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Abstract 

This focus of this thesis was centred on the water stress-induced interactions between 

the Lolium perenne and Neotyphodium lolii symbiotum and the in vivo biomass 

relationship between the two species. The aim was to test the hypotheses that endophyte 

bio-protective metabolites are synthesized at higher levels in water-stressed endophyte­

colonised plants than in water-sufficient plants; to carry out ELISA experiments to 

measure tiller levels of ABA and JA in perennial ryegrass during the application of a 

controlled water stress and apply these leve ls, by dipping water-sufficient plants, 

thereby mimicking the abiotic stress, to test whether the levels of the endophyte­

produced bio-protective metabolites, ergovaline, lolitrem B and peramine, increased. 

The evapotranspiration rate of endophyte hosted and endophyte free perennial ryegrass 

was measured and no significant difference was found. 

The sodium borohydride reduction of ABA and JA, to yield protonated ABA and CA 

was developed using small quantities of the reducing agent, the products verified by 

nuclear magnetic resonance (NMR) spectroscopy and high performance liquid 

chromatography (HPLC). Radioactive sod ium borohydride was then used to produce 

tritiated ABA and CA, the reduction products purified and used as spiking controls in 

the solid state extraction of ABA and JA from perennial ryegrass. The efficiency of 

DEAE Sephadex solid state columns at removing ABA and JA from perennial ryegrass 

leaf and sheath tissue was tested. The spiking methods, the results obtained and their 

use in adjusting analysed ABA and JA tissue levels are outlined. Hormone dipping 

regimes, obtained from the literature, were used as the basis for testing hormone uptake, 

after dipping, by measuring tissue levels by ELISA. 

A trial was carried out, that measured by competitive ELISA, the ABA and JA leaf 

tissue levels in the perennial ryegrass genotypes after they had been progressively water 

stressed, by re-applying one third of the water lost in the previous 48 h. After 8 days of 

applied water stress the ABA leve ls increased substantially, peaking at 2.5 x 104 

picomoles/g fresh weight while the JA increase was less dran1atic and more sustained, 



peaking at 1.68 x 103 picomoles/g fresh weight over the same period. This information 

was used to test the hypothesis that dipping water sufficient perennial ryegrass in known 

water stress levels of ABA and JA would increase alkaloid output by N. lolii. 

The main statistically analysed split plot experiment, involved the dipping of water 

sufficient potted L. perenne genotypes in solutions (tissue mass adjusted) of increasing 

ABA, JA and ABA/JA concentrations from day 8 of an applied water stress, every 48 h 

for 16 days. The progression of water stress in the control treatments was measured 

independently. After this period of water stress the leaf and sheath tissue was harvested 

separately and the tissue levels of lolitrem B, ergovaline and peramine were analysed by 

HPLC. These dipped replicates were then compared with un-dipped water stressed and 

water sufficient controls. The data was analysed in three parts. Leaf and sheath 

combined, leaf only and sheath only data. There was a positive correlation coefficient 

(r) between the three alkaloids ergovaline, lolitrem B and peramine for the water­

sufficient, hormone-treated and water-deficit-treated plants. 

Considering ABA, JA and ABA/JA treatments on ergovaline levels in perennial 

ryegrass for the combined data; ergovaline levels in the sheath were significantly higher 

than the controls. During water stress where there was a highly significant increase in 

ergovaline levels in the sheath tissue. There was a significant increase in ergovaline 

levels in water stressed leaves when using leaf data. A significant increase in ergovaline 

level occurred in the leaves, but not the sheath, when water sufficient plants were 

dipped in JA and ABA separately. These levels dropped significantly in leaves when 

water sufficient plants were dipped in ABA/JA mixed solutions. 

Lolitrem B was 3-fold higher in the sheath than the leaf. There was no response to 

hormone treatments. When sheath data was used, a significant decrease in sheath 

lolitrem B levels occurred in perennial ryegrass treatments that were water stressed. 

Peramine levels were significantly higher in the sheath than the leaves when the 

combined data was analysed. When leaf data was considered peramine levels fell 

significantly during water stress while the analysed sheath data showed a significant 

1 .4-fold increase. Treatments that involved dipping in JA gave significant peramine 
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increases (1.35 fold). Other hormone treatments increased peramine levels but they 

were not significant. This study gave strong indications that there is a plant stress 

hormone communication between L. perenne and the mutualistic endophyte N. lo/ii and 

that water stress does increase endophyte ergovaline and peramine output and decreases 

lolitrem B levels. 

During a confocal microscopic study, L. perenne meristems were successfu lly dissected 

out, re-hydrated, fixed , stained and 1.3 micron longitudinal sections, viewed. The 

sections were then digitalized, enhanced and re-assembled into a 3 dimensional rotating 

image; using computer based confocal microscope software. A stereoscopic anaglyph 

was made of ryegrass tiller leaf sections, highlighting N. lolii colonization patterns. 

A non- invasive, means of measuring endophyte to ryegrass biomass ratios was 

developed using glutaraldehyde based fixing and staining protocols and used to 

threshold the endophyte mycelium in confocal microscopic images, using off line draw 

fill software. Once this was done the biomass was estimated for each section, totaled 

and percentage endophyte occupancy estimated. 
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Chapter 1 

Introduction 



1.1 Taxonomy, agronomy and genetics of perennial ryegrass 

Perennial ryegrass Lolium perenne is the most widely grown forage crop in New 

Zealand. This grass is a member of the family Gramineae, sub-family Pooideae within 

the tribe Poeae. The cultivars used in agriculture are predominantly diploid (2n = 14) 

but some tetraploid genotypes are also grown, although these have been shown to have 

low pasture persistence. 

Until 1950, imported perennial ryegrass was oversown into pastures that were 

previously composed of native grass species. Perennial ryegrass has always been 

favoured as a forage crop because of its pasture persistence, palatability and ability to 

withstand close grazing due to its basally sited meristem (Soper & Mitchell, 1955). 

Over the years, ecotypes arose in response to differences in microclimates and grazing 

regimes. Several of these ecotypes were pooled, interbred and released as New Zealand 

certified L. perenne (Grasslands Ruanui). In the late 1950s, a superior ecotype was 

identified at Mangere and, in 1962, 1000 randomly selected genotypes from the 

Mangere site were evaluated against Ruanui in s ingle plot trials. From this trial, nine 

elite genotypes were selected and polycrossed. The seed from this cross was bulked and 

released as Grasslands Nui perennial ryegrass (Armstrong, 1977). 

1.2 Taxonomy of the endophytes Epichloe and Neotypltodium 

1.2.1 Taxonomy 

The Epichloe endophytes are a group of clavicipitaceous fungi that form mutualistic 

intercellular associations (symbiota) with temperate Pooideae grasses (Christensen et 

al., 2001 ; Scott, 2001 b). All the Epichloe species are sexual and spread both vertically 

and horizontally, whereas their asexual Neotyphodium (previously Acremonium) 

derivatives spread mainly vertically. The life cycle of these fungi is shown in Fig 1.1. 

(Schardl & Philips, 1997). 
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Fig 1.1 Co-ordinated life cycles of Epichloe f estucae and its host grass Festuca rubra. 
Neotyphodium species found in lo/ium perenne are transmitted vertically in a similar manner. 

Currently nine Epichloe species are recognized and it is thought that the similar asexual 

Neotyphodiun spp. evolved either from a single Epichloe species or more often by an 

interspecific hybridization {Scott, 2001a & Schardl & Phillips, 1997}. The seed­

transmitted species, Neotyphodium lolii, is the predominant endophyte found in L. 

perenne. This association of endophytes with Lolium was first noted by (Neill, 1940). 

However, the true significance of this mutualism was not fully appreciated until 1981 

when two scientists, Fletcher and Harvey (Fletcher & Harvey, 1981 ), were able to 

correlate endophyte levels in Nui with lamb toxicosis, a syndrome known as ryegrass 

staggers. 

The New Zealand strain of N. lolii can be considered to be homogeneous with little 

genetic variation across New Zealand. When the initial ryegrass introductions were 

made into New Zealand from the UK it is surmised that they were L. perenne genotypes 

that hosted a narrow range of Neotyphodium genotypes. This has led to the relatively 

homogeneous levels of alkaloid found in endophytes today. At the time of the 

introduction in the late I 9th century the nature or existence of the symbiotum was 

unknown. This was probably due to the manner of its original introduction. Survey 
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work done at Ruakura has shown that there are no recorded instances of endophytes that 

do not express alkaloid genes, while in the UK many cases of non-expression have been 

found in this particular symbiotum. It is proposed that the quantitative differences in 

ergovaline, peramine and lolitrem B production between Lolium genotypes are due to 

differences in interaction between N. lolii with these different Lolium genotypes, rather 

than genetic profile differences in Neotyphodium . 

1.2.2 Distribution of N. lolii in L. perenne 

The endophyte colonization of grasses is without exception intercellular with no known 

intracellular invasion. This would be expected for a mutualistic interaction. However, 

the delicate balance between the endophyte triggering a hypersensitive response from 

the plant and maintaining compatibility with its host is not well understood (Christensen 

et al., 2002). 

The distribution of an endophyte within its host has also been studied (Keogh et al., 

1996) using sectioned plant parts, such as age-related leaf sections, ligules and sheath 

sections, and analysed for endophyte using enzyme-linked immunosorbent assay 

(ELISA). This work showed that endophyte biomass was highest in the sheath and 

lowest in leaf tissue. Older tissue generally had a higher biomass of endophyte than 

younger tissue. 

N. lo/ii is also known to produce the alkaloids lolitrem B, ergovaline and peramine. 

Peramine is very soluble whereas lolitrem B and ergovaline are relatively insoluble and 

thus more restricted in their movement throughout the plant. Analysis of plant sections 

for these insoluble alkaloids by high performance liquid chromatography (HPLC) 

confirmed the biomass findings, that lolitrem B and ergovaline, and therefore the 

endophyte, are found more commonly in the sheath tissue. 

Because the concentrations of alkaloids may simply reflect the biomass of endophyte 

rather than being a direct consequence of the interaction between the endophyte and the 

plant, a further study was done (Herd et al., 1997) using transformed Acremonium 

(Neotyphodium) carrying the Escherichia coli ~-0 -glucuronidase gene (gusA) under the 

control of a constitutive promoter to assess metabolic activity. This study found that 
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endophyte activity decreased with an increase in plant size and that around 70% of the 

activity was confined to the leaf sheaths. The results indicated that there is a younger to 

older basal-apical gradient and that it is established early in leaf development. The study 

also established that the endophyte in each part of the plant is regulated so that a 

predetermined threshold of total endophyte activity per plant is not exceeded and a 

consistent distribution pattern is maintained. 

However, a key issue with all these studies is the difficulty in measuring endophyte 

biomass within the plant. This is an important issue because if there is an active 

interaction between the participants of the association, then there is a need to correlate 

endophyte biomass with alkaloid output under different plant stress regimes. 

Methods used to determine endophyte biomass include hyphal counts in plant cross­

sections (Yong et al., 2001 ), chitin levels (Roberts & Cabib, 1982; Roberts et al. , 1948) 

and competitive polymerase chain reaction (PCR) (Panaccione et al. , 2001; Groppe & 

Boller, 1997). Confocal imaging has also been used for estimating fungal biomass 

(Dickson & Kolesik, 1999; Running et al.,, 1995). 

A more detailed morphological examination of Neotyphodium distribution in Lolium 

has shown that vascular invasion can occur in some artificial endophyte associations 

(pers comm Simpson, AgResearch Grasslands Division, Palmerston North, New 

Zealand 2002; Christensen et al. , 2001 ). However, there is little evidence for vascular 

invasion that leads to pathogenicity in the wild. There is circumstantial evidence to 

suggest that the host grass influences the concentration of the hyphae in the leaf sheaths 

and blades and that hyphal extension and branching occurs for only a short time during 

the life of a leaf (Christensen et al., 2001 ). This influence probably occurs as the leaf is 

growing. The host may also control the concentration of alkaloids produced by the 

endophyte. 

Neotyphodium I Epichloe endophytes, with few exceptions, interact with vegetative 

tillers of their host grasses in a highly regulated manner (Yong et al., 2001). The hyphae 

in the leaf sheaths of the host grass seldom branch and tend to align parallel to the leaf 

axis. The hyphae are randomly distributed and not clustered around the vascular 

bundles. When found in leaf blades, they tend to cluster around the small un-sheathed 

vascular bundles, presumably because they have access to nutrients. However, a 
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benomyl-resistant N. lolii mutant and p-endophytes show a different growth pattern 

when introduced into L. perenne (Christensen et al., 2002). In contrast to the normal 

restrictive endophytic growth pattern, these endophytes show a highly branched growth 

pattern (Fig 1.2) that does not revert to normal growth when leaf growth ceases. 

Fig 1.2 The hyphae of highly branched distorted Neotyphodium 
lo/ii in the outer sheath of lolium perenne of an artificially 
established association (upper) and the hyphae of a p-endophyte (lower). 

For these interactions, the endophyte is acting more as a pathogen than as a mutualistic 

partner. This unregulated growth of the endophyte could be due to some internal host 

plant control having been either down-regulated or swi tched off, resulting in the 

predetermined threshold of total endophyte activity per plant being exceeded (Herd et 

al., 1997). 

1.3 Endophyte biological effects 

Around 1984, scientists in New Zealand and the USA began to appreciate that a number 

of toxins were being produced by grass containing endophytes and N. lolii, formerly 
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A cremonium lolii, isolated from L. pere1111e was described for the first time (Latch et al. , 

1984). Farmers also realized that li vestock were less producti ve than would have been 

expected based on the nutritional dry weight value of the grass. Stock behaviour also 

pointed to a lack of palatability. This lack of palatability and apparent nutritional value 

was due to the fungal endophyte producing mammalian toxins. ln natural ecosystems 

these toxins confer major fi tness enhancements to the grass host (Prestidge et al., 1993; 

Gallagher et al., 1985). These tox ins (or alkaloids) fa ll into four major groups: the 

lolines, peramine, ergot alkaloids and the lolitrems (Bush el al., 1997). The lolines are 

found in both Fesluca arundinacea and F. pratense assoc iations, whereas all the other 

tox ins are found in ryegrass and tall fescue associations. Given that there was a high 

correlation between the toxicosis and the presence of the endophyte, it was assumed that 

the endophyte had the genetic capacity to synthesize the alkaloid toxins. Lolitrems, 

ergot alkaloids and peramine are commonly fo und in associations between perennial 

ryegrass and N. Lolii (Christensen et al., 1993). Fungal synthesis of peramine (Rowan, 

1993), lo litrem (Reinholz & Pau l, 200 I ; Penn et al., 1993) and ergovaline (Bacon et al., 

1988; Bacon & Hill, 1979) has been confirmed by culturing the endophytes in axenic 

culture. 

1.3.1 Protection from biotic stress 

Lolitrem B is thought to be responsible fo r the neurotoxic malady known as ryegrass 

staggers. The correlation of endophyte to this condition was first noted in 198 1 (Fletcher 

& Harvy, 198 1). Peramine, a pyrrolopyrazine alkaloid has as its primary activity the 

deterring of feeding insects such as black beetl e and Argentine stem weevil (Bush, el 

al., 1997). Most other insects tested are insensitive to peramine. Peramine has no known 

activity against mammalian herbivores. Ergovaline is mainly active against vertebrate 

herbivores although insecticidal acti vity from ergopeptine alkaloids, including 

ergovaline, against Heleronychus aralor (black beetle) has been noted (Ball et al., 

1997). The alkaloid ergovaline has been correlated with reduced weight gain, elevated 

body temperature, restricted blood now, reduced reproduction and reduced milk 

production in vertebrate herbivores. Ergovaline is associated with ta ll fescue toxicosis 

and gives similar symptoms in ryegrass. At this stage little is known about synergistic 

interactions between the different classes of metabolites. However, there is evidence 
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that high levels of ergovaline will enhance lolitrem B toxicosis (pers comm. Hume, 

AgResearch 2002). 

1.3.2 Protection from abiotic stress or abiotic effects 

There have been reports of drought and mineral stress tolerance in grasses infected with 

Neotyphodium spp. (Malinowski & Belesky, 2000). Endophytes are thought to affect 

osmoregulation by indirectly changing root morphology and function. It is thought that 

these mineral and drought adaptations may arise from a chemical signalling system in 

the symbiotum. The initial perception of the stress signal occurs in the roots, and affects 

a range of responses in the host plants that may influence the uptake and transport of 

water and nutrients. These responses contribute to the adaptability and subsequent 

persistence in challenging edaphic and environmental conditions. Much of the mineral 

stress work has been done on tall fescue rather than perennial ryegrass. 

1.4 Biosynthesis of N. lo/ii alkaloids 

Both ergovaline and lolitrem B are secondary metabolites that are produced from 

pathways that utilize isoprenoids as precursors (Scott, 2001 a). These precursors are then 

combined in anabolic reactions with metabolites sourced from primary metabolic 

pathways such as glycolysis and the citric acid cycle to produce the alkaloid 

intermediates. Isoprenoids are derived from mevalonic acid (MA). This metabolite is 

phosphorylated and decarboxylated to produce isopentenyl pyrophosphate (IPP), which 

is then isomerised to produce dimethylallyl pyrophosphate (DMAPP). Both IPP and 

DMAPP are 5 carbon (CS) compounds. 

1.4.1 Biosynthesis of the ergot alkaloid ergovaline 

The first step in the ergot alkaloid biosynthesis reaction is a condensation between 

DMAPP and tryptophan that is catalysed by the enzyme DMAPP synthase to give 

dimethylallyl tryptophan (DMAT). DMA T is then converted via several intermediates 

to clavine alkaloids, such as lysergic acid, a member of the ergolene acid group. These 

intermediates are further transformed into complex ergopeptine derivatives, such as 

ergotamine produced by Claviceps purpurea, by two synthetases, lysergyl peptide 
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synthetase 2 (LPS2) and LPS 1. LPS2 activates lysergic acid, which is transferred to 

LPS 1, which sequentially adds the amino acids alanine, phenylalanine and proline to 

form ergotamine (Panaccione et al., 2001 ). The synthesis of ergovaline by endophytes 

involves simi lar LPSs that incorporate alanine, valine and proline. 

Recently, the peptide synthetase gene from N. lo/ii was cloned and inactivated by 

making a gene knockout in Neotyphodium sp. strain Lp 1 (Panaccione et al., 2001). The 

resulting strain retained full compatibility with its Lolium host as assessed by 

immunoblotting of tillers and quantitative PCR. No ergovaline was detected, as 

analysed by HPLC (Panaccione et al., 2001 ). For the first time, this provides genetic 

proof that N. Lo/ii requires a peptide synthetase for ergovaline biosynthesis. This result 

demonstrated the possibility of ameliorating ergovaline toxicosis in livestock by the 

genetic manipulation of endophytes. 

1.4.2 Biosyn thesis of indole-diterpenes 

Much less is known about this pathway, and what is known is based on radio-labeling 

studies (Munday-Finch el al., 1996; Mantle & Weedon, 1994). In PeniciLLium paxiLLi, 

the proposed pathway (Fig 1.3) for paxilline biosynthesis (Scott, 1999) involves indole 

that has been derived from tryptophan (or a tryptophan precursor) and IPP from MA as 

precursors. lndole is condensed with geranylgeranyl pyrophosphate (GGPP), a C20 

molecule, to generate the first stable indol-diterpene intermediate, possibly paspaline. 

Paspaline is subsequently converted to paxilline via paspaline B and 13-desoxpaxilline. 

In endophytes, paspaline is the proposed intermediate that is converted to lolitrem B via 

the intermediates a-paxitrol and lolitriol. 
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Fig 1.3 The proposed pathway for the biosynthesis of ergot alkaloids and indole-diterpenes 
in Epichloe endophytes. 

1.4.3 Biosynthesis of peramine 

It has been suggested that peramine is derived from the cyclization and condensation of 

the amino acids proline and arginine, with the final N-methylation carried out by an N­

methyltransferase using S-adenosylmethionine as a cofactor. The mode of action of 

peramine is unknown but it is thought to interfere with a microsomal cytochrome P450 

enzyme (Siegel & Bush, 1996). 

1.5 Plant stresses and hormonal responses 

A number of stress conditions are recognized in plants and in many cases the 

physiological responses have been identified. These include UV light, disease, grazing, 

nutritional and drought stresses. Hormones are central to the plant responses to these 

stresses (Davies, 1993). 
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1.5.l UV light stress 

UV-B radiation had a dramatic effect on the expression of chloroplast proteins in Pisum 

sativum, as demonstrated by severe reduction in chloroplast transcripts (Jordan et al. , 

1991 ). However, this effect was reversible and prolonged UV-B exposure tended to 

reduce the effect (Jordan et al. , 1991 ). UV-B radiation was shown to down-regulate the 

production of certain photosynthetic transcripts in fully expanded pea leaves. The 

response was less marked in apical buds and was ameliorated by high-light intensities. 

Reactive oxygen species (ROS) were highest in low-light leaves and lowest in high­

light leaves and buds. The feeding of antioxidants could prevent the UV-B effect 

(Mackerness et al., 1998). Further work on the effects of UV-B in Arabidopsis thaliana 

showed that, in addition to the down-regulation of the photosynthetic genes, two 

pathogen-related genes, PR-1 and PDFl -2, were up-regulated and, at the same time, 

jasmonic acid (JA) and ethylene production increased. It was also shown that there was 

an increase in ROS. It is we ll known that salicylic acid (SA) plays a key role in 

activating the defence pathways that lead to the up-regulation of the pathogen-related 

PR-1 and PDFl-2 genes (Surplus et al. , 1999). It is proposed that at least four signalling 

pathways mediate responses to UV-B . In this scheme 

(i) ROS triggers the production of JA, which directly or indirectly triggers 

PDF 1-2 transcription . 

(ii) ROS a lso triggers the production of ethylene, which then acts on the PDF 1-2 

gene. Ethylene may also act indirectly via the SA pathway. 

(iii) ROS directly triggers the production of SA, which then acts on the PR-1 

gene. 

(iv) ROS acts to down-regulate the photosynthetic genes Lhcb and psbA. 

From this work, it is clear that, although the perception of a stress in plants may be via 

different response pathways, the transducer signals that respond to the stress are similar, 

or at least act in parallel cascades (Mackerness et al. , 1999; Mackerness et al. , 2000). 

1.5.2 Heat stress 

External application of SA to willow (Sinapis alba L) plants enables them to tolerate 

heat stress up to 55°C. This is known as heat-acclimation (Dat et al. , 1997). 
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1.5.3 Pathogenic stresses and the hormones involved 

1.5.3.1 Jasmonates 

Jasmonates are derived from the fatty acid linolenic acid via the octadecanoic pathway 

(Farmer et al. , 1998). Most of the at least seven enzymatic steps in the pathway have 

been extensively characterized (Vick & Zimmerman 1984). The jasmonates are 

involved in a number of plant processes including fruit ripening, production of viable 

pollen, root growth and tendril coiling. However, these compounds play a major role in 

plant defence against pathogenic attack from viruses, fungi , bacteria and from insects. 

JA is known to act at the gene expression level , modulating transcription, transcript 

processing and translation (Creelman & Mullet, 1997). 

JA and methyl JA synthesis increased when soybean (Glycine max L. Merr.) was 

wounded (Creelman et al. , 1992). The JA levels in different tissues within a plant have 

also been investigated (Voros et al. , 1998; Creelman & Mullet, 1995). In soybeans, they 

were shown to be highest in young tissues. When the leaves were dehydrated by 15%, 

there was a five-fold increase in JA within 2 h. These levels declined to the control level 

within 4 h of water restriction. Abscisic acid (ABA) took longer to reach its maximum. 

In this study, although ABA was shown to reduce transpiration by 72%, JA also 

reduced transpiration by 22%. 

A phytoalexin was shown to accumulate in plants under fungal invasion, but production 

was triggered by CuCii , an abiotic elicitor, and not by fungal attack per se (Randeep et 

al., 1996). The production of phytoalexins in rice leaves could be reduced when the 

leaves were treated with JA biosynthesis inhibitors. 

JA does not act alone. Increases in JA are usually accompanied by an accumulation of 

SA. SA stimulates the production of acidic pathogen response (PR) proteins (Hiroshi et 

al. , 1996). When plants were wounded in the presence of the cytokinin 

benzylaminopurine, JA production started 6 h earlier than in untreated samples and, 

when a cytokinin antagonist was applied, the effect was negated. The conclusion was 

that cytokinins are directly involved in the control of endogenous levels of SA and JA. 
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JA is a key hormone responsible for the activation of signal transduction pathways in 

response to predation and pathogen attack. The wound-inducible formation of 

proteinase inhibitors occurs when JA combines with ABA and ethylene to protect the 

plant from predation (Wastemack & Parthier, 1997). Recently, the role that JA plays in 

external plant protection has also been investigated. When plants are attacked, they 

produce volatiles that attract the natural enemies of the pathogen. The parasitism of 

caterpillar pests increased two-fold when field-grown tomatoes were induced with JA 

(Thaler, 1999). 

l .5.3.2 SA and stress responses 

A plant hormone is a natural compound with the ability to affect physiological 

processes at concentrations far below those at which either nutrients or vitamins would 

affect the process. By this criterion SA has recently been classed as a plant hormone. 

SA biosynthesis is via the chain degradation of cinnamic acid, an important 

intermediate in the shikimic acid pathway. The final conversion to SA is via either o­

coumaric acid or benzoic acid. It is not known if there is any connection between the 

prophylactic effects of salicylates in plants and their therapeutic effect in animals, 

although their chelating role in an imal therapeutics may be utilized in some plant 

systems. However, there is growing evidence that SA plays a primary role in the 

induction of PR proteins during system ic and local acquired resistance, although its role 

as a primary transmission signal has not been established. SA does, however, increase 

systemically fo llowing inoculation with necrotizing pathogens. 

The role of SA in dicotyledons has been well documented but little work has been done 

on its role in monocotyledons. Work on SA in monocotyledons in response to diseases 

is urgently required. SA is also known to have a role in plant thermogenesis (Dat et al., 

1997) and the control of flowering in some species (Raskin, 1992; Klessig & Malamy, 

l 994). The link between this process and its role in systemic acqui red resistance (SAR) 

is not yet understood. That SA has a role as a signalling molecule in local defence 

reactions at infection sites and in the induction of the SAR has been confirmed in part 

by using Arabidopsis mutants. However, some work using these mutants has shown 

that, although SA is required for SAR, it is not absolutely required for the initial 

hypersensitive response. When a pathogen infection occurs, plants initiate a local 

13 



hypersensitive reaction that results in an oxidative burst followed by the induction of 

genes for pathogenesis-related PR proteins. This is followed by the formation of 

necrotic leaf spots, and restriction of pathogen growth and spread. Other genes are 

thought to play a role in the development of SAR. Consequently, should a secondary 

infection occur a few days later, then infection will result in much smaller lesions. 

These responses are accompanied by elevated SA levels. By using Arabidopsis SA 

pathway gene cpri and cim3 mutants, it has been shown that the initial hypersensitive 

reaction occurs but that the ongoing SAR reaction fails to occur, as determined by the 

smaller lesions occurring in subsequent infections. However, when these plants are 

treated with SA, the secondary effect can be restored. The role that SA has in plants is 

similar to pathways found in other eukaryotes; for example, tobacco resistance gene N 

(Nicotiana) and its product are similar to Toll proteins that activate defence mechanisms 

in mammals and Drosophila. A further comparative analysis of animal and plant 

defence responses should improve the understanding of plant disease resistance. More 

recently, methyl SA has been shown to act as an airborne signal that activates defence 

mechanisms in distal leaves and possibly even on neighbouring plants (Dumer et al. , 

1997). 

Finally, although SA is an important signalling molecule in plant defence, plants 

employ a network of transduction pathways (Pieterse & van Loon, 1999; Reymond & 

Farmer, 1998), some of which are independent of SA. These independent pathways rely 

on JA and ethylene but there is 'cross-talk' between them, which provides greater 

potential for activating multiple resistance mechanisms in various combinations. This 

potential for cross-talk is shown schematically in (Fig 1 .4). (Reymond & Farmer, 1998). 

14 



Aggressors 
(ln5ect.s/woundi11g, fungi, bacterJa, vJn.aaes) 

e .g . 
LOX.2 
VSP 

.... . .. ·-----·--

e.g. 
PDF 1.2 
PR1 

e .g . 
PR5 

e.g. 
HEL 
CHI B1 

Sets of defense gen-

e .g . 
PR1 

Fig 1.4 Tunable dial model for the regulation of defence gene express ion 
by the three signals JA, e thylene a nd SA. Depending on the nature of the 
aggressor, the plant is able to line-tune ( dotted arrow) the induction of the 
defence genes either by e mploying a single signal molecule (single-patterned 
arrow) or by us ing a combinat ion of these regulators (multi -patterned 
arrows) 

An emerging hypothesis is that, by producing, mimicking or destroying any one of this 

trio of signals, pathogens and pests can reset the dial and alter the spectrum of the genes 

induced. Other work in this area using Arabic/apsis mutants has shown that SA can act 

to have a negati ve effect on the activation of gene expression by the signal molecule JA 

to the extent that SA interferes with JA-dependent signalling (Gupta et al., 2000). 

The role of plant hormones in viral defence has been studied by wick feed ing plant 

hom1ones directly into the plant and then measuring the viral replication titre using 

ELISA. Under these circumstances, enhancement of the endogenous levels of ABA, 

IAA (indole-3-acetic acid) and gibberellic acid did not affect virus rep lication, whereas 

dihydrozeatin, l-aminocyclopropane- 1-carboxylic acid, SA and JA enhancement all 

inhibited virus replication (Clarke et al., 1998). 
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1.5.3.3 ABA and stress responses 

ABA is a sesquiterpenoid (15C) synthesized in the chloroplasts and plastids within the 

palisade cells in the leaves (Sengbush, 2000). Its biosynthesis is closely linked to the 

isoprenoid pathway and it is synthesized from famesyl pyrophosphate, a linear Cl5 

molecule. Many of the intermediates in this pathway have been shown to increase under 

drought conditions (Meyer et al. , 1989). There are different isomers and enantiomers of 

ABA found in the plant and they may have different biological activities. The S-cis 

form is the most biologically active and the form most commonly found in plants. As is 

the case with most plant hormones ABA is multifunctional with a wide range of 

biological activities. 

Seed and bud dormancy 

ABA induces seed maturation in some plant species and enforces seed dormancy in 

others. During a mild autumn, ABA prevents seed germination by enforced seed 

dormancy. The seeds will not germinate until a period of winter chilling has occurred. 

ABA has a similar effect on bud meristems by enforcing their dormancy. For seed 

maturation, it has been shown that gibberellins antagonize ABA signalling in 

developing maize embryos, providing temporal control over the maturation phase 

(White & Rivin, 2000). 

General stress tolerance 

ABA levels increase when plants encounter saline and increased temperature 

conditions. Both these conditions are known to cause water deficiency. ABA acts to 

close the stomata under these conditions. Plant roots are able to sense drought 

conditions and ABA acts to reduce shoot growth while at the same time stimulating root 

development and increasing hydraulic conductance (Hartung & Turner, 1997). Prior to 

the onset of winter, ABA acts to cause the deciduous plants to respond to the upcoming 

stressful winter temperature by eliciting production of ethylene. Ethylene regulates the 

genes involved in the abscission process. ABA treatment of some plants at normal 
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temperatures has been shown to mimic the e ffect of co ld temperature by producing the 

same set of proteins that are thought to protect the plant against freezing (Skriver & 

Mundy, 1990). 

Cellular transpirational control 

T his is one of the fundamental actions of ABA in plants. During water stress, the levels 

of ABA, proline and g lycine-betaine rapidly increase (Abernethy & McManus, 1998). 

Proline is thought to be synthes ized de novo from glutamate. It has been suggested that 

proline may serve as a sto rage compound for reduced carbon and nitrogen during stress. 

This conc lusion was drawn from experiments with New Zealand tussock (Festuca 

zealandiae), which showed proline levels decline, when a drought stress was prolonged 

for more than 24 h, in the absence of light. Under these conditions proline is the source 

of respiratory CO2 under carbohydrate-defi cient conditions (Hsiao, 1973). ABA acts to 

modulate various ion channels, especiall y calcium chan ne ls, in the guard cells to alter 

their osmotic potential in s uch a way as to promote their co llapse over the stomata (Pei 

et al., 2000). Previous work has shown that there are key molecules linking ABA to 

cyclic ADP ribose (cADPR). cADPR has become known as a universal signalling 

molecule (Penn isi, 1997). The mechanism involves the binding of ABA to the plasma 

membrane receptors of the guard cells. T his initiates a rise in pH in the cytosol, and 

importantly, the formation of cADPR. The increased pH stimulates the loss of K+ and 

organic ions from the cell , while rising levels of cADPR cause Ca2
+ to move fro m the 

vacuole to the cytoso l, which blocks the uptake of K+ into the guard cells . The 

combined e ffect results in the loss of so lutes in the cytosol and this reduces the osmotic 

pressure o f the cel l and thus its turgor and the leaf stomata are c losed by the guard cell 

co llapse. The messenger molecule 

cADPR appears to be invo lved in signalling pathways in plants and in an imals (Pennisi , 

1997). 
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Other effects 

ABA may also inhibit the action of gibberellins by stimulating de nova synthesis of 

a-amylase and inducing gene transcription for proteinase inhibitors in response to 

wounding. This would explain its role in pathogen defence (Maas, 2000). ABA also 

plays an important role in the wounding response. When ABA was sprayed on to potato 

plants, there was an increase in the Pin2 gene mRNA transcripts in the absence of 

wounding. The accumulation was tissue specific and did not occur in the roots. The 

Pin2 gene is known to be involved in plant tissue wounding (Pena-Cortes & Willmitzer, 

1993). 

1.6 Effects of water stress on Lolium hormone levels and Neotyphodium alkaloid 

production 

There is some evidence that endophyte-infected tall fescue is more tolerant to drought 

than endophyte-free plants but the mechanism is unknown. One study showed that 

infected plants had greater concentrations of fructose and glucose in the leaf blades and 

higher concentrations of glucose in the sheaths than non-infected plants (Richardson et 

al. , 1992). This was thought to contribute to increased osmotic potential and re-growth 

capacity of the endophyte-infected grasses. Another study, using detailed sward 

measurements of clonal material from perennial ryegrass, showed that the endophyte 

presence may confer advantages to plants only under moderate to severe conditions of 

drought and/or pest damage (Hume et al., 1993). 

A complete picture of the advantages to both participants in the symbiotum has yet to be 

established. Perennial ryegrass normally spreads asexually by grazing-induced tillering. 

Mammals grazing low down on to the crowns, as occurs in severe drought, can destroy 

the low growing meristems of ryegrass causing widespread sward death. Because the 

endophyte-plant associations are widespread and persistent, a testable hypothesis could 

be that the mammalian endophytic toxins are not produced in normal growing 

conditions but only when the plants become stressed. Drought is a major stress of 

perennial ryegrass. During drought herbivores will begin to graze down on to the 

crowns, thus irreversibly damaging the very meristems that are facilitating the spread of 

the plant by tillering. It is at this time that drought stress hormonal signals produced by 
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perennial ryegrass could result in increased alkaloid production by the endophyte. The 

effect would be reduced grazing pressure on perennial ryegrass (Barker et al., 1997). 

