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Abstract

Isolation of gene transcripts from desiccated leaf tissue of the resurrection grass
Sporobolus stapfianus Gandoger, resulted in the identification of the gene, SDG8I, encoding a
Group 1 glycosyltransferase (UGT). Glycolsyltransferases transfer a sugar to a number of
acceptor molecules, including hormones and secondary metabolites, changing the solubility,
stability and biological activity of these compounds. Functional analysis of the SDG8i was
undertaken in Arabidopsis thaliana because no protocol for transformation of resurrection
grasses exists. The phenotype of transgenic A. thaliana plants constitutively over-expressing
the SDG8i UDP-glucosyltransferase under the control of the CaMV 35S promoter indicates
that the glucosyltransferase may modulate the activity of both growth- and stress-related

hormones.

Plants overexpressing the UGT show elevated auxin levels and results suggest that the enzyme
acts downstream of ABA to reduce drought-induced senescence. In vitro analysis of the
activity of the UGT recombinant protein product indicates that SDG8i encodes a
glucosyltransferase (SL-UGT) that potentially can glycosylate the synthetic analogue GR24,
suggesting a link with strigolactone-related processes. As well as mediating the interactions of
host plants with symbiotic fungi or parasitic plants, the well-conserved strigolactone hormone
signalling system contributes to environmental regulation of plant growth. The phenotypes of
SDG8i transgenic plants exhibit hyperbranching and a reduced ability to stimulate
strigolactone-dependent germination of Orobanchaceae (Phelipanche ramosa) seed. The
results indicate that SDG8i expression negatively affects the bioactivity of a strigolactone-like
compound/s produced by Arabidopsis that mediates environmentally-induced repression of
cell division and expansion, both during normal development and in response to stress. This
leads to enhanced growth, reduced senescence, and a substantial improvement in protoplasmic
drought tolerance in SDG8i transgenic plants. Therefore, overexpression of SDG8i confers
substantial increases in growth rate and seed yield under non-stress conditions as well as large
improvements in survival under cold-, salt- and drought-stress, thus providing a novel means
of improving productivity in crop plants. Two putative transcription factors, SDG7y and

SDG10y that may regulate SDG8i expression have previously been identified by the yeast-one
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hybrid system. The transgenic plants over-expressing SDG7y and SDG10y displayed similar
phenotypes to that of SDG8i transgenics with substantial increases in shoot growth and shoot

branching, suggesting they are driving expression of an Arabidopsis SDG8i orthologue.



Declaration

I hereby declare that this thesis has been written by me, that it contains no material which has
been accepted for the award of any previous degree and that, to the best of my knowledge and
belief, this thesis contains no material previously published, except where due reference is

made in the text of the thesis.

Sharmin Islam
22 May 2014

xi



Notice 1

Under the Copyright Act 1968, this thesis must be used only under the normal conditions of
scholarly fair dealing. In particular no results or conclusions should be extracted from it, nor
should it be copied or closely paraphrased in whole or in part without the written consent of
the author. Proper written acknowledgement should be made for any assistance obtained from

this thesis.

Notice 2

I certify that I have made all reasonable efforts to secure copyright permissions for third-party
content included in this thesis and have not knowingly added copyright content to my work

without the owner's permission.

Xii



Acknowledgements

I would like to extend my sincere thanks to my supervisor, Dr. Cecilia Blomstedt for her
patient guidance, stimulating academic deliberations and kind support throughout my doctoral

research and thesis writing.

I would like to express my profound gratitude to my co-supervisor, Dr. Alan Neale for his
splendid supervision and support during my research life at Monash University. His passion

for mentoring young researchers helped me immensely in completing my research journey.

I am very grateful to my co-supervisor, Dr. Ros Gleadow for her guidance, advice, support
and assistance. My special thanks to Ros for her continuous encouragement particularly during

the thesis completion phase.

I am thankful to my former supervisor, Prof. John Hamill for his excellent supervision,
support and assistance. A big thank you goes to Dr. Don Gaff for his time and valuable

suggestions on planning and design of the drought tolerance experiment.

I wish to thank all my lab colleagues, especially Cara Griffiths for her research support and

also other members of the department for their friendship, support and laughter.

I am indebted to my parents for their love and understanding. A special thank you to my dad,

who has been a source of encouragement for my PhD.

My beloved husband Akhter deserves a special mention for his love, care, understanding and
much needed support throughout my PhD program, and most importantly his sacrifice during

the second half of my candidature. A very special thank you to Akhter.

Finally, our always joyful son Rayyan has helped me reach the pinnacle of my drive, energy
and inspiration to complete my thesis so that I could give him more time that he needs in the

prime time of his early childhood. And this thesis is dedicated to Rayyan.

Xiii



14



Chapter 1

Literature Review

1.1 Introduction

Drought is a serious environmental problem that limits crop yield. Understanding the
underlying mechanisms of drought tolerance and identifying genes for improving this
important trait, is therefore essential as it may ultimately reveal strategies for the production of
drought resistant crops. Desiccation-tolerant plants that can adapt to extremely dehydrated
environments have been studied at molecular levels. Among the few species studied, the
monocotyledonous Sporobolus stapfianus Gandoger plant offers several advantages for
examining gene expression in relation to desiccation tolerance. S. stapfianus has the ability to
remain viable in the desiccated state for several years and is able to fully recover upon
rehydration (Gaff and Ellis, 1974). The rehydrated Sporobolus plant grows very quickly
restoring normal metabolism within 24 hours and is therefore useful as a versatile research
tool for investigating genes for increased growth rate (Blomstedt et al., 2010) as well as stress

tolerance (Neale et al., 2000; Oliver et al., 2011b).

The characterization of drought-responsive genes that are expressed in desiccation-tolerant
Sporobolus tissue has the potential to reveal some of the mechanisms which this plant utilizes
to cope with environmental stress; such as the protection of cellular components during
dehydration and rehydration, ability to rapidly adjust growth in response to dehydration, to
inhibit dehydration-induced senescence programs, and to reinstitute photosynthesis upon
rehydration (Gaff et al., 2009; Blomstedt et al., 2010). The Sporobolus SDG8i gene encodes a
UGT whose transcript levels increase significantly under severe water deficit (Le et al., 2007).
In plants, UGTs are involved in the biosynthesis of plant natural products and in the regulation
of plant hormones and therefore play important roles in regulating cell homeostasis, plant
growth and development and environmental stress responses (Lim and Bowles, 2004). Hence,

the study of UGTs and their roles in plants may contribute to further improvement in crop.
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1.2 Drought-tolerance versus desiccation-tolerance

Drought decreases soil water potential which restricts a plants ability to take up water by
causing an internal water deficit (Munns, 2002). In most plants, drought induces various
physiological and biochemical responses including closing of stomata which restricts
photosynthesis as well as slowing plant growth and development. This in turn may evoke a
number of responses at the whole plant and cellular levels which allow plants to avoid water
loss, take up water at decreased soil water potential or tolerate low water content (Verslues et
al., 2006). Drought escape, avoidance and tolerance are important adaptive mechanisms of
plants exposed to drought (Levitt, 1972; Turner, 1986). Drought escape is a phenomenon
found in some desert plants which exhibit very short life cycle, and denotes the ability of a
plant to complete its life cycle before the outset of drought and to go in a state of dormancy
before the outset of the dry season (Levitt, 1980). When both soil water content and water
potential are low, plants must maintain a low water potential in the tissue to avoid water loss
either by increasing water uptake from soil or reducing transpiration (Blum, 2005). This
balance can be achieved by stomatal closure in the short term and also by increasing
root/shoot ratio in the longer term and are known as dehydration avoidance (Liu et al., 2011).
The best examples of dehydration tolerance are desiccation-tolerant plants that can regain
normal function from the fully air-dried state after rehydration (Oliver et al., 2000; Vicre et
al., 2004).

During desiccation, cells retain only a small quantity of water due to loss of a major portion of
the protoplasmic water (Bartels and Salamini, 2001 ). It is therefore important to maintain the
integrity of the cell membrane and to prevent denaturation of some important proteins to
tolerate such severe water deficit condition. Desiccation tolerance is commonly found in the
reproductive tissue (pollen and seed) in a large number of plants (Oliver, 1996) whilst the
vegetative tissue of most plants are unable to survive desiccation to the air-dry state. However,
some plant species from every major class, except gymnosperms, can tolerate desiccation in
vegetative tissue. This response is cell autonomous, with each individual cell capable of
becoming desiccation tolerant (Bewley and Krochko, 1982). Such plants are termed
poikilohydric or resurrection plants (Gaff, 1971). About 100 angiosperms have been classified

as resurrection plants and include monocotyledonous plants, such as S. stapfianus and
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Xerophyta viscose, and dicotyledonous plants, such as Myrothamnus flabellifolia and

Craterostigma plantagineum (Gaff et al., 1997).

Both drought-tolerance and desiccation-tolerance mechanisms in plants have been studied at
the molecular level. When water stress experienced by non-desiccation tolerant plants is too
severe or too prolonged, due to tissue dehydration plants die. Desiccation-tolerant plants under
this condition go into a state of anhydrobiosis, their normal cellular functions being
completely stopped (Rascio and Rocca, 2005). Desiccation-tolerant plants can stay in this
state for years and once tissues are rehydrated they can resume their normal metabolic
activities (Gaff, 1977). Desiccation tolerance mechanisms allow cells to deal with
dehydration-induced changes in macromolecules and membranes, the accumulation of toxic
substances and free radicals, and turgor loss (Rascio and Rocca, 2005). In angiosperms, the
molecular systems required for cell recovery following rehydration and repair phases must be
induced during dehydration (Dace et al., 1998; Oliver et al., 1998; Neale et al., 2000; Cooper
and Farrant, 2002; Blomstedt et al., 2010). Protective mechanisms used by the desiccation-
tolerant plants to prevent dehydration stress have been widely reviewed which includes
accumulation of proteins, sugars, compatible solutes and free radical scavenging systems,
shown to be involved in the maintenance of subcellular integrity (Farrant, 2000; Oliver et al.,

2000; Scott, 2000; Vicre et al., 2004; Farrant et al., 2007; Gaff et al., 2009).

Lower order resurrection plants, such as lichens, algae and bryophytes use different
mechanisms to tolerate desiccation. Lower order resurrection plants, in particular the
bryophytes (mosses and liverworts), appear to employ repair mechanisms following
rehydration which reverse the damage suffered during the desiccation and rehydration stages
(Oliver and Bewley, 1997; Oliver et al., 1998). This allows frequent and rapid desiccation to
be tolerated. Studies suggest that these mechanisms include constitutive (rather than inductive)
cellular protection components and a rehydration-induced recovery process to repair cellular
damage associated with rapid desiccation and subsequent rehydration (Oliver et al., 1998). A
good example here is the desiccation-tolerant moss Tortula ruralis, which has developed a
rapid desiccation tolerance mechanism (Proctor, 2001). In the natural habitats of these plants,

the air-dried state may be reached in less than one hour (Bohnert, 2000).
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1.3 Regulation of drought responses in plants

1.3.1 Genes involved in the response to drought

Desiccation tolerance is controlled by many genes or proteins. Some resurrection species have
been extensively studied for understanding the molecular basis of desiccation tolerance. Most
resurrection plants with large genomes are unsuitable for genetic approaches. However, recent
advances in sequencing technologies now allow large-scale analyses of gene expression even
without a reference genome (Dinakar and Bartels, 2013). Transcriptomics or mRNA
expression profiling captures spatial and temporal gene expression and quantifies RNAs under
different conditions (Dinakar and Bartels, 2013). Deep RNA sequencing (RNA-seq) have been
used in several resurrection plants such as transcriptome and metabolomic analysis in C.
plantagineum (Rodriguez et al., 2010), proteome analysis in Haberlea rhodopensis (Gechev et
al., 2012), Selaginella tamariscina (Wang et al., 2010), Xerophyta viscosa (Ingle et al., 2007),
Boea hygrometrica (Jiang et al., 2007), S. stapfianus (Oliver et al., 2011a; Oliver et al.,
2011b) and metabolomic analysis in Selaginella lepidophylla (Yobi et al., 2013). Microarray
studies in several plant species have identified hundreds of genes which are induced under
drought (Bockel et al., 1998; Seki et al., 2001; Seki et al., 2002; Shinozaki and Yamaguchi-
Shinozaki, 2007). However, expressed sequence tags (ESTs) were used most extensively for
transcriptome analysis which is restricted to the number of sequenced cDNAs (Dinakar and
Bartels, 2013). Gene expression studies and EST sequencing have been performed in some
resurrection species. Global analyses of transcriptome have thus far been reported for C.
plantagineum and H. rhodopensis (Rodriguez et al., 2010; Gechev et al., 2013). The products
of genes which are induced or upregulated by dehydration may be grouped into different
categories which include: proteins with protective properties, membrane proteins involved in
transport process, enzymes related to carbohydrate metabolism, and compatible osmolyte
production or to cell antioxidant systems, regulatory molecules such as transcription factors,
kinases or other putative signaling molecules and also proteins with unknown function. The
up-regulation and down-regulation of the various genes involved in the molecular responses to

dehydration play an important part in the ability of resurrection plants to survive desiccation.
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1.3.2 Drought influences on plant metabolism and secondary metabolite
production

Drought-induced gene expression may lead to substantial changes in carbohydrate metabolism
and photosynthesis-related processes. Drought causes stomata to close and decrease the
intracellular CO, concentration resulting in the inhibition of carbon assimilation and loss of
photosynthetic capacity (Schwab et al., 1989). In many plants these changes are mediated by
increased accumulation of ABA during water deficit (Wilkinson and Davies, 2002; Lee et al.,
2006). In some, but not all, resurrection plants, the changes in the expression of most genes
related to desiccation-tolerance are ABA-dependent (Bray, 2002; Wilkinson and Davies,
2002). The steady-state levels of transcripts related to photosynthesis are often down-regulated
in response to drought, for example, in C. plantagenium the transcript for the small subunit of
the Rubisco enzyme decreases (Bernacchia et al., 1996). However, resurrection plants have
the ability to resume full photosynthetic activity upon rehydration. For example, this has been
shown in C. plantagineum, where respiration is quickly restored when water content in the

rehydrating plant reaches about 20% of its initial value (Bartels and Salamini, 2001).

Many plants accumulate non-toxic ‘compatible’ solutes such as proline and glycine-betaine
during drought, which results in increased cellular osmolarity leading to an influx, or reduced
efflux, of water from cells (Hare et al., 1998; Hasewaga et al., 2000; Ashraf and Harris, 2004;
Rascio and Rocca, 2005; Ashraf and Foolad, 2007). These compatible solutes protect cells
during drought stress through stabilization of cytoplasmic constituents, ion sequestration and
increased water retention. Water deficit in plants also results in accumulation of sugars, most
common of which are sucrose and trehalose, a non-reducing disaccharide of glucose (Scott,
2000; Illing et al., 2005; Toldi et al., 2009). During dehydration, resurrection plant C.
plantagenium shows a significant change in carbohydrate metabolism (Bartels and Salamini,
2001 ). Photosynthetically active leaves contain large amount of the unusual C8 sugar
octulose, which comprises 90% of soluble sugars in this species, corresponding to up to 400
mg g of lyophilized leaf material. The level of octulose declines and sucrose accumulates
upon dehydration whereas the reverse is observed during rehydration (Bianchi et al., 1991).
Most plants including, resurrection plants, accumulate sucrose as the major sugar during

dehydration, but trehalose accumulation has also been detected in a number of resurrection
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plants (Wingler, 2002). A. thaliana has at least one gene which encodes trehalose-6-phosphate
phosphatase is required for trehalose synthesis (Vogel et al., 1998). These disaccharides may
act as a polar replacement for water within the cell, where the hydrogen bonding from the
sugars helps maintain cell function and protein structure (Allison et al., 1999; Goyal et al.,
2005). At increased levels of dehydration, the efflux of water continues and causes the sugars
within the cell to vitrify into a glassy state. The glassy state causes reduced molecular mobility
within the cell, protecting protein structure and membrane integrity (Crowe et al., 1997;
Buitink and Leprince, 2004). A number of researches have delineated the importance of sugars
in drought stress tolerance. Overexpression of genes encoding trehalose biosynthetic enzymes
from E. coli accumulate higher levels (3-10 fold) of trehalose and showed increased tolerance

to salt, drought and low temperature stresses in transgenic rice (Garg et al., 2002).

In addition to the accumulation of osmolytes, the ability of a plant to survive drought stress
depends upon the induction of a number of proteins which protect the cells from damage
during water stress (Bray, 1997; Bray, 2007; Farooq et al., 2009). Resurrection plants use a
similar set of proteins and metabolites to combat the cellular stresses associated with both the
early stages of mild water stress and the later stages of severe water deficit. Late
embryogenesis abundant (LEA) proteins are commonly synthesized in both desiccation-
tolerant and desiccation-sensitive plants under drought (Close, 1997; Garay-Arroyo et al.,
2000; Battaglia et al., 2008; Hundertmark and Hincha, 2008). Several cDNAs representing
dehydration-induced transcripts in S. stapfianus has been shown to code for proteins related to
LEAs (Blomstedt et al., 1998a). LEA proteins are classified into six different groups based on
their expression pattern and sequence (Cuming, 1999; Tunnacliffe and Wise, 2007;
Hundertmark and Hincha, 2008). LEAs are usually produced during late embryo development,
and can comprise up to 4% of cellular protein (Roberts et al., 1993). However, their
accumulation was also seen in vegetative organs that experienced water-deficit in response to
ABA (Wolkers et al., 2001; Wakui and Takahata, 2002; Liang et al., 2004; Grelet et al.,
2005). LEA proteins are believed to play various roles during desiccation, which include
protection of cells by sequestering ions, binding water, acting as free radical scavengers and as
molecular chaperones (Umezawa et al., 2006). LEA proteins are thought to act in combination

with different compatible solutes to help maintain protein and membrane structure and
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renaturation of unfolded proteins (Dure et al., 1989; Close, 1996; Hara et al., 2004).
Transgenic rice, tobacco and Arabidopsis, over-expressing LEA genes, have been shown to
improved drought tolerance (Figueras et al., 2004; Wang et al., 2006; Xiao et al., 2007). The
expression of HVAL, a group 3 LEA gene from barley, which protects cell membrane from
injury during drought, showed drought tolerance in transgenic rice and wheat plants,
respectively (Xu et al., 1996; Sivamani et al., 2000; Chandra Babu et al., 2004). Dehydrins,
the group 2 LEA proteins, have been identified in cyanobacteria and plants, including
gymnosperms and angiosperms (Close, 1996) and, like other LEA proteins, are hydrophilic in
nature and remain soluble at high temperatures and can reduce cellular damage caused by
dehydration (Reyes et al., 2008). During drought, production of dehydrins by accumulated
ABA improves drought tolerance in plants (Xiao and Nassuth, 2006). In transgenic A.
thaliana, constitutive expression of the cold-responsive Arabidopsis COR15A dehydrin gene
results in an increase in the freezing tolerance of transgenic plants (Artus et al., 1996). In
wheat, the level of dehydrin expression in response to water stress is directly correlated with
the level of drought tolerance in several cultivars (Lopez et al., 2003). Recent studies have
indicated that many LEAs may be categorized as intrinsically disordered proteins (IDP), that
is, they are a member a group of proteins where the structure is formed only as the plant
dehydrates and cellular components require protection against desiccation induced damage
(Uversky et al., 2009; Tompa, 2012). A class 2 LEA, CDeT11-24, from C. plantaginium has
been shown to be an IDP which is able to protect two enzymes, citrate synthase and lactate

dehydrogenase, during desiccation (Petersen et al., 2012).

1.3.3 Stress signal transduction pathways

The signal transduction pathways in response to drought and cold stress in A. thaliana are
shown in Fig. 1.1. Several pathways may operate independently of the perception of an abiotic
stress signal. For example, the Arabidopsis EARLY RESPONSIVE TO DEHYDRATION
STRESS 1 (ERD1) gene, encodes a putative protein protease targeted to the chloroplast, is
developmentally up-regulated by senescence, but is also induced by salinity and drought
(Nakashima et al., 1997). Analysis of ERD1 promoter shows the involvement of two different

cis-acting elements in induction of senescence and drought stress (Simpson et al., 2003).
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Fig. 1.1 Drought and Cold Stress Signal Transduction Pathways in A. thaliana

The signal generated by an osmotic or temperature change is perceived by receptors (square and oval
boxes) located on the cell membranes such as ATHK1 and RPK1. The signal is transduced by kinases
such as MAPK cascades. MAPKSs enter the nucleus (dotted box) to activate transcription factors that,
in turn, bind to distinct Cis-elements in the promoters of stress-responsive genes and activate their
transcription. Some pathways are ABA dependent, whilst others are ABA-independent. Positive and
negative factors regulate the stress signal transduction pathways. ERA1 enhances the ABA-mediated
response, while ABI1, ABI2 and FRY1 are negative regulators of the ABA-dependent pathway. HOS1
is a negative regulator of the ICE1 and DREB1/CBF transcription factors that mediate the cold stress
response. Figure adapted from (Shinozaki and Yamaguchi-Shinozaki, 2000).

eskimol (eskl) mutant in Arabidopsis is involved in responses to cold (Xin and Browse, 1998;
Xin et al., 2007) via a dehydration-responsive element (DRE)-independent process (Knight et
al., 1999). In A. thaliana, there appears to be four separate signal transduction pathways: two
ABA-dependent and two ABA-independent pathways (Shinozaki and Yamaguchi-Shinozaki,
1997; Shinozaki and Yamaguchi-Shinozaki, 2000, 2007) (Fig. 1.1). These signaling pathways
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do not work in isolation from each other, rather, significant cross-talk occurs between the

pathways (Ishitani et al., 1997; Yamaguchi-Shinozaki and Shinozaki, 2005).

The stress signals are perceived at the cell surface by receptors ATHK1 and RPK1. As well as
being involved in abiotic stress mitogen-activated protein kinases (MAPKSs) are involved in
the signal transduction pathways in response to wounding, mechanical stimuli such as touch
and fungal pathogen attack and plant hormones, such as ABA, auxin and ethylene in model
and crop plants (Hirt, 1997). A MAPK cascade simply consists of three kinases: a MAP3K, a
MAP2K and a MAPK (Wrzaczek and Hirt, 2001; Colcombet and Hirt, 2009). MAP3K
(MAPK kinase kinases) are activated following the perception of an extracellular signal by
various mechanisms including phosphorylation. Analysis of the Arabidopsis and rice genomes
show that plants in general have at least 20 MAPK pathways involved in stress signal
transduction (Wrzaczek and Hirt, 2001). Genes encoding MAPKKKs, OsEDR1 (rice) and
NPK1 (tobacco) have been shown to play a role in defense signaling pathways (Kim et al.,
2003) and in drought tolerance in transgenic maize plants (Shou et al., 2004). Recent studies
show that MAPK-based signalling increases accumulation of proline and enhances oxidative

stress tolerance (Kong et al., 2011; Zhang et al., 2011).

1.3.4 ABA responsive gene expression

Studies of ABA-related mutants in the model plant A. thaliana have helped to explain the role
of ABA in mediating the drought response in plants. Such mutants, isolated as ABA-deficient
(aba) and ABA-insensitive (abi) mutants, are affected in the ABA response of vegetative
tissue to water stress and show an increased tendency to wilt, suggesting a defect in stomatal
regulation (Leung and Giraudat, 1998; Assmann et al., 2000; Shinozaki et al., 2003; Verslues
and Bray, 2006 ). The ABA-deficient mutants have been very useful for understanding the
mechanisms of ABA in regulating stomatal closure and other physiological processes related
to the desiccation response (Hull et al., 1993). The abi mutants contain normal endogenous
level of ABA and their phenotypes cannot be reverted to wild-type by exogenous ABA. The
viviparous 1 (vpl) mutant in maize has an ABA insensitive phenotype (Suzuki et al., 2001).

Arabidopsis abil, abi2, and abi3 and VP1 ABA-response mutants have defects in various
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components of signal transduction pathways and these defects generally cause pleiotropic

effects in stress responses (Leung and Giraudat, 1998).

Many genes which are responsive to ABA in mature plant embryos are also responsive to
water deficit. Promoter analysis of ABA-responsive genes demonstrates the role of ABA in
mediating drought-responsive gene expression. The presence of cis-acting ABA-responsive
elements (ABRE) has been shown by functional analysis of the promoters of ABA-responsive
genes (Izawa et al., 1993; Yamaguchi-Shinozaki and Shinozaki, 1994; Yamaguchi-Shinozaki
and Shinozaki, 2005). The best characterized examples of ABREs are the Emla element from
wheat Em gene (Marcotte et al., 1989) and the Motif 1 element from rice rabl6A gene
(Mundy et al., 1990). Transcription factors belonging to the bZIP family, EmBP-1 and TAF-1
have subsequently been shown to bind the Emla element and Motif 1, respectively (Guiltinan
et al., 1990; Oeda et al., 1991). Some motifs related to the G-box play a role in mediating
plant responses to a variety of environmental stimuli (Leung and Giraudat, 1998). The
presence of an ABRE within a promoter may not always be sufficient to confer ABA-
responsiveness. Analysis of ABA-induced genes in barley has revealed that ABREs and
coupling elements are required for ABA induction (Shen and Ho, 1995). Two coupling
elements, CE1 (TGCCACCGG) and CE3 (ACGCGTGTCCTC), have been identified in the
barley HVA22 and HVAL genes, respectively, (Shen and Ho, 1995; Shen et al., 1996). A bZIP
protein, TRABI, interacts with both the ABRE and CE3 elements and binds to the seed-
specific VP1 transcription factor to mediate ABA-induced gene expression (Hobo et al.,
1999). Not all ABA-response genes have ABRE elements. In the promoter region of the carrot
late embryogenesis abundant Dc3 gene, the sequence ACACNNG confers ABA-
responsiveness and is recognised by the bZIP transcription factors, DPBF-1 and DPBF-2 (Kim
et al., 1997). Other types of cis-acting ABA-responsive elements distinct from G-boxes have
been characterized, including the hex3 sequence and the Sph element from maize. Tetramers
of the synthetic hex3 element, GGACGCGTGGC, show transcriptional activity upon a
truncated (-90) CaMV 35S promoter in transgenic tobacco which is induced by ABA (Lam and
Chua, 1991). C1, a regulatory gene of the anthocyanin biosynthetic pathway, appears to be
controlled by ABA and VPI1 through a sequence containing a Sph element, CATGCATG,
within its promoter (Hattori et al., 1992).
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1.3.5 The Drought Responsive Element (DRE)

Studies have shown that the expression of drought-responsive genes in several plants is
mediated by ABA-independent as well as ABA-dependent signal transduction pathways
(Shinozaki and Yamaguchi-Shinozaki, 2000; Zhu, 2002; Yamaguchi-Shinozaki and
Shinozaki, 2005). A common effect of drought and also other abiotic stresses, such as salinity
and freezing, is the reduced water availability within cells. The Arabidopsis RD29A gene is
differentially induced by dehydration, salt, cold stress and ABA treatment. Expression of
RD29A is induced by dehydration and high salinity stresses rapidly within 20 minutes
(Yamaguchi-Shinozaki and Shinozaki, 1993), but elevated ABA levels are not detected until
after 2 hours of exposure (Kiyosue et al., 1994). This suggests that RD29A does not require
ABA synthesis for rapid induction, which has been confirmed by the induction of RD29A
during cold- and drought-stress in abil and abal mutants (Shinozaki and Yamaguchi-
Shinozaki, 2000). Analysis of the RD29A promoter has identified the presence of three copies
of a DRE TACCGACAT involved in an ABA-independent initial rapid response to drought
and cold or salt stress (Yamaguchi-Shinozaki and Shinozaki, 1994). The promoter also
contains one ABRE which is essential for the RD29A gene expression in response to ABA that
occurs more slowly than the response to drought and high salinity stress (Yamaguchi-
Shinozaki and Shinozaki, 1993). DRE acts as a coupling element for the ABRE and is
required for the slow induction of RD29A by ABA (Narusaka et al., 2003). The ABA response
of RD29A is mediated by two transcription factors; a DREB (DRE-binding protein) and an
AREB (ABRE-binding protein) belonging to the AP2 and bZIP family of transcription factors,
respectively (Narusaka et al., 2003; Yamaguchi-Shinozaki and Shinozaki, 2005). Transgenic
wheat overexpressing Arabidopsis transcription factor DREB1A under the control of a RD29A

promoter showed improved tolerance to drought (Pellegrineschi et al., 2004).

Many genes which are responsive to high salt or drought stress are also responsive to cold
stress (Shinozaki and Yamaguchi-Shinozaki, 2000). The primary cause of freezing injury in
plants is membrane destabilization as a result of freeze-induced dehydration (Steponkus,
1984). Microarray analyses in A. thaliana have revealed significant cross-talk between the
drought, cold, high salinity and ABA stress signal transduction pathways (Seki et al., 2001;
Seki et al., 2002; Shinozaki and Yamaguchi-Shinozaki, 2007).
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1.3.6 AP2 transcription factors

Many of the Arabidopsis cold- and drought-responsive genes which have DRE/CRT
(dehydration-responsive element/C-repeat) elements within their promoters are regulated by
DREB/CBF (DRE-binding protein/C-repeat binding factor) AP2 type transcription factors
(Stockinger et al., 1997; Liu et al., 1998; Yamaguchi-Shinozaki and Shinozaki, 2005, 2006;
Mizoi et al., 2011). CBF1/DREBI1B, CBF2/DREBIC, and CBF3/DREB1A show significant
roles in the transcriptional response to osmotic stress (Shinozaki and Yamaguchi-Shinozaki,
2007; Thomashow, 2010). Transgenic A. thaliana plants constitutively over-expressing these
transcription factors exhibited tolerance to salinity, drought and freezing stress (Kasuga et al.,
1999; Gilmour et al., 2000; Gilmour et al., 2004). ICE1 (INDUCER OF CBF EXPRESSION
1) and CAMTA also regulate the expression of DREB1A/CBF3 or DREB1C/CBF2 at the
transcriptional level (Chinnusamy et al., 2003; Doherty et al., 2009). CAMTA, calmodulin
binding transcription activator, provides a link with the activated Ca®* signaling during abiotic
stress. A zinc finger protein, ZAT12, also regulates the expression of DREB/CBF (Vogel et
al., 2005). The Arabidopsis CBF4 gene, belonging to the DREBI subclass, is induced by
drought stress, but not by low temperature (Haake et al., 2002). Homologues of the
Arabidopsis DREB/CBF genes were isolated from some flowering plants, including
monocotyledonous plants such as rice (Dubouzet et al., 2003), maize (Qin et al., 2003), wheat
and rye, and dicotyledonous plants such as Brassica napus and tomato (Jaglo et al., 2001). In
these plants, as in A. thaliana, the DREB2 homologues are involved in the drought/salinity
response pathway, while the DREB1/CBF homologues in the cold response pathway. CBF
transcription factors have been shown to act in the cold response pathway in plants such as
Arabidopsis that exhibit cold acclimation (Shinozaki and Yamaguchi-Shinozaki, 2000;
Chinnusamy et al., 2003; Thomashow, 2010) and also in plants, such as tomato, that do not
cold acclimate (Jaglo et al., 2001). In addition, multiple low-temperature regulatory pathways
exist in A. thaliana and also in other angiosperms (Fowler and Thomashow, 2002). Non-
acclimated eskimol (eskl) mutant of Arabidopsis (Xin and Browse, 1998; Xin et al., 2007)
display a similar level of freezing tolerance as control plants which have been cold acclimated.
In absence of cold acclimation, the eskl plants accumulate high levels of soluble sugars and
proline but do not express any of the cold-regulated genes such as COR15A, RAB18 and
COR78 (RD29A).
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1.3.7 Other drought stress-related transcription factors

In addition to the bZIP and AP2 families, drought stress-related transcription factors belonging
to the MYB, MYC and homeobox families have been isolated from A. thaliana. The promoter
of the drought and ABA-responsive RD22 gene possesses two recognition sites for the MYC
and MYB transcription factors but contains no ABRE (Iwasaki et al., 1995; Abe et al., 2003).
Both RD22BP1 (MYC) and ATMYB2 (MYB) have been shown to function as transcriptional
activators controlling the expression of RD22 (Abe et al., 1997; Abe et al., 2003). The
ATMYB2 gene is induced by dehydration and salt stress, as well as by exogenously applied
ABA (Urao et al., 1993; Abe et al., 2003). The Arabidopsis homeodomain-leucine zipper
(HD-Zip) ATHB-7 protein is also induced by dehydration, osmotic stress and ABA
(Soderman et al., 1996). Induction of ATHB-7 was shown to be mediated via ABA, because
its expression was impaired in the abil mutant and was not detected in the aba-3 mutant
subjected to drought stress (Soderman et al., 1996). Constitutive expression of ATHB-7 in
transgenic Arabidopsis caused a reduction in the rate of leaf and inflorescence stem growth
(Hjellstrom et al., 2003). RD26 gene which encodes a NAC transcription factor is induced by
drought, high salinity, ABA, and JA (Fujita et al., 2004). NAC proteins recognize a MY C-like
target sequence and activate ERD1 (Tran et al., 2004; Tran et al., 2006). Some members of the
zinc-finger type TF such as WRKY have been shown to be involved in defense-related plant

responses (Ulker and Somssich, 2004).

