the LEAI-Em genes the standard curve was
constructed with the reference cDNA pool. Four dilutions (concentrated, 1:5, 1:20, 1:50) , each
represented by three technical replicates, were used to construct the standard curve. The data
was analysed with the Rotor Gene version 6.0 (Corbet Research) software. The threshold cycle
(Ct) values of the triplicate PCRs were averaged and used for quantification of transcripts. The
transcript levels of the target genes were normalised against a housekeeping gene, secretory

carrier membrane protein gene (R1), transcript levels.
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3.3 Results

3.3.1 RNA integrity

The quality of RNA that was used for cDNA synthesis for quantitative RT-PCR was checked
using both denaturing agarose gels (data not shown) and the Agilent 2100 Bioanalyser.
Electrophorograms showed good RNA integrity with clear 28S and 18S rRNA peaks (Figure 3.1
and Figure 3.2) and the Bioanalyser RIN values were between 7.1 and 8.4 with the exception of

the seed RNA of 6.1 confirming good RNA quality (Table 3.2).

Biocompare product literature (http://www.biocompare.com/techart.asp?id=1522) on the

interpretation of RIN values suggests that RNA samples with RIN between 7 and 10 are the
highest quality and can be used for all types of experiments whereas samples with the RIN
values between 5 and 7 can still be used for many other types of experiments, such as PCR.
Several RNA samples extracted from seed were analysed, and the best RIN value of 6.1 was
used as this was deemed still suitable to use for gene expression profiling. The same author from
Biocompare, James F. Eliason, further suggests that the RIN values below 5 can still be used for
some gene expression profiling techniques for example, PCR using short amplicons of 100 bp of

which the amplicon size for this study was in the same range.

Table 3.2: RNA samples with their RNA Intergrity numbers (RIN)

Tissue type RWC RNA Integrity number (RIN)
Root 95 - 100 % 8.4
Root 5% 8.4
Seed Mature seed 6.1
Leaf 100 % 8.1
Leaf 80 % 7.4
Leaf 60 % 7.7
Leaf 40-45% 7.9
Leaf 10-15% 7.2
Leaf 5% 7.3
Leaf After rehydration 25 — 35 % 7.3
Leaf After rehydration 46 — 55 % 7.5
Leaf Fully rehydrated 100 % 7.1

* The RIN values were determined by the Agilent 2100 Bionalyser (Agilent Technologies, USA).
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Figure 3.2: Electropherogram from RNA of leaf samples

The electrograms are from RNA samples extracted from leaf dssue of ditferent RWC during the dehydration and
rehydration eycle.  Elecirogram A ta I shows electrograms from BNA of leaf tissue ot different RWC during
dehydration at RWC of A- 100 % B- 80 %0, (=60 %, D= 40 - 45 % F- [0 - 13 %, F- 3 % While elecrrogram G o [
arc the rehydration samples at RW O of G- 25 - 35 %0 H- 46 55 %hoand 1- 100 %5,

3.3.2 PCR Primer Design

Real-time PCR primers were designed for ali four LEAI-Em (XHLLEAL-1, XITLEA1-2.
XHLEAT1-4 and XHC00797) genes isolated from X humilis. The LEAL-Lm genes are highly
conserved (Figure 2.20 and 2.21), as a result it was very important to check for primer specificity
for RT-PCR. Specificity of each primer set for its targeted LLAL orthologue was checked by
aligning the primer (BioEdit Sequence alignment cditor) o all the orthologues isolated (Table

33).
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Primer alignment to target DNA indicated that all primers had al{d % specificity to their tareet
LEAT-:m gene, indicated by the green arcows (Table 3.3). The red dotted atrows indicate a
possibility of an alternate product, this will however be ditferentiated by size and has a lower

complimentarity to the target INA, Where there is red solid arrows, no PCR product can be

formed.
Table 3.3: Primcr specificity eheck between X, fiumilis LEAL-Em genes.
Giene Maie MILEAL-t XilLEAT-2 NHLEAI MCH0TYT
MILEAT-T | complimentarity
{95 bp amplicon] -— = . =y
— LS N .
F=581%R=06471%
With 53 bp  meesible
am ko
XILEAT-2 B Towy complementaniy
{ 1XE bp amplicen) e —
- — = - . =
F=060%Nk=356"%
|23 bp pussible amplicoe
XHIFAL-A
(133 bp areplico) - — L - || —
e — =
KIO075 7,
{12% bp arcplicon) -— e ——
- . - - - —
—_— | —
I