One study showed that there was a significant increase in ergovaline levels in drought­

stressed perennial ryegrass but that this increase did not occur in the other alkaloids 

such as peramine and lolitrem B (Barker et al., 1993). Other reasons could be the 

increased Neotyphodium biomass per se found in certain Lolium genotypes that result in 

an increased alkaloid output (Easton et al., 2002). Other factors may include 

environmental conditions such as soil nitrogen levels and ambient temperature (Lane et 

al., 1997). 

1. 7 Endogenous levels of plant hormones 

To study the effects of endogenously produced plant honnones, these same hormones 

need to be app li ed externally in a quantitative manner and the plant responses need to be 

measured. 

Various methods of externally applying ABA and JA to water-sufficient L. perenne 

were investigated. These included spraying, wick feeding and dipping. 

The wick feeding method (Clarke et al., 1998) places the hormone directly into the sap 

stream (ph loem vessels) of the plant. This would be comparatively simple in 

dicotyledonous plants where the vascular bundles containing the phloem and xylem 

vessels are arranged in cross-sectional rings, but more difficult in the less structured 

monocotyledonous vascular system of perennial ryegrass where the vascular bundles are 

scattered individually as discrete units across the stem. 

The spray method of hormone application, although universally used for commercial 

applications of pesticides and herbicides, is far less quantitative than would be needed 

to carry out a well-designed controlled experiment, involving the app lication of 

measured amounts of ABA and JA. 

Spraying and wick feeding have vanous problems whereas modification of foliar 

app lication by dipping would seem from the literature to be more manageable. The 

method that was developed involved up-ending potted perennial ryegrass plants into 

containers of plant hormone solutions of known concentrations and leaving the leaves 
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submerged until an equilibrium/active uptake of the hormone occurred, usually around 

one hour, and then removing the bathing solutions and allowing the up-ended plant 

leaves to dry before placing them back on the watering trays (Fig 2. 7). 

1.7.1 Pathways of hormonal entry into the plant 

The first major barrier to hormone uptake is the cuticle, which is made up of hydroxy­

fatty acids that form a three-dimensional polyester network (Martin & Juniper, 1970) of 

insoluble lipid polyesters called cutin (Holoway, 1980), with its waxy extrusions (see 

Fig 1.5) (Leopold, 1964; Schieferstein & Loomis, 1956). This cuticle becomes thicker 

with age and not only covers the upper (adaxial) and lower (abaxial) epidermis but also 

covers, to a lesser extent, the mesophyll and palisade cells that line the sub-stomata! 

cavities in monocotyledonous plants. 

b:=::!!•!l!!!!!:=::!lll!!IIB::;~--cufft~ - --- -

-- Pectin --­Plctin+cetlk.ilOU 

Phuma 
rnemft»ro ne 

....,.,__ Protoplasm 

Fig 1.5 The components of the epidermal cell wall , showing 
extruded wax overlaying a cuticle, and then cell wall layers 
of pectin and pectin plus cellulose with some wax plates 
included. Inside the cell walls are tiny protoplasmic connections, 
called ectodesmata, that allow access into the protoplasm. 

The cuticle is composed of polymerized fatty acids, esters and soaps and has ionic 

properties that allow it to take up water, due to its acidic nature. This gives the cuticle a 

sponge-like capacity and enables it to expand or contract depending on the availability 

of water. Wax plates permeate the cuticle and parts of the cell wall. The waxes that 

make up these plates are made up of fatty alcohols and esters that are produced in the 

cytoplasm. These plate like deposits are often extruded in large amounts as waxy 

blooms. Research workers have demonstrated the presence of pectinaceous material in 
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the cuticl e of apple leaves that was shown to be continuous, with similar layers in the 

walls of the epiderm a l ce ll s below (Roberts et al., 1948). 

The existence of this structure in monocotyledon leaves would make it possible for 

solutes to move along these pathways into the leaf. The permeability of aqueous sprays 

through the cuticle is determined by three furth er cuticular factors : the thickness and the 

chemical composition of the waxes, where they ex ist on the leaf, and the physical form 

of the extruded layer. For instance, if the ex truded layer is rod like, this will tend to hold 

the droplets away from contac t with the cuti c le. Inside the cuticle is the cell wall with its 

outer pectin layer and an inner layer composed of cellulose fibres embedded in pectin 

and other non-cellulosic polysaccharides. Unless the composition of the wall is high in 

waxy plates, it is usually quite permeable to water. 

The plasma membrane is the las t barri e r. Thi s is composed of a phospholipid bilayer 

with various protein protuberances. Entry o f solutes can be by one of three methods: 

diffusion through pores in the fatty layer, solubilization into the fatty layer or binding to 

ca1Ti er sites w ithin the membrane. Because of these three options, entry is influenced by 

the size, shape and charge of a mo lecule, its so lubility in the fatty membrane layer or 

any other mo lecular feature that wo uld enable it to become attached to carrier sites in 

the membrane. Electron micrographs of the ce ll wall have shown that tiny channels of 

c01mecting protoplasm or ectodesmata permeate the cell walls of epidermal cells 

(Franke, 196 1 ). 

Because ABA and JA have hydrop hilic acid chains and lipophilic rings they probably 

enter through the interphase between the hydrophilic aqueous phases of the cuticle and 

the water-perm eable plasma membrane w ith its lipoidal layer. The wetting of the cuticle 

is also important as ex pansion of the sponge- like cuti c le w ill facilitate entry. Drying of 

the leaves will retard absorption. 

The stomata also provide a route for entry of solutes (Fig 1.6), (Leopold , 1964; Martin 

& Juniper, 1970). First reported (Dybing & Curri er, 196 1 ) . This is especially true for 

volati le aux in esters or solutions w ith added surfac tants such as the organosilicone 

Pulse TM. Pulse reduces the surface tension of the spray or bathing solution and allows 

these molecul es to infiltrate directly into the foli age via the stomata. 
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Fig 1.6 The entry of the dye fluorochrome into leaves of Pyrus communis 
as related to the concentration of surfactant (Vatsol OT) and the state 
of opening of the stomata. Entry of 0.17% before washing and measuring 
entry by fluorescence in ultraviolet light. 

Recent confocal laser scanning microscopy carried out on bean (Vicia faba L) and 

wheat (Triticum aestivum) has shown that the uptake of organosilicone solution into the 

monocotyledon Triticum is significantly slower and less than its uptake into Vicia . 

Using confocal, transmission electron and light microscopy, it was shown that Triticum 

has sub-stomatal cavities with discrete thick wall linings (Gaskin et al., 1998) that 

restrict access and slow movement of organosilicone solutions into the adjacent 

mesophyll cells. These sub-stomata! cavity walls have been shown to be cuticular in 

composition. The rapid absorption into Vicia, a dicotyledon, in this study was due to the 

absence of any cuticular-lined sub-stomata! cavities. This allowed direct entry of 

surfactant solutions into the surrounding mesophyll tissue (Gaskin et al., 1998) as 

shown in Fig 1.6 (Dybing & Currier, 1961 ). 

The absorption in Triticum, and presumably Lolium, has been shown to be 

predominantly cuticular penetration whereas that in Vicia is mainly stomata! in nature 

(Gaskin, 1995). 
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Foliar uptake via the stomata is dependent on the concentration of organosilicone 

surfactant in a spray solution and the carrier volume applied (Gaskin et al., 1996); 

uptake via the stomata, of ABA and JA plus Pulse (0.125%), for 60 min would ensure 

substantial uptake into Triticum and Lofium species (pers comm. Gaskin, Forestry 

Research Institute, Rotorua, New Zealand 2002). 

Cuticular penetration of ABA and JA in the absence of a surfactant, such as the 

organosilicone Pulse, is most likely the form of uptake (Martin & Juniper, 1970). Any 

cuticular uptake that occurred would be in two phases and would be adsorptive in 

nature. 

When plant leaves are immersed in solutions containing inorganic or organic solutions, 

there are two stages in the kineti cs of entry: an initial stage of rapid entry lasting about 

20 min followed by a second steady but slower uptake (Fig 1.7) (Leopold, 1964). A 

dipping period of 60 min would ensure significant uptake of ABA and JA. 
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Fig 1.7 The uptake of 2,4-0 by oat coleoptile sections, showing 
the initial rapid uptake phase followed by a steady slower phase 
(top). Extrapo lation of the slo wer rate to they ordinate permitted 
an estimate of the total amo unt taken up initially. When the sections 

were moved from the 0.5 mg/ L labelled solution to an unlabelled 
so lutions considerable elution occurred (bottom) , ind icating that the 
initial uptake was freely exchangea ble. 

The characteristics of the uptake time curves imply that it would be an adsorption (the 

taking up of the applied chemical at the surface of the cuticle) . This view can be backed 
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up by the fact that the initial uptake is freely exchangeable (Fig 1.7); respiratory 

inhibitors do not interfere markedly with the initial uptake and the quantitative 

characteristics are those of an adsorption event (Leopold , 1964 ). 

Further work done on 2,4-D would suggest that penetration occurs largely by 

preferential sites, including stomata, trichomes and the cuticle above the anticlinal walls 

of the epidermal cells. However, microautoradiograms of V. faba cuticles treated with 

14C-2,4-D formulated with a surfactant (HLB 68.6) indicate a more diffuse pattern of 

penetration (Kirkwood, 1980). 

Hypothesis and aims 

(1) To test the hypothesis that endophyte bio-protective metabolites are synthesized at 

higher levels in water-stressed endophyte-infected plants than in water-sufficient 

plants. 

(2) To test the hypothesis that external application of the plant hormones ABA, JA 

and SA to water-sufficient plants will increase levels of endophyte-produced bio­

protective metabolites thereby mimicking abiotic stress. 

(3) To carry out HPLC-ms experiments to measure tiller levels of ABA, JA, IAA and 

SA in perennial ryegrass during the application of a controlled water stress and 

then to correlate these to N. lolii produced alkaloid levels. 

(4) To establish non-invasive protocols that would establish endophyte to perennial 

ryegrass biomass ratios using confocal microscopy. 
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Chapter 2 

Materials and Methods 
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2.1 Plant Material 

The plant cultivars used in this study were Nui ryegrass (Lolium perenne) containing 

wild-type Neotyphodium lo/ii. All wild-type, seed-grown, ryegrass genotypes used in 

this study were taken from an AgResearch endophyte selection trial at Grasslands 

Research Centre in Palmerston North. 

A 

B 

Fig 2.1 Source of perennial ryegrass material used in this work. 
(Top) Field trial of different perennial rye grass genotypes at AgResearch, 
Grasslands Research Centre Palmerston North 
(Bottom) Seventeen perennial ryegrass genotypes were randomly 
selected for this work. 

The highly heterozygous nature of the host contrasts with a very restricted genetic 

composition of the endophyte (Christensen et al., 1993). Some of the recorded variation 

in the alkaloid output of the endophyte was thought to be due to the different genetic 

variations of the host interacting with N. lolii. To minimize these host effects, 17 

different L. perenne genotypes were selected for this work. They were initially labeled 

A to Q and then subsequently renamed G1060 to G1076 for long term tracking purposes 

(Table 2.1 ). 
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Table 2.1 The conventions used 
for labeling different genotypes. 

Experimental 
Code 

A 
B 
C 
D 
E 
F 
G 
H 

I 
J 
K 
L 
M 
N 
0 
p 

Laboratory 
Code 

G1060 
G1061 
G1062 
G1063 
Gl064 
G1065 
G1066 
Gl067 
Gl068 
G1069 
G1070 
G1071 
G1072 
G1073 
G1074 
G1075 
G1076 

0 Endophyte-free genotype. 

2.2 Growth and maintenance of perennial ryegrass 

The field-grown L. perenne genotypes were split into clonal masses of three to four 

tillers, which were potted up into 6 cm propagation tubes of standard AgResearch 

potting mix to give at least eight plugs for potting on. These plugs were grown on in the 

Plant Pathology glasshouse at AgResearch for 4 weeks, to allow root establishment and 

further tillering. Four plugs of different genotypes were then transferred to 18 cm square 

by 20 cm high black polythene pots contai ning, by volume, 50% AgResearch potting 

mix and 50% top soi l containing silt with organic matter (Phoenix Garden Centre, 

Palmerston North). The top soil was air dried for 3- 4 h, and then run twice through a 

peat grinder. The so il and the potting mix were subsequently combined and mixed in a 

modified concrete mixer. This soil/potting mix was used because of its high water 

holding capacity, which made it suitable for carrying out water stress experiments. 

Each pot was topped up with soil mix to a set weight of 4725 g, as measured on a 

Mettler Toledo SB3200 I Deiter Range balance. This was done to facilitate the 

measurement of water loss and water addition. 

27 



The 20 cm high black polythene pots, each containing four different L. perenne 

genotypes, were divided up into five replicates, containing eight treatment pots per 

replicate. Replicates 1 to 4 were placed in the AgResearch glasshouse (Fig 2.2A). 

Replicate 5 was placed in a growth chamber on the second floor of the AgHort building 

at Massey University (Fig 2.2B). Surplus plants were used to make up Replicate 6. 

A 

B 

Fig 2.2 Potted perennial ryegrass genotypes used in this work growing in the glasshouse and the growth 
chamber. 
(A) Replicates 1 to 4 contained the l 6 endophyte-infected perennial ryegrass genotypes. They were 

potted up, four to a pot, and grown on benches in the glasshouse at AgResearch, Grasslands Research 
Centre, Palmerston North. 
(B) Replicate 5 contained four of the perennial ryegrass genotypes. They were potted up, four to a pot, 
and grown in the growth chamber in the AgHort building at Massey University, Palmerston North. 

Environmental conditions in the glasshouse followed the current ambient day length and 

temperature conditions. The growth chamber was run at a 16 h day with a 2 h dawn and 

dusk phase, and an 8 h night. Temperatures were kept at 22°C for the day and 15°C for 

the night. 
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During the re-establishment period, the pots were watered every 2 days to field 

capac ity. The plants were sprayed with 'Tilt 250 EiC', active ingredient propiconazole 

(Yates,..'), mL/L) at the first signs of rust. The plants were maintained in a healthy state 

by the regular application of liqu id 'Thri ve' at 12 g/4 L (YatesT.,). Tilt 250 E/C rather 

than other fungicides was used because tests have shown that it has no deleterious 

effects on the systemic biomass of the N. lo/ii endophyte. Promotion of tillering was 

facilitated by regular cutting of the leaves with scissors just above the ligules (Fig 2.3). 

Cutting into the leaf sheath causes the production of heavi I y cell ulosed re-growth. 

Because the plants were to be up-ended and the leaves physically dipped in hormone 

preparations, lush re-growth was preferred to heav ily cellulosed leaves. 
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Fig 2.3 Morphological features of a typical l. perenne tiller. 



2.3 Microscopy 

All L. perenne plants were checked for the presence of endophyte using the aniline blue 

test. Leaf sheath epidermal strips, were placed on to a clean microscope slide and were 

covered in 0.05% (w/v) aniline blue so lution. A cover slip was placed on top of the 

tissue. The preparation was fixed by heating using a methylated spirits burner. The slide 

was then checked for endophyte using a compound light microscope at 400x 

magnification (Carl Zeiss) . The images were recorded with 400 ASA colour film 

(Kodak) . 

2.4 Experimental design 

The experimental design used for the drought ex periment was a randomized block 

design using 16 genotypes, with five treatments and five replicates, as shown in Table 

2.2. Eight treatments were initially planned but this was subsequently modified to five, 

hence each replicate had 4 replicates of the water stress treatment. 

Table 2.2 The selected L. es and their allocated re licates. 

Re s 

1 • 

2 

3 

4 

' p H 
L D 

0 G 
C K 

N F 
B J 

A E 
I M 

p 

L 

0 
C 

N 
B 

A 
I 

2 

H p 

D L 

G 0 
K C 

F N 
J B 

E A 
M I 

3 

1-1 

D 

G 
K 

F 
J 

E 
M 

Treatments • 
4 

p H 

L I) 

0 G 
C K 

N F 
B J 

A E 
I M 

5 

p H 

L I) 

0 G 
C K 

N F 
B J 

A E 
I M 

5b L K L K L K L K L K 
D D N D N D N D 

6 7 

p H p H 
L I) L D 

0 G 0 G 
C K C K 

N F N F 
B J B J 

A E A E 
I M I M 

K K 

a Replicates 1 to 4 were gro wn in the AgResearch, Grass lands Research Centre, g lasshouse. 
11 Replicate 5 was grown in the AgHort growth chamber on the Massey University campus. 
c See Tables 2.3 , 2.4 and 2.5 for trea tment detai ls. 
"See Table 2.1 fo r the experimenta l and laboratory codes used to labe l the different genotypes. 

Details of the treatments used are shown in Tables 2.3 , 2.4 and 2.5 1
• 

8 

p H 
L D 

0 G 
C K 

N F 
B J 

A E 
I M 

K 
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Table 2.3 Treatments for Replicate 5°. 
Water Stress6 ABAC JAd 

Treatment 1 + 
Treatment 2 + 
Treatment 3 + 
Treatment 4 
Treatment 5 + + 
Treatment 6 + 
Treatment 7 + 
Treatment 8 + 

a Replicate 5 was grown in the AgHort growth chamber on the Massey University Campus. 
b The plants were progressively water stressed by adding back to the pots, every 2 days, one-third of the 

water 
lost by evapotranspiration . 

c See Table 2.12 for the concentrations of ABA in which the plants were dipped (see also Fig 2.7). 
d See Table 2.13 for the concentrations of JA in which the plants were dipped (see also Fig 2.7) . 

Table 2.4 Treatments for Replicates 1 and 2°. 
Water Stress6 ABAC 

Treatment 1 + 
Treatment 2 + 
Treatment 3 + 
Treatment 4 + 
Treatment 5 + + 
Treatment 6 + 
Treatment 7 + 
Treatment 8 

a Replicates 1 and 2 were grown in the AgResearch, Grasslands Research Centre, glasshouse. 
b The plants were progressively water stressed by adding back to the pots, every 2 days, one-third of the 

water 
lost by evapotranspiration. 

c See Table 2.12 for the concentrations of ABA in which the plants were dipped (see also Fig 2.7). 
"See Table 2.13 for the concentrations of JA in which the plants were dipped (see also Fig 2.7). 

Table 2.5 Treatments for Replicates 3 and 4°. 
Water Stressb ABAC 

Treatment 1 + + 
Treatment 2 + 
Treatment 3 + 
Treatment 4 
Treatment 5 + 
Treatment 6 + 
Treatment 7 + 
Treatment 8 + 

a R eplicates 3 and 4 grown in the AgResearch, Grasslands Research Centre, glasshouse. 
b The plants were progressively water stressed by adding back to the pots, every 2 days, one-third of the 

water 
lost by evapotranspiration. 

c See Table 2.12 for the concentrations of ABA in which the plants were dipped (see also Fig 2.7). 
"See Table 2.13 for the concentrations of JA in which the plants were dipped (see also Fig 2.7) . 

1 In repli cate 5 Treatments I, 3, 6 and 8 are the same. In repl icates I and 2 Treatments I , 2, 3, and 4 are the same. 
In replicates 3 and 4 Treatments 5, 6, 7, and 8 are the same. 
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2.5 Measurement of water loss 

The pots were brought to field capacity and were allowed to drain for 2- 3 h, to allow 

the water to drain away by gravity. The pots were then weighed using a Mettler Toledo 

SB32001 Deiter Range balance that was linked into a laptop computer, which was used 

to download all the data using AgResearch in-house software. The weights of the pots 

were recorded every 2-4 days and the water lost by evapotranspiration was calculated 

using the initial field capacity base weight for each pot. Two-thirds of the water lost was 

replaced for the water stress treatments, whereas the water sufficient treatments were 

brought back to field capacity at each weighing. 

2.6 Preparation of protonated abscisic acid (ABA) and cucurbic acid (CA) 

2.6.1 Large scale cold production of protonated ABA and CA by sodium 

borohydride reduction 

Sodium borohydride reduction, as described by (Miersch et al., 1987), was used to 

produce both CA from jasmonic acid (JA) using (±)-jasmonic acid, 95% (Apex 

Organics Ltd, Cas o 6894-38-8), and protonated ABA from ABA using (±)-cis, trans­

abscisic acid (Sigma, A I 049) (pers comm Fielder, HortResearch, Palmerston North, 

New Zealand, 2000) . These procedures were first trialed on a large scale and nuclear 

magnetic resonance (NMR) was used to verify the synthesis of the correct products. Fig 

2.4 shows the reduction reactions for ABA and JA. 
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Fig 2.4 The protonation of ABA and JA. 
{A) Reduction of ABA. The protonation occurs on C4 of the primary benzene ring of ABA. 
(B) Reduction of JA to CA. The protonation occurs on C6 of the JA molecule. 

The reduction of JA was carried out by disso lving 5 mg of JA in 1 mL of 0.2 M sodium 

bicarbonate followed by the addition of 10 mg of sodium borohydride. The mixture was 

incubated at room temperature for 30 min, and was then acidified in a fume hood by 

adding 4 M HCI until the pH was 3.0 using a cut-down 5 mL measuring cylinder, so 

that the laboratory pH meter electrode could fit inside. An equal volume of chloroform 

was then added to the mix, which was mixed and partitioned, and the aqueous phase 

was dried down on a speed vacuum set at 2 torr (2 mm Hg) for 20 min. The dried 

product was stored in a dessicator. 

The same procedure was used to produce the protonated ABA, except that the 5 mg of 

ABA was dissolved in a small amount of absolute ethanol before adding the 0.2 M 

sodium bicarbonate. Samples of the reaction products were mixed in deuterated water 

and placed in glass straws. The success of the reduction reactions was verified by NMR 

using an AVANCE 400 MHz NMR spectrometer (Bruker). 

2.6.2 Small scale cold production of protonated ABA and CA by sodium 

borohydride reduction 

Because of the expense of tritiated sodium borohydride and the need to produce a 

product with a high specific activity, the reactant quantities in the Miersch et al.,(1997) 

34 



protocol were scaled down by about 60-fo ld so that 50 mCi (0.185 mg) of tritiated 

sodium borohydride (specific activity 292 mCi/mg) would be used for each reaction. 

That is, 0.09 mg of JA and 0.07 mg of ABA were used instead of the quantities 

specified in Section 2.6.1. See Appendix 2 for the concentrations of the reactants. 

Dilutions were made to obtain accurate hormone (JA and the speed-vacuum-dried and 

ABA) and sodium borohydride weights for the cold production runs . For the cold 

production runs, the sodium borohydride or hormone was added to the sodium 

bicarbonate buffer. At this time the hormone was also dried down using N2 gas, to 

avoided hormonal losses by volatilization. The reactants were combined quickly to 

allow the reaction to proceed, because the sodium borohydride reducing agent also 

reduced the buffer. The hormone was dissolved in as small a buffer volume as possible 

and dried down so that the hormonal residue was at the very bottom of the glass tube. 

The reactions were carried out in small glass tubes to avoid possible buffer binding. The 

dilutions for ABA, JA and sodium borohydride are described in Appendix 2. The 

samples were incubated for 30 min. Then using a micro pH meter (in house designed 

and built) , the pH was adjusted to 3.0 ± 0.1 pH units with HCI. All acid additions were 

done using an A-RN MicroLitre syringe (S.G.E. Scientific Glass Pty. Ltd) with a 

microtube attached to the needle. Cutting off the used tubing ensured that no cross­

contamination of acid could occur. The amount of acid used is recorded in Appendix 

2(d). 

2.7 Small scale hot production of tritiated ABA and CA by sodium borohydride 

reduction 

The hot reaction was carried out on brown paper in a fume cupboard using 100 mCi of 
3H sodium borohydride ± 15%, Code TRK.45, Batch 203 (Arnersham Pharmacia 

Biotech). The borohydride had a specific activity of 422 GBq/mmol or 10.8 GBq/mg, 

11.4 Ci/mmol or 292 mCi/mg. The by-product of the reaction - tritiated hydrogen - was 

lost in the fume hood and all plastic and glass tubes used were safely disposed. An 

aliquot (100 µL) of the product of the reduction, tritiated CA or 3H ABA, was mixed 

with 1 mL of scintillation fluid and vortexed to stop partitioning of the solution, and the 

counts were read using a 1450 Liquid Scintillation and Luminescence Counter 

(Microbeta Tri lux). 

35 



2.8 HPLC verification of the tritiated reaction products and their purification 

The NMR cold results indicated that the sodium borohydride reduction had occurred but 

that the yield was low. However, the reaction products gave high counts. Tritiated 

water contributing to the high counts in the un-purified products had to be removed 

while retaining the tritiated plant hormones. This was done by high performance liquid 

chromatography (HPLC) separation, followed by a C 18 column purification of the 

elutants. 

2.8.1 HPLC verification of tritiated CA 

A Cary I UV Visible Spectrophotometer connected to Cary I application software was 

used to obtain the ultraviolet (UV) absorption spectra of JA and CA (Appendix 3(c)). 

Then, JA and CA standards were run on a Waters 490E high performance liquid 

chromatograph with a programmable multi-wavelength detector, with the detector 

absorbance set at 269 nm. Data previously obtained by Gapper, (1998) was used as a 

guide as to where the compounds would e lute. The composition of the eluting solvents 

for ABA and JA and their timed application to the column are given in Appendices 3(a) 

and 3(b). 

2.8.2 C18 column purification of CA 

The purification of CA was carried out using a Sep-Pak Plus C 18 syringe-driven 

column (Alphatech Systems Ltd. , W ATO20515). The C 18 column was attached to a 20 

mL disposable syringe, pre-conditioned by eluting with 20 mL of 100% (v/v) ethanol 

and dried with two to three syringes volumes of air. Just before use, the column was 

flushed with 20 mL of MilliQ water and air dried. Then I 00 µL of the CA eluted from 

the HPLC column was added to 20 mL of MilliQ water and applied to the Cl 8 column. 

The column was neutralized by applying 20 mL of MilliQ water, flushed to drain and 

dried with two or three syringes volumes of air. The CA was slowly eluted off the Cl 8 

column with 3 mL of 80% (v/v) methanol. A I 00 µL sample was added to I mL of 

scintillation fluid, vortexed, and the counts recorded. Finally, a large scale purification 

using a Cl8 column only was carried out and the purity of the CA verified. 
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2.8.3 C18 column purification of tritiated ABA 

A Cl 8 column was pre-conditioned by applying IO mL of methyl alcohol, washing with 

20 mL ofMilliQ water and air drying. A 40 µL aliquot of tritiated ABA eluted from the 

HPLC column was then mixed with 200 µL of methyl alcohol and 2 mL of water, 

applied to the pre-conditioned C 18 column and washed with two 10 mL aliquots of 

water. The tritiated ABA was eluted from the C l 8 column with three 1 mL aliquots of 

80% (v/v) methyl alcohol. Samples of I 00 µL of tritiated ABA were added to 1 mL of 

scintillation fluid, vortexed, and the counts determined on the scinti llat ion counter. 

Once the tritiated plant hormones had been prepared, it was then possible to test the 

efficiency of various solid state procedures for extracting ABA and JA because the 

tritiated ABA and CA (the JA reduction product) would act in a similar way to their 

stab le parent materials. Thus, a measured input count of tritiated ABA and CA could be 

compared with the output counts to give a percentage recovery figure. 

2.9 Solid state extraction of ABA and JA 

2.9.1 Pre-conditioning the DEAE Sephadex 25 and loading the column 

The Solid state extraction columns contained a pre-conditioned Sigma anion exchanger 

on dextran, DEAE Sephadex 25 (diethylaminoethyl Sephadex dry bead size 40- 125 µm, 

with a capacity of 3- 4 meq/g (A-25-120)) . 

To pre-condition the DEAE Sephadex 25 (20 g) was added to 200 mL of 40 mM 

ammonium acetate and soaked overnight at room temperature. The next day, a further 

500 mL of ammonium acetate was added, and the mixture was brought to the boil and 

then stirred gently to cool to room temperature. This heating was repeated twice. After 

final cooling, the mixture was placed in a large separating funnel with a glass wool 

bung attached to a string for ease of removal. The ammonium acetate was decanted off 

and the DEAE Sephadex 25 was washed with I L of I M ammonium formate. This step 

was time consuming and could take some hours to complete. Then the DEAE Sephadex 

25 was rinsed with ammonium acetate until the filtrate was at a pH of between 5 and 7. 

It was covered and stored at 4°C. After this treatment, it could be stored for up to 30 

days. 
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Approximately 10 mL of the conditioned DEAE Sephadex 25 was loaded into a sterile 

20 mL disposable syringe with a centre-located needle bayonet fixture, with two layers 

of filter paper cut to cover the outlet. The plunger was discarded and the syringe was 

covered with gladwrap until use. Just before use, enough ammonium acetate was passed 

through until the eluate was running at pH 6- 7. Then 10 mL of 50% (v/v) methanol was 

passed through the syringe. 

2.9.2 Pre-conditioning the C18 columns 

Cl8 Sep-Pak columns from Alphatech Systems Ltd (WATO20515) were used to 

remove chlorophyll, carotenes and xanthophyll from the plant extracts prior to applying 

them to DEAE Sephadex columns and then to finally remove plant hormones, from the 

Sephadex columns. 

2.9.2.1 To remove chlorophyll, carotenes and xanthophyll 

The Cl 8 column was washed with 20 mL of l 00% (v/v) methanol and then dried with 

three to four syringe vo lumes of air. The Cl 8 column could be stored for up to l month 

in this state. 

For the activation step, just before use, 10 mL of MilliQ water was passed through the 

column, making sure that no air bubbles were trapped. This was followed by 10 mL of 

80% (v/v) methanol. The Cl8 column was now ready to be attached to the syringe. 

2.9.2.2 To remove plant hormones 

The Cl8 column was washed with 20 mL of 100% (v/v) methanol and dried with three 

to four syringe volumes of air, as for the removal of chlorophyll and xanthophyll. For 

the activation step, just before use, l 0 mL of MilliQ water followed by l 0 mL of 6% 

(v/v) formic acid were passed through the column. 

The general rule when pre-conditioning any column is that the last wash used should be 

the same as the eluate, e.g. pre-conditioning with 50% (v/v) methanol when 50% (v/v) 

methanol is to be used as the carrier for the extracted hormones . 

See the summaries of these protocols in Appendix 4. 
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2.9.3 ABA and JA vacuum extraction protocols 

Gravity feed systems were compared wi th vacuum bank extraction. The recoveries were 

comparable, with the vacuum bank system being considerably faster than the gravity 

feed systems. The vacuum bank system was used routinely. 

2.10 ABA and J A extraction protocols 

In the main experiment, the aim was to measure the levels of the plant hom1ones that 

were produced to protect the plant against drought, both directly as for ABA and 

indi rectly as for JA, and then to correlate the ti ssue levels of these hormones with the 

endophyte levels of lolitrem B, ergovaline and peramine. To do this, leaf and 

pseudostem samples of l. perenne were solid state extracted in preparation for HPLC­

mass spectrometry (ms) analysis. 

2.10. 1 Plant tissue preparation 

All plant tissue was lyophilized (freeze dried) in the AgResearch dryer and was stored at 

- 5°C. The plant tissue was ground using a coffee grinder, modi fied for small quantities. 

After a number of measurements, it was shown that, on average, I g of fresh weight of 

leaf tissue gave 0.2 g of lyophil ized ti ssue; thus, in most subsequent ex tractions, 0.2 g of 

lyophi lized tissue was used. See Table 2.6. 
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Table 2.6 The average dry weight of the 16 L. pere1111e ge notypes. 
Replicate Wet Dry3 

weight weight 
1 2. 762 0.571 

2 

3 

4 

2.329 

1.438 

2.762 

0.399 

0.278 

0.57 1 

Mean 

% Dry 
weight 

20.7 

17. 1 

19.3 

20.7 

20.0 

3Salll)les were harvested from the glasshouse using water sufficient plants that were to be used in the 
ma in ell!)eriment. The salll) les were co llectcd 3 rmnths after the ell!)eriment was set up and the 
in format ion obtained was used to work out wet to dry weight conversions of perennial ryegrass tissue. 
6Th is figure was also used as the dry weigh t fig ure for calculating the ABA and JA horrmnedipping 
concentrations in the main experiment. 

To 0.2 g of lyophili zed tissue was added 10 mL of 80% (v/v) methanol and l O 000 cpm 

(counts per minute) of tritiated (10 µL of purified material) hormone, and this was 

extracted overnight at - 5°C in the freezer. The following day, this was mixed on a slow 

shaker for l hat 4°C in a cold room and centrifuged at 10 000 rev/min (1593 g) for 30 

min, and the supernatant was then drawn off immediately to ensure that no solid 

material had a chance to re-mix with the supernatant. The pellet was re-suspended in 5 

mL of 80% (v/v) methanol, shaken for a further hour and centrifuged for 30 min, and 

the supernatant was immediately drawn off and combined with the first aliquot 

(approximately 10 mL + 5 mL). 

2.10.2 Solid state extraction protocol 

The samples were passed through a vacuum-bank-driven pre-conditioned C 18 Sep-Pak 

column to remove the plant pigments chlorophyll, xanthophyll and carotene (Fig 2.5). 
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Fig 2.5 Equipment and process used to extract ASA and JA from perennial ryegrass 
tissue. Stage one: photosynthetic pigment extraction. 
(A) Vacuum applied and regulated . 
(B) Previously prepared centrifuged supernatant before being passed 

through the C 18 column. 
(C) C18 Sep-Pak columns to remove chlorophyll a and b, 
xanthophyll and carotene. 
(D) The filtrate ready for stage two of the protocol. 

(The C 18 columns could be re-used by backwashing with acetone until a clear filtrate 

was obtained, air drying and pre-conditioning.) 

The pigment-free filtrate was suspended in 80% (v/v) methanol, which was then 

brought to 50% (v/v) methanol by adding MilliQ water, loaded on to a pre-conditioned 

DEAE Sephadex 25 column (Fig 2.6) and the flow rate was adjusted to around 30 

drops/min. 
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Fig 2.6 Equipment and process used in stage two of the so lid state hormone 
extraction process. 

(A) Vacuum applied . 
(B) Prepared 20 mL syringe, DEAE Sephadex ion exchange column for 
extraction of the plant hormones. 

(C) The filtrate that was run to waste. 
(D) Flow rate adjustment valve used to regulate the flow to 30 drops/min. 

The column was washed with 20 mL of 50% (v/v) methanol and neutralized by eluting 

with 20 mL of 40 mM ammonium acetate at pH 6.5 . At this point, the plant hormones 

were on a DEAE Sephadex 25 column and most of the impurities had been flushed to 

waste. A C 18 column pre-conditioned for hormone removal from a DEAE column was 

then attached and the DEAE column was eluted with 20 mL of 6% (v/v) formic acid to 

remove the plant hormones from the DEAE column and on to the C18 column. The C18 

column was removed and attached to a 20 mL disposable syringe, neutralized by 

flushing with 20 mL of MilliQ water and dried by syringing air through it. The plant­

hormone-loaded C 18 column was eluted slowly with 5 mL of 80% (v/v) methanol into a 

14 mL Nunc tube, which was labeled, capped and stored at 5°C. 