1.3.8 Activation/repression of drought-responsive pathways

Several positive and negative regulators of the stress response pathways have also been
identified. Analysis of sfr6, a freezing-sensitive mutant, suggests that the SFR6 protein
functions as a positive regulator of the DREB1/CBF factors (Knight et al., 1999). The icel
mutant in Arabidopsis, is defective in cold-regulated expression of CBF3/DREBI1A and its
target COR genes. ICE1 encodes a MY C-type bHLH transcription factor (Chinnusamy et al.,
2003). ICEL1 is inactive under non-stress conditions, but is activated by cold temperature and
activates the expression of CBF3/DREB1A, but does not interact with the promoters of other
CBF/DREB1 genes. ICE1 also regulates stomata formation (Kanaoka et al., 2008). The fieryl

(fryl) mutation induced tolerance to drought, freezing and salt stress. FRY1 encodes an
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inositol polyphosphate 1-phosphatase and is proposed to be a negative regulator of ABA and
stress signaling (Xiong et al., 2001). ICE1 was demonstrated to be under the control of HIGH
EXPRESSION OF OSMOTICALLY RESPONSIVE GENE 1 (HOSI), a RING finger protein
(Dong et al., 2006). In the hos1l mutant, expression of DREB1/CBF genes is super-induced by
cold stress, suggesting that HOS1 functions as a negative regulator of the DREBI1/CBF
transcription factors (Lee et al., 2001). The HOS5 gene product has also been proposed as a
negative regulator of osmotic stress-responsive gene expression in both the ABA-dependent
and ABA-independent stress signaling pathways. The hos5 mutation results in increased

expression of the stress-responsive gene RD29A (Xiong et al., 1999).

1.4 Molecular studies of desiccation tolerance in resurrection
plants

Molecular studies of resurrection plants have been performed with a number of species, such
as the dicot C. plantagineum (Phillips and Bartels, 2000) and Craterostigma wilmsii (Farrant
et al., 2003), the monocot S. stapfianus (Neale et al., 2000), the moss T. ruralis (Oliver et al.,
2005), the fern Polypodium virginianum (Reynolds and Bewley, 1993) and also desiccation-
tolerant Xerophyta viscosa (Sherwin and Farrant, 1998) and X. humilis (Collett et al., 2003).

1.4.1 Desiccation tolerance in S. stapfianus

The monocotyledonous resurrection grass S. stapfianus (Fig 1.2) is a desiccation tolerant plant
which is found in the arid habitats of the Transvaal region in South Africa (Gaff and Ellis,
1974). These plants can withstand a loss of 98% of their water and remain viable in this state
for one to two years and can resume their normal metabolism within 24 hours of rehydration

(Gaff, 1971; Gaff, 1977; Gaffet al., 1997).
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Fig. 1.2 The resurrection grass S. stapfianus Gandoger in the hydrated (left) and desiccated (right)
state.

A number of physiological changes occur in S. stapfianus during dehydration (Table 1.1),
which allow the protoplasm of individual cells to tolerate subsequent drying and ensure plant
survival during desiccation. S. stapfianus requires a slowing drying process in order to
establish desiccation tolerance mechanisms. When leaf relative water content (RWC) goes
below 60%, desiccation tolerance is induced in S. stapfianus (Gaff and Loveys, 1993). Drying
from full turgor to 60% RWC usually takes between 2-5 days in natural environments (Gaff,
1980). When leaves of S. stapfianus which are attached to intact plants are detached from
dehydrated plant (below 60% RWC) and then further dehydrated to air-dryness, they remain
alive when rehydrated. On the other hand, fully-hydrated leaves that are dehydrated at the
same rate after being detached from the fully-hydrated plant die during drying (Gaff, 1980;
Gaff and Loveys, 1993). This suggests that a hormonal signal from drought-stressed roots is
required to travel to the leaves to induce the desiccation tolerance pathway (Ghasempour et

al., 2001).

In some plants during soil drying, increased transport of ABA from the root system has an
important function in root to shoot signaling (Davies and Zhang, 1991). In the leaves of Boyra
constricta and the callus of C. plantagineum, desiccation tolerance may be induced by
application of ABA, which is not seen in S. stapfianus leaves (Gaff and Churchill, 1976;
Bartels et al., 1990; Gaff and Loveys, 1993). Although ABA is not thought to play a main

function initiating desiccation tolerance in S. stapfianus, the level of ABA increases 6-fold
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during the later stages of dehydration and reaches a maximum during severe desiccation (20-
10% RWC) (Gaff and Loveys, 1993; Ghasempour et al., 1998a). In studies using S. stapfianus
protoplasts, hormones such as brassinosteriods, methyl jasmonate (MelJa) and ethylene
promoted protoplasmic drought tolerance (PDT) to a higher degree than ABA (Ghasempour et
al., 1998a). MeJa was found to be the most effective but none of these hormones promoted
PDT to a sufficient level that would be expected to allow the plant to survive desiccation
(Ghasempour et al., 1998a). Recently, the involvement of jasmonate in regulation of the

desiccation tolerance mechanism has also been shown in T. ruralis (Oliver et al., 2009).

Table 1.1 Major physiological events in intact desiccating leaves of S. stapfianus (modified from
Gaff, 1989).

Changes in protein expression and the levels of several sugars and hormones such as ABA during

desiccation in S. stapfianus are summarised. Note that physiological processes are still occurring in S.

stapfianus during severe drought stress (below ~30 % RWC) where death would occur in most non-

resurrection plants (Gaff, 1989).

RWC (%) Level of Physiological event
Drought stress

100 -90 Hydrated - Normal photosynthesis and growth

89 — 80 Mild - Reduction of photosynthesis
- Appearance of some novel proteins (as visualized on

2D gels) including dehydrins

79 — 60 Moderate - Reduction in starch content
- Desiccation tolerant state attained at 60% RWC

59-40 Strong - Maximum accumulation levels of glucose and fructose
- ABA level increases 7-fold

39-20 Severe - Synthesis of numerous novel proteins (37% RWC)

19-11 Extreme - Maximum ABA level attained

- Fragmentation of vacuole into sub-vacuolar vesicles

<10 — Airdry Anabiosis High sucrose content (~ 100 pmole/g dried weight)

- Elevated content of raffinose and stachyose

In S. stapfianus, the upper leaf surface is protected by a covering of epicuticular wax that

reflects some light (DallaVechia et al., 1998). Drought stress causes the leaf margins of S.
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stapfianus to curl inwards until the leaf lamina is tightly rolled by the contraction of epidermal
cells which are located in the upper leaf surface. The level of dehydration can be determined
by this leaf rolling (Gaff and Loveys, 1993). The air-dry live leaves may be easily
distinguished by the colour difference between live and dead air-dry senesced leaves. The
inrolling leaf surfaces build up a purple color due to accumulation of anthocyanins,
intensifying to purple-black under full sunshine, indicating that the airdry leaves of S.
stapfianus are alive. Cultivated plants dried under low irradiance usually do not become
purple, but turn a dark olive green colour and are able to survive and recover from airdryness.
S. stapfianus, like other resurrection plants, lowers its PSII activity during dehydration, but
exhibits only a partial loss of its chlorophyll content (~40% in dry leaves returning to 90% on
rehydration), thereby diminishing the potential for photooxidative damage to leaves (Quartacci
et al., 1997; DallaVechia et al., 1998). After a dehydration/ rehydration cycle, all
photosynthetic activities are restored in S. stapfianus (Gaff et al., 2009).

In S. stapfianus, the induction of glutathione reductase, ascorbate peroxidase and
dehydroascorbate reductase as free radical scavenging enzymes is important to protect
membrane lipids and proteins and to remove reactive oxygen species (ROS) (Sgherri et al.,
1994). During the recovery phase the intensified oxidative stress causes more damage during
rehydration than during dehydration (Sgherri et al., 1994). However, in detached leaves of S.
stapfianus, antioxidant capacity decreases due to reduced activity of ascorbate peroxidase
during dehydration (Sgherri et al., 1994). This is why the detached leaves of S. stapfianus

possibly do not show any recovery from desiccation.

Although large amounts of glucose, fructose and galactose are found in fully-hydrated S.
stapfianus leaves, during dehydration sucrose is the major sugar (Ghasempour et al., 1998b)
(Table 1.1). Recent metabolomic study by (Oliver et al., 2011b) showed that in S. stapfianus
leaves, sucrose accumulated steadily during dehydration to a maximum elevation of 10.5-fold
above control concentrations in the desiccated state. However, sugars, such as trehalose
decreases whilst raffinose increases slightly in desiccated S. stapfianus leaves (Albini et al.,
1994). Glucose is the dominant sugar in rehydrated S. stapfianus plants after desiccation with

trehalose also being unusually high 72 hours after rehydration (Murelli et al., 1996).
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Alterations in specific mRNAs and proteins are indicative of the changes in gene expression
during the induction of desiccation tolerance in S. stapfianus (Kuang et al., 1995; Gaff et al.,
1997). These changes are vital for the establishment desiccation tolerance in vegetative tissues
of S. stapfianus (Neale et al., 2000). Studies examining the levels of protein synthesis during
dehydration of S. stapfianus leaves indicate that at a RWC of 80-83%, the first proteins
thought to be involved in desiccation tolerance, including dehydrins, are produced (Kuang et
al., 1995). Several studies have also identified several genes which are strongly induced by
water deficit in vegetative tissues of S. stapfianus (Blomstedt et al., 1998a; Blomstedt et al.,
1998b; Neale et al., 2000; Le et al., 2007). These genes encode proteins with putative
protective functions including group 3 LEAs, dehydrins, early light inducible proteins
(ELIPs), glyoxalase I and several cell wall and membrane associated proteins (Blomstedt et
al., 2010). High levels of transcripts encoding a y-tonoplastic intrinsic protein (TIP), a member
of water channel protein family have also been observed during severe dehydration (Neale et

al., 2000).

1.4.2 Differences between water-deficit responses in resurrection plants and
non-resurrection plants

Leaf RWC of about 90% is generally found in plants in moist environments (Arvidson, 1951).
When RWC goes down to 40%, plants cannot recover due to massive cellular damage
(Schnepf, 1961). On the contrary, in resurrection plants, desiccation tolerance does not depend
greatly on water conservation. The desiccation-tolerance, a protoplasmic phenomenon, may be
reversible at any stage of the dehydration process. Unlike the situation in bryophytes, where
desiccation tolerance mechanism is constitutive (Bewley et al., 1978), in angiosperms it is
induced during dehydration (Gaff and Churchill, 1976). In both resurrection and non-
resurrection plants, the early responses to dehydration show many similarities (Neale et al.,
2000). This indicates that in vascular resurrection plants drought avoidance mechanisms are
required in the field for slowing down drying rates sufficiently to allow the induction of the

genetic mechanism of desiccation-tolerance.

Normally in vascular plants sucrose is found as a main protective sugar. This appears to be the

case in S. stapfianus and many other desiccation-tolerant grasses as well as all mosses
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(Smirnoff, 1992; Ghasempour et al., 1998b) except Selaginella lepidophylla in which the
trehalose acts as a major protective sugar (Itturriaga et al., 2006; Yobi et al., 2013). However,
some resurrection ferns and angiosperms accumulate very small amounts of trehalose
(Ghasempour et al., 1998b; Farrant et al., 2009). A Saccharomyces cerevisiae mutant
defective in trehalose biosynthesis may also maintain desiccation-tolerance (Ratnakumar and
Tunnacliffe, 2006). Like other sugars, trehalose may act cooperatively as a chemical
chaperone to enhance the molecular shield function of LEA proteins in reducing desiccation-

induced aggregation of proteins (Chakrabortee et al., 2012).

A recent study showed that several sugars (e.g. glucose, sucrose), sugar alcohols (e.g. inositol-
1-phosphate, myo-inositol, mannitol), and betaine, which act as osmoprotectants or hydroxyl
radical scavengers, were more abundant in the desiccation-tolerant S. lepidophylla at 100%
and 50% RWC than the desiccation-sensitive S. moellendorffi (Yobi et al., 2012). In the
foliage and seed of vascular and cryptogamic desiccation-tolerant plants, LEAs are also found
as protective proteins. The transcripts of genes involved in some of these protection processes
appear at relatively mild levels of water-deficit in both resurrection and non-resurrection

plants (Neale et al., 2000).

Resurrection plants have some unique features which allow them to survive desiccation.
Resurrection plants contain both drought- and desiccation-tolerance mechanisms to deal with
daily mild and severe intermittent water-deficit. Desiccation survival requires a particular
metabolic activities to be turned off which is injurious to the cell along with the establishment
of mechanisms to protect cellular components recovering from the air-dry state during
rehydration (Di Blasi et al., 1998; Neale et al., 2000). Protein turnover and DNA-repair
mechanisms are important. In contrast to the situation in the moss T. ruralis, during water-
deficit, the environmentally-induced desiccation tolerant plants require transcriptional and
translational activity to be maintained (Bewley, 1979). Protein synthesis ceases at mild levels
of water-deficit in desiccation-sensitive angiosperm whereas in inducible desiccation-tolerant
species it continues to occur until leaves are nearly air-dry (Bartels et al., 1990; Gaff et al.,
1997). Likewise, in S. stapfianus specific transcript accumulation takes place nearly

throughout the whole dry-down process (Neale et al., 2000). Desiccation tolerance may
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involve the extension of transcriptional activation of early-response genes into later stages of

dehydration (Blomstedt et al., 2010).

In resurrection plants, comprehensive analyses of the transcriptome (Oliver et al., 2004;
Rodriguez et al., 2010), proteome (Oliver et al., 2010) and metabolome (Oliver et al., 2011b)
in dehydrating and rehydrating tissue have been carried out. Gene expression analysis showed
that many novel transcripts are produced during the rehydration phase in S. stapfianus
(O’Mahony and Oliver, 1999) suggesting that several transcripts that largely accumulated in
air-dry tissue during dehydration may play a role during rehydration when most of the cellular
damage occurs. Establishment of mechanisms required for survival of rapid rehydration, and
restoring rapid re-growth when water is available, before the desiccated state is reached is
necessary for plants growing in limited rainfall environments. In S. stapfianus, growth analysis
following a dehydration-rehydration treatment showed more rapid regrowth with
approximately twice the biomass (dry weight) produced when compared to continually well-

watered plants (Blomstedt et al., 2010).

1.4.3 Isolation of desiccation-tolerance specific genes associated with
growth

The analysis of the transcripts that accumulate to high levels in dried tissues of a S. stapfianas,
designated S. stapfianus Drought-related Genes (SDG), have shown that some of them are
related to proteins that have been shown to regulate growth related processes (Blomstedt et al.,
2010). One such example related to cell wall modification and signaling, is the endo-8-1,4-
glucanase or glycosyl hydrolase (GH) 9 cellulose encoded by SDG8s. As plant cellulases are
known to be involved in growth related processes, transgenic approaches using plant GH9
cellulases show considerable improvement in cell growth and organ size (Park et al., 2003;
Shani et al., 2004). Another example is a chitinase-like protein encoded by SDG72s which in
other species has been associated with plant growth and development (Kasprzewska, 2003).
High chitinase transcripts in young leaves, stems, flowers and pollen suggest their function in
loosening and disruption of the cell wall in rapidly growing tissues (Neale et al., 1990;
Campillo and Lewis, 1992; Patil and Widholm, 1997). Another example is the SDG11s gene,
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the fragment of which translates into a section of a putative glycine rich protein (GRP) of 51
amino acids, involved in cellular responses. In Arabidopsis, the function of a wall-associated
receptor kinase (WAKI1) is regulated by AtGRP3. There are 5 WAK genes in Arabidopsis.
WAK2 and WAK4 are shown to be involved in cell expansion and affect growth and
development in Arabidopsis (Lally et al., 2001; Wagner and Kohorn, 2001). In S. stapfianus,
the changes to the cell wall and the expression of SDG11s during water deficit may activate
WAK-regulated mechanism for protection of necessary cellular functions and recovery and

growth when water is available.

Another transcript that accumulates in dehydrated S. stapfianus tissue is SDG71s, which
encodes a partial protein with homology to IAA-conjugating enzyme GH3 in Arabidopsis
(Staswick et al., 2005; Park et al., 2007). Studies have shown that the amount of free auxin
(IAA) in different tissues plays a role in cell elongation and division, gravitropism and apical
dominance, hence SDG71s may be involved in regulating the amount of free IAA and
therefore may affect plant growth (Hagen and Guilfoyle, 2002). Another transcript from S.
stapfianus, SDG16s that also accumulates in dehydrated S. stapfianus tissue encodes a
cysteine protease inhibitor (phytocystatin). The cystatin C-terminus encoded by the SDG16s
fragment has very high homology to a developmentally regulated cystatin from alfalfa,
MsCYSI. This suggests that it is involved in the early stages of leaf and stem growth (Rivard
et al., 2007). The SDG20s gene product, origin recognition complex subunit 6 (Orc6), is also
involved in growth and development (Blomstedt et al., 2010). SDG15s which encodes the
translation elongation factor eEF1A also plays a role in growth-related cellular processes in
both plants and animals. eEF1A may undergo post-translational modifications and is involved
in cell proliferation by interacting with different proteins, including tubulin, calmodulin and

actin.

1.4.4 Desiccation-specific gene expression in S. stapfianus

Further studies in S. stapfianus were undertaken by differentially screening a cDNA library
constructed from dehydration-stressed leaf tissue, in an attempt to identify genes expressed

during severe-dehydration which may have an adaptive role in desiccation tolerance (Le et al.,
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2007). Four of the genes identified are strongly expressed in the intact leaf tissue of S.
stapfianus during severe water stress, while three of these genes did not show any expression
in hydrated or detached leaf tissue (Fig 1.3). The nature of the putative proteins encoded by
these genes suggests their important role in plant protection during desiccation. These include
a novel LEA-like protein (SDG2i), a pore-like protein (SDG3i) and also a UDPglucose
glucosyltransferase (SDG8i) (Le et al., 2007).

S. stapfianus S. stapfianus
‘Iintact’ leaf tissue ‘detached’ leaf tissue

Dehydration stage Dehydration stage
A B CDEG ABCUDEF

SDG2 ¢ ‘;-. ~1.4kb

sSDG4i | - A T ~1.4 kb
~1.2kb
SDGE ~1.8 kb
ol - 28
rRNA N_

Fig 1.3 Northern Analysis of SDG genes at different RWCs. A: >90% RWC, B: 89-80% RWC, C:
79-60% RWC, D: 59-40% RWC, E: 39-20% RWC, F 19-10% RWC and G <10% RWC (Le et al.,
2007).

The present study focuses on SDG8i. Sequence analysis shows the presence of a Plant
Secondary Product Glycosyltransferase (PSPG) motif in the SDG8i C-terminal domain, which
indicates that it is a Family 1 UGT and also that it is likely to utilizes a uridine diphosphate
(UDP) activated sugar as donor during glycosylation (Le et al 2007). Therefore, SDG8i
encodes UDP-dependent glycosyltransferase or UGT (Mackenzie et al., 1997; Lim and
Bowles, 2004). From the full coding region of SDG8I it is shown that there are no introns and
encodes a protein of 473 amino acids, with a predicted molecular mass of 52 kDa and a
theoretical isoelectric point of 5.66 (Le et al., 2007). By comparing amino acid sequence of
SDG8i with UGTs from maize, Arabidopsis, tomato and tobacco, high (more than 60%
identity) homology with the PSPG motif was found (Le et al., 2007). Less homology (<30%)
was found in the N-terminal domain of SDGS8i with other plant UGTs. The N-terminal region
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is involved in substrate binding but specificity can not be determined based on the protein

sequence.

The effect of exogenous ABA on the expression of SDG8i cDNAs was determined by treating
fully-hydrated S. stapfianus leaf tissues. Initial northern analysis showed that exogenous ABA
treatment has no effect on the expression of SDG8i after 24 hours (Le et al., 2007), however,
more recent experiments indicate a transient induction peaking at 3 hours (Bomstedt personal
comunication). The effect of salt and cold stress was also investigated and preliminary results

showed that SDG8I is induced by cold (4°C) but not salt (300 mM NaCl) (Le, 2004).

To isolate transcription factors involved in the regulation of SDG8i in S. stapfianus, the
promoter region of the SDG8i gene was used as bait in the yeast-one hybrid system resulting
in identification of SDG16y, which was shown to be an AP2/ERF transcription factor (Le,
2004). Screening of a S. stapfianus cDNA library with SDG16y isolated two full-length cDNA
clones SDG10y, as well as a related cDNA, SDG7y (Le, 2004). Both SDG10y and SDG7y
encode structurally similar AP2/ERF transcription factors, with an acidic region at the C-
terminus, an AP2 DNA-binding domain located centrally and a putative nuclear localisation
signal located immediately upstream of the AP2 domain. The AP2 domains of SDG10y and
SDG7y contain two conserved amino acid residues which are found in ERFs but not in DREB
proteins (Liu et al., 1998). The functional significance of this finding is unknown as both
SDG10y and SDGT7y transcripts are down-regulated by ethylene treatment as well as
dehydration (Fig. 1.4 and 1.5) (Le, 2004). An investigation of the gene regulation activities of
the SDG10y and SDG7y transcription factors may reveal new insights into the processes

leading to desiccation tolerance in vegetative tissues of S. stapfianus.
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Fig. 1.4 Northern analysis showing expression of SDG10y (previously designated SDG16y) and SDG8i
in dehydrated S. Stapfianus leaf tissue. A: 90% RWC, B: 89-80% RWC, C: 79-60% RWC, D: 59-40%
RWC, E: 39-20% RWC, G <11% RWC (Le, 2004).
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Fig. 1.5 Northern analysis showing expression of SDG7y. A: 90% RWC, B: 89-80% RWC, C: 79-60%
RWC, D: 59-40% RWC, E: 39-20% RWC, G <11% RWC (Le, 2004).

1.5 Plant Glycosyltransferases

Glycosyltransferases (GTs), which catalyze the transfer of a sugar residue from an activated
donor to an acceptor molecule, are found in all living organisms. This glycosylation changes
the stability, solubility and biological activity of such molecules (Lim and Bowles, 2004). The

activity of GTs may be crucial for the biosynthesis of some secondary metabolites, for the
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regulation of small molecular compounds active in defense and signaling, as well as for the
detoxification and compartmentation of xenobiotics (Jones and Vogt, 2001). This study
focuses on the family 1 GTs or UGTs. The model plant A. thaliana contain 122 different
UGTs which are classified into 14 different phylogenetic groups (Li et al., 2001; Ross et al.,
2001). Plant GTs in general show limited sequence similarity (Vogt and Jones, 2000). With
their amino-terminal regions being more variable than the carboxy-terminal regions this
suggests that the amino-terminal domain may be involved in the recognition and binding of
the diverse aglycon acceptor substrates. The more conserved carboxy-terminal region is
thought to be involved in binding the nucleotide sugar substrate (Lim et al., 2003a) and
contain a highly conserved UDP-Glucose binding sequence found in the C-terminal region of
UGTs involved in secondary plant metabolism called the Plant Secondary Product
Glycosyltransferase (PSPG)-Box (Hughes and Hughes, 1994). Most of the GTs in the
Arabidopsis GT family 1 are UGTs, carrying the C-terminal consensus sequence.

1.5.2 Physiological roles of GTs in plants

Studies of GTs and their glycosylation activities in Arabidopsis and other plant species have
shown that UGTs play important roles in plant growth and development, which are discussed

below.

1.5.2.1 The role of UGTs in biosynthesis and storage of secondary metabolites

Plants have developed a number of metabolic pathways to synthesize several thousand
different secondary metabolites for environmental adaptation. Glycosides of secondary
metabolites identified include phenolics, terpenoids, alkaloids (e.g. Dbetalains),
thiohydroximates (glucosinolate precursors), cyanohydrins (cyanogenic glycoside precursors)
and steroids (Vogt and Jones, 2000). GTs could play roles in the biosynthesis, alteration,
transportation and storage of secondary metabolites (Wang and Hou, 2009). Glycosylation
reactions generally lead to stabilization and inactivation and sometimes addition of the sugar
conjugates which are highly energetic compounds and biosynthetic intermediates (Bowles et

al., 2006).
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1.5.2.2 The role of UGTs in defense response and detoxification

Plants have defense responses against different biotic stress such as herbivore attack, bacterial
or fungal infections, as well as mechanisms to cope with abiotic stress factors such as drought,
heat, cold or oxidative stress. Several UGTs are highly inducible by these environmental stress
factors and several recent studies indicate they have important stress related functions (Mazel

and Levine, 2002; Langlois-Meurinne et al., 2005; Meissner et al., 2008).

Transgenic tobacco plants overexpressing the tobacco UGT TOGT1 shows increased
resistance to Potato Virus Y (Matros and Mock, 2004) while reduced expression of TOGTS
impairs plants resistance to Tobacco Mosaic Virus (TMV) by decreasing the levels of
scopoletin glucoside (Chong et al., 2002). Overexpression of UGT74F2 led to increased
susceptibility to the hemibiotrophic pathogen Pseudomonas syringae, caused by reduced
salicylic acid (SA) and its glucoside levels (Song et al., 2008). Two glucosylated forms of SA
have been identified in plant species: the glucose ester and the 2-O-glucoside (Vlot et al.,
2009). Both the conjugated and the free form are increased upon pathogen infection.
Screening of several recombinant UGTs from Arabidopsis in vitro revealed two proteins
which were active against SA and benzoic acid (Lim et al., 2002). UGT74F1 formed only SA
2-0O-B-Dglucose (SAG), while UGT74F2 forms both SAG and the SA glucose ester (SGE).
Arabidopsis mutant analysis shows that changes in the activity of either UGT74F1 or
UGT74F2 may have an effect on the metabolism of exogenous SA in vivo (Dean and Delaney,
2008). UGT74D1 from Arabidopsis recognized jasmonic acid (JA) in vitro, but also showed
significant activity towards other substrates (Song, 2005). A JA glucoside was also found to

accumulate in wounded leaf extracts of Arabidopsis (Glauser et al., 2010).

Several UGTs have also been shown to play roles in regulating plant adaptation to different
abiotic stresses. For example, ectopic overexpression of UGT74E2 led to improved survival
during drought and salt stress in Arabidopsis through its activity toward IBA (Tognetti et al.,
2010). Loss-of-function mutations in UGT73B1, UGT73B2, or UGT73B3 (tandemly clustered
flavonoid UGTS) enhanced oxidative stress resistance of plants (Lim et al., 2006). Moreover,
loss of UGT71C1 function in Arabidopsis led to increased tolerance to methyl viologen

indicating a role in oxidative stress response (Lim et al., 2008). A recent study shows the role
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of UGTB85A5 in increasing salt tolerance when overexpressed in tobacco plants (Sun et al.,

2013).

1.5.2.3 The role of UGTs in hormone homeostasis

Plant hormones or their precursors play an important role in the regulation of related defense
pathways and regulation of plant hormones is crucial to enable adaptation of plants to
environmental change. Glycosylation is an important mechanism that controls the levels as

well as compartmentation of different hormones within the cells and tissues of a plant.

Most of the hormones except ethylene occur as glycosides in planta (Bowles et al., 2006).
IAGLU, the first gene isolated from maize, encodes a GT that recognizes indole acetic acid
(IAA) (Szerszen et al., 1994). It was shown later that UGT84B1 synthesized the 1-O-indole
acetyl glucose ester (IAAGIc) by in vitro analysis of recombinant Arabidopsis GTs.
Transgenic plants overexpressing UGT84B1 exhibit a phenotype suggesting a deficiency in

auxin (Jackson et al., 2001).

Glycosylation of cytokinins (CKs) involves O-glucosylation, O-xylosylation, and N-
glucosylation (Mok and Mok, 2001). Genes encoding GTs recognising CKs have been
identified in several plant species (Martin et al., 1999; Martin et al., 2001; Veach et al., 2003).
Transgenic plants over-expressing Arabidopsis UGT76C1 which has N-glucosyltransferase
activity towards CKs showed increased accumulation of trans-zeatin-7-N-glucoside by

application of trans-zeatin (Hou et al., 2004).

Glucose ester is the most abundant conjugate among the glycosides of abscisic acid (ABA) in
plants (Schwartz and Zeevaart 2004). Among the eight Arabidopsis UGTs which are able to
glycosylate ABA, UGT71B6 showed enantioselective glycosylation only towards the naturally
occurring Cis-S-(+)-ABA in vitro (Lim et al., 2005). UGT71B6 was shown to be able to
glycosylate a wide range of ABA analogues in vitro (Priest et al., 2005). ABA metabolism
was shown to be affected by over-expression of UGT71B6 in Arabidopsis during drought
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(Priest et al., 2006). Deglycosylation of this hormone has also been shown to have an effect on

the pool of free ABA (Lee et al., 20006).

A wide range of glycosides of many different brassinosteroids (BRs) have been identified in
plants (Fujioka and Yokota, 2003). Arabidopsis UGT73C5, able to catalyze the 23-O-
glucosylation of brassinolide (BL) and its biosynthetic precursor, castasterone (CS), when
overexpressed, exhibits phenotypes with BR-deficiency (Poppenberger et al., 2005). Over-
expression of this GT also reduced the levels of active BRs in transgenic plants, suggesting a
reduced bioactivity of BRs by glycosylation. UGT73C5 has also been shown to glycosylate a
fungal toxin (Poppenberger et al., 2003), suggests a dual role of this gene in glycosylating

both endogenous and exogenous acceptors.

Salicylic acid (SA) as well as jasmonic acid (JA) are two other important plant hormones, the
activity of which seem to be regulated by conjugation (Vlot et al., 2009). As both play

important role in plant defense reactions, they were described in the earlier section.

1.6 Hormonal regulation in plant growth and development

Since glycosylation may affect the bioactivity of most plant hormones and many UGTs are
environmentally regulated, there may be a role for plant UGTs in regulation of

environmentally-induced morphogenesis.

Plant development is characterized by a high degree of plasticity, i.e., the ability to adjust the
developmental program to respond to changes in the environment. The overall plant body is
defined by the shoot apical meristem at the apex and the root apical meristem at the basal end.
During postembryonic development, the activity of these meristems leads to the formation of
shoot-and root-specific organs. Moreover, secondary meristems (axillary branches) are formed
in both root and shoot with the same developmental potential as the primary meristems
(Domagalska and Leyser, 2011). The branching pattern depends on the time and position of
branch development and is genetically determined (Halle, 1999). The genetic and
environmental interactions involved in determining plant architecture are mediated by plant

hormones.
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Axillary branching commonly occurs in angiosperms (Sussex and Kerk, 2001) and involves
two developmental stages: the formation of axillary meristems in the leaf axils and subsequent
axillary bud growth. The growth of axillary meristems is inhibited by the primary
inflorescence in many plant species including Arabidopsis. This phenomenon, commonly
known as apical dominance, is one of the most studied topics of controlling bud outgrowth and
involves crosstalk among various hormones and signals that transport within and between the

root and shoot (Beveridge, 2006; McSteen, 2009).

Plant hormones (sometimes termed plant growth regulators), have a history of interest to
investigators of plant development and several hormones have been implicated in the control
of shoot branching and dormancy in axillary meristems. The term hormone in plants is usually
applied to the small molecules derived from secondary metabolism which may carry long-
range signals and are active at low levels (Santner and Estelle, 2009; Jaillais and Chory, 2010).
For many years a set of approximately five substances or substance groups were recognized as
hormones — auxins, CKs, gibberellins, ethylene and ABA. More recently the BRs, SA, JA and
strigolactone (SL)-related compounds are also included in this group to some degree (Jaillais
and Chory, 2010). In many aspects of plant development, these plant hormones interact with
each other and this so-called crosstalk has been the subject of several studies (Rock and Sun,

2005; Moubayidin et al., 2009).

1.6.1 Auxin

The hormone auxin is one of the best characterized and the most important signals regulating
many environmental and internal developmental processes in plants. Auxin plays an important
function in the control of shoot branching (Fig. 1.6) in many seed plants (McSteen and Leyser,
2005; Cline et al., 2006). Auxin is unique among the plant hormones in that it is transported
through plant tissues in a polar fashion. This polar auxin transport (PAT) mechanism is a
specific, self-regulating and self-organising transport system of plasma-membrane influx and
efflux carriers (Benjamins and Scheres, 2008). Auxin is mostly produced in the young
expanding leaves of growing shoot apices and is actively transported basipetally in the PAT

stream, involving PIN1, a basally localized PIN-FORMED (PIN)-type auxin efflux carrier
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Fig. 1.6. Roles of Auxin, CK and SL on bud outgrowth. These hormones are transported throughout
the plant, forming a systemic network. Auxin is actively transported basipetally in the PAT stream,
involving basally localized auxin efflux carriers PIN1. SLs and CKs are mainly produced in the root,
but also locally in the shoot, and are transported acropetally in the xylem.Auxin acts to independently
up-regulate SLs and down-regulate CK level. Auxin and SLs inhibit the progression to growth while
CKs promote this progression. Modified from (Brewer et al., 2009; Hayward et al., 2009)

(Gélweiler et al., 1998; Zazimalova et al., 2010). In the control of shoot branching, the polar
transport of auxin, travelling from its point of synthesis down the stem to its point of action, is
important for the maintenance of dormancy in axillary meristems. Removal of the apex
removes the auxin source which then triggers the outgrowth of axillary buds further down the
stem. Replacement of this source by application of exogenous auxin may prevent this
outgrowth (Thimann and Skoog, 1933). Disruption of polar auxin transport with inhibitors
also allows bud outgrowth further down (Panigrahi and Audus, 1966; Chatfield et al., 2000).

