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Summary

Summary

Perennial ryegrass (Lolium perenne) is a widely cultivated temperate forage and turf grass
normally found in symbiotic association with the fungal endophyte, Neotyphodium lolii. L.
perenne possesses high wear resistance and regenerative abilities while its associated
endophytes produce a range of alkaloids resulting in decreased host herbivory and often
increasing tolerance to, and recovery from, abiotic stress. Fructans are oligosaccharide
polymers of fructose used by perennial ryegrass as storage compounds and as survival
measures against abiotic stresses. Sucrose:sucrose 1-fructosyltransferase (Lp1-SST) and
fructan:fructan 6G-fructosyltransferase (Lp6G-FFT) are primary fructosyltransferases
crucial in mediating the synthesis of fructans from sucrose in perennial ryegrass.

A metabolon is a complex of sequentially functional enzymes acting in close succession or
tandem with each other. Fructan biosynthesis and photosynthesis were spatially and
temporally combined in perennial ryegrass through the light-regulated expression of a
recombinant mini-metabolon formed by the translational fusion of endogenous
fructosyltransferases Lp1-SST and Lp6G-FFT under control of the endogenous LpRbcS
promoter. The mini-metabolon was successfully tested for the first time in vitro (in Pichia
pastoris), and in planta, the latter enhancing energy content and/or biomass production in
resultant transgenic perennial ryegrass plants. These plants were subjected to
comprehensive molecular and biochemical analyses demonstrating stable transgene
integration and expression with corresponding increases in foliar fructan levels leading to
enhanced energy and/or biomass production.

The same transgenic perennial ryegrass plants were further used to form stable symbiotic
associations with genetically diverse endophytes. The newly developed technique of direct
inoculation of in vitro regenerating embryogenic calli with endophyte mycelium was used to
achieve novel transgenic L. perenne-Neotyphodium symbiota which were
comprehensively characterised for host and endophyte biomarkers, including the in planta
production of endophyte-derived alkaloid profiles.
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Chapter 1

Chapter 1
Introduction
1.1 Lolium perenne, a Temperate Forage Grass

Lolium perenne L. (perennial ryegrass) is an economically important temperate forage and
turf grass (Cheplick, 2004b; Forster et al., 2008; Jung et al., 1996a-a), which has
naturalised to diverse habitats (Jung, 1996b). Aside from its primary application as forage,
perennial ryegrass is also widely used as a turf grass with numerous cultivars developed
specifically as ground cover for lawns, golf courses and sports fields (Cheplick, 1998;
Cunningham et al., 1994; Fermanian, 1996).

Originally native to Europe, temperate areas of Asia, and North Africa (Cunningham et al.,
1994), perennial ryegrass is generally sown in monoculture (turf/forage) or mixed culture
(forage) with red/ white clover of the genus Trifolium (Elgersma et al., 2000). The plant
habit (Figure 1.1) consists of a tufted creeping rhizome or root system with aerial leafy
shoots forming pseudostems (Clark, 1913). Immature leaves are folded together within the
pseudostem axis. Dark green mature leaves are succeeded by a spike inflorescence
consisting of two rows of flattened flowers known as spikelets embedded in joints of the
pseudostem. There is a solitary spikelet at each joint with its narrow side facing the main
axis. Each spikelet holds five to nine flowers, protected by twin papery sheaths known as
glumes (Lowien, 2004).

Few grass species are adapted to the range of environmental and grazing conditions that
perennial ryegrass is subjected to (Jung et al., 1996b). These conditions cover a broad
spectrum of stimuli including repeated defoliation by grazing/mowing (Cheplick, 1998;
Herms and Mattson, 1992), and wide fluctuations in temperature and soil moisture deficits
1
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(Malinowski and Belesky, 2000a; Volaire, 1998). This adaptability (Reed, 1996) combined
with favourable wear resistance (McFarlane et al., 2003) and rapid regeneration time
(Duncan and Carrow, 1999b) has contributed to the widespread commercial success of
perennial ryegrass (Jung et al., 1996a-b; Siegel et al., 1985).

Figure 1.1: Lolium perenne habit, 1. Plant body and inflorescence 2. Spiklet exhibiting flowers and glumes
(Lindman, 1905).

Perennial ryegrass is an obligate out breeder (Jones et al., 2002) with cultivars generally
bred as synthetic varieties from a small number (4-8) of heterozygous parents (Duncan
and Carrow, 1999b; Hisano et al., 2008). It is highly valued as forage in beef and dairy
pasture systems (Siegel et al., 1985) for its digestibility and palatability, which compare
favourably with other temperate grasses such as tall fescue, and for its high tolerance to
abiotic stresses and rapid recovery following herbivory (Delagarde et al., 2000; Gonzalez,
2
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1989). The nutritional value of perennial ryegrass when compared to fodder such as high
quality maize silage, can be found lacking in some respects (Acosta et al., 2007). This
unfavourable level of nutritional yield results from low endogenous carbohydrate levels in
the aerial parts of the plant (Herrera, 2009). Studies have shown that increased water
soluble carbohydrate content in ruminant feed leads to an improvement in the utilisation of
dietary protein by rumen micro-organisms, leading to decreases in nitrogen excretion (Lee
et al., 2002a; Lee et al., 2002b). This could, potentially benefit the environment in terms of
decreased greenhouse gas production (Gallagher et al., 2007).

Plant breeding techniques have been utilised to improve total carbohydrate content in
perennial ryegrass through phenotypic selection (Duncan and Carrow, 1999a; Wilkins,
1991). Transgenic approaches have the potential to lead to significant improvement in
traits (Chai, 1998; Spangenberg, 2005) such as high energy content development through
the transfer of plant genes such as those encoding fructosyltransferases (Gadegaard et
al., 2008) into perennial ryegrass. Early transgenic approaches utilising bacterial
fructosyltransferase genes had limited success mainly due to phenotypic and physiological
aberrations in the transformants (Caimi et al., 1996; Ye et al., 2001). Later research has
documented the incorporation of plant fructosyltransferase transgenes with varying
degrees of success and with normal phenotypes in the resultant transgenic plants
(Gadegaard et al., 2008; Hellwege et al., 2000; Hisano et al., 2004; Vijn, 1997; Weyens et
al., 2004).

1.2 The Perennial Ryegrass-Endophyte Symbiotum

Many grasses have evolved to co-exist with symbiotic fungi (Rodriguez et al., 2009a;
Schardl et al., 2008) which are either localised to a colonisation zone in the host shoot or
remain ecto/endo-mycorrhizal to the host rhizosphere (Malinowski and Belesky, 2006;
3
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Smith and Read, 1997). Endophytes are systemic intercellular fungi that spend their entire
life cycle within a specific plant host (Bacon and De Battista, 1991) usually as obligate
biotrophs deriving nutrition from living host plant cells (Cheplick and Faeth, 2009b). In a
typical association the endophytic partner gains shelter, nutrition and dispersal via host
seed (Spiering et al., 2006), while the plant host gains deterrence compounds against
insect and mammalian herbivory (Hahn et al., 2008), improved abiotic stress tolerance and
post stress recovery (Duncan and Carrow, 1999b; Hesse et al., 2003; 2005).

Neotyphodium endophytes are common to both hemispheres (Moon et al., 2004; Schardl
et al., 2004) and are generally considered ʻsymptomlessʼ in that their presence does not
cause observable changes in host plant morphology. They are strongly adapted to
colonise the highly nutritional zones of proliferating host meristem and limited in their
capacity to colonise mature plant tissues and organs (Western and Cavett, 1959; White et
al., 1991b).

1.2.1 Phylogeny

Endophytes are classified under tribe Balansieae of family Clavicipitaceae (Ascomycetes)
with seven genera identified thus far: Atkinsonella, Balansia, Balansiopsis, Echinodothis,
Epichloë, Myriogenospora, and Parepichloë (Malinowski and Belesky, 2006). The family
Clavicipitaceae is phylogenetically derived from the order Hypocreales and is thought to
have evolved through a series of inter-kingdom transfers through insect, animal and plant
host species (Spatafora et al., 2007). Grass specific endophytic fungi such as
Neotyphodium, Epichloë and Balansia species are hypothesised to have descended from
insect parasitic precursors which also gave rise to biotrophic and later epibiotic species
such as Hypocrella, Samuelsia and Moelleriella (Schardl and Leuchtmann, 2005; Torres et
al., 2007). These biotrophic fungal precursors are thought to have gained access to plant
4
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nutrients through the piercing mouth parts of parasitic scale insects and later evolved
epibiotic (Myriogenospora spp.) and endophytic (Neotyphodium spp.) forms capable of
infecting grass hosts directly (Spatafora et al., 2007). This hypothetical mode of evolution
is seen as an evolutionary shortcut bypassing the need for developing enzymes and toxins
capable of degrading plant tissues or compromising plant defence systems (Schardl et al.,
2008). It may also explain the gradual loss of endophytic enzymatic capabilities and
increased nutritional dependance on the host plant as well as the increased production of
symbiotically beneficial secondary metabolites. Descent from insect pathogens also
explains the production, in endophytic fungi, of toxins that strongly affect insect and animal
cells; it is likely that the biochemical pathways previously utilised for immobilising and
killing insects were easily re-routed towards defending host plants from insect herbivory
(Tadych et al., 2009).

Neotyphodium spp. endophytes are among the most well researched of endophytes.
Neotyphodium is an anamorphic asexual derivative of Epichloë (Figure 1.2 has a
schematic differentiating between the two life cycles), strains of which are specific to
certain grasses: N. coenophialum (Dombrowski et al., 2006; White et al., 1991a)
associated with tall fescue (Lolium arundinaceum Shreb.), N. uncinatum (Latch, M.J. Chr.,
and Samuels) with meadow fescue (L. pratense), (Tanaka et al., 2006) and N. lolii (Young
et al., 2006) with perennial ryegrass (L. perenne L.) (Malinowski and Belesky, 2006). Aside
from Neotyphodium spp. there are at least two other endophyte sub-groups: the unrelated
(Leuchtmann, 1992) order Eurotiales (Ascomycetes) (Siegel et al., 1995) and an artificial
group proposed to accommodate endophytes found in Italian ryegrass (L. multiflorum
Lam.) and Festuca panuculata L. (Malinowski and Belesky, 2006).

In perennial ryegrass, specific chloroplast haplotypes of the host are found in association
with corresponding N. lolii groups; SSR-based genomic variation in the endophyte
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correlates strongly with variation in the chloroplast DNA in plant hosts (van Zijll de Jong et
al., 2008b). The exclusively vertical transmission of fungal endophytes combined with the
monophyletic origin of N. lolii (Balfourier et al., 1998) and its occurrence across diverse
(host) maternal origins is indicative of the plant-fungal association being established early
in the history of perennial ryegrass (van Zijll de Jong et al., 2008b).

While the asexual Neotyphodium endophytes may appear to be an evolutionary dead end
(Bush et al., 1997), in nature their apparently static gene pool occurs in a variety of
permutations and combinations with a sexually recombining outcrossing host (Cheplick et
al., 2008; Morse et al., 2007). These result in a wide range of host-endophyte phenotypes
capable of responding to a higher level of selection pressure than that endurable to an
asexual organism by itself (Adcock et al., 1997b). Additionally, phylogenetic analyses have
revealed that despite being asexual, these species are far from clonal, having undergone
ʻparasexualʼ interspecific hybridisation to maintain long term genome viability (Moon et al.,
2004; Schardl and Craven, 2003; Schardl et al., 2004; Selosse and Schardl, 2007) as a
mechanism of avoiding Mullerʼs ratchet1 .

1.2.2 The Endophytic Life Cycle
Neotyphodium fungi are almost completely restricted to the apoplastic intercellular spaces
of aerial plant parts [although some have been reported in root tips (Christensen et al.,
2008) and vascular tissue (Christensen et al., 2001)] rarely displaying any external signs of
their presence (Rasmussen et al., 2009). The endophyte is normally restricted to leaf
sheaths/pseudostems of the host. As the growth cycle of the host plant proceeds, the
endophyte synchronises its own vertical expansion with the bolting (flowering stage) of the
host plant and enters the inflorescence meristem where it is passed onto the developing
1 Defined as a ʻprogressive loss of fitness by accumulation of marginally deleterious mutations in clonal
lineagesʼ (Muller, 1964).
6

Dhavale !

Chapter 1

embryo through maternal sporophytic tissue (Majewska-Sawka and Nakashima, 2004). In
this manner the endophyte is capable of successfully transferring itself vertically across
generations via host seed (Gundel et al., 2009). In order to ensure transmission of the
endophyte via host seed the endophytic partner maintains continuous colonisation of
immature meristematic tissue in the host apex (Lane et al., 2000).

Figure 1.2: Life cycles of the Clavicipitaceous endophytes Neotyphodium and Epichloë (Clay and Schardl,
2002). Epichloë displays both modes whilst Neotyphodium exhibits only asexual growth.

In general, host-fungal interactions result in a balanced antagonism and coexistence of the
symbiota (e.g. Neotyphodium spp.) or an imbalanced antagonism leading to the
development of disease morphology in the host plant (pathogenic fungi such as Epichloë)
(Malinowski et al., 2006). The most commonly studied endophytic interactions in ryegrass
usually involve two members of the Clavicipitaceae: N. lolii commonly associated with L.
perenne and N. coenophialum commonly symbiotic with Lolium arundinaceum
(Christensen et al., 1993). The agronomic impacts of endophytic associations are
measured in terms of livestock productivity and sward persistence (Malinowski and
Belesky, 2006; Oliver, 2005).
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1.2.3 Defensive Mutualism—Beneficial Effects of Endophyte Presence

Clavicipitaceous endophytes are often referred to as ʻdefensive mutualistsʼ due to the
protection they offer host plants from both biotic and abiotic stresses (Clay, 1992, 1993;
Tadych et al., 2009). Reported benefits of endophyte activity include protection from both
insect and mammalian herbivores as well as nematodes and parasitic fungi, and increased
tolerance to and improved recovery following drought, heat stress, and soil based heavy
metal exposure (Bush et al., 1997; Cheplick, 2004b; Cheplick and Cho, 2003; Cheplick et
al., 2000; Eerens et al., 1998; Hesse et al., 2005; Kuldau and Bacon, 2008; Tadych et al.,
2009). In return, the endophyte gains access to apoplastic nutrients and dissemination via
host seed (Malinowski et al., 2011; Eaton et al., 2011; Tadych et al., 2007).

1.2.3.1 Alkaloid Production and Herbivory Deterrence

While the presence of fungal endophyte in perennial ryegrass seed was documented as
early as 1898, it was not until 1977 and 1981, that the endophyte was established as the
causative agent of fescue toxicosis (Bacon and Burdick, 1977) and ryegrass staggers
(Fletcher and Harvey, 1981).

The range of alkaloids synthesised by Neotyphodium and related species (Porter, 1994)
includes peramine (a pyrrolopyrazine), lolitrem B (an indole-diterpene), ergovaline (a
peptide alkaloid) and lolines in N. coenophialum and Epichloë (Bush et al., 1997; Lane et
al., 2000; Rowan, 1993; Schardl et al., 2000). Under conditions of field growth, peramine is
found in the majority of endophyte-infected host grasses (Porter, 1995) followed closely by
alkaloids from the ergot (50%), loline (35%), and lolitrem (10%) series (Siegel et al., 1990).
While the anti-insect alkaloids (peramine, loline) result in a net increase in productivity by
discouraging insect herbivory, the anti-mammalian compounds (ergovaline and lolitrem B)
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are detrimental to livestock productivity, causing serious conditions such as ryegrass
staggers and fescue toxicosis in grazing mammals (Clay and Schardl, 2002).

Figure 1.3: Secondary metabolites found in Clavicipitaceous fungi [adapted from (Richardson, 2000) and
(Tadych et al., 2009)]

Historically the ergot alkaloids and a corresponding class of indole diterpene tremorgens
have been well documented as causative factors in various toxicosis syndromes
(Richardson, 2000). Globally, the vasoconstrictive ergot alkaloids have been identified in
15 different grass genera implicated in livestock toxicosis (Torres et al., 2007). Compared
to other endophytic alkaloids, however, the ergot series seem to posses lower levels of
anti-insect toxicity and deterrence (Clay, 1992; Siegel et al., 1995). A weak correlation has
been reported between in planta concentrations of endophyte and ergovaline under field
conditions (Ball et al., 1995a).

The tremorgenic lolitrems are another group of alkaloids associated with livestock
toxicosis, generally causative in a condition known as ʻryegrass staggersʼ (Bacon and De
Battista, 1991). Originally thought to be involved in host resistance against insects such as
9
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the Argentine stem weevil, the insecticidal properties of lolitrems are now known to
function in concert with those of other deterrents such as peramine.

Loline alkaloids are generally found in higher concentrations than other alkaloids in the
association and were initially reported as causative agents in fescue toxicosis syndromes
(Aldrich-Markham et al., 2003). However, Festuca pratensis, which only produces lolinetype alkaloids causes relatively low (if any) levels of toxic effects in mammals (Porter,
1994) indicating a minor role if any in anti-mammalian activity. In vitro studies, however,
have revealed high levels of loline induced feeding-deterrence in aphids and other insect
pests (Bush et al., 1997; Cheplick and Cho, 2003; Schardl, 2001; Schardl et al., 2004;
Schardl and Phillips, 1997; Siegel et al., 1995).

Studies on synthetically derived lolines (such as N-formyl loline) have revealed their
adverse effects on the germination and seedling development of alfalfa and annual
ryegrass (Petroski et al., 1990) indicating a role in increased competition and productivity
for the host plant. Endophytically secreted N-formyl loline in soils around endophyteinfected tall fescue has also been found sufficient to inhibit the germination of annual
ryegrass seeds (Bush et al., 1997).

Peramine, first identified and isolated from endophyte infected perennial ryegrass (Rowan
and Gaynor, 1986), has been found in both in vitro cultures and in planta to be an insect
deterrent with proven activity against the Argentine stem weevil (Müller and Krauss, 2005;
Rasmussen et al., 2008b). Under conditions of field growth, there is a strong correlation
between in planta concentrations of peramine and lolitrem B (Ball et al., 1995b). The
higher rates of peramine dissemination through the host system are thought to be due to
their increased solubility and their movement from fungal hyphae through the host system
to hydathodes in the leaf has been been reported in various grasses (Koulman et al.,
2007).
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The distribution of endophytic fungal hyphae is not directly correlated to the distribution of
fungal alkaloids in the host plant (Spiering et al., 2005). In general, however, the highest
concentration of alkaloids seem to be focused in plant parts with high ʻsurvival valueʼ or
those most subject to herbivory such as meristems, leaf sheaths and seeds (Clay, 1990).
In general, lolitrems and ergot alkaloids are found in meristematic zones, leaf bases,
inflorescences and seeds, while peramine and the lolines are concentrated in the leaves
(Christensen et al., 1998; Tadych et al., 2009). However, alkaloid localisation and
concentration varies with season, age of host plants and the genotype of the host plant
and endophyte (Bultman and Murphy, 2006), with the highest concentrations occurring
during the host plantʼs reproductive stage (late spring) and when host survival is most at
risk—through late summer and autumn (Lane et al., 2000).

Variation in the alkaloid profile of a given host-endophyte symbiotum is also affected by
variation in the genotypes of its constituent organisms: On the whole, qualitative
metabolite expression seems to be endophyte specific while the quantitative
characteristics of this expression are determined by host gene expression (Lane et al.,
2000). This assumption is bolstered by reports of N. coenophialum and FaTG-2 expressed
ergovaline concentrations in meadow fescue varying with host plant cultivar and species,
independently of mycelium concentration (Christensen, 1995a; Christensen et al., 1997;
Malinowski and Belesky, 2006; Scannerini et al., 2004; Schardl et al., 2008). In this
manner, genes from both plant and endophyte regulate endophyte mycelium and alkaloid
accumulation within the plant, with a wide range of variation within the gene pools of both
associates for these characteristics (Hiatt and Hill, 1997).

Apart from the production of well-characterised alkaloids (loline, ergovaline, peramine,
janthitrems and lolitrems) there are numerous reports of cultured endophytes producing
other anti-pest/pathogen compounds in vitro (Daisy et al., 2002a; Eerens et al., 1998;
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Holmes et al., 2004; Mejia et al., 2009; White and Cole, 1985). However, there is little
evidence to support the effects of these compounds in planta as their concentrations are
often too reduced in symbiota to impede the progress of pathogens (Daisy et al., 2002b;
Mejia et al., 2009; Schwarz et al., 2004). However, this is an area of endophyte research
for further expansion.

1.2.3.2 Abiotic Stress Tolerance

The benefits that some endophytes confer in improving abiotic stress tolerance in host
plants (Han et al., 2011; Malinowski and Belesky, 2000b; Rodriguez et al., 2008;
Rodriguez et al., 2009b; Yuan et al., 2010) are well documented, particularly in response
to drought stress (Belesky and Malinowski, 2000; Cheplick, 2004a; Lowe et al., 2008;
Richardson, 2000). While not all host-endophyte associations exhibit improved drought
tolerance (Cheplick and Cho, 2003; Cheplick et al., 2000; Hesse et al., 2005; Kane, 2011),
some endophyte-infected perennial ryegrass and tall fescue plants have significantly
higher rates of drought tolerance and post-drought recovery compared to non-infected
conspecifics2 (Bolger et al., 2005; Cheplick, 2004b; Cheplick et al., 2000; Elmi et al., 2000;
Elmi and West, 1995; Malinowski and Belesky, 2000b; McFarlane, 2001; Volaire, 1998;
Wilkins, 1991). Endophyte associated plants also display improved survivability following
high temperature (above 35°C) stresses (Chen et al., 1982; Cheplick et al., 2000; Eerens
et al., 1998; Marks and Clay, 1996).

In general, alkaloid concentrations are strongly affected by the onset of abiotic stress
conditions (Belesky and West, 2009; Eerens et al., 1998). Field grown N. lolii associated
perennial ryegrass displayed increased ergovaline concentrations under conditions of
applied nitrogen and water stress (Lane et al., 1997b; Lane et al., 1997a). The production
2

Individuals of the same genetic and varietal background, but lacking endophytic fungi (Richardson, 2000).
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of lolines in the same association is also temperature dependent with N-acetylloline and Nformylloline being produced at 30°C but absent at 23°C (Huizing et al., 1991). This
contrasts with reports of N. coenophialum associated tall fescue with lowered ergovaline
concentrations at higher temperatures during mid-summer (Adcock et al., 1997a). The
trends for peramine and lolitrem B are less consistent (Eerens et al., 1998; Kane, 2011;
Sánchez Márquez et al., 2011).

Although the exact mode of action is yet to be elucidated there are two main hypotheses
concerning the role of endophytes in inducing drought tolerance in symbtiota:

1. Preconditioning of the host plant by the endophyte via activated internal stress, where
the presence of the endophyte induces an internal physiological stress within the host
plant preparing it physiologically and metabolically for the onset of drought stress (West,
1994). This scenario allows for the associated host plant to adapt faster to drought
conditions (than non-induced conspecifics).

2. Hormonal control of host anatomy and physiology including stomatal conductance by
endophyte - endophyte-associated host plants display decreased stomatal conductance
(Dannenberg et al., 1992), increased osmotic adjustment in leaf bases (Joost et al.,
1993)and increased negative foliar water potential (Belesky and Malinowski, 2000; Elmi
and West, 1995) in response to drought. Endophyte associated grasses exhibit
expansive root systems compared to their endophyte-free counterparts (Bacon and De
Battista, 1991; Latch et al., 1985; Malinowski et al., 1997a, 1997b). This is often
accompanied by significant reduction in laminar area (through leaf rolling/senescence)
thus reducing transpirational water loss (Arechevaleta et al., 1989; Hill et al., 1990;
West, 1994). Senescence induced by water deficit is also accompanied by the
accumulation, in the host plant, of polyamines, direct precursors of pyrrolizidine
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alkaloids (Bush et al., 1993). Altered hormonal levels in grasses following stable
endophyte inoculation, may also affect water status regulation (Dannenberg et al.,
1992).

The hormonal control theory is also supported by the secretion, by the endophyte, of
phyto-active compounds such as abscisic acid (ABA) under drought conditions (Eaton et
al., 2011; Joost et al., 1993; Rodriguez et al., 2009a). ABA induces the rapid response and
recovery of plants under conditions of water deficit (Huang et al., 2008; Mejia et al., 2009).
Loline alkaloids themselves are water soluble and are thought to act as osmoregulators
(Bacon and Hinton, 1998; Bacon, 1993).

Drought specific responses of endophyte associated grasses consist of a series of
physiological and anatomical responses that act in concert to alleviate the level of stress
caused by water deficit. A combination of avoidance, tolerance and recovery mechanisms
are activated based on the individual endophyte-grass association involved (Clarke and
Durley, 1981). Given that this range of adaptations has allowed cool-season grasses to
expand into and colonise areas dominated by warm-season grasses (Bouton et al., 1993;
Clarke and Durley, 1981), it is safe to conclude that the presence of endophyte increases
overall fitness and survivability of associated plants through conditions of water deficit.

While the host-endophyte association involves a complex multivariate set of interactions,
there is some evidence that increased carbohydrate levels in the host plant may be
detrimental to endophyte colonisation capacity and retention as measured by the ability of
the endophyte to colonise the host and confer beneficial properties to the resulting
symbiotum (Rasmussen et al., 2007; Rasmussen et al., 2008a; Spiering et al., 2006).
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1.2.4 Host-Endophyte Compatibility
Interactions between host plants and fungal mutualists/pathogens are classified as either
compatible or incompatible (Rodriguez et al., 2009b). While the total number of endophyte
associated grasses in nature is still unknown, 14 Neotyphodium-grass associations have
been documented to date (Müller and Krauss, 2005) almost all of which display high
stringency in species-specific association.

The existence of Epichloë and Neotyphodium endophytes within their corresponding hosts
without elicitation of a directed host-defence response implies prior selection of endophyteplant compatibility (Lane and Christensen, 2000). The host plant possesses some control
over the colonisation of endophytic hyphae with fungal biomass in successful associations
being normally restricted to 0.2% of affected tissue (Schmid and Christensen, 1999; Tan et
al., 2001). Although there is evidence of a weak induced transcriptional response to N. lolii
in perennial ryegrass, this is at best limited, comparable to that shown by arbuscular
mycorrhiza (Zhang et al., 2007). Both systems display limited induction of host responses
including induction of a fungal superoxide dismutase, indicating the importance of reactive
oxygen species to a balanced host-endophyte interaction (Tanaka et al., 2006).
Microscopic and visual assessments, however, have concluded either suppression or total
absence of host defense response (Schardl et al., 2004; Schmid and Christensen, 1999)
in natural N. lolii-L. perenne associations.

According to current understanding an endophyte can exist in more than one host species
(Johnson-Cicalese et al., 2000; Schardl and Leuchtmann, 2005). In practice, however,
local adaptation/maladaptation barriers exist confining endophytes to specific host
species: asexual endophytes are confined to their host species due to the restrictive
nature of vertical transmission (Kang et al., 2011; Sánchez Márquez et al., 2011). This
natural barrier can be bypassed with artificial transfers utilising the technique of seedling
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inoculation (Christensen, 1995b; Marks and Clay, 1996) which allows for the transfer of
endophytes into related non-host species, even across species barriers (Lane and
Christensen, 2000). The specifications for the range of allowable transfers, however, are
stringent: transfers into non-host species can lead to cellular incompatibility reactions
resulting in the death of host tissue (Koga et al., 1993), fungal hyphae or both
(Christensen et al., 1997; Koga et al., 1993), parasitic invasion of host vascular tissue
(Chung and Schardl, 1997) and irreversible stunting of seedling growth (Christensen et al.,
1997). The absence of such reactions in compatible pairings implies co-evolution, possibly
of a parasitic precursor with its plant host (Lane and Christensen, 2000).

There is also evidence suggesting that the growth of the fungal partner correlates
positively with the level of host compatibility (Schulz and Boyle, 2005). Various in vitro
growth experiments (Schulz and Boyle, 2005) performed on fungal endophytes revealed
improved fungal growth patterns when co-cultured with host calli (Lu and Clay, 1994) as
opposed to pure culture (Sieber et al., 1990) or dual culture with non-host calli (Sirrenberg
et al., 1995). Neotyphodium endophytes isolated from perennial ryegrass often display
morphological instabilities post host-endophyte separation (Christensen et al., 1991).
Notable among these morphological variants is the ʻwaxyʼ phenotype, isolates of which
cannot be successfully re-introduced into the host (Christensen et al., 1993; Koga et al.,
1993). This phenomenon is strongly suggestive of a breakdown in compatibility, visually
distinguishable by the waxy appearance of hyphae in the affected endophyte (Scott and
Young, 2003).