A summary of the procedure can be found in Appendix 5. 
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2.10.3 Calculation of the percentage recovery and sample storage 

The percentage recovery was checked by vortexing the sample, removing 100 µL of 

sample, adding 1 mL of scintillation fluid and reading on a scintillation counter1. 

The remaining samples were speed-vacuumed down until around 100 µL of an oily 

brown fluid remained and then stored at - l 8°C. 

2.11 Endogenous levels of ABA and JA found in L. perenne as measured by ELISA 

when these hormones were applied by dipping and after the imposition of a 

prolonged water stress 

Before the start of the main experiment, it was necessary to check that ABA and JA 

would be absorbed from the dipping solutions into L. perenne tissue, to see if the 

endogenous levels of these hormones did actually increase, and to determine the level of 

that increase as water stress was app li ed. This was necessary so that the daily dipping 

concentrations used on the water-sufficient plants in the main experiment were as close 

as possible to those that actually occu1Ted in L. perenne under drought conditions. 

Water stressing based on a daily two-third water sufficiency (Section 2.5) was carried 

out using all the L. perenne genotypes to be used in the main experiment (G 1060-

G 1075). Plant samples were collected for analysis every second day. 

The dipping experiments were carried out using replicates of the endophyte-free L. 

perenne genotype (G 1076). After the experiments were completed, material was 

prepared for ABA and JA competitive ELISA by taking 0.2 g of plant material, the 

equivalent of 1 g of fresh weight, preparing the samples (Section 2.10.1), spiking them 

with tritiated CA, running them through a solid state extraction process (Section 2.10.2) 

and calculating the SAFs (Sample Adjustment Factors). The purified plant extracts 

adjusted for column losses were then measured using an in-house competitive ELISA 

for JA ( see Sections 2.11.1, 2, 3, and 4) and a commercial PhytodetekTM kit (Agdia) for 

ABA. 
1 

The final hormone loaded C 18 column was eluted wi th 5 separate I mL quantities of 80% (v/v) 
methanol and I 00 µL aliquots taken from each for scintill ation counting. The calculation of expected 
counts when a I 00 µL aliquot was used was I mL/ I 00 µL = I OX. Therefore, multiply all cpm obtained by 
I 0. e.g. 359 cpm x IO = 3590 cpm. A judgment call was made , but genera ll y the sum of the first 3 
readings were used to ca lculated the recovered counts, the final two sample counts, if very low were 
assumed to be background counts. Percent recovery was calculated by dividing recovered counts by input 
counts. 
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2.11.1 ABA and JA concentrations used to test the absorption rates of these 

hormones when applied by dipping 

To identify the hormone levels to be used, discussions with other researchers were held 

and a literature search was carried out (Tables 2. 7 and 2.8) . 
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Table 2.7 A summary of ABA treatments used by various researchers under a variety of different conditions. 
ABA Fresh/D ry Water Mono/ Externally References Comments 

Concentration Weight stressed Dicot applied or 

5-30 ng/g FW 

Up to 200 ng/g FW 

25 µgig DW 

100 µM FW 

25-600 ng/g DW 

23 ng/g FW 

90 ng/g FW 

10 mg/g FW 

100 µM 

No Mono 

Yes Mono 

Yes Dicot 

No Dicot 

Yes Mono 

No Mono 

No Dicot 

No Dicot 

measured 
endogenous 

level 

Endogenous 

Endogenous 

Endogenous 

Applied 

Endogenous 

Endogenous 

App lied 

P.77. (Abernethy, 1996) 

P.77. (Abernethy, ABA concentration in the laminae related to the 
1996). SWC increase that had occurred on average 12 

days after drought was applied (trigger point). 
When water was added, ABA levels fell rapidly. 

Soybean leaves deh ydrated for 2 h gave 25 µgig. 
(Creelman et al. , 1995). Maintained at 20 µgig for 8 h. 

(Creelman et al. , 1995). Reduced transpiration from water stressed plants. 

(Meyer et al., 1989) After 24 h 27 1 ng/g water stressed ; 
after 48h 604 ng/g. 

(Creelman & Mullet, 
1995). 

(Creelman & Mullet, Soya beans. 
1992). 

Plants sprayed in growth room to reduce 
(pers comm Hussain, evapotranspiration. 
Nottingham University 
UK 2000). 
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(Pena-Cortes & Sprayed potatoes to switch on the transcription 
FW No Dicot Applied Willmitzer, 1993). of Pin2 mRNA. Leaves not sprayed also had 

Pin2 switched on. 

3.7 ng/g FW No Mono Endogenous (Dathe et al. , 1994). Wheat leaves of 5 day old seedlings. Leaf 
coleoptiles had 1.4 ng/g. 

6.9 ng/g FW No Mono Endogenous (Dathe, et al. , 1994). Leaves of7 day old seedlings. Leaf 
coleoptiles stayed at the 5 day level. 

90 µM FW No Mono Endogenous (Voros et al. , 1998). Floated barley leaves on a solution of I M 
sorbitol as a method of inducing water stress. 
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Table 2.8 A summary of the JA dipping concentrations used by various researchers under a variety of different conditions. 
JA Fresh/Dry Water Mono/ Externally References Comments 

Concentration Weight stressed Dicot applied or 
measured 

26 ng/g 

175 ng/g 

2.6 ng/g 

90 ng/g 

450 ng/g 

I 0-220 pmol/g 

1.5 µM 

250 ppm 
2.5 nM 
25 nM 

1012ng/g 

588 ng/g 

45 µM 

FW 

FW 

FW 

FW 

FW 

FW 

FW 

FW 

FW 

FW 

FW 

No 

Yes 

No 

No 

No 

No 

No 

No 

No 

No 

No 

endogenous 
level 

Dicot Endogenous 

Dicot Endogenous 

Dicot Endogenous 

Dicot Endogenous 

Dicot Endogenous 

Dicot Endogenous 

Dicot Applied 

Dicot Applied 

Mono Endogenous 

Mono Endogenous 

Mono Endogenous 

(Creelman & Mullet, 1995). 

(Creelman & Mu llet, 1995). 

(Sibylle et al 1998). 

(Creelman et al. , 1992). 

(Creelman et al. , 1992 ). 

(Clarke et al. , 1998) 

(Thaler, 1999 ). 

(Clarke et al. , 1998 ). 

(Parry et al 1994). 

(Parry et al 1994 ). 

(Voros et al. , 1998). 

Levels fell lower. 

Level rose in 2 h, peaking with the ABA then fel l to 55 ng/g within 
4 h (spiking) 

Found in poplars plus 1.3 ng/g of methyl-jasmonate. 

Similar level s to ABA . 

Peaked at 8 h after wounding and held at 400 ng/g for up to 24 h. 

The amount applied per 8 week old tomato plant. 

Wick feeding concentrations. 2.5 nM, and 25 nM and 250 ppm all 
suppressed viral multiplication. 

5 day wheat seedl ings. 

7 day wheat seedl ings. 

Leaf barley sections fl oated on so lutions ofmethyl-jasmonate or 
sorbitol to induce water stress. 
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ABA/JA concentration levels were used (Table 2.9) to investigate leaf absorption of 

ABA and JA by L. perenne. Random leaf samples for ELISA analysis were taken after 

1 h of dipping and every hour thereafter for up to 3 h. 

Table 2.9 Concentrations of ABA and JA used in the dipping 
solutions, 

when L. erenne was di ed to test for leaf hormone absor tion. 
Treatment° Concentration of ABA Concentration of JA 

m /L m 
A 20 10 
B 10 5 
C 5 2.25 
D 2.5 1.25 

0 A II treated plants were endophyte free (G 1076). 

2.11.2 JA ELISA analysis of L. perenne after dipping and the imposition of a 

prolonged drought 

An un-purified antiserum was obtained from Dr Sean Clarke of Otago University's 

Plant Biology Department. It was prepared by inoculating a New Zealand white rabbit 

with JA conj ugated to the immunogen keyhole limpet haemocyanin (KLH-JA). The un­

purified Ovalbumin-JA was stored in 50% glycerol (v/v) at 4°C (Clarke, 1996; Gapper, 

1998). 

2.11.3 Purification of Ovalbumin-JA (OV A-JA) antiserum 

One millilitre of blood serum was made up to 10 mL with MilliQ water and stirred. The 

protein was precipitated by drop wise addition of 10 mL of saturated ammonium 

sulphate and spun down at 3000 g for 25 min. The pellet was re-suspended in half­

strength PBS 

(phosphate-buffered saline see Appendix 6); then the re-suspended protein was 

dialysed in half-strength PBS for 48 h at 4°C, stirring slowly and replacing the half­

strength PBS every 10 h. The protein conjugate was concentrated by washing through a 

Pall Filtron column with half-strength PBS. Between five and seven 2 mL fractions 

were collected and the concentration was determined optically, with a Cary I UV 

Visible Spectrophotometer co1rnected to Cary I application software, using quartz 

cuvettes at 280 nm (OD 1.4 at 280 nm = I mg/mL or a proportion thereof). Purified 
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antiserum was stabilized by adding I mg of sodium azide and 2.5 mg of bovine serum 

albumin (BSA). A summary of this protocol is given in Appendix 7. 

2.11.4 JA competitive ELISA 

The purified OV A-JA was diluted with coating buffer (ELISA buffers, Appendix 8) at 

1: I 000. Then 150 µL was added to each ELISA well, incubated for 24 h at 4°C and 

squirt bottle washed five times with PBST (PBS Tween20) buffer. Then 50 µL samples, 

0.001 to 100 nM of JA, diluted with ELISA buffer were added to the wells (production 

of a standard curve). Other wells contained solid state plant extract (Section 2.10.1) 

diluted with ELISA buffer. Fifty microliters of anti-JA IgG (immunoglobulin G) diluted 

1:500 with ELISA buffer was then added to a ll wells and the plates were incubated at 

room temperature for 18 h. Following the second incubation, the plates were washed 

five times with PBST buffer and 100 µL of anti-rabbit IgG alkaline phosphatase 

conjugate, diluted I :2000 with ELISA buffer, was added to each well and incubated at 

37°C for l h. Following the third incubation, the plates were again washed and l 00 µL 

of 0.5 mg/mL of freshly made nitrophenol phosphate in substrate buffer was added to 

each well, and the plates were given a fina l incubation at room temperature for I h to 

allow colour development. The absorbance of the wells was measured using an ELISA 

microplate reader at 405 nm. A boxed summary of this protocol is given in Appendix 8. 

2.11.5 ABA competitive ELISA 

The ABA competitive ELISA was done using a commercial Phytodetek TM kit (Agdia; 

catalogue number PDK 09347/0096) and was carried out as per the instructions that 

accompany the kits. Four attempts at obtaining a reliable ABA standard curve using 

their materials were made, (3 of these attempts were made with independent 

supervision). However we were unable to establish the reasons for the variations 

between the kits in spite of extensive communications with the production manager of 

Agdia. 

The composite standard curve for ABA was derived by using the combined results from 

Phytodetek Kit 2 and Kit 3. After four attempts, it was not possible to obtain a 
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sati sfactory standard curve from each kit on its own. To obtain some useful data, the 

decision was made to combine the best standard curve data from Kits 2 and 3, then to 

average the OD results fro m each kit and to read the data obtained against the composite 

standard curve. 

2.12 The main experiment 

The objective of this experiment was to measure the alkaloids, lolitrem B, ergovaline 

and peramine, produced by the endophytic fungi N. lolii, in its host L. perenne, when 

water-suffic ient L. perenne was dipped daily in increasing concentrations of the 

drought-protecting hormones ABA and JA. 

2.12.1 Experimental 

The d ipping method was the san1e as that used for the preliminary experiment. The 

plants were up-ended on pipe racks and their leaves were immersed in various hormone 

solutions for no more than 1 h (Fig 2. 7). The concentrations of the ABA and JA 

hormone solutions are given in Tables 2.12 and 2.13. 

Fig 2. 7 The hormone dipping procedure. The pots of plants were dipped by up-ending the 
test pots (A) on a galvanized pipe rack (B) so that the leaves were immersed in the dipping 
solution (C). 

50 



The five replicates, the treatments and the genotypes used are given in Tables 2.3, 2.4 

and 2.5. 

2.12.2 Using the tiller fresh weight to estimate the dipping solution concentrations 

Genotype tiller numbers in each replicate had been counted soon after they were 

transplanted into the 20 cm high black polythene pots. They were recounted prior to the 

start of the main experiment and their numbers were recorded (see Table 2.10). The 

pots of four L. perenne genotypes were then cut back 30 days prior to the start of the 

main experiment to just above the ligule so that analysis of re latively fresh leaf and 

sheath tissue would occur during the experiment thereby minimizing any carry over 

effects from previous growing regimes. 

Regular samples were taken during the course of the experiment to update the total fresh 

weight content of the pots to be dipped, and the concentration of hormone in the dipping 

solutions was adjusted upwards accordingly to reflect the endogenous sap 

concentration. 

2.12.3 Dipping concentrations deduced from ELISA results 

Approximately 0.2 g of lyophilized leaf tissue ( I g of fresh weight (FW), Table 2.6) 

was taken and a solid state (Sephadex/C 18) extraction was carried out after spiking with 

tritiated CA (Section 2.10.2). The extract was speed vacuumed down to give a small 

pellet, which was re-suspended in 1 mL of ELISA buffer. (The hormones in I g of FW 

were now in I mL of buffer.) A I 00 µL (0. 1 mL) aliquot of this solution was added to 

each ELISA well. As concentration values were given in pM/100 µL on the ELISA 

standard curves, the values were multiplied by IO to give pM/mL. The concentration per 

millilitre was also the concentration per gram of FW of tissue. The FW per pot was 

estimated by taking tiller leaf samples and counting the number of tiJlers per pot. Table 

2.10 shows the ti ller numbers of the various perennial ryegrass genotypes in August 

2000. A recount of the tiller numbers was made for the purposes of FW estimations 

prior to the start of the main experiment (See Table 2.11). From this data can be 

concluded that there was large differences in ti ller production between the various 

genotypes so in the main experiment certain genotypes such as K would contribute a 

large number of tillers while genotype I would contribute few t illers to the sample total. 
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Table 2.10 Tiller numbers in each replicate3 

Tiller numbers ReQlicate 1 Tiller numbers Re~licate 2 
Genotyee Tiller Numbers Genotyee Tiller Numbers 

Rep/ Rep/ 
Treatment L p D H Total Treatment 0 K G C Total 

1 /1 18 25 21 23 87 2/1 15 43 19 15 92 
1/2 17 31 21 14 83 2/2 25 33 32 19 109 
1/3 17 18 29 22 86 2/3 12 31 13 15 71 
1/4 15 21 18 19 73 2/4 14 47 14 14 89 
/5 16 16 30 16 78 2/5 13 47 7 13 80 
1/6 13 23 19 43 98 2/6 23 44 13 16 96 
1/7 12 19 30 22 83 2/7 13 41 6 38 98 
1/8 12 27 19 31 89 2/8 25 36 16 32 109 

Total 120 180 187 190 84 Mean Total 140 322 120 162 91 Mean 
Mean 15 23 23 24 7 Stdv Mean 17.5 40.25 15 20.3 12 Stdv 
Stdv 2 5 5 9 Stdv 6 6 8 9 

Tiller numbers ReQlicate 3 Tiller numbers ReQlicate 4 
Genotyee Tiller Numbers Genot;tee Tiller Numbers 

Rep/ Rep/ 
Treatment N J F B Total Treatment E M A I Total 

3/1 20 17 19 11 67 4/1 18 26 17 8 69 
3/2 26 31 16 18 91 4/2 29 35 29 7 100 
3/3 11 14 19 14 58 4/3 15 32 15 19 81 
3/4 9 14 20 15 58 4/4 6 21 15 12 54 
3/5 16 22 19 10 67 4/5 9 37 15 6 67 
3/6 12 12 18 19 61 4/6 14 30 21 21 86 
3/7 9 13 29 23 74 4/7 15 15 24 14 68 
3/8 20 27 42 16 105 4/8 13 27 11 17 68 

Total 123 150 182 126 73 Mean Total 119 223 147 104 74 Mean 
Mean 15 19 23 16 17 Stdv Mean 15 28 18 13 14 Stdv 
Stdv 6 7 9 4 Stdv 7 7 6 6 

0 lolium genotypes were planted, four to a pot on 20/4/2000, cut back on the I /6/2000, and the 2 l /7 /2000 and the tiller count made one month latter. 
A further tiller count was made just prior to the start of the main experiment. See Table 2.1 I and 2.13. 
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Another tiller count was carried out prior to start of the main experiment in January 2001. This data is shown in Table 2.lla. The tillers were counted 

for the replicate pots that were to undergo hormone dipping. No counts were made for genotypes in pots that were not to be dipped in ABA, JA or 

ABA, J A mixtures. 

Table 2.lla Tiller numbers with averages for each genotype and treatment3. 

Rep/ 
Treatment ABA JA 
number1' Treatment' Treatment' p H L D Genotypes 

1\5 ABA+ JA+ 50 50 70 26 196 

1\6 ABA+ JA- 44 45 36 18 143 

1\7 ABA- JA+ 45 41 35 21 142 Average 

160 tillers/pot 

0 G C K Genotypes 

2\5 ABA+ JA+ 29 49 22 50 150 

2\6 ABA+ JA- 35 32 22 77 166 

2\7 ABA- JA+ 24 38 74 54 190 Average 

169 tillers/pot 

N F B j Genotypes 

3\1 ABA+ JA+ 24 28 19 23 94 

3\2 ABA+ JA- 31 34 19 29 113 

3\3 ABA- JA+ 30 16 44 22 112 Average 

106 tillers/pot 

E A I M Genotypes 

4\1 ABA+ JA+ 22 57 15 38 132 

4\2 ABA+ JA- 22 60 16 40 138 

4\3 ABA- JA+ 21 55 17 42 135 Average 

135 tillers/ ot 

"Tiller numbers were counted again before the start of the main experiment and their numbers averaged ( shown in red) for the pots that were 
to undergo hormone dipping. 

b Replicate 5 tiller and FW data was not used to calculate the dipping solution concentrations. 

c For the hormone concentrations used see Tables 2.12 and 2.13. 
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Eight estimations of FW increases were carried out during the course of the experiment see Table 2.llb. The increase in FW was used to calculate the 

plant hormone dipping concentrations ( See Table 2.12). 

Table 2.11 b Fresh weight increases in hormone treated pots over the experiment 

1911· Dipping 22/1 Dipping 24/1 Dipping 26/1 Dipping 28/1 Dipping 30/1 Dipping 1/2 Dipping 3/3 Dipping 

FW Fresh FW Fresh FW Fresh FW Fresh FW Fresh FW Fresh FW Fresh FW Fresh 

Day 9 Weight Day 11 Weight Day 13 Weight Day 15 Weight Day 17 Weight Day 19 Weight Day 21 Weight Day 23 Weight 

11 tillers 7 tillers 7 tillers 7 tillers 7 tillers 7 tillers 7 tillers 7 tillers 

1b 0.6928 10° 0.4769 11 0.4675 11 0.7261 17 0.527 12 0.8516 19 0.8844 20 0.8812 20 

2 0.5298 8 0.5580 9 0.4949 11 0.5594 13 0.5747 14 0.535 13 0.6282 15 0.6054 15 

3 0.9052 8 0.5569 8 1.0102 23 0.8848 20 0.8191 12 0.7193 11 1 0548 16 1.0016 15 

4 0.6458 8 0.5264 10 0.8444 19 0.7664 18 0.7819 15 0.657 13 1.077 21 1.0492 20 
gd 10 16 17 13 14 18 18 

"The number off til lers harvested and the dates they were harvested are shown starting from the l 9/ l /200 I. 
bGives the replicate number corresponding to the average tillers per pot as high lighted in red in Table 2. 1 I a . 

cThe FW of the t illers sampled was used to calculate the FW of the average ti llers per pot for each repl icate. 

dThe mean FW of the four hormone treated replicates was calcu lated and high lighted in red. This figure was 
used to calculate hormone dipping concentrations. See Ta ble 2. 12. 
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The ELISA concentration per gram of FW was multiplied by 0.8 of the pot FW to be 

dipped (the leaves were 20% dry weight and 80% water). The plants were to be 

immersed in specific hom1one solutions so the assumption was made that diffusion 

would occur until the plant sap concentration equaled that of the bathing solution. This 

gave the concentration of plant sap that was needed to produce the ABNJA 

concentration found at that water-deficient level. The actual amount (mg) of ABA and 

JA needed per litre of dipping so lu tion was then calculated by proportion (see Tables 

2.11 and 2.12 for ABA and Tables 2.11 and 2.13 for JA). 

Table 2.12 ABA dipping concentrations for the dipping days 
shown, using Tables 2.1 la and 2.11 b. (Excel generated) 

picomoles / 
mL mg 

Predicted for the picomoles/l 500mL ABA/1500 
Date ABA mean of dipping mLof 

picomoles/g treatment solution. dipping 
FW FW (xl06t solutiond 

(xl 03
) a (XJ04) b 

19/1 0.7 0.5 0.8 0.22 

22/1 2.5 1.9 3.0 0.78 

24/1 3.8 4.8 4.5 1.17 

26/1 4.3 5.7 5.1 1.4 

28/1 5.0 5.3 6.0 1.6 

30/1 5.5 6.1 6.6 1.7 

1/2 6.0 8.7 7.2 1.9 

3/2 7.5 10.5 9.0 2.4 

"Estimated from the trend line in Fig 3.12 then reduced by 30%. 
b 0.8 of the predicted ABA concentration. 80% water, 20% dry matter 7.0x l03 x Dipping 
leaf fresh weight average 9g (Table 2.llb) = 0.5xl04 /mL (lg approximately = lmL) 
°( 1500/Dipping leaf fresh weight average 9g) x 0.5x I 04 picomoles/g FW = 0.8x 106 

pico moles/ l 500mL of dipping solution. 
dpicomoles/1500 mL 0.8xl06 x 2.65 x 10· 10 g = 0.22 mg (I picomole ABA = 2.65 X 10·10 g) 
0Replicate 5, tiller and FW data was not used to calculate the dipping solution 
concentrations. 

The ABA dipping concentrations used in the main experiment are highlighted in red. 
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Table 2.13 JA dipping concentrations for the dipping days shown, 
using Tables 2.lla and 2.11 b. (Excel generated) 

pico moles/ 

Date 
mL mg 

Predicted for the picomoles/1500mL JA/1500 
JA mean of dipping mLof 

picomoles/g treatment solution. dipping 
FW FW (xl06t solutiond 

(x103) a (x104
)b 

19/1 0.7 0.5 0.84 0. 18 

22/1 0.7 0.5 0.84 0.18 

24/1 1.0 1.4 1.3 0.27 

26/1 1.25 1.7 1.5 0.32 

28/1 1.35 1.4 1.6 0.34 

30/1 1.4 1.7 1.7 0.35 

1/2 1.43 2.1 1.71 0.36 

3/2 1.45 2.2 1.74 0.37 

• Estimated from the trend line in Fig 3.16 then reduced by 30% . 
b 0.8 of the predicted JA concentration. 80% water, 20% dry matter 7 .0x103 x Dipping 
leaf fresh weight average 9g (Table 2.llb) = 0.5xl04 /mL (lg approximately = lmL) 
c(l 500/Dipping leaf fresh weight average 9g) x 0.Sx 104 picomoles/g FW = 0.8x 106 

picomoles/ 1 S00mL of dipping solution. 
dpM/1500mL0.8x106 x2.l x 10·10 g = 0.22mg( I picomolesJA = 2.1 x 10·10 g). 

The JA dipping concentrations used in the main experiment are highlighted in red. 

2.12.4 Protocol used to independently check the water stress status of the L. 

perenne genotypes as the water stress was imposed in the main experiment 

The fresh tissue samples were taken between 11 .00 am and 2.00 pm, so that stable and 

repeatable measurements could be obtained. A complete replicate was sampled on any 

day, and extremely bright or extremely overcast days were avoided. Samples from 

plants with free water on the leaves were not taken. From 10 to 20 leaves were taken 

and immediately stored in a small zip-locked pre-weighed bag to avoid water loss and 

placed into an ice bucket. Every attempt was made to standardize the time between 

cutting and weighing. The FW of the leaves was obtained within 30 min of harvest (to 

0.1 mg accuracy). The samples were then submerged in a beaker of distilled water and 

the beaker placed in a refrigerator at 5°C for 24 h. The next day, the leaf tissue was 
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removed, dried with a paper towel, allowed to air dry on the bench for 2- 3 min and then 

re-weighed (turgid weight, TW). The leaves were then dried for 24 h at 80°C (dry 

weight, OW). The relative water content (RWC) was calculated as FW - DW/TW -

DW. Water-sufficient plants should have an RWC of 0.95 and water-stressed plants 

wi II have an RWC of 0. 70- 0. 7 (Barker & Hume, 2000; Turner, 1978). 

Six R WC tests were performed for both the glasshouse trial and the growth chamber 

trial during the course of the main experiment to confirm the drought status of the test 

plants (see Fig 3.22). 

2.12.5 Watering regimes used on all trial potted plants 

The four pots in every replicate that were maintained in a water-sufficient condition 

were watered to field capacity every 2 days by watering until excess water poured out of 

the drainage holes. They were allowed to drain to field capacity and were then weighed. 

A mean value of the field capacity weight of the four water-sufficient pots in each 

replicate was calculated and was used as the benchmark against which the four water­

stressed pots in each replicate were compared. The four pots in every replicate that were 

progressively water stressed were placed on galvanized drainage trays so that water 

tracking through the media could be observed. They were weighed every 2 days and 

their mean weight was calculated. These water-stressed pot weights and the mean field 

capacity weights were used to calculate the water deficit. Two-thirds of this water 

deficit figure was re-applied to the water-stressed pots. 

At the completion of the experiment, all the tillers were harvested and divided into leaf 

(above the ligule) and sheath (below the ligule) samples. This material was placed into 

identifiable sealable plastic bags and immediately (< I min) stored on ice. They were 

subsequently transferred to a - l 8°C freezer. The tissue was then lyophilized, ground in 

a modified coffee grinder, given a bar code sticker for identification and tracking 

purposes and then returned to - 18°C freezer storage. 

Four samples were needed from each treatment: one for solid state extraction after 

spiking with tritiated CA (0.2 g) for ABA and JA HPLC analysis, and three for lolitrem 

B, ergovaline and peramine HPLC analysis. 
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2.12.6 Sample preparation for alkaloid HPLC analysis 

Lolitrem B was analysed by a modification (Panaccione et al.,, 2003) of the method of 

(Gallagher et al.,, 1985). Perennial ryegrass leaf sheath tissue (50 mg; dry weight) was 

extracted with l ml of dichloroethane:methanol (9: 1 ). The sample was agitated in a 

Savant FastPrep FP 120 (BIO 101 Inc., La Jolla, CA) cell disrupter for 20 sat speed 5, 

mixed by rotation for 1 h, and then centrifuged for 10 min at 3000 g. Samples (8-20 µ1) 

were analysed by normal phase HPLC (Shimadzu LC-1 0A system) at 28°C using an 

Alltima (Alltech Associates, Deerfield, II) silica gel (150 x 4.6 mm, 5 µm bead 

diameter) column with a mobile phase of dichloromethane:acetonitrile:water 

(880:120:1) at a flow rate of 1 mL/min. Eluted products were analysed by 

spectrophotofluorometry (excitation 265 nm, emission 440 nm) using a RF-l0A 

detector (Shimadzu, Kyoto, Japan). Lolitrem B elutes at ~5 min followed by smaller 

amounts of other lolitrems. The amount of lolitrem B was estimated by comparison of 

the integrated peak areas (Class-LC IO software; Shimadzu) of the analyte with an 

external standard of authentic lolitrem B. 

Ergovaline and peramine were analysed by minor modifications of previously 

described methods (Panaccione et al.,, 2003; Spiering et al. ,, 2002). Perennial ryegrass 

pseudostem tissue (50 mg; dry weight) was extracted with 1 ml of isopropanol-lactic 

acid (50% (v/v) propan-2-ol, 1 % (w/v) lactic acid) containing internal standards of 

ergotamine-hemitartrate (1 µg/ml ; Sigma Chemical Corp. , St Louis, MO) and 

homoperamine nitrate (2 µg/ml; custom synthesis) . The sample was agitated in a Savant 

FastPrep FP 120 (BIO 101 Inc., La Jolla, CA) cell disrupter for 20 sat speed 5, and then 

mixed by rotation for 1 h. The extract was incubated at 4°C overnight then centrifuged 

for 10 min at 3000 g. Samples (8-20 µl) were analysed for ergovaline by reverse phase 

HPLC at 28°C using a Prodigy ODS3 (Phenomenex, Torrance, CA) C-18 (150 x 4.6 

mm, 5 µm) column, fitted with an RP-18 Brownlee Newguard precolumn (Perkin-Elmer 

Analytical Instruments, Norwalk, CT). The mobile phase, at a flow rate of 1 ml/min, 

was a multi-linear binary gradient consisting of solvent A (acetonitrile:aqueous 0.1 M 

ammonium acetate; 1 :3 v/v) and solvent B (acetonitrile:aqueous 0.1 M ammonium 

acetate; 3: 1 v/v) in ratios of A:B at programmed time points as follows: 0 min, 95:5; 20 

min, 80:20; 35 min, 50:50; 40 min, 30:70; 45 min, 30:70; 47 min, 0:100; followed by a 

recycling step for 55-58 mm, 95:5 . Eluted products were analysed by 

spectrophotofluorometry ( excitation 310 nm, emission 410 nm) using a RF551 detector 

(Shimadzu, Kyoto, Japan). The amounts of ergovaline, together with its natural isomer 
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ergovalinine, were estimated by comparison of the integrated peak areas (Class-LCl0 

software; Shimadzu, Kyoto, Japan) with those of the sum of the ergotamine, and its 

natural isomer ergotaminine, adjusted for relative fluorescences and extraction 

efficiency. 

Chromatography of peramine was carried out by a column-switching procedure 

with an initial step to remove interfering UV absorbing compounds (Cox and Stout, 

1987; Spiering et al.,, 2002). Samples (50 µI) were loaded onto a RP-C8 (Alltech 

Associates, Deefield, IL) silica-based mixed-mode cation exchange cartridge (7.5 x 4.6 

mm, 5 µm) in a mobile phase of propan-2-ol:water:ammonium hydroxide (25%) 

(60:40: 1) at a flow rate of 0.4 mL/min for 2 min. The cartridge was then flushed at 1 

ml/min with 50 mM ammonium acetate, 5 mM guanidinium carbonate and 0.2% (v/v) 

acetic acid in water-methanol (4:1, v/v) and analysed by "pseudo-reverse" phase HPLC 

using a Phenosphere (Phenomenex, Torrance, CA) silica (250 x 4.6 mm, 5 µm) column 

and the same solvent used for flushing. Eluted products were analysed by UV 

spectrophotometry at 286 nm with a UV-970 detector (Jasco Corp., Tokyo, Japan) . The 

amount of peramine was estimated by comparison of the integrated peak area (Class­

LCl 0 software; Shimadzu, Kyoto, Japan) of the analyte with the homoperamine internal 

standard. 

2.12.7 Statistical analys is 

The experiment was analysed as a split plot design, with five treatments as main plots 

and plant part as the sub-plots. The main plot treatments were water only (W), ABA + 

water (AW), JA + water (JW), ABA + JA + W (JAW) and drought (D) . The plant-part 

'treatment' was leaf or pseudostem (sheath). There were five main plot replicates as 

whole blocks, four blocks conducted in a greenhouse and one block conducted in a 

growth chamber. Within each block, the D treatments were replicated four times, but, as 

the variation was similar to the experimental error, these effects were combined. There 

were 40 main plots and 80 sub-plots in total. The model tested main-plot (treatment) 

effects using the block*trt interaction, and the sub-plot (plant-part effects and plant­

part*trt interaction) effects using the residual experimental error. Single degree-of­

freedom contrasts were used to compare watered versus drought effects, JW (JA) versus 

W (watered controls) effects, AW (ABA) versus W effects, and the JAW (JA/ABA) 

interaction within watered treatments. Analysis of variance (ANOV A) was repeated for 

leaf-only, sheath-only and greenhouse analyses. Multiple ANOV A (MANOY A) was 
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used to test the combined effects of the three alkaloids together. See Appendix l O for 

the GLM procedure. 
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2.13 An experiment that produced deuterated methyl jasmonic acid using Pt as a 
catalyst ( Pers comm Hislop, Institute of Fundamental Sciences, Massey University, 
Palmerston North, New Zealand and Fielder, HortReseach, Palmerston North, 
New Zealand) 

This material can be used as a stable internal standard when the HPLC analysis of 

Lolium perenne tissue for jasmonic acid is carried out. 

Stable deuterated methyl Jasmonic acid was needed because it would finally become 

necessary to measure by HPLC the drought induced levels of JA and then correlate 

these with the endogenous level of the alkaloids found in Lolium. 

b 

Fig 2.8 Deuterat ion of methy l jasmonate 1• The reaction was carried out using PtO2 
as a catalyst. 

(A) Deuterium gas cylinder. ( B) Graduated water-cushioned gas reservoir. 
(C) Water reservoir. (D) Reaction flask containing methyl JA, the PtO2 
catalyst and ether. (E) Magnetic stirrer. 

1 
The relative molecular mass (Mr) of methyl Jasmonic acid is 224 and the Mr of deuterium is 4. 

The number of moles of deuterium needed to hydrogenate the double bond between C3 and C4 of methyl 
jasmonate is given by n = m/ Mr. Where I mole of A = I mole ofB. n = 1/224 = 4.6 x I0.3 moles of 
deuterium (D2) I Mole of gas at STP (Standard Temperature and Pressure) = 24L. Therefore the volume 
of D2 needed = 4.46 X I 0·3 

X 24L = I 07mL. 
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Flush all components with deuterium before fitting the apparatus together then add a 

small spatu]ar of PtO2 to the reaction flask (D) then flush with D2 gas (a and bond off) 

to activate by pre-reducing the PtO2. 

Once the PtO2 has turned black 15mL of ether (analar grade) was added and this was 

followed by the addition of 1 g of Methyl Jasmonic acid that had been dissolved in 

1 0mL of ether. 

With the valve of the reaction flask (b ) turned off ( d ) on 107mL of D2 gas was 

di spensed to the graduated water cushioned reservoir (B). When this was stabilised the 

valve (a) to the D2 gas cylinder (A) was turned off and the valve (b) to the reaction flask 

(D) was turned on. 

At this point the magnetic stirrer (E) was turned on. 

The end point of the reaction was determined when there was a 107mL difference in 

water levels in the graduated water tank. 

The products were then filtered through a celite filter to remove the catalyst PtO2 

washing the deuterated methyl jasmonic acid through with ether. 

Fig 2.9 The celite filter used to remove the PtO2 catalyst. 

This washing ether was then removed using a Rotor vac. 
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Fig 2.10 The rotary vacuum flask used to remove the ether from 
the reaction products. 

2.14 An experiment to produce deuterated salicylic acid (SA) 

This was to be used as a stable internal standard when measuring SA levels in perennial 

ryegrass by HPLC. 

A supercritical exchange reaction (SCR) was carried out using heavy D2O. 