* The black himes represent the [PNA scquence, the preen urmows represert (00 %4 complementunty to TIRNA

sempuetoe. red arrows représent noo prodiet formatien and e dolted red line imdivale possible amplicon with

percentase of primer complementarity 1o LINA sequence and possible amplicon size.

The primers for XHCOM7 97 were designed for the 3°UTR region. As discussed in chapler 2 the
37 HTR for XHCOO797a and XHCGOT9Th are very similar. However, a sequence al the end of
the 3'UTR was pwesent in XICO07907a scquence and absent in XHCOO0797h (highlishted in
green - Figure 3.3, This allowed for primer specilicity for XHOOO0797a. The possibilily that the
primers could amplify both sequences cannet be ruled aat duc o their position on the seyucnce,
According to the sequencing informauon, the primers designed only amplificd XHCUO79%a as

indicated in Figure 3.2. Both the forward primer (highlighted in grey in Figure 3.3 amd the
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revarse primer (highlichied in green in Figure 3.3) had complementanty (o XHCO797a siving a
PCR product size of 128bp. When the same primicr sequence 15 aligned agaimst XHCO0797h

tozether with the forward primer no PCR product can be [ormad,

FHDIT A 5TER

HHIKIET 3 IR I T S T Tl T T L o e, T T T A G T A B GO T F U TG00
SHINPET FI-ECR o
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Figure 3.3:  RT-PCR Primer specific for real time quantification of XHCH797a
Sequence alipnment lor the ¥ TTTR of XHCODM Ty and XHOOOTh showinp pomer speaficity for single gene
product amplification for XHCOO075Ts. The forward prinwr s laphliphied inogrey aod the reversa primer in green.

resulling o an amplicen stee of 128bp

333 PCR Primer ﬂ'ptimiﬁutiun

Alter the confirmation of the primers on Biokdit sequence ahgrmment. the pomears were [irstly
used for PCR reaction with the same conditions that would later be used [or real-lune PCR and
POR products were cheched on an agarose gel (Figure 3.4). The amplified products were in Lhe
expected size ranve (Table 333 Primers for XHLFA -2 {lanc 3 and 6) faled Lo amplify the

product, and because of the sequence similarily no other specific primer coudd be designed,
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Smearing ol DNA on agarose gl might be a result of vanous things. “The most likely possibility
in this case might be that there was a high amount of salts Several people clanm that kigh Mg
can lead lo smearing {Rapley. 2000). The reason i1 is visible in the peeled sample and nolin the
seed sample may be because the pooled sample has a higher concentration of lhese salts as 1l
combmes all 12 samples used for RT-PCR analvses as opposed to a single sample {rom seed,
Contaminating BRNA or prolem from the RMNA extraction and reverse transcniphion 1s also a

possible explanation oy the smearing,

Figure 3.4:  Specificity of RT-PCR primers.
Fane M P GeneRuler L0 bp DMA ladder Prumners specifioiy of the TRE-PCR primers was delermuned usimg

pooled relerence ¢ A snd seed el WA as templare. The odd numbered lanes contam the pocled cIMNA winle the

evert nmobered lanes psed sead 13N A, The RI-PCR GSP tested were for penes XICOO79T ( Lane 1 and 2,
WILTAT-T ([ane 3 and 43 MHEEAL-| (Tane 3 and &), XHEEAL-L (Lane7 wd 89, and BT (Tane Y and 1y
respectively