However, auxin acts indirectly without entering the buds (Booker et al., 2003) and therefore,
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the presence of one or more second messengers has been suggested to account for the indirect

action of auxin (Booker et al., 2003).

1.6.2 Cytokinin

The actions of CKs are likely to form at least part of the auxin second messenger role (Muller
and Leyser, 2011). CKs are synthesized both locally in the bud and also transported
acropetally in the transpiration stream from the roots (Sachs and Thimann, 1967; Bangerth,
1994). When applied directly to the bud, CKs promote meristem activity and bud outgrowth
(Muller and Leyser, 2011). CKs can activate buds even in the presence of apical auxin when
basally applied, and therefore they act antagonistically to auxin in apical dominance (Chatfield
et al., 2000). CK biosynthesis is down-regulated by auxin (Fig 1.6), suggesting that auxin
inhibits buds partly by reducing their CK supply and this has contributed to a model in which
release of CK production from repression by the loss of apical auxin on decapitation promotes
bud outgrowth (Tanaka et al., 2006). CKs are implicated in the promotion of meristem identity
and outgrowth, partly through their interactions with auxin and through their direct effects on

cell cycling (Durbak et al., 2012).

1.6.3 Strigolactone

Studies of branching mutants in a range of species have revealed the existence of another
factor, acting together with auxin and CK (Domagalska and Leyser, 2011). These mutants
were termed more axillary growth (max) mutants in Arabidopsis, ramosus (rms) in pea,
decreased apical dominance (dad) in petunia, and dwarf (d)/high tillering dwarf (htd) mutants
in rice. The MAX pathway produces a long-range signal in the root and shoot that travels up
towards the shoot apex in the xylem and may act at or near to the bud to repress bud
outgrowth (Booker et al., 2005; Stirnberg et al., 2007; Kohlen et al., 2011). This long-distance
signal is carotenoid derived and identified as a SL-related group of compounds (Gomez-

Roldan et al., 2008; Umehara et al., 2008).
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The action of SLs in branching control is to repress outgrowth and their action is proposed to
form part of the auxin ‘second messenger’ function (Fig. 1.6). SL biosynthesis genes are
upregulated by auxin (Bainbridge et al., 2005; Johnson et al., 2006; Arite et al., 2007; Foo et
al., 2007; Hayward et al., 2009). The precise mechanisms of SL action have not been defined
conclusively. In one proposed mechanism for bud repression, SLs act directly, antagonistically
to CKs, with the dormancy regulator BRANCHED1 (BRC1) in Arabidopsis being a putative
target in a direct signaling cascade (Dun et al., 2006; Brewer et al., 2009; Dun et al., 2009;
Braun et al., 2012). However, in experiments using excised nodes without a natural or
supplied auxin source, synthetic SL analogues are incapable of repressing outgrowth
(Crawford et al., 2010) which suggests that interaction with other hormones is essential to SL

action.

1.6.3.1 Biochemical structure of strigolactone

SLs are comprised of terpenoid lactones (Fig 1.7) with a backbone of four rings. The three
ABC rings form a single lactone and are joined to the fourth ‘D’ ring, a y-butyrolactone
moiety, by an enol ether bond liable to nucleophilic attack. This results in most SL compounds

being labile in water and ethanol (Akiyama et al., 2010).

(+)-Strigol GR24 (synthetic analogue)

Fig 1.7 Chemical structures of the naturally occurring and the synthetic strigolactones (Umehara et al.,
2008).
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The C-D ring section is required for the hyphal branching activity of SLs in fungi and for
promoting germination activity in parasitic plants (Zwanenburg et al., 2009; Akiyama et al.,
2010). There are also isomeric and synthetic forms of SLs with different bioactivities. The SLs
strigol, sorgomol, orobanchol and 5-deoxystrigol, have been isolated from plants (Fig 1.7). 5-
deoxystrigol is believed to be the synthetisis precursor compound with activity in shoot
branching (Rani et al., 2008) and the predominant SL in rice, while orobanchol is probably the
main SL in Arabidopsis (Goldwasser et al., 2008; Kohlen et al., 2011). GR24 is a synthetic
analogue which is increasingly being used to investigate plant architecture and the role of SLs

in shoot branching.

1.6.3.2 Biosynthesis of strigolactone

The genes involved in the biosynthesis and signaling of SL have been identified from a
diverse range of species and are summerised in Table 1.2. The SL biosynthetic pathway (Fig
1.8) starts with a carotenoid precursor, likely to be [-carotene. Then CAROTENOID
CLEAVAGE DIOXYGENASE (CCD) 7 and CCDS act serially in the plastid and produce
carlactone, which is a mobile intermediate in the SL pathway (Alder et al., 2012). DWARF27
(D27), a plastid-localised iron-containing protein, converts trans-B-carotene to 9-Cis-3-
carotene in the SL pathway (Lin et al, 2009; Alder et al, 2012).
RMS5/MAX3/DAD3/D17/HTD1 and RMS1/MAX4/DAD1/D10, encode CCD7 and CCDS,
respectively, are involved in the SL pathway (Sorefan et al., 2003; Snowden et al., 2005; Zou
et al., 2006; Arite et al., 2007; Drummond et al., 2009). After CCD7 and CCDS8, a cytochrome
P450, MAXI1, acts in the synthesis of SLs (Booker et al., 2005). D14/D88/HTD2/DAD?2,
encoding an a/B-fold hydrolase, and RMS4/MAX2/D3, encoding an F-box protein, are
proposed to act downstream of SL synthesis and are required for the SL branching inhibition
response (Stirnberg et al., 2002; Ishikawa et al., 2005; Johnson et al., 2006; Gomez-Roldan et
al., 2008; Umehara et al., 2008; Arite et al., 2009; Gao et al., 2009; Liu et al., 2009; Hamiaux
et al., 2012). The transcription factor BRC1, a TCP (TB1, CYCLOIDEA, PCF domain) is
likely to function downstream of SL to regulate bud outgrowth (Aguilar-Martinez et al., 2007;
Finlayson, 2007; Braun et al., 2012).
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The SL biosynthesis and response pathway involves feedback regulatory mechanisms (Dun et
al., 2009). If mutation of either SL biosynthesis or response genes reduces the SL response the
expression of both SL biosynthesis genes, CCD7 and CCD8 is enhanced (Foo et al., 2005;
Snowden et al., 2005; Johnson et al., 2006; Arite et al., 2007; Drummond et al., 2009; Dun et
al., 2009) and the transport of xylem-sap CK is decreased (Beveridge et al., 1997; Foo et al.,
2007). This feedback regulation is suggested to involve a novel long-distance signal in pea
that moves from shoot-to-root direction and requires RMS2 (Beveridge et al., 2000; Dun et al.,
2009).

Auxin can positively regulate the expression of SL biosynthesis genes CCD7 and/or CCD8 in
pea, Arabidopsis, rice and chrysanthemum (Sorefan et al., 2003; Foo et al., 2005; Zou et al.,
2006; Liang et al., 2010). Expression of CCD7 and/or CCD8 is enhanced by exogenous
treatment with auxin. Decapitation may cause depletion of the expression of CCD7 and/or
CCD8 but replacement with exogenous auxin may restore the levels of their expression
observed in intact wild-type plants (Johnson et al., 2006; Arite et al., 2007; Hayward et al.,
2009).

ABA also regulates SL biosynthesis. Both ABA and SL are derived from the carotenoid
pathway (Fig 1.8). Epoxycarotenoids’ oxidative cleavage produces ABA via functioning of 9-
cis-epoxycarotenoid dioxygenase (NCEDs) (Parry and Horgan, 1992; Thompson et al., 2000;
Taylor et al., 2005). ABA biosynthesis is inhibited by two carotenoid biosynthesis inhibitors,
fluridone and 2-(4-chlorophenylthio)-triethylamine hydrochloride (CPTA) that inhibit
phytoene desaturase and lycopene cyclase, respectively (Cazzonelli, 2011). vp14 in maize and
notabilis in tomato are the two ABA-deficient mutants, having a mutation in an NCED. It was
demonstrated that in both the vpl4 and notabilis mutants the ABA content was lower and the
production of SLs was decreased (Matusova et al., 2005; Lopez-Raez et al., 2008). ABA-
deficient mutants in tomato such as sitiens and flacca also showed decreased ABA content and
SL production (Taylor et al., 1988; Schwartz et al., 2003). These results suggest that in SL
biosynthesis, NCEDs either play a direct role or that ABA play a regulatory role (Lopez-Réez
etal., 2010).
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Table 1.2 Genes involved in the biosynthesis and signaling of SL identified in A. thaliana (max), Oryza sativa (d/htd), Pisum
sativum (rms) and Petunia hybrida (dad)

Order | Gene Type Spatial Expression Mutant phenotype References
Tissue
synth organ /cell highest
1 MAX3 | CCD7 root (low) | plastid hyper branched, dwarfed, Booker et al., 2004
DAD3 shoot delayed leaf senescence Gomez-Roldan et al.,
RMS5 2008
HTD1 Johnson et al., 2006
D17 Zou et al., 2006
2 MAX4 | CCDS8 root plastid root tip hyper branched, dwarfed; Sorefan et al., 2003
DADI1 reduced internodes, reduced root | Snowden 2005
RMSI1 shoot mass, delayed flowering, small Stirnberg et al., 2002
D10 (low) flowers, reduced leaf senescence, | Arite et al., 2007
not advent roots, reduced axillary
flowers meristem, dormancy
3 D27 Fe-protein axillary plastid axillary buds | hyper branched, dwarfed, Lin et al., 2009
buds reduced culm length, increased
auxin content and polar transport
in the shoot
4 MAX1 | CYP711A1 | whole vascular lower stem hyper branched, dwarfed Stirnberg et al., 2002
P450 plant bundles (10x)
Signal
MAX2 | F-boxsignal | whole seedling pea stipules; | hyper branched, delayed leaf Shen 2007
RMS4 plant; vascular (3.5%) senescence, photomorphogenesis | Stirnberg 2007
Arab & bundles, Sorghum (longer hypocotyl and petiole in
rice infloresce- | roots; light and dark)
uniform nce, petunia
stem axillary
buds; (2A)
DAD2 | signal not dwarfed, hyper branched, Hamiaux et al., 2012
RMS3 | identified delayed leaf senescence
D14 signal o/p- increased tiller outgrowth, Arite et al., 2009
D3 fold delayed leaf senescence, Ishikawa et al., 2005;
hydrolase mesocotyl elongation, defective
in sensing karrikins
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Fig 1.8 Relationship between the ABA and SL pathway resulting in shoot branching inhibition. Genes
and their encoded proteins are shown (see text for details); Apart from RMS2 in pea, all genes shown
have been identified at the molecular level; Gene superscripts identify species; At, A. thaliana; Ps,
Pisum sativum (garden pea); Os, Oryza sativa (rice); and Ph, Petunia hybrida. Modified from

(Matusova et al., 2005; Beveridge and Kyozuka, 2010).
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1.6.3.3 Different roles of strigolactone

SLs found in root exudates of major plant species were first identified as germination
stimulants of the parasitic weed seed including Striga and Orobanche (Cook et al., 1966;
Yokota et al., 1998), which parasitise cereals and leguminous crops, respectively (Parker and
Riches, 1993). Due to lack of photosynthetic capability and limited seed reserves, the parasitic
plants establish a connection with the host plants within a few days of germination to ensure
their survival (Matusova et al., 2005). Parasites later use this connection to acquire nutrients
and water (Bouwmeester et al., 2003). Strigol, as a germination stimulant of Striga
hermonthica, was first identified from cotton (Cook et al., 1972) and later from maize,

sorghum and millet (Bouwmeester et al., 2003).

SLs were also characterized as root-derived signals stimulating hyphal branching of arbuscular
mycorrhizal (AM) fungi. An endosymbiotic association forms between these fungi in the
phylum Glomeromycota and the roots of 80% of plant species (Harrison, 2005). SLs secreted
by the host roots stimulate hyphal growth and branching through activation of fungal
mitochondrial metabolism (Akiyama et al., 2005; Besserer et al., 2006). The association helps
in the acquisition of inorganic soil nutrients, such as phosphate (Pi) and nitrate, by the host
plant (Akiyama et al., 2005). Under Pi and nitrate deficient condition, the levels of SLs are
significantly increased in roots and root exudates of host plants (Umehara et al., 2008;

Yoneyama et al., 2008; Umehara et al., 2010).

SLs or their biosynthetic precursors were shown to negatively regulate shoot branching by
inhibiting axillary bud growth and together with auxin and CK, regulate plant architecture
(Gomez-Roldan et al., 2008; Umehara et al., 2008), which was discussed in previous section
(section 1.6.3). In garden pea, SLs and CKs appear to act together on the bud-specific target
gene BRC1, which represses bud outgrowth (Aguilar-Martinez et al., 2007; Finlayson, 2007,
Braun et al., 2012; Dun et al., 2012). SL or CK also acts on the related genes in maize and rice
such as TEOSINTE BRANCHED1 (TB1) and FINE CULM1, respectively, in a species specific
manner (Doebley et al., 1997; Minakuchi et al., 2010; Muller and Leyser, 2011).
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SLs have also been shown to play a role in shaping root system architecture. SLs enhances
primary root growth through the control of auxin flux in the roots of Arabidopsis (Ruyter-
Spira et al., 2011). SLs have been shown to inhibit lateral root formation and promote root
hair elongation in response to phosphate and/or carbohydrate availability (Kapulnik et al.,
2011; Ruyter-Spira et al., 2011). Auxin and its distribution play an important role in regulating
lateral root initiation and formation (De Smet, 2012). Application of GR24 decreases the
intensity of PIN1-GFP in lateral root primordia, which suggests that SLs may affect lateral
root formation via changes in PIN-related auxin-efflux in the roots (Koltai et al., 2010;

Ruyter-Spira et al., 2011).

Recently SLs were found to positively regulate secondary growth in combination with auxin
(Agusti et al., 2011). Secondary growth depends on the activity of vascular cambium which
has the capacity to divide. Agusti et al. (2011) showed that both SL-deficient max1 and SL-
signalling max2 mutants had decreased cambium activity compared to wild-type Arabidopsis
plants. Exogenous GR24 application stimulated cell divisions in the interfascicular regions of
SL-deficient mutants, which was less effective in SL-signalling mutant. Agusti also showed

that SL acts downstream of auxin to induce secondary growth.

SLs were also found to be involved in leaf senescence, an age-dependent deterioration process
which finally causes cell death (Noodén, 1988). One of the major changes which occur during
senescence is the breakdown of chlorophyll and chloroplasts resulting in the yellowing of the
leaf (Gut et al., 1987; Lim et al., 2007). Leaf senescence may be influenced by different
external factors including shading, temperature, drought, nutrient deficiency, and pathogen
infection. Among the different hormones involved in the regulation of leaf senescence such as
ABA, JA, ethylene, and SA, the role of SL was identified through the analysis of mutants and
expression of senescence-associated genes (SAGs). The SL signaling mutant, max2/ oresara9
(ore9) was found to exhibit reduced leaf senescence with reduced expression of some genes
suggesting the function of SL as a positive regulator of senescence (Woo et al., 2001; Woo et
al., 2004). SL mutant d3 in rice and dadl in petunia also showed reduced leaf senescence

(Snowden et al., 2005; Yan et al., 2007).
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SLs are found to be involved in the control of photomorphogenesis. MAX2 is involved in the
light signalling and known as PLEIOTROPIC PHOTO SIGNALING (PPS) (Stirnberg et al.,
2002; Shen et al., 2007; Shen et al., 2012). max2 mutant is hyposensitive to red/far-red and
blue light resulting in longer hypocotyls, which is not seen in other max mutants (max1, max3
and max4) (Stirnberg et al., 2002; Shen et al., 2007; Nelson et al., 2011; Shen et al., 2012).
Moreover, max2 shows reduced seed germination and expression of early light-regulated
genes under red/ far-red light conditions. This suggests that MAX2 positively regulates
photomorphogenesis but in a SL-independent manner. Tsuchiya et al. (2010) has shown that
SL inhibits hypocotyl elongation in the dark. Exogenous application of GR24 (10uM) causes
stabilization of ELONGATED HYPOCOTYLS5 (HYS), a bZIP transcription factor that
promotes  photomorphogenesis, by  nuclear  exclusion of CONSTITUTIVE
PHOTOMORPHOGENIC1 (COP1) (Tsuchiya et al., 2010; Toh et al., 2012). COP1 is an E3
ligase which is known to degrade HY5 protein in the dark. The longer mesocotyl in the dark
was also seen in SL mutants in rice and was rescued by exogenous GR24 application in SL

deficient mutants, but not in SL-insensitive mutants (Hu et al., 2010).

SLs have also recently been implicated in a wide range of other processes, which include
promoting germination in non-parasitic plants (Tsuchiya et al., 2010; Nelson et al., 2011; Toh
et al., 2012) and promoting nodulation (the formation of symbioses with nitrogen fixing
bacteria) in pea (Foo and Davies 2011). Ancient roles for SLs in plants predate evolution of
vascular species and are evident in algae (Delaux et al., 2012) and the moss, Physcomitrella
patens, where SLs regulate branching of the protonema and have been implicated as quorum

sensing-like signals (Proust et al., 2011).
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1.7 Aims of the study

An understanding of the function of the Sporobolus drought genes, isolated from desiccation-
tolerant leaf tissues of dried plants, and how their expression is regulated may throw light on
the mysteries of desiccation tolerance. Many major food crops such as rice, wheat and
sorghum are monocots and it is expected that advanced knowledge about desiccation tolerance
mechanisms in the monocot S. stapfianus will allow components of the desiccation tolerance
program to be used to alter the stress responses in these crops. Characterization of one of the
Sporobolus drought genes, UGT SDG8i, has the potential to reveal new molecular

mechanisms for coping with severe stress in resurrection plants.

Although some dehydration-stress-related transcription factors of resurrection plants have
been delineated (Le, 2004; Bartels and Sunkar, 2005), there exists very limited literature on
regulatory genes controlling desiccation-tolerant gene expression models. This is mainly due
to challenges of mutational approaches and an absence of proven protocols for transformation.
S. stapfianus, presently recalcitrant to several recent genetic methods is a case in point. On the
other hand, due to the small genome (125 Mbp) and the size and the short generation time, the
herbaceous dicot A. thaliana serves as an ideal model to study developmental processes in
plants (Meinke et al., 1998). Its genome has been fully sequenced (AGI, 2000) and a number
of reporter lines and molecular tools are available for this species. Since no protocol for
transformation of resurrection grasses exists, functional analysis of the SDG8i was initially
undertaken in Arabidopsis. It is possible that over-expression of SDG8i in A. thaliana may
produce a clear or biochemically detectable phenotype, thereby providing insight into the
function of SDG8i. The main objective of this study was therefore to conduct an analysis of
the role of the UGT SDGSi by ectopic overexpression of SDG8i in Arabidopsis followed by
characterization of these transgenic plants to determine the effect of SDGB8i on plant growth

and development, and hormonal and stress responses.
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Chapter 2

General materials and methods

2.1 Seed stocks

Arabidopsis, Sporobolus stapfianus and Sorghum seed stocks were obtained from laboratory
stocks. Orobanche seeds were obtained from the South Australian Department of Water, Land

and Biodiversity Conservation.

2.2 Growing Arabidopsis in soil

Dry Arabidopsis seeds were sown by sprinkling them onto a 2:1 mixture of Seed Raising Mix
(Debco) and perlite moistened with Arabidopsis nutrient solution, covered in plastic wrap and
placed at 4°C for 3 days to break dormancy, which is known as stratification. Germinating
seedlings were then grown in cycles of 8h day/16h (SD) night or 16h day/8h (LD) night
photoperiod at 22°C and approximately 200 pmole m™sec™ light intensity. After seedlings had
reached the cotyledon stage, the plastic wrap was removed, and the plants were watered every
two or three days with Arabidopsis nutrient solution [100 ml of 1M KNO;, 50 ml of 20mM
FeEDTA, 40 ml of 1M MgS04.7H,0, 40 ml of 1M Ca(NOs).4H,0, 50 ml of 1M Potassium
Phosphate Buffer pH 5.5 (IM KH,PO,4 and 1M K;HPO,), and micronutrient solution (70mM
H;BOs;, 14mM MnCL.4H,O, 0.5mM CuSO4.5H,0, 1mM ZnS0,.7H,O0, 0.2mM
NaMo004.2H,0, 10mM NaCl, 0.0lmM CoCl,.6H,0) per 20 L solution] until plants mature

and set seeds.

2.3 Growing Arabidopsis in media

Arabidopsis seeds were surface-sterilized in 70% ethanol followed by 5 times wash with
sterile water and germinated on Murashige and Skoog (MS) medium (pHS5.8) containing 1/2

MS with 1% sucrose and 0.8% agar. After stratification at 4°C for 3 days to break dormancy,

55



the germinating seedlings were then grown in cycles of 8h day/16h night or 16h day/8h night
photoperiod at 22°C.

2.4 Growing N. benthamiana in soil

Seeds were sprinkled onto a punnet of seed-raising mix (with perlite and osmocote), placed in
a tray of water and covered with plastic-wrap. The plants were grown in greenhouse under a
light cycle of 14h light/10h dark at approximately 24°C for 7 days. After seedlings had
reached the cotyledon stage, the plastic wrap was removed. After that plants were transplanted
in individual pots (2 seed raising mix, % potting mix with perlite and osmocote) and grown
until 3 weeks of age under the same conditions. A week prior to infiltration, individual leaves

were covered with foil (as many as required).

2.5 Agrobacterium-mediated transformation of Arabidopsis
thaliana

A. thaliana ecotype Columbia plants were transformed using the floral dip method (Martinez-
Trujillo et al., 2004). Plants were grown in a soil mixture (2 parts soil and 1 part Perlite) at
20°C under constant light at a density of 10-15 plants per punnet. Approximately 2 weeks after
germination, the primary inflorescence bolt was cut using a sharp scalpel blade. Three days
after cutting, the plants were dipped into a solution of A tumefaciens (OD600=1) containing
the appropriate binary vector for 5 minutes. The infiltration medium consisted of 10 mM
MgCl,, 5% (w/v) sucrose, B5 vitamins (10-6x concentration) and 0.03% (v/v) Silwet L-77
surfactant. The punnet was laid on its side in a tray and covered in clear plastic Cling Wrap™
for 1 day. The plastic cover was removed and the plants were allowed to stand upright. Seeds

were collected approximately 3-4 weeks after transformation.

2.6 RNA extraction

Total RNA was isolated using a LiCl/phenol extraction method (Verwoerd et al., 1989). Leaf

tissue (0.5-1.0g) was crushed in liquid nitrogen with a mortar and pestle until a fine powder
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was obtained. The powder was added to a pre-warmed (80°C) polypropylene tube (Falcon
BLUE MAX™) containing equal volume of TLES buffer and phenol (VT = 1.5 mL). Samples
were mixed by vortexing for 30 seconds. The mixture was added to 750ul of chloroform/IAA
(24:1) and centrifuged at 9279 g for 5 minutes in a microcentrifuge. The supernatant was
transferred to a microcentrifuge tube and an equal volume of 4M LiCl was added. Samples
were kept overnight at 0-4°C and then centrifuged at 9279 g for 30 minutes at 4°C. The RNA
pellet was dissolved in 250ul of sterile distilled, de-ionised water. RNA was precipitated with
25ul of 3M sodium acetate (pH 6.0) and 500l of ethanol and stored at -20°C overnight or -
70°C for 1 hour. The RNA precipitate was centrifuged at 9279 g for 20 minutes, washed with
70% ethanol and dissolved in 50pl of sterile distilled water.

2.7 RNA gel electrophoresis

RNA samples were heated at 65°C for 15 minutes in a loading buffer containing 50% glycerol,
ImM EDTA, 0.25% bromophenol blue, 0.25% xylene cyanol FF, formaldehyde (8% v/v),
formamide (50% v/v) and MOPS (1x). RNA was separated on an agarose gel (1.5% w/v)
containing formaldehyde (8% v/v) and MOPS (1x). The relative sizes of the ribosomal RNA

bands and gene transcripts were estimated using RNA markers.

2.8 Radioactive labeling of DNA probe fragments

DNA fragments were labelled with radioactive a-*P-dATP nucleotides using the Gigaprime

DNA Labelling Kit according to the manufacturer’s instructions (Geneworks).

2.9 Transfer of nucleic acids from agarose gels to nylon
membranes

Transfer was carried out using Hybond-N+ nylon membranes according to manufacturer's
instructions (Amersham Pharmacia Biotech). After electrophoresis of DNA fragments, the gel
was rinsed in a 0.125M HCI solution until the bromophenol blue dye changed colour. The gel

was then washed in denaturing solution until the dye returned to its original colour. The gel
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was submerged in neutraliser solution for 30 minutes with gentle agitation. For Northern
analysis, RNA gels were washed in 2xSSC buffer to remove formaldehyde. The treated gel
was placed on a wick platform consisting of three sheets of 3MM paper saturated in transfer
buffer (10x SSC). The nylon membrane was placed on top of the gel. Three sheets of 3MM
paper and a stack of absorbent paper, all cut to size, were successively placed on top of the
membrane. A glass plate and a weight were placed on top of the paper stack. The transfer was
allowed to proceed overnight in transfer buffer (10x SSC). After transfer, nucleic acids were

fixed by exposing the nylon membrane to UV light for 3 minutes.

2.10 Northern blot hybridisation

Following transfer of RNA, the nylon membrane was pre-hybridised in 5 ml of ExpressHyb
Hybridisation Solution (Clontech) at 68°C for 30 minutes. Hybridisation was performed in 5
ml of fresh ExpressHyb solution containing the denatured radioactively labelled DNA probe
with continuous shaking at 68°C for 1 hour. The membrane was rinsed in wash solution 1 (2x
SSC, 0.05% SDS) at room temperature for 30 minutes with continuous shaking and several
changes of fresh solution and then in wash solution 2 (0.1x SSC, 0.1% SDS) with continuous
agitation at 50°C for 40 minutes with one change of fresh solution. The membrane was then

sealed in plastic wrap to prevent drying.

2.11 X-ray film autoradiography

Radioactive membranes were exposed to X-ray film at -70°C with one intensifying screen.
The time of exposure varied from 30 minutes to 1 week, depending on the intensity of the

radioactive signal.

2.12 Phosphoimaging

Radioactive signals on blots were detected by exposing membranes to a phosphoimaging
screen for 1 to 7 days. The signal intensity was scanned using the Storm 860 scanner

(Molecular Dynamics) and quantified using the ImageQuant V5.0 software (Molecular
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Dynamics). The expression levels of SDG8i in the transgenic lines are calculated relative to
the ribosomal RNA bands and the highest expression is set at 100%, with the expression in the

additional lines calculated relative to this 100%.

2.13 Light microscopy

The microscope used for this work was the Leica Microsystem (Wetzlar, Germany) with a
digital camera and the Axioskop (Carl Zeiss, Germany) with normal and Normasky optics and

a Zeiss Axiocam digital camera.
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Chapter 3

Effect of SDG8i on plant architecture and the growth rate
of Arabidopsis

3.1 Introduction

Recent advances in biochemistry, analytical chemistry and molecular biology, and the use of
the plant Arabidopsis thaliana as a model system, have significantly increased our knowledge
of developmental processes in plants. There is growing insight into how plant hormones affect
growth and development and the specific biochemical mechanisms that they regulate. In the
present study, Arabidopsis plants constitutively over-expressing UGT SDG8i, under the
control of the CaMV 35S promoter, have been produced to investigate the activity of the gene
product in planta. This study characterizes the SDG8i transgenic plants and compares them
with wild-type Col-0 under long and short day photoperiods. The yeast-one hybrid system has
previously been used to identify two putative transcription factors, SDG7y and SDG10y that
may regulate SDG8i expression (Le, 2004). Transgenic plants, expressing these two
transcription factors, SDG10y and SDG7y, driven by the CaMV35S promoter were also

generated and characterized.

The development from a seed to a fully-grown plant is a plastic process with the basic
architecture of the plant being laid out in the embryo. During plant growth and development
the primary and secondary meristems continuously give rise to new leaves and branches,
flowers, roots and stem tissue. During germination and subsequent growth, a plant must be
able to adapt to a range of environmental conditions in order to develop and reproduce
successfully. Environmental signals induce responses in diverse groups of cells and tissues via
specific intrinsic signal transduction pathways which influence cell division, cell expansion
and cell differentiation processes, and therefore regulates growth and development. Plant
hormones or plant growth regulating substances, particularly auxins, cytkinins (CKs) and the

recently identified novel carotenoid-derived hormone, strigolactone (SL) have essential roles
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in this process (Dun et al., 2009; Leyser, 2009). Auxin was the first hormone identified and
shown to have a main role in the regulation of bud outgrowth (Thimann and Skoog, 1933).
Experiments and the subsequent development of models indicate that the auxin signal which
controls bud outgrowth is produced in the shoot apex and is transported basipetally down the
shoot. However, this apically synthesized auxin cannot move into lateral buds and therefore it
is considered that there are one or more secondary messenger(s) involved. It has been
proposed that SLs and CKs act as these long-distance second messengers, interacting in an
antagonistic way to communicate with auxin (Brewer et al., 2009; Dun et al., 2012). CK
moves acropetally and promotes bud outgrowth directly whilst SL, which also moves

acropetally, inhibits shoot branching (Booker et al., 2005; Muller and Leyser, 2011).

In the regulation of root development, including primary root growth, lateral root initiation
and growth as well as root hair initiation, hormones play important roles (Leyser, 2006).
Auxins are known for their strong inhibitory effects on root elongation but are the dominant
regulators of lateral root initiation (LRI) and development which determines the ability of the
plant to adapt to changing environments. Application of auxin at high concentrations has been
shown to increase LRI by activating the root pericycle cells adjacent to the xylem, which
results in a decrease in the spacing of the lateral root primordia (Himanen et al., 2002;
Benkova et al., 2003; Dubrovsky et al., 2008). Other hormones, such as ethylene (Ivanchenko
et al., 2008) and CK (Laplaze et al., 2007) have been shown to modify the auxin activation of
the pericycle cells. SLs are also involved in root growth and development by positively
regulating primary root growth in Arabidopsis through changes in auxin flux (Koltai, 2011;
Ruyter-Spira et al., 2011) but negatively regulating lateral root formation under sufficient
phosphate (Pi) conditions (Kapulnik et al., 2011; Ruyter-Spira et al., 2011). This was
demonstrated by the analysis of Arabidopsis SL-biosynthesis mutants, max3 and max4, or SL-
signaling mutants, max2 which were shown to have a large number of LRs (Kapulnik et al.,
2011; Ruyter-Spira et al., 2011). SLs was also shown to promote root hair elongation, which is
important for plants to take up water, nutrients and minerals from soil (Kapulnik et al., 2011).
CKs have also been shown to have negative effect on LR formation, possibly by interfering

with the transport of auxin to the lateral root primordia (Bishopp et al., 2011).
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Auxin plays a central role in the hypocotyl elongation. This has been demonstrated by studies
of AUXIN RESPONSE FACTOR 2 (arf2) mutants, which have a long hypocotyl phenotype
under a wide range of red/far-red light (Rc and FRc) conditions, under continuous blue light,
and also in the dark, which may be due to increased auxin content or an alteration in auxin
sensing (Jackson et al., 2002). The role of SL in light signaling has come from analysis of
hypocotyl development in the Arabidopsis F-box MAX2 mutant, which has a defective
response to light and max2 displays elongated hypocotyls and smaller cotyledons when grown
in the light (Stirnberg et al., 2002). The SL pathway promotes photomorphogenesis by
inducing nuclear exclusion of CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1). COP1 is
an E3 ligase involved in protein degredation. Exclusion of COP1 from the nucleus stabilizes
ELONGATED HYPOCOTYLS (HY5) which is involved in promoting photomorphogenesis
(Tsuchiya et al., 2010). However, Hu et al. (2010) found that mesocotyl elongation in rice is

negatively regulated by SLs in the dark.