Fifty to 100 mg of SA was added to a SCR bomb Fig 2.11 1-2 mL of D2O added to the 

bomb and sealed tightly. 

B D 

1cm 

Fig 2.11 Bomb used to carry out the supercritical exchange reaction of SA. 
(A) is screwed into (B) on the end of gas copper tube (C) to produce a gas fitting 
(B) attachment (D). 
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The loaded tube was then heated in an oven to between 374° and 400°C for one hour. 

After cooling the contents were rotary-vacuumed and the product taken for NMR 

analysis. The desired out come is shown in Fig 2.12. 

D 
COOH D COOH 

OH D OH 

D 

Fig 2. 12 The protonation of SA using heavy water (D2O). 
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Chapter Three 

Results 
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3.1 Source of plant material for drought experiments 

Tillers of 17 distinct genotypes of Lolium perenne were randomly selected from a field 

trial at AgResearch, Grasslands Research Centre (Fig 2.1), potted up and grown in a 

glasshouse as described in Section 2.2. After each genotype was established, leaf sheath 

samples were checked for the presence of endophyte by staining with aniline blue (Fig 

3.1). 

Fig 3.1 Light micrograph of a perennial ryegrass leaf sheath stained with 
aniline blue. Hyphae of Neotyphodium lo/ii can be observed in the intercellular 
spaces (left arrow) of the cel ls of L. perenne leaf sheath (right arrow). 

Of the 17 genotypes (GI 060-G I 076) analysed, 16 (G I 060- G I 075) were shown to be 

endophyte positive and one was shown to be endophyte negative (GI 076). 

3.2 Measurement of water loss to assess drought regime 

Having established the experimental design (Section 2.4) for measuring alkaloid levels 

in L. perenne plants in response to drought or external application of plant hormones, it 

was necessary to test whether the drought regime chosen, i.e. replacement of only two­

thirds of the water lost by evapotranspiration from the water-sufficient plants, was not 

so severe that it caused plant death early in the experiment. To overcome the effects of 

endophyte- plant genotype interactions, 16 genotypes were used and arranged in a 

randomized block design (Section 2.4). Water loss was measured in both endophyte-
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positive (E+) and endophyte-negative (E- ) plants grown under two different 

environmental conditions, glasshouse and growth chamber. Four replicates (Replicates 

1 to 4) were grown in the AgResearch glasshouse. However, as plants grown in a 

glasshouse are still subjected to a fluctuating environment, four genotypes were grown 

under controlled environmental conditions in a growth chamber as a separate replicate 

(Replicate 5). When the main experiment had been established, surplus plants were 

included as another replicate (Replicate 6). A separate replicate (Replicate 7) of E­

plants was also set up to test for any effects of endophyte on water loss. However, just 

one genotype that lacked endophyte was avai lable . 

The water use over this period was consistently greater for the plants grown in the 

growth chamber than for the plants grown in the glasshouse (Table 3.1 ), because of the 

greater temperature and greater air velocity due to forced air circulation. 

Table 3.1 Evapotranspiration of L. perenne with and without Neotyphodium lo/ii 
grown under different environmental conditions. 

Glasshouse1 
Evapotrans~iration Rate (mL) 
Glasshouse Glasshouse1 Growth 

Dal E+ E+ E- Chamber E+ 
Replicates 1-4b Replicate 6c Replicate 7d Replicate 5' 

1 49 57 48 93 
2 50 57 48 100 
3 50 57 48 111 
4 50 57 48 98 
5 40 55 46 98 
6 71 87 67 98 
7 43 59 49 98 
8 70 87 80 107 
9 70 88 80 107 

10 70 88 80 107 
11 70 88 80 107 
12 89 86 80 
13 82 84 107 
14 92 80 116 

0 Plants were watered to field capacity, allowed to drain and placed in the glasshouse or the growth 
chamber, and loss of water was measured daily by weighing. 
bAverage value for the 32 pots that comprised E+ Replicates I (G 1075, GI067,GJ071 , G1063 ), 2 
(G1074, GI066, G1062, G!070) , 3 (GJ073 , G I065, G1061, Gl069) 4 ( GJ060,G!064, G1068, G1072) as 
described in Section 2.4. 
c Average value for 8 pots of E+ l. perenne conta ining a random selection of all 16 genotypes grown in 
the glasshouse. 
d Average value for 5 pots of E- l. perenne (all GI 076) grown in the glasshouse. 
e Average value for 8 pots of E+ l. perenne comprising Replicate 5 (G 1063 , GI 070, GI 073, G 107 I), as 
described in Section 2.4. 
1 AgResearch, Grasslands Research Centre, Palmerston North. 
g AgHort building, Massey University. 
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The use of moving air to eliminate ambient gradients in the growth chamber had the 

secondary effect of, at times, increasing the relative humidity gradients between the 

plants and the surrounding air. This increased evapotranspiration. Because the 

evapotranspiration rates, as determined in this experiment for the plants in the growth 

chamber, were much higher than for the plants in the glasshouse, the temperature used 

for subsequent experiments in the growth chamber was reduced 5°C from 20°C to 15°C. 

On day 7 of the experiment, the glasshouse-grown plants were moved from the south­

facing side to the warmer north-facing side, which accounted for the peak in water loss 

observed on day 7 and the higher average rates of water loss from day 7 until the 

completion of the experiment. The data from Table 3.1 was plotted. 
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Fig 3.2 Daily water losses as a result of evapotranspiration (mL/pot/day) for endophyte­
infected (E+) and endophyte-free (E- ) perennial ryegrass plants. Plants were grown under 
environmental and glasshouse conditions. Average water loss per pot for 32 E+ pots 
(16 genotypes) from Replicates I to 4 (blue), 8 E+ pots ( 16 genotypes) from Replicate 6 
(turquoise) and 5 pots ofa single E- genotype (gold) grown in the glasshouse. Average 
water loss for 8 E+ pots comprising Replicate 5 (four genotypes) grown in a growth 
chamber (red). 

In this experiment, there was no significant difference in water use between the E+ and 

E- plants both before and after moving the plants. This is in contrast to the observations 

of some other researchers (Hume et al., 1993), but, in their work, endophyte effects 

were observed only under conditions of moderate to severe drought (Hume et al. , 1993). 
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3.3 Assessment of endogenous levels of JA and ABA and the uptake of these 

hormones with foliar application 

Various methods of externally applying ABA and JA to water-sufficient L. perenne 

were investi gated. These included spraying, wick feeding and dipping. The wick 

feeding method places the hormones used directly into the sap stream (phloem) of the 

plant. This would be comparatively simp le in dicotyledonous plants but more difficult 

in the less structured monocotyledonous vascular system of L. perenne with their 

scattered vascular bundles. The spray method of hormone application, although 

universally used for commercial app li cations of pesticides and herbicides, is far less 

quantitative than would be needed to carry out a well-designed, controlled experiment. 

A foliar application with a dipping system was finally chosen. The system involved up­

ending potted plants and dipping the foliage, up to and including the leaf sheath, for a 

period of 60 min in solutions of ABA, JA and 0.125% Pulse™, an organosilicone 

surfactant. See Section l. 7 for further information on pathways of hormonal entry into 

the plant. 

The literature was searched to determine the levels of abscisic acid (ABA), jasmonic 

acid (JA) and salicycl ic acid (SA) found in a range of plants, with particular emphasis 

on monocotyledons under drought and water-suffici ent conditions (see Tables 2.7, 2.8 

and Appendix 6) . 

This information was used in conjunction with the drought leve ls of the hormones 

measured by enzyme- linked immunosorbent assay (ELISA) in the calibration 

experiment (Section 3.7) to determine the final dipping concentrations of the hormones 

used in the main experiment. 

3.4 Preparation of tritiated plant hormones 

For the analysis of hormones in leaf extracts, it was necessary to prepare tritiated 

protonated ABA and tritiated cucurbic acid (CA) from ABA and JA, respectively (Fig 

2.4), so that leaf samples could be spiked to determine the efficiency of the solid state 

plant leaf hormone extraction methods that were developed. 

The sodium borohydride reduction protocol was first carried out on a large scale 

following the protocol of (Miersch el al., L 987) for both ABA and JA (Section 2.6). 

Whereas the conversion of JA to CA by sodium borohydride reduction is well 

documented by Mi ersch and others, the protonation of the ketone group on the 
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cyclohexane ring of ABA had to be confirmed. The success of the reduction of JA and 

ABA (Fig 3.3) was determined using nuclear magnetic resonance (NMR) spectroscopy. 

(S)-cis-Abscisic Acid. 

Jasmonic Acid. 

Reduced (S)-cis-
OH Abscisic Acid. 

61 

\\Cr.CH 
10
CH~

2
CH

3 uc 
~ COOH 

Cucurbic Acid. 

Fig 3.3 Chemical structures of S-cis-ABA, reduced S-cis-ABA, JA and CA. The carbon atoms are 
numbered starting from the COOH group. 

The reduction of JA was verified by 13C DEPT 90 (distortionless enhancement through 

polarization transfer 90) (Fig 3.4) and 1H NMR (Fig 3.5) experiments. 
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A 

200 180 160 140 120 100 80 60 p pm 

B 

200 180 160 140 120 100 80 60 ppm 

Fig 3.4 13C DEPT 90 NMR spectra of JA and CA. The analys is was carried out with 
5 mg of JA (B) and an equivalent amount of its reduction product, CA (A). 

The 13C DEPT 90 spectrum of JA (Fig 3.4B) showed the presence of peaks at 134, 125, 

54 and 38 ppm, peaks characteristic of the four methine (CH) groups at positions C3, 

C7, C9 and C 10 of JA (Fig 3.3). The spectrum of the reduced form, CA (Fig 3.4A), 

showed an additional pair of methine peaks, one from each of the two isomers, at 75- 80 

ppm, with chemical shifts consistent with a hydroxyl group bonded to a methine group. 

This conclusion was further supported by the 1H NMR experiment (Fig 3.5). 

71 



72 

B 

5 . 5 

I 

5 . 5 

0 .--< 
0 0 
0 0 

.--< ,-f 

5.0 4 . 5 

5.0 4.5 

4.0 3.5 

m m 
sr r-
(Y) "' 
0 0 

4.0 3 . 5 

3 . 0 

3 . 0 

2.5 2.0 1 . 5 

sr 

s 13~~ ~~~51 m 
m 
0 

2 . 5 2.0 1.5 

N 
u) 

m 

0 

m 
N 
.--< 

ppm 

N 
m 
(Y) 

,-f 

ppm 

Fig 3.5 1H NMR spectra of JA and CA. The analys is was carried out with 5 mg of JA (B) 
and an equivalent amount of its reduction product, CA (A) . The peaks at 3.9 and 
4.2 ppm in (A) are diagnostic of the two diastereoisomers of CA. 



The peaks at 0.92, 5.2 and 5.5 ppm 111 the 1H NMR spectrum of JA (Fig 3.5B) 

corresponded to chemical shifts for the terminal methyl, and the C9 and Cl0 

unsaturated carbons. The two additional peaks at 3.9 and 4.2 ppm in the spectrum of the 

reduced fom1 of JA (Fig 3.SA) corresponded to chemical shifts consistent with a proton 

adjacent to a hydroxyl group for the two diastereoisomers, characteristic of CA. 

Initial attempts to obtain a 13C DEPT 90 spectrum for the product of the ABA reduction 

were unsuccessful , suggesting a low yield of product. Therefore, the product of the 

ABA reduction was ascertained by one-dimensional I H NMR (Fig 3.6) and two­

dimensional 1H- 1H COSY (correction spectroscopy) (Fig 3.7) . 
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7 6 5 4 3 2 1 ppm 

B 

7 6 5 4 3 2 1 ppm 

Fig 3.6 1H NMR spectra of ABA and reduced ABA . The analysis was carried out with 5 mg of 
ABA (B) and an equivalent amount of its reduction product, reduced ABA (A). The peak at 
4.2 ppm in (A) is diagnostic of reduced ABA. 

The peaks at 2.3 and 2.5 ppm in the ABA spectrum (Fig 3.6B) corresponded to 

chemical shifts for the ketone group in C9 of the cyclohexane ring of ABA. The 

additional peak at 4.2 ppm in the spectrum for the reduced form of ABA (Fig 3.6A) 

corresponded to a chemical shift consistent with a proton adjacent to a hydroxyl group, 
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characteristic of reduced ABA. Because of the small quantities of product, the identity 

of this compound was verified using very sensitive, two-dimensional 1H- 1H COSY (Fig 

3.7). 
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Fig 3.7 Two-dimensional 1H- 1H COSY experiment, which was carried out to analyse the 
reduction product produced from 5 mg of ABA. The spot at 4.2 ppm is diagnostic of an 
additional proton on C9 of ABA. 
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This spectrum showed a new proton on C9 of ABA (4.2 ppm) after its reduction using 

sodium borohydride This new proton correlated with a methine proton in an unsaturated 

region (5.7 ppm) of the molecule and a saturated methylene group at Cl 1 (1.8 ppm). 

Thus, it was concluded from these NMR spectra that the large scale reduction reaction 

had produced small, but significant, amounts of both CA and reduced ABA. These 

experiments confirmed that ABA as well as JA could be reduced by this method. 

3.5 HPLC verification of the tritiated reduction product CA and its purification 

As outlined in Appendix 9 the theoretical counts available from 100 mCi of radioactive 

sodium borohydride were 7 .36 x 10 11 cpm (disintegrations/minute); of these counts, 

3.68 x 1011 cpm were available for the reduction of JA and the balance was available for 

the reduction of ABA. 

Because of the expense of tritiated sodium borohydride, both ABA and JA were 

subjected to a small scale reduction using tritiated sodium borohydride, as outlined in 

Sections 2.6 and 2.7. The NMR results of the small scale cold reductions of ABA and 

JA are reported in Section 3.4, confirming the reduction to reduced ABA and CA using 

amounts of sodium borohydride consistent with the tritiated material available. The 

HPLC verification was carried out in an identical manner for both tritiated ABA and 

CA, but only the HPLC verification results for tritiated CA are reported here. The small 

scale (using 30 µL) and the large scale (using 500 µL) purifications of both tritiated 

ABA and CA were found to be equally successful , but only the purification of tritiated 

CA is reported here. 

3.5.1 HPLC verification of tritiated CA 

To identify the HPLC elution times of JA and CA for collection of the appropriate 

radioactive products, JA and CA standards were analysed using HPLC (Fig 3.8). 
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Fig 3.8 Comparison of HPLC separation times for JA (top) and CA (bottom). 

JA elutes at 9 min and CA's two diastereoisomers form peaks at 7.3 and 8.4 min. 

A 10 mg/ml solution of JA was used to provide an inject ion of JOO µg for JA, and 

a I mg/mL solution of CA was used to provide an inject ion of JO µg for CA. 

The solvents and flow rates used are described in Appendix 3a. 
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JA was found to elute at 9 min and the two diastereoisomers of CA eluted, and formed 

twin peaks, at 7.28 and 8.42 min. These elution times were in agreement with those 

obtained by (Gapper, 1998). 

Once tritiated CA had been produced from JA usmg small scale tritiated sodium 

borohydride reduction, HPLC was used to separate the tritiated CA from tritiated water 

and solvents. Because of the small quantities of substrate used (0.09 mg of JA) in the 

reduction, neither substrate (JA) nor product (CA) could be detected by UV absorbance 

(Fig 3.9A). 
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Fig 3.9 HPLC fractionation of the unpurified tritiated JA reduction product. 
(A) The arrows (CA) indicate the position at which CA would elute based on the analysis of a standard 

(Fig 3.8). A 20 µ L sample of the reduction product containing 53 125 cpm was loaded on to the column. 
(B) Twenty four fractions were collected at 30 s intervals between 0 and 12 min and the radioactivity of 

each was determined. Peaks of radioactivity corresponding to the two diastereoisomers of CA were 
observed in fractions 14 to 18 inclusive, corresponding to 7.0- 9.0 min. Fractions 5 to 9 were assumed to 
be tritiated water and solvents. 
(C) Twelve fractions around and including 14 to 18 were re-collected . Fractions 14 to 18 inclusive, 

corresponding to 7- 9 min, confirmed the presence of tritiated CA. The solvents and flow rates used are 
described in Appendix 3a . 

To isolate the radioactively labelled reduction product, 500 µL fractions were collected 

at 30 s intervals immediately after leaving the column. The radioactivity in each of these 

fractions was determined and the results are shown in Figs 3.9B and 3.9C. 

Fig 3.9B shows the radioactivity of 24 fractions collected at 30 s intervals between 0 

and 12 min. There were peaks of radioactivity in fractions 14 to 18, which corresponded 

to elution times of 7- 9 min for CA (Fig 3.8). Fractions 5 to 9 were tritiated water and 

solvents. The 12 fractions around fractions 14 to 18 (7- 9 min) were re-collected and the 

presence of tritiated CA with high specific activity was confirmed (Fig 3.9C). 

An analysis of the radioactivity was carried out. From Figs 3.9B and 3.9C and given an 

input count of 53 125 cpm, 16% of the radioactivity was due to unknown solvents and 

reaction products, 1.2% was due to CA and the balance of 83% was assumed to be due 

to tritiated water, which was later removed using a Cl 8 solid phase extraction column. 
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3.5.2 Purification of tritiated CA from the crude extract 

Because of the presence of the tritiated water and solvent fractions, the tritiated CA was 

purified using C 18 solid phase extraction. 

One microlitre of the original crude reduction product was placed in 1 mL of 80% 

methanol. A 100 µL sample had an input count of 1 3 72 717 200 cpm. A further 100 µL 

sample was applied to a C 18 column for purification (Section 2.8.2) and two 1 mL 

aliquots were obtained. The counts were read and a 9.1% recovery was obtained (counts 

for aliquot 1 + aliquot 2 / input counts). See Section 2.10.3 for calculations. 

3.5.3 Verification of the efficiency of the small scale purification 

A 30 µL sample of the combined aliquots, after solid phase extraction and with an 

added input count of 40 585 cpm, was injected into the HPLC and samples were 

collected at 30 s intervals as described previously. Six 500 µL tritiated CA samples 

were collected at 30 s intervals between 7.5 and 10.5 min. The purity level increased 

from 9.1 % to 71 % and the 3-4 min solvent peak showed almost no radioactivity, 

suggesting that the purification procedure was successful and that large scale 

purification could be performed. See Fig 3.lOA. 
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Fig 3.10 Radioactivity found in the HPLC fractions purified by C I 8 solid state extraction. 
(A) Radioactivity of HPLC fractions collected at 30 s intervals between 6 and I 2 min after small scale 
C 18 purification. A 30 µL sample containing 40 585 cpm was loaded on to the co lumn. 
(B) Radioactivity of HPLC fractions co llected at 30 s intervals between 6 and 12 min after large scale 
C 18 purification. A 500 µL sample containing 14 055 cpm was loaded on to the column. 

3.5.4 Large scale purification of tritiated CA 

A further 500 µL of unpurified reduction product 111 methanol was subjected to C 18 

purification. Six 500 µL tritiated CA samples were collected at 30 s intervals, and the 

purity increased from 71 % to 77% (Fig 3.10B). This purified tritiated CA material was 

used fo r spiking plant extracts. 
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3.6 Development, verification and extraction of the plant hormones ABA and JA 

from L. perenne 

The purified tritiated ABA and CA were used to spike samples of plant material, to 

determine the percentage recoveries of the plant hormones ABA and JA obtained using 

solid state extraction procedures. These experiments allowed the extraction protocols to 

be verified. The gravity flow method was used to test the extraction efficiency of the 

solid state C 18 and DEAE columns with and without plant material present. Extraction 

of plant material spiked with 3H-ABA resulted in a 40% recovery (Table 3.2). At the 

time this experiment was carried out, in 2000, the 60% loss of ABA could not be 

explained. More recent information from a ABA hormone expert at Ohio State 

University may in part explain the loses of ABA observed in this experiment ( Section 

4.3). The sample spiked with 3H-ABA in the absence of plant material was lost. 
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Table 3.2 Recovery of tritiated ABA mixed 
with plant tissue following solid state 
extraction. 

Fraction" Counts (cpm)• 
AOl 3590< 
AO2 4550 
AO3 1790 
AO4 140 
AO5 250 

Total cpm 9540d 
Input cpm 25000 

% Recovery 40 
aFive I mL aliquots of 80% (v/v) methanol were used 
to remove the hormone from the C 18 column in the 
final extraction step. 
hFrom each of these aliquots, 100 µL was taken, 
placed in I mL of scintillation fluid and then read in 
the scintillation counter. 
~ach of the readings obtained was multiplied by 
10 (1 mL/100 µL= 10) (Section 2.10.3). 
~et of background counts( 390 cpm/2mL) 



Recovery of 
3
H-CA from a sample extracted in the absence plant material was I 00% 

(Table 3.3) The sample containing plant materi al spiked with 3 H-CA was lost. 

Table 3.3 Recovery of tritiated CA 
without added plant tissue, 
following solid state extraction. 

Fraction• Counts c m • 
DO I 3330' 
DO2 1040 
DO3 580 
DO4 1660 
DO5 11 630 

Tota l cpm 18240 
Input cpm 18000 

% Recovery I 00 
"Five I mL aliquots of80% (v/v) methanol were 

used to remove the hormone from the C 18 
column in the final extraction step. 
6From each of these a liquots, 100 µL was 
taken, placed in I mL of scintillation fluid 
and then read in the scintillation counter. 

'Each of the readings obtained was multipl ied 
by 10 (I mL/ 100 µL= 10) (Section 2.10.3). 

Given the absence of some of the data for the corresponding samples in each of these 

experiments it is difficult to make firm conc lusions about the extraction protocols but it 

would appear that the presence of plant material reduces the recovery of ABA and 

probably JA there by emphasizing the need to determine the e ffi ciency of hormone 

recovery for each experiment. 

Different g rades and batches of Sephadex were avail ab le in the laboratory so an 

assessment was made o f their suitability for the work to be carr ied out. Table 3.4 shows 

the recovery rates of tritiated ABA and CA using these various matrices for samples 

e luted by gravi ty flow. 
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Table 3.4 Effect of sorbent source and type on plant hormone recovery. 
Input Recovered Recovery (%) 

Batch Counts Counts6 

DEAE Sephadexc CA 23 246n 22103 95 

DEAE Sephadexc ABA 11 317n 12105 100 

DEAE Sephadex ctCA 23 246 23790 100 

DEAE Sephadexct ABA 11 317 12980 100 

DE52 Cellulose CA 23 246 17890 77 

DE52 Cellulose' ABA 11 317 12370 100 

"20 µL of tritiated CA = 23 246 cpm and 20 µL tritiated ABA = 11 317 cpm. 
6The sum of the counts from five I mL aliquot samples that were eluted from the Cl8 column using 80% 

methanol and combined; I 00 µL was added to I mL of scintillation fluid and read, and the background 
counts were subtracted (Section 2.10.3). 
cSigma, ex Scott laboratory. Batch number unknown, unopened. 
dEx Biochemistry preparation room. Used after conditioned and stored in 40 mM ammonium acetate 
at 5°C for more than 6 weeks. 
' Sourced as a possible alternative to DEAE Sephadex. 

These experiments showed that dry and unopened Sephadex did not deteriorate even 

after years of storage and that hydrated Sephadex could be stored for extended periods 

without any deterioration in its colloidal or binding properties. It was also clear that 

DE52 Cellulose was not a satisfactory substitute for DEAE Sephadex in its ability to 

bind CA. Based on these results, the Sigma DEAE Sephadex ( ex Scott laboratory) was 

used for all subsequent plant hormone extractions. 

In order to improve the processing rate of samples the protocol for the purification of 

plant hormones was altered to include a vacuum-assisted elution method (Fig 2.5 and 

Fig 2.6). The recovery rates obtained were comparable to gravity elution (Table 3.5) . 
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Table 3.5 Effect of elution method on lant hormone recover . 
Input Recovered Recovery 

Treatment Counts" Counts d (%) 

Gravity+ H-ABA" 10 922 6200 57 

Gravity+ 3H-CA 11 125 8895 80 

Vacuum+ 3H-ABA h 10 922 4789 44 

Vacuum+ 3H-CA 11 125 8510 77 

"Solid state filtration under gravity. 
bSolid state filtration with vacuum assistance . 
c20µL 3H-ABA stock gave 10922 cpm and l0µL 3H-CA stock gave l l 125cpm. 
dThe sum of the counts from five I mL aliquot samples that were eluted from the CI 8 column using 80% 
methanol and combined; I 00 µL was added to I mL of scintillation fluid and read, and the background 
cow1ts were subtracted (Section 2. 10.3). 

The results shown in Table 3.5 demonstrate that this alteration to the protocol had little 

effect on the percentage recovery of plant hormones. As a result, elution of samples 

using the vacuum bank method was adopted as the preferred method. In addition, these 

results showed that CA (JA) was more efficiently recovered than ABA, despite their 

similar ring and carboxylic acid side chain structures. 

A further concern was the potential quenching of the light emitted from radioactive 

samples containing water, given the samples were eluted from the Cl 8 column in 80% 

methanol compared to the labelled stocks, used as input counts, suspended in 

chloroform. The presence of water is known to quench light em issions from 

scintillations in the presence of radioactive samples. To confirm that this was a problem 

samples of 3H-CA were measured in the presence and absence of water. As can be seen 

from the data shown in Table 3.6 the presence of water decreased the efficiency of 

counting. Consequently an equivalent amount of water to that present in the eluted 

samples was added to the 3H-CA and 3H-ABA stocks when used as an input samples so 

that accurate measurements could be made of both input and recovered radioactivity 
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Table 3.6 The effect of water on the efficiency of counting. 
Reading l Reading 2 Mean Counts (cpm) 

Treatment (cpm) (cpm)' 

20 µL CA stock + 
90 µL 80% 
methanol• 

20 µL CA stockb 

15 170 15 660 

18 730 22 234 

15 415 

20 482 

• A model of the 100 µL sample taken from the five 1 mL eluates removed from the C 18 column 
and combined after solid state extraction o f plant tissue for ABA and JA with its 10 µL CA spike. 
bA model of the 20 µ L CA stock purified by C l 8 extraction in 80% methanol added directly to 
each plant sample prior to solid state extraction and at the same time added directly to 1 mL of 
scintillation fluid and then read, and used as the control against subsequent p lant extraction readings. 

Around 23 000 cpm and from which the percentage recovery was estimated using recovered counts. 
'Readings taken 24 h apart. 

3.7 ELISA analysis of endogenous hormone levels of ABA and JA in water stressed 

plants and uptake of these hormones after dipping 

Water-sufficient L. perenne plants (a representative sample of the genotypes that were 

to be used in the main experiment) were dipped in solutions of the hormones at 

concentrations that could be expected during an imposed water stress and absorption of 

the hormones was verified using a competi tive ELISA. 

3.7.1 Plant hormone levels in water-stressed L. pereune 

This trial was carried out in the glasshouse at AgResearch and in the growth chamber in 

the AgHort building at Massey University. The pot-grown plants were progressively 

exposed to water stress. The efficiency of extraction was of the plant hormones was 

determined in the water stressed plant samples by spiking the sample with 3H-CA 

(Table 3.7). 



Table 3. 7 Efficiency of hormone extraction from water-stressed samples of L. 
perenne. 

Sample Harvest Counts Recovered Recovery (% )6 SA~ 
Datesa (c m) 

13/9 14 520 63 1.6 
14/9 17 740 77 1.3 
15/9 25 780 1 11 0.9 
18/9 15 060 65 1.5 
19/9 18 120 79 1.3 
20/9 13 740 60 1.7 
21 /9 13 600 59 I. 7 
22/9 11 600 50 2.0 
23/9 13 400 58 1.7 
24/9 12 680 55 1.8 
25/9 11 200 49 2. 1 
26/9 10 680 46 2.2 
27/9 12 560 55 1.9 
28/9 11 740 51 2.0 
30/9 14 760 64 1.6 

"To estimate dipping regimes, a pre li minary experiment was carried out to detennine the leaf leve ls of 
ABA 
and JA in perennial ryegrass plants that were progressively water stressed . Leaf samples were taken 
daily from a representa ti ve sample of the same rye grass genotypes that were used in the main experiment. 
These samples were spiked with tritiated CA and so lid state extracted and then analysed using ELISA. 
The experiment started on 13/9/02 and finished on 30/9/02 . 
bThe input counts were 23 216 cpm. 
cThe sample adjustment factor ( SAF) was used to adj ust the final hormone leve ls as measured by ELISA 

The SAFs were used to adjust the levels of ABA and JA as measured by ELlSA (see 

Tables 3.9, 3.13 and 3.16). 

87 



3.7.2 ELISA results for ABA 

The composite standard curve used to determine the ABA concentrations is shown in 

Fig 3.11. 
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Fig 3.11 The ELISA standard curve used to obtain the concentration of ABA from perennial ryegrass 
tissue samples . 

The calculated ABA concentrations are given in Table 3.8 and Fig 3.12 . 
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Table 3.8 ABA levels in water stressed olants of L. verenne grown in the AgResearch glasshouse. 
Concentration Concentration 3rd 2nd Concentration Concentration 

(pg/ 0.2 g dry (pg/ 0.2 g dry 
(pg/wel)I weight) ELISA ELISA (pg/well) weight) Solid 

3rd 2nd state Mean g corrected corrected for absorption absorption Mean corrected Corrected for 
dilution and 2nd, dilution and ELISA ELISA correction 2nd, 3rd Cone tissue to give 0.2 g extraction 1 in 10 1 in 10 3rd Cone to give 0.2 g extraction 

absoretion absoretion factor (e9twell) tested 
8 . b C 

1 in 1 0 dilution 
d 

losses 
e absoretions dry weight losses dilution dilution dilution (e~well) 

13-Sep 0.21 0.37 1.60 0.29 3 0.08 7.5 120 
14-Sep 0.21 0.29 1.30 0.25 4 0.075 11 139 
15-Sep 0.29 1. 13 0.90 0.71 0.01 0.08 0.03 0.23 
18-Sep 0.30 0.28 1.50 0.29 4 0.1 8 120 
19-Sep 0.30 0.28 1.30 0.29 4 0.15 5.3 69 0.13 0.46 0.29 4 53 693 
20-Sep 0.37 0.28 1.70 0.32 3 0.1 6 102 0.15 0.49 0.32 2 40 680 
21-Sep 0.25 0.27 1.70 0.26 8 0.1 16 272 0.16 0.52 0.34 0.5 10 170 
22-Sep 0.18 0.24 2.00 0.21 11 0.1 22 440 0.20 0.26 0.23 10 200 4000 
23-Sep 0.22 0.39 1.70 0.31 4 0.2 4 68 0.18 0.47 0.33 2 20 340 
24-Sep 0.18 0.31 1.80 0.24 10 0.18 11 200 0.17 0.52 0.35 2 22 400 
25-Sep 0.19 0.22 2.10 0.20 11 0.05 44 924 0.18 0.33 0.25 5 200 4200 
26-Sep 0.20 0.28 2.20 0.24 10 Q.1 20 440 0.17 0.44 0.30 3 60 1320 
27-Sep 0.20 0.27 1.90 0.24 8 0.2 8 152 0.18 0.33 0.26 7 70 1330 
28-Sep 0.27 0.22 2.00 0.25 9 0.15 12 240 0.19 0.26 0.22 11 147 2933 
30-See 0.33 0.24 1.60 0.28 3 0.2 3 48 0.17 0.33 0.25 11 110 1760 
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0 Becausc of the relatively small number of plants used i n this experiment. i t was not always 
possible to obtain 0.2 g of free1.e-dried (lyophi lizcd) tissue for analysis. 
b0.2/H9* G9 = 0.2/g ti ssue tested x concentration per pot. 
c(l9*E9)* IO= Corrected dry weight x sol id state correction factor (SCF) x I 0 
'
1 0.2/H I V N 13* IO = 0.2/ g tissue tested on 19th Sept x concentration per pot on 19th or Sept x I 0 
e(O I 3*E I 2)* I0 = Factor to give 0.2 g at l in 10 dil ution x SCF 18th of Sept x 10 
I 0.2./H I 9*T 19* I 00 = 0.2/g tissue tested on the 25th Sept x concentrat ion per pot x I 00 
i(U I 9*E 19)* IO = Factor to give 0.2 g at a I in I 00 dilution x SCF on the 25th Sept x I 0 
Note: The data given in blue were graphed: sec Fig 3. 12. 
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0.17 

0.18 

0.18 

2nd 

ELISA 

absorption Mean 
2nd, 

1 in 100 3rd 

dilution dilution 

0.42 0.31 

0.78 0.49 

0.58 0.38 

0.39 0.28 

0.42 0.30 
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Concentration Concentration 
(pg/ 0.2 g dry 

(pg/well} weight) 

corrected corrected for 
dilution and 

Cone to give 0.2 g extraction 

(e9/well) 1 in 100 dilution 
f 

losses 9 

3 1200 25200 

0 60 1320 

1 100 1900 

4 533 10667 

2 200 3200 
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Fig 3. 12 The conct.:ntrati on or ABA in pert.:nni al ryt.:grass when subjectt.:d 10 a water stress. 
Tht.: increased conct.:ntrati on or tht.: hormone ABA. measurt.:cl by ELISA in pico moles/mL (p icomoles/g 
fresh weight). in 16 genotypt.:s or pt.:rennial ryt.:grass during a walt.:r stress impost.:d by rt.:pl ac ing onl y 
two- thirds o r th t.: water lost by evapot ransp iration. The trt.: nd lint: is also shown . 
Tht.: grnotypt.:s wt.: rT grown in tht.: AgRt.:st.:arch g lasshoust.:s at Grass lands Rt.:st.:arch Ce ntre. Palmerston 

North. 

The endogenous leve ls of ABA in L. perenne did not increase until a threshold was 

reached at 8- 10 days after the imposition of the water stress. A similar result has been 

recorded for other monocotyledon grass spec ies (Abernethy, 1996). Abernethy (l996) 

found that levels of ABA in the New Zealand native grass Feslurn z.ea!andiae increased 

once a certain threshold level of water deficit was reached . The peak in ABA around the 

251
1, of September cannot be explained. ABA levels increased significantl y from around 

day 8 after the imposition of water stress (Fig 3. 13) . Consequently the ABA dipping 

concentrations as shown by the trend line were used fo r the main experiment. The 25'h_ 

Sep spike was not replicated in the main experiment and hormonal dipping did not start 

unti l day 9 of the imposed water stress. See Fig 3.13. for the re-adjusted trend l ine. 

91 



...l 
E 2.5 <IS ., 
0 2.0 E 
0 
'-' 1.5 ·s. ... 
~ 1.0 
>< 
C 

0.5 .2 
~ ... 0.0 c .. 
'-' 
C 
0 19-Sep u 21-Sep 23-Sep 25-Sep 27-Sep 29-Sep 1-0ct 
< 
Q:l 

< Water stress days 

Fig 3.13 The concentration or ABA in perennial ryegras with the trend line imposed from 
the 2 1" September trigger point. An ABA tri gger point under water stress conditions is 
characteristic of ABA increases in many plan t species (Abernethy, 1996). 

The environment in the growth chamber was di fferent in many respects from that in the 

glasshouses. The diurnal and nocturnal temperature and relative humidity fl uctuations 

were less severe. A water stress tria l was also carried out on Repl icate 5 under these 

condi tions. The recoveries and SAFs are given in Table 3.9. 