3.3.3.1 PCR primer concentrafion optonization

Twao pnmer concentrations, 2000 pM apd 400 pM, were fested.  The ophnmum primer
concentration was 400 M 200 uM gave a fwnler band on the agarose pel (data not shown)
ardicating a less efficient amplification of the target gene. This was also observed on the RT-
PCR reaction an cxample of XHLEAI-4 i shown in Figure 3.5 with the lower pnoimer
conceniratien {200 wM) grving a maximue Hoorescent signal al 0.4 sersus the 33 from the

higher primer concentration of 400 nM



Chapter 3

= —

s e F p——

Ciid ” :

LT A . ¢ B

B el ; prm—

E: T

ul ::. L

ok E

S E

v -

£ e i

E I o gt —— e % .-'

iz ?uw """ % E Rl . at = = 20 - ]
Temperature {7C) Temperalure (°C)

Figure 3.5 (A) Melting curve of XHLEA -4 at 200nM primer concentrdion (B) Melting
carve of XHLEAT-4 3t 4000M primer conceniratian

Pancl A shows the highest Quoreseent signal of T4 ol the Hoal primner coneertration o 200nbd. for the amplification

of XHLEAL-D, While Fane] B lighest Quorescenl sipnal 15 3.5,

334 RT-PCR for the reference gene R

The reference pene (R1) amphilication was initially conlirmed on agarose gel (Figure 3 4) and
followed by RT-PCR. The RT-PCR melting curve of BRI (Figure 3.6) conlimms the agatose pel
resubts by showing a single fluorescent peak, which 15 indicative of smele POR product. Mo

primer dimer artefacts were present in the PCR.
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Figure 3.6:  (A) Melting curve of housekeeping sene (R1) wsing undiluted samples (B)
Melting curve of housckeeping ene (R1) usingz diluted sam ples

Panel A shows a melling curve for the hoosekeeping pene (R 1) on the all the BNA samples tested | e single
Muorescent peak indicates a single PCR produet with ne primer dimer anefacls.  The samples thal were oo

concentruted und fell curside the standurd carve were dilied and Panel B shows the melling curve of those sample

witly a smilar trend to Panel A

The standard curve for RI (Figure 3 7) was gencrated 1o calculate the concentration of mRNA
transcripts in difterent samples.  Some of the muore concentraled samples were cutside the
standard curve. those samples were diluled and the RT-PCR run repeated lor accuracy. The
concentrations calculated from thus standard curve were used 1o normalize gene expression of the

LEAT-Em genes in the same samples of different RWC

Given that an equal amount of starting RNA for cach biotogical sample was used and
additionally, the houschkeeping gene has been previously shown 1o be stable dunng the
dehvdration cvele by Sally-Ann Wallord (persenal communication). the reason for the levels of
Rl mRMNA transenpt abundance Nuetuaung across the biological samples can be attnibuted 1o the
presence ol dilTerent inlubiiony components that might be present in dilferent biological samples,
This is the main reason of using a househeeping pene o account for the vanability in

amplification between samples.
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Figure 3.7: (A} Standard curve of housekeeping gene (R1) using undilated samples (B)
Stundard curve of housekeeping gene (R1) using diluted sanples

Panel A shows a standard curve tor the housekeeping gene (R on the all the ENA somples jested  The ciicled

samples m Panel A were too concentrated and fell outside the standard curve. The samples were diluted amd

quantification repeated using the standard curve in Pamel 13

335 Expression of X kwmilis XHLEAL-1 in seed, leal and root during the abawlic stress

treatnrent,
While the pooled samples tor construction of the standard curve 1n the agarese gel analvsis of the
IPCR. showed single product amplification for XHLEAT-1 iFigure 3 8). the tesl samples at most
of the RWC (60 %a, 40 - 45 %, 10 — 15 %, 5 ", and afler rehvdranon samples RWC of 25 — 358
90, 40 Y, 100 % and debvdrated rool 3 %) failed 10 give a PCR product (Figure 3.9). The
quantitative RT-PCR confirmed the agarose gel analvsis as it resulted in ne amplification except
{or the sample at 80 % RWC which was the only positive sample on the aparose zel (Fioure 3.9,
There are a few explanations 1o why the PCR failed [or some samples while 11 worked for others.
This might have oceurred due to the Tollowmng reasons. the presence of PCR inbitbitors carmed
over from sample preparation, il is however unlikely that this s the only facter as the same
sample was used successfully for the quantification of alt the LLEA genes in the study. What 15

more likely 1 be a contributing factor is the cNA eflicieney in transcribing this transcript. The

fi1
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efficiency of the ¢cDNA svathesis is known 1o be affected by the structure and conceniration of

the KM A lemplate.