Aside from the qualitative barriers listed above, host-endophyte compatibility also varies in
degree of association. For instance, the concentration in plant herbage, of associated
endophyte mycelium, is affected by the genotypes of both host and endophyte (Hiatt and
Hill, 1997). Therefore the asexual transmission of the endophyte via sexual crossing in the
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host continually resets the requirements for compatibility by placing the endophytic
genotype within new host genotypes. This continual resetting of associative compatibility
selects for endophytic ability to thrive in a genetically varying sequence of host plants and
may also underlie its ability for artificial cross-inoculation.

Hypotheses on the evolution of mutualistic associations argue that selection pressures in
such systems favour compatibility while disfavouring sexual reproduction in the endophytic
partner (Brem and Leuchtmann, 2003). Presumably the presence of sexual recombination
in both host and endophyte would decrease the chances of favourable interactions
persisting between the two partners and result in eventual incompatibility (Cheplick and
Faeth, 2009a).

1.2.5 Selection of Endophyte

Throughout the endophytic life cycle there is an effective competition between the growth
of the plant and that of the fungus with critical stages wherein the possibility of endophyte
loss is high (Lane and Christensen, 2000). Although endophyte-free tillers do occur in
natural associations, the overall transmission process is highly efficient with very few
losses (Bacon and Hinton, 1998). In artificial associations, however, there is a higher
frequency of endophyte loss, highlighting the steps in which endophyte transmission is
critical (Siegel et al., 1985).

In the reproductive tillers of plants hosting asexual endophytes, where the fungal mycelium
requires a stage of rapid growth synchronised with the rapidly lengthening inflorescence
axis of the host and to enter the female gametophytic region for successful transfer to the
juvenile embryo (Christensen et al., 2001; Tan et al., 2001; Zhang et al., 2006). Loss of
synchronicity at this stage results in endophyte-free seed (Aldrich-Markham et al., 2003):
an irreversible loss which can be detrimental to host fitness and survivability (Christensen,
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1995a). The widespread occurrence of Neotyphodium-associated grasses bears
testament to such a selection pressure favouring endophyte-positive host plants.

1.2.6 Empirical Assessment of Compatibility
Distinguishing between environmental, host genotypic and endophyte genotypic factors
responsible for the level of compatibility in a given endophyte-host association requires an
empirical assessment of each effect (Faeth, 2009). Such an experiment requires the
selection of genetically distinct endophytes identified based on molecular markers such
simple sequence repeats (SSR) (van Zijll de Jong et al., 2008b; van Zijll De Jong et al.,
2003b). These distinct endophytic genotypes, also known as haplotypes in haploid
endophytes, would then be introduced into varying host genotypes using sterile aseptic
inoculation techniques (Christensen, 1995b; Latch et al., 1985; Leuchtmann and Clay,
1993; Marks and Clay, 1996). Prior to this inoculation, endophyte free (E-) host ramets
would be generated via fungicidal or heat pre-treatment of host seed or selected from Eseed; some of these E- ramets would be retained and others inoculated with the original
endophyte. Still other E- ramets would be inoculated with various genotypes of
endophytes. The E- ramets would act as control for the inoculation procedure while the
various combinations of endophyte and host would facilitate the study of compatibility.
Raising all of these associations in a common environment would allow the elucidation of
genotypeendophye X genotypehost effects. Conversely, raising replicates of these crossinoculations in different environments would allow for the interpretation of the
environmental effect, infection status and genotypehost effect (Ahlholm et al., 2002). The
genotypeendophye effect, however, would likely be subsumed within the genotypehost effect
(Cheplick and Faeth, 2009a).

Aside from presence/absence and quantitative measurements of compatibility (alterations
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in gene expression, metabolites, endophyte retention and stress response in the
association) emphasis is also placed on the effects of host-endophyte genotype
combinations on host morphology and physiology (Hill et al., 1996; Hill et al., 1990;
Scannerini et al., 2004). For example certain compatible host-endophyte combinations
have resulted in increased foliar mass (Hill et al., 1990), improved growth rates, and
changes in stomatal density and photosynthetic and respiratory rates in the host plant
(Morse et al., 2007). It is hypothesised that the hormones produced/induced by each
fungal genotype give rise to different responses in the host plant to environmental stimuli
(Cheplick and Faeth, 2009a).

Another area of grass-endophyte research requiring further study is the effect of the
association on host productivity in terms of performance parameters and metabolic activity.
One of these parameters is the presence of total water soluble carbohydrate in the host
plant. A study involving two L. perenne cultivars differing in total water soluble
carbohydrate (WSC) content in association with three strains of N. lolii (common strain
[CS], AR1, and AR37) of differing alkaloid profiles (CS producing ergovaline peramine, and
lolitrem B, AR1 producing peramine and AR37 producing janthitrems) compared the
effects of high and low nitrogen availability on symbiota (Rasmussen et al., 2009).
Endophyte biomass in infected plant tissue (as determined by quantitative real time PCR)
decreased by 40% under high nitrogen conditions, and 50% in the higher WSC cultivar.
These effects were additive with endophyte alkaloid profiles linearly correlated to
endophyte biomass (Rasmussen et al., 2009).

The same study also reported statistically significant interactions between endophyte
infection and perennial ryegrass variety based on the accumulation of soluble proteins and
sugar (Rasmussen et al., 2009).
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1.3.1 Fructans - Definition and Classification

Fructans (as defined by the First International Symposium on Fructan, Bonn, 1988) are
water soluble compounds in which one or more fructosyl-fructose linkages comprise a
majority of all linkages (Figure 1.4) in the molecule (French, 1989). Fructans have been
variously described as: non-structural, acid-labile (Valluru and Van den Ende, 2008), water
soluble carbohydrates- oligo/polysaccharides of fructose (Vereyken et al., 2001), within
zero to one internal or terminal glucose units (Hincha et al., 2007), and consisting of
branched chains of fructose connected to a sucrose precursor (Lidgett et al., 2002).

Fructans are classified on the basis of the type of glycosidic linkages between constituent/
adjacent fructose units and the position of the glucose (Glc) residue (Lasseur et al., 2009;
Lewis, 1993). Based on chain structure, side chain attachment and degrees of
polymerisation, plant fructans are divided into five classes:

i. Linear inulins - with exclusively β(2,1) linkages between fructosyl residues, occur in
plants such as Cichorium intybus (chicory) and Helianthus tuberosus (Jerusalem
artichoke) (Roberfroid, 2007). The shortest form of inulin is the trisaccharide 1-kestose
(Figure 1.4);
ii. Inulin neo-series - with linear β(2,1) linkages with the glucose molecule placed between
two fructosyl residues (Shiomi, 1989). This type is sub-divided into non-reducing GFntype and reducing Fn-type (based on the presence or absence of a terminal glucose
moiety) and is found in Asparagus officinalis (asparagus) and Allium cepa (onion);
iii. Levan (phlein) - comprised of a linear arrangement of β(2,6) linked fructosyl sub-units.
Levan is the predominant fructan in monocots;
iv. Levan neo-series - β(2,6) linkages and an internal glucose molecule similar to that in
the inulin neo-series. It is based on 6G-kestotriose (neokestose,Figure 1.2) and has
been reported in both Lolium spp. and Avena sativa (oat) (Livingston et al., 1993; Sims
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et al., 1992); and
v. Mixed levans or (branched type) graminans contain a mixture of β(2,6) and β(2,1)
linkages (Valluru et al., 2008) and have an inulin or a levan backbone with one or more
short branches. They have been reported in Triticum spp. (wheat) (Bancal et al., 1992)
and Lolium spp. (Pavis, 2001).

Figure 1.4: Precursor trisaccharide molecules formed during plant fructan biosynthesis (modified from
Banguela et al., 2006).

The inulins with their terminally placed glucose residue serve as the long-term reserve
carbohydrates in the underground storage organs of dicots (e.g. C. intybus)) utilising
tubers and roots as underground storage organs (Van den Ende, 2007). In contrast, the
neo-inulin and neo-levan series of fructans with their internal glucose residues are native
to monocots such as Lolium, Asparagus and Allium (Fujishima, 2005; Ueno, 2005).
Fructan profiles in the Poaceae comprise a complex mixture of isomeric oligomers with a
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degree of polymerisation varying from three to in-excess of a hundred (Harrison et al.,
2011).

1.3.2 Fructans - Function In Planta

Among angiosperms, starch is considered the major storage carbohydrate (Kusch et al.,
2009). In cereal grains, however, starch only accumulates to significant levels post
anthesis (Bancal et al., 1992; Nelson, 1987). Prior to this time, plants accumulate a
mixture of soluble carbohydrates comprised of monosaccharides, sucrose and fructans
(Pollock, 1991).

Fructans are widely distributed in nature, not only within the plant kingdom (Hendry, 1987),
but also in cyanobacteria (Meeuse and Smith, 1962). Approximately 15% of all
Angiosperms utilise fructans as their main storage carbohydrate (Hendry, 1993; Vijn and
Smeekens, 1999a) with fructans reported in more than 4500 plant species (Chatterton et
al., 1991b; Hendry and Wallace, 1993; Tamura et al., 2009). In fructan producing plants,
up to 80% of the dry weight of the plant can consist of fructans (Edelman and Jefford,
1968; Gallagher et al., 2007).

In the Poaceae, particularly with forage grasses, fructans serve primarily as a reserve
carbohydrate accumulating when the supply of carbon exceeds physiological demand
(Gallagher et al., 2007; McCormick et al., 2008). Their low osmotic activity and high
solubility in water compared to sucrose, allows for high levels of vacuolar storage
(Altenbach and Ritsema, 2007) without the corresponding inhibitory effects on
photosynthetic activity that other soluble polysaccharides (such as sucrose) can cause
(Vijn and Smeekens, 1999b). Under conditions of normal growth, fructans are synthesised
and stored in the vacuoles of leaf bases in grasses (Chalmers et al., 2003) and specialised
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sub-aerial organs such as taproots in chicory (Cichorium intybus), tubers in dahlia (Dahlia
variabilis) and bulbs in onions (Allium cepa) and tulips (Tulipa gesneriana). When required,
for example following defoliation in grasses (Morvan-Bertrand et al., 2001) or the arrival of
spring in tuberous/bulb bearing plants these stored fructans are re-mobilised as an energy
source for re-growth (Lee et al., 2010). In some plants the initiation of fructan degradation
often precedes the breaking of dormancy (Martinez-Noël and Pontis, 2000).

Aside from their primary role as plant storage compounds, fructans are also involved in
plant abiotic stress tolerance (Valliyodan and Nguyen, 2006; Vereyken, 2003). In grasses,
fructan metabolism is of crucial importance for assimilate partitioning (Martinez-Noël et al.,
2010; Thomas and James, 1999) and regulating the physiological response to
environmental stresses such as drought (Volaire, 1998) and cold (Chatterton et al., 1991a;
Pilon-Smits et al., 1995b; Rao et al., 2011).

Fructans may also act as ʻosmotic buffersʼ (Pontis, 1970) in plant osmoregulation (Hendry
and Wallace, 1993), and cryoprotection (Suzuki, 1993). Pilot experiments in crop plants
revealed the up-regulation of fructan synthesis following exposure to temperature
extremes (Konstantinova et al., 2002; Suzuki, 1989), oxygen deficiency (Albrecht et al.,
1997), water stress (Amiard et al., 2003; De Roover et al., 2000; Pilon-Smits et al., 1995a;
Xue et al., 2008a) and salt/heavy metal stress (Frossard et al., 1989). In transgenic
Nicotiana tabacum and Beta vulgaris plants, the constitutive expression of bacterial
levansucrase genes led to improved growth under water deficit compared to nontransgenic controls (Pilon-Smits et al., 1995b; Pilon-Smits et al., 1999). Fructans have
been shown in vitro to insert within both monolayers (Demel et al., 1998), and bilayers
(Vereyken et al., 2001) of vesicular membranes effectively preventing the phase
partitioning-induced damage normally associated with conditions of extreme cold and rapid
desiccation (Hincha et al., 2000).
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It is hypothesised that this protective function of fructans in stabilising and maintaining
plasma membrane structure and function (Hincha et al., 2007) occurs in planta during cold
(Hincha et al., 2000; Konstantinova et al., 2002; Valluru et al., 2008), drought (Hincha et
al., 2007; Hincha et al., 2002; Joudi et al., 2012) and (post-flooding) oxygen deficiency
stress (Albrecht et al., 1997).

Fructans also fuel rapid re-growth of grasses post grazing (Morvan-Bertrand et al., 2001)3,
regulate osmosis during flower opening (Le Roy et al., 2007a) possibly through the
osmotic control of the derived oligofructoses on floral expansion (Bieleski, 1993;
Vergauwen et al., 2000) and in perennial grasses - such as perennial ryegrass,
accumulate as carbohydrate reserves which sustain survival through the dormant winter
period (Yoshida et al., 1998). Perennial ryegrass lines accumulating increased
concentrations of soluble carbohydrates display lower declines in digestibility during the
summer months (Radojevic et al., 1994). Lower DP fructans have been documented
undergoing long-distance transport through the apoplast (phloem) and subsequent
accumulation in tubers of transgenic potato (Zuther et al., 2004). The presence of both
fructans and fructan exohydrolases (fructan exohydrolases) in the apoplastic space also
bolsters the involvement of both fructans and their degradation products promoting abiotic
stress tolerance by interacting directly with membrane lipids (Van den Ende et al., 2005a).

1.3.3 Fructan Localisation

Fructans accumulate during the normal growth cycle of plants as well as in response to
stressful conditions such as cold hardening, drought and nitrogen deficiency (Amiard et al.,

ʻGrazingʼ was stimulated by clipping plants above basal meristem at specified intervals. Sheaths of varying
ages were then analysed at different stages of re-growth to compare fructan profiles and quantities. Tiller regrowth was found to be fuelled by breakdown and utilisation of (basally) stored fructan.
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2003; Bloom et al., 1985; De Roover et al., 2000; Ensminger, 2006; Rao et al., 2011).
Originally thought of as being synthesised from sucrose in the central vacuole (Frehner et
al., 1984) of plant cells (Wiemken et al., 1986), fructan synthesis has in fact, been well
documented in prevacuolar vesicles (Kaeser, 1983; Valluru, 2008) or microsomes (Cairns,
2008; Van den Ende et al., 2002a). Being water-soluble in nature, fructans are amenable
to transport through the plant and have been reported in phloem (Wang and Nobel, 1998),
xylem (Ernst and Pfenning, 2000) and apoplastic tissue (Livingston, 1998; Van den Ende,
2005b, 2005a; Vieira, 1993).

Generally, in fructan-producing plants, fructan levels vary among different plant parts,
usually being less concentrated in the leaves and more concentrated in storage organs
such as bulbs, corms and tubers (Lasseur et al., 2006b; Meier and Reid, 1982; Pavis et
al., 2001a). In grasses fructans tend to accumulate in leaf bases and sub-aerial portions
such as pseudostems (Edelman, 1968; Karsten and MacAdam, 2001; Xue et al., 2008b).
Some plants seem to use fructan as the sole storage polymer e.g. Allium, Agave vera
cruz, Iris pseudacorus, Furcroea gigantea, whereas others have both fructans and starch
in the same tissue e.g rhizomes of Iris foetidisima (Pontis, 1985). Still others manage
spatial separation of fructans and starch into separate tissues e.g. Helianthus tuberosus
and Dahlia variabilis (starch in leaves and fructans in tubers) or temporal separation into
separate phases of the plant life cycle e.g. Triticum (starch in seeds and fructans in
leaves) (Edelman, 1968). Variations may occur throughout the life cycle of plants, in some
instances (such as members of the Poaceae) differing with the geographical origin of the
plant: grasses of tropical or subtropical origin accumulate starch while grasses of
temperate origin (e.g. Lolium perenne) accumulate fructan (De Cugnac, 1931; Smith,
1968). Many fructan-producing plant families also display seasonal variations4 in fructan

4

As measure through the comparative chromatographic analysis of the endogenous carbohydrate profile in
freeze dried plant tissue. Expressed as milligrams of fructan per gram of dry plant tissue.
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concentrations (Pollock, 1979) which appear to be independent of spatio-temporal or
physiological-age related control (Pollock, 1991). In perennial ryegrass, stores of fructan
accrued through autumn are hydrolysed in Spring to fuel the growth of reproductive tillers
and the (post defoliation) regeneration of vegetative tillers (Karsten and MacAdam, 2001;
Lee et al., 2010).

1.3.4 The Enzymology of Fructan Metabolism

Fructosyltransferases in plants are included among the fructan metabolising enzymes
hypothesised as being evolutionarily related to acid invertases (Lammens et al., 2009; Le
Roy, 2008; Ritsema, 2006). Two types of acid invertases exist in plants (Rausch and
Greiner, 2004), cell wall invertases and vacuolar invertases, both of which are controlled
post-translationally by proteinaceous inhibitors (Eufinger, 2006; Greiner et al., 1998; Link
et al., 2004). The carbohydrate active enzyme database (http://cazy.org/) (Cantarel et al.,
2009b) groups cell wall invertases and vacuolar invertases together with fructan
metabolising enzymes into the glycosyl hydrolase 32 family (Lammens et al., 2009).
Comparative analyses of protein structures and enzymatic mechanisms of fructan
metabolising enzymes and acid invertases reveal that the latter are, in fact, descended
from the former (Smeekens et al., 1991). Phylogenetic analyses have also revealed
(Tamura et al., 2009; Van den Ende et al., 2004) that all known fructan exohydrolases are,
in fact, related to cell wall invertases (Figure 1.5).

The enzymes involved in fructan metabolism in plants function by transferring a fructose
unit from a donor substrate to an acceptor substrate. The only variation lies in the type of
acceptor (water, sucrose or fructan) and donor (sucrose, fructan) recognised. It should be
borne in mind that in fructan producing plants, the presence and concentration of fructans
is not correlated to the presence or absence of starch (Edelman and Jefford, 1968).
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Figure 1.5: Phylogenetic tree of fructosyltransferases and vINVs from the plant kingdom including the
recently discovered L. perenne 6-SFT (in bold text)5 . Scale indicates branch length. Reproduced, with
modifications, from Lasseur et al., 2011.

Fructan biosynthesis is carried out by a dedicated pathway of enzymes known as
fructosyltransferases (Pontis and Del Campillo, 1985; Smouter and Simpson, 1989) and
requires the presence of one of three basic trisaccharides: 1-kestose, 6-kestose and
neokestose, each formed by a fructosyltransferase linking a fructose moiety to one of three
hyroxyl groups on sucrose (Lewis, 1993). The addition of further fructofuranosyl units [β
(2,1) or β (1,6)] to these trisaccharides results in the formation of fructans (Pollock, 1986).
In plants, there are two main types of fructosyltransferases based on preferential donor
substrate: the S-type act on sucrose [sucrose:sucrose 1-fructosyltransferase (1-SST),
sucrose:fructan 6-fructosyltransferase] whereas the F-type act on fructans [fructan:fructan

5

Tree based on predicted amino acid sequences. For a detailed diagrammatic overview of the phylogeny of
glycosyl hydrolase 32 members across the plant kingdom, the reader is directed to the review by Hisano et
al., 2008, and references therein. For detailed trees depicting 1-SST and 6G-FFT phylogeny Chapter 3,
Figures 3.15 and 3.16.
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1-fructosyltransferase (1-FFT), fructan:fructan 6G-fructosyltransferase (6G-FFT)] (Lasseur
et al., 2009).

Figure 1.6: Schematic representation of fructosyltransferase and invertase (INV) action. The
fructosyltransferase is represented by 1-SST while a generic example is used for the invertase (Altenbach et
al., 2009).

The basic model of fructan biosynthesis established forty one years ago (Edelman, 1968)
using chicory as a model system, assumed a total absence of phosphorylated precursors
and asserted that sucrose was the only possible substrate for inulin synthesis mediated by
enzymes (i.e. fructosyltransferases). The model proposed that the fructosyltransferase
sucrose:sucrose 1-fructosyltransferase (1-SST; EC 2.4.1.99) catalysed the first step in the
pathway utilising sucrose as a substrate and producing glucose and the trisaccharide 1kestose - the simplest inulin type fructan found in plants. To its detriment, however, the
model was unable to account for the presence of the fructans known as inulo-n-oses
synthesised by 1-FFT using the free fructose released by fructan exohydrolase (1-FEH)
activity (Van Den Ende and Van Laere, 1996b).

Both 1-SST and 1-FFT are unique in that their activity does not conform to simple
Michaelis-Menten kinetics 6 (Vijn and Smeekens, 1999a). They function instead in an

6 Defined by the IUPAC Compendium of Chemical Terminology as, “the dependence of an initial rate of
reaction upon the concentration of a substrate S that is present in large excess over the concentration of an
enzyme or other catalyst (or reagent) E” (McNaught and Wilkinson, 1997).
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essentially non-saturable manner wherein enzyme activity is dependent on the
concentration levels of both enzyme and substrate (Banguela and Hernandez, 2006;
Koops and Jonker, 1996b). Current knowledge of the fructan biosynthesis pathway (Figure
1.7) outlines a system with more levels of complexity than imagined in the days prior to the
cloning and characterisation of fructosyltransferase cDNAs (Van den Ende et al., 2002a).

The model for fructan biosynthesis generally accepted today explains the process as
follows (Figure 1.7): the reaction involves the essentially irreversible transfer by 1-SST of
one fructose moiety between two sucrose molecules resulting in the formation of one
molecule of glucose (from the donor sucrose molecule) and one molecule of 1-kestotriose
(from the acceptor molecule). 1-FFT, then catalyses reversible elongation of the substrate
in the next step of the pathway by transferring fructose moieties to and from 1-kestotriose
or larger fructans (Koops and Jonker, 1996b; Kusch et al., 2009; Lüscher et al., 1996; Van
den Ende, 1996d) forming inulin and oligofructoses of different degrees of polymerisation
(DP). Exceptions to this rule are plants such as barley (Hordeum vulgare), where β(2,6)
chain elongation is catalysed by 6-SFT instead of 1-FFT with isokestose functioning as the
acceptor substrate (Duchateau et al., 1995b; Lasseur et al., 2011; Sprenger et al., 1995a).
In plants producing fructans from the neokestose series, synthesis also involves 6G-FFT,
responsible for the catalysis of neokestose from isokestose and sucrose (Wiemken et al.,
1995). In members of the Poaceae (including perennial ryegrass) 1-SST plays a critical
role in the biosynthesis of both mixed-type levans and inulins (Bancal et al., 1992)
ensuring that the presence of metabolisable hexoses such as sucrose (and to a lesser
extent glucose and fructose) represses FEH activity and up-regulates fructan biosynthesis
(Lothier et al., 2010).

A significant portion of data substantiating sucrose involvement in fructan synthesis comes
from detached leaf experiments (Cairns, 1992; Cairns et al., 1997; Cairns et al., 2002; del
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Viso et al., 2009; Smouter and Simpson, 1991), demonstrating the effects of endogenous
sugars (sucrose and to a lesser extent fructose and glucose) on regulation (McCormick et
al., 2008; Müller, 2000; Wei and Chatterton, 2001). These assays involved the use of
detached leaves placed in osmotic buffers with varying concentrations of sucrose and
other fructosyltransferase substrates under varying conditions of temperature and
illumination. Following a specified period of incubation the leaf was then processed for
fructan profiling. In perennial ryegrass, these excised leaf blades when subject to varying
combinations of temperature and illumination were found to accumulate up to 70% of dry
weight in fructans (Nelson and Spollen, 1987; Wagner et al., 1983).

Expression assays elucidating the induction of individual fructosyltransferases have shown
that the transcription of both 6-SFT and 1-SST in grasses is induced by light (De Roover et
al., 2000; Müller, 2000) and sucrose accumulation (Chatterton et al., 1987; Housley and
Pollock, 1985; Pollock, 1984b). The barley 6-SFT promoter is also induced by both light
and sucrose, and there are also reports of 6-SFT induction by nitrogen deficiency (Lu et
al., 2002a; Nagaraj et al., 2001; Wang et al., 2000)7 .

Taken as a whole, fructan accumulation in grasses appears to correlate with the transcript
levels of at least two fructosyltransferase genes (see Figure 1.7 for a schematic
representation of pathways involved) with obvious spatial correlation between fructan
storage and enzyme activity. Fructosyltransferases show maximum activity in the bases of
elongating leaves (Pavis et al., 2001; Roth et al., 1997), regions where fructans are
normally stored in grasses. In wheat, inhibitors of phosphatases (okadaic acid) and protein
kinases (W7) blocked the sucrose mediated induction of fructan synthesis, indicating an
intermediary role for protein kinases and phosphatases in fructosyltransferase induction
(Gallagher et al., 2007; Noël et al., 2001). Under normal conditions of growth and
7

Based on results from transcription assays involving exposure to measurable stimuli followed by harvest of
plant tissue and real-time expression analysis of selected fructosyltransferase genes.
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metabolism, fructan synthesis is induced when the photosynthetic capacity of leaves
exceeds the threshold required for physiological activity, growth and maintenance (Cairns
et al., 2000; Van den Ende et al., 2002a). As the accumulation of the photosynthetic byproduct sucrose down-regulates the photosynthetic process (Cairns et al., 2000; Smith et
al., 2002), the surfeit is converted to fructan and translocated to specialised storage
organs (Ritsema and Smeekens, 2003a). In this manner, fructan biosynthesis in plants is
closely linked to, and dependent on photosynthesis.

At the turn of the century the commonly held assumption was that in higher plants four
fructosyltransferases were involved in fructan biosynthesis: 1-SST, 1-FFT, 6-SFT and 6GFFT (Koops and Jonker, 1996b; Lüscher et al., 1996; Shiomi, 1989; Sprenger et al.,
1995b; Van Den Ende et al., 1996a; Vijn, 1997). Most plants, like Allium with 1-SST and
6G-FFT (Henry and Darbyshire, 1980; Ritsema et al., 2003c), have a small complement of
FTs while others such as wheat (Kawakami and Yoshida, 2002; Kawakami, 2005) and
perennial ryegrass (based on the number of characterised FTs and their unique fructooligosaccharide profiles) have more. Characterised enzymes in perennial ryegrass include
a 1-SST (Chalmers et al., 2003), a 6G-FFT (Lasseur et al., 2006b) with trace 1-FFT activity
(Lasseur et al., 2006b), a 6-FT (Pavis et al., 2001b) and, recently, a 6-SFT (Lasseur et al.,
2011). Variability in the structure and degrees of polymerisation (DP) of fructans between
species (and even tissues of the same plant) is derived, for the most part, from variation in
the fructosyltransferases (Hellwege et al., 1998; Pavis et al., 2001; Vergauwen et al.,
2003). High DP specific 1-FFTs in species such as Echinops ritro and Viguiera discolor
can use both 1-kestose as well as fructans with higher degrees of polymerisation as
fructose donors and allow synthesis of inulins with higher degrees of polymerisation with
more than three units of fructose (Edelman, 1968; Van den Ende et al., 2006; Van den
Ende, 2005a). The expression of 1-FFT from Jerusalem artichoke and globe artichoke
(Cynara scolymus) in tobacco protoplasts revealed that globe artichoke 1-FFT produced
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longer inulins than those produced by the Jerusalem artichoke 1-FFT (Hellwege et al.,
1998). Similarly, transgenic chicory plants expressing a chimeric onion fructan:fructan 6Gfructosyltransferase gene showed altered fructan profiles featuring onion-specific inulin
neo-series fructans (Vijn et al., 1997). It can, therefore be concluded that the type of 1FFT determines the length of inulin synthesised (Hellwege et al., 1998) and that 1-SST
and 1-FFT are both generally sufficient for the synthesis of inulin-type fructans. The
specificity of fructan profiles among the plant kingdom has been proposed as a valid
taxonomic character for the separation of sub-tribes among the Poaceae (Bonnett et al.,
1997) as no one plant has been found containing all five classes of fructan (Gadegaard et
al., 2008).