Table 3.9 The efficiency of 3H-ABA recovery from water-stressed samples of L. 
erenne rown in a rowth chamber. 
Sample Harvest Counts Recovered Recovery ( % f SAi,c 

Dates0 (c m) 
21/9 9 200 40 2.5 
22/9 8 420 36 2.8 
25/9 2 900 12 8.0 
26/9 8 160 35 2.8 
27/9 3 880 17 6.0 
28/9 9 560 41 2.4 
29/9 10480 45 2.2 
30/9 10760 46 2.2 

a To estimate dipping regimes. a preliminary experiment was carried out in the growth chamber to 
determine 
the leaf levels of ABA and JA in perennial ryegrass plants that were progressively water stressed. Leaf 
samples were take n daily from a representative sample or the same ryegrass genotypes that were used in 
the mai n experiment. These samples were solid state extracted and analysed us ing ELI SA. The 
experime nt started on 2 1/9/02 and finished on 30/9/02. 
hThe input counts were 23 2 16 cpm. 
r The SAF was used to adjust the fi nal hormone levels as measured by ELISA. 

The calculated ABA data are given in Table 3. 10 and Fig 3.14. 

92 



Table 3.10 ABA levels in water stressed plants of L. perenne genotypes grown in a growth chamber. a 

3rd 2nd 

ELISA ELISA 

absorption absorption 

20-Sep 

21-Sep 

22-Sep 

25-Sep 

26-Sep 

27-Sep 

28-Sep 

29-Sep 

30-See_ 

3rd 

ELISA 

absorption 

1 in 100 

Dilution 

0.21 

0.39 

0.29 

0.28 

0. 15 

0.32 

0.32 

0.57 

0.33 

0.32 

0.18 

0.19 

0.15 

2nd 

ELISA 

absorption 

1 in 100 

Dilution 

0.762 

0.914 

0.688 

0.67 

0.28 

0.24 

0.27 

0.28 

0.36 

0.28 

0.36 

0.27 

0.27 

Mean 

2nd, 3rd 

dilution 

0.49 

0.65 

0.49 

0.48 

Mean 

2nd, 3rd 

absorptions 

0.22 

0.28 

0.29 

0.42 

0.34 

0.30 

0.27 

0.23 

0.2 1 

Cone 

(pg/well) 

0.3 

0.03 

0.3 

0.3 

Solid state g 

correction Cone tissue 

factor (pg/well) used 

10.5 0.1 

2.50 4 0.1 

2.80 4 0.1 

8.00 0.8 0.1 

2.80 1 0.1 

6.00 3 0.1 

2.40 4 0.1 

2.20 10 0.1 

2.20 10.5 0.1 

Concentration Concentration 
(pg/ 0.2 g dry 

(pg/well ) weight) 

corrected corrected for 
dilution and 

to give 0.2 g extraction 

dry weight 
1 

losses 9 

60 360 

6 14 

60 132 

60 132 

Concentration Concentration 3rd 2nd Concentrati 
(pg/.2 g dry 

(pg/well) weight) ELISA ELISA (pg/wel)I 

corrected corrected for absorption absorption Mean correctec 
dilution and 

to give 0.2 g extraction 1 in 10 1 in 10 2nd, 3rd Cone to give 0.2 
. b 

dry weight losses 
C 

dilution dilution dilutions (pg/well) dilution 

21 

8 

8 

1.6 

2 

6 

8 

20 

21 

21 

20 

22 4 

12.8 0.30 0.55 0.42 0.7 14 

5.6 0.47 0.65 0.56 0.1 2 

36 0.58 0.52 0.55 0.1 2 

19.2 0.29 0.51 0.40 0.8 16 

44 0.25 0.51 0.38 0.7 14 

46 .2 0.21 0.47 0.34 2 40 

"Because of' the relatively sma ll number of plants used in this experiment. it was not 
always 
possible to obtain 0.2 g of freeze-dried (lyo phili1.ed ) ti ssue for ana lys is. 
b0.2/H9*G9 = 0.2/g ti ssue tested x concentration per pot. 
,.(19*E9)* IO= Correc ted dry weigh t x so lid state correcti on fac tor (SCF) x I 0 
ti 0.2/H I l*N IV IO= 0.2/ g ti ssue tested on 19th Sept x concentration per pot on 
19th of Sept x I 0 
'(0 I VE 12)* IO= Factor to give 0.2 g at I in IO dilution x SCF 18th of Sept x I 0 
f 0.2./H I 9*T 19* I 00 = 0.2/g ti ssue tested on the 25th Sept x concentration per pot x 
100 
g(U 19*E I 9)* IO= Fac tor to give 0.2 g at a I in I 00 dilution x SCF on the 25 th Sept 
x lO 
Note: The data given in blue were graphed: see Fig 3.14 . 
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Fig 3.14 The concentra tion of ABA in perenni al ryegrass when subjec ted to a water stress. The 
increase in concentration of the hormone ABA, as measured by ELI SA in picomoles/mL (p icomoles/g 
fresh weight), in fo ur genotypes of perennial ryegrass (G I 06\ G I 070, G I 073 and G I 07 1) during a 
water stress imposed by replac ing onl y two- thirds of the water lost by evapotranspi ra ti on. The tre nd line 
is also shown. 
The genotypes were grown in the AgHort growth chamber at Massey Uni ve rsity . 

Fig 3.14 shows that, unlike the glasshouse-grown L. perenn.e, the L. peren.ne in the 

growth chamber did not have such a defined ABA spi ke. Rather the ABA concentration 

tended to increase over the entire water stress period 
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3.7.3 ELISA results for JA 

The standard curve used to determine the JA concentrations for the AgResearch 

glasshouse trial (Section 2.11.4) is shown in Fig 3.15. 
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m 
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0 
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0.04 
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1 10 
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100 

Fig 3. 15 The ELI SA standard curve used to obtain the concent ra ti on or JA fro m perennial ryegrass 

ti ssue samples. 

Thi s standard curve was used to determine the concentrations of JA shown in Table 

3.11 and Fig 3.16. 
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Table 3.11 JA levels in water stressed plant of L. perenne grown in the AgResearch Glasshouse. 

Concentration Concentration Concentration Concentration Concentration Concentratio1 
(pg/ 0.2 g dry (pg/ 0.2 g dry (pg/ 0.2 g dr) 

(pg/wel)I weight) ELISA (pg/well) weight) ELISA (pg/well) weight) 

Solid state g corrected corrected for absorbtion corrected corrected for absorption corrected corrected fo1 
dilution and dilution and dilution and 

ELISA correction Cone tissue to give 0.2 g extraction 1 in 10 Cone to give 0.2 g extraction 1 in 100 Cone to give 0.2 g extraction 

absoq~tion factor (em/well) tested dry weight a losses 
b 

dilution (eg/well) . h I dry weIg t losses 9 dilution (em/well) dry weight e losses 
f 

13-Sep 0.099 1.6 0.1 0 .08 0.25 4.0 

14-Sep 0.106 1.3 0.1 0.075 0.27 3.47 

15-Sep 0.103 0.9 0.1 0.08 0.25 2.25 

18-Sep 0.197 1.5 0.01 0.1 0.02 0.3 

19-Sep 0.106 1.3 0.1 0.15 0.13 1.73 0.16 0.2 2.67 34.67 

20-Sep 0.099 1.7 0.1 0.1 0.2 0.762 0.13 0.3 6.0 102.00 

21-Sep 0.123 1.7 0.01 0.12 0.39 0.914 0.13 0.3 5.0 85 .0 

22-Sep 0.128 2 0.01 0.1 0.02 0.688 0.14 0.25 5.0 100.0 

23-Sep 0.107 1.7 0.1 0.2 0.02 1.70 0.1 6 0.2 2.0 34.0 

24-Sep 0.106 1.8 0.1 0.18 0.1 2.00 0.13 0.3 3.33 60.0 

25-Sep 0.123 2.1 0.1 0.05 0.1 8.40 0.12 0.5 20.0 420.0 0.158 0.2 80 1680 

26-Sep 0.101 2.2 0.1 0.1 0.4 4.40 0.12 0.5 10.0 220.0 0.141 0.2 40 880 

27-Sep 0.097 1.9 0.1 0.2 0.2 1.90 0.15 0.2 2.0 38.0 0.137 0.45 45 855 

28-Sep 0.14 2 0.1 0.15 0.1 2.67 0.18 0.1 1.33 26.67 0.162 0.003 0.4 8 

30-See 0.128 1.6 0.1 0.2 0.1 1.60 0.17 0.002 0.02 0.32 0.179 0.002 0.2 3.2 
"0.2/E9*D9 = 0 .2/g ti ssue tested x concentration per well 
\F9*C9)* IO= corrected dry weight (DW) 10 give 0.2 g x SCF 
c (0.2/E 13)*113* IO= 0.2/g ti ssue tested x concentration per well on 19th Sept 
"(JI 3*C 13)* IO= corrected DW to g ive 0.2 g x SCF on 19th Sept x I 0 
e 0.2/E I 9*M 19* I 00 = 0.2 g/ g ti ssue tested on 25th Sept x concentration per well on the 25th Sept 
r (N 19*C 19)* IO= corrected DW to give 0.2 g x SCF per we ll on the 25th Sept x I 00 

Note: The data in blue were graphed: see Fig 3.16. 
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Fig 3.16 The concentration or JA in perennial ryegrass when subjected to a water stre ss. The increase 
in the concentration or the hormone JA. as measured by ELISA in pico moles/mL (picomoles/g 
fresh we ight ). in 16 genotypes or perennia l ryegrass dur ing a water st ress imposed by replacing onl y 
two-thirds or the water lost by evapotranspirati on. The trend line is also shown. The genotypes were 
grown in the Ag Research glasshouses al Grasslands Research Ce ntre. Palmerston North 

Fig 3.16 shows that the endogenous level of JA did not increase to the same ex tent as 

that of ABA. However, there was a spike in the JA leve l, around the 251
h September was 

similar to that observed for ABA. T he lower levels of JA compared to ABA was 

expected. A number of stress conditions in plants are recognized, and researchers have 

found that the physio log ical responses, especially the hormonal cascades of ABA and 

JA, may be similar (M ackerness el of. 1999; Mackerness, 2000). It has been shown that 

JA can act directl y to reduce transpiration, although not to the same ex tent as ABA. 

Thus, it is poss ible that JA or one of the other j as monates produced under conditions of 

water stress can act to reduce transpiration in plants (Voros et al. , 1998; Creelman & 

Mullet, 1995). The levels of JA found in this experiment would confirm the previously 

published findings. The endogenous levels of JA were also determi ned for L. perenne 

genotypes in the growth chamber. The levels are shown in Table 3.12, and have been 

corrected fo r ex traction losses using previous ly determ ined shown in Table 3.9, and Fig 

3.17. 
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Table 3.12 JA levels in water stressed plant of L. perenne grown in the AgHort Growth Chamber. 

Concentration Concentration Concentration Concentration Concentration Concentration 
(pg/ 0.2 g dry (pg/ 0.2 g dry (pg/ 0.2 g dry 

(pg/well) weight) ELISA (pg/well) weight) ELISA (pg/well) weight) 

Cone Solid state g corrected corrected for absorption Cone corrected corrected for absorption Cone corrected corrected for 
per dilution and per dilution and per dilution and 

ELISA pot correction tissue to give 0.2 g extraction 1 in 10 pot to give 0.2 g extraction 1 in 100 pot to give 0.2 g extraction 

dry weight a 
b 

dry weight c losses 
d 

dry weight e losses 
f 

absoretion (nm/L) factor used losses dilution (nm/L) dilution (nm/L) 

20-Sep 0.21 0 3.2 0 .1 0 0 

21-Sep 0.12 0.09 2.5 0.1 0.18 0.45 

22-Sep 0.21 0 2.8 0 .1 0 0 

25-Sep 0. 11 0.8 8 0 .1 1.6 12.8 0.21 0 0 0 

26-Sep 0.10 0.8 2.8 0.1 1.6 4.48 0.24 0 0 0 

27-Sep 0.18 0 6 0.1 0 0 0.13 0.06 1.2 72 0.09 0.9 180 1080 

28-Sep 0.15 0 .2 2.4 0.1 0.4 0.96 0.12 0.7 14 33.6 0.15 0.01 2 4.8 

29-Sep 0.14 0.02 2.2 0.1 0.04 0.088 0.12 0.7 14 30.8 0.16 0.005 1 2.2 

30-See 0.11 0.9 2.2 0.1 1.8 3.96 0. 15 0.15 3 6.6 0.14 0 .02 4 8 .8 

"0.2/E9*0 9 = 0.2/g tissue tested x concentrat ion per well 
b(F9*C9)* IO = corrected d ry weighl (OW) to g ive 0.2 g x SCF. 

< (0.2/E 13 )*11 3* IO= 0.2/g 1issue tested x concentration per well on 19 th Sept 
d (JI 3*C 13)* IO= corrected OW to g ive 0.2 g x SCF on 19th Sept x I 0 
"0.2/E I 9*M 19 * I 00 = 0.2 g/ g 1issue tested on 25 th Sept x concentration per well on the 25th Sept 
r (NI 9*C 19)* IO= corrected OW to g ive 0.2 g x SCF per we ll on the 25th Sept x I 00 

Note : The data in blue were graphed: see Fig 3.16. 
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Fig 3.17 The concentration or JA in perennial rycgrass when subjec ted to a water stress. The increased 
concentrati on or the hormone JA . measured hy ELISA in picomolcs/mL (picomolcs/g fresh we ight). in 
four genotypes of perenn ial rycgrass (G I 063. G I 070, G I 073 and G I 07 1) during a water stress imposed 
hy replacing onl y two-thirds or the water lost hy cvapotranspi ra tion. T he trend line is also shown . The 
genotypes were grown in the AgHort growt h chamber at M assey Uni versi ty. 

Fig 3.17 shows th at, apart fro m the un ex pl a ined JA spike (the trend line is based around 

thi s spike) , the endogenous levels o f JA were ve ry low. The reaso ns are like ly to be 

s imilar to th at di sc ussed above fo r A BA in the growth chamber (Section 3.7.2). 

In conclus io n, this initial wate r stress tri a l pro vided in fo rmati on o n the endogenous 

leve ls o f A BA and JA in L. perenne unde r conditi ons of wate r stress and the re by 

providing a guide fo r the leve ls th at needed to be ex te rn a ll y appli ed to wate r sufficient 

plants to mimic wate r stress. Thi s ex pe riment al so prov ided a guide unde r whi ch water 

stress e ffec ts would be imposed w itho ut killing the p lants. 

3.7.4 Dipping experiments A and D 

It was initiall y proposed th at fo ur separate ABA/J A co mbinati ons wo uld be used (see 

Table 2.9). Howeve r, because so me sa mples we re los t, onl y combinati ons A and D 

could be processed . 
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Dipping experiment A 

The SAFs after so lid state extraction are given in Table 3.13. 

Table 3.13 The efficiency of hormone extraction after solid state extraction, of L. 
perenne (G1076) for dipping trial A. 

Sample Counts Recovery (% Y' SAF 
Trial A {cpm)" 

Al 15420 66 
A2 4140 18 
A3 8540 37 
A4 6880 30 
AS 18940 81 
A6 8200 35 
A7 11 580 so 
AS 2120 9 

"Samples were spiked with 20 µ L of trit iated CA, which gave an in put count of 23 2 16 cpm . 
bSample cpm / input cpm x I 00. 

l.5 
5.6 
2.7 
3.4 
1.2 
2.8 
2.0 

11.0 

The levels of ABA as determined by ELISA assay are given in Table 3.14 and Fig 

3.18. 
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Table 3.14 ABA levels in L. perenne tissue after dipping in an ABA/JA hormone solution d. 

A l Afkr dipping for I h 

A2 I h after dipping tini,hed 

A., 2 h alkr dipping lini,hcd 

A.J -' h after dipping lini,hcd 

AS L'ndippcd leaf after I h 

A6 L'nd1ppcd leaf I h aflcr li111,h 

A7 L'ndippcd leaf 2 h aft.:r fin1,h 

AS L'ndippcd leaf 3 h after li1mh 

2nd 3rd 

ELISA ELISA 

ahsorptior 

I in JOO 

dilution 

0.236 

0.-18 1 

0.396 

0.332 

ab~orplirn 

I in 100 

dilutio n 

0.202 

0.201 

O.IW 

0. 186 

:\lean 
2nd. 
3rd 

dilutio1 

0.22 

0.3.J 

0.28 

0.26 

2nd 

ELISA 

ah,oq :!tion 

0.25 

(J.26 

0.23 

0 25 

11.2 

0.21 

0.2 

0.2.J 

Cont· 

<e!iwdl 

6 

2 

2 

.j 

3rd ;\lea n 

ELISA 2nd. 3rd 

absorption a bsoq:!tion 

o.:n 0.29 

0.2.J 0.25 

0.19 0.21 

0.17 0.21 

0.17 0.18 

0.05 0 13 

0.16 0. 18 

0.17 0.21 

Concentration 
(pg/" ell ) 
corrected 

for dilution 

and extraction 

lo,scs < 

%(Kl 

1.JIKJ 

() 

() 

121Xl 

l(XXJO 

Concentration 2nd 3rd 
(pg/ well) 
cor rected ELISA ELISA 

Solid , talc for dilution ab,orption absorption 

correctio n Cone and extraction I in JO I in JO 
" factor <e!iwcll) losses dilution dil ution 

1.6 2 1~ 0 23 

1.7 3 ~ I 0.27 

1.9 10.5 I l ) lj ;'i 0.26 

1.6 10.5 IM< 0.2.J 

1.6 13 21J~ 0.21 

~.5 2(Kl '\iMK I 0.2.J 

15 13 l<J.'i 0.22 

1.7 10.5 I 7h.~ 0.3.J 

·' (H9*19(' 10 = SCF x concentration per well x 10. 
h (N9*H9* I 00 = SCF x concentration per well x I 00 
"(S9*H9* I 000 = SFC x concentration per well x IOOO 
" Dipped in a ;.olution of I Omg/ L JA and 20mg/L of ABA 
Note: The data in hluc were graphed: ;.cc Fig 3. 18 

<UI 

0.26 

0.2 

0.19 

0.18 

0.16 

0 .15 

0.21 

Concentration 
(pg/ well) 
corrected 

i\lca n for dilutio n 

2nd. 3rd Cone and extraction 

dilution <e!iwcll) losses 
b 

0.27 3 -!lsli 

0.26 5 X;'ill 

0.23 8 1520 

0.2 1 11 I 7tiO 

0.19 30 ~~(X.1 

0.2 20 ,,xx 
0.19 .JO MXXJ 

0.28 .j 6lW 

IO I 
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Fig 3. 18 Tissue levels of ABA after genotype GI 076 (enclophyte- free perennial ryegrass) was dipped in a 
hormone olution containing 10 mg/L JA and 20 mg/LABA. The plants were dipped for I h. The A BA 
levels were measured by ELISA after dipping, and after another I . 2 and 3 h ( left ). T he tissue levels of 
ABA in un-dipped G 1076 tissue on the same time scale (right). 

Fig 3.18 shows that ABA was taken up by L. perenne after I h of dipping in an ABA 

solution of concentrat ion 20 mg/mL to give an endogenous level of ABA of 1000 

picomoles/g fresh weight. The decrease with time wou ld suggest that the initial uptake 

was rapidl y transported out of the leaf ti ssue or alternati ve ly was rapid ly metabolized, 

starting from the end of dipping. Other research information indicates that the wounding 

of plant material, another stress, could induce an ABA response. Therefore, the act of 

cutting the leaf material to obtain a sample for processing may have also induced ABA 

production. This may account for the ABA spike produced in the un-dipped controls. [f 

thi s information had been avai lable before the start of the experiment, the four un­

dipped controls would have been dipped in water and then used to measure the tissue 

level of ABA. 

This dipping experiment confirmed that ABA is absorbed from a dipping so lution into 

the vascu lar tissue of L. perenne. 

The JA levels as determined by ELISA are gi ven in Table 3.15 and Fig 3.19. 
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Table 3.15 JA levels in L. perenne tissue levels after dipping in an ABA/JA hormone solution ". 

Solid state 

ELISA correction 

A I Undippcd leaf after I h 

A2 Undipped leaf I h after lini sh 

A3 Undippcd lea f 2 h after fini sh 

A4 Undipped leaf :i h after lini sh 

AS 

A6 

A fter <lipping for I h 

I h aft er <lipping fini shed 

absoq~tion 

0.08 

0.09 

0 .11 

0. 15 

0.10 

0 18 

factor 

1. 20 

2.80 

2.00 

11 00 

1.50 

5 60 

A 7 2 h alh:r <lippin~-2 fini shed I 0 11 2.70 

A8 :l h after dippin!! fini shed 0. I :i .1.-.0 

"(18* I OO)* F8 = (concentratio n per we ll x I 00) x SCF 
h (l8*1000)"'F8 = (concentration per we ll x 1000) x SCF 
c Dipped in a IO mg/ml JA and 20 mg/ml ABA solution. 
Note: The data in blue we re graphed: see Fig 3. 19. 

Cone 

(nm/well ) 

') 

2 

1).4 

I) 2 

1) .7 

{I 

{I" 

() 0:'i 

ELISA 

absorption 

I in IO 

dilu tion 

0.08 

0. 15 

0. 12 

0. 15 

0. 1• 

0. 12 

0. 1• 

0 18 

Co ne 

(nm/ we ll ) 

9 

0.009 

0.08 

0.2 

0.05 

0.09 

0.02 

() 

Concentration 
(nm/we ll ) 

after corrected 

for dilution and 

extraction 

losses 

1080 

2.52 

16 

220 

7.5 

so .. 
) .• 

0 

(/ 

ELISA 
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Fig 3.19 Tissue levels of JA after genotype G 1076 (endophyte-frcc perennial ryegrass) was dipped in a 
hormone solution containing 10 mg/L JA and 20 mg/L ABA. The plants were dipped fo r I h. The JA 
levels were measured by ELISA after di pping, and after another I, 2 and 3 h (left). The ti ssue levels of JA 
in un-dipped G I 076 ti ssue on the same time scale (right). 

Fig 3.19 shows that JA was absorbed into L. perenne ti ssue and that it was rapidly 

transported out of the leaf tissue . The information from the un-dipped samples indicates 

that there was no measurable JA stress response to the cutting of the leaf samples in this 

case, although JA is known to be involved in the final stress hormonal cascade. 

Dipping experiment D. 

The SAFs after solid state extrac ti on are g iven in Table 3.16. 

Table 3.16 The efficiency of hormone extraction after solid state extraction of L. 
perenne (G1076) for dipping trial D. 

Trial D 
Dl 
D2 
D3 
D4 
D5 
D6 
D7 
D8 

Sample Counts 
(cpm)" 
14820 
13700 
11980 
14420 
14680 
9420 
15860 
12540 

Recovery ( % )" 
64 
59 
52 
62 
63 
41 
68 
58 

SAF 

1.6 
1.7 
1.9 
1.6 
1.6 
2.5 
1.5 
1.7 

"The original samples were spiked with 20 µL of tritiated CA. which gave an input count of 23 2 16 cpm. 
"Sample cpm / input cpm x 100. 

The ABA levels as determined by ELISA are g iven in Table 3.17 and Fig 3.20. 
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Table 3.17 ABA levels in L. perenne tissue after dipping in an ABA/JA hormone solution C. 
Concent rat ion Concentration 

(nm/well ) (nm/well ) 
after cor rected 

after corrected for ELISA for 

Solid state for dilution and absorption fo r dilution and 

ELISA correction Cone extraction 1 in 10 Cone extraction 

absoretion factor (eg/well) losses 
a 

dilution (eg/well) losses 
b 

D1 After dipping for 1 h I 0.44 1.6 0.3 4.8 0.53 0.1 16 
1 h after dipping 

D2 finished 0.55 1.7 0.15 2.55 0.72 0.03 5.1 
2 h after dipping 

D3 finished 0.77 1.9 0.02 0.38 0.61 0.08 15.2 
3 h after dipping 

D4 finished 0.42 1.6 0.6 9.6 0.71 0.03 4.8 

D5 Undipped leaf after 1 h 0.40 1.6 0.8 12 8 0.65 0.06 9.6 

D6 Undipped leaf 1 h after fin ish 0.53 2.5 0.2 5 0.47 0.4 100 

D7 Undipped leaf 2 h after finish 0.30 1.5 2 30 0.44 0.4 60 

DB Undi ed leaf 3 h after finish 0.33 1.7 2 34 0.39 0.8 136 

a (GS* I 0 )*F8 = (C oncentrati on per well x I 0 ) x SCF 
" (JS* I 00)*FS = (C oncentration per well x I 00) x SCF 
c Dipped in 1.25 mg/L JA and 2.5 mg/LABA solution. 
Note: The data in blue were graphed: sec Fig 3.20. 
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Fig 3.20 T issue leveb of ABA after genotyr c G 1076 (endophyte- free perennial rycgra~s) was dipped in a 

hormone solution containing 1.25 mg/L JA and 2.5 mg/L A BA. The plant!, were dipped for I h. The ABA 

levels were mea~ured by ELISA after dipping. and after another I . 2 and ~ h (left) . The ti!.~uc level~ of 

A BA in un-dipped G 1076 tissue on the same time scale (right). 

The concentration of ABA in dipping solution D was 2.5 mg/L. It may well have been 

too low to record any significant absorption. However, it may be that the stress response 

was ini tiated, because cutting the leaf material triggered a response (un-dipped 

samples). 

The JA levels as determined by ELISA are given in Table 3.18 and Fig 3.21. 
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Table 3.18 JA levels in L. perenne tissue after dipping in an ABA/JA hormone solution '1. 

ELISA 
absorEtion 

D I After dipping for I h 0.1 1 

02 I h af'lcr dipping finished 0.10 

03 2 h ai'lcr dipping fini shed 0.07 

0 4 3 h af'lcr dipping fini shed 0.08 

0 5 Undippcd leaf after I h 0.12 

0 6 Undippcd leaf I h after finish 0.17 

07 Unclipped leaf 2 h after finish 0. 19 

08 Unclipped lcaf3 h af'ler fini sh 0. 14 
a Dirring in 1.25 mg/L JA and 2.5 mg/LABA solution. 
b (G9* I 0) * F9 = (Conce ntration per well x I 0) x SCF 
c (19* I 00VF9 = Concentration per well x I 00) X SCF 

Note: The data in blue were graphed : sec Fig 3.2 1. 

Solid state 
correction 

fac tor 
1.6 

1.7 

1.9 

1.6 

1.6 

2.5 

1.5 

1.7 

ELISA 
Dilution and absorption 

Cone extraction I in JO 
(ng/well )" losses dilution 

0.07 1.1 2 0.14 

0.06 1.02 0.13 

100 1900 0 .1 6 

12 192 0.18 

0.0 15 0.24 0.1 3 

0 0 0. 11 

0 0 0.20 

0.009 0. 15 3 0. 17 

Concentration 
(nm/well) 

after corrected fo r 

for di lution a nd 

Cone extrac tion 

(ng/well ) losses c 

0.00 1 0.16 

0.002 0,34 

0 () 

0 () 

0.002 (U 2 
0.07 17 .5 

0 () 

0 0 
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Fig 3.21 T issue leve ls of JA after genotype G I076 (endophyte- frce perennial ryegrass) was dipped in a 
hormone solution containing 1.25 mg/L JA and 2.5 mg/LABA. T he plants were dipped for I h. The JA 
levels were measured by ELISA after dipping, and after another I , 2 and 3 h (left). The ti ssue leve ls of JA 
in un-dipped G I 076 ti ssue on the same time sca le (right). 

These data, like those fo r dipping tri al A, show that the 1.25 mg/L of JA was absorbed 

and that no stress response caused by cutting the leaf mate ri al was initiated. 

The concl usions that can be drawn from these d ipping experiments is that the hormones 

ABA and JA are absorbed from the dipping so lution in to the leaves of L. perenne by 

dipping in a hormone so lution fo r no more than I h and that the hormones fro m the 

dipping so lution di ffuse into the pl ant sap until eq uilibrium is reached. However, the 

ABA stress response caused by cutting the leaves to obtain the test samples fo r ELISA 

needs further inves ti gation; more progress wo uld have been made in thi s area if the un ­

dipped samples had been taken fro m pots that had been dipped in wate r fo r I h rather 

than from pots that had not been dipped at a ll. 

3.8 Effect of water deficit and plant hormones on the biosynthesis of alkaloids by 
endophytes 

The aim of these ex periments was two fo ld . Firstl y to test the hypothesis that endophyte 

biopro tecti ve metabolites are synthesized at higher levels in water stressed e ndophyte 

infec ted plants than in water-suffic ient plants. Secondly to tes t the hypothesis that 

external application of plant hormones AB A and JA to water suffic ient plants w ill 

increase levels of endophyte produced bio-protect ive metabolites thereby mimicking 

abioti c stress . 

108 



The aims of this experiment were to 

( i ) test the effect of water stress on the synthes is of endophyte alkaloids and 

(ii ) test whether the ex ternal application of ABA and JA to water sufficient L. perenne 

would act as signals that would tri gger genes in the occupying mutuali stic endophyte N. 

lo/ii to produce or increase the producti on of the alkaloids lolitrem B, ergovaline and 

peramine (See Section 1.6). 

The potted perennial pl ants that were to be used in the main experiment were cut back 

to above the ligules on the 23 rd December 2000 to ensure that new re-growth leaf ti ssue 

was available fo r the main ex periment. The controlled water stress w as first applied to 

the water stress (D + ) treatments on the 12th of January 200 I and the water sufficient 

treatments were first dipped in A BA and JA so lutions on the 20 th January. The dipping 

continued every second day, 7 times, (Section 2.4) using increas ing hormonal 

concentrations, as dictated by the preliminary ex periment (Section 3.7). Thi s procedure 

continued until the experiment ended on the 3rd of February 200 I when pl ant materi al 

was harvested, and then analysed by HPLC fo r the alkaloids lolitrem B, ergovaline and 

peramine (Section 2.12.6). A relati ve water content (RWC) method was used as an 

independent monitor of the application of the water defi cit to the tri al plants in the 

glasshouse and in the growth chamber (Fig 3.22). 
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Fig 3.22 RWC of the water-stressed genotypes over the course of the main experiment. They were grown 
in four rep licates in the AgResearch glasshouses (red ) and in one replicate in the growth chamber at 
Massey Uni versity (b lue) . Four of the eight pots in each replicate were subjected to a controlled water 
stress, imposed by replacing only two-thirds of the water lost by evapotranspiration . 

Arbitrarily chosen leaf samples were harvested every 2 days from the potted plants as 

the water stress was applied from the 22nd January. The method is outlined in Section 

2.12.4 . Using this method 0.95 or hi gher is normal, 0.7 to 0.8 is high stress and ABA 

accumulation. (pers comm Barker Department of Horticulture and Crop Science, Ohio 

State University, Columbus, Ohio, USA & Hume AgResearch, Grasslands Division, 

Palmerston North , New Zealand). Fig 3.22 shows that the RWC decreased during the 

course of the experiment, confirmi ng the water deficit status of the plant material that 

was used in the experiment. 

3.8.1 HPLC results and ANOV A analysis for ergovaline, lolitrem B and peramine 
using the combined leaf and sheath results 

The raw data obtained from HPLC analysi s of ergovaline, lolitrem B and peramine were 

combined, sorted and checked using the SAS stati st ical analysis program (Table 3.19). 