In addition to the analyses of the SDG8i transgenic plants, the present study also looks at the
role of SDG7y and SDG10y, two AP2/ERF transcription factors (TFs) isolated from the
resurrection plant S. stapfianus. These two genes, which are highly similar (74% similarity),
were isolated using a yeast-one-hybrid screen with 400bp of the SDG8i promoter as the target
sequence (Le, 2004). The AP2/ERF family are a large plant specific group of TFs with 144
members reported in Arabidopsis and have been shown to have roles in plant development and
responses to environmental stresses (Sakuma et al., 2002; Nakano et al., 2006; Sharoni et al.,
2011; Licausi et al., 2013). The name is based on APETALA2, a homeotic gene involved in
flowering in Arabidopsis, and ethylene response factor (ERF) genes and the identification of
conserved AP2/ERF binding domains. The AP2/ERF TFs are generally divided into 4 classes,
AP2 (14 genes) ERF/DREB (122), RAV (6) and ‘others’ (4) (Sakuma et al., 2002). Members
of the AP2 group possess two AP2/ERF DNA binding domains, the RAV sub-family has a
single AP2 domain and a B3 DNA binding domain, whilst the ERF/DREB group has a single
AP2 domain and a WLG motif whilst those in the ‘other’ group also have a single AP2/ERF
domain but do not have the WLG sequence. The ERF/DREB group may also be divided into
two classes, the ethylene response element binding protein (EREBP) and the dehydration-
responsive element binding (DREB) protein classes (Nakano et al., 2006). SDG7y and
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SDG10y have a single AP2 domain and thus fall into the ERF/DREB transcription factor
category and sequence homology suggests they are in the ERF subgroup (Le, 2004). The ERF
TFs were initially thought to be involved in ethylene mediated responses but recently have
also been shown to be involved in the regulation of genes induced upon drought stress (Mizoi
et al., 2013) whilst DREB TFs have been shown to activate several dehydration/cold-regulated
(RD/COR) genes (Stockinger et al., 1997; Liu et al., 1998; Lucas et al., 2011). The generation
of transgenic wheat and rice plants over-expressing DREB1-type genes has been shown to
improve tolerance to abiotic stress (Pellegrineschi et al., 2004; Oh et al., 2005; Ito et al.,
20006). Several studies have also showed that ectopic expression of a number of ERF genes
from different plants such as Arabidopsis and rice confer tolerance to salt and drought stresses
(Yi et al., 2004; Seo et al., 2010; Fukao et al., 2011; Mito et al., 2011). Song et al. (2005)
showed that AtERF7 in Arabidopsis plays an inhibitory role in response to ABA during
periods of water loss. Overexpression of the ERF/EREBP transcription factor CAP2 increased
the growth levels and tolerance of transgenic tobacco during dehydration and salt stress
(Shukla et al., 2006). To date there are no published reports of the isolation of AP2/ERF TFs
from desiccation tolerant species, but a myb transcription factor has been isolated from C.
plantagineum (Iturriaga et al., 1996). This TF, CpMYB10, was expressed in Arabidopsis and
plants were more tolerant to osmotic and salt stress (Villalobos et al., 2004). CpMYB10 was
found to upregulate some genes known to be involved in abiotic stress response in Arabidopsis
such as RD29A and downregulate others such as COR15A. The preliminary analysis of the
phenotypes of SDG7y and SDG10y is presented in this chapter.
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3.2 Materials and methods

3.2.1 Generation of SDG8i transgenic plants

Seven independent homozygous transgenic Arabidopsis plants constitutively over-expressing
SDG8i (accession number AM268210) was produced in association with Dr. Cecilia
Blomstedt. Gene specific primers were used to amplify the coding region of SDG8i using the
Pfu proofreading polymerase (Promega). To allow the use of the Gateway cloning system
(Invitrogen Corporation, Carlsbad, CA, United States of America), the sequences for the
recombination sites, attB1 and attB2, of the donor vector pPDONR221 were included as part of
the primers.

5'attB1 Primer:
GGGGACAAGTTTGTACAAAAAAGCAGGCTATGACGAAGACCGTGGTTCTG

3'attB2 Primer:
GGGGACCACTTTGTACAAGAAAGGTGGGTCTCACGGACGACCGACAGCCTCCA

Following successful generation of the pDONR221:SDGS8i construct, the SDG8i coding
sequence was transferred to the plant expression vector pMDC32 containing the 2 x 35S
promoter (Curtis and Grossniklaus, 2003). This construct was then introduced into the wild-
type accession Columbia-0 (Col-0) Arabidopsis using Agrobacterium tumerfaciens (Agli
strain) by the floral dip method (Martinez-Trujillo et al., 2004). Transgenic plants were
selected for resistance to hygromycin and taken through to the second generation (T2) to

generate plants homozygous for SDG8I.

3.2.2 Generation of SDG7y and SDG10y transgenic plants

The complete nucleotide sequences of SDG7y and SDG10y determined by Le (2004) are
given in Appendices 2 and 1, respectively. The transgenic Arabidopsis plants constitutively
over-expressing SDG7y and SDG10y were produced by Ella Jungereth and Dr. Cecilia
Blomstedt using the Gateway cloning system as detailed above for SDGS8i (Invitrogen
Corporation, Carlsbad, CA, United States of America). Except that SDG10y was initially
ligated into the ECORI and Xhol site of the pENTR1A vector. After successful generation of
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the pDONR221:SDG7y and the pENTR1A:SDG10y constructs, the SDG7y and SDG10y
coding sequences were transferred to the plant expression vector pMDC32 containing the 2 X
35S promoter (Curtis and Grossniklaus, 2003).

Primers for SDG7y:

S'attB1:

GGGGACCACTTTGTACAAGAAAGCTGGGTACAACTGAATTGGGGCAATC

3'attB1:

GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAGGCTCAACTCAGTCA

The constructs were then introduced into the wild-type accession Columbia-0 (Col-0)
Arabidopsis using Agrobacterium (Agli strain) by the floral dip method (Martinez-Trujillo et
al., 2004). Transgenic plants were selected for resistance to hygromycin and taken through to

the second generation (T2) to generate plants homozygous for SDG7y and SDG10y.

3.2.3 RNA extraction and northern analysis of SDG8i transgenic plants

Total RNA was isolated from 1.0g of leaf tissue using a LiCl/phenol extraction method
(Verwoerd et al., 1989). Following electrophoresis, the RNA was transferred onto a nylon
membrane (Hybond N, GE Healthcare) and probed (Sambrook et al., 1989) with a
radiolabelled SDG8i DNA fragment generated by PCR using pMDC32:SDG8i as a template.
The forward primer 5’ACACCGACGTCACTCCCAAGC3’ and the reverse primer
5’GCCGACGGCGATGTCATGGAGC3’ were used for amplification of the SDG8i gene
specific probe. The membrane was exposed to a storage phosphor screen (Molecular
Dynamics) overnight and visualized using Typhoon Trio Scanner (GE Healthcare). An
estimate of the SDG8i transcript levels relative to 28s rRNA in the ethidium bromide stained

gel was obtained using ImageQuant TL 7.0 software.

3.2.4 Observation of palisade cells in fully expanded leaves

To observe palisade cells, the second fully expanded rosette leaves of wild-type Col-0 and

SDGS8i transgenic plants were immersed in 0.1% Triton X-100 and centrifugation at 10,000 g
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for 1 min at room temperature to remove air bubbles from intercellular spaces and sediment
the chloroplasts. Leaves were then viewed under a light microscope (Axioskop, Carl Zeiss,
Germany) with normal and Normasky optics. Photographs were taken using a Zeiss Axiocam
digital camera using Axio Vision software. The area of the leaf blade was measured with
Adobe Photoshop CS5.1. Twenty palisade cells in the sub-epidermal layer aligned along the
proximo—distal (P-D) and medio—lateral (M—L) axes were used to calculate the average cell
area using Image J software. The total cell number per leaf was calculated by dividing the leaf

area by the palisade cell area for each leaf.

3.2.5 Examination of root architecture

Plants were grown at 21°C under long day (LD; 8h day/16h night) following stratification for
13 days in vertically orientated petri dishes on MS media (pHS5.8) with 1% sucrose, and 0.8%
agar. To observe the root architecture tissue was prepared according to (Dubrovsky et al.,
2009) which involved fixing the roots in 4% formaldehyde in 0.025 M phosphate buffer (pH
7.2) for at least 4 h at room temperature, or O/N at 4°C. The fixative was replaced with 30%
(aqg. v/v) glycerol containing 2% (v/v) DMSO and left for 30 min at room temperature. Roots
were mounted in a clearing solution composed of 4.2 M Nal, 8 mM Na,S,03 prepared in 65%
(v/v) glycerol supplemented with 2% (v/v) DMSO. Roots were observed 1 h after the sample
preparation. Root primordia and root cell-length analyses were performed under the
microscope (Axioskop, Carl Zeiss, Germany) with normal and Normasky optics. Photographs

were taken using a Zeiss Axiocam digital camera using Axio Vision software.

3.2.6 Statistical analysis

All data were examined by analyses of variance using GraphPad Prism software version 5.0.
Tukey’s Multiple Comparison Test was used for comparison between wild-type and SDGB8i

transgenic means at 5% level of significance.
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3.3 Results

3.3.1 Over-expression of SDG8i in Arabidopsis thaliana

Seven independent Arabidopsis lines (FlaD, D1E, F6bA, D5aA, D2E, D41, D7c) over-
expressing SDG8i protein under the control of the 35S promoter were generated and taken to
homozygosity. Northern blot analysis was carried out using ten micrograms of total RNA
isolated from leaf tissue of wild-type and transgenic seedlings and hybridized with a SDG8i
gene-specific probe. This analysis confirmed the presence of SDG8i transcripts and their
steady-state levels in leaf tissues of each of the transgenic lines (Fig 3.1). The expression
levels are calculated relative to the ribosomal RNA bands and the highest expression is set at
100% and the others are relative to this. The levels are generally strong and there is no major

phenotypic difference between the various transgenic lines.

Fig 3.1 Northern analysis showing the

presence of SDGS8i transcripts in SDG8i 28s rRNA : P — =
transgenic lines. Ten micrograms of total = 1207
RNA was isolated from leaf tissue of wild-
type and transgenic seedlings and
hybridized with a SDG8i gene-specific
probe. Ethidium bromide staining was used
to estimate levels of RNA loading (This
experiment was performed with the
assistance of Ms Cara Griffiths).
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3.3.2 Phenotypic development of SDG8i transgenic plants in long and short
day

The SDGS8I transgenic plants displayed phenotypes which differed from those of the wild-type
Col-0 plants. When the plants were grown in long day (LD:16h day/ 8h night) (Fig 3.2)
photoperiod, four of the SDG8i transgenic plants produced significantly longer leaves (about
1.5 — 1.6 times longer) compared to wild-type Col-0 plants (P<0.05) (Fig 3.3A). No
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significant difference between the transgenic lines and wild-type plants was observed in the
number of rosette leaves produced before bolting (Fig 3.3B). The first inflorescence was
produced 16 days after germination when all the plants were at about 8 to 10 leaf stage
indicating that the SDG8i gene does not affect flowering time in long day. SDG8i transgenic
plants also produced a significantly higher number of rosette branches (about 1.3 to 1.7 times)
than did wild-type Col-0 plants (P<0.01; Fig. 3.3C), which gave them a bushy appearance
(Fig. 3.2). Amongst the transgenic plants, D5a, D41 and D7c¢ produced about 1.3 times higher
number of inflorescence compared to others (P<0.01). The height of the bolting shoots of all
the transgenic lines was significantly increased compared to wild-type Col-0 after 35 days of
growth in LD (P<0.01). The height increase over wild-type Col-0 ranged from 15 to 33% (Fig.
3.3D). The growth rate of the primary bolt was similar in transgenics and wild-type Col-0
controls in LD. The larger leaf size resulted in the average fresh weight of shoot biomass of all
LD grown transgenic plants being almost 1.7-1.8 times higher than that of wild-type Col-0
(Fig. 3.3E) (P<0.001). Some of the transgenic plants produced a small but significantly higher
number of seeds than did WT Col-0 plants (p<0.05) (Fig. 3.3F).

WT Col-0 D5aA

Fig 3.2 SDGS8i transgenic and wild-type Col-0 plants growing at 21°C under long day (LD) condition
of 16h day/ 8h night after stratification. Bar =2 cm.
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Fig 3.3 A) Average leaf length (cm) calculated 16 days after germination, B) leaf count is the no. of
primary rosette leaves formed at the floral initiation stage, C) number of rosette branches and D)
primary bolt height measured 35 days after germination, E) shoot biomass (FW) measured 16 days
after germination and F) seed yield of SDG8i transgenic and wild-type Col-0 plants growing at 21°C
under the condition of 16h day/ 8h night. Dry seeds were collected following senescence. Values are
the means + SE of 5 replicates. Significant differences at 5, 1 and 0.1% levels from WT determined by
Tukey’s Multiple Comparison Test are denoted by *, ** and ***, repectively.
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Flower morphology and seed development appeared normal in all the transgenic and wild-type
Col-0 plants when grown under LD and there was no significant difference between them in
the size of siliques and number of seeds produced per silique (~27 seeds in young silique and

~33 seeds in mature silique) or in the weight of the individual seed produced (Fig 3.4).

Seed weight (g)
o
o
b

WT Col-0 DSaA WT Col-0 DSaA

Fig 3.4 A) The seed weight is the weight of 500 seeds. Values are the means = SE of 5 replicates.

B) Flower morphology and seed development of SDG8i transgenic and wild-type Col-0 plants growing
at 21°C under LD the condition. Bar =2 mm.

Short day length (SD: 8h day/ 16h night) favored development of rosette leaves and delayed
flowering of all the plants (Fig 3.5). Both wild-type Col-0 and SDG8i transgenic plants
produced the first inflorescence 52 days after the germination. By this time wild-type Col-0
plants had produced around 30-34 primary rosette leaves whereas the transgenic plants had
produced approximately 40-42 leaves. A more pronounced difference between wild-type Col-
0 and transgenic plants was observed one month after flowering when total number of leaves,

including primary rosette leaves and leaves formed in the rosette from axillary meristems by
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transgenic plants was about 1.3 to 1.6 times higher than that of wild-type Col-0 plants
(P<0.01) (Fig 3.6A) and among the transgenic plants, D5aA produced the highest number of
leaves (P<0.05). The average size of the leaves of transgenic plants was significantly larger
than that of wild-type Col-0 (P<0.05) (Fig. 3.6B). All the SDG8i transgenic plants also
produced a significantly higher number of inflorescences which was about 1.4 to 1.6 times
higher than that of wild-type Col-0 (P<0.01) (Fig. 3.6C). All SDGS8i transgenic plants were
significantly taller than wild-type Col-0 after 15 days of bolting (P<0.01) and the height
increase of the transgenic lines over wild-type Col-0 was 9 to 16% after 21 days of bolting
(Fig. 3.6D). The rate of growth of the primary inflorescence of the transgenic plants was

around 20% greater (~7.12 cm week ') than that of wild-type Col-0 plants (5.4 cm week ™).

WT Col-0 F1aD

Fig 3.5 SDG8i transgenic plants showing increased shoot growth compared to wild-type Col-0 plants.
Plants were grown at 21°C under the short day (SD) condition of 8h day/ 16h night after stratification.
Bar=2 cm.
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Fig 3.6 The A) number of leaves produced by primary and axillary meristems in the rosette, B) average
leaf length, C) number of rosette branches and D) primary bolt height, measured 30 days after bolting,
E) shoot biomass (FW) measured 50 days after germination and F) seed yield of SDG8i transgenic and
wild-type Col-0 plants growing at 21°C under the condition of 8h day/ 16h night after stratification.
Dry seeds were collected following senescence. Values are the means + SE of 5 replicates. Significant
differences at 5, 1 and 0.1% levels from WT determined by Tukey’s Multiple Comparison Test are
denoted by *, ** and ***, repectively.
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In both LD and SD, the primary bolt of transgenic plants maintained dominance over
secondary bolts throughout the growth of the plant. In SD photoperiods the average fresh
weight of shoot biomass of all transgenic plants, measured 50 days after germination, was
almost twice that of wild-type Col-0 (Fig. 3.6E). The increased seed yield of SDG8i transgenic
plants was more pronounced in SD than in LD with the transgenic plants producing about 1.4-
1.6 times the more seeds by mass than wild-type Col-0 plants (p<0.001) (Fig 3.6F). Among
the transgenic plants, FObA and D5aA produced the highest number of seeds. The average
fresh weight of the root biomass of all pre-flowering SDG8i transgenic plants was almost

twice that of wild-type Col-0 when grown in both LD and SD (Fig. 3.7 A&B).
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Fig 3.7 Root biomass (FW) of A) long day and B) short day grown pre-flowering SDG8i transgenic
and wild-type Col-0 plants measured 16 and 50 days after germination, respectively at 21°C. Values
are the means + SE of 4 replicates. Significant differences at 5, 1 and 0.1% levels from WT determined
by Tukey’s Multiple Comparison Test are denoted by *, ** and ***, repectively.

In SD, flowers of all SDG8i transgenic and wild-type Col-0 plants were normal and fertile,
and similar in size (Fig 3.8). The size of siliques and number of seeds produced per silique

was similar in all transgenic and wild-type Col-0 plants (Fig 3.8).
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WT Col-0 DI1E WT Col-0 DI1E

Fig 3.8 Flower morphology and seed development of SDG8i transgenic and wild-type Col-0
plants. Plants were grown at 21°C under the SD condition of 8h day/ 16h night after
stratification. Bar =2 mm.

3.3.3 Length of hypocotyl and primary root in the dark

SDGS8i transgenic and wild-type Col-0 seedlings were germinated and grown in the dark and
the length of the hypocotyl and primary root was measured. While no significant differences
were observed in cotyledon development between the dark-grown wild-type Col-0 and
transgenic seedlings, all the transgenic plants produced significantly longer hypocotyls and
roots that were approximately 1.5 to 1.7 times than those of wild-type Col-0 (P<0.05) (Fig.
3.9A & B).
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Fig 3.9 Lengths of A) hypocotyl and B) primary root measured from each SDG8i transgenic and wild-
type Col-0 plants. Plants were grown in the dark at 21°C for 7 days after stratification. Values are the
means + SE of 5 replicates. Significant differences at 5, 1 and 0.1% levels from WT determined by
Tukey’s Multiple Comparison Test are denoted by *, ** and ***, repectively.
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3.3.4 Number and size of leaf cell

To assess whether the changes in overall leaf morphology were supported by changes at the
cellular level, the second fully expanded leaves were analyzed by microscopy. The rosette
leaves of SDG8i transgenic plants are larger than those of control wild-type Col-0 plants in
both LD and SD. When the leaf cells of SD soil-grown plants were examined under the light
microscope following preparation to visualize the cell, it was found that the leaves of
transgenic plants contained more cells than comparable leaves from control plants and the
cells were larger (Fig 3.10 & table 3.1) (p<0.01). The increase in the number and size of leaf
palisade cells of SDG8i transgenic plants indicates that the SDG8i has a role in promoting leaf

cell expansion and cell division.

Fig 3.10 Palisade cells in the second fully expanded rosette leaves of wild-type Col-0 and SDG8i
transgenic plants. Bar = 50 pm.
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Table 3.1. Average leaf area, average cell area and average cell number per leaf of wild-type
Col-0 and SDGS8i transgenic Arabidopsis plants

Second fully expanded leaves from 25-day-old soil-grown plants in SD were used. The leaf area and
cell area were calculated using imaging software. For each leaf, 20 palisade cells were used to
determine the average cell area. The average number of palisade cells per leaf was determined by
dividing the leaf area by the palisade cell area for each leaf. Values are the means + SE of 3 replicates.

Name of the Average leaf  Average cell Average cell
plants area (mm?) area (umz) number/leaf
WT Col-0 47.55+1.98 3160+ 30 15047+ 586
D5aA 63.92 +0.84 3540+ 159 18129+ 845
DAl 62.0+ 1.4 3575+ 113 17392+ 831
F6bA 59.97+3.13 3592+ 173 16858 + 885

3.3.5 Root cell length and lateral root initiation

A comparison of the root cell length and lateral root primordia in SDG8i transgenic and wild-
type Col-0 plants grown in vitro in SD was made to determine if SDG8i expression also
affected root architecture. Roots were mounted on microscope slides and the number of
primordia in cleared roots within the lateral-root-formation zone between the most-distal
initiated primordium and the most-distal emerged lateral roots (Fig. 3.11A & B) was
determined using the protocol of Dubrovsky et al. (2009). Lateral root primordium density (d)
was calculated for each individual primary root as number of primordia per mm. Ipg;, (the
number of lateral root primordia initiated within a portion of the root which corresponds to the
length (I, mm) of 100 fully elongated cortical cells in a single file in the same parent root) was
determined as 100dl, where | is the average cortical cell length in mm for each individual

primary root.

The primary root of all SDG8i transgenic plants was longer than that of wild-type Col-0 plants
(p<0.001) (Fig. 3.11C). Fully elongated cortical cells in all the transgenic plants were longer
than wild-type Col-0 (p<0.05) (Fig 3.11D). There was also significant difference in the lateral
root primordium density between SDG8Ii transgenic plants and wild-type Col-0 plants (p<0.05)

(Fig. 3.11E). The higher estimation of I r; in transgenic plants indicates increased root
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branching (Fig. 3.11F). These findings suggest that SDG8i activity has a positive role in both

primary root growth and lateral root initiation.
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Fig 3.11 Roots cleared using the Nal-based method, showing various stages of lateral root
development in 13-d-old Arabidopsis plants: A) Young lateral root in WT Col-0 and B) emerging
primordium in the SDG8i transgenic. Scale bars: 100 pm. C) Length of primary root, D) and of fully
elongated cortical cells, E) lateral root primordium density and F) lateral root initiation index in WT
Col-0 and SDG8i transgenic Arabidopsis plants. Plants were grown in vertical orientation at 21°C
under SD following stratification for 13 days in MS media. Values are the means + SE of 4 replicates.
Significant differences at 5, 1 and 0.1% levels from WT determined by Tukey’s Multiple Comparison
Test are denoted by *, ** and ***, repectively.
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3.3.6 Characterization of SDG7y and SDG10y transgenic plants in long and
short day

The S. stapfianus SDG7y and SDG10y transcription factors (TFs) have been implicated in
regulation of desiccation-tolerant specific gene SDG8i expression, originally through
interactions with the SDG8i promoter in the yeast one-hybrid system (Le, 2004). As regulators
of desiccation responsive gene expression in S. stapfianus, there is the possibility that these
AP2/ERF TFs may influence drought tolerance in plants. An understanding of gene regulation
is important for the understanding of desiccation tolerance as the interaction of different
dehydration-responsive regulatory pathways determine the expression of a different set of
genes (Bartels and Salamini, 2001 ). Transgenic studies have contributed to the understanding
of drought-responsive gene regulation in Arabidopsis (Shinozaki and Yamaguchi-Shinozaki,
2000). Independent homozygous transgenic Arabidopsis lines constitutively overproducing
SDG10y and SDG7y have been produced. These homozygous transgenic plants were
characterized by examining the developmental phenotype in the present study in order to see

the possible role these TFs play in regulation of gene expression in plants.

WT Col-0 10y8a 7y3

Fig 3.12 SDG7y and SDG10y transgenic plants showing differences in shoot growth compared to wild-
type Col-0 plants. Plants were grown at 21°C under the long day (LD) condition of 16h day/ 8h night
after stratification. Bar =2 cm.
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Fig 3.13 A) Number of primary rosette leaves formed at the floral initiation stage, B) average leaf
length (cm) calculated 16 days after germination, C) number of rosette branches measured 27 days
after germination D) primary bolt height measured 38 days after germination, of SDG8i transgenic and
WT Col-0 plants growing at 21°C under the long day (LD) condition of 16h day/ 8h night. Values are
the means + SE of 8 replicates. Significant differences at 5, 1 and 0.1% levels from WT determined by
Tukey’s Multiple Comparison Test are denoted by *, ** and ***, repectively.

All the plants growing in LD photoperiod (16h day/ 8h night) (Fig. 3.12) produced their first
inflorescence 20 days after germination at about 12 to 14 leaf stage. No significant difference
was observed in the number of rosette leaves produced between the transgenic and wild-type
Col-0 plants (Fig. 3.13A). The average length of the leaves of transgenic plants was
significantly longer than that of WT (P<0.05) (Fig. 3.13B). Both SDG10y and SDG7y
transgenic plants produced a significantly higher number of rosette branches (about 1.4 to 1.6

times) than that of wild-type Col-0 plants (P<0.01; Fig. 3.13C), which gave them a bushy
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appearance. No significant difference was observed between the SDG10y and SDG7y
transgenic plants. However, the height of the bolting shoots of all SDG10y and SDG7y
transgenic plants was significantly higher than that of wild-type Col-0 38 days after
germination (P<0.05) (Fig. 3.13D). Significant difference was also seen between SDG10y and
SDGY7y plants for primary bolt height (P<0.05).

In LD, flower morphology and seed development appeared normal in all the transgenic and
wild-type Col-0 plants (Fig. 3.14). There was no significant difference between transgenics

and wild-type Col-0 plants in the size of siliques and number of seeds produced per silique.

WT Col-0 10y8a 7y5

Fig 3.14 Flower morphology and seed development of SDG7y and SDG10y transgenic and WT Col-0
plants. Plants were grown at 21°C under the long day (LD) condition of 16h day/ 8h night after
stratification. Bar = 2 mm.

Short days (8h day/16h night) favored development of rosette leaves and delayed flowering of
all the plants (Fig 3.15). The SDG10y transgenic plants produced the first inflorescence after
56 to 58 days of their germination while SDG7y transgenic and wild-type Col-0 plants
produced their first inflorescence 66 to 70 days after their germination. The number of rosette
leaves produced by primary and axillary meristems in the rosette before bolting in the
transgenic plants was 2 to 3 times higher compared to that of wild-type Col-0 plants (p<0.001)
(Fig 3.16A). Among the transgenic plants, SDG10y plants produced higher number of rosette
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leaves formed by primary and axillary meristems in the rosette before bolting compared to that
of SDG7y transgenic plants (p<0.05). Leaf size of all the transgenic plants was larger, which
was almost twice the size of wild-type Col-0 (p<0.001) (Fig. 3.16B). All transgenic plants
produced significantly higher number of rosette branches which was about 1.5 to 2.0 times
higher than that of wild-type Col-0 (P<0.001) (Fig. 3.16C). Among the transgenic plants 10y3,
10y8a and 10y8b produced significantly higher number of inflorescence compared to the
others (P<0.01). All transgenic plants were taller and the average height increase of transgenic
plants after 40 days of bolting was 1.3 to 1.5 times higher than that of wild-type Col-0 plants
(Fig. 3.16D). All SDG10y transgenic plants were significantly taller than SDG7y transgenic
plants (P<0.05). The rate of growth of primary inflorescence of the transgenic plants was ~

25% greater (6.7 to 7.5 cm week ™) that wild-type Col-0 plants (5.7 cm week™).

WT Col-0 10y8a 73

Fig 3.15 SDG7y and SDG10y transgenic plants showing enhanced shoot growth compared to WT Col-
0 plants. Plants were grown at 21°C under the short day (SD) condition of 8h day/ 16h night after
stratification. Bar = 2 cm.

In SD, flower morphology and seed development appeared normal in all transgenic and wild-

type Col-0 plants (Fig 3.17). No obvious differences were noted in the size of siliques or in the

81



number of seeds produced per silique between transgenic SDG10y and SDG7y plants and
wild-type Col-0 plants.
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Fig 3.16 A) Number of leaves produced by primary and axillary meristems in the rosette before
bolting, B) average leaf length, C) number of rosette branches measured 48 days after bolting and D)
primary bolt height measured 40 days after bolting of SDG7y and SDG10y transgenic and wild-type
Col-0 plants growing at 21°C under the condition of 8h day/ 16h night after stratification. Values are
the means + SE of 8 replicates. Significant differences at 5, 1 and 0.1% levels from WT determined by
Tukey’s Multiple Comparison Test are denoted by *, ** and *** repectively.
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WT Col-0 10y8a 7y5

Fig 3.17 Flower morphology and seed development of SDG7y and SDG10y transgenic and WT Col-0
plants. Plants were grown at 21°C under the SD condition of 8h day/ 16h night after stratification. Bar
=2 mm
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3.4 Discussion

Isolation of gene transcripts from desiccated leaf tissues of the resurrection grass S. stapfianus
resulted in the identification of the gene, SDG8Ii, encoding a Group 1 glycosyl transferase
(UGT). UGTs transfer activated sugars to hormones, secondary metabolites and xenobotics,
resulting in glycosylation (Wang and Hou, 2009) and may play important roles in maintaining
cell homeostasis as well as in the regulation of plant growth, development and in responses to
stress (Jones and Vogt, 2001). In the present study, the transgenic plants over-expressing
SDGS8i displayed phenotypes which differed from those of the wild-type plants which were
even more pronounced under short-day growth conditions. After primary inflorescence
emergence, the SDG8i transgenic plants developed a clear shoot branching phenotype. In
SDGS8i transgenic plants, the shoot branching was of a higher order than that of wild-type
plants. As auxin is known to inhibit axillary branches, the increased branching of SDGS8I
transgenic plants may suggest a reduced concentration of auxin. Arabidopsis auxin resistant
mutant, axrl shows increased axillary branching (Leyser et al., 1993). Similarly, a phenotype
in the budl mutant, which has a decrease in auxin transport also shows increased shoot
branching (Dai et al., 2006). SL is also proposed to be involved in inhibiting bud outgrowth.
Mutants in SL biosynthesis and signaling increase branching in diverse plant species. CKs, on
the other hand, promotes axillary bud outgrowth. Exogenous CK application or
overexpression of CK biosynthesis genes or mutants with a greater concentration of CK show
more shoot branching (Medford et al., 1989; Miguel et al., 1998; Dun et al., 2006). As the
activity of auxin, CK and SL appears linked in the regulation of bud outgrowth, the results
presented here suggest that SDGB8i activity may affect the activity of these hormones.
Inactivation of either auxin or SL via glycosylation or an upregulation of CK could lead to the
production of a phenotype with increased level of shoot branching. An examination of the

endogenous concentration of these hormones in SDG8I transgenic plants may elucidate this.

Transcription factors play an important role in the regulation of gene expression. In the present
study, the transgenic plants over-expressing SDG7y and SDG10y displayed similar phenotypes
to that of SDG8I transgenics. The phenotypic development of SDG10y and SDG7y transgenic
plants also showed substantial increases in shoot growth and shoot branching. This suggests

that there is an Arabidopsis SDG8i orthologue and that SDG10y and SDG7y may affect the
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expression of this endogenous SDG8i in at least a partially similar way. Further analysis of the
phenotypes of the SDG10y and SDG7y transgenic plants is necessary under different abiotic
stress conditions and also hormonal treatments to see if they also show similarities in stress

and hormonal response observed in SDG8i transgenic plants.

The analysis of root development of SDGB8i transgenic plants suggests that SDG8i activity
affects not only shoot branching but also root branching. Auxin is known to inhibit primary
root elongation but plays an important role in regulation of lateral root initiation in
Arabidopsis. Analyses of auxin transport mutants, such as the auxl, axr4, and pin multiple
mutants, have shown the role of auxin transport in promoting lateral root formation (Marchant
et al., 2002; Benkova et al., 2003). On the other hand, CKs are known to inhibit lateral root
formation, and transgenic Arabidopsis plants with decreased CK concentrations display both
increased primary root growth and root branching (Werner et al., 2003). SLs enhance primary
root growth and inhibit lateral root formation under normal Pi sufficient conditions (Kapulnik
et al., 2011; Ruyter-Spira et al., 2011). SL signaling mutant max2-1 showed increased root
branching suggesting the negative role of SL in lateral root growth. Pi starvation enhances
lateral root formation and elongation (Péret et al., 2011). Under low Pi condition, ethylene
inhibits primary root growth but promote lateral root elongation and root hair formation
(Chiou and Lin, 2011). Under high Pi conditions, SLs have been shown to induce ethylene
biosynthesis (Kapulnik et al., 2011), which in turn may affect auxin synthesis and transport.
Auxin and ethylene may potentially inhibit primary root elongation either independently or
together. Stimulation of auxin biosynthesis by SL-mediated ethylene production in the root
meristem may lead to auxin transport to the root elongation zone where it inhibits root growth
by slowing down cell elongation (Stepanova and Alonso, 2009). Therefore, the longer primary
root and increased lateral root branching phenotype of SDGS8i transgenic plants cannot be
easily explained by alteration in the effective concentrations of these hormones currently
understood to control root growth and branching. An examination of root growth of SDG8I
transgenic plants on low Pi media may indicate if SLs are required to induce LR formation

under P1i starvation.
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Plant growth is regulated by coordinated cell division and expansion (Collett et al., 2000). Our
results showed that the effects of SDG8i activity on growth are mediated through increases in
cell division rate and cell expansion. The majority of the classic plant hormones are referred to
as plant growth regulators due to their ability to modulate either cell elongation or
proliferation, or both, often in an interdependent or synergistic manner. CKs promote cell
division, and application of CK to buds can induce outgrowths (Sachs and Thimann, 1967). A
study of ethylene mutants, etrl and ein3, show that the larger leaf size correlates with
increases in both cell number and size, suggesting a negative role of ethylene on leaf blade
expansion (Leon and Sheen, 2003). Analysis of arf2 mutant exhibits large-leaf phenotype
suggesting an increased number and size of cell by the activity of ARF gene family member
(Okushima et al., 2005). The increase in cell size and division rate in both shoots and roots of
SDG8i transgenic plants of the present study may also suggest an interaction of plant
hormones. The leaves of the SDG8i transgenic plants contain more and larger-sized cells, as
do plants overexpressing Gibberellin 20-Oxidase (Huang et al., 1998). This gene, which
regulates the amount of active GA, is reported as being repressed by SL (Mashiguchi, 2009).

SDGS8i transgenic plants produce longer hypocotyls both in the light and dark than do wild-
type plants. Mutants, such as arf2, with altered auxin sensitivity or content exhibit long
hypocotyl phenotypes (Jackson et al., 2002). Ethylene is known to inhibit hypocotyl
elongation (McKeon and Yang, 1995). Because auxin promotes ethylene synthesis, it is
possible that auxin inhibits hypocotyl elongation through alteration in ethylene activity
(Smalle et al., 1997). Hypocotyl elongation is independent of auxin in the absence of light as
Arabidopsis auxin underproducers and overproducers all have similar hypocotyl lengths in the
dark. Therefore hypocotyl elongation of SDG8Ii transgenic plants in the dark looks unrelated to
altered auxin homeostasis. Brassinosteroid is known to have a major role in hypocotyl
clongation in the dark (Jensen et al., 1998). Interestingly, transgenic Arabidopsis
overexpressing a hydroxysteroid dehydrogenase, involved in brassinosteroid signaling (Li et
al., 2007), has a similar growth-enhanced phenotype to the SDG8i transgenic plants. Hu et al.
(2010) found that rice mesocotyl elongation was enhanced in SL-deficient or -insensitive
mutants in the dark and application of GR24 could rescue only the SL-deficient mutants.