The synthesis of complex fructans such as the neo-series inulin native to perennial
ryegrass requires additional enzymes such as 6G-FFT (Ritsema et al., 2004; Shiomi,
1989). 6G-FFT produces the trisaccharide neokestose (Figure 1.7), using 1-kestose as a
fructose donor (Ji, 2007; Lasseur et al., 2006a; Shiomi, 1989; Vijn, 1997). Neo-kestose is
the first of the inulin neo-series, capable of elongation on both fructose residues with β
(1,2)-linked fructose units to form successively higher DP derivatives (Cairns et al., 2000).
In cereals, the enzyme sucrose:fructan 6-fructosyltransferase (6-SFT) transfers a fructosyl
unit from sucrose to 1-kestose, catalysing the formation of the tetrasaccharide bifurcose
(Figure 1.7) i.e. 1 and 6-kestotetraose (Duchateau et al., 1995a). Further β(2,6) and β(2,1)
linked fructosyl chain elongation catalysed by the enzymes 6-SFT and 1-FFT, results in the
formation of graminans (up to DP 20) are synthesised by (Jeong and Housley, 1992;
Kawakami, 2005).

Plant fructan metabolising enzymes are unique in their ability to catalyse fructosyl
transfers8
8

on substrates other than their preferential specific donor and acceptor

The kinetics of these reactions display a lower level of enzymatic efficiency compared to that applied on
specific preferential substrates.
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substrates (Van Den Ende et al., 1996) under varying conditions of substrate type and
concentration, temperature and pH (Van Laere, 2002b). For instance, both 1-SST and 1FFT exhibit β-fructosidase activity utilising water as an acceptor of fructosyl moieties
instead of fructan or sucrose (Pollock, 1986; Pollock and Cairns, 1991; Schroeven, 2008),
while in chicory, small inulins, water and even compounds such as glycerol and ethylene
glycol have been reported as acceptor substrates in vitro (Van den Ende, 1996).

Figure 1.7: Global model of fructan biosynthesis (Gallagher et al., 2007; Livingston III, 2009; Van den Ende
et al., 2002a). Model includes all characterised fructosyltransferases, and therefore is redundant9. Most plant
species function with a small complement of fructosyltransferases, sometimes as few as two.

Experiments producing transgenic non-fructan producing plants for expression of
fructosyltransferase genes (Caimi et al., 1997; Ebskamp et al., 1994b; Greiner et al., 1999;
Pilon-Smits et al., 1996; Röber et al., 1996) have had varying levels of success (Kawakami
et al., 2008). This may be due to a lack of downstream processing pathways or the
9

Reactions depicted as involving more than one enzyme may not be regulated by multiple enzymes in every
experimental system.
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absence of a suitable concentrating mechanism or compartment with which to overcome
threshold levels of substrate, donor and enzymes (Livingston III, 2009). It has also been
suggested that the presence of endogenous invertases may interfere with modified fructan
concentrations (Cairns, 2003). The discovery of fructan exohydrolases capable of fructan
synthesis (Lothier et al., 2007) as well as the presence of functional fructan exohydrolases
in non-fructan plants (De Coninck, 2005; Lammens et al., 2009; Valluru and Van den
Ende, 2008) have gone some way towards validating this hypothesis (Livingston III, 2009).

1.3.5 Fructosyltransferases in Perennial Ryegrass

1.3.5.1 Physiology and Molecular Biology

Like most species of forage grass, perennial ryegrass exhibits a characteristic fructan
profile based on the range of fructans accumulated (Cairns and Pollock, 1988; Nelson and
Spollen, 1987). This profile is dependent, to a large extent, on the types of
fructosyltransferases responsible for fructan biosynthesis within the plant body. The fructan
profile of perennial ryegrass features members of the inulin series, the inulin neo-series
and the levan neo-series.
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Table 1.1: Classes of fructan found in the plant kingdom10

The activities of four specific FTs are a requisite to producing this particular array of fructan
molecules (Gallagher et al., 2007):

• 1-SST to produce the precursor tri-saccharide 1-kestose with a β(2,1) linkage,
• 1-FFT to facilitate fructan chain extension via addition of β(2,1) linkages,
• 6G-FFT to facilitate the transfer of fructose from a fructan molecule to the glucose (C6)
of a sucrose/2nd fructan molecule, and
• 6-(S/F)FT to transfer a fructose molecule from sucrose/fructan via β(2,6) linkages.

Data from the functional characterisation of many of these FTs clearly indicates a strong
identity with vacuolar, acid invertases (β-fructosidases) (Davies et al., 2005; Davies and
Henrissat, 2002; Parrent et al., 2009; Ritsema et al., 2004). All of these enzymes are
members of the glycoside hydrolase family 32 and share three highly conserved βfructosidase motifs: (N/S)DPNG, RDP and EC (Humphreys et al., 2006). Putative functions
proposed for the three domains are as follows: the aspartates of the (N/S)DPNG and RDP
motifs function as a nucleophile and transition-state-stabiliser (during transfructosylation)
10

The inulin series, the inulin neo-series and the levan neo-series are present in perennial ryegrass.
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respectively, while the glutamate from the EC-motif functions as a proton donor (Altenbach
and Ritsema, 2007; Humphreys et al., 2006). The (N/S)DPNG, demonstrated by
mutational studies as essential for the activity of an onion fructosyltransferase (Cairns and
Ashton, 1993)] and EC-motifs share a putative function in sucrose hydrolysis as
demonstrated in yeast invertase. A similar function has been reported for RDP motif in
bacterial FTs of family glycosyl hydrolase family 68 (Miller et al., 2001; Turner et al., 2006).
The first glycosyl hydrolase family 32 member to have its crystal structure resolved was a
bacterial (Thermotoga maritima) invertase, TmINV (PDB ID: 1UYP) (Alberto et al., 2004).
This discovery was followed closely by structural analyses of a chicory fructanexohydrolase (Spollen and Nelson, 1988) and a fungal (Aspergillus awamori) exoinulinase (Arand et al., 2002).

The basic enzymatic structure consists of a five bladed β-propeller structure (Figure 1.8)
with an embedded negatively charged central pocket and a β-sandwich (Alberto et al.,
2004). This central pocket is flanked by the three highly conserved motifs mentioned
earlier. Like vacuolar invertases, plant FTs are also usually composed of posttranslationally differentiated large and small subunits (Cairns et al., 2002a; Pavis, 2001a;
Turner et al., 2002).
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Figure 1.8: Overview of resolved structures from glycoside hydrolase family 32 members. Orange represents
glycosylation sugars while dark purple represents residues (Lammens et al., 2009).
(A),(B): Thermotoga maritima ab-fructosidase (PDBID: 1UYP) and its active site
(C),(D): Aspergillus awamori exo-inulinasefrom (PDBID: 1Y4W) and its active site
(E), (F): Cichorium intybus fructan1-exohydrolase (PDBID: 1ST8) and its activesite
(G), (H): Arabidopsis thaliana cell wall invertase1 (PDBID: 2AC1) and its active site

Studies in barley, wheat, perennial ryegrass and tall fescue have reported all three
conserved motifs (Figure 1.9) and defined their role in determining catalytic activity
(Gallagher et al., 2004). Phylogenetically, of the glycosyl hydrolase 32 members reported
thus far, chicory fructan exohydrolase CiFEH, is the closest relative of plant
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fructosyltransferases and vacuolar invertases, showing 30–40% amino acid sequence
identity. All other fully characterised plant fructosyltransferases exhibit the three conserved
central domains of chicory fructan exohydrolase.

1.3.5.2 Gene Structure

Fructosyltransferase genes are considered, based on sequence homology, as members of
the invertase family (Altenbach et al., 2005). Phylogenetic analyses have revealed that
both monocot and dicot fructosyltransferases exhibit greater homology with their
respective invertases than they do with fructosyltransferases of the other group (Wei and
Chatterton, 2001).

Figure 1.9 Conserved regions of fructosyltransferases and invertases (modified from Wei and Chatterton,
2001). Asterisks indicate identical amino acids, colons indicates conserved amino acid substitutions and full
stops indicate semi-conserved amino acid substitutions. Letters in bold font indicate group-specific amino
acids.

This has given rise to the theory that vacuolar acid invertases duplicated and diversified
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into fructosyltransferases following the divergence of angiosperms into monocots and
dicots (Wei and Chatterton, 2001). In perennial ryegrass the Lp1-SST and Lp6-SFT
genomic sequences display a gene structure similar to that of 6G-FFT (Gallagher et al.,
2007). All three genes are comprised of 3 large exons with the 6G-FFT and 6-SFT
sequences containing an extra 9 base pair exon (Figure 1.10). This 9 base pair exon has
also been reported in invertases where it forms part of the DPNG sucrose binding motif
(Francki et al., 2006) and is the smallest exon to have been reported in plants to date
(Tymowska-Lalanne and Kreis, 1998). Variations in biochemical characteristics between
invertases and fructosyltransferases are thought to result mainly from sequence alterations
around the DPNG motif (Francki et al., 2006; Ritsema et al., 2004; Ritsema et al., 2005).
Presence of the [FY]NQI][SNGASY] amino acid group next to the DPNG box confers
fructosyltransferase activity whereas presence of WMN, WIN and WQN amino acid groups
imply invertase activity (Gallagher et al., 2007).

The 1-SST sequence lacks the intron separating this region from exon two; this absence
may be relevant to the regulation of 1-SST expression. Bournay et al. (1996) reported loss
of the same region in potato invertase transcripts following extreme cold stress. The
alternative splicing resulted in a non-functional version of the enzyme. It is hypothesised
that the absence of this region in the 1-SST sequence reduces the possibility of splicing
errors and is indicative of 1-SSTʼs physiological importance as the first enzyme in the
fructan biosynthesis pathway (Bournay et al., 1996). The arrangement however, does not
m to be uniform across 1-SST genes as demonstrated by the presence of the 9 base pair
exon in a wheat genomic 1-SST clone (Yoshida et al., 2004). Alternative splicing of an acid
invertase following cold stress has been known to result in a subsequent loss of enzyme
activity (following deletion of this mini exon from transcripts) (Bournay et al., 1996). The
physiological role played by this atypical splicing is yet to be determined.
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Figure 1.10: Gene structure of three genomic fructosyltransferase clones from perennial ryegrass (modified
from Gallagher et al., 2007)

1.3.6 Fructans - Degradation and Remobilisation

Two types of fructan hydrolases have been reported thus far: exohydrolases, which excise
terminal fructoses, and endohydrolases, which cleave randomly within fructan chains (Van
den Ende et al., 2004). In plants, fructan exohydrolases (such as FEH, EC 3.2.1.80) are
solely responsible for catalysing fructan breakdown into hexoses like glucose and fructose
(Kusch et al., 2009). In bacteria and fungi, on the other hand, both endo- and exo-type
fructan hydrolases have been reported (Vandamme and Derycke, 1983).

Fructan exohydrolases are further sub-divided into Type A expressed intracellularly in
fructan producing plants, and Type B secreted extracellularly by non-fructan producing
plants and endophytic bacteria (Van den Ende et al., 2004). Type A fructan exohydrolases
fulfil various physiological and metabolic needs by hydrolysing energy reserves stored as
fructans, into bioavailable energy (Morvan-Bertrand et al., 2001; Van Den Ende et al.,
2003a). They also contribute indirectly to the tolerance of osmotic deficit and frost through
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the control of osmoregulant (oligofructan) concentrations (Bieleski, 1993; Van Den Ende et
al., 1996; Vergauwen et al., 2000) and membrane stabilisation (Hincha et al., 2000;
Vereyken et al., 2003). There is tentative evidence of Type A fructan exohydrolase
involvement in the hydrolysis of fructan substrates such as mixed type levans (ʻtrimmingʼ)
in wheat (Bancal et al., 1992; Bancal et al., 1993; Lothier et al., 2007; Van Den Ende et al.,
2003a). There are reports of trimming specific fructan exohydrolases being activated post
exposure to sunlight as well as extreme cold; these circumstances are also known to
initiate fructan synthesis. It is hypothesised that the former process is responsible for the
type specific fructan profiles seen in plants by selectively hydrolysing fructans of specific
degrees of polymerisation (Lothier et al., 2007; Prud'homme et al., 2007). Trimming is also
thought to be crucial to growth, since thehydrolysis of fructans with higher degrees of
polymerisation is integral to the maintenance of osmolarity levels required for normal leaf
growth (Bancal et al., 1992; Van den Ende et al., 2003a).

In the absence of invertase activity Type A fructan exohydrolases are capable of utilising
water as an acceptor to release terminal fructosyl units (fructose monomers) from fructans.
Various fructan exohydrolases (1-FEH, 6-FEH, 6-KEH, and 6&1-FEH) have been reported
in both fructan-producing and non fructan-producing plants (De Coninck, 2007). Although
their exact function remains elusive (Lammens et al., 2009), it has been hypothesised that
they may have roles in pathogen defence (Lothier et al., 2007). It has also been
hypothesised that such fructan exohydrolases could be ʻcatalytically defective invertasesʼ.
Three AtcwINV5 (De Coninck, 2005), AtcwINV3 and AtcwINV6, (Van den Ende, 2005a)11
of six putative Arabidopsis cell wall invertases (AtcwINV1–AtcwINV6) (Sherson et al.,
2003) substantiated this theory (AtcwINV3 1⁄46-FEH; AtcwINV61⁄4 6&1-FEH), by
hydrolysing fructans instead of sucrose. AtcwINV3, 5 and 6, therefore, are not invertases
but fructan exohydrolases with varying substrate specificities (Lammens et al., 2008).
11

Revised nomenclature.
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AtcwINV1, however, was revealed through activity assays and crystal structure elucidation
as being a typical invertase (Kusch et al., 2009; Verhaest et al., 2005). A third fructan 1exohydrolase (1-FEHw3, EC 3.2.1.153), has been observed in wheat (Van Riet et al.,
2008). In contrast to their microbial counterparts (also known as β-fructosidases),
however, none of the plant fructan exohydrolases have ever been reported as being
capable of degrading sucrose (Van Laere, 2002). The bioavailability of fructans in plants is
a function of the cross talk between the fructosyltransferase and fructan exohydrolase
pathways (Van Laere, 2002). In dicots, fructosyltransferases and fructan exohydrolases (1SST and 1-FEH, respectively) are temporally discrete; the former functioning during
photosynthetic activity or during periods of abiotic stress and the latter function during
times of growth when stored fructans are hydrolysed to fuel regeneration and biomass
accrual. Monocotyledonous fructan exohydrolases on the other hand, are co-expressed
with fructosyltransferases (Van den Ende et al., 2003b).

In contrast to the roles of Type A (intracellular, plant) fructan exohydrolases acting on
vacuolar fructan, physiological functions for Type B fructan exohydrolases have been
harder to elucidate primarily due to the lack of endogenous substrates. Roles as potential
reserves and defence related compounds have been hypothesised based on their
infection-induced expression in host plants. In sugar beet (Tallgren et al., 1999) and
sugarcane (Hernández et al., 2000) they are also thought to stabilise the symbiosis
between plant hosts and fructan-producing endophytic bacteria. Aside from their
hypothesised roles in metabolism, defence and signalling, fructan exohydrolases may also
perform non-catalytic roles in plants (Le Roy et al., 2007b; Van den Ende et al., 2004).

1.3.7 Phylogeny of Fructosyltransferases
Fructosyltransferases are thought to have evolved (Figure 1.5) from vacuolar type
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invertases (VIs) and fructan exohydrolases from cell wall invertases. Cloning of
fructosyltransferase cDNAs has demonstrably proven their phylogeny with vacuolar
invertases (Ritsema and Smeekens, 2003). This evidence has been further bolstered by
the observation of both fructans and fructan pathway enzymes (fructan exohydrolases and
fructosyltransferases) in isolated vacuoles (Darwen and John, 1989). Another school of
thought argues that both fructan exohydrolases and cell wall invertases evolved from a
common ancestor, ab-fructosidase (Le Roy, 2008). The apoplastic activity of some fructan
exohydrolase enzymes supports the second view (Van den Ende, 2005a).

Within the enzymatic group comprising the fructan exohydrolases/cell wall invertases, the
presence (in cell wall invertases) or absence (in fructan exohydrolases) of an ʻAsp239ʼ
homologue controls enzyme specificity to the donor substrate (Le Roy et al., 2007b).

1.4 The Role of Sucrose in Fructan Biosynthesis

Sucrose and starch are the main end products of photosynthesis (Pontis, 1970). In
angiosperms sucrose forms the major transport form of reduced carbon: utilised
immediately to fuel physiological activity, retained in sink tissue or converted to polymeric
forms (e.g. starch) in storage tissues (Singh and Malohtra, 2000). In some plants, such as
sugarcane (Saccharum officinarum) and sugar beet (Beta vulgaris), sucrose itself forms
the major storage reserve s. In addition to its accumulation post-photosynthesis, elevated
sucrose levels have also been reported in response to low temperatures (Strand et al.,
2003) and drought (Yang et al., 2001). This is seen as further evidence supporting the
rearrangement of carbohydrate metabolism in response to stress conditions (Scarpeci and
Valle, 2008).

A possible role for sucrose in signalling has also been suggested (Rolland et al., 2006);
sucrose levels have been shown to regulate the expression of genes encoding enzymes
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(Debnam et al., 2004), specifically ones such as fructosyltransferases which use sucrose
as a precursor for downstream processes (De Roover et al., 2000), storage proteins
(Zourelidou et al., 2002) and transporters (Vaughn et al., 2002). Sucrose has also been
implicated in having a central role in various other processes such as vascular
differentiation (Uggla et al., 2001), flowering induction (King and Ben-Tal, 2001; Ohto et al.,
2001), seed maturation (Iraqi and Tremblay, 2001) and the accumulation of other storage
compounds (Davoren et al., 2002; Rook et al., 2001).

In angiosperms, under normal conditions, sucrose and fructans are synthesised via two
discrete processes (Pollock et al., 2003). The formation of sucrose via photosynthesis is
spatially and temporally separate from the synthesis of fructans: the former occurs in leaf
mesophyll cells subject to the presence of sunlight and carbon dioxide (McCormick et al.,
2008). The latter, is restricted to storage organs and subject to endogenous sucrose levels
exceeding physiological necessity under conditions of illumination (Pollock, 1991). For
members of the Poaceae, any carbon fixed in excess of the amount required to regenerate
Ribulose-1,5-bisphosphate (RuBP) is utilised for cytosolic sucrose synthesis (Pollock et
al., 2003). The continuing presence of this sucrose eventually down-regulates further
sucrose synthesis. To avoid this, plants tend to convert sucrose into non-inhibitory
polymerisation products such as starch, oligosaccharides from the raffinose family, or
fructans (Pollock et al., 1999).
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Figure 1.11: Diagrammatic representation carbohydrate metabolism in a plant cell (constituents not rendered
to scale). Adapted from Vijn and Smeekens, 1999.

In perennial ryegrass, fructans are only detectable in leaves during periods of exposure to
extreme stress (Livingston et al., 2009) such as that brought on by intense heat, drought
(Hincha et al., 2007), and frost (Valluru et al., 2008). Their presence is known to ameliorate
stress related disruption of cellular homeostasis (Darbyshire and Henry, 1978; Pollock,
1984a) and facilitate post stress recovery by maintaining membrane integrity (Santarius,
1973) and, to some extent, controlling cellular water potential (Spollen and Nelson, 1994).

1.5 The Functional Genomics of Fructan Biosynthesis

Up until the late 1990s little was known about carbohydrate pathways in the Poaceae
(Suzuki, 1993). Fructans were thought to be restricted in expression to cool-season (i.e.
C3) grasses although it was known that not all C3 grasses synthesised fructans. It was
also generally accepted that fructan accumulation in vegetative organs was indicative of
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the high sucrose to starch ratios therein (Pollock, 1986).

Some of the first fructosyltransferases (Table 1.1) discovered and functionally analysed
were bacterial in origin, these formed the basis for the earliest experiments in transgenic
plants (Ritsema and Smeekens, 2003b).

Table 1.2: A summary of early studies involving the transformation of crop plants with fructosyltransferases of
bacterial origin

Host Plant

Host Organ
(compartment)

Source organism/Promoter/
Targeting signal

Nicotiana tabacum

Leaf (vacuole)

Bs/35S/CPY

Solanum tuberosum Leaf (vacuole)

Bs/35S/CPY

Tuber (vacuole)

Bs/35S/CPY

N. tabacum

Leaf (vacuole)

Bs/35S/CPY

S. tuberosum

Leaf (vacuole)

Bs/35S/CPY

Tuber (vacuole)

Bs/35S/CPY

Tuber (vacuole)

Ea/B33/NTRP

N. tabacum
S. tuberosum
N. tabacum

Tuber (apoplasm)
Seed (cytoplasm)
Seed (vacuole)
Seed (vacuole)
Leaf (cytoplasm)
Tuber (cytoplasm)
Leaf (vacuole)

Ea/B33/endogenous signal
Ba/Zein/no signal
Ba/Zein/lectin
Ba/Zein/sporamin
Ba/M 2-2/no signal
Ba/B33/no signal
Bs/35S/sporamin

Beta vulgaris

Leaf (vacuole)

Bs/35S/CPY

N. tabacum

Leaf (plastid)

Bs/35S/ferredoxin

S. tuberosum
N. tabacum
L. multiflorum

Tuber (plastid)
Leaf (vacuole)
Leaf (vacuole)

Bs/35S/ferredoxin
Bs/Ubi/sporamin
Bs/SacB/CPY, sporamin

S. tuberosum
Zea mays

Endpoint
fructan
Reference
(mg/g)
2.8
Ebskamp et al., 1994
van der Meer et al.,
160
1994
van der Meer et al.,
10
1995
Pilon-Smits et al.,
0.35
1995
Pilon-Smits et al.,
5
1996
Pilon-Smits et al.,
11
1997
Pilon-Smits et al.,
28
1998
17
Rober et al., 1996
18
Caimi et al., 1996
9
Caimi et al., 1997
9
Caimi et al., 1998
4
Caimi et al., 1997
10
Caimi et al., 1998
6
Turk et al., 1997
Pilon-Smits et al.,
1
1999
Pilon-Smits et al.,
20
2000
66
Gerrits et al., 2001
Gerrits et al., 2001
< 0.1
Ye et al., 2001

Early experiments involved the introduction of chimeric bacterial fructosyltransferase
genes into tobacco and potato plants (naturally devoid of fructans) demonstrated
significant accumulation of high molecular weight (levan-type) fructans accompanied by
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improved drought tolerance in transgenic plants compared to controls (Ebskamp et al.,
1994a; Pilon-Smits et al., 1995b; van der Meer et al., 1994). During this period a series of
bacterial fructosyltransferases were functionally characterised, their functions elucidated
and their sequences expressed in plants (Table 1.2). Contrary to expectations, overall yield
in many of these plants was found to have decreased significantly compared to controls
(Gerrits et al., 2001; Röber et al., 1996; van der Meer et al., 1994). This phenomenon was
observed even in transgenic plants with fructosyltransferases tagged with vacuolar
targeting signals (Turk et al., 1997), possibly due to the lack of an endogenous pathway (in
fructan non-accumulating plants) capable of targeting the transgenic fructosyltransferases
to the plant vacuole (Ritsema and Smeekens, 2003b). The decrease in yield was often
reported as accompanied by aberrant development and phenotypic distortion correlating to
the total levan concentration produced by transgenic plants (Cairns, 2003 and references
therein). Instances of phenotypic distortion included abnormalities in leaf shape, root
morphology and cellular anomalies such as chloroplast agglutination. Developmentally, the
effects were exacerbated in older plant parts which had accumulated higher
concentrations of levan over time (Gerrits et al., 2001).

These initial studies were then followed by the discovery and cloning of plant based (Table
1.3) fructosyltransferase genes (Livingston III et al., 2007), which were transformed into
either:
• plants which possessed fructan profiles distinct from those of donor plants (Cairns,
2003), or
• plants which were completely lacking in native fructan biosynthetic pathways (van der
Meer et al., 1994).

In studies involving the transformation of plants with distinct fructan profiles using non-like
fructosyltransferases it was found that the fructan profile of the transgenic plant was
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altered to include fructans with DPs specific to FTs encoded by the transgene (Banguela
and Hernandez, 2006). For example the introduction of onion 6G-FFT into chicory (a linear
inulin producer) led to an altered fructan profile containing the inulin neo-series fructans
native to onion (Vijn et al., 1997). Similarly transgenic chicory plants expressing barley 6SFT exhibited detectable levels of barley specific mixed fructans (Vijn et al., 1997).

Table 1.3: Studies involving the transformation of crop plants with heterologous plant fructosyltransferases

Host Plant
Potato
Chicory
Tobacco
Chicory
Sugar beet
Petunia
Potato

Sugar beet

Organ
Source organism/
Targeted
Promoter/Gene

Endpoint
Reference
fructan (mg/g)

Tubers
Leaves
Leaves
Roots
Leaves
Leaves
Roots
Leaves
Leaves
Tubers
Leaves
Tubers
Roots

9.7
Trace
0.06
0.6
not known
0.6
62.3
0.47
0.08
4.9
0.1
6.1
0.1

Cs/B33/1-SST
Hv/35S/6-SFT
Hv/35S/6-SFT
Hv/35S/6-SFT
Ac/35S/6G-FFT
Ht/35S/1-SST
Ht/35S/1-SST
Ht/35S/1-SST
Ht/35S/1-SST+1-FFT
Cs/35S/1-SST
Cs/35S/1-SST
Cs/35S/1-SST+1-FFT
Ac/Ubi/1-SST+6G-FFT

Hellwege et al., 1997
Sprenger et al., 1997

Vijn et al., 1997
Sevenier et al., 1998
Van der Meer et al., 1998
Hellwege et al., 2000

Weyens et al., 2004

Physiological studies on these transgenic plants also reported increased drought or
freezing tolerance concomitant to the increase in fructan synthesis (Livingston III, 2009).

1.6 Perennial Ryegrass Fructan Metabolising Enzymes
Perennial ryegrass fructan metabolising enzymes have been comprehensively analysed
and functionally characterised: Lp1-SST (LpFT3, Accession number AY245431) was one
of the earliest perennial ryegrass fructosyltransferases discovered (Chalmers et al., 2003).
The Lp1-SST gene showed 92% identity with tall fescue 1-SST, consisting of a 4.8 kbp
sequence with three exons and two introns and encoding a protein of 653 amino acid
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residues (Chalmers et al., 2003).

Figure 1.12: Lp1-SST gene structure. Three exons represented in black and two introns in grey (adapted
from Chalmers et al., 2003)

The Lp1-SST cDNA was cloned into the eukaryotic expression vector pic2Z 12 and the
activity of the resultant protein analysed in vitro using sucrose as a substrate. End-point
HPAEC analysis of the reaction revealed the formation of the by-product 1-kestose (not
seen in the Lp1-SST free control) definitively proving fructosyltransferase function and
activity (Chalmers et al., 2003).

12

Expressed in the Pichia pastoris methylotrophic expression system.
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Figure 1.13 Functional analysis of Lp1-SST produced in P. pastoris. HPAEC analysis of crude supernatant
from Lp1-SST transformed Pichia tested against various possible substrates [S-sucrose, G-glucose, 1-K-1Kestose, 1, 1-K-1-Kestotetraose (nystose)]

Other fructan metabolising enzymes similarly elucidated include LpFT1 (AF481763),
LpFT4 (DQ073970), Lp6G-FFT (AB125218), LpVINV (LpFT2, AY082350), Lp1-FFT
(AB186920), LpCWINV (DQ073969) and LpFEH (DQ073968) (Hisano et al., 2004;
Johnson et al., 2003; Shinozuka et al., 2006).

1.7 Photosynthetic Regulation of Fructosyltransferases
In leaves, optimal coupling between the carbon fixing ability of the dark reactions and the
light harvesting ability of the light reactions is regulated by the native photosynthetic
capacity of the plant (Lu et al., 2002a). In contrast, fluctuations in carbohydrate
accumulation are often indicative of fluctuations in the ratio between fixed carbon supply
and demand (Farrar et al., 2000). As previously described (Section 1.4), photosynthesis
and the synthesis of storage polysaccharides are two discrete but highly interrelated
processes with varying degrees of regulation at the levels of both gene expression
(Smeekens, 2000) and in response to cellular carbohydrate composition and enzyme
activity (Stitt, 1995).