The secondary structure of the RNA and the presence of protein compleses on the 1arget RNA
can wniterfers with the regelion by cawsing ensy me pausing, dissociauon, or shipping over looped
regions (Liss, 2002). There 1s diffenng alihities amongst the different reverse transenplase o
read through the sccondary structure (Brooks er al, 1995) which might have reduced the RT
reaction efficiency. Poor reverse transcription of this orthologue might well be the cause of the
fatlure of the PCR reaction for this gene. The success in amplifying the product with the pooled
samples in the standard curve mighl simiple be due 10 the templates that were present in the seed
and the 80 % RWC leal samiples. Pomer dimers Formed 1 the negative condrol (Freure 3.8 and
3.9 lanely The lower the concentralion of template. meamng the higher the didution of the
sample more pnmer dimers were observed sumilar 1o the negative comrel.  Due to the
weonststencies in the amphficalion of PCR products with the XHLEA L= primers. no expression

analvsis using RT-PCR were further done

o]
bl
s
A
=
-1
o

%)

200 bp
100 hp

Figure 3.5:  Amplification of XHLEA -1 gene (vom pocled ¢DNA samples.

Lane M. CFGenetduler 100 bp 1INA ladder. Tane | shows negative control (oo TINA template). Tane 20 1% an
empty lane. Lane 3° shows PCR preduct obtained using concentrated pooled sample: Tane 4, 5.6, 7. % shows the
product obamed using varions dilalion of pooled concenlraled pooled TINA sample. The dilutions were 105, 1020,

1:50and 1:100 for Lanes 4, 3. 6.7 und 8 respeetivels
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Figure 3.9:  Amplification of XHLEA1-1 from tissue of diffecent RWC ¢cDNA samples,
Lune M OF GeneRuler 100 bp IDNA fadder . Lone 1 shows nggative control (no MA wmplateh. Lane 2 Lo 1o
shows PCR product oblamed wang «TINA ftom beal tssue al different RWC dunmg the debydration and rehydrubon
evele. Lang 2 o 7 wre the dehydranon sumples a1 RWC of 100 %, B0 %, 60 %0, 4045 % _ 10 - 15 % . § % Whilc
Lane & to 10 are fhe jelivdraton sminples at BWO of 25 - 35 %40 % and 100 % gespectvely, A dehydrated moot
sample al e KW o 5 % owas loaded o Laoe 11, The elDNA from seed was included as a positive control in Lane
12

3.3.6  Expression of X fumitis XHLEA 14 i seed and in leaf and root during the abiotic
stress treatment.

Melting curve analysis (Figure 3 10 and 3.11) of XHLEA | -4 revealed that the Tm characteristic

ol the seed and root XHLEA -4 was consistently lower (+/- 81.47 "C) than that of the simwlar

cene from leaf tissue (=/- 8311 "C). The Tm values are known 1o be aflected by both amiplicon

size and GO contenl (Rime ef of . 1997). the primers for this gene were designed to mive the same

amplicon size of 133 hp, indicating that there pught a mutation 1n the sequence tor the gene in

the root and sced which can cither be a change m nucleotide or an tnsertion or detetion.