Mesocotyl elongation in the dark was also seen in rice JA-deficient mutant hebiba (Riemann
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et al., 2003), suggesting the negative role of this hormone in mesocotyl elongation. SL-
signaling mutant max2, identified as a photomorphogenesis mutant (Shen et al., 2007; Shen et
al., 2012), displayed a long hypocotyl phenotype under both continuous white light and dark
(Stirnberg et al., 2002; Stirnberg et al., 2007).

As well as affecting branching of both primary roots and shoots, the SDG8i activity causes
increased growth throughout the entire plant. Larger leaf mass and flowering bolts result in a
65% increase in seed yield of SDGB8i transgenic plants. As multiple shoot branching
phenotypes reproduce healthy and high-yielding plants by increasing vegetative biomass and
seed production, it may be a desirable trait in some crop plants, such as rice in which multiple
tillers give higher yield. The phenotype of SDG8i transgenic plants suggest that high-yield
production could be achieved by genetically modifying crop plants to express SDG8i.
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Chapter 4

Effect of SDG8i on hormonal responses of Arabidopsis

4.1 Introduction

The phenotypic analysis of transgenic Arabidopsis plants constitutively over-expressing
SDG8i indicates that growth effects may be mediated by an alteration in hormone
homeostasis. Therefore, an analysis of hormone responses of SDG8i transgenics compared to
control plants was conducted. The production of SDG8i recombinant protein also allowed an
analysis of the enzyme activity of SDGS8i in vitro against several candidate plant growth-

related hormonal acceptor substrates to be conducted.

Hormonal interactions play a major role in plant growth and development. The biosynthesis,
degradation and chemical modification of plant hormones may help plants adapt to different
environmental conditions. The study of enzymatic activities and biological roles of plant
glucosyltransferases (GTs) which are involved in hormone homeostasis may open up new
perspectives into the control of growth and development in plants. Glycosylation may alter the
properties of hormones, for instance, the activity may be reduced or lost by glycosylation
(Bowles and Lim, 2010). Most of the classical hormones occur as glycosides in planta
(Bowles et al., 2006) and UGTs capable of glycosylating auxins, CK, ABA, SA, JA and
brassinosteroids (BR) or their synthetic precursors have been identified (Jackson et al., 2001;
Lim et al., 2002; Hou et al., 2004; Lim et al., 2005; Poppenberger et al., 2005; Song, 2005;
Tognetti et al., 2010). An analysis of the acceptor substrate specificity of the multigene family
of Group 1 UGTs of Arabidopsis identified a gene, UGT84B1, whose recombinant product
glucosylates indole-3-acetic acid (IAA) in vitro. The overexpression of UGT84B1 in
Arabidopsis resulted in a phenotype in the aerial parts of the plant similar to that of an auxin-
deficient mutant, as well as loss of geotropism in the root system (Jackson et al., 2001;

Jackson et al., 2002). Another Arabidopsis UGT, UGT71B6 has been shown to have activity
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against ABA and overexpression of UGT71B6 affected ABA metabolism in Arabidopsis with

high accumulation of ABA glucose ester in the rosettes leaves (Priest et al., 2006).

Auxin, cytokinin and strigolactone are the three major hormones which are involved in the
regulation of axillary branching. Bud outgrowth or shoot branching, an important aspect in
crop production, can be activated through environmental stimuli, mostly when the primary
shoot apex is damaged (Thimann and Skoog, 1933) which affects the auxin signal coming
from the apex of the plant (Tanaka et al., 2006). As mentioned earlier, several mechanisms
have been proposed for the roles of auxin, CK and SL in shoot branching. Auxin is thought to
regulate shoot branching by influencing the level of other signals acting as second messengers
such as CK and SL. Auxin depletion by decapitation results in an increase in the endogenous
CK concentrations in axillary buds. The increase in CK may be partially prevented by addition
of exogenous auxin to the decapitated apex (Chatfield et al., 2000). CK synthesis in both the
node and the root is affected by apically derived auxin (Chatfield et al., 2000). In pea, it was
shown that auxin reduces CK synthesis by repressing the expression of adenosine-phosphate-
isopentenyl transferase (IPT), a CK biosynthetic gene, in the stem (Tanaka et al., 2006). In
chickpeas, after decapitation, CK coming from the root has been shown to accumulate in the
bud (Mader et al., 2003). In pea and bean, the increased concentrations of CK after
decapitation may be restored to its original level by application of auxin to the decapitated bud
(Bangerth, 1994; Li et al., 1995; Bangerth et al., 2000). After decapitation, SL content or SL
biosynthesis gene expression is decreased to induce bud outgrowth, which may be repressed
by direct application of GR24 at the node below the site of decapitation (Brewer et al., 2009).
Hence it is now thought that alterations in auxin, CK and SL levels coordinately regulates bud
outgrowth during plant development (Dun et al., 2012). In the present study two methods were
used to analyze bud outgrowth of SDGS8i transgenic plants, namely the growth response of
buds on excised nodes to apically and basally supplied hormones and the effect on rosette

branching in mature plants from application of the synthetic SL analogue, GR24.
SLs were first identified as germination stimulants for the seed of parasitic plants including

Striga spp. and Orobanche spp. (Cook et al., 1972). Susceptible hosts include staple crops

such as maize (Zea mays), millet (Panicum miliaceum L.), sorghum (Sorghum bicolor),
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sunflower (Helianthus annuus), rapeseed (Brassica napus), tomato (Solanum lycopersicum)
and some legumes (Press et al., 2001; Matusova et al., 2005). From the host plant, Orobanche
species acquire nutrients and water by the formation of a haustorium that connects to the roots.
After that, parasites establish a connection and interaction with the xylem for their growth and
production of seeds (Matusova et al., 2005). The secretion of secondary metabolites from the
host roots stimulates parasite seed germination. SL-deficient mutants in rice and pea showed
reduced stimulation of parasitic weed seed germination (Gomez-Roldan et al., 2008; Umehara
et al., 2008). Work by Umehara et al. (2008) has shown that roots of a SL biosynthetic mutant,
d10, exhibit higher resistance to S. hermonthica plants, which suggests that the inhibition of
SL biosynthesis may be an efficient way for controlling root parasitic weeds. Because SDG8I
transgenic Arabidopsis lines exhibited increased branching, they were also analysed for the
ability to stimulate Orobanche germination in axenic culture to determine if SDG8I activity
has an effect on the root secretion of stimulus signals which are required by parasitic plants to

germinate.

Leaf development ends with senescence which is regulated positively and negatively by
several plant hormones. It is suggested that these hormones coordinate the senescence process
with various physiological responses to environmental stress (Nam, 1997). Senescence is a
process of deterioration of cellular components that finally cause cell death (Noodén, 1988).
During senescence, leaf cells undergo remarkable changes in cellular metabolism including
loss of photosynthetic activity and hydrolysis of macromolecules with the sequential
degeneration of cellular structures. The metabolic changes during senescence may also reduce
the yield of crop plants (Lim et al., 2007). Leaf senescence occurs not only through normal
aging but is also influenced by external factors such as darkness, temperature, drought, ozone,
nutrient deficiency and pathogen attack. The hormonal regulation of leaf senescence may be
determined by analysis of mutants and expression of senescence-associated genes (SAGs)

(Lim et al., 2003b; Li et al., 2012).
Among the plant hormones, the role of ABA in senescence has been characterized most

thoroughly at the molecular and physiological levels (Zeevaart and Creelman, 1988; Leung et

al., 1997; Fang et al., 2008). In response to environmental stress ABA content increases in
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senescing leaves (Gepstein and Thimann, 1980; Yang et al., 2003; Xue-Xuan et al., 2010) and
induces expression of several SAGs (Weaver et al., 1998; Xue-Xuan et al., 2010). In
senescing leaves, both ABA level and the expression of ABA biosynthesis genes, 9-
cisepoxycarotenoid dioxygenase (NECD), and two aldehyde oxidase genes AAO1 and AAO3
increase (Buchanan-Wollaston et al., 2005; van der Graaff et al., 2006). ABA is also shown to
induce accumulation of H,O, in senescing rice leaves, which accelerates leaf senescence
(Hung and Kao, 2004; Grennan, 2008) Apart from ABA, other hormones such as ethylene act
as endogenous modulators of senescence (Abeles et al., 1988) and ethylene-insensitive
mutants such as etrl, er, ein2, and ein3, show reduced leaf senescence symptoms (Chao et al.,
1997; Oh et al., 1997). As well as being associated with biotic responses, jasmonates also
positively regulates senescence (Creelman et al., 1992; He et al., 2002). Application of MeJA
to detached Arabidopsis leaves reduce photosynthetic parameters and increase expression of
SAGs (Lim et al., 2007). During senescence, the endogenous concentration of SA increases in
the leaves of Arabidopsis which induces several SAGs (Morris et al., 2000). CKs, which are
known to control shoot growth and branching in plants, also has a very strong antisenescence
effect, with the overproduction of CKs or CK application retarding leaf senescence (Richmond
and Lang, 1957; Gan and Amasino, 1995). More recently SLs have shown to act as positive
regulators of leaf senescence. The large number of delayed leaf senescence mutants that have
been identified in Arabidopsis (Lim et al., 2007) includes max2, a SL signaling mutant,
originally reported as oresara9 (ore9) (Woo et al., 2001; Woo et al., 2004). Delayed leaf
senescence has also been reported in some SL-deficient mutants such as dadl in petunia and
d3 mutant in rice (Snowden et al., 2005; Yan et al., 2007). Senescence is also delayed in kiwi
fruit plants when the SL biosynthetic gene CCD8 is knocked down by RNAi (Ledger et al.,
2010). To determine if senescence was affected by SDG8I activity, the effect of exogenous

ABA on leaf senescence in SDG8i transgenics was examined.
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4.2 Materials and methods

4.2.1 Excised node experiment (In vitro assay system)

Seeds were surface-sterilized in 70% ethanol followed by 5 times wash with sterile distilled
water and sown in sterile 1-L jars containing 50 ml of ATS (Arabidopsis thaliana salt)
medium containing 0.8% agar, 1% sucrose, and mineral nutrients according to (Wilson et al.,
1990). After stratification at 4°C for 3 days to obtain uniform germination, the seedlings were
incubated at 22°C in a 16h day/8h night photoperiod and approximately 200 pmole m™ sec™
light intensity, until the primary inflorescence elongated. The transgenic lines, FObA, D5aA
and FlaD, were used in the assay, with 10 replicates of each line. Controls were wild type

(WT) Columbia and transgenic plants (T) on plates with no hormone added.

This assay to determine the effect of auxin and CK on SDG8i the transgenic plants is based on
the ‘split plate’ method described by Chatfield et al. (2000). Split agar plates were prepared by
dispensing 25-ml aliquots of ATS medium into 9-cm Petri dishes. They were then allowed to
solidify for 45 to 60 min in a laminar flow hood with the lid open. A strip of agar was cut out
about one-eleventh of the total by weight along the diameter of the plate and removed leaving
a gap 6 to 8 mm wide. Dishes were dried further for 30 min. A micropipette was used to apply
solutions of naphthalene acetic acid (NAA) and benzyl adenine (BA) onto the separated media
blocks, in several combinations; (i) NAA apically only, (ii)) BA basally only and (iii) both
NAA to the apical and BA to the basal. The plates were then left at 4°C for at least 72 hours to
allow the hormone to diffuse evenly throughout the media. Individual plant section,
incorporating 6-10 mm of stem of either side of a node and an axillary bud of mm <1.5 were
excised and positioned over the gap of a split plate. Auxin was applied to the apical section,
CK to the basal and also the two together. The plates containing the excised nodes were
incubated in near-vertical orientation. The lengths of the axillary shoots (lateral buds) were
measured daily for 10-14 days with a ruler. All the data represent the growth responses of

lateral buds from node 1.
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4.2.2 Crossing Arabidopsis plants

Arabidopsis plants were grown until petals were visible. Pollinated and immature flowers
within the inflorescence were removed before crossing. Under a binocular microscope, all
parts of the most apical recipient flower, except the ovary, were removed with fine forceps.
Anthers of mature donor flowers were removed, the pollen collected and the pollen applied to
the stigmatic surface of the exposed ovary on the recipient flower. The pollinated ovary was

covered with wrap and plastic cling left to develop to maturity.

4.2.3 Histochemical analysis of GUS activity

Seedlings were submerged in GUS staining buffer containing 2 mM 5-bromo-4-chloro-3-
indolyl B-d-glucuronidase (Gold BioTechnology, St. Louis, Missouri, USA), 100 mM sodium
phosphate (pH 7.5), I mM potassium ferricyanide, 1 mM potassium ferrocyanide, 10 mM
EDTA, and 0.1% (v/v) Triton X-100 (Jefferson, 1987), and incubated at 37°C. After 4 h 4h the
seedlings were cleared with 70% (v/v) ethanol. Images were taken with a dissecting

microscope with a digital camera (Leica Microsystem, Wetzlar, Germany).

4.2.4 Effect of MeJa on root growth

Seeds were surface-sterilized in 70% ethanol and rinsed 5 times with sterile distilled water.
Seeds were sown on standard MS media containing 2% sucrose, 0.8% agar in Petri dishes
containing 0, 5 and 10 uM MeJA. After stratification at 4°C for 2/3 days to obtain uniform
germination, the plates were transferred to normal Arabidopsis growth condition and placed
vertically to allow gravitropic root growth along the surface of the agar. Root lengths were

measured after 10 days.

4.2.5 Orobanche germination assay

Orobanche (Phelipanche ramosa) seeds were surface sterilized with 2% sodium hypochlorite
containing 0.02% (v/v) Tween 20 for 5 min then rinsed (5x) with sterile ddH,O and dried for

30 min in a laminar air flow cabinet. Seeds (50 to 100) were spread on a sterile 9-mm glass
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fiber disk and placed in petri dishes (9 cm diameter) lined with filter paper wetted with 3 mL
of ddH,O. One ml of GA; (30 mg L) was applied to the seeds and the petri dishes were
sealed with parafilm, and incubated at 18-20°C in the dark for preconditioning. After 7 days
surface-sterilized seeds of Arabidopsis wild-type, SDG8i transgenics, sorghum and S.
stapfianus were placed on 5-cm glass microfiber disks and incubated on %4 MS media with
0.5% sugar and 0.8% agar. For controls, 0.6 ml aqueous solution of GR24 (0.0001 mg L") or
sterile water was applied to petri dishes with preconditioned Orobanche seeds. The plates
were then resealed with parafilm, wrapped in foil and incubated at 18-20°C for 7 days for
germination. Orobanche seed germination was determined under a stereoscopic microscope

by counting the number of seeds having an emerged radicle.

4.2.6 Recombinant UGT production

The constructs and the transient transformation of N. benthamiana leaves for production of
recombinant UGTSDGS8i was performed by Ms Cara Griffiths. The UGT encoded by the
SDG8i gene was produced by transient transformation of N. benthamiana leaf tissue using a
viral based MagnICON vector system (Icon Genetics GmbH, Germany). The SDG8i cDNA
sequence (accession number AM268210) was amplified using RT-PCR from the total RNA
isolated from S. stapfianus leaf tissue at RWC 60% using the following primers:

Forward: 5’GAGAGAATTCATGACGAAGACCGTGGTTCTGTAC3’

Reverse: SSGAGAGGATCCTCACGGACGACCGACS'.

The PCR product was digested with ECOR1 and BamH1 (sites underlined) and ligated into the
EcoR1 and BamH1 sites of pICH11599 to generate pICH11599-SDG8i. The plasmid was
cultured in E. coli and confirmed by sequencing. The three pro-vectors: (i) pICH12190 (the 5’
fragment of the viral vector including a chloroplast signal sequence), (ii) pICH11599-SDGS8Ii
(the 3' fragment of the viral vector including SDG8i) and (iii) pICH14011 (the integrase)
(Marillonnet et al., 2005) were separately electroporated into Agrobacterium tumefaciens
GV3101. Equal amounts of the three A. tumefaciens strains carrying each module were
resuspended at an ODg of 0.5 in infiltration medium (10mM 2-N-morpholino-ethanesulfonic

acid (MES) pH 5.5, 10mM MgSO, and 200uM acetosyringone) and infiltrated using a syringe
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into the abaxial side of N. benthamiana leaves that had been covered in aluminum foil for 3
days. The foil covered leaves were left to co-incubate for 5 days. The leaves were then
harvested and ground in liquid nitrogen before being transferred into 500uL cold protein
extraction buffer (SmM sodium phosphate buffer pH 7.5, 10mM EDTA, 0.1% Triton X-100).
The homogenate was then centrifuged for 10 minutes at 13500g and 4°C to remove cell debris.

The total protein content was determined by Bradford assay and extracts were analysed by

SDS-PAGE (Sambrook et al., 1989).

4.2.7 UGT enzyme assay

The UGT enzyme assay was performed by Ms Cara Griffiths. Recombinant UGT activity was
measured using a coupled enzyme assay with pyruvate kinase (PK) and lactate dehydrogenase
(LDH) conducted at pH 7.4 with a final substrate concentration of 1 mM using 25 pg of
recombinant UGT protein extract from Nicotiana and the reaction rate monitored by the
change in NADH absorbance at 340 nm (Jackson et al., 2001). Activity in millikatals kg™ was
calculated using the extinction coefficient 6.22 x 10° M cm” for NADH. Background
activity of extracts, monitored by measuring the rate without substrate addition, was subtracted

from the reaction rate. The reaction mechanisms are shown as the following:

UGT
Substrate + UDP-Gle —  Sub-Glc + UDP

PK
PEP+UDP — UTP + pyruvate

LDH .
Pyruvate + NADH —> lactate + NAD

4.2.8 Effect of GR24 on shoot branching

The Effect of GR24 on shoot branching was performed according to the protocol of Gomez-
Roldan et al. 2008. Arabidopsis plants were grown in soil and then treated with GR24 every
third day for 20 days from 23 days of age (pre-bolting stage). Treatments were applied to the
rosette branches and axillary meristems with 50 ul per plant of 5 uM GR24. Control plants
were treated with 50 pl of water. The number of rosette branches (>5 mm) was counted on 48

day old plant.
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4.2.9 Effect of GR24 on root growth

Seeds were surface-sterilized in 70% ethanol followed by 5 washes with sterile distilled water.
Seeds were sown on standard MS media containing 1% sucrose, 0.8% agar in Petri dishes.
After stratification at 4°C for 3 days to obtain uniform germination, the germinated seedlings
were then transferred to MS-agar media supplemented with 1% sucrose and either no GR24 or
two different concentrations of GR24 (0, 5 and 15 puM). The plates were placed vertically and

root lengths were measured after 7 days.

4.2.10 Senescence test

Leaves were detached from soil-grown Arabidopsis plants 12 days after leaf emergence by
cutting the petioles of the third or fourth foliar leaves with a sharp scalpel to minimize
wounding effects. For dark-induced senescence the excised leaves were floated on deionized
water in the absence of light. For ABA treatment, detached leaves were floated on 3 mM MES
buffer (pH 5.8) solution with the adaxial side up for 5 days at 22°C under continuous light in

either the presence or absence of 50 uM ABA. Measurements were taken each day.

4.2.11 Measurement of chlorophyll content and photochemical efficiency

For chlorophyll extraction, approximately 20 mg fresh leaf tissue was ground to a fine powder
under liquid nitrogen. The powder was mixed with 1 ml of ice-cold 80% acetone and
centrifuged at 4°C for 3 minutes (18188 g). The supernatant was transferred to a new tube, and
stored in the dark. The residual aqueous layer was re-extracted with 0.5 ml ice-cold 80%
acetone and the supernatants were pooled. The chlorophyll absorbance at 647nm and 664nm
was measured using 80% acetone as a blank. Chlorophyll concentration per fresh weight of
leaf was calculated as described by (Lichtenthaler, 1987). The ratio of Fv/Fm which is the
potential quantum yield of photochemical reactions of PSII was measured after dark
adaptation of the leaves for 15 min using a PAM-210 (Teaching-PAM) (Heinz Walz GmbH,

Germany).
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4.2.12 Statistical analysis

All data were examined by analyses of variance using GraphPad Prism software version 5.0.
Tukey’s Multiple Comparison Test was further used for comparison between wild-type and

SDGS8i transgenic plants means at 5% level of significance.
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4.3 Results

4.3.1 Effect of exogenous auxin/cytokinin on decapitated plants

The experiment was done to see the effects of both apical and basal applications of auxin and
cytokinin, respectively, on the growth of buds of excised nodal sections of SDG8i transgenic
and wild-type Col-0 Arabidopsis plants. NAA (1 uM) in the apical media block (Fig 4.1) was
found to completely inhibit lateral bud outgrowth of wild-type Col-0 for 4-5 days and after
that the growth proceeded at a greatly reduced rate 0.19 cm day™ of about 42% of the control
rate (p<0.05). However, lateral buds of all transgenic lines were less inhibited by apical NAA
after 2 days compared to wild-type Col-0. The rate of bud extension for transgenic lines was

from 0.34 to 0.38 cm day™ which was about 70-78% of the transgenic plants without NAA.

To test the effect of CK, the synthetic CK benzyl adenine (BA) was added to basal media
blocks. Basal 1 uM BA caused an increase in the rate of lateral growth of all transgenic lines
and wild-type Col-0 compared to untreated control plants (Fig 4.2). The mean rate of lateral
outgrowth of treated wild type plants was the same as the untreated plants for first 3 days, after
which BA caused gradual increase (0.5 cm day™') in bud growth. However, application of BA
increased the rate of bud outgrowth of all transgenic plants by 0.56 cm day in any period

compared to wild-type Col-0 and untreated control plants.
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Fig 4.1 (A) The effect of auxin on lateral bud outgrowth from the nodal sections (<1.5 mm) of SDG8i
transgenics and wild-type Col-0, grown vertically on ATS media containing 1uM NAA on the top
block for 25 days. (B) Length of lateral buds of SDG8i transgenics (T) and wild-type (WT) Col-0, with
and without NAA, was measured everyday for 10 days. Values are the means = SE of 10 replicates.

Size bar = 1 cm. Asterisk indicates statistically significant decrease in bud outgrowth from control at
5% level.
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Fig 4.2 (A) The effect of cytokinin on lateral bud outgrowth from the nodal sections (<1.5 mm) of
SDGS8i transgeics and Wild-type Col-0, grown vertically on ATS media containing 1puM BA on the
bottom block for 25 days. (B) Length of lateral buds was measured everyday for 10 days. Values are
the means + SE of 10 replicates. Size bar = 1 cm.

To investigate the interaction of auxin and CK, combinations of apical NAA (1uM) and basal
BA (1uM) were applied (Fig 4.3). Basal BA was found to release the inhibition of bud
outgrowth by apical NAA. However, the rate of bud growth of all transgenic plants was 20%
higher (0.4 cm day™") compared to wild-type Col-0 plants (p<0.05).
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Fig 4.3 (A) The effect of both auxin & cytokinin on lateral bud outgrowth of the nodal sections (<1.5
mm) of SDG8i transgenic and wild-type Col-0 plants, grown vertically on ATS media containing 1pM
NAA apically & BA basally for 25 days. (B) Length of lateral buds was measured everyday for 10
days. Values are the means = SE of 10 replicates. Size bar = 1 cm. Asterisk indicates statistically
significant increase in bud outgrowth from WT at 5% level.

4.3.2 Comparison of GUS activity in Arabidopsis plants

Temporal and spatial changes in auxin concentrations are believed to regulate many aspects of
plant growth and development including apical dominance, growth of vascular tissue, tropism
and organ formation (Woodward and Bartel, 2005). An important tool to visualize regions of

elevated auxin activity is the synthetic auxin response reporter construct known as DR5::GUS.

101



To examine the effect of constitutive glycosylation activity of SDG8i on auxin levels and
distribution, the SDG8i transgenic plants were crossed with plants containing the DR5-GUS

reporter construct and the progeny analyzed for histochemical GUS activity.

¥

Wild-type SDG8i (D5aA)
x DR5::GUS x DR5::GUS

Fig 4.4 GUS activity at various stages of development in 4 day and 12 day old wild-type Columbia and
SDGS8i transgenic plants crossed with DR5::GUS Arabidopsis seedlings.

In 4 day old control plants, GUS staining in the hypocotyl was observed, along with very low
level staining in the leaf veins and the tips of the cotyledons and root tips (Fig 4.4, left panel).
At the same developmental stage the SDGB8i transgenic plants showed essentially the same

spatial pattern of GUS activity (Fig 4.4, right panel) but with a substantially higher level of
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staining being observed in the leaf veins. The difference in staining between wild-type Col-0
controls and SDG8i transgenics was more pronounced at the four leaf stage (12 day old) with
transgenic plants showing much more GUS activity in the root tips and the vascular tissue of
shoots and high level GUS activity at the leaf margins (Fig 4.4, left panel). These results

suggest that endogenous auxin levels may be elevated in SDG8i transgenic plants.

4.3.3 Effect of MeJa on root growth

The phenotypic changes of SDG8i transgenic plants compared with wild-type controls include
enhanced root growth. Because JA is known to inhibit root growth in Arabidopsis (Staswick et
al., 1992), the effect of exogenous JA on root elongation was tested in transgenic and control
plants. To test for an altered sensitivity to JA, SDG8i transgenic plants were assessed for

MelJA inhibition of primary root elongation.

SDGS8i transgenic and wild-type Col-0 plants were grown in media containing different
concentration of MeJa. In the presence of 5 uM and 10 uM MeJA, primary root growth of
wild-type Col-0 seedlings was inhibited by about 50 and 71%, respectively (Fig 4.5)
(p<0.001). The SDG8i transgenic plants showed resistance to root growth inhibition compared
to that of wild-type Col-0 with about 27 to 40 % inhibition by 5 and 10 pM MelA,
respectively (Fig 4.5) (p<0.001).
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Fig 4.5 Effect of MeJa on root growth of wild-type Col-0 and SDG8i transgenic Arabidopsis. Plants
were grown in normal MS media with 2% sucrose, 0.8% agar in Petri dishes containing 0, 5 and 10 uM
MelJA vertically. Root lengths after 10 days (A) and the MeJA-induced root inhibition (%) = [(length —
MeJA) — (length + MeJA)]/(length — MeJA) (B) were calculated. Data are means + 6 replicates. The
asterisk represents significant difference between the wild type and SDG8i transgenics determined by
Tukey’s Multiple Comparison Test at 0.1% level.

4.3.4 The stimulation of Orobanche germination

In order to see if SDGB8i activity affected the ability of SDG8Ii transgenic Arabidopsis plants to
stimulate Orobanche germination, four of the SDGB8i transgenic Arabidopsis plants were
compared with wild-type Col-0 Arabidopsis plants in axenic culture (Fig 4.6A). GR24,

Sorghum bicolor and S. stapfianus were included as controls. Germination of 95% was
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achieved by treatment with GR24, while only 11% germination was observed in the water

control (Fig 4.6B).

1501 B
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Fig 4.6 Stimulation of germination of Orobanche seeds.

(A) Orobanche seeds germinating in the presence of wild-type Col-0 Arabidopsis seedlings.

(B) Level of stimulation of germination of Orobanche seeds in response to root induction by wild-type
Col-0 and SDGS8i transgenic Arabidopsis, sorghum and S. stapfianus seedlings in vitro. The percent
germination was calculated by counting the number of seeds having an emerged radicle. Values are the
means = SE of 5 replicates. The asterisk represents significant difference between the wild type and
SDGS8i transgenics determined by Tukey’s Multiple Comparison Test at 0.1% level.

The germination percentage of Orobanche by sorghum and S. stapfianus was 71% and 52%
respectively. The 60% germination of Orobanche seeds by wild-type Col-0 Arabidopsis plants
was significantly higher than that of the all the transgenic lines tested (p<0.001) with SDG8i
transgenic lines stimulating 42-47% germination. Amongst the transgenic lines, F6bA showed
the highest reduction in Orobanche germination (30%) compared with the wild-type Col-0
Arabidopsis control. These results suggest that SDG8i activity may be reducing the level of

germination stimulants secreted from the roots of Arabidopsis.

4.3.5 SDG8i encodes a SL-UGT that glycosylates GR24 in vitro

To investigate the catalytic function of SDGS8Ii, the glucosyltransferase activity of N.
benthamiana leaf protein extracts infiltrated with an actin (ATACT2)-promoter driven SDG8I
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construct, using a viral-based system (Marillonnet et al., 2005), was tested against a number of
substrates and compared with UGT activity in extracts infiltrated with a vector-only control.
The assay utilized a linked enzymic reaction. The substrates were chosen for their known

ability to affect plant growth and development.

The SDGS8i extract showed substantial glycosylation activity of strigolactone analogue GR24
(p<0.05) (Fig 4.7A) with a Km of 0.349 mM and a Vmax of 5.67 (Fig 4.7B). The activity
observed with the other substrates showed very little increase over background endogenous
NADH oxidase activity. Similarly, the vector-only control extract showed no substantial
activity above background with GR24 or with any of the other substrates. The results indicate
that SDG8i encodes a glucosyltransferase (SL-UGT) with in vitro activity against a

strigolactone-like compound.
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Fig 4.7 Analysis of the enzyme activity of SDG8I in vitro.

A) The glycosyltransferase activity of SDGS8i recombinant protein extract using the plant hormones
Gibberillin (GAj), Salicyclic acid, Kinetin, Auxin (IAA), Methyl Jasmonate, ABA([£]-cis, trans-
abscisic acid and the synthetic strigolactone analogue GR24 as substrate. The coupled enzyme assay
(Jackson et al., 2001) was conducted at pH 7.4 using 25ug of protein extract with a final substrate
concentration of ImM. GR24 was obtained from Chiralix B.V. Nijmegen, The Netherlands. All other
hormones were obtained from Sigma St. Louis, MO.

B) A Lineweaver-Burke plot of SL-UGT activity with varying concentrations of GR24 indicating a
Km of 0.349mM and a Vmax of 5.67. (Data and figure provided by Ms Cara Griffiths)
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4.3.6 Effect of GR24 on shoot branching

Gomez-Roldan et al. (2008) have shown that the SL-signaling MAX2 protein is required to
mediate bud outgrowth inhibition by exogenous GR24. In the present study, the response of
wild-type Col-0, SDG8i transgenic and the branching mutants max2 Arabidopsis plants were
tested by the application of GR24 to rosette branches and axillary meristems before and during
bolting as described by Gomez-Roldan et al. (2008) in order to see whether they are able to
respond to SL-mediated shoot branching inhibition (Fig 4.8). In wild-type Col-0 plants, shoot
branching decreased by 55% in response to GR24 compared to untreated plants (p<0.01).
However, in all SDG8I transgenic plants, shoot branching was decreased by only 10-15% of
the untreated plants and branching increased relative to the wild-type Col-0 by application of
GR24 (p<0.001). In the absence of GR24 treatment, the max2 plants exhibited a higher level
of branching than SDG8i transgenics. The low concentration of GR24 inhibition in max2

plants was similar to that seen in the SDG8i transgenics.
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Fig 4.8 Effect of GR24 (0 or 5 uM) on bud outgrowth of wild-type Col-0, SDG8i transgenics and max2
Arabidopsis plants. Plants were treated with GR24 on the rosette axillary buds and leaf axils every
third day for 20 days from 23 days of age and the number of branches was counted on 48 days old
plants. Data are means + 4 replicates. **significant difference at 1% levels from bud outgrowth without
GR24 determined by Tukey’s Multiple Comparison Test.
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4.3.7 Effect of GR24 on root growth

Primary root lengths of 8 day old wild-type Col-0 and SDG8i transgenic plants were measured
in presence of different concentration of GR24 (Fig 4.9). Application of 5 uM GR24 resulted
in an increase in primary root lengths in all the plants. Compared to that of untreated plants,
the effect of GR24 was more pronounced with almost twice the increase in root length
occurring in SDG8I transgenic plants. On the other hand, at the higher concentration of GR24,
the length of the primary root of wild-type Col-0 and SDG8i transgenic Arabidopsis plants
were shorter than observed at the low concentration of GR24, but transgenic plants still had

longer roots which were almost 1.5 times higher than those of untreated plants (p<0.01).
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Fig 4.9 Effect of GR24 in a concentration-dependent way on primary root length of 8-d-old wild-type
Col-0 and SDGS8i transgenic Arabidopsis plants grown on vertical MS plates containing 1% sucrose
and different concentrations of GR24. Data are means * 4 replicates. ** and ***significant difference
at 1 and 0.1% levels from untreated plants determined by Tukey’s Multiple Comparison Test.

4.3.8 Effect of SDGS8i on senescence

To test the effect of SDGB8i activity on senescence, detached leaves from wild-type and

transgenic plants were floated on sterile distilled water in the dark and chlorophyll degradation
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monitored over several days. In wild-type Col-0 plants, both chlorophyll content and
photochemical efficiency (Fv/Fm) began to decrease after 2 days in darkness (Figure 4.10A,
B). After 5 days in darkness the chlorophyll content and the Fv/Fm values of wild-type Col-0
plants decreased to around 20% (p<0.001) and the leaves turned completely yellow. In the
SDGS8i transgenic lines the decreases were much less substantial. Leaves of all the transgenic
lines tested remained green after 5 days, retaining about 55-60% of their chlorophyll, with
Fv/Fm values of about 52-53% of the original reading (p<0.05) (Figure 4.10A, B). These

results indicate that SDG8i transgenic plants exhibit reduced dark-induced senescence.