Cellular carbohydrate ratios have been shown to affect the regulation of proteins involved
in both photosynthesis and carbohydrate metabolism (Krapp et al., 1993). Expression of
these same genes, has also been shown to be altered by prolonged exposure to light,
perhaps, indirectly through the modification of carbohydrate ratios (Matsukura et al., 2000).
RbcS (Rubisco small subunit, EC 4.1.1.39) is one such gene (Giuliano et al., 1988).
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1.8 General Aims

The overarching goal of this study was to design and functionally characterise in vitro and
in planta the spatio-temporal modification of fructan biosynthesis in perennial ryegrass and
corresponding perennial ryegrass-fungal endophyte associations and enhance
performance in terms of energy content and biomass production through:

A) The light-regulated expression of recombinant genes encoding the endogenous (to L.
perenne) fructosyltransferases – sucrose:sucrose 1-fructosyltransferase (Lp1-SST) and
fructan:fructan 6G-fructosyltransferase (Lp6G-FFT) – individually and in concert, under
control of regulatory sequences from the endogenous photosynthetic gene,
ribulose-1,5-biphosphate carboxylase oxygenase small sub-unit (LpRbcS);
B) The use of the light-regulated LpRbcS promoter sequences to drive the expression of
recombinant fructosyltransferase genes and spatially and temporally coinciding the
availability of the photosynthetic sucrose as a substrate for fructosyltransferase activity
to enhance fructan biosynthesis; and
C) The development and deployment of method(s) for the establishment of novel symbiota
involving these transgenic perennial ryegrass host plants inoculated with genetically
diverse Neotyphodium fungal endophytes.

The specific aims of the study are:

1. Functional analysis of a recombinant fructosyltransferase derived from a translational
fusion of perennial ryegrass sucrose:sucrose1-fructosyltransferase (Lp1-SST) and
fructan:fructan 6G-fructosyltransferase (Lp6G-FFT) in vitro to determine its function as
a mini-metabolon;
2. Reprogramming photosynthetic cells of perennial ryegrass plants for fructan
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biosynthesis and in planta functional analysis of a fructosyltransferase mini-metabolon;
and
3. Establishment of novel grass-fungal endophyte symbiota with transgenic perennial
ryegrass hosts with reprogrammed fructan biosynthesis.
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Chapter 2
Materials and Methods
2.1 General Requirements

2.1.1 Media, Reagents and Solutions

Unless otherwise specified, procedures13 listed in this chapter were performed as per
standardised protocols from Molecular Cloning: a Laboratory Manual (Sambrook et al.,
2001). Where commercially available kits and reagents were used, standard protocols
were followed as per the manufacturerʼs instructions. Modifications applied to standard
protocols have been discussed in relevant sections of the text. Where laboratory
developed protocols were utilised, an extended version of the protocol has been provided,
including any modifications applied and corresponding media, reagents and solutions.

2.1.2 Biological Materials

Pichia pastoris strains and vectors were purchased as part of a kit (catalogue number
A11152, Invitrogen Life Technologies).

Callus, tissue culture plantlets and soil based plant material of perennial ryegrass (Lolium
perenne L.) genotype FLP 418-20 were supplied by the Department of Primary Industries,
Bundoora. As this genotype is amenable to tissue culture and highly transformable, all
transgenic plants were developed in this background.

Endophyte strains used include the standard toxic strain of Neotyphodium lolii (henceforth

13

Including the preparation of media, reagents, solutions and buffers (Appendix I).
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referred to as ST) and the AR1, NEA10, NEA11, NEA12 and E1 strains, supplied by the
Department of Primary Industries, Bundoora.

2.1.3 General Growth Conditions

Unless otherwise mentioned, the following growth conditions were used for biological
samples:
i. Strains of Pichia pastoris were cultured at 30°C, 250 rpm for log phase growth and 24°C
250 rpm for expression.
ii. Escherichia coli strains were cultured at 37°C with relevant selectable antibiotics added
to media at required concentrations.
iii. Plant material was grown under the following conditions:

Table 2.1: Growth conditions utilised for L. perenne tissue culture and glasshouse grown plants

Location

Temperature (day/
night)

Photoperiod (day/
night)

Photosynthetic
Photon Flux (PPF)

Tissue culture growth
room

23°C/ 24°C

16h/18h

47 μmolm-2s-1

Glasshouse

20°C/ 15°C

16h/18h

Ambient light

For glasshouse-grown materials, lighting and humidity were maintained at ambient levels
(HUMIDEX, Nelan Industries Pty. Ltd.). All plants grown in soil in the glasshouse were
watered as required (3-4 times a week) either manually or via an automated watering
system (Automated Irrigator, Hunter Irrigation Ltd).
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2.2 Safety and Compliance Procedures

Unless otherwise mentioned, all procedures were carried out wearing nitrile gloves, eye
protection, and a standard laboratory coat. Procedures involving the use of atomising/
fuming chemicals, solvents and fine powders, were carried out in a fume hood or with the
use of a dust mask/respirator as per instructions included in relevant material safety data
sheets. A face shield, protective gloves, and a protective apron (Cryoshield, Ltd.) were
utilised for dispensing liquid nitrogen and handling dry ice.

In addition to the above all Physical Containment 2 (PC2) requirements were fulfilled as
per Office of the Gene Technology Regulator (OGTR) guidelines (available at http://
www.ogtr.gov.au/internet/ogtr/publishing.nsf/Content/PC2-5/$FILE/PC2PLv2-2.pdf) NLRD
520/2002 and 523/2002 for work based at the Bundoora and Hamilton facilities of the
Department of Primary Industries.

2.3.1 Initiation of Sterile Cultures of Pichia pastoris

All procedures involving the use of P. pastoris were carried out using sterile technique
under aseptic conditions in a laminar flow hood. Four different strains (Table 2. 2) of P.
pastoris were separately streaked on plates of YPD Agar (Sherman et al., 1974). Plates
were sealed and incubated at 30ºC until the appearance of discrete pink colonies was
observed (approximately 72 hours).
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Table 2.2: Strains of Pichia pastoris used for preparing competent cells
PichiaPink Strain Mutation

Properties

Strain I

ade2

ADE2 deletion, adenine auxotroph

Strain II

ade2, pep2

Adenine auxotroph, pep4 deletion, proteinase A deficient,
proteinase B expression reduced

Strain III

ade2, prb1

Adenine auxotroph, prb1 deletion, proteinase B deficient

Strain IV

ade2, pep4, prb1

Adenine auxotroph, pep4 and prb1 deletion, deficient for
proteinases A and B

2.3.2 Preparation of P. pastoris Glycerol Stocks
Single colonies were used to initiate starter cultures of 10 ml of YPD grown at 30ºC at 230
rpm for 16 hours. The cells were harvested by centrifuging at 5000 rpm for 5 minutes at
4°C and re-suspended in YPD containing 15% (v/v) glycerol at a final OD600 of 50–100,
flash frozen in liquid nitrogen and stored at –80°C.

2.3.3 Preparation of Competent Cells of P. pastoris
A modified version of Creggʼs original protocol (Cregg, 2007) was used to prepare
competent cells of P. pastoris. Single colonies were used to initiate starter cultures of 10 ml
of YPD at 30ºC, 300 rpm for 16-24 hours. 2-3 ml of each strain was sub-cultured overnight
in 200 ml YPD at 30ºC, 300 rpm. Upon reaching an OD600 of 1.0, cells were harvested at
1500g for 10 minutes at 4ºC. Cells were re-suspended in 40 ml of ice cold YPD containing
25mM HEPES and 10mM DTT (filter-sterilised and added post-autoclaving) and incubated
at 30ºC, 100 rpm for 15 minutes. Following incubation, cells were subject to three rounds
of centrifugation (1500g for 10 minutes at 4ºC) and re-suspension in decreasing amounts
of ice cold sterile water (50 ml and 10 ml, respectively). The final re-suspension was
carried out in 10 ml of ice cold 1M sorbitol. Finally, following centrifugation (1500g for 10
minutes at 4ºC), cells were re-suspended in 400 μl of 1M sorbitol and divided into 40 μl
aliquots. These aliquots were either stored on ice for immediate use or transferred to
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-80ºC (without flash freezing) for long term storage.

2.3.4 Cloning of Recombinant Fructosyltransferases into P. pastoris
On receipt of the synthesised sequences, plasmids were transformed into TOP10
chemically competent E. coli (catalogue number C4040-10, Invitrogen Life Technologies),
cultured in liquid LB medium with 50 ng/μl ampicillin. These cultures were used to prepare
glycerol stocks and for harvesting plasmid DNA. Purified plasmid DNA was digested using
AfeI, FseI and ApaLI14 while the PichiaPinkα-HC backbone plasmid was digested with StuI
and FseI. Both restriction digests resulted in a blunt end and an uneven end, allowing for
directional cloning. The PichiaPinkα-HC backbone was de-phosphorylated with shrimp
alkaline phosphatase (catalogue number M9910, Promega Corporation) and both insert
and backbone purified via gel-band sectioning (Illustra GFgel band purification kit
catalogue number 28-9030-70, GE Healthcare) and micro-concentration (Microcon YM-30
catalogue number 99394, Millipore) followed by ligation (Quick-Stick Ligase, catalogue
number BIO-2707, Bioline). The resultant recombinant PichiaPinkα-HC vector15 containing
the recombinant fructosyltransferases was transformed into chemically competent TOP10
E. coli (catalogue number C4040-10, Invitrogen Life Technologies) as per manufacturerʼs
instructions (catalogue number K456001_Man, Invitrogen Life Technologies).
Transformants were analysed for presence of the gene of interest by culturing 10 colonies
of each insert followed by plasmid extraction, restriction analysis and sequencing. Glycerol
stocks (Section 2.3.2) were prepared of sequenced gene of interest positive colonies
followed by sub-culturing of colonies for bulking up vector concentrations as a means of P.

14

To facilitate restriction of the vector backbone which closely resembles the inserts in size.

15 The vector lacks recognisable restriction site (formed by the ligation of AfeI and StuI ends on the insert
and vector 5ʼ and 3ʼ ends respectively) at the 5ʼ end of the tagged sequence, denoted as a non-site on the
vector map in section 4.2. As the insert contains a StuI internal site Afe1 was substituted for cloning
purposes. Both StuI and AfeI are blunt cutters and allowing cloning with compatible blunt ends. This strategy
has been independently appraised and approved for use by the Quality Control Unit at the Department of
Primary Industries.
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pastoris transformation. 100 ng of each plasmid were linearised with SpeI16 and purified
via micro-elution (Section 2.10.2).

Competent cells were prepared (Section 2.3.3) electroporated with 100ng of linearised
recombinant plasmid DNA plated onto PAD (Pichia Adenine Dropout-auxotrophic selection
media, catalog number A11156, Invitrogen Life Technologies) selection plates and
incubated at 24–30°C for 3–10 days until colonies were visible. Successfully transformed
colonies (visually differentiated by their white colour) were PCR tested for presence of
recombinant fructosyltransferases scaled up and cultured in liquid BMMY medium17 to
induce recombinant fructosyltransferase expression. As the pPinkα-HC vector causes
expressed recombinant protein to be secreted out of the cell on production, the liquid
fraction of the media was harvested for recombinant fructosyltransferase collection and
analysis.

2.3.5 Expressing PichiaPink Recombinant Strains

Following screening and sequence confirmation, protein expression was carried out in the
following manner: a single white colony was inoculated in 25 ml of BMGY medium in a
225ml culture jar for 16 hours at 29ºC and 250 rpm. The culture was centrifuged at 1500g
for 5 minutes at room temperature, the supernatant decanted and the cells re-suspended
in 30 ml of BMMY at an OD600 of 1.0. Cells were then returned to the shaking incubator
and cultured under the same conditions for a further 48 hours with addition of 1% (v/v)
methanol every 24 hours. Protease inhibitor tablets (Complete, EDTA-free, catalogue

16

Integration of the linearised vector can only occur at the TRP2 locus of the PichiaPinkα strain.

17 BMMY is a buffered complex methanol medium. The methanol induces recombinant protein expression
while the inclusion of yeast extract and peptone stabilise secreted proteins, decreasing their proteolysis and
allowing for better cell growth and biomass accrual in host Pichia cells (Higgins, 2001; Sreekrishna and
Flickinger, 2009). The use of phosphate buffer in BMMY preparation also allows the use of a wider range of
pH values in optimising production of the recombinant protein (Sreekrishna, 2002).
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number 04693132001, Roche Biosciences) were dissolved into each sample before
centrifugation at 4°C for 40 minutes at 10000g. Supernatant fractions were concentrated
(using 25mM MES buffer, pH 5.0) in Amicon Ultra-15 centrifugal units (catalogue number
UFC901024, Millipore) as per instructions in the accompanying manual, precipitated at
4°C overnight with ammonium sulphate and desalted on PD-10 columns (catalogue
number 17085101, GE Healthcare). The purified supernatant fractions (containing
expressed recombinant fructosyltransferases in 25mM MES buffer, pH 5.0) were then
analysed using a fructosyltransferase functional assay (Lüscher et al., 2000) and colonies
expressing the best substrate curves selected for comparative expression assays.

2.3.6 Functional Assays Determining Activity of Expressed Fructosyltransferases

50μl of purified concentrated total expressed protein (supernatant fraction) was incubated
with 5μl of 100mM substrate at 0°C for 3 hours following which the reaction was
terminated by heat-denaturation at 100°C for 5 minutes. The Lp1-SST and Lp1-SST_
Lp6G-FFT mini-metabolon extracts were incubated with 100mM sucrose while the Lp6GFFT extract was incubated with 100mM 1-kestose. Total reaction contents were run on an
HPLC using 1 mg/ml aliquots of glucose, sucrose, fructose, 1-kestose and 6G-kestose as
molecular standards 18. Colonies were selected based on product curve height and
resolution and used to secrete total protein for a comparative activity assay, the results of
which were analysed by LC-MS 19.

18

The HPLC analysis was conducted jointly with Dr. Zhiqian Liu, Department of Primary Industries,
Bundoora.
19 The LC-MS analysis was conducted jointly with Dr. Zhiqian Liu, Department of Primary Industries,
Bundoora.
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2.3.7 SDS-PAGE and HIS-Stain Detection
Protein samples were quantified for total protein using the NI™ (Non-Interfering™) Protein
Assay (catalogue number 786-005, G-Biosciences, Inc.) and resolved by SDS-PAGE
(Sodium Deodecacyl Sulphate- Polyacrylamide Gel Electrophoresis) on an XCell
SureLock® Mini-Cell electrophoresis system (catalogue number, EI0002 Invitrogen Life
Technologies) using a NuPAGE® Novex 4-12% Bis-Tris 1.0mM, 10 well gel (catalogue
number NP0341BOX, Invitrogen Life Technologies).

Electrophoresis was allowed to proceed at 200 V for 50 minutes and molecular weights
determined using the Novex protein standard (catalogue number 10748-010, Invitrogen
Life Technologies). The Li-COR Odyssey Infrared Imaging System (catalogue number
HCLI008248, LI-COR Biosciences) was utilised as per directions in the user manual to
scan gels. Recorded gel images were used to determine areas of the gel (corresponding
to predicted masses of the recombinant fructosyltransferases) to excise for peptide
sequencing.

2.3.8 Peptide Sequencing of Recombinant Fructosyltransferases

Peptide sequencing was carried out as per Ang et al. (2008) using the following protocol:
Gel regions corresponding to predicted sizes of recombinant protein were excised using a
template (for the1-SST_6G-FFT mini-metabolon, all bands in the relevant lane were
excised). Bands were destained on a rotator with 50% (50mM) ammonium bicarbonate,
50% acetonitrile over 48 hours with three replacements of the destaining solution.

The final destaining solution was pipetted out and replaced with 200μl acetonitrile (100%)
and incubated on a rotator for 30 minutes followed by 5 minutes of dehydration. 100 μl of
10mM DTT was added from a 500mM stock solution prepared in 50mM ammonium
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bicarbonate and the solution incubated for 1 hour at 56°C. 500mM fresh iodoacetamide
stock was prepared in 50mM ammonium bicarbonate and 100μl added to each sample.
Samples were then incubated at room temperature in the dark for 30 minutes. The liquid
fraction was then replaced by 200μl ammonium bicarbonate and given three washes of 15
minutes each. The liquid fraction was replaced by 100μl of 50% acetonitrile, 50%
ammonium bicarbonate, mixed, and incubated for 15 minutes. The liquid fraction was then
replaced with 100μl of 100% acetonitrile, mixed, and incubated for 15 minutes.

The liquid fraction was discarded and gel pieces dried by rotary evaporation for 30
minutes. Fresh trypsin solution was prepared in acetic acid and diluted in 50mM
ammonium bicarbonate to a final concentration of 1 mg/ml. 35μl of this solution was added
to each tube on ice ensuring that all gel fragments were fully immersed and the samples
were incubated on ice for 20 minutes. 60μl of 50mM ammonium bicarbonate (pH 8.0) was
added to each tube and the tubes were incubated at 37°C over night.

1/10th sample volume of 10% formic acid was added to each sample and the mixture
transferred to labelled duplicate tubes. 60μl of 50% acetonitrile in water with 0.1% TFA
was added to gel fragments and tubes sonicate for 10 minutes on ice for further peptide
extraction. The liquid fraction was then transferred to the duplicate tubes. This step was
repeated. The samples were then frozen for 30 minutes at -70°C capped with porous lids
and freeze-dried over night.

On the following day the lyophilised peptide samples were re-suspended in 60μl 0.1%
formic acid on ice, vortexed till dissolved and centrifuged at 14,000 rpm at 4°C for 5
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minutes. The samples were then loaded into pre-labelled glass vials and analysed by LCMS 20.

Mass spectrometry data files were transferred to the MASCOT search engine (Matrix
Science, Inc.) which uses mass for identification of proteins from primary sequence
databases such as SwissProt and NCBI (Perkins et al., 1999). Search settings were as per
default MASCOT search-wizard criteria with the following modifications: 0-60 minutes for
each run (forming the horizontal axis of the graph area), an ESIF-TICR precursor-mass
tolerance of 10 ppm (parts per million), dynamic oxidation (M) and ʻCarboamido-ʼ static
modification (due to the use of iodoacetamide in the protocol). The database utilised for
peptide matching was the ʻncbi plant-nrʼ (non-redundant) peptide database on http://
10.1101.1.217/mascot (see Appendix II for an example of results collated).

2.4 Sequence Amplification Using Polymerase Chain Reaction (PCR)

2.4.1 PCR Amplification

All PCR amplifications carried out for the purposes of cloning utilised the Platinum Pfx
proof reading polymerase (catalogue number 10966-018, Invitrogen Life Technologies)
with the master-mix comprised and amplification program run as per manufacturerʼs
instructions (catalogue number 10966PPS, Invitrogen Life Technologies).

2.4.2 PCR Amplification for Screening of Bacterial Colonies

Amplifications carried out with the purpose of screening for transgene presence utilised
GoTaq Green Master Mix (catalogue number M7122, Promega) with the master-mix
20 Assistance was provided in conducting LC-MS data transfer and analyses by Dr. Steve Binos, Department
of Primary Industries, Bundoora.
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comprised and amplification program run as per manufacturerʼs instructions (catalogue
number 9PIM712, Promega). Unless otherwise specified, all primers were diluted into
stocks of 10μM and used at a final concentration of 200nM.

2.4.3.1 Primer Design

Real-time-specific screening primers were designed with annealing sites across unique
transgene junctions (Figure 2.4). Primer design was as per standard criteria required for
SYBR green (SensiMixPlus SYBR Kit, catalogue number QT605-02, Quantace) mediated
real time assay conditions (Gutierrez et al., 2008; Kubista et al., 2006; Nolan et al., 2006;
Udvardi et al., 2008; Vandesompele et al., 2002a).

Primers for screening the Lp1-SST_Lp6G-FFT mini-metabolon constructs annealed across
the LpRbcS-Lp1-SST, Lp6-GFFT-LpFT4, and Lp1-SST_Lp6G-FFT junctions (Figure 2.1)
while primers designed for the Lp1-SST construct annealed across the LpRbcS-Lp1-SST
and the Lp1-SST-LpFT4 junctions.

Figure 2.1 Screening primers designed to anneal across transgene-specific junctions. Arrows represent 5ʼ
forward (green) and 3ʼreverse (grey) primers!

!
Each junction region was saturated with primers allowing for accurate detection of
transgene integration from which one pair was selected per junction based on stringency
and specificity (see Appendix IV for a list of primers used).
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2.4.3.2 Standardisation of Real-Time Assays

Primers were tested on a range of concentrations of primary templates: genomic DNA from
non-transgenic control FLP 418-20 perennial ryegrass, plasmid DNA as a positive control,
and non-template controls (substituting either water or Tris elution buffer pH 7.0 for
template DNA). Twelve different annealing temperatures were tested for each primer pairtemplate set using the thermal gradient functionality of the DNA Engine Thermal Cycler
PTC200 (catalogue number PTC-0200, Bio-Rad Laboratories, Incorporated). Primer sets
with the highest stringency in annealing (absence of non-specific amplification in wild type
and non template control reactions) were then further tested on a primer concentration
matrix to determine optimal usage concentrations and ratios (Bustin et al., 2005; Rychlik,
1990; Vandesompele et al., 2002a). Amplicon product specificity was ensured by means of
a dissociation curve analysis cycle incorporated into the end of each program (Ririe et al.,
1997). All of these primary test reactions were resolved on a 1% (w/v) agarose gel in 1X
TAE at 100V for 1 hour to cross check the banding pattern and use it to confirm real-time
assay results.

The standardisation process was challenged by the endogenous origin of recombinant
transgene constructs used in the study and the high degree of nucleotide identity (82.5%)
between the two cDNA sequences comprising the construct (1-SST and 6G-FFT). As a
result, some primer sets were discarded following non-specific annealing to sequences in
non-transgenic control DNA samples, and specific annealing only at elevated annealing
temperatures (TAs) or formation of primer dimers at lower annealing temperatures.

All of the junction regions were fully saturated with screening primer pairs (10 pairs per
junction)21 . Two of these, Fusion_Junction2-F2/R3 and Fusion_Junction1-F1/R1 (binding

21

Discussed in results section 3.4.
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to the 1-SST-6G-FFT and Promoter-1-SST junctions, respectively) were found to fulfil
relevant criteria, specifically, a lack of non-specific amplification coupled with the absence
of primer-dimer formation at native TA (Vandesompele et al., 2002a).

2.4.3.3 High-Throughput Real-Time PCR Mediated Screening

For high-throughput real-time PCR mediated transgene detection the protocol was
standardised using the SensiMixPlus SYBR kit (catalogue number, QT605-02, Quantace,
Ltd) with the standard master mix modified as follows (Table 2.3): total reaction volume
10μl, and annealing temperature was adjusted to 69°C for the Fusion_Junction2-F2/R3
primer set and 66°C for Fusion_Junction1F1/R1, respectively.

Table 2.3: Composition of the reaction mix utilised for qRT-PCR based screening of transformants

!

Components

Volume (µl)

Final Concentration

DNA template

2

variable

SensiMixPlus SYBR

5

1x

Forward Primer (10µM)

0.2

200nM

Reverse Primer (10µM)

0.2

200nM

Nuclease free water

2.6

-

Total Volume

10

-

!

!

!

!

The standard thermal profile for screening putative transgenic plants for presence of gene
of interest was modified as follows22:

Enzyme activation ! 95°C, 10 min (single cycle)
Denaturation ! 95°C, 15 sec
Annealing !

66/69°C, 30 sec 23

22

Primers used are listed in Table 2.4.

23

For primer pairs Fusion_Junction1-F1/R1 and Fusion_Junction2-F2/R3, respectively.
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Extension !

72°C, 20 sec

Repeated for 35 cycles, followed by one thermal melt curve profile on all samples.
!

!

!

!

!

For detection of the hygromycin phosphotransferase (hph) selectable marker gene
(Blochlinger and Diggelmann, 1984) the thermal profile above was altered to a two step
program with a single step combining both annealing and extension phases at 60°C for 1
minute. The primers used for hph detection are included in the table below:

Table 2.4: Primer sets utilised for quantitative real-time PCR detection

Primer Name

Primer Sequence 5’ ➞ 3’

hph1

CGCATAACAGCGGTCATTGACTGGAGC

hph2

CCGATAGTGGAAACCGACGCCCCAGC

Fusion_Junction1-F1

CCCCGCGGTGAATTCATGGAG

Fusion_Junction2-R1

GGCGCTGGACTCTCCTCCTCCA

Fusion_Junction2-F2

GAACGACGACTTGGGAGGAGGAAAGC

Fusion_Junction2-R3

ACGGGCGTCGTCGGCAGAGGACGGC

2.5 Cloning of Fructosyltransferases with a Photosynthetic Promoter
The LpRbcS::Lp1-SST_Lp6G-FFT::LpFT4 mini-metabolon sequences (originally in vectors
pDESTR4R3-F1.5 and pDESTR4R3-F3.4, respectively) were amplified using the Platinum
pfx polymerase (catalogue number 10966018, Invitrogen Life Technologies) and blunt-end
cloned into the vector pCR-Blunt (catalogue number K2800-20, Invitrogen Life
Technologies) and transformed into E. coli TOP10 strain (catalogue number C404003,
Invitrogen Life Technologies). Plasmid DNA was extracted using the QIAprep Spin
Miniprep Kit (catalogue number 27106, Qiagen) and double digested with the EcoRI
(catalogue number R6011, Promega), SphI (catalogue number R6265, Promega) and
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EcoRI-XmaI (catalogue number R6495, Promega), respectively. The restricted sequences
were then purified (Illustra GFX columns, catalogue number28-9034-71, GE Lifesciences)
and sub-cloned into dephosphorylated (with Thermosensitive Alkaline Phosphatase
catalogue number M9910, Promega) linearised plasmid vector. Plasmid vector ligation was
carried out using the Mighty Mix ligation kit (catalogue number 6023, Takara Biology
Incorporated).

The resultant pBS-LpRbcs-Fusion1/3-LpFT4 plasmids were transformed into TOP10
chemically competent cells and incubated overnight at 37°C on LB agarose plates
supplemented with 50 μg/ml ampicillin. Twenty single colonies were randomly selected
from each transformation plate, inoculated into liquid LB supplemented with 100 μg/ml
ampicillin and cultured overnight on a shaker at 37°C and 220 rpm. Plasmids from
bacterial cultures were extracted, purified and PCR screened using the GoTaq Green
Master Mix (catalogue number M7123, Promega Corp.) and sequenced using the
BigDye® Terminator Cycle Sequencing Kit v3.1 (catalogue number 4337455, Applied
Biosystems), on an ABI3730 automated sequencer (catalogue number 6023, Applied
Biosystems), using the following primers:

Table 2.5: Primer sequences utilised for screening and sequencing constructs
Primer Name

Primer Sequence 5’ ➞ 3’

LpRbcS-F

ACCAACTCTTGCACTGATCC

LpFt4-R

GTCGCCGTGTCTTCATTTCAGC

Low-rbcsp:1SST

AGCGGCGCCGTGGTGC

Low-rbcsp:6G-FFT

ACGGCAGCGGCGCGTAG

M13 Forward primer

TTACAATTCACTGGCCGTCGTTTTAC

M13 Reverse primer

CAGGAAACAGCTATGAC

Colonies with error-free vectors were then cultured in scaled up volumes up to 1 litre and
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isolated using the Plasmid Plus Mega Kit (catalogue number 12981, Qiagen). The isolated
plasmids were quantified (Nanodrop 3000, Thermo Scientific) and digested using high
concentration (HC) versions of the same enzymes they were cloned with, releasing vector
backbone free cassettes ready for use in the biolistic transformation of perennial ryegrass.
Purification and concentration of these high concentration cassettes was carried out using
the ElutrapTM Electroelution System (catalogue number 10447705, GE Healthcare) as per
manufacturerʼs instructions.