13
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Figure 3.10:  Melting corve for XHLEA 14 mRNA quantification

Lhe meltmg curve shows tao Maorescent peaks  The Frst peak tsoa resal of anpbificatien of RNA frion seed and
root sample. While the second peak 15 amplification of KNA from- feat samples. The different peaks indicale

differenl meltmg lemperatures { Tk

1I:: i i “x"

Figure 3.11: Standard curve of XHLEA -4 using diluted samples

Staepdard curve (3 dilution points) lor XHELEAL-D on the alt the RMNA samples wested  There were four dilution, done
i tnprheate wsed w0 construct the stondard corve, e delulion points are represented by the blise spots. The samples
that were toe concentrated and fell outside the standard curve were dJihted and quantification repeated. The samples

thal were oo dilule 1o and were owtside the slandard curve were wol guentified and reporied os nop detectable
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samples and the differences were significant (p< 0.05, n=3 per RWC). The error bars represent standard deviation
(SD).

Figure 3.16 shows for each point of the RWC change in the level of XHC00797a transcript in the
leaf, root and seed tissue. The XHC00797a gene is highly induced by dehydration. The initial
peak in transcript abundance is observed at the RWC of between 40 - 45 %. There is a
noticeable increase in transcript levels, > 35 fold at the RWC of 10 — 15 % and a noticeable drop
in the level of mRNA transcripts when the leaf is full dehydrated at 5 % RWC. However, the
mRNA transcripts levels at the RWC of 5 % still exceed its mRNA transcript level in seed. At
the RWC above 40% after rehydration, the mRNA transcripts of XHC00797a could not be
accurately detected, and were recorded as undetectable. This might be due to lower

concentration, below the detectable limit of the assay.

The gene transcripts were undetected in the hydrated root tissue and were induced by
dehydration on dry root tissue (5 % RWC). The R1 cDNA was amplified from the same sample

as the rest of the target genes allowing accurate gene expression normalization.

3.4 Discussion

In order to understanding how resurrection plants adapt to desiccation, we have studied the
LEA1-Em gene response to desiccation. Desiccation stress results in changes in the cellular
program, which involves significant transcriptional alterations aimed at increasing the chances of
survival. Increased levels of protection and repair mechanisms would be expected. One way
seeds have been described as responding to desiccation is by the biosynthesis of LEA proteins.
In Arabidopsis seeds the T-DNA knockout of LEA1-Em resulted in acceleration of drying during
seed development, which implicated LEA1-Em in slowing the rate of drying during seed
development (Manfre et al., 2006). However the role of LEA1-Em in desiccation tolerance has
not been fully elucidated. The characterisation of the T-DNA mutant (Manfre e al., 2006), their
presence in desiccation seeds versus their absence in desiccation sensitive vegetative tissue

suggests an important role of these proteins in the acquisition of desiccation tolerance.

Research has begun to elucidate the role of LEA1-Em proteins, for example using bioinformatics

to predict the functions of the two LEA1-Em proteins from mung bean (Subramanian and
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Ayyanar, 2006). Gilles ef al. (2007) characterised a recombinant LEA1-Em and demonstrated
that the N-terminal helical domain is important for the protection of enzyme activity from the
effects of drying. In this study the LEA1-Em orthologues isolated from X. humilis were used to
test the hypothesis that seed specific genes are upregulated in vegetative tissue of desiccation

tolerant plants, resulting in the acquisition of desiccation tolerance.

The RT-PCR experiments in this study demonstrated that orthologues of the LEA1-Em genes,
shown to be seed specific in Arabidopsis (llling et al., 2005) are upregulated in response to

desiccation in the vegetative tissue of resurrection plant X. humilis.

Induction of the LEA1-Em cDNA in our experiments in X. humilis was dramatically desiccation
dependent. Leaf tissue appear to constitutively express very low amounts of the LEAI-Em
mRNA transcripts at relative water contents above 80% and are capable of increasing the mRNA

levels >30-fold following continued water stress.

However, the possibility that the high fold increase seen with XHC00797a is cause by the
amplification of both XHC007967a and XHC00797b cannot be excluded with certainty. This is
because the primer design for RT-qPCR was towards the end of the transcript in the 3> UTR
region. However, according to figure 3.3, this is unlikely the case. We suggest that that X
humilis employs alternative splicing for its LEA1-Em transcript, it will also be interesting to
determine whether induction in different tissue type is specific to a single transcript or whether
both XHC00797a as well as XHC00797b are co-expressed. Interestingly, the tissue specific two
fluorescent peaks in the XHLEA1-4 melting curve (Figure 3.10) might also be an indication that

this gene also has an isoform that is tissue specific.