To test the relationship between SDG8i activity and the senescence-promoting phytohormone
ABA, we repeated the assay in the presence of the exogenous hormone. ABA-induced
senescence was also reduced by overexpression of SDG8i activity in transgenic plants (Figure
4.10C, D). When incubated in continuous light without ABA, the chlorophyll content and the
photochemical efficiency of excised wild-type Col-0 leaves reduced less rapidly than in

darkness.

Over the 5 days the chlorophyll content of control wild-type leaves was gradually reduced to
54%, whereas SDG8I transgenic leaves retained on average 71% of their chlorophyll content.
However, the Fv/Fm values for both transgenic and control plants remained around 70% of the
original readings and the change in photochemical efficiency was not significantly different in
wild-type Col-0 and transgenic leaves under these conditions. Upon treatment with ABA, the
chlorophyll content of wild-type Col-0 leaves decreased rapidly from day 2 and down to 20%
by day 5 (p<0.001) (Figure 4.10E). On the other hand, the SDG8i transgenic leaves retained
about 75% of their chlorophyll up to day 4 and then reduced to around 58% by day 5 (p<0.05)
(Figure 4.10E). The Fv/Fm value of SDGS8i transgenics was also substantially higher than
control plants on day 5 (p<0.001) (Figure 4.10F). These results show that SDGB8i expression

reduces ABA-induced senescence suggesting that the enzyme functions downstream of ABA.
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Fig 4.10 Dark- and ABA-induced senescence in wild-type Col-0 and SDG8i tansgenic leaves.
(A) Chlorophyll content and (B) photochemical efficiency (Fv/Fm) in dark-treated detached leaves of
wild-type Col-0 and SDGS8i plants. (C) Chlorophyll content and (D) photochemical efficiency (Fv/Fm)
in detached leaves of wild-type Col-0 and SDG8i plants under continuous light in the absence of ABA
or (E) Chlorophyll content and (F) photochemical efficiency (Fv/Fm) in detached leaves of wild-type
Col-0 and SDGS8i plants under continuous light in the presence of 50 uM ABA. Data are means = 3
replicates.
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4.4 Discussion

A network of hormonal interactions regulates shoot branching throughout the plant. Hormonal
regulation of apical dominance has been studied for many decades using pea and Arabidopsis
as models, and the role of auxin, CK and SL in regulating the dormancy and outgrowth of
axillary buds has been established (Beveridge et al., 2009; Domagalska and Leyser, 2011).
The decapitation experiment of the present study shows that apical auxin inhibits bud
outgrowth of both wild-type and SDG8i transgenic plants compared to the untreated plants.
However, the level of inhibition is reduced in SDG8i transgenic plants as they show greater
bud outgrowth compared to wild-type plants. Therefore, the reduced effect of auxin on
transgenic plants suggests that SDG8i affects the ability of auxin to inhibit branching. This
could occur by an alteration in auxin bioactivity directly or through an effect on auxin
signaling or on the activity of possible second messenger. Loss of apical dominance is a
phenotype related to altered auxin homeostasis. For example, the auxin signaling mutants,
auxin-resistancel (axrl), in Arabidopsis show increased branching and show resistance to

apical auxin (Lincoln et al., 1990; Stirnberg et al., 1999).

The basal application of CK shows a similar growth-promotion effect on the lateral buds of
both SDG8i transgenic and wild-type plants, suggesting that SDG8i activity does not
negatively affect CK activity. CK is known to act directly to promote axillary bud outgrowth.
Auxin-depletion mutants may exhibit increased branching in response to the removal of CK
repression. Decapitation results in an increase in CK concentrations in axillary buds which is
partially removed by auxin application (Tanaka et al., 2006). Application of basal CK may
overcome the effect of apical auxin in branching inhibition (Chatfield et al., 2000). This was
seen in the experiment with the combined application of auxin and CK which shows greater
bud outgrowth of SDG8i transgenic plants compared to wild-type plants. This indicates again
a reduction in auxin response of the transgenic plants. This experiment shows that SDG8i
activity acts to reduce the repression of bud outgrowth by auxin. This could occur by a direct
effect on the bioactivity of auxin itself, or on the bioactivity of SL because the buds of SL
pathway mutants are not inhibited by apical auxin (Beveridge et al., 2000; Sorefan et al.,
2003; Bennett et al., 2006).
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The synthetic auxin response reporter construct DR5-GUS has been used in many studies to
examine the patterns of auxin distribution (Bai and DeMason, 2008). Auxin may be actively
mobilized throughout the plant by polar auxin transport which is known to be down-regulated
by the effect of SL on the activity of auxin efflux carrier PIN1 (Crawford et al., 2010).
Exogenous GR24 application has also been shown to decrease DR5-GUS intensities in the
leaves which suggest that SL may act to decrease auxin production (Ruyter-Spira et al., 2011).
Increased GUS expression in the vascular tissue of the lower stem was seen in SL-deficient
max mutants carrying DR5-GUS (Bennett et al., 2006), suggesting an elevated auxin
concentration correlating with the increased polar transport of auxin (Prusinkiewicz et al.,
2009). In the present study, the SDG8i transgenic plants showed higher DR5-GUS expression
in root tips and root primordial compared to control plants. In SDG8i transgenic plants, the
GUS intensity was clearly elevated in the vascular tissue of both roots and shoots, and was
also high in the leaf veins and leaf margins where auxin biosynthesis occurs (Teale et al.,
2006), suggesting an elevation of localized endogenous auxin concentrations throughout the
plant rather than an effect restricted solely to increased polar transport. The increased intensity
of DR5-GUS in the leaves of SDG8i transgenic plants may suggest a reduced SL bioactivity
resulting in elevated auxin biosynthesis and also increased shoot growth of the SDGS8I

transgenic plants.

Phenotypic analysis from the previous chapter showed that the SDG8i transgenic plants
displayed increased branching phenotype. Using an SICCD7 antisense construct it was found
that a 90% reduction in SL concentrations was required to produce a strong branching
phenotype in tomato and their in vitro analysis was validated with bioassays for O. ramose
germination (Vogel et al., 2010). In the Orobanche germination assay of the present study,
SDGS8i transgenic plants exhibited reduced stimulation of seed germination which indicates a
reduced concentration of SL and this is not as pronounced as that which occurs in the SL

biosynthesis mutants MAX3 and MAX4.
The plant cell contains a large number of acceptor molecules for glycosylation and screening

of recombinant UGTs in vitro has identified the substrate specificity of many of the enzymes

in Arabidopsis (Bowles and Lim, 2010). In the present study, the results of in vitro analysis of
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the enzyme activity of SDG8i indicate that SDG8i encodes a glucosyltransferase (SL-UGT)
that potentially glycosylates an endogenous SL-like compound as substrate. Genetic analyses
with SL mutants may provide additional information, however identification and structural
analysis of the endogenous target metabolite/s is required for complete understanding of the
mode of SL-UGT action. An effort to identify an endogenous enzyme with similar SL-UGT
activity in Arabidopsis and other plants may be worthwhile, although substrate specificity of
UGTs is not necessarily reflected in gene phylogeny.

To test the SL-mediated shoot branching inhibition, GR24 was applied on the axillary buds of
SDGS8i transgenic, wild-type and SL-signaling mutant, max2 plants. SDG8i transgenic plants
showed reduced sensitivity to GR24, which indicates that SDG8i activity is reducing the
bioactivity of GR24.

SLs enhance primary root growth depending on different growth conditions (Ruyter-Spira et
al., 2011). Under normal growth condition, application of GR24 increases primary root growth
in a MAX2-dependent manner, although relatively higher doses show inhibitory effect which is
in a MAX2-independent manner. Under low carbohydrate condition, primary root growth is
normally decreased and GR24 application may rescue only SL-deficient mutants (Ruyter-
Spira et al., 2011). In the present study, application of GR24 affected primary root length of
SDGS8i transgenic plants in a concentration-dependent way. Length of primary root increased
more at lower concentration of GR24. The results of the root elongation experiment also
suggest that SDG8Ii activity is reducing the bioactivity of GR24. This also suggests optimal
concentration of GR24 for increased root growth may be lower than 5 uM. Future experiments

to test this are required.

Several mutants affected in JA signaling such as jarl (Staswick et al., 1992), jinl (Berger et
al., 1996), and coil (Feys et al., 1994) showed reduced sensitivity to JA, tested by MeJA
inhibition of primary root elongation. In the present study, SDG8i transgenic plants also
showed a reduced sensitivity to JA, suggesting that SDG8Ii acts downstream or antagonizes the
effect of MeJa. The results show that JA inhibition pathway is still working even though level
of inhibition was interfering with the pathway. If SDG8i activity downstream of JA, then a
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reduced inhibition at 5 uM may be expected compared with 10 uM JA. Therefore it could be
an antagonistic effect. As JA is involved in senescence, the effect JA on SDG8i transgenic

plants may be tested.

Leaf senescence may be initiated by different plant hormones although it is a developmentally
programmed event. The SDGB8i transgenic plants of the present study showed reduced
senescence symptoms induced by both dark and the hormone ABA, which was shown by
analysing changes in chlorophyll content and photochemical efficiency. Therefore, the results
presented here suggest SDG8Ii activity acts downstream of ABA and potentially several of the
other stress-related hormones to reduce senescence. SL synthesis and signaling mutants have
been reported as having reduced senescence (Woo et al., 2001; Snowden et al., 2005). The
SDGS8i transgenic plants have a phenotype consistent with altered ORE9/MAX2 activity
which acts as a signaling protein in the strigolactone pathway and promotes senescence (Woo
et al., 2001; Stirnberg et al., 2007). MAX2 is also involved in oxidative stress (Woo et al.,
2004) and drought responses (Tang et al., 2005). The phenotype of SDG8i transgenic plants
with reduced senescence and increased branching suggests a reduction in the bioactivity of the
signal/s that activate MAX2. Arabidopsis produces indeterminate florescence and senesces
following flowering, may be because the vegetative tissues act as a source of carbohydrate and
nutrients for seed production (Nooden et al., 1997; Masclaux-Daubresse and Chardon, 2011).
The reduced senescence, in combination with the larger rosette leaves, may be related to the

higher yield of the SDG8I transgenic plants.
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Chapter 5

Effect of SDG8i on different abiotic stress responses of
Arabidopsis

5.1 Introduction

Abiotic stresses, particularly high and low temperatures, freezing, drought and salinity, are the
main causes of crop losses worldwide (Hirayama and Shinozaki, 2010). These stresses impose
detrimental effects on plant performance mainly by disrupting plant water status or by osmotic
stress (Verslues et al., 2006). Understanding abiotic stress responses in plants is therefore an
important and challenging issue in plant research. Le (2004) showed that SDG8i expression in
S. stapfianus is induced by dehydration and cold. Salt appeared to have no effect on SDG8i
expression. However, these experiments were preliminary, with only one temperature
treatment (4°C) and two salt concentrations (150 and 300 mM NaCl) for either 3 or 24 hours.
As low temperatures, drought and salt stress all decrease water availability to plant cells these
abiotic stresses are of interest and this chapter focuses on drought, salinity and freezing stress

and their effect on SDG8i transgenic plants.

Soil salinity negatively affects plant growth and development and decreases crop yield by over
20% (Porcel et al., 2012). Salt stress causes physiological drought in plants by reducing
osmotic potential. A high uptake of Na" and CI” ions may lead to toxicity in cells (Munns and
Tester, 2008), displace plasma membrane Ca*’, and lower membrane transport activity
causing a leakage of K from the cell (Cramer et al., 1985; Cramer and Liuchli, 1986). Na"
also disrupts ion homeostasis by competing with K" for uptake by transport proteins. This
negatively affects the plant nutrient balance and vital processes such as cell elongation, leaf
and stomatal movements and germination (Kochian and Lucas, 1988). Ion toxicity may also
inactivate enzymes, which subsequently may inhibit protein synthesis (Kneera and Zenk,
1992), and photosynthesis and have other secondary effects including accumulation of reactive

oxygen species (ROS) in the plant cell, leading to oxidative stress. Morphological responses to
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combat osmotic stress conditions include development of extensive root systems to reach
deeper into the soil to accumulate nutrients and water, and to reduce transpiration either by

decreasing the leaf size or via leaf abscission (Hasewaga et al., 2000).

In response to osmotic stress elicited by water deficit or high salt, the expression of a set of
genes is altered (Zhu et al., 1998), some of which are also induced by low temperature stress
(Thomashow, 1998). There is an overlap between the responsiveness of many of the stress
induced genes, suggesting parallel mechanisms of induction. The analysis of promoters of
stress responsive genes revealed a cCis-acting dehydration-responsive element (DRE)
(Yamaguchi-Shinozaki and Shinozaki, 1994) and a similar low-temperature C-repeat (CRT)
element (Baker et al., 1994 ), providing an explanation for the similar stress responses. MAPK
cascades have been shown to play role in salt stress by regulating osmolyte biosynthesis (Zhu,
2002; Rodriguez et al., 2010). Overexpression of a tobacco ethylene receptor NTHK1 in
Arabidopsis showed reduced sensitivity to salt stress (Cao et al., 2007). SALT OVERLY
SENSITIVE (SOS) pathway genes -SOS1, SOS2 and SOS3 have roles in ion homeostasis
which improves resistance to salinity in Arabidopsis (Mahajan et al., 2008; Luan, 2009).

During freezing stress, ice crystals form in the extracellular space which dehydrates the cell
(Verslues et al., 2006). Therefore, tolerance of freezing stress is related to dehydration
tolerance. Arabidopsis freezing tolerant mutant eskimol (eskl; (Xin and Browse, 1998; Xin et
al., 2007)) accumulates high total solutes and particularly the compatible solutes, proline, as a
process of cold acclimation, which makes eskl more resistant to drought-induced water loss.
The ICEI-CBF transcriptional cascade plays a role in cold acclimation in diverse plant
species. ICE1 protein level and activity are regulated post-translationally by a ring finger
protein, HOS1 (HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE GENE 1)-
mediated ubiquitination and proteolysis (Dong et al., 2006) and by SIZ1-mediated
sumoylation (Miura et al., 2007). In the hosl mutant, expression of DREBI/CBF genes is

super-induced by cold stress.

As drought decreases the availability of soil water, the decrease in soil water potential (yy,)

makes it more difficult for the plant to take up water (Kramer and Boyer, 1995). Plants use
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different mechanisms to tolerate water-deficit such as increased root growth, decreased leaf
area and transpiration, stomatal closure, leaf curling, wax content, high water-use efficiency
and accumulation of compatible solutes. In various species, a large number of different genes
respond to drought-stress and the study of stress-responsive transcription factors is an
important aspect in the study of drought stress tolerance. In Arabidopsis, some members of the
AP2/ERF super family have been shown to play important roles in the drought response
(Shinozaki and Yamaguchi-Shinozaki, 2000). An Arabidopsis NFYB and a rice NAC-type
family transcription factors were also shown to confer drought tolerance (Hu et al., 2006;

Nelson et al., 2007).

Glycosyltransferases play major roles in plant growth and development and are involved in
plant secondary metabolism. Few studies have confirmed that UGTs play important roles in
plant defense reactions to biotic stress, such as herbivore attack, and bacterial or fungal
infections, as well as in plant responses to abiotic stress, including salinity, drought and cold
(Mazel and Levine, 2002; Langlois-Meurinne et al., 2005; Meissner et al., 2008) (discussed in
Chapter 1). A study by Tognetti et al. (2010) shows a role of UGT74E2, encoding an IBA
UGT, in salinity and drought stress in Arabidopsis. In addition, loss-of-function mutations in
UGT73B1, UGT73B2, or UGT73B3 and also UGT71C1 in Arabidopsis enhanced plant

resistance to oxidative stress (Lim et al., 2006; Lim et al., 2008).

As signaling molecules, phytohormones form a complex network and play an important role in
adaptation to environmental changes. The manipulation of phytohormones and other plant
growth promoting substances has gained much attention, with the potential to facilitate plant
growth under complex environmental conditions, such as salt and drought stress, or as a means
to study the basic molecular mechanisms underlying the improvement of plant resistance to
these stresses (Van Staden et al., 1995; Jain et al., 2006; Soos et al., 2009). Among the
phytohormones, ABA plays an important role in regulating plants response to abiotic stress.
ABA accumulates in both salinity and drought stress, and cause a significant change in the
gene expression profile and cellular processes (Kempa et al., 2008). The genes for ABA
biosynthetic and catabolic pathway, such as NCEDs and P450 CYP707, respectively, are

shown to be activated by various stress treatments (Umezawa et al., 2006). At low water
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potentials, ABA promotes root growth and inhibits shoot growth (Creelman et al., 1990) and
also plays an integral role in stomatal closure and transpiration efficiencies under these

conditions (Zimmermann and Sentenac, 1999).

Other plant hormones in particular CK, SA, ethylene and JA play substantial roles in abiotic
stress, either directly or indirectly (Fujita et al., 2006; Grant and Jones, 2009; Pieterse et al.,
2009). Increased concentrations of CK promote survival under water-stress conditions and
inhibit leaf senescence (Peleg et al., 2011). The interaction between ABA and ethylene has
been shown in several studies (Gazzarrini and McCourt, 2003; Fujita et al., 2006). Exogenous
BR application induced the expression of stress-related genes (Zhang et al., 2009). ABA was
shown to inhibit BR-induced responses during abiotic stress (Divi et al., 2010) suggesting
complex hormonal responses to abiotic stresses in plants. Recently, the auxin responsive gene,
TLD1/OsGH3.13, was shown to enhance the expression of LEA genes, increasing the drought
tolerance of rice seedlings (Zhang et al., 2009). There is little evidence as yet of a role for SL
in salt, drought or cold stress. Though there is some evidence which suggest that SLs may
have a function in nutrient stress. For example, production of orobanchol, a natural SL first
isolated from red clover root extracts, was significantly stimulated upon limited-phosphate (Pi)
conditions, suggesting that Pi availability regulates SL production to some extent (Yoneyama
et al., 2007). Similarly, SL biosynthesis was also promoted in tomato plants exposed to Pi
starvation conditions (Lopez-Raez et al., 2008). A recent study has shown that the SL
production is increased by salinity which positively regulates AM symbiosis (Aroca et al.,

2012).
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5.2 Materials and methods

5.2.1 Salt stress assay

Salt stress assay was performed according to Verslues et al., 2006. Seeds were surface-
sterilized in 70% ethanol and rinsed (5x%) with sterile ddH,O. Seeds were then sown on MS
media containing 0.5% sucrose and 0.8% agar in approximately 200 pmole m™sec” light
intensity and stratified at 4°C for 2-4 days to obtain uniform germination. Seedlings were
allowed to grow for four to six days with the plates in a vertical orientation before transferred
to salt containing MS media (0, 50, 100, 125, 150 and 175 mM NaCl) using forceps. Salt-
containing media was prepared by adding an appropriate amount of salt to regular germination
media followed by autoclaving. The position of the root tips was marked immediately after
transfer and then the agar plates were placed in vertical orientation and inverted to allow roots
to grow downward in the shape of a hook. Root elongation was quantified by measuring the
position of the root tips over 7 days. The transgenic lines, F6bA, D5aA, D1E, FlaD and D7c
were used in the experiment and there were 10 replicates of WT and each transgenic line for

each treatment.

5.2.2 Freezing stress assay

The freezing tolerance test was performed as described by (Xin and Browse, 1998) with some
modifications. Plants (25 seedlings /plate) were grown on MS media-agar (2 MS, 0.5%
sucrose, pH 5.7, 0.8% agar) for 3 weeks at 22°C and approximately 200 pmole m™sec” light
intensity after stratification. Petri dishes of plants were then transferred to a chamber (Sanyo
Incubator) set to -1+0.1°C. Petri dishes of plants were cold-acclimated at -1°C with ice chips
to achieve uniform freezing at least for 16 hours before further lowering the temperature. The
chamber was then programmed to cool at 2°C per hour until it reached -4°C. Petri dishes
containing seedlings were then exposed to -8°C for 1 hour and to -12°C for a further hour. A
subset of the plants was removed periodically at -4°C, -8°C and -12°C and transferred to 4°C
overnight for recovery. Plants were returned to 22°C and survival was scored 7 days later.
Plants, which were bleached of chlorophyll and appeared white, were scored as dead, while
green plants were scored as having survived the freezing test. The transgenic lines, FObA,

D5aA, D1E and FlaD, were used in the assay, with 3 replicates of each line.
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5.2.3 Water withholding test

Wild-type Col-0 and SDG8i transgenic lines were grown in separate S5cm diameter pots placed
on the same tray under optimal growth conditions in a controlled growth chamber under a 16h
light regime at 22°C and approximately 200 pmole m™sec™ light intensity for 2 weeks. Plants
were kept fully watered by sub-irrigation until the 6-7 leaf pre-flowering stage. Water was
then withheld for a period of 14 days. The plants were observed over this period and after 14

days, the drought treated plants were re-watered and the recovery was checked 24 hours later.

The experiment was repeated over a longer time frame to see how long transgenic plants could
survive without water. Five plants per line grown in separate Scm diameter pots were used and
experiment was done in duplicate. The survival of plants was calculated following exposure to
dehydration over a period of 3 weeks. A subset of plants were removed at various time
intervals over the 3 weeks drought period and rewatered. The plants were then checked for
survival over the following days. The same amount and type of soil was used throughout the

experiment and saturated to uniform conditions.

5.2.4 Water vapor equilibration test

Soil grown pre-flowering plants were washed gently and soaked in water for 2 hours until
turgid and then blotted dry. For protoplasmic drought tolerance (PDT) determination in shoot
tissue, shoots were detached and the initial turgid weight (TWt,) recorded. Transgenic and
wild-type Col-0 shoots (four per line) were used and the experiment was done in duplicate.
Shoots were placed on mesh inside closed chambers above different concentrations of CaCl,
solutions, avoiding contact between the leaf and solution, and equilibrated to differing RH.
Chambers containing CaCl, solutions at 98% (-2.8 MPa), 96% (-5.5 MPa), 94% (-8.4 MPa),
92% (-11.3 MPa), 90% (-14.4 MPa), 88% (-17.4 MPa) and 86% (-20.5 MPa) RH at 25°C were
used. The relative humidity of air in equilibrium with the CaCl, solutions are calculated from
freezing point depression data using the formula in (Owen, 1952). A preliminary test of the
time course of the decrease in the fresh weight of initially fully turgid shoots showed that
equilibrium was first reached at one day exposure to 90% RH. The chambers containing

shoots were kept in a closed insulator box in a constant temperature room at 20 C for at least 3
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days until equilibration was reached (Wicaf = Wsolution)- After equilibration the shoots were
soaked in water for 24 hours to rehydrate and the final turgid weight (TWtg) was recorded.
Survival of plants was determined by: Method A, where survival was judged subjectively by
the recovery of the healthy coloration and crisp texture seen in the pre-equilibration plants
(dead and live leaves are readily distinguished in the thin fibre-poor tissues of Arabidopsis)
and the number of leaves alive per plant recorded; Method B, an objective test, depends on the
loss of semipermeability in dead cells which prevents osmotic absorption of water, thus the
apparent “turgid” weight per dry weight of dead tissue is less than the turgid weight per dry
weight of live tissue before vapor-equilibration. A difficulty of vapor-equilibration methods is
that tissues equilibrated in 100% RH in darkness usually suffer injury, often fatal, which is not
incurred by samples at lower humidities, a phenomenon extensively shown by Pruzsinsky
(1960). The ratio TWts/TWt, was plotted against % RH and the PDT was determined as the %
RH at which 50% of the tissue is alive.

5.2.5 Neutral red uptake

Neutral red (NR) uptake was used to check live versus dead leaf tissue and to compare cell
damage in the leaves of transgenic and wild-type plants. CaCl, solution (29 ml) was added to
1 ml of neutral red stock solution. The pH was adjusted by adding NaOH to the NR-CaCl,
solution until the color changed from purple red to orange red. Fresh hand sections of leaves
of about 2-3 cells thick were stained immediately with the neutral red solution and left for 60
minutes in a covered Petri dish with moist Kleenex paper under 100% RH to prevent the NR
solution from drying. The tissue was then viewed under a microscope. Live cells exhibit an

intense red color in the vacuole while dead cells have a diffuse light orange color.

5.2.6 Statistical analysis

All data were examined by analyses of variance using GraphPad Prism software version 5.0.
Tukey’s Multiple Comparison Test was further used for comparison between wild-type and

SDGS8i transgenic means at 5% level of significance.
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5.3 Results

5.3.1 Salt stress

The response of plants to salt stress was assessed by the root growth of SDG8i transgenic
plants compared to roots of wild-type control plants on different concentrations of NaCl. A
comparison of the response of SDG8i transgenics and wild-type Col-0 plants to growth on

high salt media was made (Fig. 5.1A).

No significant difference was observed between the SDG8i transgenic and wild-type Col-0
seedlings at salt concentrations below 100 mM after 7 days (Fig. 5.1B). At 125 mM NaCl, all
transgenic lines except D7c showed higher salt tolerance forming significantly longer roots
compared to wild type (p<0.001). However, at 150 mM NaCl all transgenic plants showed
significantly greater salt resistance with 2-3 times longer root growth compared to that of wild
type plants (p<0.001) (Fig. 5.1B). Wild-type Col-0 plants grown in 175 mM NaCl showed
severe inhibition of root growth although shoot growth did not appear to be greatly inhibited
(Fig. 5.1A). The rate of transpiration in the plates is probably too low to cause a build-up of
high concentrations of NaCl in the shoot (Verslues et al., 2006). At 175 mM NaCl, root
growth of transgenic lines was 5-7 times higher than that of wild-type Col-0 plants (p<0.001)
with the transgenic lines F6bA and D5aA showing the greater resistance. At 200 mM NaCl,

the root growth of transgenics was almost completely inhibited (data not shown).
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Fig 5.1 Effect of salt on the root growth of SDG8i and wild-type Col-0. A) Plants were grown upright
for 4-6 days in MS media under normal condition and then transferred to media containing different
concentrations of NaCl and the plates inverted. B) Root growth (cm) was measured after 7 days.
Values are the means + SE of 10 replicates

5.3.2 Freezing tolerance

The extent of freezing stress-induced damage of SDG8i transgenic and wild-type Col-0 plants
was measured by testing the percentage of survival and recovery of plants after freezing stress.
All transgenic and control wild-type Col-0 plants exposed to -4°C freezing stress survived

(Table 5.1). At -8°C, all SDGS8i transgenic lines survived, whereas the survival rate of wild-
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type Col-0 plants was 83% (p<0.01) (Fig 5.2, Table 5.1). At -12°C, control wild-type Col-0
plants were greatly affected, with a survival rate of only 34% (p<0.001). However, most of the
transgenic plants survived freezing at -12°C, with the survival rate ranging from 69-72%

(Table 5.1, Fig 5.2).

-12°C

Fig 5.2 Freezing tolerance test of SDG8i transgenic and wild-type Col-0. Plants were exposed to
freezing at -4°C, -8°C and -12°C after cold-acclimated at -1°C for 16 hours and then returned to normal
conditions at 22°C. Survival was scored 7 days after plants were returned to normal conditions.

Table 5.1 Percent survival of different 8i transgenic lines and wild-type Col-0 in freezing
tolerance test

Plants were exposed to freezing at -4°C, -8°C and -12°C after cold-acclimated at -1°C for 16 hours and
then returned to normal conditions at 22°C. Survival was scored 7 days after plants were returned to
normal conditions. * Asterix indicates significant difference in survival rate.

Name of plants  Plant survival (%)  Plant survival (%) Plant survival (%)

at -4°C at -8°C at -12°C
WT Col-0 100 83* 34%*
F6bA 100 100 72
D5SaA 100 100 70
DIE 100 100 72
FlaD 100 100 69
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5.3.3 Drought tolerance

The drought tolerance of SDG8i transgenic plants was evaluated by water withholding and

water vapor equilibration experiments and compared to that of wild-type control.

In the water withholding experiment, plants were kept fully watered by sub-irrigation until the
6-7 leaf pre-flowering stage and water was then withheld. Wild-type Col-0 plants showed their
first signs of wilting just after 7 days without water, while all SDG8i transgenic plants retained

a healthy appearance (Fig 5.3A).

Fig 5.3 Drought stress of wild-type Col-0 and SDG8i transgenic plants. Plants were grown under a
controlled water system for 2 weeks and then without water for 13 days. Plants were re-watered on day
14 and observed for recovery following day.

(A) 7 days without water, (B) 13 days without water, and (C) 1 day following re-watering. Size bar =
2cm.

After 13 days of drought, all wild-type Col-0 plants suffered clearly from water loss and were
severely dehydrated; however, all SDG8i transgenic plants still appeared healthy (Fig 5.3B).
On day 14 all plants were rewatered and the recovery was observed after 24 hours. All the
SDGS8i transgenic plants recovered, but none of the wild-type Col-0 plants showed any sign of
recovery (Fig 5.3C).

The experiment was repeated over a longer period of time to determine how long transgenic

plants could survive without water. The survival of wild-type Col-0 and SDG8i transgenic
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plants was calculated following exposure to dehydration over a period of 3 weeks (Fig 5.4). A
subset of plants was removed at various time intervals over the 3 week drought period, re-
watered and the survival checked over the following days. The survival rate of wild-type Col-
0 plants dropped below 50% after 11 days without water. This was significantly less than the
100% survival of transgenic plants (P<0.001). All wild-type Col-0 plants died after 13 days
while all the transgenic plants looked healthy, with 100% survival rate during that period.
From day 15 the transgenic plants started looking dehydrated and their survival rate reduced to

50% after 17 days. Transgenic plants looked severely dehydrated on day 18 and they did not

recover after 19 days.
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Fig 5.4 Percent survival of wild-type Col-0 and SDG8i transgenic plants at different time intervals
during prolonged period of drought. Values are the means = SE of 2 replicates.

To quantify the increase in drought tolerance in shoot tissue conferred by the expression of
SDGS8i, a measure of protoplasmic drought tolerance (PDT; determined as the percent relative
humidity at which 50% of leaf cells survive) was obtained. The PDT of wild-type Col-0
plants, as determined by both the subjective method (Figure 5.5A) and the objective method
(Figure 5.5B) was ~97-98% RH (~-2.8 to -4.2MPa).
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The results indicate that Arabidopsis is very sensitive to water deficit, which is not unexpected
in the thin tender leaves on well-watered greenhouse plants of an ephemeral species. The
transgenic lines FlaD, D5aA and F6bA gave closely similar data to each other in both
methods. The determinations of their PDT were ~94-95% RH (~-7.0 to -8.4MPa) —
considerably better than the values obtained for wild-type Col-0 plants indicating a substantial

improvement of PDT (p<0.05).
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Fig 5.5 A) leaf survival, B) PDT survival curve [% of final saturation weight to the initial turgid weight
ratio] showing the effect of decreasing relative humidity on cell survival of SDG8i and wild-type Col-0
shoots. PDT values are the water potential (expressed as the corresponding equilibrium relative
humidity at 20°C) at which 50% of cells were dead after 3 days vapor equilibration over CaCl,
osmotica. Line D represents the lowest value of TWt/TWt, reached by comparable shoots killed by
chloroform vapor. Line H is the 50% survival point halfway between line D and 100% TWt:/TWt,.

127



The neutral red uptake test on hand sections of live leaves from wild-type Col-0 and SDG8I
transgenic plants at 90% RH showed that a substantially higher number of damaged cells were

present in the wild-type Col-0 plants compared to all the transgenic plants (Figure 5.6).

WT at 90% RH FlaD at 90% RH

Fig 5.6 Neutral red stained sections of leaves performed at 90% RH of SDG8i and wild-type Col-0
plants. The scale bar is 100 um.
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5.4 Discussion

The widespread occurrence, diversity and complexity of glycosides throughout the plant
kingdom indicate that the largest Family 1 GT has broad functionality with a wide range of
potential substrates from plant secondary metabolism. Limited information exists on the
biological role and molecular mechanisms of UGTs mainly in response to environmental
stress. However, their chemical properties have been widely studied. In the present study,
ectopic expression of UGTSDGSi in Arabidopsis plants results in a substantial improvement
in tolerance to cold, salt and drought stress. These environmental factors, particularly drought

and salt, impose major constraints on crop productivity.