2.6 Biolistic Transformation of Perennial Ryegrass
Embryogenic calli derived from basal meristems of perennial ryegrass FLP 418-20 were
provided by the Department of Primary Industries, Bundoora. These calli were used as
targets for biolistic transformation as reported earlier24 (Spangenberg et al., 1995a; Ye et
al., 1997). Each target plate was bombarded twice with 1 μg equivalent gene-of-interest
(cassette) DNA and 1 μg equivalent selectable marker as per standard bombardment
protocol provided by the manufacturer (catalogue number 1687, Bio-Rad Biolistic Particle
Delivery System Bibliography). Bombarded calli were then plated onto solidified callus
induction medium (Table 2.6) supplemented with 50 mg/l hygromycin (Spangenberg et al.,
1995b) and incubated in complete darkness for 14 days at 25°C. Surviving calli were
subsequently sub-cultured onto fresh solidified callus induction medium supplemented with
100 mg/l hygromycin and incubated at 25°C in complete darkness for 14 days. These calli
were then transferred to regeneration medium supplemented with 30 mg/l hygromycin and
incubated for 14 days at 25°C under long day conditions (a 16/8 hr day/night photoperiod).
At the end of this period all hygromycin-resistant shoots were transferred from their plates
into individual MS20 culture vessels and incubated at 25°C under a 16/8 h day/night
photo-period.
24 The biolistic transformation procedure was carried out with assistance from Dr. Adam Dimech, Department
of Primary Industries, Bundoora.
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Table 2.6: Callus induction medium for perennial ryegrass tissue

Components

Amount per litre

MS Powder (g)

4.40

Sucrose (g)

30.00
pH 5.8 with 1M KOH

Phytagel (g)

3.00

2,4-D (5mg/ml)

1.00

2.7 Regeneration and Maintenance of Transgenic Perennial Ryegrass Plants
Plantlets regenerated from biolistic transformation experiments and showing resistance to
hygromycin with fully developed roots were sampled for real time PCR analysis to assess
the presence of the gene-of-interest and the selectable marker gene.

Approximately ten to twelve weeks post transformation, plantlets were considered
sufficiently developed for transfer for hardening, habituating the tissue culture grown
plantlets to a soil based, glasshouse environment. Plants were transferred, in sterile
containers to the glasshouse where they were individually potted into 85mM2 square
plastic pots (Garden City Plastics, Melbourne) containing a sterile potting mix. The potting
mix was composed of equal parts ʻd Raising Mixʼ or Bio-Grow (Bio-Grow Ltd, Mount
Gambier S.A) and 'Post In-vitro' nutrient mix supplemented with perlite and vermiculite
(Fertool Ltd.) in volumetric ratios as described in Table 2.7.
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Table 2.7: Composition of potting mix used for glasshouse-grown plants

Component

Amount/kg mix

Fine Vermiculite

900 ml

Fine Perlite

600 ml

Nutricote

25 g

Water holding granules

20 g

Trace elements

2.5 g

Potted plants were placed into plastic racks of 24 each (Garden City Plastics, Melbourne)
watered heavily and transferred to a misting bed (Sage Horticulture, Melbourne) for
hardening.

The misting bed consists of a raised bed of porous pebbles, which absorb moisture during
the morning watering and release it slowly throughout the day and keep plants from drying
out. Moisture is supplemented by an automated misting system, which detects the
absence of moisture by means of a pressure-sensitive elevated stage and on activation
sprays a fine mist of water droplets in a 1 m radius around itself for 20 seconds. In order to
eliminate positional advantages, the trays were rotated weekly in varying orientations
around the misters. Within three weeks of the misting treatment, transplanted plants
recovered sufficiently to begin setting out new tillers in their pots. At this stage plants were
re-potted into larger 4”x4” pots in general potting mix.

2.8 High-Throughput Isolation of Plant Genomic DNA

Screening of putative transgenic plants was carried out while the plants were still in the
tissue culture stage. A 3-4 cm leaf sample was excised from every tissue culture grown
juvenile plant under sterile conditions in a laminar flow hood with horizontal flow (series
HWS180, CLYDE-APAC, Evans Deakin Pty. Ltd) and transferred into the relevant slot in
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the pre-labelled, pre-chilled 96-well collection micro-tube rack (catalogue number 19560,
Qiagen) on ice. 200μl of lysis buffer from the MagAttract 96 DNA Plant Core Kit (catalogue
number 67163, Qiagen) was added to each sample using an Eppendorf multi channel
pipette (catalogue number 3114 000.166, Eppendorf AG). The wells were then sealed with
cap strips and the tissue within disrupted using a TissueLyser II Bead mill, (catalogue
number 85300, Qiagen) following which the samples were immediately transferred back to
ice. 42.5μl of buffer RB and suspension A (both from the MagAttract 96 DNA Plant Core Kit
catalogue number 67163, Qiagen) were then dispensed into all tubes after which the
entire rack was placed on to the corresponding holder in the Biomek FX Laboratory
Automation Workstation (catalogue number A31842, Beckman and Coulter) pre-loaded
with sample buffers and tips (catalogue number 67163, Qiagen). Finally, the
MagAttract_half_reaction_ver.3.1 program was run via the Biomek software (catalogue
number 719349, Beckman and Coulter).

Following successful completion of the program, plant genomic DNA samples were
collected in a barcode-tagged 96-well plate (catalogue number AB-1307, Thermo
Scientific) sealed with adhesive film (catalogue number 19570, Qiagen) and stored at
-20°C prior to quantitative PCR screening (Section 2.10). Approximately 3100 samples
were collected in this manner and screened via real-time PCR detection for the presence
of both the marker gene and the gene of interest.

2.9 Large-Scale Plant Genomic DNA Extraction
2.9.1 Nuclear Lysis Buffer Technique

Approximately 2 g of fresh leaf tissue from perennial ryegrass plants was flash-frozen in
liquid nitrogen and ground to powder in a pre-chilled mortar and pestle. The powder was
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transferred to a 15 ml Falcon tube (catalogue number 352096, BD Biosciences) and
homogenised with 3 ml of pre-warmed (65°C) Nuclear Lysis Buffer (10% CTAB, 250mM
EDTA, 5M NaCl, 1M Tris-HCl ) and 600μl of 5% (w/v) sarkosyl (N-lauryl-sarcosine) and
20μl of RNaseA (100 mg/ml, catalogue number 19101, Qiagen). The homogenate was
mixed by gentle inversion and incubated in a water bath at 65°C for 1 hour. All tubes were
gently inverted at 20-25 minute intervals throughout the incubation. Post-incubation,
samples were allowed to cool to room temperature for 5 minutes. Five ml of a 25:24:1
solution of phenol chloroform isoamyl alcohol (catalogue number AM9732, Ambion, Inc.)
was then pipetted into each tube. The samples were mixed by gentle inversion on a
rotational table (Ratek Instruments) for 4 minutes on setting 3. Samples were then
centrifuged at 5100 rpm for 20 minutes at 4°C in a Sigma 4K15 Laboratory Centrifuge
(catalogue number 10290, John Morris Scientific) using the requisite well adaptors. Post
centrifugation, approximately 4 ml of the supernatant from each tube was transferred using
a sterile disposable pipette (catalogue number C84N, Copan Ltd.) to a new pre-labelled 15
ml Falcon tube. The DNA present in each aliquot was precipitated by the addition of an
equal volume of 100% isopropanol following which the samples were then incubated at
room temperature for 1 hour. At the end of this incubation white opaque strands of DNA
were transferred to pre-labelled 1.5 ml tubes (catalogue number 0030120086, Eppendorf
South Pacific) containing 1 ml 100% ethanol and incubated overnight at 4°C. At the end of
the incubation period tubes were centrifuged at 13,000 rpm for 15 minutes in a Heraeus
table top centrifuge (catalogue number 75003328, K.I. Scientific) following which the
supernatant was decanted. The DNA pellet was rinsed with 500μl of 70% ethanol,
centrifuged for 15 minutes at 13,000 rpm and the supernatant discarded as before. The
pellet was desiccated in a vacuum concentrator (Speedvac SC110, Savant) at full speed
for 10 minutes and then re-suspended in 100μl TE buffer (10mM TrisHCl, 0.1mM EDTA pH
8.0). Tubes were incubated on a heating block (Dry Block Heater, Ratek Corp.) at 55°C for
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10 minutes to speed up the re-suspension process. All samples were then stored at -20°C.

2.9.2 Optimisation for High Polysaccharide Content
Polysaccharide contamination is characterised by a highly viscous DNA solution with
decreased solubility in both sterile water and TE, even at elevated temperatures (Do,
1991); this is further accompanied by decreased pipetting ability, interference in digestion
by the enzyme HindIII, decreased digestion by RNaseA, and decreased resolution in
agarose during electrophoresis (Demeke, 1992). Moreover, samples with polysaccharide
contamination tend to erupt out of wells during electrophoresis (Sharma et al., 2002) even
at higher concentrations of loading buffer (3-4X) and can give rise to artifactual DNA
concentration readings on the Nanodrop (3000, Thermo Scientific) quantification system.

A noticeable decrease in polysaccharide contamination was observed after the use of
Microcon YM-30 Centrifugal Filter Units (catalogue number 42410, Millipore). However,
polysaccharide contamination was eliminated completely upon implementation of the
protocol below, modified from various sources (Allen et al., 2006; Geuna et al., 2000;
Murray, 1980; Sharma et al., 2002). Previously the problem was dealt with by diluting DNA
samples (Pandey et al., 1996), however, for the purposes of Southern hybridisation
analysis excessive dilution was found to be counterproductive and the following procedure
was utilised: frozen ground leaf tissue was homogenised in 5 ml Solution I [5M NaCl and
2% (w/v) sarcosyl] in a 15 ml Falcon tube. The resultant slurry was centrifuged at 6800g at
room temperature for 15 min and the supernatant transferred via sterile disposable pipette
to a new tube. An equal volume of chloroform-isoamylalcohol (24:1) was added to the tube
and mixed by gentle inversion for approximately 1 min. The tubes were centrifuged at
3200g at room temperature for 15 min following which the aqueous phase was transferred
to a new tube. Two volumes of fresh extraction buffer [100mM Tris-Cl pH 8.0, 20mM
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EDTA,1.4 MNaCl, 2% (w/v) CTAB] were added and mixed by gently inverting the tube.

Samples were transferred to a pre-heated water bath at 60°C and incubated for 35 min. An
equal volume of chloroform-isoamylalcohol (24:1) was added, and the tubes were inverted
to mix their contents and centrifuged at 3200g at room temperature for 15 min. The upper
aqueous layer was pipetted out with a sterile transfer pipette into a new tube with 1/3
volumes of 3M sodium acetate trihydrate (pH 5.2) and 0.6 volumes isopropanol. Gentle
inversion brought about the precipitation of visible strands of nucleic acid which were
transferred to a 1.5 ml microfuge tube using sterile disposable inoculation loops (catalogue
number 86.1562.050, Sarstedt). The DNA was washed with 80% (v/v) ethanol and vacuum
dried for 10 minutes. It was then dissolved in 500μl TE buffer with 5μl of RNase A (10 mg/
ml). The mixture was incubated at 37°C for 30 min, extracted with an equal volume of
chloroform-isoamylalcohol (24:1) and ethanol precipitated as per published protocol (Saibo
et al., 2009b). Finally, the DNA pellet was re-suspended in 200μl TE, quantified and stored
at -20°C.

2.10 Southern Hybridisation Analysis for Detection of Transgene Copy Number

2.10.1 Restriction Digestion of Genomic DNA

Plant genomic DNA samples (at a concentration of 5 - 10 µg) were digested overnight with
the restriction enzyme HindIII HC (catalogue number R4047, Promega). Genomic DNA
from non-transgenic control plants and plasmid DNA (the latter at a 1 ng/μl concentration)
were included as controls, while Herring sperm DNA (catalogue number D3159, Sigma
Aldrich) was used as negative control (100 ng/μl).

The restriction mixture was compiled as per the instructions in the literature accompanying
the enzyme; following this, all samples were given a brief spin at room temperature and
74

Dhavale!

Chapter 2

incubated overnight at 37°C.

2.10.2 Gel Electrophoresis and Southern Hybridisation

Samples were run using 10X loading buffer (25% Ficoll, 100mM Tris-HCl & EDTA, Xylene
Cyanol, Orange G) at 1X concentration on a 0.8% (w/v) TAE agarose gel in 1X TAE with
both a 1Kb plus marker (catalogue number 10787-018 Invitrogen Life Technologies) and a
DIG-labelled, DNA Molecular Weight Marker III (catalogue no 1218603, Roche Applied
Sciences) for five hours at 40V. The gel was cast with the dye SYBR® Safe (catalogue
number SKU# S33102, Invitrogen Life Technologies) at a concentration of 5μl/100 ml and
electrophoresed at 100V for 3 hours in 1X TAE buffer. DNA bands were visualised and
documented using the Gel Doc system (catalogue number It 310, UVP, Inc.).

De-purination of bases was then carried out by incubating the gel in 250mM HCI for 10
min. This preliminary wash was followed by a 30 minute wash in Denaturation buffer
(500mM NaOH, 1.5M NaCl). The gel was then transferred to Neutralisation buffer (500mM
Tris Base, 1.5M NaCl, 1mM EDTA) wherein it was incubated for two washes of 15 minutes
each. During the washes a blotting stack was assembled as follows: 4 pieces of Whatman
3MM paper (catalogue number TE46, GE Healthcare) and a section of Amersham
Hybond™-N nylon membrane (catalogue number RPN82N, GE Healthcare) were cut to
the size of the gel. A glass plate was placed across a tray filled with 300 ml of 2X SSC and
a wick of Whatman 3MM paper (wider than the gel and long enough to fold around the
glass) was placed across the glass plate. The wick was saturated with 20X SSC buffer and
bubbles were ironed out using a glass rod. The neutralised gel was placed face down onto
the saturated wick and the Hybond N membrane saturated in 2X SSC and was carefully
placed over it. Two of the Whatman 3MM sections were likewise saturated with 2X SSC
and placed over the membrane. Air bubbles (if present) were ironed out gently with a glass
75

Dhavale!

Chapter 2

rod. Four strips of Parafilm M (catalogue number 01851-AB, SPI Supplies) were placed
around and up to the edges of the gel preventing contact between the wick and upper
layers of the paper towel stack. The remaining two dry Whatman 3MM layers were then
placed upon the stack followed by the stack of paper towels. Finally, a glass plate was
placed atop the set up, followed by a weight of 500g balanced evenly on the very top. The
blotting stack was left on the bench top overnight at room temperature to allow for transfer
of DNA to the membrane.

2.10.3 Synthesis of DIG Labelled Probe

The probe was synthesised overnight using the PCR DIG Probe Synthesis Kit (catalogue
number 1636090, Roche Applied Sciences) as per the instructions appended in the
product manual (catalogue number 11636090910, Roche Applied Sciences). Aliquots of
both unlabelled and labelled probes and control reactions were run on a 1% (w/v) TAE
agarose gel for quality control of product size and labelling efficacy (Figure 2.2).

Figure 2.2: Synthesis of DIG-labelled probes. Left to right: 1Kb+ marker, LpRbcS promoter-specific probe
amplified with DIG labelled dNTP mix and amplified with unlabelled dNTPs respectively, LpFT4 terminatorspecific probe amplified with unlabelled dNTPs and DIG labelled dNTP mix respectively25.

The primers utilised for amplification of probe sequences are detailed (Table 2.8).
25 The presence of the DIG tag on labelled nucleotides retards their movement through agarose resulting in
band formation at lower base pair size than expected when using unlabelled nucleotides.
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Table 2.8: Primer sequences for amplifying probes for Southern hybridisation analysis

Primer Name

Primer Sequence 5’ ➞ 3’

LpRbcS_Southern-F1

CTAGTCTGCATGATTAGTTTATT

LpRbcS_Southern-R1

CCTCCATGTCCGAGTCGCC

LpFT4_Southern-F3

CAATAATTTTCTGAGCCTAGTATCC

LpFT4_Southern-R1

CACATTGAGTACATGAGCAGGGAAC

2.10.4 Pre-Hybridisation and Hybridisation

The blotting apparatus was disassembled and the membrane immediately rinsed in 2X
SSC for 3 minutes. The membrane was then held over some Kimwipes (catalogue number
4103, Kimberly-Clark Professional) and the solution on its surface allowed to drip off until
no shine was visible. The DNA on the damp membrane was then cross-linked using the
Stratalinker (on the auto-crosslink setting) and the membrane immediately transferred to
sterile H2O for 3 min. The sterile H2O was allowed to drip from the membrane surface
following which the membrane was placed face up across some Kimwipes and allowed to
dry for 15 min before further processing. During this time the gel was removed from the
blotting apparatus and allowed to stain in a 1XTAE with 1 ng/ml SYBR safe on a rotary
shaker. It was then visualised on the Gel Doc system to confirm complete transfer of DNA.

The transfer membrane was inserted into a clean hybridisation bottle and equilibrated with
10 ml 2X SSC which was decanted following the removal of bubbles and replaced with
Hybridisation buffer (prepared from Easy Hyb Granules-Roche Applied Sciences catalogue
number 1796895, product insert catalogue number 11796895001) pre-warmed to 42°C
added to the requisite 20 ml/100 cm2 of membrane. The hybridisation bottle was then
inserted into the rotisserie attachment of the hybridisation oven (Hybaid, Thermo Fisher
Scientific) and incubated under continuous rotation for 30 minutes at 42°C. Fresh
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hybridisation buffer was aliquoted into a Falcon tube (3.5 ml/100 cm2 of membrane) and
pre-warmed to 42°C. DIG labelled probe 2μl/ml of hybridisation buffer was boiled in 50μl
H2O for 5 minutes and immediately transferred to ice whereupon it was pipetted into prewarmed hybridisation buffer (Muro, 2005). The pre-hybridisation buffer was decanted from
the hybridisation bottle and replaced with this hybridisation solution. Incubation was carried
out on a rotisserie hybridisation apparatus with gentle rotation at 42°C over night.

2.10.5 Chemiluminescent Detection

A hybridisation oven was set up with a shaker attachment and pre-heated to 65 - 68°C.
200 ml aliquots of both buffers W2 and W3 were pre-heated (in a separate oven to 65 68°C). The membrane was removed from the hybridisation bottle and transferred to a
covered tray containing 100 ml of wash buffer W1 (2X SSC, 0.1% SDS). It was agitated at
moderate speed for two 5-minute intervals at room temperature. The membrane was then
consecutively washed in buffers W2 [0.2X SSC, 0.1% (w/v) SDS] and W3 [0.1X SSC,
0.1% (w/v) SDS] respectively at 65 - 68°C for 15 minute intervals with moderate agitation each buffer was decanted completely before the addition of fresh pre-heated buffer. The
membrane was then transferred to a fresh tray containing 100 ml Wash buffer (WB) and
given two 5 minute washes at room temperature. Wash buffer WB was then decanted and
replaced by 100 ml of 10% (w/v) Blocking Solution (DIG Wash and Block Set catalogue
number 1585762, Roche Applied Sciences) in which the membrane was agitated at
moderate speed for 30 minutes at room temperature. The solution was decanted and
replaced with 50 ml 10% (w/v) Blocking Solution containing Anti-Digoxigenin-AP, Fab
fragments (catalogue number 1093274, Roche Appllied Sciences) at a concentration of 75
mU/ml. The membrane was agitated in this buffer at moderate speed for 30 minutes at
room temperature.
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The membrane was then transferred to a fresh tray containing 100 ml Wash buffer WB
(from the DIG Wash and Block Set catalogue number 1585762 Roche Applied Sciences)
and given three consecutive 15 min washes at room temperature with moderate agitation.
During these washes 50 ml of Detection buffer B3 (DIG Wash and Block Set catalogue
number 1585762, Roche Applied Sciences) was prepared afresh. Two ml of this buffer
was aliquoted into a separate tube and mixed with 20μl of CDP Star substrate (catalogue
number 2041677, Roche Applied Sciences). The remaining 48 ml of B3 was used for
incubating the membrane in at room temperature for 5 min. The membrane was then
placed into a plastic sleeve, flooded with the substrate and heat-sealed. Following a 5-min
incubation at room temperature the membrane was placed in a cassette and exposed to
Amersham Hyperfilm ECL (catalogue number 28906835, GE Healthcare) for 8 min. The
Hyperfilm was developed and the membrane either soaked in 2X SSC buffer and stored at
-20°C or stripped and re-probed with a second probe overnight. The membrane was reprobed as per the above procedure on the following day with a different probe26. This
protocol was optimised for downward alkaline transfer (Chomczynski, 1992) shortening
transfer time to one hour.

2.11 Transgene Expression Analysis

Three tillers of fresh leaf material were collected from each transgenic perennial ryegrass
plant selected on the basis of positive results in Southern hybridisation analyses. This
material was flash frozen in liquid Nitrogen, ground using a pre-chilled mortar and pestle
and the powder divided into 2 ml screw cap tubes in aliquots of approximately 200 mg
each. The aliquots were labelled and stored at -80°C. The NucleoSpin RNA Plant kit
(catalogue number 740949.250, Macherey-Nagel GmbH & Co. KG) was used to extract
total RNA from each sample to be analysed for transgene expression. The RNA was then
26

Results Chapter 4 for a table of results obtained from the Southern hybridisation analysis.
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quantified on the Nanodrop (3000, Thermo Scientific), its quality further assessed on a
0.8% (w/v) agarose gel. 500 ng of this RNA was then reverse transcribed using the
Quantitect Reverse Transcription Kit (catalogue number 205313, Qiagen) and the resultant
cDNA utilised for expression analysis (Bustin et al., 2005; Heid et al., 1996; Nolan et al.,
2006; Udvardi et al., 2008).

Normalisation of basal expression levels (Suzuki et al., 2000; Takahashi et al., 2006;
Thellin et al., 1999) was made using primers specific to the histone gene as previously
reported (Gutierrez et al., 2008; Nicot et al., 2005; Vandesompele et al., 2002b). The
primers used were as follows:

Table 2.9: Primer sequences utilised for qRT-PCR based detection of transgene expression levels

Primer Name

Primer Sequence 5’ ➞ 3’

Histone F

TGCTTGCCCTTCAGGAGCT

Histone R

ACTCTCCTGCGAAGCTGAATG

LpFusion_J1 F1

CCCCGCGGTGGAATTCATGGAG

LpFusion_J1 R2

CGACGACCACCGCCAACGC

Cycling conditions were as follows:
!

Denaturation and antibody-dissociation of 95°C for 10 minutes
Followed by 40 cycles of:
95°C for 30 seconds
60°C for 30 seconds

Followed by a single cycle dissociation curve:
95°C for 1 minute
60°C for 30 seconds
95°C for 30 seconds
80

Dhavale!

Chapter 2

One reverse transcriptase-free treatment (-RT) and two cDNA treatments were
simultaneously analysed for each plant genotype. In addition, a non-template control
(NTC), a non-transgenic plant control and a set of standard curve samples were also
included in the experiment. The standard curve concentrations were 1×10-3 ng/μl, 1×10-4
ng/μl, 1×10-5 ng/μl, 1×10-6 ng/μl and 1×10-7 ng/μl.

2.12 Analysis of Fructan Content

Three tillers were collected from each perennial ryegrass plant and flash frozen in liquid
nitrogen. This material was freeze dried for 48 hours then ground to fine powder. 20-25 mg
of this powder was aliquoted into 2-ml micro-tubes containing 1.0 ml of sterile water and
incubated in a water bath set at 90ºC for an hour. Thirty minutes into the incubation time
the tubes were agitated thoroughly and then replaced in the water bath. Following this
incubation the material was allowed to cool to room temperature and centrifuge d at
12000g for 10 min. The resulting supernatant was filtered (through a 0.45 µm filter) into a
new tube and subject to high performance liquid chromatography (HPLC) injection using 1kestose as a standard27. The levels of 1-kestose and total carbohydrates per mg dry
weight were then calculated for each plant.

2.13 Field Evaluation of Transgenic Perennial Ryegrass Plants

Selected transgenic perennial ryegrass plants from each group of transformants were
multiplied under glasshouse conditions and then sown at a field site at the Department of
Primary Industries, Hamilton (OGTR NLRD 520/2002 and 523/2002). For the first field trial
in 2008, 175 individual genotypes from the LpRbcS::Lp1-SST::LpFT4 and LpRbcS::Lp1-

27The

HPLC analysis was performed with assistance from Dr. Zhiqian Liu, Department of Primary Industries,
Bundoora.
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SST_Lp6G-FFT::LpFT4 sets were planted, whereas for the second field trial in 2009 two
replicates were planted per genotype28. Each trial 29 was carried out over a six month
period during which three sets of samplings were carried out on these field-based plants.
Collected samples were tested for total foliar fructan and transgene expression levels.

2.14 Endophyte Inoculation of Perennial Ryegrass Plants
All aspects of tissue culture protocols were carried out under sterile conditions in a laminar
flow hood using sterilised implements and sterile technique. Selected individuals of
transgenic perennial ryegrass plants containing the LpRbcS::Lp1-SST::LpFT4 and
LpRbcS::Lp1-SST-Lp6G-FFT::LpFT4 transgenes were multiplied by splitting and replanting
tillers. Ramets consisting of a minimum of 20 tillers were then transferred to vernalisation
conditions (4°C, 16 hour photo-period for 8 weeks) for induction of flowering. Following 8
weeks of vernalisation all plants were transferred back to containment glasshouse
conditions and observed closely for the appearance of floral tillers. Immature inflorescence
axes were harvested and the inflorescence meristems were excised under sterile
conditions and plated onto 5A plates for callus induction.

Non-transgenic control (genotype FLP 418-20) perennial ryegrass material in sterile tissue
culture conditions was obtained from the Department of Primary Industries, Bundoora. The
following protocol was used to scale up quantities for the endophyte inoculation procedure:
Leaf and root material from tissue culture grown plantlets was trimmed to a distance of 1
cm from the root-shoot junction. The resulting tuft was transferred to RSM media plates
and incubated under standard tissue culture conditions (Table 2.1) for 3 weeks or until

28

It is hereby duly acknowledged that this work was carried out as part of a group in collaboration with
colleagues from the Department of Primary Industries, Bundoora and Hamilton.
29 Experimental design was conducted jointly with Dr. Gavin Kearney, Department of Primary Industries,
Hamilton.
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such time as the plantlets had grown to fill the entire plate. The separation, trimming and
subculture of each of the plantlets was repeated until 20 healthy root and calli free
plantlets were obtained.

Once 20 individual plantlets were obtained, the basal meristematic region of each was
excised under sterile conditions, manually fragmented with a scapel and distributed on 5A
media (Table 2.7). These plates were incubated in the dark for 4-6 weeks to promote
induction and proliferation of embryogenic calli. The calli were separated and subcultured
repeatedly until such as 8-10 viable calli clusters were obtained.

A modification of this procedure was optimised whereby the basal regions were
fragmented with a Qiagen tissueruptor (catalogue number 9001274, Qiagen). 10 ml of
liquid 5A media (supplemented with 5 mg/ml 2,4-D) was poured into a 50 ml Falcon tube
and the trimmed basal regions fragmented within this medium using the tissueruptor. Two
different tissue sample sets were treated in this manner. The first sample was plated
directly onto the surface of a 5A media plate and the solution allowed to dry in the laminar
air-flow before sealing. The second sample was centrifuged at 5000 rpm for 2 minutes at
4°C. The supernatant was poured onto one 5A plate (and allowed to dry before sealing)
while the tissue pellet was plated onto another 5A plate and spread in a thin layer using
bent tip forceps.

Calli were obtained from the basal meristems of tissue culture grown plants (Figure 2.3)
and either manually fragmented with a scalpel and plated directly onto the surface of the
media (Figure 2.3A) or mechanically fragmented in liquid 5A media (supplemented with 5
mg/l 2,4-D), and plated in a thin layer (Figure 2.3B). The latter method initiates a higher
frequency of callus initials at an earlier stage (16+ initials at 2.5 weeks as opposed to 5 at
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8 weeks for manually fragmented material).30

Figure 2.3: Calli generated from the homogenisation of basal, tissue culture grown non-transgenic perennial
ryegrass material. A) Manually fragmented material 8 weeks post induction, B) Mechanically fragmented
material 2.5 weeks post induction. The spherical yellowish aggregates are immature calli.

2.15 Endophyte Cultures
Endophyte cultures were sub-cultured onto PDA (24 g Potato dextrose and 15 g Bactoagar per litre of sterile water) media plates and incubated at 22°C in the dark for two
weeks prior to plant inoculations.

2.16 Endophyte Inoculation of Plantlets Regenerated from Embryogenic Calli
Calli with 1-2 shoot initials from meristems were transferred to water agar (26 g Bactoagar/ litre of sterile water). A small incision was gently made in the base of each shoot
initial and a section of endophyte hyphal mass was transferred into this incision.
Regenerating calli inoculated in this manner were transferred to MS media plates (10 per
plate) and incubated in growth room conditions (Section 2.7) for 4 weeks with a 16 hour

30It should be noted that different perennial ryegrass genotypes show varying responses to tissue culture and
that this particular response has been tested only on non-transgenic material of the FLP 418-20 genotype.
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photo-period.