SAS analysis of these data used the average of the combined leaf plus sheath results. 
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Table 3.19 Er ovaline, lolitrem B and eramine levels found in L. erenne11. 
Ohs Locate Rep JA ABA Water Plant Treat ppm ppm ppm 

treat Part method Ergova linc Lolitrem Pcraminc 
nos B 

G room" 5 No 0 Dry Leaf ii ' 0.70 1.57 22.9 
2 Groo111 5 3 No No Dry Leaf N il 0.13 0.5 1 9.7 
3 Groo 111 5 6 No No Dry Leaf N il 0.44 1.66 30. 1 
4 Groo 111 5 8 No No Dry Leaf N il 0.65 1.69 35.0 

5 Ghouse" 4 5 No No Dry Leaf N il 1.50 4.92 76.6 
6 Ghouse -I 6 No () Dry Leaf ii 0.78 5 .36 54.0 
7 Ghouse -I 7 No No Dry Leaf Ni l U6 60 1 69.3 

8 Ghouse 4 8 No No Dry Leaf N il 0.6 1 2.57 35.4 
9 Ghousc 3 5 No 0 Dry Leaf Ni l 1.50 6A I 74.4 
10 Ghouse 3 6 No No Dry Lea f N il 1.74 6 .29 66.3 
11 Ghouse 3 7 No No Dry Lea f Ni l 1.12 5 .38 59.2 
12 Ghouse 3 8 0 0 Dry Leaf ii 0.96 5.73 59.5 
13 Ghouse 2 No No Dry Leaf Ni l 037 2.26 33.4 
14 Ghouse 2 2 No 0 Dry Leaf N il OJ8 1.53 n8 
15 Ghouse 2 3 0 No Dry Leaf Ni l 0.3 1 1.60 30.8 
16 Ghouse 2 4 0 0 Dry Leaf Ni l (US 2.57 n6 
17 Ghouse -I () 0 Dry Leaf Ni l 0.52 3.97 4 1.0 
18 Ghouse No No Dry Leaf Nil OJO 2.44 29. 1 
19 Ghouse 2 No No Dry Leaf ii 0.20 1.55 '21.5 
20 Ghouse 3 No No Dry Lear ii 0.08 2.16 22.8 
2 1 Groo 111 5 5 Yes Yes Wei Lear JA W" 0.20 0 .69 24.3 
22 Ghouse 4 Yes Yes W et Leaf JAW 0.59 5.0-1 80.6 
23 Ghouse 3 Yes Yes Wei Leaf JAW 0 94 5.06 80. 1 
24 Ghouse 2 5 Yes Ye, Wei Leaf JAW 0 30 5.24 60.9 
25 Ghouse 5 Y!..! :-. Ye;'\ W et Lea f JAW 0.1-1 2 .96 37.6 
26 Groo111 5 2 No Yes Wei Lea f A W' 0.24 0.63 32.8 
27 Ghouse -I 2 No Yes Wet Leaf AW 1.0 1 3.64 83.7 
28 Ghouse 3 2 No Ye, Wei Lea f AW 1.2 1 5.98 70.7 
29 Ghousc 2 6 No Yes W et Leaf A W 020 2.03 48 .7 
30 Ghouse 6 No Ye, Wet Leaf AW 0. 17 4.70 33 .4 
3 1 Groo 111 5 7 Yes 0 Wet Leaf .JWf 0.28 1.23 68.8 
32 Ghouse 4 3 Y es No Wei Lea r .J W 1.06 4.74 78.3 
33 Ghouse 3 3 Ye, () Wet Leaf JW 1.10 5.15 80.7 
34 Ghouse 2 7 Yes 0 W et Leaf .I W 0.33 3.19 6-IJ 
35 Ghouse 7 Yes Wet Leaf .I W 0.26 -1 .34 3 1.7 
36 Groo 111 'i 4 No Wei Leaf W" 0.42 1.03 46.0 
37 Ghouse -I 4 No No Wei Leaf w 060 5.00 60.3 
38 Ghou, e 3 -I Nn () We1 Leaf w 0.6 1 3.79 53 .5 
39 Ghouse 2 8 No No W et Leaf w 0.2 1 2.98 45.0 
40 Ghouse 8 No No Wei Lea f w 0.17 2.47 58.3 
4 1 Groo 111 5 I No 0 l) ry Sheat h ii 3.00 -1.56 48.0 
-12 Ghouse 5 3 No No Dry Sheath N il 0.85 2.12 25 .2 
43 Groo 111 5 6 No No Dry Sheath N il 2.87 6 .32 66.5 
4-1 Groo 111 5 8 No No Dry Sheat h Ni l 2.63 4.39 54.2 
45 Ghouse -I 5 No No Dry Shca1h Ni l 5.23 11 .-16 90.8 
-16 Ghousc 4 6 No No Dry Sheath N il 4.27 9 .11 90.3 
47 Ghouse -I 7 No No Dry Shea th N il -1 .64 10.12 99.3 
48 Ghouse .j 8 No No Dry Sheath N il 2.56 4.16 52 .3 
-19 Ghouse 3 5 No No DI') Sheath Ni l 5.15 19.2 1 97.4 
50 Ghouse 3 6 No No Dry Shea th Nil 5.45 8.33 64.9 
5 1 Ghouse 3 7 No No Dry Shea th N il -1 . 12 13.-14 78. 1 
52 Ghouse 3 8 0 I 0 Dry Shea th ii 3.6-1 10.09 90.4 
:'i3 Ghnuse 2 No No Dry Sheath Ni l 3.37 11 .50 56. 1 
54 Ghnuse 2 2 No No Dry Shea th N il 3 03 6.43 40.2 
55 Ghouse 2 3 () No Dry Sheath ii 3.24 8.85 69.0 
56 Ghouse 2 4 0 l) Dry Shea th Ni l 2.9-1 8.94 6 1. 2 
57 Ghouse I 0 0 Dry Sheath N il 2.57 14. 1.'\ 6:l.2 
58 Ghousc 2 No No Dry Sheath N il 242 19.67 66.0 
59 Ghouse 3 l) 0 Dry Shea th i i 1.00 5.05 3 1.6 
60 Ghouse -I () () Dr) Sheath i i 097 10.24 37.0 
6 1 Ghouse 5 5 Yes Yes Wei Sheath .J A W 06 1 2.77 300 
62 Ghouse 4 I Yes Ye, Wet Shea th JA W 1.56 11.22 82.7 
63 Ghou,e 3 Yes Yes W et Shea th JAW 1.6-1 15. 18 52.0 
64 Ghouse 2 5 Yes Yes Wei Shea th .J AW 1.05 11 .66 77.5 
65 Ghouse 5 Yes Ye, Wei Shea th JAW 0.70 18.80 54.2 
66 Groo111 5 2 No Yes W et Shea th AW 069 2.45 35 .7 
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67 Ghouse 4 2 No Yes Wet Sheath AW 1.95 13.24 
68 Ghouse 3 2 No Yes Wet Sheath AW 239 12.80 
69 Ghouse 2 6 No Yes Wet Sheath AW 0.84 8.60 
70 Ghouse 6 No Yes Wet Sheath AW 0.49 9.38 
71 Groom 5 7 Yes No Wet Sheath JW 1.08 7.22 
72 Ghouse 4 3 Yes No Wet Sheath JW 2.41 12.90 
73 Ghouse 3 3 Yes No Wet Sheath JW 1.49 13.97 
74 Ghouse 2 7 Yes No Wet Sheath JW 1.07 14.78 
75 Ghouse 1 7 Yes No Wet Sheath JW 0.90 13.96 
76 Groom 5 4 No No Wet Sheath w 0.86 5. 19 
77 Ghouse 4 4 No No Wet Sheath w 1.58 9.09 
78 Ghouse 3 4 No No Wet Sheath w 1.2 1 9.39 
79 Ghouse 2 8 No No Wet Sheath w 0.89 13.89 
80 Ghouse 8 No No Wet Sheath w 0.77 20.87 
aGrowth chamber. 
,,Glasshouse. 
cNo hormone treatment. 
''Water-sufficient plants dipped every 2 days in JNABA solutions of increas ing concentration (Tables 
2.12 and 2.13). 
ew ater-sufficienl pl ants dipped every 2 days in ABA solu tions of increasing concentrat ion. 
1Water-sufficienl plants dipped every 2 days in JA soluti ons of increas ing concentration. 
cp1ants kept in a waler- sufficient condition without dipping (controls). 
11 Leve ls of alkaloids (ppm) in dried lea f and sheath material harvested al the end of the main experiment. 

3.8.1.1 Ergovaline 

On average, the ergovaline concentration in the sheath was around 3 fold higher than 

that in the leaves ( 1.61 and 0.54 ppm, respectively, P < 0.00 I), (Table 3.20) . Overall , 

there was a significant treatment effect. However, the single-degree-of-freedom 

contrasts indicated that thi s could be attributed to a significant effect of the drought 

treatment (P < 0.001). None of the hormone treatments had a significant effect on the 

ergovaline levels (Table 3.20). 
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Table 3.20 Ergovaline concentration (ppm) in 
perennial ryegrass subjected to plant hormone 
and water deficit treatments. 

Water onl y (Wt 
ABA + water (AW/' 
J A + water (JWt 
ABA + JA + W (JAWt 
Water deficit (Di 

Mean 

Leaves 
0.40 
0.57 
0.6 1 
0.43 
0.70 
0.54 

Statistical analysis 

Sheath 
1.06 
1.27 
1.39 
1.11 
3.20 
1.61 

treatment F4_ 16 = 25.32 *** 
plant part F1.50= 138.6 *** 
trt x part F4_so = 10.83 *** 

Single-degree-of-freedom contrasts 
W vs D F1.1 6 = 99.4 -:.-.- -:-

W vs AW F1 .16=0.73ns 
WvsJW F1.1 6=l.47ns 
ABA x JA F1.1 6 = l.76 ns 

Mean 
0.73 
0.92 
1.00 
0.77 
1.95 

79.9 
58.6 
60.6 
34.6 
65.0 
74.7 
61.8 
64.8 
47.5 
24.5 
59.8 
35.2 
52. 1 
60.2 



(ns. P > 0.05 ; ***. P ::; 0.00 1 .) 
"Means of 5 replicates . Poo led glassho use and gro wth roo m data . 
"Mean of 20 rep I icates. 

A significant treatment * pl ant-part interacti on (P < 0.00 I) was the result o f a greate r 

increase (4- 6 fo ld) in e rgovaline in the sheath th an in the leaves during the wate r defi c it, 

compared with the othe r treatme nts (averaging 2- 4 fold ). 

When the leaf data were analysed separate ly (i. e . the sheath data exc luded), a s ignifi cant 

1.4 fold effec t was found for A BA (mean = 0.57 ppm ) compared with wate r onl y (mean 

= 0.40 ppm ) (Pr > F = 0 .0592). There was a lso a s ignifi cant negative ABA * JA 

inte rac ti o n (Pr > F = 0.03 10), in which the ergova line concentrati o n with both hormo nes 

applied (0 .43 ppm) was less th an th at with e ithe r ABA or JA applied (0 .57 or 0 .6 1 ppm, 

res pective ly) and simil ar to that fo r wate r onl y (0.40 ppm). The effect of wate r defi c it 

was a lso hi ghl y signifi cant , produc ing a 1.75 fo ld increase (0. 70 ppm compared with 

0 .40 ppm ) (Pr > F = 0 .00 I I ). Thi s was greate r in the sheath , produc ing a 3 fo ld increase 

(3 .2 ppm fo r the sheath compared w ith 1.06 ppm for wate r onl y). When the sheath data 

were analysed separate ly (i.e. the leaf data excl uded), all hormo ne effects were not 

s ignificant , and o nl y wate r de fi c it e ffects we re s ignificant fo r all three ho rmo ne 

treatments. Ho weve r, it was c lea r th at the two tissues, leaf and sheath , res ponded 

diffe rentl y to a ll treatments (P ~ 0 .00 I). The sheath was very res ponsive to all 

treatme nts and the leaf was less responsive . 

3.8. J.2 Lolitrem B 

On average, the lo litre m B concentrati o n was over 3 fo ld hi gher in the sheath than in the 

leaf ( I 0 .98 ppm compared w ith 3.46 ppm, res pecti ve ly, P < 0.00 I ). The leaves and 

sheaths (plant parts ) respo nded diffe rentl y. The sheath was very responsive to drou ght 

and the lea f was less res po nsive (P ~ 0.00 I). No ne of the ho rmone treatments had a 

s ignifi cant e ffec t o n the leve ls of lo litre m B (Table 3.21 ). 
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Table 3.21 Lolitrem B concentration (ppm) in perennial 
ryegrass subjected to plant hormone and water deficit 
treatments. 

Leaves Sheath Mean 
Water only (W)° 3.05 l 1.69 7.37 
ABA + water (AW)° 3.40 9.29 6.35 
JA + water (JW)° 3.73 12.57 8.15 
ABA + JA + W (JAW)° 3.80 11.93 7.87 
Water deficit (Dl 3.31 9.41 6.36 

Mean 3.46 10.98 7.22 
Statistical Analysis 

treatment F4. i6= 2.10 ns 
plant part F1 .5o = 106.4>---,--, 
trt x part F4_5o = 0.80 ns 

Single-degree-of-freedom contrasts 

Wvs D 
WvsAW 
Wvs JW 
ABA X JA 

(ns, P > 0.05 ; ***. P ::; 0 .001 .) 

F1 .16 = 4.63 ns 
F1.1 6 = 1.06 ns 
F1.1 6=0.61 ns 
F1.1 6 = 0.27 ns 

aMeans of 5 replicates. Pooled g lasshouse and growth roo m data . 
bMean of 20 replicates. 

3.8.1.3 Peramine 

On average, the peramine concentration was significantly greater in the sheath than in 

the leaves (57.3 and 53.8 ppm, respectively, P ~ 0.00 I). There was a significant 

treatment * plant-part interaction (P < 0.000 I) of peramine in the sheath , compared with 

in the leaf, during water deficit (64. l and 40.9 ppm, respectively), but thi s decreased 

slightly for the other treatments (averaging 57.0 and 55.6 ppm, respectively). There was 

an increase of 0.45 fold in the peramine concentration for JA dipping compared with the 

water-only controls (63.8 and 49.5 ppm, respectively, P ~ 0. 1) (Table 3.22). 
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Table 3.22 Peramine concentration (ppm) in perennial 
ryegrass subjected to plant hormone and water deficit 

treatments. 
Leaves Sheath Mean 

Water only (W)" 52.6 46.4 49.5 
ABA + water (AW/ 53.9 53 .9 53 .9 
JA + water (JW )" 64.8 62 .8 63.8 
AB A + JA +W (JAW)" 56.7 59 .3 58.0 
Water defi cit (D)" 40.9 64 .1 52.5 

Mean 53.8 57.3 
Statistical analysis 

treatment F4_ 16 = 1.07 r. 
Plant part F1.50 = 15.48 
trt x part F.i.5o = 5. 1 I ** 

Single-degree-of-freedom contrasts 
W vs D F1 .16=0.87 ns 
W vsA W F1 .16=0.29 ns 

W vs JW F1_16= 3. 12 t 
ABA x JA F1.1 6= 0.79 ns 

(ns. P > 0.05: t . P :c; 0. 1 ***. P :c; (l.00 I.) 
"Means or 5 rep li ca tes. Poo led glasshouse and growth room data. 
1,Mean or 20 rep lica tes. 

3.8.2 Correlation analysis of the three alkaloids and MAOV A 

The concentrations of the three alkaloids were correlated (Table 3.23), with weak but 

pos iti ve relationships between them. 

Table 3.23 Correlation coefficient (r) between the three alkaloids 
ergovaline, lolitrem B and peramine for the water-sufficient, 
hormone-treated and water-deficit-treated lants (n-1 = 79). 

Lolitrem B Peramine 

Ergovaline 0.51 0.61 

Lolitrem B 0.51 

Because of the positi ve correlation between the three alka loids, a multiple analys is of 

vari ance (MANOV A) was carried out , using the same model as fo r the ANOVA (Table 

3.24). 
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Table 3.24 Multivariate analysis of variance (MANOV A) for a combined analysis 
of the three alkaloids. 

J urce of Variation 
Treatment0 

WvsD 
JA main effect 
ABA main effect 
JA * ABA interaction 
Plant part 
Trt * Part 

Degrees of Freedom 
5 

I 
5 

"Main plot effects were tested against the block*treatment interaction. 
bF stati sti c ca lculated using the multi variate, Wilk 's Lambda. 

Pr>F7i 
<0.0001 *** 
<0.0001 *** 

0.2805 ns 
0.1069 ns 
0. 1124ns 

<0.0001 *** 
<0.0001 *** 

This MANOV A analysis confirmed the ANOV A stati stics. When all treatments were 

considered together, overall , there was a highl y significant treatment effect (Pr :5 

0.0001) . However, when single degrees of freedom were cons idered, the main 

contributors to thi s result were drought and plant part (Pr :50.000 I). The treatment * 

plant-part interaction (Pr :5 0.0001 ) was highl y sign ificant and was an indication that the 

sheath was highly responsive to the treatments but that there was little if any response 

by the leaves. None of the hormone treatments were signifi cant. 

3.8.3 HPLC results and ANOV A analysis for ergovaline, lolitrem B and peramine 

using only the leaf results 

The HPLC results were re-sorted to stati sticall y anal yse the leaf and sheath results 

independently of each other. The mean values of alkalo ids in the leaves are shown in 

Table 3.25. 

Table 3.25 Ergovaline, lolitrem B and eeramine levels found in L. p_erenne leavesg. 
Rep ppm 

Treat Plant ppm Lolitrem ppm 
Ob Locate Ree nos JA ABA Water eart Treat Ergovaline B Peramine 

1 Groom• 5 No No Dry leaf nilc 0.7 1.57 22.9 

2 Groom 5 3 No No Dry leaf nil 0. 13 0.51 9.7 

3 Groom 5 6 No No Dry leaf nil 0.44 1.66 30. 1 

4 Groom 5 8 No No Dry leaf nil 0.65 1.69 35.0 

5 Ghouseb 4 5 No No Dry leaf nil 1.5 4.96 76.6 

6 Ghouse 4 6 No No Dry leaf nil 0.78 5.36 54 

7 Ghouse 4 7 No No Dry leaf nil 1.36 6.01 69 .3 

8 Ghouse 4 8 No No Dry leaf ni l 0.61 2.57 35.4 

9 Ghouse 3 5 No No Dry leaf nil 1.5 6.41 74.4 

10 Ghouse 3 6 No No Dry leaf nil 1.74 6.29 66.3 
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11 Ghouse 3 7 No No Dry leaf nil 1.12 5.38 59.2 

12 Ghouse 3 8 No No Dry leaf nil 0.96 5.73 59 .5 

13 Ghouse 2 1 No No Dry leaf nil 0.37 2.26 33.4 

14 Ghouse 2 2 No No Dry leaf nil 0 .38 1.53 23.8 

15 Ghouse 2 3 No No Dry leaf nil 0.31 1.6 30.8 

16 Ghouse 2 4 No No Dry leaf nil 0 .38 2.57 23.6 

17 Ghouse 4 No No Dry leaf nil 0 .52 3.97 41.0 

18 Ghouse No No Dry leaf nil 0.3 2.44 29.1 

19 Ghouse 2 No No Dry leaf nil 0.2 1.55 21.5 

20 Ghouse 3 No No Dry leaf nil 0.08 2.16 22.8 

21 Groom 5 5 Yes Yes Wet leaf JAWd 0.2 0.69 24.3 

22 Ghouse 4 Yes Yes Wet leaf JAW 0.59 5.04 80.6 

23 Ghouse 3 Yes Yes Wet leaf JAW 0.94 5.06 80. 1 

24 Ghouse 2 5 Yes Yes Wet leaf JAW 0.3 0.3 60.9 

25 Ghouse 5 Yes Yes Wet leaf JAW 0.14 0. 14 37 .6 

26 Groom 5 2 No Yes Wet leaf AW" 0.24 0.63 32.8 

27 Ghouse 4 2 No Yes Wet leaf AW 1.01 3.64 83.7 

28 Ghouse 3 2 No Yes Wet leaf AW 1.21 5.98 70.7 

29 Ghouse 2 6 No Yes Wet leaf AW 0.2 2.03 48.7 

30 Ghouse 6 No Yes Wet leaf AW 0.17 4.7 33.4 

31 Groom 5 7 Yes No Wet leaf JA' 0.28 1.23 68 .8 

32 Ghouse 4 3 Yes No Wet leaf JA 1.06 4.74 78.3 

33 Ghouse 3 3 Yes No Wet leaf JA 1.1 5.15 80.7 

34 Ghouse 2 7 Yes No Wet leaf JA 0.33 3. 19 64 .3 

35 Ghouse 1 7 Yes No Wet leaf JA 0.26 4.34 31 .7 

36 Groom 5 4 No No Wet leaf wg 0.42 1.03 46.0 

37 Ghouse 4 4 No No Wet leaf w 0.6 5 60.3 

38 Ghouse 3 4 No No Wet leaf w 0.61 3.79 53.5 

39 Ghouse 2 8 No No Wet leaf w 0.21 2.98 45.0 

40 Ghouse 8 No No Wet leaf w 0.17 2.47 58.3 

"Growth chambt:r. 
"G lasshouse. 
,.No hormone trea tment. 
"Water-sufficien t plants dipped every 2 days in JA/ABA so luti ons o r increasing concen tration. 
''W ater-sufficient plants dipped every 2 days in ABA so lutions or increasing concentrati on. 
1Watcr-sufficicnt plants dipped every 2 days in JA so luti ons or increasing concentrati on. 
li PJ ants kept in a water-sufficient conditi on without dipping (con tro ls). 
gLevel s o r alkalo ids (ppm ) in dried Jcar material harves ted at the end o r the main exper iment. 

3.8.3. 1. Ergovaline 

The levels of ergova line were si gnificantly hi gher in the leaves of the water-stressed 

plants than in those of the water-sufficient plants (0.7 ppm compared with 0.4 ppm, a 

1.74 fold increase, P ~ 0.00 I) (Table 3.26). 
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Table 3.26 Ergovaline concentration (ppm) in perennial 
ryegrass leaves subjected to plant hormone and water 

deficit treatments. 

W ater on! y (W)° 
ABA + water (AW)° 
JA + water (JW)° 
ABA + JA + water (JAW)° 
Water defi cit (Dl 

Mean 
Statistical analysis 

treatment f 4_16 = 5.4 l .,.,,. ,,. 

Single-degree-of-freedom contrasts 
w VS D F1 . l6 =1 5.78 ., .. , .. f. 

W vs AW F1.1 6 = 2.67ns 
W vs JW F11 6 = 4. 13 t 
ABA X J A FI 16 = 5. 60 t 

Leaves 
0.40 
0 .57 
0.6 1 
0 .43 
0.70 
0.54 

(ns, P > 0.05; t. P ~ 0.05 ; f. P ~ 0.0 I: ***, P ~ 0.00 I.) 
"Means of 5 replicates. Pooled glasshouse and grow th roo m data. 
bMean of 20 rep li cates. 

There was a 1.51 fo ld increase in the level of ergovaline when the plants were dipped in 

JA, with 0.4 ppm fo r the water-onl y controls and 0.6 1 ppm for the dipped pots. This 

increase was stati stically significant (P = 0.05). When the plants were dipped in a 

mixture of JA and ABA, the levels of ergovaline dropped signi ficantly (P = 0.03), from 

0.57 ppm fo r ABA treatment and 0.6 1 ppm for J A treatment to 0.43 ppm. This level 

decreased to the water-onl y ergovaline level of 0 .40 ppm and was stati stically 

significant (Pr = 0 .03). 
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3.8.3.2. Lolitrem B 

None of the treatments, inc luding water st ress ing, had any significant effect on the 

lo litrem B levels (Table 3.27). 

Table 3.27 Lolitrem B concentration (ppm) in perennial 
ryegrass leaves subjected to plant hormone and water 

deficit treatments. 

Water o nl y (W )'1 
ABA + water (A W )" 
JA + water (JW )'1 
ABA + JA + water (JA W)'1 
Water deficit (D)° 

Mean 
Statistical analysis 

treatment F-1_16 = 0 .44 ns 

W vs D F1.1 6 = 0.29 ns 
W vs AW F 11 6 =0.25 ns 
W vs JW F 11 6 = 0.95 ns 
A BA x JA F 1_16 = 0.08 ns 

(ns, P > 0.05: t. P S 0.05 : t P S 0.01 : ***. P S (l.00 1.) 
"Means of 5 rep I icates . 
"Mean of 20 rep I icates. 

3.8.3.3. Peramine 

Leaves 
3.05 
3.40 
3.73 
3.80 
3.31 
3.46 

The applicati on o f water stress to the pots greatl y decreased the production of peramine 

by the endophyte. The peramine leve ls fe ll from 52.6 to 40.9 ppm on average, i.e. a 0 .22 

fo ld decrease (Table 3.28). This decrease in production of the a lkaloid in the leaves was 

hi ghl y sign ificant (P $ 0.00 I) during water stress . 
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Table 3.28 Peramine concentration (ppm) in perennial 
ryegrass leaves subjected to plant hormone and water 

deficit treatments. 

Water only (W)0 

ABA + water (AW)° 
JA + water (JW)° 
ABA + JA + water (JAW)° 
Water deficit (D/ 

Mean 
Statistical analysis 

treatment F4. 16 = 4.52 t 
Single-degree-of-freedom contrasts 

WvsD F1 _16 = 15.4 *** (0.00 12) 
W vs AW F1.1 6 =0.02 ns 
W vs JW F1 16 = 2.2 ns 
ABA x JA F1.1 6 = 0.65 ns 

(ns, P > 0.05 ; t. P ~ 0.05: :I:, P ~ 0.01 ; ***. P ~ 0.00 1 .) 

Leaves 
52.62 
53.86 
64.76 
56.70 
40.92 
53.77 

"Means of 5 replicates. Pooled glasshouse and growth room data . 
bMean of 20 rep I icates. 

None of the hormone treatments had a significant effect on the production of peramine 

in the leaves, ei ther positively or negatively. 

3.8.3 HPLC results and ANOV A analysis for ergovaline, lolitrem B and peramine 
using only the sheath results 

The data were sorted into sheath-only results (Table 3.29). 

Table 3.29 Ergovaline, lolitrem Band peramine levels found in L. perenne sheathsh. 
ppm 

Treat Plant ppm Lolitrem ppm 
Obs Locate Rep nos JA ABA Water part Treat Ergovaline B Peramine 

Groom• 5 No No Dry Sheath nilc 3.0 4.56 48.0 

2 Groom 5 3 No No Dry Sheath nil 0.85 2.12 25.2 

3 Groom 5 6 No No Dry Sheath nil 2.87 6.32 66.5 

4 Groom 5 8 No No Dry Sheath nil 2.63 4.39 54 .2 

5 Ghouseb 4 5 No No Dry Sheath nil 5.23 11.46 90.8 

6 Ghouse 4 6 No No Dry Sheath nil 4.27 9.11 90.3 

7 Ghouse 4 7 No No Dry Sheath nil 4.64 10.12 99.3 

8 Ghouse 4 8 No No Dry Sheath nil 2.56 4.16 52 .3 

9 Ghouse 3 5 No No Dry Sheath nil 5.15 19.21 97.4 

10 Ghouse 3 6 No No Dry Sheath nil 5.45 8.33 64.9 

11 Ghouse 3 7 No No Dry Sheath nil 4.12 13.44 78.1 

12 Ghouse 3 8 No No Dry Sheath nil 3.64 10.09 90.4 

13 Ghouse 2 1 No No Dry Sheath nil 3.37 11 .5 56.1 

14 Ghouse 2 2 No No Dry Sheath nil 3.03 6.43 40.2 

15 Ghouse 2 3 No No Dry Sheath nil 3.24 8.85 69.0 
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16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

Ghouse 2 4 No No Dry Sheath nil 2.94 8.94 61 .2 

Ghouse 4 No No Dry Sheath nil 2.57 14.15 63.2 

Ghouse 1 No No Dry Sheath nil 2.42 19.67 66.0 

Ghouse 1 2 No No Dry Sheath nil 1.0 5.05 31.6 

Ghouse 1 3 No No Dry Sheath nil 0.97 10.24 37.0 

Groom 5 5 Yes Yes Wet Sheath JAWd 0.61 2.77 30.0 

Ghouse 4 Yes Yes Wet Sheath JAW 1.56 11 .22 82.7 

Ghouse 3 Yes Yes Wet Sheath JAW 1.64 15.18 52.0 

Ghouse 2 5 Yes Yes Wet Sheath JAW 1.05 11.66 77.5 

Ghouse 1 5 Yes Yes Wet Sheath JAW 0.7 18.8 54.2 

Groom 5 2 No Yes Wet Sheath AW " 0.69 2.45 35.7 

Ghouse 4 2 No Yes Wet Sheath AW 1.95 13.24 79.9 

Ghouse 3 2 No Yes Wet Sheath AW 2.39 12.8 58.6 

Ghouse 2 6 No Yes Wet Sheath AW 0.84 8.6 60.6 

Ghouse 6 No Yes Wet Sheath AW 0.49 9.38 34.6 

Groom 5 7 Yes No Wet Sheath JA' 1.08 7.22 65.0 

Ghouse 4 3 Yes No Wet Sheath JA 2.41 12.9 74.7 

Ghouse 3 3 Yes No Wet Sheath JA 1.49 13.97 61.8 

Ghouse 2 7 Yes No Wet Sheath JA 1.07 14.78 64.8 

Ghouse 7 Yes No Wet Sheath JA 0.9 13.96 47.5 

Groom 5 4 No No Wet Sheath wg 0.86 5.19 24.5 

Ghouse 4 4 No No Wet Sheath w 1.58 9.09 59.8 

Ghouse 3 4 No No Wet Sheath w 1.21 9.39 35.2 

Ghouse 2 8 No No Wet Sheath w 0.89 13.89 52.1 

Ghouse 8 No No Wet Sheath w 0.77 20.87 60.2 

"Growth chamber. 

"G lasshouse. 
rNo hormone treatment. 

,1Water-sutlicienl plants dipped every 2 clays in JA/ABA solutions of increasing conce ntrati on. 

"W ater-sufficient plants dipped every 2 days in ABA so luti ons o f incn: asing conce ntrati on. 
1Water-sullieienl plants dipped every 2 days in JA so lu tions or increasing concentration . 
.i:Plants kept in a water-sufficie nt condition without dipping (contro ls). 
11
Levels of alkalo ids (ppm ) in dried sheath material harvested al the end or the main experimcnt. 

3.8.3. 1 Ergovaline 

When a water stress was applied to the perennial ryegrass pots, there was a 3 fo ld 

increase in the production of ergovaline by the endophyte in the sheath (Table 3.30). 

This was highl y significant , with the levels of ergovaline increasi ng from 1.1 ppm in the 

water-on ly contro ls to 3.2 ppm in the water-stressed plants (P::;; 0.00 I). There were no 

significant increases fo r any of the hormone treatments. 
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Table 3.30 Ergovaline concentration (ppm) in perennial 
ryegrass sheaths subjected to plant hormone and water 
deficit treatments. 

W ater only (W )° 
ABA + water (AW)° 
JA + water (JW)° 
ABA + JA + water (JAW)° 
W ater defi cit (D / 

Mean 
Statistical analysis 

treatment F4_16 = 12.95 *** 
Single-degree-of-freedom contrasts 

w vs D FI 16 = l l 7 -l 7 * * * 
W vs AW F11 6 = 0 .33 ns 
Wvs JW F1 .16 =0.80ns 
ABA x JA F1.1 6 = 0.88 ns 

(ns, P > 0.05; t. P ~ 0.05 ; *. P ~ 0.0 I ; ***. P ~ 0.00 I. ) 

Sheath 
I. l 
1.3 
1.4 
1.1 
3.2 
1.6 

aMeans of 5 replicates. Pooled g lass house and growth roo m data. 

hMean of 20 rep li cates. 

3.8.3.2. Lolitrem B 

When a water stress was applied to perennial ryegrass, there was a 1.2 fold reducti on in 

the production of lolitre m B by the endophyte in the sheath ti ssue (Table 3.31). This 

reduction was stati stically significant (P ~ 0 .05 ). The hormone treatments produced no 

significant effects. 
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Table 3.31 Lolitrem B concentration (ppm) in perennial 
ryegrass sheaths subjected to plant hormone and water 
deficit treatments. 

Sheath 
Water only (W)° 
ABA + water (A W )0 

JA + water (JW)° 
ABA + JA + water (JAW)° 
Water de fi cit (D)h 

Mean 
Statistical analysis 

treatment F4.16 = 1.97 ns 

W vsD F1.1 6 =4.39t 
W vs AW F11 6 = 1.63 ns 
W vs JW F1 16 = 0.22 ns 
ABA x JA Fi. 16 = 0.44 ns 

(ns. P > 0.05: t . P $ 0.05 ; i . P $ 0.0 I: *** . P $ 0.00 I. ) 
"Means of 5 rerli c.:a tes . Pooled glass house and growth roo m data. 
"M ean or 20 rep I ic.:a tes. 

3.8.3.3. Peramine 

11.69 
9.29 
12.57 
11.9 
9.40 
10.98 

All treatments gave relatively large increases in the concentration of peramine in the 

sheaths (Table 3.32). Application of the water stress induced a 1.4 fo ld increase in the 

production of peramine in the sheath by the endophyte, with plant ti ssue levels 

increasing from 46 to 64 ppm when the water stress was applied. Thi s 111crease was 

si gnificant (Pr = 0.07). Treatment with JA gave a 35% increase, from 46 ppm in the 

water-onl y contro ls to 63 ppm (P = 0.08). Other hormone- induced increases were not 

significant. 
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Table 3.32 Peramine concentration (ppm) in perennial 
ryegrass sheaths subjected to plant hormone and water 
deficit treatments. 

Water only (W)° 
ABA + water (AW)° 
J A + water (JW)° 
ABA + JA + water (JAW)° 
Water deficit (D/ 

Mean 
Statistical analysis 

treatment F 4_ 16 = 1.33 ns 
Single-degree-of-freedom contrasts 

W vs D Fi. 16 = 3.55 (0.0777) 
W vs AW Fi. 16 = 0.69 ns 
W vs JW Fi. 16 = 3.3 (0.0882) 
ABA x JA F1.1 6 = 0.74 ns 

(ns, P > 0.05 ; t. P '.'S'. 0.05 ; :I:. P'.'S'.0.01: .;..: .. ,., P '.'S'. 0.00 I. ) 

Sheath 
46.36 
53.90 
62.70 
59.28 
64.10 
57.3 

a Means of 5 replicates. Pooled glasshouse and growth room data . 

"Mean of 20 replicates. 

3.9 Production and acquisition of stable internal standards 

This work was carried out to produce internal standards for the HPLC analysis of JA, 

ABA and SA. These plant hormones were expected to be found in perennial ryegrass 

leaf and pseudostem tissue samples co llected from the plants that had been subjected to 

the eight treatment regimes of the main experiment. 

3.9.1 Deuteration of methyl jasmonate 

The products were checked by thin layer chromatography (Fig 3.23). The yield was 

then measured and was found to be of the order of 94.7 % for the deuterated methyl 

jasmonate. 
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Fig 3.23 Thin layer chromatogram o r the reactants and products 

used in the reaction that produced deuterated methyl jasmonate. 

It can be used as an HPLC internal standard in the ana lysis of 

peren nial rye grass lea!' and pseudostem ti ssue for JA . The reactants 

(A). the products ( B ) and the reac tant s plus the products of the reaction (C). 

A summary of the deuterat ion reaction is given in li ig 3.24. 

0 0 
D D 

COOCH3 COOCH3 

Fig 3.24 Chemica l eq uation of the deu tera tion reaction . The add iti on of deuterium 
is across the double bond bet ween carbon 3 and ca rbon 4 of methyl jasmonate. 
This product gives a stable internal standard to he used in the HPLC ana lys is of JA 
in plant ti ssue. 

3.9.2 Acquisition of D6 ABA from Australia 

As the synthesis of deuterated ABA is part icularl y difficult , we were very fortunate to 

be sent a sample from Dr Brian Loveys of CS IRO Plant Industry, Horticultural 

Research Unit, Ade laide, Austra lia. The deuterat ion reacti on is shown in Fig 3.25 . 
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-l + -------

Fig 3.25 Structure of deuterated ABA. 

It was pointed out by Dr Loveys that they normall y monitor the ions 190, 194, 162 and 

166. Fig 3.26 shows that the sample received was vi rtually free of Do ions. 
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File 
Operator 
Acquired 
Instrument. 
Sample Name: 
Misc Info 
Vial Number: 

Abundance 
30000 

rn/z 
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0 
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C : \!IPCHF.M\l\DATA\SUESONLY\ ABAl0 D 
SUE 
13 Dec 2000 1r 18 using AcqMetho d ABASCAN2 

CSIRO HP5 
O6aba inject l t:l of 1 O ug ml e xt e nd run 
save sim as scan tPpeat 
1 

125 

94 
112 
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102 

Average of 19 262 to 19 353 min ABA10 DI·) 
194 

138 
166 

151 

180 210 
226 

158 202 218 234 

255 
265 

246 

80 90 100 110 120 130 14) 1'i0 160 170 180 190 200 210 270 230 240 250 260 270 

2a1 289 n 

280 790 

Fig 3.26 Mass spec lrum o f the me1hy la1cd sub-sam plc fro m thc same hatc h as lhe sa mpl e o f de ute rated 
A BA (D6 A BA) rece ived hy lhe a u1h or from Dr Lovcys . 

Thi s sample has been stored 111 the Mo lec ul ar Genetics laboratory at M assey Uni versity, 

Palmersto n No rth . 
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3.9.3 A supercritical exchange reaction to make deuterated SA 

Four attempts were made to obtain deuterated SA using a supercritical exchange 

reaction (Fig 3.27). 

D 

COOH D COOH 
+ 

OH D OH 

D 

Fig 3.27 Chemical reaction showing the protonation o f SA. This reaction was carried out using heavy 
water (D20 ). 

However, after cooling the bomb and opening it (Fig 2.11), no reactants and products 

were found in three trials and no deuterated SA was present in the fourth experiment 

after NMR analysis. 

Through time limitations these experiments were not resumed. 

128 



Chapter four 

Discussion 
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4.1 Introduction 

These experiments aimed to extend the work that had been carried out by others (Barker 

et al., 1993; Hume et al., 1993) to test that, under glasshouse and controlled 

environmental conditions, water stress increased the levels of Neotyphodium lo/ii 

alkaloids. An additional aim was to test whether this effect could be mimicked by the 

external application of plant hormones, ABA and JA, to water-sufficient plants. 

Evidence supporting this view was found in the course of this study when positive 

correlations between the three a lkaloids produced by the endophyte and the water­

sufficient, hormone-dipped perennial ryegrass plants were obtained (Table 3.23). This 

indicated a degree of common control that could in part be dependent on water stress. 