Salinity affects growth by changing water relations and by affecting the nutrient balance in
plant tissue (Pessarakli et al., 1991). Physiological mechanisms by which plants respond to
salt stress include, decreases in fresh mass, reductions in leaf growth and increases in root
growth and length (Evers et al., 1998; Khodary, 2004). If the plant is under salt or water stress,
the below-ground structures expand to facilitate growth and supply nutrients and water to the
above-ground structures for normal growth (Saab et al., 1990). A study by (Meloni et al.,
2004) showed root growth was less affected than shoot growth in Prosopis alba at NaCl
concentrations as high as 300 mmol L. An increased root:shoot mass ratio is a common
adaptation to salinity, resulting in longer roots with increased lateral root development to
facilitate more efficient water and nutrient uptake under salt stress (Gorham et al., 1985). In
the present study SDG8i transgenic seedlings grown with 175 mM NaCl showed a resistance
to salinity by a significant increase in root growth compared to wild type, which could
enhance the uptake of nutrients from the root system under osmotic disturbances. An
examination of the effect of NaCl on the root:shoot ratio of the transgenic plants could
determine if the plants have an altered root:shoot ratio. As ectopic expression of UGTSDGSI
can increase tolerance to salt stress in Arabidopsis, it is assumed that the metabolite/s being
glycosylated by UGTSDGS8i may be involved in a regulation pathway of Arabidopsis in
response to environmental stress. Transgenic Arabidopsis overexpressing UGT74E2 also
showed resistance towards drought and salt stress by its glycosylation activity on indole-3-

butyric acid (IBA) (Tognetti et al., 2010).
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In the water withholding experiment of the present study, the drought stressed wild-type plants
ceased their vegetative growth, the leaves senesced rapidly and finally died after 13 days
without watering. On the other hand, all the SDG8i transgenic plants showed no sign of
senescence even after 12 days without watering, and they still looked green and healthy. When
protoplasmic drought tolerance (PDT) of SDG8i transgenic plants was evaluated, they showed
a two-fold improvement compared to wild-type Arabidopsis plants. PDT is the water potential
of tissue at 50% survival point during drying (Kramer, 1983), and the measure of desiccation
tolerance is the extremity of PDT being the lowest water potential of the cell protoplast that
the protoplast may survive (Gaff and Oliver, 2013). The PDT improvement of SDG8i plants is
similar to the maximum drought hardening reported for a crop plant drought stressed for 3
weeks, but does not reach the PDT values of desiccation tolerant angiosperm plants which are
in the range from 0-30% RH as reported by Levitt et al. (1960). However, this PDT
improvement of SDGB8i transgenic plants is significant compared with wild-type plants
considering the difficulties of the technique used to impose low-y,, stress on the plants (via the
air phase). This vapour equilibration technique can only be used in darkness because light
produces tissue-to-air temperature gradients which disturb the desired water potential gradient.
Therefore when tissues are equilibrated in 100% RH in darkness it causes injury, which is not
found at lower RH. This type of phenomenon was also shown in a study by (Pruzsinsky,
1960). It is therefore possible that SDGB8i plants growing in the light would exhibit higher PDT
values. Moreover, due to experimental difficulties caused by contamination of root with the
soil, only shoot tissues were used, instead of whole plants, in the PDT experiment. The
disturbance of the root system during the drying period in S. stapfianus was shown to disrupt
the acquisition of the desiccation-tolerant state (Gaff et al., 1997). Hence, the use of whole
plants may show further improvements on PDT because this would allow hormonal

interchange between roots and shoots in the drought stressed plants.

In the present study, SDG8i transgenic plants also showed greater tolerance to cold compared
with wild-type plants. At the molecular level, plants show similar response to both freezing
and drought. Some of the genes induced by freezing are also upregulated by drought
(Shinozaki and Yamaguchi-Shinozaki, 2000). The formation of ice crystals during freezing

creates a water potential gradient between inside and outside the cell causing freeze-induced
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dehydration (Pearce, 1999), which suggests that a major component of the acquired freezing

tolerance by the SDG8i transgenic plants may be the tolerance to dehydration stress.

Stress adaptation responses involve growth retardation, reduced metabolism and reallocation
of resources. As the formation of ROS may be induced by a wide range of stresses, they may
play a role in modulating auxin sensitivity and controlling developmental processes (Potters et
al., 2007; Potters et al., 2009). Similarly, to the example where overexpression of UGT74E2,
an IBA glucosyltransferase may increases drought and salt tolerance with reduced growth
(Tognetti et al., 2010), overproduction of WES1, an auxin conjugating enzyme, also decreased
growth and increased stress tolerance in Arabidopsis (Park et al., 2007). On the other hand,
SDGS8i transgenic plants of the present study showed enhanced growth under both stress and
non-stress conditions which suggest SDG8i activity may be directly controlling growth. In S.
stapfianus, high levels of SDG8i transcript are induced in leaves by dehydration and could be
related to leaf regeneration in the rehydrated plant which is more than twice as rapid as in a

well-watered plant following a dehydration/rehydration cycle (Blomstedt et al., 2010).
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Chapter 6

General discussion and future directions

Although it is not proved conclusively that the Sporobolus drought gene, UGTSDGSI,
glycosylates endogenous strigolactones in planta, the phenoytype of Arabidopsis transgenics
plants overexpressing SDG8i exhibit hyperbranching and a reduced ability to stimulate
strigolactone-dependent germination of Orobanchaceae (Phelipanche ramosa) seed. This
suggests that the bioactivity of one or more strigolactones known to be produced by

Arabidopsis is affected by SDG8i enzyme activity.

SDG8i transgenics show reduced auxin related branching inhibition, with greater bud
outgrowth compared to wild-type plants when auxin is applied to the decapitated plants. This
could occur by an alteration in auxin bioactivity directly or through an effect on auxin
signaling via second messenger activity. SL is known to be required as second messenger for
auxin to regulate branching (Gomez-Roldan et al., 2008; Umechara et al., 2008). Bud
outgrowth in SL mutant plants is resistant to inhibition by apically supplied auxin (Beveridge
et al., 2000; Sorefan et al., 2003; Bennett et al., 2006). The level of increased branching in the
SDGS8i transgenic plants suggests a substantial reduction in the bioactivity of a branching
inhibitory signal, which is likely to be SL or a related compound. Because auxin induces SL
biosynthesis (Sorefan et al., 2003; Foo et al., 2005), it is also possible that reduced auxin
bioactivity or signaling could lead to a lower production of SL. It is necessary to examine the
endogenous hormone concentrations and identify the glycosylated metabolite differences in
SDGS8i transgenic plants compared with wild-type controls to confirm how SDG8i activity acts
to reduce the repression of bud outgrowth. Moreover, some phenotypic changes of SDG8i are
similar to SL-deficient mutants such as increased branching and some are not such as reduced
height. Therefore, if SDG8I is decreasing bioactivity of SL, the observed phenotypic changes
suggest that a major role of SL is to suppress cellular growth in response to developmental and

environmental cues.
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The increased intensity of DR5-GUS in the leaves of SDG8i transgenic plants suggests an
increased auxin production. The axrl-3 mutant showed increased auxin concentrations as
feedback compensation for reduced auxin sensitivity (Romano et al., 1995). This would
therefore suggest that SDG8i activity is affecting auxin signaling possibly due to an effect on

the bioactivity of SL as auxin second messenger.

SDG8i transgenic plants are not affected in exogenous cytokinin increased branching,
suggesting that SDG8I activity does not negatively affect CK activity. This indicates that CK
pathway is working in SDG8i transgenic plants. Auxin is known to antagonise CK activity
(Chatfield et al., 2000). If auxin signaling is decreased, CK biosynthesis is initiated and the
synthesized CK is transported to axillary buds where it induces bud outgrowth (Tanaka et al.,
2006). If SDG8i activity is affecting SL-like compounds, then CK activity could also be
increased via reduced auxin signaling. Increased CK activity could possibly explain the
phenotypic changes of SDG8i transgenic plants with increased shoot growth under normal
conditions. CK is known to control not only cell proliferation and shoot branching in plants,
but also has a very strong anti-senescence effect (Richmond and Lang, 1957). Because
overproduction of CKs may retard leaf senescence (Gan and Amasino, 1995), elevated CK
concentrations may be responsible for the reduced senescence phenotype of SDGB8i. Again an
examination of the endogenous hormone concentrations in SDG8i transgenic and WT plants

would add greatly to the mechanistic explanation of the observed results.

The increased expression of DR5-GUS in the root vasculature and root tips of the SDGS8Ii
transgenic plants suggests there may be elevated auxin concentrations in the roots. Because
auxin (at moderate concentrations but not low concentrations) is known to inhibit cell
expansion in the root elongation zone (Stepanova and Alonso, 2009), it would seem unlikely
that the enhanced root growth in SDG8i transgenic plants is due to increased auxin
concentrations. SLs have been shown to enhance primary root growth and exert inhibitory
effects on lateral root formation under normal Pi sufficient conditions (Kapulnik et al., 2011;
Ruyter-Spira et al., 2011). However, SL signaling has been linked to the induction of ethylene
synthesis, which in turn may affect auxin synthesis and transport (Koltai, 2011). Auxin and

ethylene may potentially inhibit primary root elongation either independently or together.
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Stimulation of auxin biosynthesis by SL-mediated ethylene production in the root meristem
may lead to auxin transport to the root elongation zone where it inhibits root growth by
slowing down cell elongation (Stepanova and Alonso, 2009). This is consistent with the low-
Pi condition where primary root growth is inhibited and lateral root growth is stimulated by
increased SL (Lopez-Raez et al., 2008; Jamil et al., 2011; Kohlen et al., 2011). Because auxin
sensitivity in the roots may be increased under low Pi conditions (Pérez-Torres et al., 2008) it
has been suggested that increased SL production may reduce root auxin concentrations and
generate an auxin optima leading to lateral root induction (Ruyter-Spira et al., 2011).
Therefore, the longer primary root and increased lateral root branching phenotype of SDG8i
plants under normal growth condition cannot be easily explained by alteration in the effective
concentrations of these hormones. It is possible that SDG8i activity may be affecting SL-
mediated ethylene production and reducing the auxin inhibitory effect in the root elongation
zone to allow primary root elongation. An examination of root growth of SDG8Ii transgenic
plants on low Pi media may indicate if SLs are required to induce LR formation under Pi

starvation.

The plant stress response mainly involves reduced growth and reallocation of resources and
therefore introduction of constitutive stress tolerance often correlates with reduced growth
(Potters et al., 2007). However, SDG8i transgenic plants showed significant enhanced growth
under both stress and non-stress condition. In contrast to the situation reported in desiccation-
sensitive plants where water-deficit decreases the expression of growth regulated genes (Bray,
2004), the enhanced growth exhibited by SDG8i transgenic plants under stress suggests that
SDG8i may impede the growth retardation response which would normally occur under these
conditions. Under prolonged water stress, resurrection plants may accumulate high levels of
the transcripts in dried tissues which encode gene products that positively regulate growth
associated processes. The subsequent translation of the accumulated transcripts in rehydrated
plants could allow rapid growth when water becomes available. In S. stapfianus, substantially
more rapid leaf regeneration occurs following a dehydration/rehydration cycle compared to

that which occurs in well-watered plants (Blomstedt et al., 2010).
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Target of rapamycin (TOR) plays a central role in regulation of cell growth and metabolism
and is conserved in eukaryotic species. The growth-related processes in response to stress
conditions such as changes in protein synthesis, cytoskeleton remodeling and nutrient uptake
are mainly regulated by TOR (Deprost et al., 2007). In Arabidopsis, overexpression of TOR
kinase increased production of ribosomal components as well as enhanced translation capacity
which has strong effects on maintaining growth and osmotic stress resistance. TOR mRNA
appears to be present in all plant tissues, and may be post-transcriptionally regulated during
cell proliferation to initiate premitotic cytoplasmic growth (Robaglia et al., 2004). This
suggests that it may be worthwhile investigating if the SDG8i gene plays a role in upregulation
of the TOR pathway to increase growth and cell size of SDG8Ii transgenic plants in response to

stress.

The two-fold improvement of the protoplasmic drought tolerance (PDT) in SDG8i transgenics
compared with the wild-type plants is considerable and is similar to the maximum ‘drought
hardening’ reported for a crop plant droughted for 3 weeks (Levitt et al., 1960). PDT
measurements at cellular level shows less cell death in SDG8i transgenic plants compared with
wild-type plants, even at a low water-deficit level. The delayed senescence exhibited by
SDG8i transgenic plants following ABA treatment suggests that SDG8i activity may be
associated with inhibition of drought-induced senescence programs in S. stapfianus.
Therefore, the increased PDT at the cellular level in SDG8i transgenic plants may reflect a
reduced senescence effect mediated by SDGS8i activity. Non-resurrection plants use leaf
senescence as an efficient strategy for surviving water stress by reducing canopy size and
transpiration (Chaves et al., 2003). But SDG8i transgenic plants show very little signs of
senescence in the water withholding experiment, remaining green and healthy after 12 days
without water in contrast to wild-type plants. Some of the transgenics produced one or more
extra rosette leaves and a reproductive meristem during the drying period and until re-watering
did not form any additional floral branches. This suggests that SDG8i transgenic plants may
undergo a drought-induced delay in reproductive development. Future experiments to analyse
the response of the SDG8i transgenics to drought, could include high-throughput imaging to
provide detailed physiological data that may answer this question. In normal growth

conditions, the reduced senescence, in combination with the larger leaves, may be related to
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the higher seed yield of the SDG8i transgenic plants. Considerable research effort has been put
into increasing crop production utilizing the CK biosynthetic gene IPT by delaying drought-
induced senescence (Jordi et al., 2000; Sykorova et al., 2008). The use of the SDG8i gene
presents an alternative approach to reducing drought- induced senescence with an additional

benefit of increasing yield under non-stress conditions.

The response of SDG8i transgenic plants to different stress conditions suggests links between
glycosylation of a SL-related compound/s and many growth-related and stress-related
hormonal activities. During water stress, ABA plays important role in inducing stomatal
closure, reducing transpiration efficiencies, inhibiting shoot growth and promoting root growth
(Creelman et al., 1990; Zimmermann and Sentenac, 1999). ABA is also a regulator of SL
biosynthesis, as shown in the tomato ABA-deficient mutants which exhibit decreased SL
production (Lopez-Raez et al., 2010). There is considerable evidence indicating that SLs play
a role in nutrient stress responses. SL is thought to act as a signal to communicate the nutrient
status in the soil to the plant shoot, allowing for increased branching or overall shoot growth
when nutrient levels are high and a decrease in growth when nutrients are limited (Umehara et
al., 2008). Therefore, the enhanced growth exhibited by SDG8I plants under stress conditions,
suggests that SL or a related compound may act principally to retard growth as part of the
morphogenic response to the stresses, as occurs in the shoots of plants under nutrient
deficiency (Arnholdt-Schmitt, 2004). SDG8i activity affects ABA signaling with respect to
senescence. If SDG8I is doing this through affecting the bioactivity of SL, this suggests that
SL may be required to act downstream of ABA under stress conditions to mediate ABA
stress/drought responses such as reduced photosynthesis & chlorophyll degradation as well as
reduced shoot growth. This could explain the enhanced growth under stress conditions as the
stress signaling pathway is not fully functional. Further analyses should be done on
physiological parameters associated with ABA activity such as stomatal conductance and the
efficiency of photosystem II, accompanied by an analysis of stress induced ABA levels, in

SDGS8i transgenics compared with control plants.

Some of the phenotypic characteristics of SDG8i transgenic plants, such as hyperbranching,

reduced senescence and interaction with auxin and ABA, mimic those of the SL biosynthesis
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and signaling mutants of MAX. On the other hand, the enhanced shoot and root growth of
SDGS8i transgenic plants are opposed to those of SL-deficient mutants, which are normally
dwarfed. In addition, the reduced stimulation of Orobanche germination, which is an
indication of a reduced SL level in SDG8i transgenic plants, is not as pronounced as that
which occurs in the SL biosynthesis mutants MAX3 and MAX4. This suggests SDG8i activity
is reducing but not eliminating bioactivity of SL in the SDG8I transgenics. Using an SICCD7
antisense construct Vogel et al. (2010) showed that a 90% reduction in SL levels was required
to produce strong branching phenotype in tomato with bioassays for O. ramose germination.
The in vitro enzyme assay in the present study shows that SDG8i has moderate affinity for
GR24, which could be expected given the artificial nature of substrate and assay condition.
But the results strongly suggest that SDG8i enzyme activity in Arabidopsis is affecting the

bioactivity of an endogenous branching-related and growth-related inhibitory compound/s.

MAX?2, the F-box leucine-rich repeat signaling protein is expressed universally in the plant,
not only at nodes, and therefore plays diverse roles in different parts of the plant (Stirnberg et
al., 2002). Some of the processes associated with MAX2 activity seem to be negatively
affected in SDGS8i transgenic plants. MAX2, previously identified as the ORE9 gene (Stirnberg
et al., 2002), acts as a positive regulator of Arabidopsis leaf senescence (Woo et al., 2001) and
important mediator for hypocotyl elongation in the light (Stirnberg et al., 2002). MAX2 is also
involved in oxidative stress (Woo et al., 2004) and drought responses (Tang et al., 2005).
Mutations in ORE9/MAX2 suppress the enhanced response to drought caused by mutation of
EDR1, which encodes a CTRI1-like protein kinase (Tang et al., 2005). The phenotype of
SDG8i transgenic plants with elongated hypocotyls, reduced senescence and increased
branching suggests a reduction in the bioactivity of the signal/s that activate MAX2. Therefore
crossing SDG8I transgenic plants with plants overexpressing MAX2 may be informative.
Genetic analyses with MAX2 affected plants and other SL mutants as well as examination of
expression levels of MAX pathway genes could help elucidate the mechanism whereby SDG8I
activity confers the phenotype observed. However, to confirm the actual function of the
SDG8i gene, identification and structural analysis of the endogenous target metabolite/s is

required.
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It could also be worthwhile to try and identify an endogenous enzyme with similar activity to
SDGS8i in Arabidopsis and other plants. The transgenic plants over-expressing SDG7y and
SDG10y displayed similar phenotypes to that of SDGB8Ii transgenics with substantial increase in
shoot growth and shoot branching therefore suggesting they are driving expression of an
Arabidopsis SDG8i orthologue. Further analysis of the phenotypes of SDG10y and SDG7y
transgenic plants is necessary under different abiotic stress conditions to see if they also show
similarities in stress response observed in SDG8i plants. In Arabidopsis there are over 100
uncharacterised glucosyltransferases and database searches indicated that the three most
homologous genes to SDGB8i in Arabidopsis are At3gl16520, which is fungus induced,
At1g01390 of unknown function and At1g05680, which recognises IBA. Substrate specificity
can't be determined based on sequence data alone and specificity would need to be determined
by producing and screening each recombinant glucosyltransferase individually. Additional
experiments to further investigate potential SDG8i orthologues would include the generation
of transgenic plants overexpressing the candidate homologous genes, which may give a
similar phenotype to that of SDG8i transgenic plants. However, the homologous gene that
recognizes IBA is unlikely to be the SDG8I orthologue because overexpression does not give
the same phenotype as SDG8I transgenics (Tognetti et al., 2010). It may also be worthwhile
analysing the spatial and stress related expression pattern of candidate SDG8i homologues in
Arabidopsis plants. In addition, analysis of the phenotypes of Arabidopsis plants with
knockouts of the homologous genes may also be useful. Crossing of such knockout mutants
with SDG8i transgenic plants could also be informative. These experiments may help identify

a UGT in Arabidopsis with a similar glycosylation activity to that of SDG8I.

Root exudates may be collected from SDG8i transgenic as well as wild-type Arabidopsis
plants. Different concentrations of these root extracts may be used in the germination bioassay
to detect differences in the level of SL metabolites and glycosylated SL-like compounds.
These root extracts could be analysed by HPLC or mass spectrometry. It may also be
important to look at SL biosynthesis intermediates such as carlactone and other carotenoid-

derived compounds such as karrikin which are structurally similar to SL.
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SDG8i expression in S. stapfianus is specific to desiccation tolerant tissue, such as leaves
detached after the plant has dried below 60% RWC (Gaff and Loveys, 1993; Le et al., 2007).
It is thought that some form of root to shoot signal is required to establish the adaptive
desiccation-tolerance program but the molecular nature of this signal is unknown (Blomstedt
et al., 2010). The finding that disturbance of the roots during the drying period prevents the
establishment of desiccation tolerance, supports this theory of a root signal (Gaff et al., 1997).
This signal may be mechanical or xylem borne, including hormones such as ABA or auxin
(Schachtman and Goodger, 2008). The identification of this signal is an ongoing research
question in the area of desiccation tolerance (Blomstedt et al., 2010; Mitra et al., 2013). The
substrate glycosylated by SDG8i may be a candidate for this signal and further studies are

underway to answer this question.

It is likely that a reduced level of SL or SL-like compounds resulting from the overexpression
of the SDG8i is driving the phenotypic changes observed in the SDGB8i transgenics. The
transgenic plants showed a large number of agronomically-desirable traits without any adverse
effect on plant development and morphology. Use of the SDG8i gene confers protection
against salt, drought and cold stress as well as a reduction in drought-induced senescence, with
the additional benefit of increasing yield under non-stress condition. The use of the SDGS8I
also generates plants that have reduced stimulation of parasitic seed germination which may
reduce yields in many monocot and dicot crop species world-wide. Therefore, the use of the
SDGS8Ii gene has considerable potential for improving productivity in crop plants. Introduction
of SDG8i into canola and sorghum is underway to determine if the desirable traits observed in

Arabidopsis can be reproduced into commercially important crop species.
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Appendices

Appendix 1

Nucleotide and amino acid sequence of SDG10y from S. stapfianus

1 CAAGCACGAGCTCCTCAGCGACGACGAGAACTCACTCACACAGGACATACTCCGATGACC

M T 2
61 AACCGCATCTTCTTTCCCCCATCCATGGCGACGGCGAACCAGGAGTACATAATCCGATTC
NR I FFPPSMATANG OQTEY T I RF 22

121 GACGGCCAGTTCGAGGACCCCTCGCCGAGCTCCTCGGGCGTCGAACCACAGCCGGTGCCT

D 6GQFEDTPSPSSSGVETFPO QFPVP 42
181 GAGGCGGCGTCGTTCCCGTGGAGGACGATCAGTCCCGAGCAGGAGCACGCGGTCATTGTG

EAASTFPWRTTISPETG QETUHAVIV 62
241 TCCGCCCTGCTCCACGTCCTCTCCGGCTACACCACGCCGCCGCCCCAGGTCTTCCCGGCG

S ALLHVLSGYTT®PPPOQVTFTPA 82
301 TCGGCGGCTGCGCGAGTGGAGGCGTGCCGGATGTGCGGGATGGAGCGGTGCCTCGGCTGE

S AAARVEACRMCGMETRTCTL G C 102
361 GAGTTCTTCGCCGCGGACGCCGGAGTGGTCGCGTCGGATGGATCAGAGAAGGTTCCCGCG

EFFAADAGVVASTDTGSTETKV P A 122
421 GCAGCAGAGACGACGACAGCTCCGGCGGCTGCAGGAGGGCAGAGGCGGCGGCGGAAGAAG

AAETTTAPAAAGG G QR RT RT RTI R K K 142
481 AAGAACAAGTACCGCGGCGTGAGGCAGCGTCCGTGGGGGAAGTGGGCGGCGGAGATCCGC

K NK Y R GV ROQRZPWGIKWAATE I R 162
541 GACCCGCGCCGCGCCGTGCGCAAGTGGCTCGGCACATTCGACACCGCCGAGGAGGCCGCC

DPRRAVRIKWLGTTFDTATETEAA 18
601 AGGGCGTACGACCGCGCCGCCGTCGAGTTCCGCGGCCCGCGCGCCAAGCTCAACTTCCCG

R AYDIRAAVTETFRGPR RAIKTLNTFP 202
661 TTCCCAGAGCAACTGGCAGACCACGAAGACGCCAGCGCGGCAGCCAAGTCCGACACATTG

FPEG QLA ADUHTETDA ASAAATZKTSTDT L 22
721 TCGCCGTCGCTGTGCAGCGGCAGCGCGGACGCCGAGGACCGTAGCGTTGGGAGGCAGGAG

S PSLCSGSADATETUDT RTSVGRQE 242
781 TGGCCGCACCAGCACGGGATGGAAGAAACAGGGGAGCAGCTCTGGGACGACCTCCAGGAC
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841 CTGATGAACCTGGACGAAGGCGAGATCTGGTTCCCGCCAACCTCGACAACTTGGAATTGA

L M NLDEGETI WFPWPTSTTWN* 281
901 AACGAGTCTTAATCAAATCACGGCCGTTAAAGTAGATTGAAATTGACAATCGTAGCCTTT
961 CAGTTTTCTCCTTTTGACCTTTTTTTCTTCTTCTTTTTATAAGCTCTGTTGTACTATTTG

1021 ATCGAAGCAGAGTTTTGAGTCTTGAGGTCTGTACAGCATCTCCGCAAGGAACACGCGAGC
1081 TGACTGATCTGTTGTTAACCATTTTTGTAGTCACAAAAAAAAAAAAAAAAAAAAAAAAA 1140

Appendix 1. Nucleotide and amino acid sequence of SDG10y from S. stapfianus.

The amino acids of the longest ORF are given below the nucleotide sequence. The putative stop codon
(*) is indicated. The poly-A tail is represented by a string of A residues at the end of the sequence.
Numbers correspond to nucleotides (left) and amino acids (right) respectively.
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Nucleotide and amino acid sequence of SDG7y from S. stapfianus

1 CAAGCTTCTTCTTCTTCACCCACTCACTCGAGGCTCAACTCAGTCAGGGCTCGGTCATGA
M 1

61 CCAAGAAGCTGGATCCCGGCATGGCAACGAAGAATAAGCAAGGTCGCGAGGCGCAGCTCG
T K KL DUPGMATI KNI KIQGGREAZQ QL 21

121 ACAGTCAGGGGAGACAGGTTTCGAACTACGCGGATGGAGGAACTGGAAGGTCGACGATCT

b S Q GRQV SNYADSGSGTGR S TI 41
181 CTCAGGAGCAGGAGCACAGCATCATGGTCGCGGCGCTGCGGCACGTCCTGTCCGGGTACA
S Q E QEHSI MV A ALIRUHVLSGY 61

241 GCACGCCGCCGCCGGAGGTGGTCACGGTGGCGGCGAGCGGCGAGGCGTGCGGGACCTGCG

s T PPPEVV TVAASG GEATCTGTSTC 81
301 GCATCGACGGCTGCCTCGGCTGCGACTTCTTCGCGGGGGAGGAGCCCCCTCAGCTGCTAC

G 1 b6 CL GCDU FZFAGETEWPZPOQTLL 101
361 GACAGGGACTGAGCTATGGCACAGGCACCGCGGCGGTGGCGACGAGTACCGATGAGAAGA

R Q 6L SY GTSGTAAVATSTDE K 121
421 GGAGGAAGCGGCGCAGGAAGAGGAACGCGTTCCGCGGCGTGCGGCAGCGGCCATGGGGCA

R R K RRRIKWRNAFRGVIRQRP WG 141
481 AGTGGGCGGCGGAGATCCGCGACCCCAGGAAGGCGGCGCGGGTGTGGCTCGGCACGTTCG

K W A A E I RDPRIKAARVWL G T F 161
541 ACACCGCCGAGGAGGCCGCCAGGGCGTACGACCGCGCCGCGCTCGAGTTCCGTGGCGCGE

D T AEEAARAYDIRAALEUFRG A 181
601 GCGCCAAGCTCAACTTCCCCTACCAGGAGGAGCCGGTCGTCCTGCTGGGCCATCACAATG

R AKLNJF®PY QEEUPVV LL G HHN 201
661 GCGATTCGGCGGCTGGGACGACGCTCACGCCGCCGTCGTCGTGCAGCGTCGACGCCGAGG

G bSAAGTTLTW®PWPSSCSVDAE 221
721 ATCAGAGCGCGGACGGACTTGGGGATGAACTGTGGGACGGATTGCAGGACCTGATGAAGA

b Q@ S ADGLGIDELWDGLIGQDL MK 241
781 TGGATGACGCGGACTTCTGGTCGTTCGCGCCGTTCTATGGTGCAGCATCGTCTGGTGTTT

Mm D DADZFWSFAPFYGAASS GV 261
841 GAGCGGTGATGTTGTACACAATAACACTAGGCGTAGCTCTTGAACTAGACTGACGCTATA

*

901 ACTAGTTCTCCGTAAAAAGCTGGATTACTAGTAGTTCGATATAGTTGAGTGAACCATTCT
961 TTTGTTGTGTACAGTACATAAGTTGGATTAATTCATATTATTTGATTGGATTGCCCCAAT
1021 TCAGTTGTCAATATGAGCTCAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
1081 AAAAAAAA 1088

Appendix 2. Nucleotide and amino acid sequence of SDG7y from S. stapfianus.

The amino acid sequence of the longest ORF is given below the nucleotide sequence. The putative
stop codon (*) is indicated. The poly-A tail is represented by a string of A residues at the end of the
sequence. Numbers correspond to nucleotides (left) and amino acids (right) respectively.
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Abstract

Isolation of gene transcripts from desiccated leaf tissues of the resurrection grass, Sporobolus stapfianus, resulted in
the identification of a gene, SDG8i, encoding a Group 1 glycosyltransferase (UGT). Here, we examine the effects of
introducing this gene, under control of the CaMV35S promoter, into the model plant Arabidopsis thaliana. Results
show that Arabidopsis plants constitutively over-expressing SDG8i exhibit enhanced growth, reduced senescence,
cold tolerance and a substantial improvement in protoplasmic drought tolerance. We hypothesise that expression of
SDGS8i in Arabidopsis negatively affects the bioactivity of metabolite/s that mediate/s environmentally-induced
repression of cell division and expansion, both during normal development and in response to stress. The phenotype
of transgenic plants over-expressing SDGS8i suggests modulation in activities of both growth- and stress-related
hormones. Plants overexpressing the UGT show evidence of elevated auxin levels, with the enzyme acting
downstream of ABA to reduce drought-induced senescence. Analysis of the in vitro activity of the UGT recombinant
protein product demonstrates that SDG8i can glycosylate the synthetic strigolactone analogue GR24, evoking a link
with strigolactone-related processes in vivo. The large improvements observed in survival of transgenic Arabidopsis
plants under cold-, salt- and drought-stress, as well as the substantial increases in growth rate and seed yield under
non-stress conditions, indicates that overexpression of SDG8i in crop plants may provide a novel means of
increasing plant productivity.
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Introduction

The desiccation tolerant grass Sporobolus stapfianus grows
in shallow, nutrient poor soils in regions experiencing intense
seasonal drought. For their persistence these plants rely on the
ability of the protoplasm of their vegetative tissue to desiccate
(loss of 2 95% total water content) and rehydrate rapidly. The
rehydrated plant restores normal metabolism within 24 hours
[1], grows very quickly following rain, and has proven useful for
pinpointing genes for increased stress-tolerance [2,3] and
enhanced growth rate [4]. Characterization of Sporobolus
drought genes (SDGs) that are specifically expressed in
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desiccation-tolerant tissue [5], has the potential to reveal
mechanisms for coping with stress which are peculiar to, or
enhanced in, resurrection plants. Such coping mechanisms
include the ability to adjust growth rapidly in response to
changes in water availability, to inhibit dehydration-induced
senescence programs, to protect cellular components during
dehydration and to reinstitute photosynthetic capacity quickly
following a severe dehydration event [1]. The mechanisms
required for S. stapfianus to exhibit these characteristics may
rely on coordinately regulated plant hormone activity linked to
environmental cues.
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The Sporobolus SDG8i gene encodes a Group 1 UDP-
glycosyltransferase (UGT) whose transcript levels increase
substantially under severe water deficit [5]. Plant genomes
typically encode a large number of UGTs that collectively can
conjugate sugars to a range of acceptor molecules including
many plant hormones, secondary metabolites and xenobiotics
[6]. UGTs have an important role in cellular metabolism since
glycosylation can affect the solubility, transport and biological
activity of these compounds [7]. Hence glycosylation can
control the bioactivity of plant growth regulators crucial to
enabling adaption of plants to changing environments [8]. The
majority of the classical hormones occur as glycosides in
planta and UGTs capable of glycosylating auxins, cytokinin,
ABA, salicylic acid, jasmonic acid and brassinosteroids or their
synthetic precursors have been identified [9-15]. The possibility
that glycosylation of one or more growth regulators may play a
role in promoting onset of desiccation tolerance in S. stapfianus
was suggested by the study of Le et al. [5],, but as yet no
experimental evidence for such a role has been reported.

As no protocol for transformation of resurrection grasses
exists, functional analysis of the dehydration-induced UGT
SDG8i was undertaken in Arabidopsis. Ectopic expression of
SDGS8i in Arabidopsis was found to have a profound effect on
plant architecture and growth and confer a substantial
improvement in protoplasmic drought tolerance. Here we report
that SDGS8i encodes a functional UGT that can glycosylate the
synthetic strigolactone analogue GR24, and that ectopic
expression of this UGT leads to a substantial enhancement of
plant growth and stress resistance.

Materials and Methods

Plant materials and growth conditions

Arabidopsis thaliana (L.) Heynh, Sporobolus stapfianus
Gandoger and Sorghum bicolor L. seed were obtained from
laboratory stocks. Wild-type (WT) plants refer to Arabidopsis
accession Columbia-0 (Col-0). Orobanche seeds were
obtained from the South Australian Department of Water, Land
and Biodiversity Conservation. Arabidopsis plants were
stratified at 4°C for 3 days and grown at 22°C under continuous
light unless stated otherwise. Under long day (LD) photoperiod
conditions the plants were subjected to a 16 hour light and 8
hour dark cycle. Under a short day (SD) photoperiod, the cycle
consisted of 8 hours light and 16 hours dark. Soil grown plants
were placed in a growth cabinet at 22°C, 25% relative humidity
and approximately 200 umole/m?/sec light intensity. For axenic
culture, seeds were surface-sterilized in 70% (v/v) ethanol and
rinsed with sterile water and cultured at 22°C with
approximately 100 umole/m?/sec light intensity. Crossing of
Arabidopsis plants was performed as described in Weigel and
Glazebrook [16].