2.17 Growth and Analyses of Endophyte Inoculated Plants

Plantlets were transferred to trays containing general potting mix (Section 2.7) and allowed
to grow under glasshouse conditions for 3 months. At the end of this period 3 leaf sheaths
(0.5 cm in length) were harvested, freeze dried and used to extract genomic DNA (as per
the DNA extraction protocol outlined in Section 2.9). A PCR-based SSR marker detection
assay (van Zijll de Jong et al., 2008a; 2008b) was used to assess endophyte presence
with primer sets described in Table 2.10:

Table 2.10: SSR Markers for confirming endophyte presence (forward primers labelled at the 5ʼ end with
HEX, a fluorescent phosphoramidite dye).

Marker

Motif

Primer Sequences 5’ to 3’

NLESTA1CC05

(TGT)17

F CGCATACACGTTATGAAGCAGAGG
R TTGGGACTTTCCAGAGTTGAGCAG

NLESTA1NG03

(GTC)6

F CGGGCGCACTTGCTTCTCGG
R GCCCCGCAGCCTTGTCGTTG

NLESTA1QA09

(GA)20(G)1(GA)3

F GCCCCGCAGCCTTGTCGTTG
R GCCCCGCAGCCTTGTCGTTG

Amplification was carried out in a thermocycler (GeneAmp, PE Applied Biosystems, Foster
City, California, USA) with a touchdown program based on the Tm value of the primer
pairs in the multiplex pool; 10 minutes at 95ºC, 10 cycles of 30 seconds at 94ºC, 30
seconds at 65ºC, 1 minute at 72ºC with a reduction of annealing temperature of 1ºC every
cycle, followed by 20 cycles of 30 seconds at 94ºC, 30 seconds at 55ºC, 1 minute at 72ºC.
2 μl of PCR product was diluted 1:20 and analysed in an ABI3730xl genotyper (Applied
Biosystems) as per manufacturerʼs instructions. SSR products were resolved on an ABI
GeneScan LIZ500 and allele sizes determined with GeneMapper 3.7 software (Applied
Biosystems) as per manufacturerʼs instructions. In the same manner, plants host identities
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were also confirmed using established SSR markers (Faville et al., 2004). Plants with
confirmed host identity which tested positive for endophyte presence were separated and
allowed to grow for another two months under glasshouse based conditions and rescreened at the end of that period using the procedure outlined above. Plants that tested
positive for endophyte presence at the end of the second growth period were separated,
trimmed to 4 cm and split further (into plantlets with a minimum of 5 tillers each) for a
replicated phenotypic experiment. A growth period of four weeks was provided between
splitting to allow for re-generation and tillering. Corresponding endophyte-free (isogenic)
non-transgenic and transgenic controls were also multiplied in exactly the same manner.

2.18 Alkaloid Analysis of Perennial Ryegrass-Endophyte Symbiota

Total lamina and pseudostem samples from three clonal replicates of endophyte-positive
and endophyte-free versions of the transgenic perennial ryegrass plants and
corresponding isogenic controls were harvested. Samples were freeze dried for 48 hours
and the tissue ground to uniform consistency in a RetschmM400 ball grinding mill at a
frequency of 30 (1/s) and duration of 20 seconds31.

25 mg of pseudostem and 100 mg of lamina for each sample, were weighed into separate
tubes and 0.5 ml of 80% methanol:water and 1.5 ml of 80% methanol:water were added,
respectively. The samples were then vortexed for 30 seconds and sonicated for 10
minutes. Samples were then centrifuged for 10 minutes at 14,000 rpm at room
temperature. The supernatants were transferred into labelled tubes and reduced in volume
under a stream of nitrogen gas at 30°C. Samples were then frozen to -80°C and freeze
dried. The dried extract was then re-dissolved in 0.1 ml of 80% methanol:water for

31 All steps in this procedure were conducted jointly with Vilnis Ezernieks, Department of Primary Industries,
Bundoora.
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pseudostem samples and 0.2 ml of 80% methanol:water for lamina samples with the aid of
vortexing and sonicating. 200 μl of each extract were transferred to a 2 ml glass vial and
analysed by Liquid Chromatography-Mass Spectrometry (LC-MS).
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Chapter 3
In Vitro Functional Analysis of a Perennial Ryegrass
Fructosyltransferase Mini-Metabolon
3.1 Introduction
Sucrose:sucrose 1-fructosyltransferase (1-SST, EC 2.4.1.99), and fructan:fructan 6fructosyltransferase! (6G-FFT, EC 2.4.1.243), are considered the most crucial of the
fructosyltransferases in perennial ryegrass (Chalmers et al., 2003; 2005; Hisano et al.,
2008; Lasseur et al., 2009) due to their involvement in introducing primary substrates into
the fructan biosynthetic pathway. 1-SST produces the trisaccharide 1-kestose (isokestose)
and glucose from sucrose (Koops and Jonker, 1996a; Lüscher et al., 1996; Van den Ende
et al., 1996c) while 6G-FFT transfers a fructosyl moiety from 1-kestose to the 6-position of
the glucose moiety in sucrose, forming 6G-Kestose (neokestose) (Shiomi, 1989; Vijn et al.,
1997).

Detailed in silico sequence analyses relating to structure, function and phylogeny of
perennial ryegrass Lp1-SST and Lp6G-FFT were conducted and the results used to
design a recombinant mini-metabolon32 Lp1-SST_Lp6G-FFT, integrating the combined
activity of both enzymes (Figure 3.1). This recombinant system was expressed in Pichia
pastoris and its activity characterised in vitro for the first time.

32 Metabolons have been described variously as complexes (Jørgensen et al., 2005) or aggregates (Srere,
1985; Srere, 1987) of sequentially functional enzymes acting in close succession or tandem with each other.
This concept was applied in designing a translational fusion of the Lp1-SST and Lp6G-FFT
fructosyltransferases.
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Figure 3.1: A model of the predicted structure of the recombinant mini-metabolon resulting from the
translational fusion of the Lp1-SST and Lp6G-FFT fructosyltransferases. The predicted model has two
membrane spanning regions corresponding to the transmembrane domains of its constituent
fructosyltransferases.

3.2 Aims

The experimental objectives of the research described herein are as follows:

1.

In silico sequence analyses of structure, function and phylogeny of the Lolium
perenne fructosyltransferases Lp1-SST and Lp6G-FFT.

2.

Design of a recombinant Lp1-SST_Lp6G-FFT mini-metabolon for in vitro functional
analysis.

3.

In vitro functional analyses of the recombinant, Lp1-SST_Lp6G-FFT mini-metabolon
following expression in Pichia pastoris.

3.3 Results and Discussion

3.3.1 Sequence Analysis of Perennial Ryegrass Fructosyltransferases

The perennial ryegrass Lp1-SST and Lp6G-FFT fructosyltransferase nucleotide
sequences (Genbank accession numbers AAO86693.1 and AAM13671.1, respectively)
were translated (Figures 3.2 and 3.3) and the resulting deduced amino acid sequences
were analysed for structure, function and positional information on domain structure.
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Figure 3.2: Deduced amino acid sequence for perennial ryegrass fructosyltransferases Lp1-SST.

Figure 3.3: Deduced amino acid sequence for perennial ryegrass fructosyltransferases Lp6G-FFT.

A domain structure search on InterProScan (Wilson et al., 2009; Zdobnov and Apweiler,
2001) for the Lp1-SST and Lp6G-FFT protein sequences (Figure 3.2) revealed five distinct
functional domains: a Glycoside hydrolase family 32 (GH-32) recognition domain
(Lammens et al., 2009), a Concanavalin A-like lectin/glucanase domain (Sandhya et al.,
2009), a GH-32 N-terminal, a GH-32 C-terminal (Parrent et al., 2009), a GH-32 active site
and two domains of unknown function the DUF3357 and a transmembrane region followed
by an Arabinase/levansucrase/invertase-like (De Coninck, 2005) region (Figures 1.8 and
1.10).

The presence of the GH-32 domains was supported by information on the CAZY
(carbohydrate active enzymes) database (Cantarel et al., 2009a) pinpointing the same
regions and was expected based on previous reports (Section 1.3.5). Nʼ terminal
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transmembrane domains were detected in both proteins using TopPred (Claros and Von
Heijne, 1994).

Figure 3.4 Domain structures, active sites and motifs in the Lp1-SST deduced amino acid sequence
identified through an InterProScan search.
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Figure 3.5 Domain structures, active sites and motifs in the deduced Lp6G-FFT amino acid sequence
generated by an InterProScan search.

A hydropathy analysis (Kyte and Doolittle, 1982), facilitated the selection of the exact 2D
structure from a list of predictions provided by TopPred. Secondary structures such as
alpha helices and beta sheets were predicted using Chou-Fasman (Chou and Fasman,
1974; Chou and Fasman, 1977; Chou and Fasman, 1978) and Robson-Garnier (Barton et
al., 1993; Garnier et al., 1980; Garnier et al., 1978) analyses and confirmed by data from
corresponding WoLF PSORT analysis (Horton et al., 2007).

92

Dhavale!

Chapter 3

Figure 3.6: Nearest neighbours of the Lp1-SST deduced amino acid sequences, as determined by a WoLF
PSORT analysis.

Figure 3.7: Nearest neighbours of the Lp6G-FFT deduced amino acid sequences, as determined by a WoLF
PSORT analysis.

The level of identity detected by PSORT analysis (11-14%) to domains from proteins
normally localised to the lumens of plastids or vesicles could substantiate findings from
previous ultrastructure studies (Cairns et al., 1989; Frehner et al., 1984; Kaeser, 1983;
Wagner et al., 1983) localising fructan production and storage into discrete organelles or
inclusion bodies within the plant cell (also known as extra-plasmic spaces) such as
dedicated micro-vesicles (Figures 3.6 and 3.7). These predicted transmembrane domains
between residues 44 and 60 of both deduced amino acid sequences were confirmed by
Kyte-Doolittle (Kyte and Doolittle, 1982), Argos transmembrane (Persson and Argos, 1994;
Persson and Argos, 1994 ; Persson and Argos, 1996, 1997) and von Heijne (Melén et al.,
2003; von Heijne, 1981, 1992) transmembrane analyses (Figure 3.8).
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Figure 3.8: Membrane spanning alpha helix domains between residues 44-60 of the Lp1-SST as predicted
by the WoLF PSORT analysis, supported by corresponding peaks in the same region on Kyte-Doolittle,
Argos transmembrane and von Heijne transmembrane structure plots.

Similar confirmatory analyses were conducted for the Lp6G-FFT deduced amino acid
sequence (Figure 3.9). The results of these tests identified putative transmembrane
domains and intra- and extra-cellular zones of the highest probability (Hurwitz et al., 2006;
Kahsay et al., 2005; Krogh et al., 2001a; Melén et al., 2003).
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Figure 3.9: Membrane spanning alpha helix domains between residues 44-60 of the Lp6G-FFT as predicted
by the WoLF PSORT analysis, supported by corresponding peaks in the same region on Kyte-Doolittle,
Argos transmembrane, von Heijne transmembrane structure plots.

These transmembrane domains (Krogh et al., 2001b) as well as intra- and extracellular
regions for Lp1-SST and Lp6G-FFT deduced amino acid sequences were modelled as 2D
topology structures (Claros and Von Heijne, 1994) in alignment with sequence details
(Figures 3.10, 3.11 and 3.12, respectively).
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Figure 3.10: Transmembrane domain structures (represented by red arrows) inferred by TMHMM analyses
for the Lp1-SST query (transmembrane domain from residues 40-60) deduced amino acid sequence

Figure 3.11: Transmembrane domain structures (represented by red arrows) inferred by TMHMM analyses
for the Lp6G-FFT query (transmembrane domain from residues 44-60) deduced amino acid sequence
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Figure 3.12: 2D Topology plots for the Lp1-SST and Lp6G-FFT deduced amino acid sequences depicting
predicted transmembrane domains as outlined in Figures 3.10 and 3.11.

Phylogenetic trees were plotted for Lp1-SST and Lp6G-FFT deduced amino acid
sequences (Figures 3.13 and 3.14), both of which indicated that a basal 6-SFT like
precursor protein evolved two separate clades consisting of fructosyltransferase-like and
invertase-like descendants (Francki et al., 2006). The fructosyltransferases then further
specialised into two groups, the 1/6-FFTs and the 1-SSTs/6G-FFTs. Relationships between
allied taxa imply that the specialised 1-SST, 6G-FFT, 6-SFT and 1/6-FFT
fructosyltransferases found among members of the Poaceae today may have evolved
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separately but convergently among allied taxa, resulting in greater identity among
disparate fructosyltransferases from the same taxon than among corresponding
fructosyltransferases from different taxa.

Another interesting aspect of the phylogeny underlying fructosyltransferase groupings is
the placement of eudicot-specific invertases in a sister clade to monocotyledonous
invertases (groups ʻdʼ and ʻeʼ Figures 3.13 and 3.14), both derived from a common
monocotyledonous node. This is indicative of a possible synapomorphy (derived character
states shared by two taxa) and supports the inference that invertases evolved from a
fructosyltransferase-like precursor prior to the diversion of monocots and dicots (Altenbach
and Ritsema, 2007) and that it may have undergone parallel evolution within the two
(monocot and eudicot) groups. Reports of fructosyltransferases exhibiting invertase like
activity under varying substrate and kinetic parameters also support the same theory
(Koops and Jonker, 1996; Lasseur et al., 2009; Van den Ende and Laere, 1993) as do
occurrences of fructan active enzymes in fructan non-producing species (Ji, 2007; Van den
Ende et al., 2003b; Van den Ende et al., 2004).
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Figure 3.13: Phylogenetic tree displaying evolutionary relationships between Lp1-SST and known
homologues from the plant kingdom. Green and orange blocks depict fructan active enzymes from monocots
and eudicots, respectively. Analysis carried out on Geneious version 4.8.5 using data generated from NCBI
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blastp global alignment with the Lp1-SST deduced amino acid sequence (see Appendix III for enlarged
version).

Figure 3.14: Phylogenetic tree displaying evolutionary relationships between Lp6G-FFT and other known
homologues from the plant kingdom. Green and orange blocks depict fructan active enzymes from monocots
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and eudicots respectively. Analysis carried out on Geneious version 4.8.5 using data generated from an
NCBI blastp global alignment with Lp6G-FFT deduced amino acid sequence.

Based on the results obtained from the in silico sequence analyses, a model was designed
predicting the structure and transmembrane domains in the fructosyltransferase minimetabolon and a 2D-topology plot generated to predict its localisation in the cellular space
(Figures 3.15 and 3.16).

Figure 3.15: Predicted structure of the perennial ryegrass Lp1-SST_Lp6G-FFT fructosyltransferase minimetabolon with predicted transmembrane domains identified from residues 68-88 and 731-75133 depicted as
red arrows and regions of cytoplasmic potential depicted in pink.

33

Generated on Geneious version 5.1.
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Figure 3.16: Predicted 2D topology for the perennial ryegrass Lp1-SST_Lp6G-FFT fructosyltransferase minimetabolon depicting predicted transmembrane domains outlined in Figure 3.13.

The in silico sequence analyses performed, predicted that the perennial ryegrass Lp1SST_Lp6G-FFT fructosyltransferase mini-metabolon would be cytoplasmic with two
transmembrane domains between residues 68-88 and 731-751 (Figures 3.15 and 3.16).

3.3.2 Generation of Expression Vectors for In Vitro Functional Analysis of the Designed
Mini-Metabolon

In order to undertake an in vitro functional analysis of the designed perennial ryegrass
Lp1-SST_Lp6G-FFT fructosyltransferase mini-metabolon, expression vectors were
designed with Lp1-SST and Lp6G-FFT individually and in combination as a translational
fusion and directionally cloned into pPinkα-HC for expression in P. pastoris (Section 2.3.4,
and Figure 3.17).
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Figure 3.17: Expression vector pPinkalpha-HC containing the individual Lp1-SST sequence, the individual
Lp6G-FFT sequence and the sequence encoding the Lp1-SST_Lp6G-FFT mini-metabolon.

3.3.3 Expression of Recombinant Fructosyltransferases for In Vitro Functional Analysis

The generated expression vectors (Section 3.3.2 and Figure 3.17) were transformed into
competent P. pastoris cells, and successfully transformed and expression vector
sequence-confirmed P. pastoris colonies were cultured in liquid Buffered Methanol Medium
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with Yeast (BMMY)34 to induce recombinant fructosyltransferase expression. Induced
cultures were separated into supernatant and pellet fractions which were processed and
analysed by SDS-PAGE (Figure 3.18).

Figure 3.18: Separation of total protein from P. pastoris expression system on SDS-PAGE. From left to right:
lane1-Novex protein standard, lanes 2-5, supernatant fractions from pPinkα-HC, pPinkα-HC::Lp1-SST,
pPinkα-HC::Lp6G-FFT, pPinkα-HC::Lp1-SST_6G-FFT, lanes 6-9, pellet fractions from pPinkα-HC, pPinkαHC::Lp1-SST, pPinkα-HC::Lp6G-FFT, pPinkα-HC::Lp1-SST_6G-FFT.
Numbers and letters represent gel fragments excised for peptide sequencing.

Gel fragments were excised based on predicted sizes for each of the three
fructosyltransferases [74.55 kDa for Lp1-SST, 73 kDa for Lp6G-FFT, and 144.37 kDa for
the Lp1-SST_Lp6G-FFT translational fusion, respectively; corresponding regions of the
34 BMMY is a buffered complex methanol medium. The methanol induces recombinant protein expression(Section 2.28 for details) while the inclusion of yeast
extract and peptone stabilise secreted proteins, decreasing their proteolysis and allowing for better cell growth and biomass accrual in host Pichia cells. The use of
phosphate buffer in BMMY preparation also allows the use of a wider range of pH values in optimising production of the recombinant protein.

104

Dhavale!

Chapter 3

empty vector were used as negative controls (Figure 3.18)]. The excised regions
corresponding to the following size fractions 160-260 kDa, 90-160 kDa and 65-90 kDa
(represented by areas a, b and c in Figure 3.18) and were subjected to peptide
sequencing (Section 2.3.8). The results of peptide sequencing are summarised in Table
3.1.

Table 3.1: Peptide sequencing analysis conducted on gel fragments from SDS-PAGE separation of P.
pastoris expressed recombinant protein from Lp1-SST, Lp6G-FFT and translational fusion Lp1-SST_Lp6GFFT. Asterisks indicate the presence of only the Lp1-SST fragment of the Lp1-SST_Lp6G-FFT
fructosyltransferase mini-metabolon; hyphens indicate an absence of relevant fructosyltransferase peptides,
bold font indicates gel fragments containing expressed recombinant fructosyltransferases (as corresponding
to predicted sizes).

Sample name

Gel fragment
% Coverage
number

Peptides
identified

Lp1-SST supernatant

1

48

133

Lp1-SST supernatant

2

48

197

Lp1-SST supernatant

3

54

866

Lp6G-FFT supernatant

4

16

16

Lp6G-FFT supernatant

5

23

24

Lp6G-FFT supernatant

6

30

28

Lp1-SST_Lp6G-FFT minimetabolon supernatant

7

2.35

1

Lp1-SST_Lp6G-FFT
mini-metabolon
supernatant

8

7.13

3

Lp1-SST_Lp6G-FFT minimetabolon supernatant

9-16

Lp1-SST pellet

17

3

5

Lp1-SST pellet

18

17

23

Lp1-SST pellet

19

28

37

Lp6G-FFT pellet

20

2

3.4

Lp6G-FFT pellet

21

28

12

Lp6G-FFT pellet

22

17

9

-

-
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Sample name

Gel fragment
% Coverage
number

Lp1-SST_Lp6G-FFT minimetabolon pellet

23

Lp1-SST_Lp6G-FFT minimetabolon pellet

24-29

8*

Peptides
identified
12*

-

-

As indicated by the number of peptides matched and percent sequence coverage (up to
54% for the Lp1-SSST and up to 30% for the Lp6G-FFT), the mass spectrometric analysis
of in-gel trypsin digests demonstrated that full length versions of both Lp1-SST and 6GFFT were expressed in P. pastoris. Most of the peptide matching occurred in regions
where full length product was expected (fractions 3 and 6 for the Lp1-SST and Lp6G-FFT,
respectively) corresponding to the 60-80kDa region of the gel, suggesting that the
expression system and purification process were successful in full length expression. The
Lp1-SST_Lp6G-FFT mini-metabolon was also detected within its predicted size range
(110-160 kDa) in lower amounts as indicated by the low number of peptides and identity
coverage. Comparatively smaller amounts of both Lp1-SST and Lp6G-FFT were detected
in corresponding pellet fractions at the expected size ranges, indicating that translation of
the expressed protein completed normally within Pichia cells and was followed by
successful secretion into the extracellular space. Only the initial Lp1-SST fragment was
detected in the pellet fraction for the Lp1-SST_Lp6G-FFT mini-metabolon (indicated by
asterisks in Table 3.1).

3.3.4 Functional Characterisation of the Fructosyltransferase Mini-Metabolon

Following the confirmation of fructosyltransferase expression in P. pastoris, functional
assays were undertaken to determine the activity of the P. pastoris-expressed recombinant
fructosyltransferases Lp1-SST alone, Lp6G-FFT alone, and the Lp1-SST_Lp6G-FFT minimetabolon following use of sucrose and 1-kestose as substrates for enzyme activity and
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analysis of 1-kestose, 6G-kestose and nystose products by LC-MS (Figures 3.19 and
3.20).
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Figure 3.19: Comparative LC-MS analysis of products of enzyme activities for P. pastoris-expressed
recombinant Lp1-SST, Lp6G-FFT and the Lp1-SST_Lp6G-FFT fructosyltransferase mini-metabolon.
A) Left- (top to bottom) sucrose, kestose and nystose standards as controls for activity products. RightFragmentation patterns for 1-kestose (above) and nystose (below)
B) ppinkα-HC empty vector control
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Figure 3.20: Comparative LC-MS analysis of products 1.16of
enzyme activities for P. pastoris-expressed
40

recombinant Lp1-SST, Lp6G-FFT and the Lp1-SST_Lp6G-FFT
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All reactions (with the exception of the ppinkα-HC empty vector control) resulted in the
formation of detectable levels of corresponding products i.e. 1-kestose and nystose for the
Lp1-SST enzyme alone (Figure 3.19A), 6G-Kestose and unidentified 4 DP products for the
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Lp6G-FFT enzyme alone (Figure 3.19B), the Lp1-SST plus Lp6G-FFT enzymes admixture
(Figure 3.20A) and the 1-SST_Lp6G_FFT fructosyltransferase mini-metabolon (Figure
3.20B).

3.4 Conclusions
A recombinant, Lp1-SST_Lp6G-FFT fructosyltransferase mini-metabolon comprised of the
sequentially active perennial ryegrass fructosyltransferases Lp1-SST and Lp6G-FFT was
designed and tested in silico and in vitro. Following successful expression in Pichia
pastoris, peptide sequencing and enzymatic activity assays of the fructosyltransferases
(i.e. Lp1-SST and Lp6G-FFT, both individually and as an admixture) and the Lp1SST_Lp6G-FFT mini-metabolon (i.e. translational fusion of Lp1-SST and Lp6G-FFT) were
undertaken, fructosyltransferase activities comparatively assessed and in vitro functionality
of the mini-metabolon demonstrated. The experimental results unequivocally
demonstrated that fully functional versions of the Lp1-SST, L6G-FFT and the Lp1SST_L6G-FFT mini-metabolon were expressed and secreted by Pichia pastoris.

Peptide sequencing indicated that the Lp1-SST and L6G-FFT fructosyltransferases were
expressed and secreted at much higher levels than the Lp1-SST_L6G-FFT
fructosyltransferase mini-metabolon. Evidence for the partial proteolysis of the P. pastorisexpressed Lp1-SST_L6G-FFT fructosyltransferase mini-metabolon was observed based
on presence of its constituent FTs in their corresponding size ranges (on SDS-PAGE see
Figure 3.18) and the comparatively low levels of product formed by the activity of the minimetabolon when compared a Lp1-SST, Lp6G-FFT admixture of equivalent protein
concentration (Figure 3.20).
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Chapter 4
Reprogramming Photosynthetic Cells of Perennial
Ryegrass Plants for Fructan Biosynthesis
4.1 Introduction

Graminans (branched carbohydrates containing β-1,2- and β-1,6 linkages) are fructans
typical to all members of the Poaceae including perennial ryegrass. They are synthesised
from sucrose via an intermediate trisaccharide by the concerted activity of two
fructosyltransferases:

(a) Sucrose:sucrose 1-fructosyltransferase (1-SST, EC 2.4.1.99), producing the
trisaccharide 1-kestose (isokestose) and glucose from sucrose (Koops and Jonker,
1996a; Lüscher et al., 1996; Van den Ende et al., 1996c), and
(b) Fructan: fructan 6-fructosyltransferase!(6G-FFT, EC 2.4.1.243),! w h i c h t r a n s f e r s a
fructosyl moiety from 1-kestose to the 6-position of the glucose moiety in sucrose,
forming 6G-Kestose (neokestose) (Gadegaard et al., 2008; Lasseur et al., 2006b; Vijn
et al., 1997).

A mini-metabolon (designed following in silico sequence analysis), comprising a
translational fusion of these fructosyltransferases was expressed in Pichia pastoris and its
functionality successfully demonstrated in vitro (Chapter 3). This chapter describes, for the
first time, the reprogramming of photosynthetic cells of perennial ryegrass for fructan
biosynthesis through the light-regulated expression of a recombinant gene encoding the
Lp1-SST_Lp6G-FFT fructosyltransferase mini-metabolon in transgenic plants.
The hypothesis that the concerted activity of two enzymes, that normally function
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consecutively within the same pathway, improves substrate channelling and fructan
biosynthetic efficiency by programming fructan biosynthesis and photosynthesis to be both
spatially and temporally coincident is tested, thereby significantly increasing the gross level
of foliar fructan content in transgenic perennial ryegrass plants for enhanced energy and
biomass production (Figure 4.1).

A)

B)

Figure 4.1: Reprogramming fructan metabolism in perennial ryegrass.
A) Temporal and spatial separation of fructan biosynthesis and photosyntheis: Fructan biosynthesis is
restricted to the pseudostem and occurs when a physiological excess of sucrose builds up following
photosynthesis where photosynthesis occurs in illuminated aerial plant parts and is downregulated by a
build up of sucrose.
B) Spatial and temporal reprogramming of the two processes in photosynthetic cells: Recombinant light
regulated fructosyltransferase function concommitantly with photosynthesis thus combining both
processes and enhancing foliar fructan content.
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4.2 Aims

The experimental objectives of the research described herein were as follows:

1. In silico sequence analyses of candidate 5ʼ regulatory sequences for lightregulated in planta expression of recombinant genes encoding a
fructosyltransferase mini-metabolon.
2. Generation of transgenic perennial ryegrass plants with light-regulated expression
of the Lp1-SST_Lp6G-FFT fructosyltransferase mini-metabolon and enhanced
levels of foliar fructan.
3. Molecular and biochemical characterisation of the resultant transgenic perennial
ryegrass plants.