Other work had indicated that it could in part be due to endophyte biomass (Easton et 

al. , 2002). However, more recent work has suggested that the distribution of N. lo/ii 

within perennial ryegrass is not a major determinant in the distribution of endophyte 

alkaloids and that possible factors such as plant genotype, tissue position and tissue age 

may play a part (Spiering et al., 2004). This study would suggest that water stress cou ld 

also play a part in fungal alkaloid distribution in perennial ryegrass. 

It has been found in another monocotyledon, New Zealand tussock Festuca-zealandiae, 

that, as water stress becomes severe, the plants produce hormones that operate 

endogenous mechanisms or produce metabolites that will work to ultimately protect or 

limit any metabolic damage (Abernethy & McManus, 1998). For example, they reduce 

transpirational losses by closing their stomata. The results from this study suggested that 

this principle also applies to perennial ryegrass plus F. arundinaceae. 

The possible advantages of the alkaloids produced by the endophyte to the persistence 

of perennial ryegrass have already been outlined (see Section 1.6 of the Introduction). 

The production of these bioprotective alkaloids (Bush et al., 1997) by the endophyte 

and their enhancements to host fitness have been well documented, but the mechanisms 

responsible for host fitness and how this production is triggered are not well established. 

The mechanisms responsible for increased host fitness have not been advanced by this 

study but possible triggering mechanisms have been identified. 
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It was hypothesized that perennial ryegrass would trigger endophyte alkaloid production 

by increasing the levels of water stress hormones. These honnones would act as 

chemical messengers to turn on or up-regulate key endophyte alkaloid genes, leading to 

an increase in ergovaline, lolitrem B and perarnine, commensurate with the water stress 

(Barker et al., 1993). To support this hypothesis, it has been reported that high ambient 

temperature and moisture stress induced high alkaloid concentrations in perennial 

ryegrass (Lewis, 1997). 

Possible perennial ryegrass water stress hormone candidates for the role of triggering 

this change are abscisic acid (ABA) (Skriver & Mundy, 1990; Sengbush, 2000; Meyer 

et al., 1989), jasmonic acid (JA) (Bush et al., 1997; Creelman & Mullet, 1995) and 

salicylic acid (SA) (Dat et al., 1997; Durner et al., 1997). ABA is recognized as a 

drought-protecting horn1one that triggers the closure of stomata, and JA and SA are 

categorized as general stress hormones. 

To test the hypothesis that increasing levels of peren11ial ryegrass stress horn1ones lead 

to an increase in endophyte alkaloids, it was necessary to dip water-sufficient, 

endophyte-colonized perennial ryegrass in solutions of ABA and JA of increasing 

concentration over a period of 14 days. Support for this approach came from 

independent sources (Gaskin, 1995 ; pers comm Gaskin, Forestry Research Institute, 

Rororua, New Zealand. 2002). The dipping concentrations were established by enzyme­

linked immunosorbent assay (ELISA) in a preliminary experiment (Section 3.7) and 

were further confirmed by a literature search (Tables 2.7 and 2.8) . During these 

experiments it was found that ABA and JA levels produced were significantly lower in 

the Ag Hort growth chamber at Massey University than they were in the Ag Research 

glasshouses (Figs 3.14 and 3.17). This could in part have been due to the greater 

evapotranspiration rates observed for plants grown in the growth chamber. The different 

growing conditions and consequentially different physiological conditions would 

account for these differences. There is some evidence that fluctuating diurnal and 

nocturnal environmental conditions are necessary for endophyte toxin synthesis (pers 

comm Tapper, AgResearch, Grasslands Division, Palmerston North, New Zealand 2001 

and Barker Department of Horticulture and Crop Science, Columbus, Ohio, USA 2000), 

so its possible that this is a consequence of the fluctuation of the hypothesised hormone 

drivers. 
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Because of time constraints, the hormone levels existing during the main experiment 

and those obtained by ELISA have not yet been confirmed by high performance liquid 

chromatography (HPLC) (Anderson, 1985). However, the plant tissue necessary for that 

confirmation was obtained by solid state extraction and has been stored in a freezer. The 

internal HPLC standards have been produced or acquired as a first step in that process. 

In preparation for the main experiment, measurements to assess transpirational water 

losses in perennial ryegrass during the time course of applying a water stress were 

carried out. There is evidence from North America that the presence of endophyte in tall 

fescue confers a measure of drought resistance to the extent that endophyte-free tall 

fescue was less persistent during prolonged drought than genotypes containing 

endophyte (West et al., 1993; Bouton et al. , 1993). There is some further evidence that 

this may also be the case in perennial ryegrass, although the effect was variable and 

genotype dependent (Hesse et al., 2004; Cheplick et al. , 2000). During this experiment, 

as it was found that perennial ryegrass hosting endophyte was transpiring at the same 

rate as endophyte-free perennial ryegrass, other factors, apart from factors involving the 

transpirational stream, are involved. 

Methods to produce tritiated cucurbic acid (CA) and ABA on a micro scale were 

developed. This greatly reduced the amount of radioactive sodium borohydride, and the 

consequential cost, needed to carry out the reduction for the production of tritiated CA 

and ABA. These tritiated compounds were used as tracers to obtain estimates of the 

percentage losses of ABA and JA during the solid state extraction of ABA and JA from 

perennial ryegrass. It was necessary to carry out these experiments so that we could 

determine if ABA and JA were taken up by dipped perennial ryegrass. In a separate 

experiment, an ELISA analysis was carried out to estimate plant hormone levels as the 

plants were progressively water stressed over a period of 14 days. 

4.2 Dipping treatments 

The up-ending of plants in hormone solutions proved to be an effective method for the 

application of ABA and JA. Most studies reported to date have used spraying or wick 

application methods to test the responses of plants to hormone applications. 
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Several methods to introduce the plant stress hormones into the perennial ryegrass 

vascular system were reviewed. No published studies comparing exogenous methods 

for the application of ABA, JA, indole-3-acetic acid (IAA) and SA were found. 

However, in a preliminary study, it was detem1ined that spraying and wick feeding were 

not as effective as up-ending the plants in known concentrations of plant hormone 

solutions for 60 min. 

The levels of plant hormones used in these solutions were those obtained by ELISA in 

preliminary experiments, in which uptake was measured for water-sufficient trial plants 

tested with the dipping protocol (Section 3.7). This method of applying honnones to 

plants in a quantifiable manner is not as technically difficult as wick feeding and is 

more predictable in outcome than applying the hom1one by spraying. However, tests to 

check if the application of ABA and JA by this method resulted in biochemical and 

physiological changes similar to those brought about by the application of water stress 

were not carried out. 

When using this method, it is important that the pots stay up-ended after the dipping 

solutions have been removed, until the foliage has dried, so that runoff containing 

hom1one does not enter the soil, because hom1ones such as ABA can enter the plant via 

the root system. The dipping method that was developed has much to recommend it and 

could be used with confidence when a quantitative uptake of honnones by plants is 

required. 

This simple method of applying hormones to plants contrasts with the technically 

difficult method of wick feeding in monocotyledon plants. As these plants have vascular 

bundles scattered throughout the stem, locating the conducting vascular tissues in which 

to implant the wick is difficult. Alternatively, when using the spray method, it is 

difficult to obtain an even spread of hormone over the leaf. If an even spread did occur, 

the ambient-temperature-dependent rate of drying would create various hormone uptake 

rates, depending on distribution and the ambient temperature at the time of application. 
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4.3 Influences of water stress and hormones on ergovaline levels 

It was shown by this study that, as water stress increased, the level of ergovaline in both 

the leaves and the sheaths increased and the increases were greatest in the sheaths. This 

result was to be expected from previous research as N. lolii colonizes along a basal­

apical gradient; thus, there would have been higher endophyte biomass in the sheath 

regions of the tillers. A recent publication (Spiering et al., 2004) would suggest that 

biomass per se contributes only 20% to the variation in ergovaline levels. As ergovaline 

is highly insoluble, it would not have moved from the basal sheath tissue into the leaf in 

significant amounts. 

In spite of increases in ergovaline levels, there were no significant effects of hormone 

dipping when the combined leaf and sheath data were analysed, except when ABA and 

JA were used together. In this case, the levels of ergovaline fell. However, when the leaf 

and sheath data were analysed separately, this decrease was significant in the leaves and 

dipping in JA alone gave a significant increase in the level of ergovaline. 

The lack of an ABA response could have been due to a number of factors. For instance, 

ABA may not be involved in the response, the levels applied were insufficient to trigger 

a drought response, the ABA used was rapidly converted to an inactive form, or the 

period of immersion of the plants in the hormone solution was too short. 

Information recently received (pers comm Barker/Metzger Department of Horticulture 

and Crop Science. Ohio State University, Columbus Ohio. USA 2004) from a hormone 

specialist at Ohio State University would suggest that ABA is rapidly deactivated in air 

and in the plant. This occurs after a conversion from the active cis form to the inactive 

trans isomeric form. As a result, any application of ABA to the plant would have a short 

term effect lasting up to 8 h. The dipping of plants in hormone solutions does result in 

hormone uptake but treatment for periods longer than the 60 min used in this 

experiment may be necessary, because the stomata close quite quickly and this slows 

the absorption into the plant. This slowed absorption, coupled with the rapid 

endogenous deactivation of ABA, would lead to a limited hormonal response when 

hormones were applied in a 60 min dipping protocol. ABA responses occur because of a 

sustained delivery from the plant roots to the aerial parts of the plant. 
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Significant increases in the level of ergovaline occurred only in the leaf tissue, with no 

significant changes in the level of ergovaline in hormone-dipped sheaths. The 

importance of this leaf result should not be underestimated. It can be concluded that, 

after having grown through the ligule, a relatively large endophyte biomass in the leaf 

produced the ergovaline. The fungal endophyte Neotyphodium coenophialum has been 

found in leaf blades of tall fescue (Festuca arundinacea) by Christensen et al., (1998). 

The writer is not aware of any similar reports of N. lo/ii passing through the ligule of 

perennial ryegrass (Lolium perenne) and invading the leaf tissue in high biomass 

concentrations. However, leaf tissue is colonized because the growth of the endophyte 

keeps pace with the growth of perennial rye grass tissue and the growth of the endophyte 

hyphae in the leaf extends at the same rate as the leaf is extending. Thus, the hyphae 

growing tip does not pass through the ligular zone. However, there is a high basal to 

low apical endophyte biomass gradient in all tillers (pers comm Christensen, Ag 

Research Grasslands Division, Palmerston North, New Zealand.). 

It was conclusively shown by this study that the leaf and sheath tissues of water-stressed 

perennial ryegrass had elevated levels of ergovaline; this occurred when the leaf and 

sheath data were combined and when they were considered separately. Water stress 

results in a number of physiological changes, ranging from reduced photosynthesis and 

transpirational activity to increases in proline levels or a reduction in nitrate reductase 

activity. What effect these changes might have on the endophyte remains to be 

conclusively determined. However, as we found that perennial ryegrass plants dipped in 

JA solutions did give an increase in endophyte-produced ergovaline, JA may play a 

part. 

JA is acknowledged in the literature as part of a stress cascade pathway. When soybean 

leaves were subjected to 15% dehydration, the JA levels increased fivefold, peaking 

within 2 h of losing 15% of their fresh weight and returning to control levels 4 h after 

the application of the water stress (Creelman & Mullet, 1997; Voros et al., 1998). Other 

studies have also shown the involvement of JA in water stress by specifically reducing 

transpiration by up to 22%. Although this is not as dramatic as the ABA effect of 

reducing transpiration by 72%, the JA spike does occur in at least some plants. The 

preliminary experiments in this study showed that JA spiking also occurs in perennial 

ryegrass (Figs 3.16 and 3.17). 
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4.4 Influences of water stress and hormones on lolitrem B levels 

No evidence suggesting that the application of water stress had any effect on the levels 

of lolitrem B in the leaves was found. This result was not unexpected because lolitrem 

B is known to be lipophilic (Siegel & Bush, 1996), and its distribution is significantly 

correlated to N. lolii concentrations. As the endophyte is known to have a basal- apical 

biomass gradient in perennial ryegrass (Keogh et al. , 1996), the endophyte biomass will 

be low in the leaf relative to the sheath. This implies that lolitrem B is retained in the 

lipid vesicles of the endophyte hyphae and its insolubility in water means that it lacks 

the mobility necessary to move from its site of production, through the ligule and into 

the leaf blade proper, to supplement the lolitrem B already there. 

Water stress produced a significant reduction in the level of lolitrem B in the sheaths. 

There are three possible reasons for this: (1) the water-stress-protection hormones in the 

plants caused the endophyte to reduce production of lolitrem B; (2) the reduction was 

directly triggered by the water stress impacting on the endophyte and its ability to 

produce the alkaloid; (3) the water stress was so severe that plant metabolism in general 

was disrupted. 

None of the hormone treatments had any significant effect on the production of lolitrem 

B. This could have been because lolitrem B is produced in quantities that are sub­

threshold in producing toxicosis throughout the annual life cycle of perennial ryegrass 

and it is the fluctuating endogenous levels of one of the other alkaloids, such as 

ergovaline, that determines the sensitivity of stock to lolitrem B, with its characteristic 

toxicosis outcome (pers comm Hume, AgResearch, Grasslands Division, Palmerston 

North New Zealand 2001). Alternatively, it may be that the water stress hormones in the 

plant do not trigger lolitrem B production but that lolitrem B is produced continually 

and becomes concentrated as the leaf dries . This would lead to a greater intake by the 

stock of toxin-contaminated dry matter, which could then lead to the characteristic 

toxicosis. Or, it could be that some other exogenous factor, such as high ambient 

temperatures, triggers the production of lolitrem B. Another explanation is that the 

hormones were not absorbed at all , or the absorption was reduced, during the latter 

stages of the applied water stress during late January when the ambient glasshouse 
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temperatures were high. The leaves were dipped for 60 min every 2 days. This treatment 

re-hydrated the leaves. However, the stomata may not have opened again at each 

dipping event unless photosynthesis started up again in the guard cells, providing ATP 

for the active transport of H+, or unless the photosynthetic light level was sufficient to 

trigger the K+ pumps that re-hydrate the guard cells by the osmotic uptake of water, 

causing the stomata to open. Because the pots were up-ended under the glasshouse 

benches, where the light intensity was low anyway, and the plant leaves were 

submerged under water, there was probably not enough light to drive these reactions. 

Although there is hormone uptake via pathways through the cuticle, by far the majority 

of the hom1one would enter the leaf via the stomata. Hormone uptake through the 

cuticle could possibly have occurred towards the end of the experiment when the 

highest dipping concentrations were used . 

4.5 Influences of water stress and hormones on peramine levels 

This study found that the levels of peramine were significantly higher in the sheath 

tissue than in the leaf tissue. This result was interpreted as showing that, as the water 

stress was progressively applied, the production of peramine by the endophyte 

increased. 

When the combined leaf and sheath data were considered, there was a small but 

significant increase in the level of peramine when water-sufficient perennial ryegrass 

was dipped in JA. The levels of JA in soybeans increase rapidly but transiently when a 

reduction in turgor is induced by water deficit (Creelman & Mullet, 1995). This was 

also found in perennial ryegrass in this study in a preliminary experiment (Figs 3.16 and 

3.17). JA is thought to act with ABA in abiotic stress biochemical pathway cascades 

(Creel man & Mullet, 1997), and its correlation with an increase in the level of peramine 

could suggest that JA mediates signalling between perennial ryegrass and N. lo/ii to 

facilitate this increase. 

The small but significant increase in the level of peramine was not confirmed when only 

the leaf data were considered. There was a decrease in peramine in the leaf (Table 3.28) 

and a significant 35% increase in the sheath. If there is a hom1onal communication 

pathway between both members of the symbiotum, the sheath-occupying endophyte and 
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the perennial ryegrass, then this result could be expected. From an evolutionary biology 

point of view, this complex inter-specific adaptation would have survival merit. 

However, the increases in the level of peramine after dipping in ABA and ABA plus JA 

were not significant. Thus, from these data, the spiked increase in the level of JA, 

produced by the plant in response to water stress (Fig 3.16), triggered the increase in the 

level of peramine. 

4.6 Effects of growth chamber versus greenhouse on the alkaloids 

The levels of alkaloids obtained from the plants in the growth chamber were compared 

with those obtained from the plants in the glasshouse (Appendix 11). All hormone 

dipping treatments produced increases in the alkaloids. There were some large 

glasshouse increases in ergovaline and in peramine in the sheath (see the data 

highlighted in orange in Appendix 11). The combined growth chamber and glasshouse 

data are shown (see the data highlighted in blue in Appendix 11). When the differences 

in L. perenne genotypes were considered, it was clear that, of the four genotypes used in 

the growth chamber, two were also used in Replicate 1. Therefore, the data were re­

analysed with the Replicate 1 data removed. When this was done, the ergovaline levels 

were not significantly different among treatments for leaf and sheath. However, there 

was a large increase in the peramine levels for both the leaf and the sheath (see the data 

highlighted in mauve in Appendix 11 ). The lolitrem B data appeared to show a 

progressive removal of the negative effects of the hormones on the production of the 

alkaloids. These analysis results lacked significance. The combined growth chamber 

and glasshouse data showed that the responses increased with the growth chamber data 

removed and increased further when Replicate 1 was removed. However, as the number 

of replicates analysed decreased, the variation within the remaining data increased, and 

this produced a larger standard deviation (experimental error). As the larger standard 

deviation offset the higher means, the results were analysed to obtain the lowest 

variation (experimental error) and, as a result, the smallest standard deviation. The 

statistical power of this experiment (i.e. the ability to detect significance) was greatest 

when all replicates were used. 
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However, there was a difference between the glasshouse data and the growth chamber 

data. The removal of the data for Replicate 1 indicated that this difference was not 

influenced in a major way by the L. perenne genotypes used in the experiment, even 

though data from other studies would suggest the contrary (Easton et al., 2002). 

The physiological basis of this difference was likely to be a greater water stress in the 

growth chamber. Evapotranspiration was greater for the replicates in the growth 

chamber than for the replicates in the glasshouse. In preliminary experiments in this 

study on measurements of evapotranspiration in perennial ryegrass with and without an 

endophyte present, the water loss was on average around 65% higher in the growth 

chamber plants than in the glasshouse plants (Fig 3.2) . 

Preliminary experiments carried out to measure the increase in the levels of ABA and 

JA during water stress also showed that, to avoid plant death, the application of water 

stress needed to be terminated after 10 days in the growth chamber but could be 

extended to 17 days in the glasshouse (Tables 3.10 and 3.12, growth chamber; Tables 

3.8 and 3.11, glasshouse). This was confirmed by the trend lines for the relative water 

content measurements made over the course of this experiment (Fig 3.22) . This 

difference resulted not because of any major temperature differences but because of the 

greater air turbulence, increasing the vapour pressure gradient between the inside and 

the outside of the leaf. 

The environmental control in the growth chamber allowed the day (16 h) and night (8 h) 

temperatures to be different but they were constant and could not be stepped up and 

down during these times. This was not the case in the glasshouse, where environmental 

control was not possible. There were major fluctuations in the day and night 

temperatures and, because the experiment was carried out in late January to early 

February, the hottest time of the year, the temperatures in the glasshouse were extreme. 

Daily temperature data were not recorded. Fluctuating ambient and high daily mean 

temperatures are known to stimulate alkaloid production by N. lolii (pers comm Barker, 

Department of Horticultural and Crop Science, Ohio State University, Columbus, Ohio, 

USA 2003). By contrast, constant temperature, humidity and light were maintained in 

the growth chamber. 
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4. 7 Limitations of the experimental design 

Many of the results obtained in this study were not significant at the 1- 5% level , even 

though some large increases in the levels of the alkaloids were obtained when the plants 

were dipped in the hormones ABA and JA. There are a number of reasons why they 

were not significant. It may have been that there was no actual difference, or that 

differences that could not be detected because of the high variability occurred. Possibly 

more replicates were needed to take into account the high level of variability. This 

variability was due to the four different perennial ryegrass genotypes used in each 

replicate; they interacted with the relatively homogeneous genotype of the endophyte to 

produce different levels of alkaloids. High variability within a sample coupled with a 

small sample size produces a large standard deviation and this reduces the likelihood of 

a statistically significant F value. Of these possibilities, high variability was likely to be 

a major contributing factor. For example, for the JA and ABA treatments (JAW), the 

lolitrem B levels ranged from 0.69 ppm in Block 5 in the growth chamber to 5.24 ppm 

in Block 2 in the glasshouse. Although this variabi lity was accentuated because of the 

growth chamber data (the growth chamber readings were consistently lower), a wide 

range of levels was recorded even within the glasshouse data. For example, the lolitrem 

B levels ranged from 2.96 to 5.24 ppm. This variation was found across the hormone­

dipped pots, the un-dipped pots and the water-sufficient controls for all three alkaloids. 

As each replicate was made up of four different perennial ryegrass genotypes, it is 

possible that there was a genotype interaction and that this contributed significantly to 

the variability (Easton et al., 2002) and/or that the environmental conditions in which 

the experiment was carried out interacted with the various plant genotypes differently 

(Spiering et al. , 2004). 

The analysis of variance (ANOV A) gives the probability that these alkaloid levels could 

have occurred by chance. As the variability in the results increases, the probability that 

they did occur by chance and were not real differences also increases, to a level that 

would make the data not significant. This effect could be isolated by carrying out the 

experiment again with more replicates and using a mixture of perennial ryegrass 

genotypes or using a single perennial ryegrass genotype with the same number of 

replicates. 
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As well as the variability contribution, the dipping regime had some limitations. The 

hormone application rates as measured during the preliminary experiment (Sections 

2.11 and 3.7) were reduced because time constraints did not allow any repeat work. It 

was not possible to carry out any more than one run . As a result, the hormone dipping 

concentrations used were very conservative because of the possibility of irreversible 

foliar damage. 

4.8 Limitations of the current research and future research 

In the event, the hormone dipping levels used could have been significantly increased to 

more closely reflect the endogenous hormone levels in the drought treatments without 

damaging the plants. If the experiment had been repeated, the hormone levels would 

have been increased to more closely reflect the endogenous hormone levels in the 

drought treatments. The hormone dipping concentrations used in the experiment were 

reduced by 20% from those calculated, because of a concern that there would be foliar 

damage. As there was no sign of leaf damage in these experiments, a 30% increase in 

hormone concentration could be applied without substantial risk. The ABA and JA 

ELISA data suggest that perennial ryegrass could sustain high spike levels of these 

hormones. There would also be a need to monitor biochemical and physiological 

changes in addition to tracking the course of the water stress. 

The small sample size used in some cases for the hormone-treated replicates produced a 

high standard deviation and this led to a lack of significance even though there were 

substantial increases in the levels of ergovaline and peramine. Thus, larger sample sizes 

would be used in any future experiment. As part of any new experimental design, it 

would be essential that the water-stressed plants were also dipped in hormones and their 

alkaloids levels measured, to determine if their values were below, the same or above 

those of the un-dipped water-stressed controls. 

In preliminary experiments (Sections 2.11 and 3.7), the ABA and JA levels during an 

imposed water stress and after dipping were analysed. Random tissue samples of all 

treatment pots were also taken at the end of the experiment and were so lid state 

extracted using protocols outlined in Section 2.9. They were dried and stored in a 
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freezer in preparation for HPLC- mass spectrometry analysis for levels of ABA, JA and 

SA. 

To identify the Lolium/Neotyphodium · genetic component interaction that clearly led to 

high variation in this experiment, a novel approach might be to set up a new experiment 

that used perennial ryegrass replicates made up of a single perennial ryegrass/endophyte 

genotype. Each pot would have a single genotype and would be given the same five 

treatments. Thus, for example, 16 different perennial ryegrass genotypes would be 

looked at individually for their responses to the applied hormones and water stress. 

4.9 Conclusions 

The application of hormones to plants by dipping was successful with certain provisos 

involving the hom10nes used, increased dipping times and frequency of application. 

This study showed that there was a weak but positive correlation between the three 

endophytic alkaloids and the hormone-dipped, water-sufficient perennial ryegrass 

plants. Suggestions as to the weakness in the correlations have been given and possible 

solutions have been outlined. 

The conclusions previous researchers had reached, that endophyte metabolites, 

peramine and ergovaline, were produced in water-stressed perennial ryegrass at higher 

levels than in water-sufficient perennial ryegrass, were confirmed, but this study found 

that the levels of lolitrem B fell under these conditions, although still retaining the 

basal- apical gradient. 

When water-sufficient perennial ryegrass was dipped in JA, there was a significant 

increase in ergovaline; however, there was no response to dipping in ABA solutions. 

Recently acquired unpublished information offers an insight into the possible reasons 

for this result. 

In this study, water stress produced a significant reduction in the level of lolitrem B in 

the sheaths but a sheath- leaf gradient was retained. 

None of the hormone dipping treatments had any significant effect on the production of 

lolitrem B. A possible explanation may be that lolitrem B is produced in sub-threshold 

amounts, by the endophyte, and that increasing ergovaline concentrations increase 
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mammalian sensitivity to lolitrem B. Peramine concentrations increased significantly in 

water-sufficient perennial ryegrass when plants were dipped in JA solutions. There was 

no comparable significant effect when they were dipped in ABA and ABA plus JA 

solutions. 

When the different treatments were examined, it was clear that there were differences 

between glasshouse treatments and growth chamber treatments. Anecdotally, the more 

uni fom1 growth-chamber environment is known to reduce endophyte alkaloid 

production. Further to this environmental effect, it was also clear that certain genotype 

combinations such as in Replicate I were less responsive to the treatments carried out in 

this experiment. The effect of removing Replicate I data on the statistical outcomes has 

been outlined. 

Overall, the results were general ly consistent with the hypothesis. The data trend 

supported the hypothesis even if the differences were at times not significant (pers 

comm Barker, Department of Horticultural and Crop Science, Ohio State University, 

Columbus, Ohio, USA 2003). There was also an indication that JA produced by L. 

perenne plays a role in the metabolic communication cascade li nking perennial ryegrass 

with N. lo/ii alkaloid production. 

The solid state extraction of ABA and JA from perennial ryegrass using Sephadex and 

C l 8 columns was developed and improved upon. This extraction procedure requires the 

production of tritiated ABA and CA (from JA) tracers. A cost-saving methodology was 

developed for their production and the reduction products were checked by HPLC and 

nuclear magnetic resonance (NMR). 

A trial was carried out to examine the hypothesis that endophyte-co lonized perennial 

ryegrass was less susceptible to evapotranspi ration water loss than endophyte-free 

perennial ryegrass, as maintained by some authors. This study was unable to confirm 

this finding. Water loss by transpiration was found to be similar in both E+ and E­

treatments. 

Internal standards for HPLC are now available. Standards for ABA have been obtained 

and deuterated methyl JA, used as a standard fo r JA, has been produced. Standards for 

lAA can be purchased commercially. The production of deuterated SA by a 

143 



supercritical exchange reaction was not successful, but problems with the method could 

be overcome. 

The extracted samples that would confirm the tissue levels of ABA and JA are available 

for HPLC analysis but, because of time constraints, the analysis has not been done. 

However, from preliminary trials, there was some indication from ELISA analysis that 

tissue levels changed when perennial ryegrass plants were water stressed. 

This research project has at the very least provided a structure and a possible 

methodology to investigate further the interaction between the two different species that 

make up this particular symbiotum. Statistical correlations have been established, some 

significant data have been obtained and the steps in the protocols have been tested. The 

research to date indicates that water-stress-induced hormonal communication between 

N. lo/ii and L. perenne does exist. 
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Chapter Five 

Confocal microscope study of Neotyphodium lolii colonization 
of Lolium perenne. 
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Section 5.1 

Introduction and aims 

The endophyte is seed transmitted, co loni zing the intercellular basal area of apical and 

lateral meri stems before moving into young leaf sheaths and into leaves formed from 

these ti ssues. The endophyte movement within the plant is executed by a combination 

of mycelium cell di vision and cell elongation. Thi s produces a basal-apical gradient 

earl y in leaf development (Herd, et al. , 1997). The hyphae are randoml y positioned in 

the leaf sheath but are associated with small vasc ular bundles with porous membranes in 

the leaf blades, which are thought to leak nu trients to the endophyte (Chri stensen et al. , 

2002). The highest endophyte biomass is fo und around the vascular ti ssue (Fig 5.3.9) of 

young leaf sheath materi al (Keogh et al. , 1996) . A delicate balance between the plant 

and the endophyte biomass occupying the intercellular spaces is maintained 

(Christensen et al., 2002). 

A key issue raised in Chapter I is the difficulty in measuring endophyte biomass within 

the plant. This is an important issue if the metabolic ac ti vity (e.g. alkaloid levels, gene 

ex pression etc.) of the endophyte in the pl ant assoc iati on is to be quantified . Various 

methods fo r estimating endophyte biomass are avail able. These include staining 

transverse perennial ryegrass leaf secti ons with anil ine blue (Section 2.3) and counting 

the number of hyphae. 

A more accurate method fo r determining biomass is to measure the fun gal cross­

sectional area by e lectron microscopy. Transverse secti ons of plant ti ssue are fixed in a 

buffered glutaraldehyde/fo rmaldehyde solution (Karnovsky, 1965) and viewed using an 

electron microscope. The images are then photocopied and the fun gal sections of the 

micrograph are cut out and weighed. The areas of the magnified hyphal cross-sections 

are then di vided by the square of the magni ficatio n facto r to obtain the areas of the 

original hypha1 cross-secti ons (Yong et al. , 200 I). 

Quantitati ve polymerase chain reac ti on (qPC R) has also been used to estimate 

endophyte biomass (Panaccione et al. , 200 l ; Grappe & Boller, 1997). The to tal plant 

and fun gal DNA is extracted and the fun gal component is quantified by PCR using 
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primers unique to a region of the Neotyphodium ~-tubulin gene. The PCR products are 

separated by electrophores is, stained and photographed under UV light, and the 

intensity of the fluorescence is quanti fied densitometrica ll y against standard DNA 

amplifications of known amounts. 

Chitin is found in the ce ll walls of fungi but not in the ce ll wall s of pl ants. M ethods to 

quantify the chitin levels of pathogenic fungi in host plants have been developed. These 

methods could be applied to the perenn ial ryegrass endophyte (Ride & Drysdale, 1972; 

Roberts el al., 1998; Roberts & Cabib, 1982 ). 

A n alternati ve approach that has been used is to measure the vo lume of the fungus by 

confocal imaging (Dickson & Kolesi k, 1999; Running el al., 1995) . Thi s method was 

developed for Lilium roots co lonized by the mycorrhi zal fungus Sculellospora porrum. 

Estimates of the fun gal biomass were made by thresholding the fungus fl uorescence. 

The aim of thi s section of the work was to test whether confoca l microscopy could be 

used to measure the vo lume of endophyte ti ssue in perennial ryegrass ti ssue. The 

method developed was based on the auto- fluorescence of glutaraldehyde (pers comm 

Yingnani , Institute of M olecular BioScience, M assey Uni versity, Palmerston North , 

New Zealand. 2000; K arnovsky, 1965 ; Yong el al., 200 I ). Thi s co mpound was used to 

fix the ti ssue and to enhance endophyte structures against a plant background. A uto­

fluorescence of chloropl asts was ini tiall y a problem but thi s was overcome by 

developing a seri es of pro tocols to enhance the images of the endophyte structures, 

while at the same time reducing the fluorescence from ce ll inclusions, such as 

chloropl asts, of the perennial ryegrass hos t. 
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Section 5.2 

Materials and methods 

5.2.1 Lolium perenne meristem dissection and preparation for confocal 

examination 

Apical meri stems of a perennial rye grass clone 187 JJ (AgResearch) were dissected 

using a Leica MZ1 2 dissecting microscope at 80x magnification and dissecting needles. 

A single tiller with some roots still attached was used. The till er was laid down and he ld 

in pl ace using the attached roots. The outer leaf sheath was removed by splitting the 

ti ssue lengthwise and using the need le tip to cut the basal connection, at the same time 

rolling the shoot on the di ssection platform. This procedure was repeated sequenti all y 

from outer older leaves to the inner younger leaves until removal of the youngest 

leaflets ex posed the meristematic do me and leaf primordi a. 

The excised meri stem, of around 0.5 mm3
, was then placed in wate r to re-hydrate fo r 

approximately I h. This re-hydration was necessary because the large surface area to 

vo lume rati o of the explant meant that water was lost rapidl y. The meri stem was then 

fixed in glutaraldehyde fo r a period of between 5 and 6 h (pers comm Vingnani , 

Institute of Molecul ar BioScience, Massey University, Palmerston North , New Zealand 

2000). Samples could be left overnight wi thout adverse effects. Following the 

glutaraldehyde treatment, the ex plant was washed three times in a standard phosphate­

buffe red saline (PBS) solu tion with sucrose (Appendix 7). The solution was changed 

every 2 h. The explant was then dehydrated using the replacement method by 

transferring into 1 mL of PBS in a 1.5 mL Eppendorf tube fo r serial dehydrati on. Every 

20 min , 0.2 mL was removed and replaced with 0.2 mL of abso lute ethanol. Five 

replacements we re carri ed out. The ex plant was then transferred to a l % safranin 

(GURRST) solution, incubated overnight, washed in absolu te ethanol, placed in Fast 

Green fo r 10- 15 sand removed ready fo r clearing. The meri stem was then placed in a 

fume cupboard, rinsed in I 00% clove oil and then 50% clove oil , washed in 25% 

ethanol and immersed in 25 % Histoc lear for 5-10 s. Finall y, the ex plant was placed in a 

75% Histoclear so lu tion fo r 5 min and then washed in a 25% ethanol solu tion fo r 5 min . 
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The meristematic explant was mounted on a slide with three drops of POX, covered 

with a large cover slip and left for 48 h. The procedure described above fo llows the 

general procedures outlined by Running et al., ( 1995). 

This ti ssue and all other confocal samples were viewed non-invas ive ly on channel 2 of a 

Leica TCS 4D confocal laser scanning microscope with an excitation wavelength of 568 

nm. The microscope uses a double dichro ic (DD) 488 nm/568 nm beam splitter lens to 

focus laser light th rough the objecti ve on to the sample and to capture returning 

fluorescence, back through the objecti ve, from the plane of focus. A relati ve short pass 

(RSP) filter of 580 nm then reflects the fluorescence from a mirror on to a BP TRITC 

band pass fil ter set at 585-6 15 nm in a second channel. This filter set rej ects all 

returning fluorescence less than 580 nm and captures 585-6 15 nm from the pl ane of 

focus, channelling it to a detector via an 'out pin hole'.( Row land, 200; Lactic, 2003) 

5.2.2 Protocols for fixing leaf tissue 

A seri es of fi x ing protocols was trialed to determine the best condi tions for visualizing 

the endophyte within the plant. Initi ally, four protoco ls were tri aled; one of these, 

protocol 4, was refined through fi ve further protocols. Protoco l 4-6 was then optimized 

by a series of minor modifications - protocols 4-6A to 4-6R. 

Protocol 1 

Protocol I was the same as the pro tocol that was used fo r perennial ryegrass meri stem 

staining (Section 5.2.1 ). 