This study shows a correlation of the accumulation of LEAI-Em mRNA transcript that is
initiated following exposure of X. humilis to desiccation stress. Changes in the levels of known
LEA1-Em mRNA transcripts were documented, which are significantly induced in response to

stress due to desiccation.
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In a recent study (Hundertmark and Hincha, 2008) have shown that AtEm6, a LEA-1 from
Arabidopsis, is one of the genes highly expressed in both seed and non-seed tissue. This study
also demonstrated that this group of genes is upregulated in response to salinity, cold, and
abscisic acid (ABA). The findings of this study make a good foundation for future studies,
comparing AtEM1 mRNA levels in non-seed tissue of a desiccation sensitive plant, Arabidopsis
versus a desiccation tolerant plant. The function of this group of genes might be affected or

enhanced by the amount of transcript present in the tissue during desiccation stress.

3.5 Conclusion

In this chapter, the evidence presented showed that LEA1-Em genes, known to be specifically
upregulated in seed in response to desiccation are also transcribed in vegetative tissue of the
desiccation tolerant plant, X. humilis. Further studies on protein expression resulting from these
changes is required, as well as the characterization of the LEA1-Em gene knockout phenotypes
in Arabidopsis mutants. Recently developed methods, such as small interfering RNA (siRNA)

can be applied to generate LEA 1-Em knockout mutants in Arabidopsis to be characterized.
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4 General Conclusions

In conclusion, this study reports the first isolation of LEA1-Em genes from a resurrection plant
X. humilis. The isolation and cloning results also suggest that some of the LEAI-Em mRNA
transcripts could be generated through alternative splicing. Alternative splicing is a powerful
tool that a plant can use to improve protein diversity. Further investigations can be done to
investigate environmental, physiological and other factors that regulate the alternative splicing of
LEAI1-Em genes in X. humilis. The different roles of individual LEA1-Em genes in desiccation
tolerance acquisition can also be investigated. To further test whether alternative splicing is
characteristic of this group of LEAs in vegetative tissue, isolation of LEA1-Em orthologues from
other desiccation tolerant vegetative tissue and their characterisation would prove to be useful in

understanding this group of LEAs.

Since the LEA1-Em genes had been previously characterised as being seed specific in a
desiccation sensitive plant, Arabidopsis, the aim of the study was to use this group of LEAs to
test the hypothesis that the acquisition of desiccation tolerance in vegetative tissue of
resurrection plants is a consequence of the appropriation of seed specific genes. Recently, Fisher
(2008) using phylogenetic studies, addressed the question of the origin of DT in vegetative
tissue. The study involved the use of a complete genome sequences from the moss
Physcomitrella patens, the angiosperm Arabidopsis thaliana and EST data from the DT moss
Tortula ruralis and the DT angiosperms Craterostigma plantagineum and Xerophyta humilis.
The study found that, all the ancestral nodes expression pattern was not exclusively stress
related; they included seed and/or pollen expression either exclusively or in combination. Thus,
her findings contradict the hypothesis that modified vegetative DT arose via a modified stress
tolerance pathway and support the hypothesis that modified vegetative DT in angiosperms arose
through the adoption of mechanisms related DT in reproductive propagules. Fisher (2008)
supports the hypothesis tested in this study.

Following the successful full length cloning of LEA1-Em genes and using RT-PCR the aim of
the thesis was fulfilled. The RT-PCR experiments demonstrated the correlation between the
desiccation cycle and the upregulation of LEAI-Em genes in both leaf and root tissue. The

findings from this study provide leads to the working hypothesis of desiccation tolerance,
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implicating seed specific genes to have an important role in acquisition of desiccation tolerance
of vegetative tissue. Targeting seed specific genes linked to desiccation in seed may lead to
identification of critical gene and protein information important for acquisition of desiccation

tolerance in vegetative tissue of plants.
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