4.3 Results and Discussion

4.3.1 In Silico Sequence Analysis of Light Regulated Promoter Sequences

Gene expression is tightly regulated by internal factors such as age, tissue and cell type,
and external factors such as environmental stimuli (Yamamoto et al., 1991). The
expression pattern of a gene is regulated by the binding of transcription factors at specific
regions of DNA called transcription factor binding sites (TFBs) (Turatsinze et al., 2008).
Methods for identifying these sites include pattern matching (searching for known sites)
and pattern discovery (predicting novel motifs form unique sequences) (Rehm, 2001). The
analysis of the Lolium perenne ribulose-1,5-bisphosphate carboxylase oxygenase small
sub-unit promoter sequence (henceforth referred to as LpRbcSp) was initiated with an
NCBI blastn35 (Altschul et al., 1990) search resulting in 28 high scoring segment pairs, 5 of
which had acceptable e-values for sequence identity (Table 4.1).
35 Also known as a discontiguous BLAST resulting in alignments of high similarity between localised regions
of the sequence.
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Table 4.1: LpRbcS promoter sequence BLAST analysis

Accession
Number

Organism and Gene

gi|110734748

Score

E-value

N

Avena strigosa beta-amyrin synthase (Sad1) and
cytochrome P450 CYP51H10 (Sad2) genes (cds)

80

1E-09

2

gi|226434274

Triticum aestivum, storage protein activator spa
locus region (genomic BAC clone)

72

2E-07

1

gi|11990902

Triticum aestivum RbcS gene for Ribulose-1,5bisphosphate carboxylase/oxygenase small
subunit (cds)

68

E.4e-06

1

gi|193848512

Brachypodium distachyon (genomic BAC clone)

64

3E-05

1

gi|170768

Triticum aestivum Ribulose-1,5-bisphosphate
carboxylase gene

58

1E-03

1

As expected, all matches showed identity with small regions within the LpRbcS promoter
sequence (Figure 4.1), with these limited areas of high identity either being highly
conserved regions with regulatory functions (such as the provision of binding sites for
transcription factors) or, the lack of selection pressure on non-regulatory regions within the
promoter sequence has caused an increase in variation within these regions and a
subsequent lack of identity when queried against similar promoters from other species
(Blanchette, 2007). The low level of identity may also be a result of random matching; the
highest ranked match, with 75% identity to an approximately 120 bp region is to the Avena
strigosa Sad1 and Sad2 genes (GenBank accession number DQ680849.1) involved in
plant sterol synthesis and anti-microbial defence, respectively (Qi et al., 2006); neither of
which are directly related to photosynthetic function. Similarly, the second highest ranked
match, a Triticum aestivum storage protein activator spa locus region (GenBank accession
number FM242575.1) is also unrelated to photosynthetic function (Salse et al., 2008). Both
of these matches were aligned to a region from 1-116 bp at the start of the LpRbcS query
sequence. Discounting further matches from vertebrate/invertebrate genomes, the next
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closest further matches were from the T. aestivum RbcS genomic locus (GenBank
accession numbers M373828 and AB042069) with 80% identity over a region of 75 bp.
Other close matches within the plant kingdom were from monocotyledonous genomic BAC
clones of Brachypodium distachyon (GenBank accession number EU730896.1), T.
aestivum (GenBank accession number CT009588.1) and T. turgidum (GenBank accession
number CT009588.1) with 73%, 76%, and 76% identity over regions of 97 bp, 55 bp, and
55 bp, respectively. There was also one match to a dicotyledonous plant sequence, a
Medicago trunculata BAC clone with 100% identity over a 23 bp region in the query.
Although these target regions are unidentified genomic regions, based on their levels of
identity with the same region of the target query LpRbcS promoter, it is hypothesised that
they are representative of conserved regulatory regions in endogenous promoter
sequences. Additionally, based on the overall levels of homology in short subsets of the
queried sequence, surrounded by grey boxes and labelled I-V (Figure 4.2) it is predicted
that these regions may be conserved across species due to their involvement in gene
regulation or as transcription factor binding sites.
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Figure 4.2: Distribution of 29 matches of a discontiguous BLAST sequence analysis on the queried LpRbcS
sequence (colour key denotes percent identity with queried sequence, boxes highlight regions of putative
regulatory function)

In order to investigate this hypothesis further, an in silico promoter study was conducted
using MatInspector, from Genomatix (http://www.genomatix.de). This analysis detected the
presence of 53 promoter specific regulatory regions (27 on the + strand and 26 on the strand). Of these 14 were selected based on supporting evidence found in background
literature. These are detailed in Table 4.2.
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Table 4.2: Putative regulatory regions predicted by the MatInspector promoter sequence analysis software
for the LpRbcS promoter

Family

Random
Expect
Value
Known Functions
(matches/
1000 bp)

ID

Sequence

Position
on +
strand
from

-10PEHVPSBD

TATTCT

216-221

P$FAM027

0.24

Chloroplast function, circadian
rhythms and light regulation

Thum et al.,
2001

CAREOSREP1

CAACTC

391-396

P$FAM260

0.24

CAREs (CAACTC regulatory
elements) involved in the
gibberellin response

Sutoh et al.,
2003

CCAATBOX1

CCAAT

291-295

P$FAM100

0.98

Common to the 5'-non-coding
regions of eukaryotic genes

Loganantharaj,
2005

CGCGBOXAT

GCGCGG

135-140

P$FAM324

2.20

"CGCG box"- a calmodulinbinding/CGCG box involved in
multiple signaling pathways in
plants

Yang and
Poovaiah, 2002

Reference

EECCRCAH1

GAGTTAC

147-153

P$FAM311

0.98

Consensus motif of enhancer
elements, EE-1 and EE-2
involved in CO2 responsive
Yoshioka et al.,
transcriptional activation; binding 2004
site of the Myb transcription
factor LCR1

IBOXCORE

GATAATT

287-293

P$FAM012

0.98

Conserved sequence upstream
of light-regulated genes in both
monocots and dicots

Terzhagi and
Cashmore, 1995

IBOXCORENT

GATAAGG

414-420

P$FAM012

0.12

"I-box core motif" associated
with light-responsive promoter
regions in CAM plants

MartinezHernandez et
al., 2002

Kim et al., 2002

LTRECOREATCO
R15
TCCGACG

370-376

P$FAM013

0.98

Core of low temperature
responsive element (LTRE),
involved in ABA response and
light signalling mediated
byphytochrome necessary for
drought/ cold- induced gene
expression

MYBST1

TGGATAT

90-96;
412-418

P$FAM014

0.98

Functions as a transcriptional
activation site when bound by
MybSt1 protein

Baranowskij et
al., 1994

MYCATERD

CATGTGC

345-351

P$FAM172

0.24

MYC recognition sequence
involved in early response to
dehydration

Simpson et al.,
2003

SORLIP2AT

GGGGCCT 531-541
CAGG

P$FAM302

0.98

A ‘Sequence Over-Represented
in Light-Induced
Promoters’ (SORLIP)

Hudson and
Quail, 2003

SORLIP5AT

GAGTGAG

205-211

P$FAM315

0.06

A ‘Sequence Over-Represented
in Light-Induced
Promoters’ (SORLIP)

Hudson and
Quail, 2004; Jiao
et al., 2005

TATABOX3

TATTAAT

311-317

P$FAM242

0.06

TATA box found in the
5'upstream region of sweet
potato sporamin A gene

Hattori and
Nakamura, 1988

TATABOX4

TATATAA

504-510

P$FAM243

0.06

TATA box, critical for accurate
initiation of transcription

Grace et al.,
2004
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The predicted regulatory regions and motifs are graphically documented in Figure 4.3.
I!

!

II !

!

!

!

III !

!

IV ! !

V

Figure 4.3: Schematic representation of regulatory regions and motifs detected within the LpRbcS promoter
sequence. Roman numerals demarcate regions specified in Figure 4.1.

A large scale alignment with increased stringency was carried out on the mVista (Loots
and Ovcharenko, 2004; Loots et al., 2002) suite (http://genome.lbl.gov/vista/mvista/
submit.shtml) using RbcS promoter sequences from three monocots [Lolium perenne,
Triticum aestivum (GenBank accession number M37328.1), Oryza sativa (GenBank
accession number AY583764.1)], and three dicots [Gossypium hirsutum (GenBank
accession number: DQ648074.1), Pisum sativum (GenBank: accession number
M21356.1) and Phaseolus vulgaris (GenBank accession number: AF028707.1)]. The
Triticum aestivum RbcS promoter sequence was identified by carrying out an alignment
between publicly available genomic and coding strand sequences (GenBank accession
numbers M37328 and M37328.1) for the TaRbcS locus. The alignment revealed two exons
(from position 696 to 839 and 1129 to 1509, respectively) separated by an intron (between
positions 840 and 1128), the whole preceded by an untranslated region which was used in
further analyses as the TaRbcS promoter sequence (Figure 4.4).
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Figure 4.4:TaRbcS promoter sequence alignment of the genomic BAC clone containing the entire gene
(black bar), and the cDNA sequence (yellow arrows representing exon regions).

An alignment using these six sequences on the mVista program (mVista aligns and
compares sequences from multiple species) returned a match of 70% identity in the 120
bp region (between residues 365-482 on the LpRbcS promoter sequence) between the
LpRbcS and TaRbcs sequences (Figure 4.5) with fewer matches found between the
Lolium perenne and dicot-derived sequence; regulatory modules undergo positive
selection pressure and are often better conserved between closely related species than in
distant ones (Loots and Ovcharenko, 2004).

Figure 4.5: Regions of identity between the LpRbcS and TaRbcS promoter sequences

A visualisation on rVista (Dubchak and Ryaboy, 2006) of the conserved motifs in this
region found ten unique motifs with either single or multiple occurrences schematically
represented in Figure 4.6.
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Figure 4.6: Schematic depicting conserved regions in the LpRbcS and TaRbcS promoter sequences. The
area of the graph highlighted in pink represents sections of the sequence without gaps, green bars represent
detectable conserved motifs occurring either singly or in clusters

The conserved sequences were mainly localised within regions IV and V (Figure 4.2) of
the initial search. Recognised transcription factor binding sites were queried on the
TRANSFAC database (Matys et al., 2003) and matched the data outlined in Table 4.3.
Table 4.3: TRANSFAC results for the regulatory elements detected in the rVista analysis

Factors

Function

Reference

AML1

Mammalian AML/CBF alpha transcription factor binding site. This promoter
element was found to be present with a frequency of 44% among over
shaded Arabidopsis thaliana plants as opposed to a control frequency of 21%

Devlin et al., 2004

AP1

Transcription factor binding site on homeotic gene Apetala involved in flower
development (A. thalliana, Brassica oleracea var. italica, B. oleracea var
botrytis)

Mandel et al., 1992

AP2

Transcription factor binding site on homeotic gene Apetala2 involved in flower
development-antagonistic to Agamous

Jofuku et al., 1994

AR

Mammalian transcriptional activation site for an androgen receptor

Zhou, 1994

CDPCR1

Defensin promoter element identified in plants, insects, invertebrates and
mammals

Whittington et al.,
2008

CDPCR3H Composite element involved in transcriptional activation only in conjunction
D
with other DNA/protein elements. Function unknown.

Qiu et al., 2002

CEBP

CCAAT Enhancer Binding Protein transcription factor binding site reported in
mammals, Drosophila and A. thalliana

Lekstrom-Himes
and Xanthopoulos,
1998, Ruberti et al.,
1991

CEBPB

CCAAT Enhancer Binding Protein Beta transcription factor binding site

Lekstrom-Himes
and Xanthopoulos,
1999

activator acts synergistically with a number of transcription
CETS1P54 Transcriptional
factors involved in organ and tissue formation in mammals

Wheat et al., 1999

A graphical representation of the regulatory elements detected in the conserved region is
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shown below (Figure 4.7).

Figure 4.7: Regulatory elements in the region of sequence conserved between the TaRbcS and LpRbcS
promoters. The yellow line represents the length of the LpRbcS promoter and circles represent transcription
factor binding sites in the conserved region.

As the TRANSFAC database is heavily skewed towards mammalian eukaryotic promoter
elements, the same region was also scanned using the PlantPAN (Chang et al., 2008)
program (http://plantpan.mbc.nctu.edu.tw/seq_analysis_total.php) to further narrow down
the list of putative regulatory elements to more plant specific ones. PlantPAN screens
20-200 bp promoter regions for plant specific regulatory elements collected from the
PLACE, TRANSFAC, AGRIS, and JASPER databases. The PlantPAN screen (queried with
the region of identity between LpRbcS and TaRbcS promoter sequences) returned a range
of matches (Table 4.4):
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Table 4.4: PlantPAN regulatory elements sequence analysis of region of identity between LpRbcS and
TaRbcS promoter sequences

ID

CGACGOSAMY3

GATABOX

WRKY71OS

CAREOSREP1

Sequence

CGACG

GATA

GTCA

CAACTC

Position
Known Functions
on strand

Reference

+ 28
- 95

"CGACG element" putative
coupling element for G box.
Hwang et al.,
Activates rice alpha-amylase
1998
Amy3D expression during
sugar starvation

+ 70
- 120

"GATA box"; light regulated
GATA motif conserved in the
Lam and
promoters of all LHCII (Light
Chua, 1989
Harvesting Complex II)
genes

-9

“Core of a TGAC-containing
W-box” binding site of rice
Zhang et al.,
WRKY71, gibberellin
2004
activated transcriptional
repressor

+ 47

"CAREs” (CAACTC
Sutoh and
regulatory elements)
Ya m a u c h i ,
responsive to gibberellin
2003
induced up-regulation

The positions of the regulatory regions along the queried sequence are shown in Figure
4.8.

Figure 4.8: Regulatory factor positions relative to + (magenta) and -(pink) strands of queried LpRbcS
sequence
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A query of this region processed on MEME [Multiple EM for Motif Elicitation (Bailey and
Elkan, 1994; Bailey et al., 2006)] for the detection of regulatory/functional motifs (as per
Bailey, T., 2007 and Maynou, 2010) found 10 conserved motifs corresponding to those
detected on rVista (Table 4.5). Motifs are biologically significant arrangements of residues
whose presence normally implies (in promoter regions) possible transcription factor
binding or regulatory sites (Homann and Johnson, 2010). As MEME cannot parse gapped
alignments it is unable to detect insertion/deletion motifs hence the sequence was also
parsed using the GLAM2 (Gapped Local Alignment of Motifs) algorithm (Frith et al., 2008).
The resultant motifs (Table 4.5) were then analysed with the TOMTOM (Gupta et al., 2007)
motif comparison tool version 4.3.0 for elucidation of larger regulatory elements
(transcription factor binding sites) containing these motifs. The data-set of enlarged motifs,
however, grew exponentially large with each new level of sub-division and hence only the
most relevant motifs (correlating to matches from the MatInspector, rVista, TRANSFAC
and PlantPAN queries from the region common to LpRbcS and TaRbcS promoter
sequences are included). Each sequence represents the four residues in a motif sized (in
relation to surrounding residues) to correspond to the importance of that residue in the
motif. Smaller residues placed two or more to a position indicate that of either one allows
for biological functionality of the motif. For example, in Motif 1, the presence of any residue
apart from a cytosine in the leading position would cause loss of function/binding capability
(Table 4.5). The second position, however, is less specific and can be occupied by either
an adenine or a cytosine with equivalent functionality and motif identification.
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Table 4.5: Regulatory motifs within the region of identity depicted in Figure 4.5. Multiple smaller residues
imply redundancy in placement/function and score lower in importance than single larger residues.

MEME
ID
Motif 1

Sequence
Logo

Width E-value Strand
6

1,300

Start

P-value

79

0

GATAAGGCGC CATGCA ACCAGGGAAC

19

0

TCACCCACGC CATGCA TCCGACGACG

51

0

TATACCAACT CTTGCA CTGATCCGGA

119

0

CCACATCCTG TATCAA ATTAAGGAAC

43

0

CGGGCGGCTA TACCAA CTCTTGCACT

126

0

CTGTATCAAA TTAAGG AACGGGCGCT

70

0

ATCCGGAGGG ATAAGG CGCCATGCAA

108

0

TTGATACAGG ATGTGGA AGGGGTGGAC

1

0

CATGTGCA GTCACCCACG

+

94

0

AACCAGGGAA CGTCGTC CACCCCTTCC

-

28

0

TATAGCCGCC CGTCGTC GGATGCATGG

+

57

0

AACTCTTGCA CTGATCC GGAGGGATAA

+

140

0

GGAACGGGCG CTGAGCC TATGCCGAGA

+

10

0

CATGTGCAGT CACCCA CGCCATGCAT

+

101

0

GAACGTCGTC CACCCC TTCCACATCC

+

148

0

CGCTGAGCCT ATGCCG AGAC

-

37

0

AGAGTTGGTA TAGCCG CCCGTCGTCG

+

132

0

CAAATTAAGG AACGGG CGCTGAGCCT

+

85

0

GCGCCATGCA ACCAGG GAACGTCGTC

+

148

0

CGCTGAGCCT ATGCCG AGAC

+

64

0

GCACTGATCC GGAGGG ATAAGGCGCC

+
+
+

Motif 2

6

1,500

+
+

Motif 3

6

1,700

+
+

Motif 4

7

1,600

+

Motif 5
7

2,500

Motif 6
7

4,700

Motif 7
6

8,600

Motif 8
6

11,000

Motif 9
6

15,000

Motif 10
6

Sites on queried sequence

46,000

In general, the mechanisms involved in the regulation of photosynthetic genes in
monocotyledonous plants are not as clearly characterised as those in dicots (Nomura et
al., 2000; Saibo et al., 2009a), however, studies in wheat and maize have revealed that
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the monocotyledonous RbcS promoter has at least six discrete regulatory elements
directly or indirectly responsible for light responsiveness (Martinez-Hernandez et al.,
2002). Analyses of the L. perenne LpRbcS promoter sequence revealed various putative
transcription factor binding sites many of which have been functionally analysed. Putative
Transcription Factor Binding Sites (TFBS) were detected by manual assignment of
regulatory sequences to reduce the list of potential TFBS to the most likely functional
matches. Six RbcS promoter sequences from different plants (three monocots and three
dicots)36 were aligned using ClustalW (Thompson et al., 1994) on MacVector (Olson,
1994a, b; Rastogi, 2000) and the alignments parsed for conserved regulatory elements on
rVista (Loots and Ovcharenko, 2004; Loots et al., 2002).

Regions of identity were screened for the presence of conserved plant TFBS in each of the
six promoter sequences and approximately 30 potential plant TFBS were found using
default MatInspector parameters (Cartharius et al., 2005). Of these, plantPAN (Chang et
al., 2008) identified 4 that were conserved at the sequence level: an I-box element, a Gbox element, an ABA response element (ABRE) and the TATA box (Figure 4.6). The I-box
and the G-box elements are functional TFBS which have been characterised as part of the
light-responsive unit of the RbcS promoter in plants such as tomato (Bartholomew et al.,
1991) and tobacco (Martinez-Hernandez et al., 2002)37. The ABRE overlapping the G-box
is also known to be involved in light regulation (Cartharius et al., 2005). Aside from these
conserved regulatory sequences such as the CAAT box (Loganantharaj, 2005), TATA box

36

In monocots leaf development and light responsive RbcS expression are two discrete processes, whereas
in dicots the two are coupled in all stages of growth (Argüello-Astorga and Herrera-Estrella, 2003). In general
RbcS regulatory elements among monocots share greater identity with one another then those from dicots,
irrespective of the pathway they utilise for carbon fixation (C3 or C4). This is evidenced by the difficulty faced
in expressing the wheat RbcS promoter in dicots (Keith et al., 1986; Schaffner and Sheen, 1991) and by the
lack of obvious homologies of monocot RbcS promoter sequences to the dicot RbcS promoters studied thus
far (Hiratsuka and Chua, 1997; Rolfe and Tobin, 1991)
37 It is crucial to note, however, that GT and G box sequences which are evolutionarily conserved in dicot
RbcS promoters are not essential to light responsiveness in monocot foliar tissue (Schaffner and Sheen,
1991).
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(Grace et al., 2004; Hattori and Nakamura, 1988), and enhancer regions (Lekstrom-Himes
and Xanthopoulos, 1998; Ruberti et al., 1991), there were also response elements for
diurnal (Martinez-Hernandez et al., 2002), light responsive (Hudson and Quail, 2003) and
auxin activated domains (Kim et al., 2002). Previous research has already covered the
presence of similar regions which are, for the most part, highly responsive to
environmental stimuli such as light intensity (Lu et al., 2002b; Yamamoto et al., 1991),
drought (Ensminger, 2006; Parry et al., 2002), photoperiod/day length (Sathish et al.,
2007) and cold (Saibo et al., 2009a). Others are known to respond to internal levels of
carbohydrate metabolism (Krapp et al., 1993; McCormick et al., 2008) and variations in the
efficiency of the light harvesting photosystem (Duncan and Carrow, 1999b; Sheen, 1990).
One of the more interesting matches (specific to the LpRbcS promoter sequence) was a
CBF alpha (transcription factor binding site) homologue which has previously been
reported as activated under conditions of foliar shading in A. thaliana (Devlin et al., 2003).

4.3.2 Production of Transgenic Plants for Reprogrammed Fructan Biosynthesis
Following the in silico sequence analyses (described in Sections 4.3.1 and 3.3 for the
promoter and fructosyltransferase sequences, respectively), vectors were designed
incorporating the Lp1-SST and Lp1-SST_6G-FFT sequences flanked by 5ʼ LpRbcS
promoter and 3ʼ LpFT4 terminator sequences (Spangenberg et al., 2011; Spangenberg et
al., 2003, 2005). These recombinant constructs were directionally cloned into
transformation vectors (Figure 4.9) and biolistically transformed into perennial ryegrass
calli (Sections 2.5 and 2.6).
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!

!

pBS::LpRbcS::Lp1-SST::LpFT4!

!

!

B)

pBS::LpRbcS::Lp1-SST_Lp6G-FFT::LpFT4!

C)

Figure 4.9: Vector maps of the A) LpRbcS::Lp1-SST::LpFT4, B) LpRbcS::Lp1-SST_6G-FFT::LpFT4
sequences in vector pBS and C) Act1::hph::35S, hygromycin phosphotransferase selectable marker in pAcH.
Green arrows and red bars or asterisks indicate forward and reverse primer binding sites for molecular
analyses38 .

4.3.3 Production of Transgenic Perennial Ryegrass Plants with Reprogrammed Fructan
Biosynthesis

Proliferating embryogenic calli from perennial ryegrass genotype FLP 418-20 were

38 For qRT-PCR and PCR screening carried out for transgene expression and transgene detection analysis
respectively. Lp1-SST specific primers were used at the LpRbcS::Lp1-SST junction for Lp1-SST and the
Lp1-SST_Lp6G-FFT detection in transgenic perennial ryegrass plants (Sections 2.9 and 2.12).
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subjected to biolistic transformation with linearised cassettes39 of each of these vectors
(Figure 4.9A and B), co-transformed with the Hygromycin phosphotransferase selectable
marker under control of the Actin promoter (Figure 4.9C). Following biolistic transformation
calli were regenerated in the presence of 50 μg/ml hygromycin for 4 weeks (Figure 4.10B,
and C) following which they were transferred to regeneration medium supplemented with
30 μg/ml hygromycin for 2 weeks to establish in vitro regenerated putative transgenic
plants (Figure 4.10 D and E). A total of 600 putative transgenic perennial ryegrass plants
with reprogrammed fructan metabolism in photosynthetic cells were recovered and
established under containment glasshouse conditions (Figure 4.10 F and G) for detailed
molecular and biochemical analyses.

Figure 4.10: Production of transgenic perennial ryegrass plants with reprogrammed fructan biosynthesis:
Selection of proliferating calli (A), biolistically bombarded calli on selection medium (B), induction of shoot
and root formation (C), closeup of a regenerated plantlet with roots (D), following transfer to, and growth on
selection media (E), following potting (F) and growth under containment glasshouse conditions (G).

39 Promoter, gene and terminator sequences were restriction digested out vector backbone, purified and
used for biolistic transformation (Section 2.6).
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4.3.4 Molecular and Biochemical Analyses of Transgenic Perennial Ryegrass Plants with
Reprogrammed Fructan Metabolism
Following biolistic transformation leaf tissue was sampled from in vitro grown putative
transgenic plantlets (Sections 2.6 and 2.8) and screened for the presence of transgenes
(Section 2.10). Plants testing positive for transgene presence were transferred to
containment glasshouse soil-based growth conditions, where leaf material was collected
for RNA and genomic DNA isolation. The genomic DNA was used for Southern
hybridisation analysis to determine stable transgene integration and transgene copy
number (Section 2.10). Isolated RNA samples were subjected to quantitative reverse
transcription PCR (qRT-PCR) analysis to assess transgene expression (Section 2.12).

Two different probes were used for the Southern hybridisation analysis, LpRbcSp_
Southern targeting a 480 nucleotide sequence in the promoter region and LpFT4t_
Southern targeting a 500 nucleotide sequence in the terminator40 verifying both distal ends
of the transferred recombinant gene (Section 2.10 and Figure 4.11). Transgenic perennial
ryegrass plants with one to two copies of the transferred gene were selected for detection
of transgene expression using qRT-PCR (Section 2.11). QRT-PCR detection primers were
designed and optimised for amplification across the junctions between the LpRbcS
promoter and the Lp1-SST coding sequence, the Lp1-SST and Lp6G-FFT coding
sequences and the Lp6G-FFT coding sequence and LpFT4 terminator (Kibbe, 2007)41
based on: Fusion_Junction2-F2/R3 and Fusion_Junction1-F1/R1.

40

The distal ends of lengthy constructs are most likely to be truncated following transformation,
representative Southern hybridisation analysis results are appended in Appendix V.
41

For transgenic perennial ryegrass plants containing the LpRbcS::Lp1-SST_Lp6G-FFT::LpFT4 sequence.
129

Dhavale!

Chapter 4

Figure 4.11: Southern hybridisation analysis of genomic DNA samples from transgenic and control perennial
ryegrass plants probed for LpFT4 terminator sequence: Lane 1-DIG Marker III, lanes 2-11 genomic DNA
samples of transgenic perennial ryegrass plants, lane 12 herring sperm DNA (negative control), lane 13
DNA from isogenic background (control).

These primers were then used for transgene expression analysis (Section 2.11) in
conjunction with histone specific primers (Takahashi et al., 2006) to detect relative levels of
gene expression (Section 2.12). A graphical depiction of variation in relative transgene
expression levels in selected transgenic perennial ryegrass plants is shown (Figure 4.12).
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Figure 4.12: Transgene expression levels of low transgene copy number (1-2 copies) perennial ryegrass
plants (blue and green columns F1-16 and S1-16 respectively, represent LpRbcS::Lp1-SST-Lp6GFFT::LpFT4 and LpRbcS::Lp1-SST::LpFT4 transgenic perennial ryegrass plants) as quantified by qRT-PCR.
All values are relative to expression in isogenic non-transgenic perennial ryegrass plants (in yellow, C1-C3).

Plants with 1-2 copies of the transgene and detectable levels of transgene expression
were then screened for foliar fructan content using HPLC analysis (Section 2.15, Figure
4.13). A comparison of foliar fructan content across transgenic plants is shown (Figure
4.13; Table 4.5) with individual transgenic plants expressing recombinant
fructosyltransferase genes (derived from endogenous perennial ryegrass sequences
encoding Lp1-SST or the Lp1-SST_Lp6G-FFT mini-metabolon) under control of the
endogenous light-regulated promoter (LpRbcS) thus temporally and spatially coinciding
fructosyltransferase activity with sucrose availability and leading to twenty-fold increases in
fructan content compared to levels found in corresponding isogenic, non-transgenic
control plants (Figure 4.12; Table 4.5).

Transgenic perennial ryegrass plants with significant increases in laminar fructan as
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compared to isogenic, non-transgenic background levels (due to reprogrammed
photosynthetic cells for fructan biosynthesis the transgene expression of recombinant
genes encoding Lp1-SST and the translational fusion of Lp1-SST_Lp6G-FFT
fructosyltransferase mini-metabolon) and/or enhanced biomass production were selected
for inoculation with fungal endophytes to establish novel transgenic perennial ryegrassendophyte symbiota.

Figure 4.13: Total fructan content (mg/g dry weight of tissue) of selected perennial ryegrass plants. Blue and
green columns represent LpRbcS::Lp1-SST-Lp6G-FFT::LpFT4 and LpRbcS::Lp1-SST::LpFT4 transgenic
perennial ryegrass plants while yellow columns represent FLP 418-20 isogenic, non-transgenic control.

Following molecular and biochemical screening four independent transformation events for
each transformation vector and corresponding control plants were selected (Table 4.5) and
replicated for the generation of novel host-endophyte symbiota to characterise the effect of
altered foliar fructan levels on symbiota establishment.
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Table 4.5 Plants selected for further evaluation under containment glasshouse conditions 42

Plant ID Transgene

Transgene
Expression
Level

Total Fructan
Content (mg/g
dry weight)

P1

LpRbcS::Lp1-SST::LpFT4

6.28E-03

3.01

P2

LpRbcS::Lp1-SST::LpFT4

1.41E-01

3.8

P3

LpRbcS::Lp1-SST::LpFT4

3.01E-01

1.22

P4

LpRbcS::Lp1-SST::LpFT4

4.85E+00

2.02

P5

LpRbcS::Lp1-SST_Lp6GFFT (minimetabolon)::LpFT4

4.71E+00

41.69

P9

LpRbcS::Lp1-SST_Lp6GFFT (minimetabolon)::LpFT4

3.15E-05

2.55

P11

LpRbcS::Lp1-SST_Lp6GFFT (minimetabolon)::LpFT4

1.35E-06

2.15

P12

LpRbcS::Lp1-SST_Lp6GFFT (minimetabolon)::LpFT4

1.80E-06

2.74

C

N/A; non transgenic isogenic control

N/A

2.1

4.4 Conclusions

In silico analyses of the regulatory regions of the LpRbcS gene were conducted for
selection of a light regulated promoter sequence and cloned in frame with recombinant
endogenous sequences encoding Lp1-SST, Lp6G-FFT and the Lp1-SST_Lp6G-FFT minimetabolon. These were biolistically transformed into perennial ryegrass and putative
transgenic plants were screened (for the presence of transgenes encoding the
recombinant fructosyltransferases, transgene copy number as well as transgene
expression) and unequivocally confirmed with molecular (Southern hybridisation analysis
and quantitative reverse-transcription polymerase chain reaction assays) and biochemical
analyses (HPLC-based determination of fructan content in transgenic perennial ryegrass).