Generation of transgenic plants

The SDGS8i coding sequence (EMBL/GenBank accession
number AM268210) was amplified and inserted into the donor
vector pDONR221 using the Gateway cloning system
(Invitrogen) following the manufacturer’s instructions.
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5'attB1 Primer;

GGGGACAAGTTTGTACAAAAAAGCAGGCTATGACGAAG
ACCGTGGTTCTG

3'attB2 Primer;

GGGGACCACTTTGTACAAGAAAGGTGGGTCTCACGGAC
GACCGACAGCCTCCA

The pDONR221:SDGS8i construct was transferred to the
expression vector pMDC32 containing the 2 x 35S promoter
[17] and transformed into Arabidopsis Columbia-0 (Col-0) using
Agrobacterium tumerfaciens (AGL-1strain) by the floral dip
method [18]. Second generation (T2) transgenic plants
homozygous for SDG8i were generated under hygromycin
resistance.

Recombinant UGT production

The UGT was produced by transient transformation of
Nicotiana bethamiana leaves using a viral MagnICON vector
system (lcon Genetics GmbH, Germany). The SDGS8i
sequence was amplified by RT-PCR, using RNA from S.
stapfianus, with the primers:

Forward:
5'GAGAGAATTCATGACGAAGACCGTGGTTCTGTAC3 '

Reverse: 55GAGAGGATCCTCACGGACGACCGACS3 .

The PCR product was ligated into plICH11599 to generate
pICH11599-SDG8i. The three pro-vector fragments: (i)
pICH12190 (containing a chloroplast signal sequence), (ii)
pICH11599-SDG8i and (iii) pICH14011 (the integrase) were
separately electroporated into Agrobacterium tumerfaciens
GV3101. For the vector-only control pICH11599 was used with
(i) and (iii). Equal amounts of the three A. tumerfaciens strains
were infiltrated into aluminum foil-covered N. benthamiana
leaves using the protocol described by Marillonet et al. [19].
After 5 days co-incubation, the leaf tissue was ground in liquid
nitrogen and mixed with 500 ul cold protein extraction buffer
(5mM sodium phosphate buffer pH 7.5, 10mM EDTA, 0.1%
(v/v) Triton X-100). The extract was centrifuged (13,500 g) for
10 minutes at 4°C and the protein content was determined by
Bradford assay and extracts analysed by SDS-PAGE [20].

Observation of palisade cells in fully expanded leaves
The second fully expanded rosette leaves from transgenic
and control seedlings were immersed in 0.1% (v/v) Triton
X-100, then centrifuged (10,000g) for 1 min to remove air from
intercellular spaces and imaged using a light microscope. The
leaf area was measured with Adobe Photoshop CS5.1 using
the formula [(No. of pixels of leaves/No. of pixels of physical
unit) x Area of physical unit]. Twenty sub-epidermal palisade
cells aligned along the proximo—distal and medio—lateral axes
were used to calculate the average cell area using ImageJ
software. The total cell number per leaf was calculated by
dividing the leaf area by the palisade cell area for each leaf.

Examination of root architecture

Plants were grown under SD (8h day/16h night) for 13 days
in vertically-orientated petri dishes on MS media (pH 5.8) with
1% (w/v) sucrose and 0.8% (w/v) agar. Roots were then fixed
in 4% (v/v) formaldehyde in 0.025 M phosphate buffer (pH 7.2)
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overnight at 4°C. The fixative was replaced with 30% (v/v)
glycerol containing 2% (v/v) DMSO and left for 30 min at room
temperature. Roots were mounted in a clearing solution (4.2 M
Nal, 8 mM Na,S,0,, 2% (v/v) DMSO in 65% (v/v) glycerol) and
root primordia and root cell-length were examined 1 h after the
sample preparation. The number of primordia was determined
within the lateral-root-formation zone between the most-distal
initiated primordium and the most-distal emerged lateral root
[21]. Lateral root primordium density (d) was calculated for
each individual primary root as number of primordia per mm.
I g, (the number of lateral root primordia initiated within a
portion of the root that corresponds to the length (/, mm) of 100
fully elongated cortical cells in a single file in the same parent
root) was determined as 100dI, where / is the average cortical
cell length in mm for each individual primary root.

Histochemical analysis of B-glucuronidase (GUS)
activity

Seedlings were GUS stained at 37°C for 4 h according to the
protocol of Jefferson et al. [22] and then cleared with 70% (v/v)
ethanol. Images were taken using a microscope (Leica
MEFLIII).

Salt stress assays

Seedlings, grown for six days on vertically-orientated
germination media plates (2 MS, 0.5% (w/v) sucrose, pH 5.7,
0.8% (w/v) agar), were transferred to fresh media containing
salt (0, 50, 100, 125, 150 and 175 mM NaCl) and the position
of root tips noted. The plates were inverted to allow roots to
grow downward in the shape of a hook. Root elongation was
measured after 7 days on salt media.

Freezing stress assay

Seedlings (25/plate) were grown for 3 weeks at 22°C on MS-
agar (2 MS, 0.5% (w/v) sucrose, pH 5.7, 0.8% (w/v) agar)
before acclimation at -1°C for 16 hours. The temperature was
lowered by 2°C per hour. Seedlings were held at the desired
temperature for one hour before a plate containing a
subsample was removed, and then the temperature was
lowered further. Following the one hour exposure to -4°C, -8°C
and -12°C, subsampled plants were transferred to 4°C
overnight for recovery then returned to 22°C and survival
scored 7 days later. Plants that were bleached were scored as
dead, while green plants were scored as having survived the
freezing test.

Water withholding test

Plants in separate pots were kept fully and uniformly watered
by sub-irrigation under optimal growth conditions in LD at 22°C
until the 6-7 leaf pre-flowering stage. Water was then withheld,
and the plants were observed over a period of 3 weeks.
Subsamples of drought treated plants were re-watered at
regular intervals and recovery was monitored after 24 hours.
Five plants from each line were tested at each sample point
and the experiment was performed twice.
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Water vapor equilibration

Protoplasmic drought tolerance (PDT), the water potential at
which 50% of plant tissue survives in equilibrium with the air,
was assessed using CaCl, solutions. This permits water
potentials (y,), down to 30% relative humidity (RH) in
equilibrium with a saturated solution, to be imposed on the
plants via the air phase [23]. The RH in equilibrium with the
CaCl, solutions is calculated from freezing point depression
data [24]. Chambers containing CaCl, solutions ranging from
98% (-2.8 MPa) to 86% (-20.5 MPa) RH at 25°C were used.
Pre-flowering plants were soaked in water until turgid and then
blotted dry. Shoots were detached and the initial turgid weight
(TWt,) recorded. Shoots were enclosed in insulated chambers
for 3 days until equilibration to differing RH was reached (W, =
Weoution)- 1he shoots were then rehydrated for 24 hours and the
final turgid weight (TWt:) recorded. Survival of plants was
determined by: Method A, the number of leaves alive per plant,
judged subjectively by the recovery of the healthy coloration
and crisp texture (dead leaves are readily distinguished in the
thin fibre-poor tissues of Arabidopsis); Method B, an objective
test, depends on the loss of semipermeability in dead cells
which prevents osmotic absorption of water, resulting in an
apparent loss in the “turgid” weight per dry weight of dead
tissue compared with that of live tissue before vapor-
equilibration. The ratio TWt./TWt, was plotted against % RH
and the PDT determined as the % RH at which 50% of the
tissue is alive. Four shoots from each line were tested for each
sample point and the experiment was performed twice.

Senescence tests

For dark-induced senescence, excised leaves from 12 day
old soil-grown Arabidopsis plants were floated, adaxial side up,
on deionized water. For ABA treatment, detached leaves were
floated on 3 mM MES buffer (pH 5.8) solution under continuous
light in the presence or absence of 50 uM abscisic acid.

Chlorophyll analysis

Leaf tissue (20 mg) was ground under liquid nitrogen and
extracted twice with 1.5 ml ice-cold 80% (v/v) acetone,
centrifuged (14,000 rpm) at 4°C for 3 min and supernatants
stored in the dark. The chlorophyll concentration was
calculated as described by Lichtenthaler [25] . The F/F,, ratio
was measured after dark adaptation of the leaves for 15 min
using a PAM-210 (Teaching-PAM) (Heinz Walz GmbH,
Germany).

UGT enzyme assay

Recombinant UGT activity was measured using the coupled
enzyme assay described by Jackson et al., [9]. The assay was
conducted at pH 7.4 with a final substrate concentration of 1
mM using 25 pg of protein extract. GR24 was obtained from
Chiralix B.V. Nijmegen, The Netherlands. All other hormones
were obtained from Sigma St. Louis, MO. Activity in millikatals
kg was calculated using the extinction coefficient 6.22 x 10
M- cm™' for NADH. Background activity of extracts, monitored
by measuring the rate without substrate addition, was
subtracted from the reaction rate.
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Orobanche germination assay

Orobanche (Phelipanche ramosa (L.) Pomel) seeds were
surface-sterilized with 2% sodium hypochlorite containing
0.02% (v/v) Tween-20, rinsed with sterile ddH,O and dried in a
laminar flow cabinet. Seed (~100) on a sterile glass microfiber
disk were placed on ddH,O soaked filter paper in Petri dishes
and preconditioned by adding 1ml of GA; (30 mg/L) and
incubation at 20°C in the dark for 7 days. Surface-sterilized
seeds of host plants were added to the microfiber disks and
placed on ¥4 MS media with 0.5% (w/v) sugar and 0.8% (w/v)
agar. For controls, 0.6 ml of GR24 (0.0001 mg/L) or ddH,O was
applied to the preconditioned Orobanche seeds. The plates
were covered in foil and incubated at 20°C for 7 days.
Orobanche germination was determined by counting the seeds
with an emerged radicle.

Effect of GR24 on shoot branching

To determine the effect of GR24 on shoot branching,
Arabidopsis plants were grown in soil for 23 days to pre-bolting
stage. The plants were then treated with 50 pl per plant of 5 uM
GR24 applied to the shoot meristem and axillary meristem
region. Control plants were treated with 50 ul of water. The
treatment was repeated every third day for 20 days when the
number of rosette branches (>5 mm) was counted.

Statistical Analyses

All data were examined by analyses of variance using
GraphPad Prism software version 5.0. Tukey’'s Multiple
Comparison Test was used for comparison between means of
wild-type and SDGS8i transgenic plants at 5% level of
significance.

Results

Ectopic expression of SDG8i affects the shoot
architecture and the growth rate of Arabidopsis

Several Arabidopsis lines (F1aD, D1E, F6bA, D5aA, D2E,
D41, D7c) designed to express the SDGS8i protein under the
control of the 35S promoter (SDG8i transgenic plants) were
taken to homozygosity and the presence of the SDGS8i
transcript was confirmed (Fig. S1). The developmental
phenotype of these independent SDG8i transgenic lines was
examined under long day (LD: 16h day/8h night) and short day
(SD: 8h day/16h night) photoperiods (Figure 1). Flower
morphology, seed development and seed weight were normal
(Fig. S2). Transgenic plants were not affected in flowering time
in LD, with production of a similar number of primary rosette
leaves as formed by the wild-type Col-0 controls. In SD, both
wild-type Col-0 and transgenic plants produced the first
inflorescence 52 days after germination, with wild-type plants
producing around 30-34 primary rosette leaves compared with
approximately 40-42 primary rosette leaves produced by the
transgenics.

When compared to wild-type plants the transgenic lines were
taller, and had increased branching, shoot biomass and seed
yield (p<0.05) (Figure 1 and Fig. S2 and S3). These phenotypic
differences were more pronounced in SD. One month after
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Figure 1. A phenotypic comparison of SDG8i transgenic
(T) and wild-type Col-0 (WT) plants. Plants were grown at
21°C under (A) long day and (B) short day. The figure shows
the increased height, branching, shoot biomass (FW) and seed
yield typical of all the SDG8i transgenic lines. Dry seed was
collected following senescence. The biomass was measured
16 days (LD) and 50 days (SD) after germination and before
bolting. Values are the means * SE of 5 replicates. The
transgenic plant grown in short days has been tied with cotton
thread.

doi: 10.1371/journal.pone.0080035.g001

flowering the total number of leaves, including primary rosette
leaves and leaves formed in the rosette from axillary meristems
by transgenic plants was 1.3 to 1.6 times more than wild-type
plants (p<0.01) (Fig. S3A). The average size of the leaves of
the transgenic plants was significantly larger than that of wild-
type plants (p<0.05) (Fig. S3B) and the number of
inflorescences produced was 1.4 to 1.6 times that of wild-type
Col-0 (p<0.01) (Fig. S3C). Despite the increased branching, the
height increases exhibited by SDG8i plants over wild-type
ranged from 9% to 16% after 21 days of bolting (Fig. S3D). The
rate of growth of the primary inflorescence of transgenic plants
was approximately 20% greater (7.1 cm week™) than that of
wild-type plants (5.4 cm week™"). After 50 days in SD
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Table 1. Leaf area, leaf cell size and leaf cell number in
wild type (WT) and SDGS8i plants.

Plant Type Av. Leaf Area Av. Cell Area Av. Cell
(mm?2) (um?) Number/leaf
WT 47.55 +1.98 3160 + 30 15047 + 586
D5aA 63.92 £ 0.84 3540 + 159 18129 + 845
D4l 620+ 1.4 3575+ 113 17392 + 831
F6bA 59.97 +3.13 3592 £ 173 16858 + 885

The leaf area and cell area were calculated in 25-day-old soil-grown plants in SD
using imaging software. Values are the means + SE of 3 replicates.
doi: 10.1371/journal.pone.0080035.t001

photoperiods the average fresh weight (FW) shoot biomass of
all transgenic plants was almost twice that of wild-type (Figure
1) and the seed yield of SDG8i transgenic plants was 1.4-1.6
times the mass of seed from wild-type plants (p<0.001) (Figure

1).

The leaves of SDG8i plants have increased cell size and
number

The rosette leaves of SDG8i plants are larger than wild-type
Col-0 plants in both LD and SD. When the leaf cells of SD soil-
grown plants were examined, it was found that the leaves of
SDGS8i transgenic plants contained more cells than comparable
leaves from control plants and the cells were larger (p<0.01)
(Table 1 and Fig. S4). The increase in the number and size of
leaf palisade cells of transgenic plants indicates that SDGS8i
activity promotes both leaf cell expansion and cell division and
may affect the number of meristematic cells allocated to the
leaf primordium.

SDG8i expression increases root cell length and lateral
root initiation

When grown in both LD and SD the average fresh weight of
the root biomass of all SDG8i transgenic plants was almost
twice that of wild-type (Figure 2A, B). A comparison of the root
architecture in SDG8i transgenics and wild-type plants grown in
vitro in SD was conducted using the method described in
Dubrovsky et al., [21]. The primary root of all SDG8i plants was
longer than wild-type under SD (p<0.001) (Figure 2C). The fully
elongated cortical cells in all the transgenic plants were longer
than wild-type (p<0.05) (Figure 2D). Calculation of the lateral
root primordium density also showed a difference between
SDGS8i transgenic plants and wild-type plants (p<0.005) (Figure
2E). The higher estimation of /g, (root primordia/100 cortical
cells) in transgenic plants indicates increased root branching
(Figure 2F). These findings demonstrate that SDG8i activity
promotes both primary root growth and lateral root initiation.

Overexpression of SDG8i affects auxin homeostasis
The spatial distribution of auxin controls many aspects of
plant growth and development [26]. The synthetic auxin
response reporter construct DR5-GUS, has been used in many
studies to examine the patterns of auxin distribution [27]. To
examine the effect of SDG8i activity on auxin levels and
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distribution, the SDG8i transgenics were crossed with plants
containing the DR5-GUS reporter construct [28] and the
progeny analyzed for histochemical GUS activity [22]. While
GUS activity appeared slightly elevated during early growth
stages in SDG8i transgenics when compared with controls, the
difference in staining was quite pronounced at the four leaf
stage with transgenics showing much more GUS activity in the
root tips and the vascular tissue of shoots and high level GUS
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(B) Freezing tolerance of SDGS8i lines and wild-type Col-0.
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at -1°C for 16 hours. Survival was scored 7 days after the
plants were returned to normal growth conditions at 22°C.
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doi: 10.1371/journal.pone.0080035.g003

activity at the leaf margins (Fig. S5). These results suggest that
endogenous auxin levels are elevated in SDG8i plants.

SDGS8i plants exhibit salt and freezing tolerance

A comparison of the response of SDG8i transgenics and
wild-type plants to growth on high salt media (Figure 3A)
showed no substantial difference at salt concentrations below
100 mM after 7 days growth. However, at 150 mM NacCl all
transgenic lines showed 2-3 times more primary root growth
than that of wild-type plants (p<0.001). At 175 mM NaCl wild-
type plants showed severe inhibition of root growth (Figure 3A
and Fig. S6A) whereas the root growth of transgenic lines was
5-7 times that of wild-type plants (p<0.001).
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A freezing tolerance test was also performed on the
transgenic and wild-type control plants (Figure 3B and Fig.
S6B). All transgenic and control wild-type Col-0 plants exposed
to -4°C freezing stress survived. At -8°C, all SDG8i transgenic
lines survived, whereas the survival rate of wild-type Col-0
plants was 83% (p<0.01). At -12°C, control wild-type Col-0
plants were affected greatly with a survival rate of only 34%,
whereas the survival rate of the transgenic plants ranged from
69-72% (p<0.01).

SDGS8i transgenics are drought tolerant

The response of SDG8i transgenics to water-deficit was
compared to that of wild-type plants. Plants were kept fully
watered by sub-irrigation until the 6-7 leaf pre-flowering stage.
Water was then withheld over a period of 3 weeks, then the
plants were re-watered and recovery monitored after 24 hours.
In the wild-type Col-0 plants, wilting was visible after 7 days
and after 13 days of drought all control plants were severely
dehydrated and showed signs of senescence, whereas all
SDGS8i transgenic plants were still green and healthy (Figure
4A, B). The survival rate of wild-type plants was 50% after 11
days (p<0.001) and by the thirteenth day had dropped to zero.
On the other hand, the survival rate of transgenic plants was
100% after 13 days and then reduced to 50% after 17 days. All
the transgenic plants were severely dehydrated on day 18 and
they did not recover after one further day of drought treatment.

To quantify the increase in drought tolerance conferred by
SDG8i expression, a measure of protoplasmic drought
tolerance (PDT; determined as the percent lowest relative
humidity at which 50% of leaf cells survive) was obtained. The
PDT of wild-type plants, as determined by both the subjective
method (Figure 4C) and the objective method (Figure 4D) was
~97-98% RH (~-2.8 to -4.2MPa). This indicates that
Arabidopsis is very sensitive to water deficit, which is not
surprising in the thin tender leaves on well-watered greenhouse
plants of an ephemeral species. The three transgenic lines
gave closely similar data to each other in both methods. Their
PDT value of ~94-95% RH (~-7.0 to -8.4MPa) is considerably
better than the value obtained for wild-type plants, indicating a
substantial improvement of PDT (p<0.05).

SDGS8i activity delays dark-induced senescence and
acts downstream of ABA

To test the effect of SDG8i activity on senescence, detached
leaves from wild-type and transgenic plants were floated on
ddH,0 in the dark and chlorophyll degradation monitored over
several days.

After five days in darkness the chlorophyll content and the
photochemical efficiency (F/F,) values of wild-type plants
decreased to around 20% (p<0.001) (Figure 5A, B) and the
leaves turned completely yellow. In the SDG8i transgenic lines
the leaves remained green after five days, retaining about
55-60% of their chlorophyll, with F /F, values of about 52-53%
of the original reading (p<0.05) (Figure 5A, B). These results
indicate that SDGS8i transgenic plants exhibit reduced dark-
induced senescence.

To test the relationship between SDG8i activity and the
senescence-promoting phytohormone ABA, we repeated the
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PLOS ONE | www.plosone.org

Ectopic Expression of SDG8i in Arabidopsis

assay under continuous light with, and without, the exogenous
hormone (Figure 5C, D). Over the five days incubation in
continuous light without ABA, the chlorophyll content of control
wild-type leaves reduced to 54%, whereas SDG8i transgenic
leaves retained around 71% of their chlorophyll content. The
F./F. values for both transgenic and control plants were not
significantly different under these conditions. Upon treatment
with ABA, the chlorophyll content of wild-type leaves decreased
rapidly from day two down to 20% by day five (p<0.001) (Figure
5C). On the other hand, the SDG8i transgenic leaves retained
about 75% of their chlorophyll up to day four and then reduced
to around 58% by day five (p<0.05) (Figure 5C). The F/F,
value of SDG8i transgenics was also substantially higher than
control plants on day five (p<0.005) (Figure 5D). These results
show that SDG8i expression reduces ABA-induced
senescence and suggests that it functions downstream of ABA.

SDGS8i encodes a UGT that glycosylates GR24 in vitro

The phenotype of the transgenic plants suggests that SDG8i
UGT activity is influencing hormone homeostasis. To
investigate the catalytic function of SDG8i, the UGT activity of
Nicotiana benthamiana leaf extracts infiltrated with an actin
(AtACT2)-promoter driven SDG8i construct, using a viral-based
system [19], was tested against a number of plant hormones as
substrates and compared with UGT activity in extracts
infiltrated with a vector-only control. The substrates used were
chosen for their known ability to affect plant growth and stress
responses. The SDG8i extract showed substantial
glycosylation activity of the strigolactone analogue GR24
(Figure 6A) with a K, of 0.349 mM and a V,, of 5.67
umole/min/mg (Figure 6B). The activity observed with the other
substrates showed very little increase over background
endogenous NADH oxidase activity. Similarly, the vector-only
control extract showed no substantial activity above
background with GR24 or with any of the other substrates. The
results indicate that SDG8i encodes a glucosyltransferase with
in vitro activity against a strigolactone-like compound.

The stimulation of Orobanche germination is reduced
in Arabidopsis expressing SDG8i

Root exudates from Arabidopsis can stimulate the
germination of Phelipanche ramosa (Orobanchaceae) [29]. The
Orobanchaceae germination bioassay has been used
extensively to determine the level of strigolactone secreted
from host plant roots [30]. To determine if SDG8i activity has
an effect on the root secretion of these stimulus signals that are
required by parasitic plants to germinate, four SDGSi
transgenic Arabidopsis lines were compared with wild-type
Col-0 Arabidopsis plants for the ability to stimulate Orobanche
germination in axenic culture (Figure 6C and Fig. S7). GR24,
Sorghum bicolor and S. stapfianus were included as controls.
Germination of 95% was achieved by treatment with GR24,
while 11% germination was observed in the water control. The
levels of Orobanche seed germination stimulated by sorghum
and S. stapfianus was 71% and 52% respectively. The 60%
germination of Orobanche seeds by wild-type Col-0 plants was
significantly higher than that of the all the transgenic lines
tested (p<0.001) with SDGS8i transgenic lines stimulating
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42-47% germination. The transgenic line, F6bA, showed the
highest reduction in Orobanche germination (30%) compared
with the wild-type Col-0 Arabidopsis control. These results
suggest that SDG8i activity may be reducing the level of
strigolactone germination stimulants secreted from the roots of
Arabidopsis.

GR24 inhibition of shoot branching is reduced in SDG8i
transgenic plants

The branching response of wild-type Col-0, SDGSi
transgenic and the branching mutant max2 Arabidopsis plants
were tested by the application of GR24 to leaf axils and axillary
buds before and during bolting as described by Gomez-Roldan
et al. [31] in order to see whether they are able to respond to
SL-mediated shoot branching inhibition (Figure 6D). In wild-
type Col-0 plants, shoot branching decreased by 55% in
response to GR24 compared to control plants (p<0.001).
However, in all SDG8i transgenic plants and max2 mutants,
application of GR24 decreased shoot branching by only
10-15% compared to untreated plants (p<0.001) with branching
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remaining elevated over treated or untreated wild-type Col-0
plants.

Discussion

The phenotypic changes mediated by overexpression
of SDG8i suggests the enzyme may affect
strigolactone-related processes

Several UGTs, capable of influencing the biological activity of
plant hormones via glycosylation, have been isolated [9-15].
The ability of SDG8i recombinant protein to glycosylate the
synthetic strigolactone analogue GR24 in vitro, combined with
the phenotypic changes observed in SDGS8i overexpressing
lines, suggests that SDG8i glucosyltransferase activity may be
effecting the strigolactone signalling pathway in the transgenic
plants. As well as mediating the interactions of host plants with
symbiotic fungi or parasitic plants, the well-conserved
strigolactone hormone signaling system contributes to
environmental regulation of plant growth. Strigolactones have
been shown to respond to environmental cues, such as low
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Figure 6. Analysis of the enzyme activity of SDG8i in vitro. (A) The glycosyltransferase activity of SDG8i recombinant protein
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(B) A Lineweaver-Burke plot of SDG8i activity with varying concentrations of GR24 indicating a Km of 0.349mM and a Vmax of 5.67
pumole/min/mg. Rates were calculated per mg total protein extract.

(C) Level of stimulation of germination of Orobanche seeds in response to root induction by wildtype Col-O and SDG8i transgenic
Arabidopsis, sorghum and S. stapfianus seedlings in vitro. The percent germination was calculated by counting the number of seeds
having an emerged radicle. Values are the means + SE of 5 replicates.

(D) Effect of GR24 (0 or 5 yM) on bud outgrowth of wild-type Col-0, SDG8i transgenic and max2 Arabidopsis plants. Plants were
treated with GR24 on the rosette shoot meristem, axillary buds and leaf axils every third day for 20 days and the number of

branches was counted after 43 days. Data are means + 4 replicates.

doi: 10.1371/journal.pone.0080035.g006

nutrient conditions (Pi, N), to interact with abscisic acid (ABA),
and to be involved in growth-related auxin and ethylene activity
[32-35]. Strigolactones are carotenoid-derived terpenoid
lactones that are synthesized mainly in the roots and can be
transported in the xylem sap to the shoots [29]. In some plant
species, mutations in strigolactone production or perception
genes have been shown to delay flowering time, reduce
senescence and decrease root mass [36,37]. Root exudates
containing strigolactones can stimulate parasitic Striga and
Orobanche plant germination and hyphal branching of
symbiotic arbuscular mycorrhizal fungi [38]. Strigolactones
have been shown to regulate root growth in response to
phosphate and/or carbohydrate availability [39,40]. In the
shoots, increased strigolactone levels inhibit tiller formation or
lateral bud outgrowth [29,41] and mutations in the strigolactone
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biosynthesis and signaling pathway are often associated with a
hyperbranched, dwarfed phenotype [32,33].

Several characteristics of the SDG8i ectopic expression lines
mimic those of the strigolactone MAX mutants, including
hyperbranching, reduced senescence and interactions with
auxin and ABA [33,34,37]. However, the reduced stimulation by
SDG8i plants of Orobanche germination, indicative of
diminished strigolactone levels [30], is modest and the SDG8i
enhanced shoot and root growth phenotypes are opposed to
those of SL-deficient mutants which are usually dwarfed. While
the moderate affinity of SDG8i for GR24 could be expected
given the artificial nature of the substrate and assay conditions,
it is clear that the SDG8i enzyme in Arabidopsis is affecting the
bioactivity of an endogenous growth-related compound/s.
MAX2/ORE9, the F-box leucine-rich repeat signaling protein is
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expressed in the vasculature and plays multiple roles in
different parts of the plant, not all of which are dependent on
the activity of the SL branching signal generated by MAX3 and
MAX4 [42]. Several of the processes associated with MAX2
activity appear to be negatively affected in SDG8i plants. In
addition to auxin interactions and suppression of branching,
MAX2 acts to promote leaf senescence [37] and repress
hypocotyl elongation in the light [43] and is also involved in
oxidative stress and drought responses [44,45]. Hence the
phenotype of SDGS8i transgenic plants (which includes
elongated hypocotyls) appears to be consistent with a
reduction in the activity of MAX2. The reduced branching
inhibition in SDG8i plants by GR24 application also supports
this contention. This would suggest that crossing SDGS8i
transgenics with MAX3 or MAX4 mutants would be unlikely to
lead to suppression of the mutant phenotypes, however
crossing SDG8i transgenics with plants overexpressing MAX2
may be informative in elucidating the mode of action of SDGS8i.
The genetic analyses with strigolactone mutants and an
examination of expression levels of MAX pathway genes are
underway, however, full comprehension of the mode of SDGS8i
action requires identification and structural analysis of the
endogenous target metabolite/s. Identification of the
metabolite/s could substantially enhance our knowledge of how
environmental influences regulate plant growth. Since
glycosylation is widely accepted as having a role in bioactivity,
transport and stability of many growth regulators [7], an effort to
identify an endogenous enzyme with similar SDG8i activity in
Arabidopsis and other plants may be worthwhile, although
substrate specificity of UGTs is not necessarily reflected in
gene phylogeny and in vitro substrate screening of
recombinant UGTs is usually required to identify functionally
similar UGTs between species [8].

SDGS8i activity may impede the stress-related growth
retardation response

Plant productivity, even when plants are growing under near-
ideal conditions, can be limited by the innate response of plants
to seasonal influences or short-term stress events. These
responses often involve reduced growth and/or reallocation of
resources into less desirable growth patterns. The imposition of
stress below toxic levels can elicit apoptosis or growth
redistribution within minutes to diminish stress exposure [46].
The pathways integrating environmental stressors with
inhibition of internal growth-related processes in plants is not
well understood [47] and the introduction of stress-related
genes to increase constitutive stress tolerance often correlates
with diminished growth. In contrast, SDG8i activity promotes
cell expansion and division in shoots and roots under both
stress and non-stress conditions. In the resurrection grass
S. stapfianus, SDG8i gene activity, following transcript
accumulation in desiccated tissue, may be associated with leaf
regeneration, which is more than twice as rapid following a
dehydration/rehydration cycle as in a well-watered plant [4].
The enhanced growth exhibited by SDGS8i transgenic
Arabidopsis plants under stress, suggests that SDG8i activity
may impede the growth retardation response which would
normally occur under these conditions. A reduction in the ability
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of a plant to initiate morphogenic changes in response to
environmental influences could be expected to compromise the
survival of wild species over long-term stress events. However,
substantial growth advantages may be conferred in the context
of crop cultivation with ample mineral nutrition and shorter-term
stress events. The phenotype of the SDG8i transgenic plants
provide an important example of the potential of bioengineering
to enhance shoot-root biomass and seed yield in plants, whilst
simultaneously conferring substantial improvements in salt,
cold and drought resistance. The ability to utilize SDG8i activity
to control stress-related and seasonal morphogenic responses
in crops could represent a substantial advance in
domestication of food plants.

The SDG8i-mediated drought-tolerance improvement
may be associated with inhibition of the drought-
related senescence program

Considerable research effort has been put into increasing
crop production utilizing the isopentenyltransferase (/IPT) gene
to increase cytokinin biosynthesis. Increased cytokinin levels
can delay drought-induced senescence and allow retention of
higher chlorophyll levels under water-deficit [48-50]. The
problems associated with lower yields due to altered source
sink distribution appears to have been overcome by utilizing a
senescence associated receptor kinase (SARK) promoter to
drive the IPT gene [51-53]. Use of the SDG8i gene presents an
alternative approach to reducing drought-induced senescence
and potentially has the additional benefit of increasing yield
under non-stress conditions. The two-fold improvement in the
water potential survived by the SDGS8i transgenic lines,
compared with the untransformed wild-type Arabidopsis plants,
is considerable and is similar to the maximum ‘drought
hardening’ reported for a crop plant droughted for 3 weeks [54].
The reduced senescence displayed by transgenic SDGSi
plants suggests that SDG8i activity may also be associated
with inhibition of dehydration-induced senescence programs, a
phenomenon that occurs in the younger leaves of the
desiccation-tolerant S. stapfianus plant. In non-resurrection
plants, leaf senescence is thought to be an efficient strategy for
surviving water-deficit by reducing canopy size and
transpiration [55]. Interestingly, SDGS8i transgenic plants
showed no sign of senescence after 13 days without watering
yet survived much better than wild-type plants. The droughted
wild-type plants ceased vegetative growth, the leaves
senesced rapidly, and the plants produced an inflorescence of
2-3 cm before dying. The transgenics on the other hand
remained green and healthy. Some transgenics formed one or
more extra rosette leaves and a reproductive meristem during
the drying stage, but did not appear to accelerate reproductive
development. The reduced senescence, in combination with
the larger leaves, may be related to the higher seed yield of the
SDGS8i transgenic plants.

The use of SDG8i to generate a more robust productive plant
with enhanced growth and stress resistance, combined with the
benefit of reduced stimulation of parasitic seed germination,
could herald a novel approach for increasing food production in
agriculturally important crop plants.

November 2013 | Volume 8 | Issue 11 | e80035



Supporting Information

Figure S1. RNA gel-blot analysis showing the presence of
SDG8i transcripts in SDG8i transgenic lines.
(TIFF)

Figure S2. Flower morphology, seed development and
growth characteristics, of wild-type Col-0 plants (WT) and
SDGS8i plants (T) growing at 21°C in LD conditions.

(TIFF)

Figure S3. Growth characteristics of SDG8i plants
growing in short days.
(TIFF)

Figure S4. Palisade cells in the second fully expanded
rosette leaves of wild-type Col-0 and SDG8i transgenic
lines.
(TIFF)

Figure S5. Histochemical staining showing differential
GUS activity at various stages of development typical of
wild-type Col-0 plants and SDG8i transgenic (D5aA) plants
crossed with DR5::GUS Arabidopsis seedlings.
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