42

Refer to Appendices 4.1 and 4.2 for a complete list of all plants analysed.
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Regulatory elements of perennial ryegrass LpRbcS found in areas of high identity to other
RbcS promoters (such as the closely related RbcS from Triticum aestivum) were accepted
as being of primary importance based on the hypothesis that areas of active regulatory
function would be the ones to be most highly conserved among related groups in the plant
kingdom. Elements fitting this criteria were a light regulated GATA motif (Lam and Chua,
1989) conserved in the promoters of all LHCII (Light Harvesting Complex II) genes, a Gbox coupling element expressed during sugar starvation (Hwang et al., 1998), a gibberellin
activated W-box binding site (Zhang et al., 2004) and a gibberellin up-regulated CAACTC
element (Sutoh and Yamauchi, 2003). Hence the LpRbcS promoter sequence including
these regulatory regions and motifs of interest was cloned in frame with the
fructosyltransferase mini-metabolon and the Lp1-SST (Section 2.5) and transformed into
perennial ryegrass (Sections 2.6 and 2.7) to reprogram photosynthetic cells for fructan
biosynthesis. The resulting transgenic perennial ryegrass plants were then subjected to
comprehensive molecular and biochemical analyses.

The presence and copy number of integrated transgenes in transgenic perennial ryegrass
plants was confirmed by Southern hybridisation analysis while transgene mRNA
expression was confirmed through qRT-PCR. Foliar fructan levels were determined using
HPLC (Section 2.15) and plants exhibiting enhanced foliar fructan content [with up to
twenty-fold increase in individual transgenic plants relative to fructan levels found in
corresponding isogenic, non-transgenic control plants (Table 4.5)] and/or enhanced
biomass production - together with detectable transgene expression and low transgene
copy number - were selected and multiplied for further studies on the establishment of
novel symbiota following inoculation with selected Neotyphodium endophytic fungi.

Unequivocal evidence for in planta functionality of the Lp1-SST_Lp6G-FFT mini-metabolon
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for enhanced energy and biomass production in transgenic perennial ryegrass was
obtained with retention of normal phenotypes and discernible anatomical function [as
compared to transgenic ryegrass plants reported in previous studies expressing chimeric
fructosyltransferases of bacterial and non-homologous plant origin under control of nonlight regulated, constitutive promoters (Gerrits et al., 2001; Hisano et al., 2004; Ye et al.,
2001)].
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Chapter 5
Generation of Novel Perennial Ryegrass-Fungal
Endophyte Symbiota
5.1 Introduction

Cool season grasses are often found in association with fungal endophytes colonising
aerial portions of host tissue (Cheplick, 2008; Rasmussen et al., 2007; Rasmussen et al.,
2008b). These associations range from antagonistic to symbiotic and, while classified as
ʻpositiveʼ (Kannadan and Rudgers, 2008; Li et al., 2007) in some hosts (such as Lolium
arundinaceum Schreb.) in others (such as L. perenne) the effects can vary based on host/
endophyte genotype and environmental factors (Belesky and Malinowski, 2000; Cheplick,
2004a; Cheplick and Faeth, 2009a; Clay, 1990; Faeth and Fagan, 2002; Zhang et al.,
2007).

Various perennial ryegrass genotypes have been studied in association with N. lolii
(Cheplick and Faeth, 2009b) for traits such as yield (Hesse et al., 2004), tiller production
(Cheplick, 2004a; Hesse et al., 2004), net photosynthesis (Spiering et al., 2006),
aboveground dry mass (Cheplick 2004a, 2007, Hesse et al. 2004, Lewis 2004), leaf area
(Cheplick,1997a, 2004a, Cheplick & Cho 2003), regrowth rate following defoliation
(Cheplick, 1998; Cheplick and Cho, 2003), abiotic stress (Clay and Schardl, 2002; Kane,
2011; Rodriguez et al., 2009b; Schardl and Phillips, 1997) and carbohydrate storage
(Cheplick and Cho, 2003; Rasmussen et al., 2007; Rasmussen et al., 2008b).

Some studies have demonstrated that an increased carbohydrate to nitrogen ratio (Agee
and Hill, 1994; Bacon, 1993) increases alkaloid production by the endophyte, particularly,
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under conditions of water stress (Arechevaleta et al., 1989; Lane et al., 1997). Still others
have reported a decrease in (endophyte secreted) alkaloid content following a decrease in
the hostʼs nitrogen to carbohydrate ratio (Hunt et al., 2005; Rasmussen et al., 2007) and
an overall down regulation of host genes involved in both carbohydrate metabolism and
photosynthesis (Khan et al., 2010).

In perennial ryegrass plants fructan reserves are normally stored in pseudostems
(Edelman and Jefford, 1968), where the majority of endophyte biomass is also localised
during vegetative growth (Cheplick and Faeth, 2009a). The endophyte then co-ordinates
its growth with that of the host inflorescence in order to ensure its transmission through
host seed. In this chapter the establishment of novel symbiota between transgenic
perennial ryegrass genotypes and novel fungal endophytes are described for the first time.

5.2 Aims

The experimental objectives of the research described herein are:

1.

Development of a method for direct inoculation of Neotyphodium endophytes into
transgenic perennial ryegrass plants43.

2.

Establishment and molecular characterisation of novel symbiota between transgenic
perennial ryegrass plants and a range of Neotyphodium endophytes with differing
alkaloid production profiles.

43
With reprogrammed fructan biosynthesis for enhanced energy (i.e. fructan) content and biomass
production through light-regulated expression of an Lp1-SST or an Lp1-SST_Lp6G-FFT fructosyltransferase
mini-metabolon.
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5.3 Results and Discussion

Selected transgenic perennial ryegrass genotypes grown under containment glasshouse
conditions were confirmed as being endophyte free via SSR marker analysis (Section
2.21, Table 4.5) and established as axenic in vitro cultures following inflorescence/basal
meristem culture (Section 2.18).

Table 5.1 : Selected transgenic perennial ryegrass plants expressing recombinant fructosyltransferase genes
for reprogrammed fructan biosynthesis and negative controls selected for establishment of grass-endophyte
associations. Data for determination of high biomass phenotypes was obtained through field testing and is
not included here.

Plant ID

Transgene

Phenotypic Description

P1

LpRbcS::Lp1-SST::LpFT4

High fructan, transgenic

P2

LpRbcS::Lp1-SST::LpFT4

High biomass, transgenic

P3

LpRbcS::Lp1-SST_Lp6G-FFT::LpFT4

High biomass, transgenic

P4

LpRbcS::Lp1-SST_Lp6G-FFT::LpFT4

High biomass, transgenic

P5

N/A

FLP 418-20, isogenic control nontransgenic

P6

N/A

Aurora-6, high water soluble
carbohydrate variety

Proliferating embryogenic calli were induced from the inflorescence meristems of
transgenic perennial ryegrass plants (Figure 5.1) and the basal meristems of tissue
culture-grown plants of isogenic non-transgenic control plants. Tissue was homogenised
either manually (Figure 5.1A) or mechanically in liquid media (Figure 5.1B), and plated as
a thin layer following centrifugation and decantation of the medium (Section 2.18.2). The
latter method was found to result in a higher frequency of embryogenic callus initiation at
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an earlier stage, with over 16 embryogenic calli initials at 2.5 weeks as opposed to 5
embryogenic calli at 8 weeks from manually homogenised tissue.

Figure 5.1: Embryogenic callus induction from basal meristems of transgenic perennial ryegrass plants with
reprogrammed fructan metabolism. A) Manually homogenised source plant tissue 8 weeks post callus
induction; B) Mechanically homogenised source plant tissue 2.5 weeks post callus induction.

Root and shoot regeneration were induced from embryogenic calli established from
selected transgenic perennial ryegrass genotypes44 and the resultant plantlets were
inoculated with mycelial fragments from a range of Neotyphodium endophytes including
standard toxic, AR1, NEA10, NEA11, NEA12 and E1 (Figure 5.2) with varying alkaloid
profiles (Table 5.2).

44 Expressing recombinant light-regulated fructosyltransferase genes leading to enhanced fructan content
and biomass production
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Table 5.2: Selection of host genotypes of novel and genetically diverse Neotyphodium endophytes for
association testing with transgenic perennial ryegrass plants and,non-transgenic control plants.

Endophyte
Standard toxic
AR1
NEA10
NEA11
NEA12
E1

Alkaloid Profile
Lolitrem, Ergovaline, Peramine
Peramine
Ergovaline, Peramine
Ergovaline, Peramine
Ergovaline, Peramine
Ergovaline, Peramine

Following endophyte inoculation (Section 2.19), and a 4 week colonisation period, putative
transgenic ryegrass-endophyte associations were transferred to soil-based conditions and
allowed to grow for 3 months (Figure 5.3A-F). Putative associations were then screened
with SSR specific markers (van Zijll de Jong et al., 2003a) to assess endophyte presence
(Figure 5.3G and Table 5.3). These results are summarised in Table 5.3.

Figure 5.2: Neotyphodium endophytes selected for establishment of symbiota with transgenic perennial
ryegrass plants: standard toxic (A), AR1 (B), NEA10 (C), NEA11 (D), NEA12 (E) and E1 (F). All endophyte
cultures were initiated on potato-dextrose-agar at the same time; colony sizes reflect in vitro growth rates of
the different Neotyphodium endophytes.
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Table 5.3: Successful establishment of perennial ryegrass-endophyte associations. Ticks indicate at least
one symbiotum established with SSR detectable endophyte presence 3 months after transfer to soil, while
bars indicate a lack of detectable endophyte.

Host Genotype

LpRbcS::Lp1-SST::LpFT4
LpRbcS::Lp1-SST_Lp6GFFT::LpFT4
FLP 418-20 (non-transgenic)
Aurora-6 (non-transgenic)

Endophyte Strain
Standard
Toxic
✓
✓
✓

AR1

E1

NEA10

NEA11

NEA12

-

-

-

-

-

✓

✓

✓

✓

-

-

✓
✓

-

✓
✓

✓

Selected symbiota, testing positive for endophyte presence, were replicated along with
corresponding control plants, allowed to grow further under controlled environmental
conditions for six weeks, and their aerial biomass harvested separately into lamina and
pseudostems, freeze dried, weighed and subjected to analyses unequivocally
demonstrating the establishment of novel symbiotic grass-endophyte associations. The
analyses were as follows:

i.

Molecular analyses (Sections 2.8-2.11) with SSR markers for plant-host and
endophyte genotyping, Southern hybridisation analysis for the detection of transgene
presence and qRT-PCR analysis for the assessment of relative transgene expression
levels; and

ii.

Biochemical analyses (Section 2.18) using LC-MS for determination of alkaloid
presence and concentrations in pseudostem and lamina samples
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Figure 5.3: Formation of host-endophyte associations: Induction of calli from basal or inflorescence
meristems (A), multiplication of proliferating embryogenic calli (B), induction of shoot and root differentiation
(C), inoculation of differentiated plantlets with endophyte mycelium (D), colonisation of growing plantlets by
endophyte mycelia (E), transfer of plantlets to soil-based containment glasshouse conditions (F) and SSRbased assessment of endophyte presence in putative symbiota (G).

Molecular analyses of newly established novel perennial ryegrass-endophyte symbiota
confirmed the corresponding perennial ryegrass host genotype (as assessed by a panel of
SSR molecular markers: h02b11, k07f07, pps0210, k12h08, and hxx242) as well as stable
mitotic transgene integration (assessed by Southern hybridisation analysis with transgene
promoter and terminator specific hybridisation probes) and transgene expression
(assessed by qRT-PCR) for all tested symbiota established with transgenic plants as hosts
(Table 5.4).
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Table 5.4: Molecular analysis of novel perennial ryegrass-endophyte symbiota to confirm host genotype,
transgene presence and transgene expression. ✝ denotes relative transgene expression and ✭ denotes
transgene copy number.

Plant Host

h02b11

k07f07

pps0210

k12h08

hxx242

Copies of Transgene
transgene expression
✭
✝

Allele Allele Allele Allele Allele Allele Allele Allele Allele Allele
1
2
1
2
1
2
1
2
1
2

M i n i metabolon in 126
FLP 418-20
126
FLP418-20
126
Aurora-6

133

170

-

170

188

181

206

143

159

2

2.02E+05

133

170

-

170

188

181

206

143

159

133

170

181

184

188

174

176

139

141

0
0

N/A
N/A

In an analogous manner, endophyte presence and identity in the novel symbiota
established with transgenic perennial ryegrass plants with reprogrammed fructan
biosynthesis and corresponding control host genotypes was also confirmed using a panel
of highly informative endophyte-specific SSR markers (NLEST1AQA09, NLEST1ANG03
and NLEST1ACC05) in all cases (Table 5.5).

Table 5.5: SSR marker-based molecular analysis of perennial ryegrass-endophyte symbiota to confirm
endophyte presence and identity.

Plant Host

Endophyte NLEST1AQA09
Allele 1
Allele 2
Mini-metabolon in
None
FLP 418-20
Mini-metabolon in
NEA11
153
184
FLP 418-20
FLP418-20
None
153
184
FLP418-20
NEA11
Aurora-6
None
153
184
Aurora-6
NEA11

NLEST1ANG03 NLEST1ACC05
-

-

226

167

226
226

167
167

Biochemical analyses using LC-MS confirmed the presence of the expected endophyte143
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derived alkaloids (e.g. ergovaline and peramine) in tissue samples from the lamina and
pseudostems of perennial ryegrass-endophyte symbiota established with novel
Neotyphodium endophytes (e.g. NEA11) that served as biomarkers for the successful
establishment of functional symbiota with transgenic perennial ryegrass plants with
reprogrammed fructan biosynthesis. Representative results of these analyses are shown
(Figure 5.3).

!

!

!

!

!

!

!

B)

C)! !

!

!

!

!

!

!

D)

A)!

Figure 5.4: Alkaloid levels in symbiota: Peramine in lamina (A) and pseudostem (B) samples, ergovaline in
lamina (C) and pseudostem (D) samples. Columns denote sample means while bars denote Standard Error
of Means (SEM).
!

5.4 Conclusions

The ability of transgenic perennial ryegrass plants - with a low number of stably integrated
transgenes encoding the Lp1-SST or the Lp1-SST_Lp6G-FFT mini-metabolon with
detectable transgene expression and enhanced foliar fructan content and/or enhanced
144

Dhavale!

Chapter 5

biomass production – to establish novel L. perenne host-Neotyphodium endophyte
symbiota was assessed with six genetically diverse Neotyphodium endophyte strains
producing differing alkaloid profiles.

Transgenic perennial ryegrass plants with altered fructan metabolism were successfully
inoculated with a range of genetically diverse Neotyphodium endophytes using a newly
developed method enabling direct inoculation of endophyte mycelium into regenerating
shoot meristems from embryogenic calli. The success of novel symbiota establishment
was unequivocally demonstrated through comprehensive molecular, genetic (i.e. host and
endophyte-specific SSR markers) evidence, transgene-specific detection and expression
(i.e. Southern hybridisation analysis and qRT-PCR expression analyses) evidence, as well
as the endophyte-derived in planta alkaloid production profile (i.e. LC-MS analyses of
peramine and ergovaline levels) evidence.

This research has conclusively demonstrated, for the first time, that successful grassendophyte associations can be formed between transgenic perennial ryegrass plants
(expressing recombinant fructosyltransferase genes under control of light-regulated
promoters for altered fructan metabolism) and novel endophytic Neotyphodium fungi using
the newly developed technique of direct embryogenic callus inoculation.
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Chapter 6
Conclusions and Future Directions
6.1 Conclusions

A novel concept for the spatially and temporally targeted modification of fructan
biosynthesis in perennial ryegrass (Lolium perenne L.) - to enhance its energy content
and/or biomass production - was designed and functionally characterised in vitro and in
planta. This was achieved through the light-regulated expression of recombinant genes
encoding endogenous (L. perenne) fructosyltransferases – namely sucrose:sucrose 1fructosyltransferase (Lp1-SST) and fructan:fructan 6G-fructosyltransferase (Lp6G-FFT) –
either individually or combinatorially, under control of regulatory sequences from the
photosynthetic gene encoding homologous ribulose-1,5-biphosphate carboxylase
oxygenase small sub-unit (LpRbcS). The use of the light-regulated LpRbcS promoter
sequences to drive the expression of the recombinant fructosyltransferase genes
combined the temporal and spatial availability of photosynthetically derived sucrose as a
fructosyltransferase substrate and enhanced fructan biosynthesis.

A recombinant, translationally-fused fructosyltransferase mini-metabolon, Lp1-SST_Lp6GFFT, comprised of the sequentially active perennial ryegrass fructosyltransferases Lp1SST and Lp6G-FFT was designed and tested in silico and in vitro. Following successful
expression in Pichia pastoris, peptide sequencing and enzymatic activity assays of the
individual fructosyltransferases (i.e. Lp1-SST and Lp6G-FFT, both individually and as
equimolar admixture of Lp1-SST plus Lp6G-FFT) and the Lp1-SST_Lp6G-FFT minimetabolon (i.e. translational fusion of Lp1-SST and Lp6G-FFT), fructosyltransferase

146

Dhavale!

Chapter 6

activities were comparatively assessed and in vitro functionality of the mini-metabolon
unequivocally demonstrated.

In planta functional analysis of the light-regulated fructosyltransferase mini-metabolon
revealed temporally and spatially coinciding availability of the substrate sucrose with
fructosyltransferase activity to enhance fructan biosynthesis in perennial ryegrass.
Recombinant genes generated using endogenous sequences encoding Lp1-SST, Lp6GFFT and the mini-metabolon Lp1-SST_Lp6G-FFT translational fusion under the control of
in silico characterised photosynthetic LpRbcS promoter were biolistically transformed into
perennial ryegrass. Putative transgenic perennial ryegrass plants were recovered and their
transgenic nature (i.e. the presence of transgenes encoding recombinant
fructosyltransferases, their copy number and expression) was unequivocally confirmed
following molecular analyses (i.e. Southern hybridisation analysis and quantitative reversetranscription polymerase chain reaction assays). Biochemical analyses to determine
fructan content in transgenic perennial ryegrass plants further assessed in planta
functionality of the light-regulated fructosyltransferase mini-metabolon using high
performance liquid chromatography and demonstrating significantly enhanced foliar
fructan content (with levels enhanced up to twenty-fold higher than to the isogenic, nontransgenic control) in selected transgenic perennial ryegrass plants.

Furthermore, the ability of transgenic perennial ryegrass plants - carrying a low number of
stably integrated transgenes with detectable transgene expression and enhanced foliar
fructan content and/ or biomass production – to establish novel L. perenne hostNeotyphodium endophyte symbiota was assessed with six genetically diverse
Neotyphodium endophyte strains producing differing alkaloid profiles. A newly developed
technique for direct meristem inoculation of in vitro regenerating embryogenic calli from
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transgenic perennial ryegrass genotypes with endophyte mycelia was established. The
method proved successful in establishing novel transgenic perennial ryegrass hostendophyte associations unequivocally demonstrated through comprehensive molecular
genetic (i.e. host and endophyte-specific simple sequence repeat marker-based
genotyping of host and endophyte, respectively; host transgene presence and expression)
and biochemical (i.e. detection of endophyte-specific alkaloids peramine and ergovaline)
analytical evidence.

6.2 Future Directions

Future research avenues arising from advances enabled by this study include:

1. Comprehensive phenomics-based analysis of transgenic perennial ryegrass plants with
reprogrammed fructan metabolism through light-regulated expression of a functional
fructosyltransferase mini-metabolon for enhanced energy content and biomass
production;

2. Comprehensive phenomics-based analysis of novel symbiota derived from transgenic
perennial ryegrass plants with re-programmed fructan metabolism following inoculation
with a range of genetically diverse Neotyphodium endophytes including molecular
phenotyping for alkaloid content and profile as well as abiotic stress tolerance;

3. In depth field-based phenotyping of transgenic perennial ryegrass plants with reprogrammed fructan metabolism through light-regulated expression of a functional
fructosyltransferase mini-metabolon and corresponding symbiota with novel
Neotyphodium endophytes with differing alkaloid production profiles;
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4. Transgenic germplasm development from selected transgenic perennial ryegrass plants
with reprogrammed fructan metabolism through light-regulated expression of a
functional fructosyltransferase mini-metabolon and corresponding symbiota with novel
Neotyphodium endophytes, for varietal production with enhanced energy content and
biomass production;

5. In-depth characterisation of novel symbiota derived from transgenic perennial ryegrass
plants with re-programmed fructan metabolism following inoculation with a range of
genetically diverse Neotyphodium endophytes for assessment of host colonisation, and
inter-generational stability.
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Appendix I
Solutions, Buffers and Media

Solutions, buffers and media were prepared as per general molecular biology protocol
manuals or as per the accompanying manufacturerʼs instructions.

Medium
MS Basal

Component
MS Powder (g)

g/ per litre
4.4

Sucrose (g)

30

pH 5.8 with 1M KOH

5A Callus Induction

Phytagel (g)

3

MS Powder (g)

4.4

Sucrose (g)

30

pH 5.8 with 1M KOH

Meristem Regeneration

Phytagel

3

BAP (2mg/ml)

1

MS Powder (g)

4.4

Sucrose (g)

30

pH 5.8 with 1M KOH
Phytagel (g)

3

2,4-D (5mg/ml)

1

Potato Dextrose (g)

24

Bacto Agar (g)

15

Potato Dextrose Broth

Potato Dextrose (g)

24

Water-Agar

Bacto Agar (g)

26

Potato Dextrose Agar
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Component

Water

20% Dextrose

1000 ml de-ionised.

20% Dextrose 1 pouch Dextrose from
Autoclave 15 mins or filter
PichiaPink media kit
(10X)
sterilise.

N/A

YPD Medium

900 ml de-ionised..
1 pouch YP from
Autoclave 20 mins on liquid
PichiaPink media kit
cycle.

100 ml

YPD Agar

900 ml de-ionised..
1 pouch YP agar from
Autoclave 20 mins on liquid
PichiaPink media kit
cycle.

100 ml

YPDS Medium

180 ml of de-ionised..
1 pouch YPS from
Autoclave for 20 mins on
PichiaPink media kit
liquid cycle.

20 ml

PAD agar

900 ml de-ionised..
1 pouch PAD agar from
Autoclave 20 mins on liquid
PichiaPink media kit
cycle.
•10 g YE
700 ml de-ionised
•20 g peptone
•100 mL 1 M potassium
phosphate buffer, pH 6.0
•100 mL 10X YNB
•20 mL 50X B
•100 mL 10X GY
As above with 100 ml of
10X M instead of 10X GY

BMGY

BMMY

MGY

100 ml of 10X YNB
20 ml 50X B
100 ml 10X GY

Add to 800 ml autoclaved
water

100 ml

-

-

MGYA

as above with 100 ml of
100X A stock solution.

MD

•100 ml of 10X YNB
Add to 800 ml autoclaved
•20 ml 50X B
water, cool to 60 ° C.
•100 ml 10X D
For plates add 15 g Agar
as above with 100 ml of
prior to autoclaving.
100X A stock solution.

-

•100 ml of 10X YNB
Add to 800 ml autoclaved
•20 ml 50X B
water, cool to 60 ° C.
•100 ml 10X M
As above with 10 ml of For plates add 15 g Agar
100X A stock.
prior to autoclaving.

-

MDA

MM
MMA

-
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Appendix II
Peptide Sequencing P. pastoris expressed Fructosyltransferases

Bands 7, 8 and 9 excised and subjected to peptide sequencing via LC-MS.

Band 8: 90 - 160kDa (molecular weight of fusion product - 144kDa)
Identified 6G-FFT.
Highlighted peptide matched:
GALGPFGLLVFADGR - 1187-1201 amino acids
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Band 9: 65 - 90kDa (molecular weight of Fusion protein - 144kDa)
Identified 6G-FFT.
Highlighted peptides matched:
GALGPFGLLVFADGR - 1187-1201 amino acids
DFRDPLTAWFEHSDNTWRTIIGSKDDDGHAGIVLSYK - 927-960 amino acids
GWASLMSIP- 1092-1100 amino acids
TNLIQWPVEE- 1111-1125 amino acids
GALGPFGLLVFADG- 1187-1200 amino acids
GLDGSLLTHYCHDESR- 1214-1229 amino acids
VVGGTVPVLDGETFSVR- 1240-1256 amino acids

Band 9: 65 - 90kDa continued (molecular weight of Fusion protein - 144kDa)
Identified 1SST
Highlighted peptides matched:
MIGSIVPVLDGETFSVR - 596 - 612 amino acids
TEQTAVYFYVSK - 558-569 amino acids
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Appendix III
Phylogenetic tree displaying evolutionary relationships between Lp1-SST and
known homologues from the plant kingdom
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Phylogenetic tree displaying evolutionary relationships between Lp6G-FFT and
known homologues from the plant kingdom
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Appendix IV
Primers used for real time and quantitative reverse transcriptase PCR

Primer Name

Primer Sequence 5ʼ→3ʼ

Fusion_Junction1-F1

CCCCGCGGTGAATTCATGGAG

Fusion_Junction1-F2

GGCCCCCGCGGTGAATTCATG

Fusion_junction1-F3

GCGGTGAATTCATGGAGTCCCC

Fusion_Junction2-R1

GGCGCTGGACTCTCCTCCTCCA

Fusion_Junction2-R2

CAGCGGCGACGTGGTGCCTTG

Fusion_Junction1-R1

GCGCCACCTCCCGCCACTCCGG

Fusion_Junction2-R3

ACGGGCGTCGTCGGCAGAGGACGGC

Fusion_Junction1-R2

CGACGACCACCGCCAACGC

Fusion_Junction2-F1

GCTTGGAGGAGGAGAGTCCAGCG

Fusion_Junction2-F2

GAACGACGACTTGGGAGGAGGAAAGC

Fusion_Junction3-F1

GAGCTTCGTGATGGGTGGGAGGAC

Fusion_Junction3-F2

GCATACCCGACGGAGGCCATCTA

Fusion_Junction3-R1

GTTGAATTCCTACATGTCGTCAGC

ncbi-j1-F

TCAGGCATAGCCCAGCTAGT

ncbi-j1-R

GAGTAGGCACCGGAGGACTT

ncbi-j2-F1

TCTTCACGAACGACGACTTG

ncbi-j2-R1

ACCGAAGAAGTCGCAGACAC

ncbi-j2-F2

TCTACCTCTTCAACAACGCCA

ncbi-j2-R2

GTCCTGACCCAGATCCACC

ncbi-j3-F2

CTCGTCGTGTACGAGATGGC

ncbi-j3-R2

GTGAGAATAGGTCCACCCAATG

ncbi-j3-R1

ACAGGAGCTCCATTTCGGTT

ncbi-j3-F1

CTCGTCGTGTACGAGATGGC

Fusion-screen1_F

CTAGTCTGCATGATTAGTTTATTCG

Fusion-screen1_R

CGCTGGACTCTCCTCCTCCA

Fusion_screen2_F

GAGTCCAGCGCCGTCGTC

Fusion-screen2_R

ATGAGCAGGGAACCCATCCA
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Appendix V
Southern hybridisation analysis data

Figure A1.1: Southern hybridisation analysis of genomic DNA samples from transgenic and control perennial
ryegrass plants probed for RbcS promoter sequence: Lane 1-DIG Marker III, lanes 2-11 genomic DNA
samples of transgenic perennial ryegrass plants, lane 12 herring sperm DNA (negative control), lane 13
blank, lane 14 DNA from isogenic non-transgenic (control).

Figure A1.2: Southern hybridisation analysis of genomic DNA samples from transgenic and control perennial
ryegrass plants probed for LpFT4 terminator sequence: Lane 1-DIG Marker III, lanes 2-11 genomic DNA
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samples of transgenic perennial ryegrass plants, lane 12 herring sperm DNA (negative control), lane 13
DNA from isogenic background (control).
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