Protocol 2 

Perennial ryegrass sheath ti ssue was soaked in 5% (v/v) glutaraldehyde for 5-6 h, and 

transferred to PBS buffer containing 6.5% (w/v) sucrose, pH 7.3, fo r 2 h. The so lution 

was changed three times during th is peri od. Dehydration was carried out in 1.5 mL 

Eppendorf tubes by progress ively increas ing the ethanol concentration up to I 00% 

ethanol (Appendix 13). Each step was carried out fo r a minimum of 40 min but could 

be left for up to 2 h. A fter 40 min in I 00% ethanol, the ti ssues were transferred to a 

slide and covered in I 00% glycero l, a cover slip was applied and the ti ssues were 

viewed under the confocal microscope. Glycero l rather than water was used to mount 
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the tissues because it has a refracti ve index closer to those of the glass slide and the o il 

used on the oil immersion lens of the confocal microscope. 

Protocol 3 

Thi s protocol was identical to protocol 2 except that, after the glutaraldehyde fixing, the 

ti ssue was placed in 2-methyloxyethano l (pers comm Vingnani 2000 ) fo r IO min before 

the serial dehydration steps. 

Protocol 4 

This protocol was the same as protoco l 3 except that the initi al step involved soaking 

the plant tissue in 5% (v/v) glutaraldehyde in PBS fo r 5-6 h or overni ght rather than 

undiluted glutaraldehyde. The rati onale fo r thi s change was to improve the defini tion of 

the plant cell wall s. In addition, the dehydrati on steps were of 5 min du rati on instead of 

the 40 min used in protoco ls 1 and 2. 

5.2.2.1 Refinements to protocol 4 

Protocol 4-2 

Thi s protoco l was identical to protocol 4 up to the end of the dehydration step. At this 

stage, the plant ti ssues was placed in a 75 % (v/v) absolute ethanol/25% (v/v) 

Histoclear (1: 1) so lution fo r 5-10 s, and then immediately transferred to a 50% (v/v) 

ethanol/50% (v/v) Histoc lear ( 1: I ) solution for 5 min , fo llowed by a 10 min incubation 

in 100% Histoclear. The ti ssues were then washed overni ght in 100% ethanol and the 

next day were mounted in 100% glycerol between two cover slips fo r confocal 

examination. 

Protocol 4-3 

In thi s protocol, the initial bathing was changed from 5% (v/v) glutaraldehyde in PBS to 

soaking the ti ssue in l M Tri s buffe r (pH 8.0) fo llowed by incubation overnight. The 

rationale behind thi s change was a further attempt to quench the auto-fl uorescence from 

the perennial ryegrass cell walls while still all owing defi nition of the plant ce ll wall s. 

The nex t morning, the ti ssue was washed in Tris buffer contai ning 6.5% sucrose. This 

solution was changed every 40 min fo r 2 h. This was fo ll owed by a 10 min immersion 
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in 2-methyloxyethanol. The tissue was then dehydrated as for protocol 4-2 and then 

mounted on a slide in 100% glycerol. 

Protocol 4-4 

This was identical to protocol 4-3. The ti ssue was then placed in 75% (v/v) absolute 

ethanol/25% (v/v) Histoclear ( I : I ) for 5- 10 s, 50% (v/v) ethanol/50% (v/v) Histoclear 

( I : I ) for 5 min and I 00% Histoclear fo r IO min, and then incubated overnight in I 00% 

ethanol to remove the Histoc lear, so that it did not interact w ith the glycerol to produce 

bubbles. The tissue was mounted on a slide in 100% glycerol. 

Protocol 4-5 

This protocol was identical to protocol 4-3 up to the end or the ethanol dehydration step. 

This was fol lowed by soaking in clearing fluid (Appendix 14) for 2 days to remove the 

chlorophyl l , the maj or source of extraneous auto-fluorescence. 

Protocol 4-6 

This protocol was the same as protocol 4-3 up to the end of the ethanol dehydration 

step, but with the additional step of boiling the tissue in a I O'l'c, (w/v) KOH solu tion for 

20 min, to remove the chlorophy ll , finally washing the tissue in cold water and then 

mounting it in 100% glycerol. 

Further refinements to protocol 4-6 were made wi th the addi tion of an autoc laving step 

in some protocols. 

A summary o f the key treatments is shown in Table 5.1 . 
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Table 5.1 Fixing treatments used for the develo 
5a 10 15 Autoclaved 24c 

0.3 % 
Glutaraldehyde A B C D E F 

in 
Tris buffel 

5% G H I J K L 
Glutaraldehyde 

25 % M N 0 p Q R 
Glutaraldehyde 

0
Time in minutes in 10% (w/v) KOH. 

b15 psi for 15 min. 
,.Time in hours in 10% (w/v) KOH. 
"6% (v/v) solution of 5% (w/v) glutara ldehyde in Tris buffer. 

Protocol 4-6A 

The fixati on and dehydration steps were the same as fo r protocol 4-6. The final steps 

were s imilar except that the ti ssue was boiled in I 0% (w/v) KOH for 5 min rather than 

20 min . This was done in an attempt to minimize the plant ce ll wall damage. 

Results from Protocol 4-6B were lost. 

Protocol 4-6C 

This was identical to protoco l 4-6A but with reflux bo iling for 15 min . 

Protocol 4-6D 

This was identical to protocol 4-6 but with a 20 min re flu x bo iling step. 

Protocol 4-6E 

Thi s was identical to protoco l 4-6 but with autoclav ing at 15 psi fo r 15 min after seri al 

dehydration. Thi s was carried out in an attempt to remove the chlorophyll , which was 

the source of the auto-flu orescence. 

Protocol 4-6F 

This was identical to protoco l 4-6 but with the fina l stage, after the serial dehydration, 

of soaking the ti ssue in KOH fo r 24 h rather than reflu x boiling. Thi s was done in an 

attempt to reduce cellul ar damage. 
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Protocol 4-6G 

T his was identical to protocol 4-6A except that the tissue was f ixed in 5% (v/v) 

glutaraldehyde rather than the glutaraldehyde- Tris buffer mixture. It was then fi nished 

wi th 5 min reflu x boi ling in I 0% (w/v) KOH. 

Protocol 4-61-l 

This was indistinguishable from protocol 4-6G bu t had refl ux boi l ing for IO min in I 0% 

(w/v) KOH as the fi nal step. 

Protocol 4-61 

T his was the same as protocol 4-6H but finished w ith boil ing in KOH for 15 min. 

Protocol 4-6J 

T his was the same as protocol 4-61 but w ith boiling in KOH for 20 min as the fi nal step. 

Protocol 4-6K 

The fina l KOH boi l ing was replaced w ith autoclaving for 15 min. 

Protocol 4-6L 

T he final step was a 24 h soaking in the KOH solution. 

Protocol 4-6M 

The tissue in this protocol was f ixed in a 25~ glutaraldehyde solution w ith al l the other 

steps as for protocols 4-6A and 4-6G. 

Protocols 4-6 , 4-60 and 4-6P 

These were identical 10 protocol 4-6M but w ith I 0, 15 and 20 min KOH reflu x boi l ing 

respectively. 

Protocol 4-6Q 

This was indistinguishable from protocol 4-6P but fi nished w ith a 15 min autoclaving 

step. 
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Protocol 4-6R 

This was identical to protocol 4-6Q but w ith a final step of soaking the tissue in KOH 

rather autoclaving it. 
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5.3.J Confocal microscope analysis of perennial ryegrass meristem 

Section 5.3 

Results 

This work was carried out to give the basis for a confocal examination o f pri mordial 

perennial ryegrass tissue (meristematic), which would be carried out to confirm v isually 

that endophyte hyphae must enter primordial ti ssue for co lonizat ion to occur 5
. Forty 

fou r sequential confocal micrographs of 1.3 µm sections or a perennial ryegrass 

meri stem arc shown in Fig 5.1 (mikexz l IO-mikcxz l 52). Images mikexzl I0-

mikexz I 19 were those taken closest to the surf ace. With increasing depth, resolution 

was progressively lost (mikcxz I20- mikexz 152). 

mikexz l 13 mikexz l 14 mikcxz 11 5 
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mikexz l 19 mikexz l 20 mikexz 121 

mikexz 125 mikexz 126 mikexz 127 
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mikexzl30 

mikexzl33 

mikexzl 39 
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mikexzl43 mikexzl44 

mikexzl49 mikex7.l.50 Mikexzl5 l 
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mikexz !S I 

Fig 5.1 Confoca l micrographs of 1.1 ~Lm sections through a perennial ryegrass 
apica l meri stem. 
Fort y four images (mikexz 110 to mikexz 152) were taken al 5.0 µm intervals 
through the meri stcm and were exam ined as out Ii ned in Section 5.2.1. 

The 44 sequential confocal images were then re-assembled into a three-dimensional 

image that could be rotated and viewed on three sides using confocal software (Fig 5.2). 

This animated image was recorded on videotape. 
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Fig 5.2 Re-asse mbled confoca l images o f a pere nni a l ryegrass ap ical meri ste m (A) with a 
lea fl e t wrapped around its base (B). 

5.3.2 A stereoscopic anaglyph 

The anaglyph in Fig 5.3 was assembled by overl aying a series of confocal images, and 

then di gitall y colouring the m alternately red and green, so that they could be viewed 

using red/green ce llophane g lasses to give a stereoscopic view of the struc ture. It can be 

seen that the endophyte (A) was abundant in this tissue and was located extra-ce llularl y. 

There was no evidence of cellular penetration by the endophyte . The endophyte did 

appear to be concentrated around the vascular tissue (B), which would place the fun gus 

in close proximity to nutritional sources. 
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Fig 5.3 A n anaglyph o f 30 confoca l images or perennial ryegrass lea f sheath. The anag lyph ( I ) was 
prepared from confoca l images taken al 1.3 run sec ti ons al 5 flm intervals (half o f these images are shown 
(2) and the ti ssue was prepared using protoco l 3. The endophyte N. lo/ii (A ) and perennial rycgrass 
vasc ular ti ssue ( 8 ) arc shown. The sec ti ons were ovt: rl aid for stereosconic viewin u. 
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Four fixing protoco ls (Section 5.2.2) were trialed to find the protocol that best enhanced 

the cell wall auto-fluorescence of the endophyte and at the same time minimized auto­

fluorescence from the cell walls of the host pl ant, so that successful thresholding of 

confocal sections for biomass estimation could be carried out , (Section 5.2.2, Protocols 

1 to 4). The suitability of the confoca l images produced was judged by the screen image 

that they produced. No prints of the images were recorded. Of the four fixing protocols 

trialed, the best, protocol 4 (Section 5.2.2, Protocol 4), was developed further , 

producing a series of five new protocols ( Section 5.2.2.1 , Protocols 4-1 to 4-6). Of this 

series, protocol 4-6 was refined further to give protocols 4-6A to 4-6R (Section 

5.2.2.1) . 

(i) Protocols 1 to 4 

Using protocol 1, good staining of the pl ant cell walls was obtained, as can be seen in 

Fig 5.1 . However, staining of the endoph yte was poor. The long period of time required 

to prepare the tissue was also a major disadvantage. Protoco l 2 was a considerable 

improvement on protocol 1. It was clear that the use of the glutaraldehyde enhanced the 

endophyte cell wall fluorescence, but the plant cell wall fluorescence was too high to 

allow successful thresholding. Protocol 3 greatly enhanced the fluorescence of the 

endophyte cell wall over that of the plant cell wall. It was a rap id method but the 

definition of the cell wall was a ll but completely lost (Fig 5.3) . 

It was considered important that the locat ion of the endophyte with respect to the plant 

tissue was highlighted as well as its overall structure to determine the bio-volume. 

Therefore a further protocol was tested. The final protocol , protocol 4, was chosen as a 

basis fo r further development. It was a relati vely rapid protocol and gave good auto­

fluorescence of the endophyte with much of the perennial ryegrass ce llular ti ssue able to 

be observed with little background fluorescence (Fig 5.4). 
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Fig 5.4 Confoca l micrograrh of a 1.3 ftm scction or pcrennial ryegrass leaf shcath 
ti ~sue r rcrarcd using protocol -l- 1. The ligurc ~hows thc endophytc mycelium (A ). 
the perennial ryegrass ce ll wal b ( B ) and plan t vascular ti ssue (C ). 

The endophyte was clearly visible (A ) and there was also clear definition of the 

surrounding plant cells (B). However. the fluorescence or the vascular tissue (C ) was 

still a major concern as, at the leve ls shown in Fig 5.4. i t would have resulted in 

threshold ing o f the endophyte as well as the plant ti ssue. Despite these limi tati ons, 

protocol 4 was the most promising protoco l and was selected for further refinement. 

(ii) Refinements to protocol 4 

When protocol 4-2, wi th basal sheath ti ssue, known to have an abundance of endophyte 

hyphae, was used, few hyphae were visib le (Fig 5.5). 
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Fig 5.5 Confocal micrograph or a I.~ µm section of perennial ryegrass leaf sheath 
tissue prepared using protocol 4-2. The perennial ryegrass ti ssue used was 
known to host the endophyte N. lo/ii. 

It was clear that the Histoclear solution and the subsequent treatment of the tissue had 

almost completely depleted any endophyte fluorescence. Because of this problem, 

Histoclear was removed in subsequent protoco ls . 

No endophyte fluorescence was detected when protocol 4-3 was used (Fig 5.6), despite 

the fact that the tissue used was known to have a large endophyte biomass. Plant cell 

wall definition was lost completely. However, vascu lar tissue was c learly vis ible (A). 
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Fig 5.6 Confocal micrograph of a 1.3 µm sec ti on or perennial ryegrass 
lea f sheath ti ssue prepared using protocol 4-3. This plant ti ssue was known 
lo host the endophyle and 1he micrograph shows perennial ryegrass vasc ular 
1issuc (A). 

Protocol 4-4 resulted in confocal images that gave good definition of the plant cell walls 

(Fig 5.7). Although endophyte may have been present in the intercellular spaces, hyphal 

fluorescence was not distingui shable from that of the plant. As a result, fu rther 

development of this protocol was discontinued. 
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Fig 5.7 Confocal micrograph of a 1.3 ~tm section of perennial ryegrass 
leaf sheath tissue prepared using protocol 4-4. This plant tissue was 
known 10 host the endophyte. 

The image from tissue prepared using protocol 4-5 (Fig 5.8) showed clear and enhanced 

plant cell wall fluorescence (B) but completely eliminated auto-fluorescence of the 

endophyte (A ). Further development of this protocol was discontinued. 
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Fig 5.8 Confocal micrograph or a 1.1 ~L ill sec tion or perennial rye grass 
lea f sheath ti ssue prepared using protocol 4-5. T his plant ti ssue was 
known to host the cndophytt: . T he cndophytt: mycc lium (A) and the 
ce ll wa ll or perenn ial rycgrass (B ) arc shown. 

Ti ssue prepared using protocol 4-6 gave the best confocal images (Fig 5.9). Thi s was 

clearl y the best of the six pro tocols tri aled to thi s point. It not onl y produced enhanced 

endophyte fluorescence (A ) but also eliminated all fluorescence from the surrounding 

plant ce lls and at the same time left the more li gnified vascular tissue (B) intact. 
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Fig 5.9 Confocal micrograph of a 1.3 µm section of perennial rye grass 
lea f sheath ti ssue prepared using protocol 4-6. This ti ssue was known to host 
the endophyte N. lo/ii . T he figure shows two cndophytc myce lial strands (A ) 
running parallel lo perennial ryegrass vasc ular ti ssue (B). against a background 
of disrupted pl ant ce lls that showed relati ve ly low lluorescence. 

Fig 5.9 shows the close rel ationship between the host vascu lar ti ssue and the endophyte 

pattern of growth . The endophyte growth was paralle l to the nutrient-providing xylem 

ti ssue of the host. 

(iii) Further modifications of protocol 4-6 

A summary of the further modifications that were trialed is g iven in Table 5.1 . The key 

element in protocols 4-6A to 4-6F was the use of Tris buffer with the glutaraldehyde, in 

an attempt to enhance the glutaraldehyde effects of fixing and fluorescence , as shown in 

Fig 5.10. 
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Fig 5.10 Five confoca l micrographs or 1.1 fllll sec tions or perennial rycgrass leaf sheath ti ssue prepared 
using protocols 4-6A to 4-6F. The protoco ls arc out I inccl in Table 5.1 . 

These treatme nts were too harsh. Either the re was a comple te deterioration in the cell 

wall s of both the perennial ryegrass and the endophyte (4-6C and 4-6D) or defi niti on 

was lost because o f damage (4-6A, 4-6E and 4-6F). Loli11111 vasc ul ar ti ss ue is shown 

(A ). It was clea r that the Tris buffer treatment res ulted in the loss of a ll auto­

flu orescence. No e ndo ph yte myce li a were visible and the plant cell wall de finiti o n was 

completel y los t. 

In protocols 4-6G to 4-6L (Fig 5.11 ), the inc rease in g lutara ldehyde concentratio n 

increased the reso luti on of the endophyte . A decrease in the reso luti on occurred as the 
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time in KOH was increased, when autoclaving was carried out or when long KOH 

incubation was implemented. 4-60 had a relati vely clear Neotyphodium image against a 

background of a relatively low Lolium cell wall definition. All except the 4-6K and 4-

6L treatments showed the endophyte. Although the plant cell wall definition was lost in 

4-6H, 4-61 and 4-6J , both plant cell wall (B) and the occupying endophyte (A) were 

clearl y visible in 4-60 . However, it appeared that this treatment caused endophyte 

mycelium constriction and bursting of the cells on to the surface of the preparation. 

Fig 5.11 Six confocal micrographs of 1.3 ~L ill sections of perennial ryegrass leaf sheath tissue prepared 
using protocols 4-6G to 4-6L. This plant ti ssue was known to host tin: endophyte. The protocols arc 
outlined in Table 5.1. The plant leaf shcath cells are shown (B). as is the enclophytc (A). 
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Tissue prepared using protocols 4-6M to 4-6R gave images with good resolution of the 

endophyte mycelium (Fig 5.12). The use of an increased concentration of 

glutaraldehyde was the most likely reason for the success of these experiments. 

Fig 5.12 Six confocal micrographs or 1.1 ~tm sec tions of perennial rycgrass lea f sheath ti ssue prepared 
using protocols 4-6M lo 4-6R. The protocols an; outlined in Table 5.1. Perennial rycgrass lea f sheath 
ce lls (B) and the cndophytc N. lo/ii (A) arc shown. 

Having established that the highest endophyte bi omass is found alongside the plant 

73vascular ti ssue, a dec ision was made to move towards a pro tocol that would clearl y 

define the myce lium of the endoph yte and at the same time would quench the 
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flu orescence from plant organe lles and/or would selecti vely destroy the surrounding 

plant ti ssue. Subsequentl y, all plant ti ssue prepared fo r thresho lding was treated using 

protocol 4-6M. 

5.3.4 Measurement of endophyte biomass 

To determine the endophyte volume, a series of confocal micrograph images was first 

captured and then assembled. These images were then thresholded indi viduall 167 

example of thi s procedure can be seen in Fig 5.13, where images (A, B, C and D) were 

overlaid and computer coloured (E) ready fo r th resholding. 
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Fig 5.13 Confoca l micrographs o f 1.3 µ m secti o ns (A, 8 , C. D) prepared usi ng protoco l 
4-6M. T he secti ons were the n ove rl a id lo prod uce a compos ite image (E) that coul d the n 
be thresho lded with Image Space so ft ware using an o ff-line co mp uter. 



However, thi s procedure had a major underlying fault. The final mycelium images in a 

stack (E ) could overlay mycelium images immed iately be low them and thus block that 

view for thresholding. This would give a low estimate of endophyte biomass. 

Because of thi s, single sectional imaging was carri ed out. Fig 5.14 is an example of a 

single digitally enhanced confocal micrograph of a 1.3 µm section. 

Fig 5.14 Con focal micrograph of a single 1.3 ~tm section that was prepared using 
protocol 4-6M . Endophyte mycelium (A and B ) growing in the interce llular spaces 
or the ryegrass plant is shown along with the nucleus of a perennial rycgrass plant ce ll (C ). 

Each image was thresholded individua ll y using computer Draw/Fill software to remove 

obv ious fl aws. An example of these flaws can be seen, (C) in Fig 5.14. The individual 

endophyte vo lumes were then totall ed. The biomass for this section was estimated 

(Table 5.2). 
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Table 5.2 Estimation of biovolume 
of a single thresholded confocal 
section. 
Biomass 

A 
B 

Total 
C 

Volume (µm 3
) 

1880° 
580 
2460 

nucleus 
°Calculated using a Silicon Graphics Indy 
Computer using Image Space so ftware. 

A summary of the data for six thresholded sect ions is given in Table 5.3. 

For a complete summary of the results, see Appendix 16 

Table 5.3 Endophyte biovolume in perennial 
ryegrass leaf tissue3

• 

l.3µm Endophyte 
Sections Volume 

7 

8 

9 

10 

II 

12 

Total 

(µm3) 
308 

274 

243 

190 

181 

176 

1372 
Endophyte 2.7 % 

occupancy" 

Endophyte 
Length 

(µm) 
4.2 

4.0 

3.9 

3.6 

3.5 

3.5 

22.7 

"Summary of thresholded endophyte vo lumes estimated 
from 1.3 ~tm confoca l sections. T he complete print out 

of the data can be found in Appendix 4. 
"The vo lume of a confoca l sect ion is 190 x 200 x 
1.3 µrn = 49400 µ111 3. 

A ' percentage occupancy' can be calcul ated from these data and, providing a number 

of samples are taken , randomly, in a balanced way, from leaf and sheath tissue, a 

significant estimate of endophyte biomass can be obtained for a whole plant genotype. 
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Section 5.4 

Discussion 

The use of the confocal microscope to probe plant tissues such as the apical meristem in 

micron layers, image the sections and then to re-assemble the sections into a three 

dimensional picture that can be rotated on three planes for viewing has further 

highlighted the advantages of using confocal microscopy to examine specific plant 

tissues. This would have potential in work where it was a need to examine meristem 

development in relation to plant growth and development or the images used in 

conjunction with the contributing 1.3 µm sections to investigate endophyte colonisation 

of L. perenne ( Christensen et al., 200 I). 

The use of the confocal microscope to produce anaglyphs enables a three dimensional 

insight into the relationship between the endophyte and the host plants vascular and 

other tissues. These images are assembled without causing any mechanical damage to 

either the endophyte or its host. 

The central aim of this work was to use the confocal microscope to examine L. perenne 

sectional images, in conjunction with staining protocols that would specifically produce 

an endophyte fluorescence. This endophyte fluorescence was thresholded, using an on 

line Silicon Graphics Indy computer with Image Space Software, and an estimate of the 

biomass of N. lolii was determined. The relationship of endophyte biomass to specific 

ryegrass tissues and a measure of endophyte occupancy could then be made because the 

Image Space Soft ware was able to calculate endophyte biomass volume. The volume 

of each ryegrass confocal optical section was known so it was possible to calculate a 

percentage occupancy figure for the endophyte. 

This method was not as fast as other methods outlined in the Introduction such as the 

electron microscope method (Yong. et al., 200 I) and the quantitative PCR method 

(Panaccione et al., 200 I; Groppe & Boller, 1997) 

Further development is needed to speed up the process reported on here. To increase 

fungal fluorescence, differentiate fungal fluorescence from plant fluorescence and 

optimise the sampling of ryegrass, to more accurately reflect normal fungal 

distribution. 
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Appendix 1 

Extensive 
investigations. 

Selected L. 
perenne 
Simpson 

genotypes. ~ 
Carried out initial 
tests to establish 

water loss from pots. 

Researched solid state 
extraction methods 

available for extracting 
ABA, JA, 

SA and lAA from plant 
material. 

Experimental set up. 

Prepared experimental 
proposal. 

29/2/2000 
Potted 16 

genotypes into 
6 cm pots. 

Placed them in 
the glasshouse. 

Used the aniline 
blue to test all 
genotypes for 

endophyte content. 

Tested the 1/3 of required water 
replacement method for inducing 
drought stress in plants. 

Production of cold CA from JA. 
by reduction using sodium 
borohydride. This used to 
produce protonated material to be 
used as a tracer to gauge the 
effectiveness of the solid state 
extraction method. 

Production of cold protonated 
ABA by reduction using sodium 

borohydride. This used to 
produce protonated material to 
be used as a tracer to gauge the 
effectiveness of the solid state 

extraction method. 

Placed 6 cm 
plugs into 
18cm pots. 
Four plug 

genotypes per 
pot. 

Product verification 
using NMR. 

Made up S 
replicates of 8 

pots. 
4 to glasshouse, 

1 to growth 
room. 

Product verification 
using UV absorbancy 

and HPLC. 
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The calculation of the 
theoretical cpm from the 

supply of hot NaBH4_ 

_.. .. 

An experiment to test the C18 and 
DEAE extraction efficiency of ABA and 

JA by solid state extraction. 

First and second 
purification of tritiated 

ABAandCA. 

.. ... 
Testing the gravity 

system to elute plant 
extracts. 

An experiment to check that the ABA or JA extracted from plant tissue is not 
subsequently lost at the speed vac stage by volatilization. 

ABA and JA dipping 
experiment using 

endophyte free Lolium. 

A plant drought trial using 
the 6 series endophyte 

plants. 

Solid state 
extraction of 
ABAand JA. 

.. 
--,.. 

Speed vac 
extracted 
hormones. 

Using the vacuum 
bank system. 

ABA 
ELISA 
(Agdia 
Phytodetek) 

Purify 
Dr Clarke's 
antiserum. 

Testing various DEAE 
Sephadex sources. 

JAELISA. V 
ABAand JA % 

recovery 
calculations. 
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Dipping concentrations deduced 
from ELISA data. 

.. 
r 

Tiller 
numbers 

estimated. 

Replicate r-+ layout 
designed. 

Tiller samples 
freeze dried and 
ground up. 

Dipping r+ protocols 
decided. 

Prepare leaf and 
pseudostem samples 

to be used for lolitrem 
B, ergovaline and 
peramine analysis. 

C18 / DEAE Extraction of spiked 
leaf and pseudostem samples for 
HPLC-MS analysis for ABA, JA, 

.. .. 
SA and IAA. 

Drought 
protocol 
decided. 

_. 

r 
Carry out 
HPLC 
analysis of 
lolitrem B, 
peramine 
and 
ergovaline. 

Calculation of% 
recovery of plant 

hormones. 

Tiller number and 
fresh weight 

estimated for ABA 
dipping procedures. 

Tiller number and 
fresh weight 

estimated for JA 

dipping procedures. 

Relative water 
content 

calculations 
carried out. 

I 

Send data to 
Dave Barker at Ohio 
State University for 

statistical analysis. 

HPLC-MS analysis 
of hormones ( to 

do). 

.. 

.. 
r 

Final glasshouse and 
growth room 
experiment. 

I 
Harvesting tillers 

to give leaf and 
pseudostem samples. 

Conclusions about alkaloid 
levels from the results w.r.t 

drought, ABA and JA 
application. 

Correlation of plant 
hormones and alkaloids 

output. 
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Appendix 2 

Cold scaled-down sodium borohydride reaction 

(a) Dilution for ABA 

Add 10 mg of ABA to 100 µL of 100% ethanol and make up to I mL with 0.2 M NaHCO3 

buffer. 

Take 7 µL ____ 0.07 mg of ABA 

(b) Dilution for JA 

Add 13 µL of JA to 100 µL of 100% ethanol and make up to 1 mL with 0.2 M NaHCO3 

buffer. 

Take 7 µL ___ 0.09 mg of JA 

(c) Dilution for sodium borohydride 

Add 26.4 mg ofNaBH4 to I mL of 0.2 M NaHCO3 buffer ----- 26.4 mg/mL. 

Take 7 µL ____ 0.185 mg of sodium borohydride 

ABA 

JA 

(d) pH adjustment runs 

ABA 

BUFFER 
14 µL 

14 µL 

NaBH_. 
0.185 mg 

0.185 mg 

10.3 pH, needed 2 x 0.5 µL of 4 M HCI + 2 x 0.5 µL of2 M HCI 

JA 

10.45 pH, needed 2 x 0.5 µL of 4 M + I µL of2 M HCI 

HORMONE 
0.07 mg 

0.09 mg 

pH 3.18 

pH 3.5 

180 



Appendix 3 

(a) HPLC solvents for JA. 
SOLVENT A 

0.05% (v/v) Trifluoroacetic 
acid 

in MilliQ water 

SOLVENT B SOLVENTC 
0.05% (v/v) 100% methanol 

Trifluoroacetic acid 
in acetonitrile in 

MilliQ water 

Solvents used for HPLC analysis of JA at 269 nm. 

Time 

Initial 
7.0 
11.0 
16.0 
18.0 
28.0 
32.0 

Flow 
Rate 

mL/min 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 
1.0 

% % % % 
Solvent Solvent Solvent Solvent 

A B C D 
60.0 32.0 8.0 0.0 
45.0 47.0 8.0 0.0 
40.0 52.0 8.0 0.0 
20.0 72.0 8.0 0.0 
0.0 0.0 100.0 0.0 
0.0 0.0 100.0 0.0 

60.0 32.0 8.0 0.0 

(b) HPLC solvents for ABA. 

SOLVENT A SOLVENT B SOLVENTC SOLVENTD 
HPLC 
buffer 

pH 3.35 

Time 

Initial 
10.0 
16.0 
18.0 
25.0 
30.0 
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80% (v/v) 
methanol 

20%HPLC 
buffer 

80% (v/v) acetone 
20%HPLC 

buffer 

100% methano 1 

Solvent used for HPLC analysis of ABA at 269 nm. 

Flow % % % % 
Rate Solvent Solvent Solvent Solvent 

mL/min A B C D 
1.0 80.0 0.0 20.0 0.0 
1.0 45.0 0.0 47.0 8.0 
1.0 20.0 0.0 72.0 8.0 
1.0 0.0 0.0 0.0 100.0 
1.0 0.0 0.0 0.0 100.0 
1.0 80.0 0.0 20.0 0.0 



(c) UV absorbances of ABA, 1H ABA, JA and CA 

1.0 

0.8 

0.6 

I-· 

··J 
0.2j 
0.0-'---,---~,---~, _-----==;=, ~~-=., 

200 250 300 350 400 
W•vetongth (nm) 

200 250 300 350 400 
Wavelength (nm) 

< u 
. 
" .. 

1.0 

0.8 

0.6 

o.J 
200 300 400 500 

1.0 

0.1 

0.6 

... 
0.2 I 
•. .1 

200 300 400 !IOO 
Wavelength (nm) 
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Appendix 4 

Add 20 g of dry DEAE to 
200 mL of 40 mM 
ammonium acetate. Leave 
overnight. 

Decant off the surplus acetate 
and place in a separating 
funnel with glass wool plug. 
Drain. 

Cover with ammonium 
acetate and store at 4°C. 
DEAE can be stored for up to 
one month. 

Pre-condition with 10 
mL of 50% (v/v) 
methanol. 

~ 

Setting up a DEAE column. 

Next day add a further 500 
mL of ammonium acetate. 
Stir gently and bring to the 
boil. Cool to room 
temperature. 

For every 20 g DEAE wash in 1 L 
of 1 M ammonium formate. 

Add 5 to 10 mL of conditioned 
DEAE to a 20 mL syringe with 
filter paper beds. 

Re-heat, stir gently, then 
cooling. Do this twice 
more. 

Rinse with ammonium 
acetate until the washings 
are at a pH between 5 and 7. 

Just before use wash with 
ammonium acetate to 
confirm the pH is 5 to 7. 
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Appendix 5 

Protocol for the extraction of the plant hormones ABA, JA and IAA by solid state extraction. 
(Note: lg FW Loliumperenne has on average 20% dry weight. The rule for this extraction is lg FW per lOmL 80% methanol). 

Toa 45 mL 
centrifuge tube 
add 0.2 g 
lyophilised plant 
tissue. 

Shake H for 1 h 
at 4°C. 

Add 10 mL 
of 90% (v/v) 
methanol. 

Centrifuge at 

H 10 000 rpm 
(1593 g) 

for 30 min. 

Pass through a vacuum bank 

Add I0µLoftritiated 
hormone to give 10 000 

cpm. 

Draw off the 
supernatant Re- suspend 
immediately the pellet in 5 

and save. mL 80% (v/v) 
methanol. 

Calculate the final 

Extract 
overnight at 

20°C. 

Shake 
For I h. 

Add milli Q 
driven pre-conditioned Cl8 Sep PAK 

~ 
volume of water to 

~ 
water to give 50% 

to remove the chlorophyll bring the aliquot up to (v/v) 
xanthophylls and carotene pigments. 50% (v/v) methanol. methanol. 

Load the sample 
on to a 

preconditioned 
DEAE column. 

Wash through with 20 
mL 

50% (v/v) methanol. 

Wash through with 20 
mL40 mM 

ammonium acetate pH 
6.5. 

Centrifuge at H Comb;nethe 
10 000 rpm supernatant 

(1593 g) samples. 
for 30 min. 10mL+5mL. 
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Attach another 
pre-conditioned 

C18 column. 

Elute with 
20mL8% 

(v/v) formic 
acid. 
The 

hormones 
are now on 

Remove the 
C18. 

Neutralize by 
syringe flushing 
with 20 mL of 

water. 

Vortex and remove 
lO0µL and add to 

1 mL of scintillation 
fluid . 

Carry out 
scintillation 

counts. 

Dispense the remainder of the 
elutant into 4 x 1.5 eppendorf 

tubes. 

C18 pre-conditioning for chlorophyll, 
xanthophylls and carotene removal. 

Syringe through 20 mL of 100% methanol and 
dry with 3-4 syringe volumes of air. 

(a) Pass through 10 mL water. 
(b) Pass trough 10 mL of 80% methanol. 

Speed vac down the 
samples until around 

lOOµL of an oily 
brown fluid remains. 

Store samples at 
-18°C. 

C18 Pre-conditioning for the removal of 
hormones from the DEAE column. 

(1) Syringe through 20 mL of 100% methanol. 
(2) Dry with 2-3 syringe volumes of air. 
(3) Just before use. 

(a) Pass through 10 mL of water. 
(b) Pass through 10 mL 8% formic 

acid. 

Dry the C18 by 
syringing air 
through it. 

DEAE Pre-conditioning. 

Just before use 

Elute 
hormones 
slowly using 
SmL of80% 
methanol into 
a 14 mL Nunc 
tube. 

(a) Run through enough ammonium 
acetate until the elutant runs at pH 
6.5. 

(b) Pass through 10 mL of50% (v/v) 
methanol. 
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Appendix 6 

PBS buffer 
Stock 

at lOx/L 

80 gNaCI 
2gKCI 
11.5 g Na2HPO4}H2O 
2g KH2PO4 

Per Working 
200 mL Solution 

(mM) 

16 109 
0.4 0.05 
2.3 0.45 
0.4 0.03 

Add 6.5 g of sucrose and adjust pH to 7.2. 
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(I) 

(2) 

(3) 

(4) 

Appendix 7 187 
Purification of antiserum 

(The antiserum was in the first instance a gift from Dr Sean Clarke. Some was also kindly donated by Nigel Gapper.) 
It was prepared by injecting a New Zealand white rabbit with JA conjugated to the immunogen keyhole limpet haemocyanin (KLH-JA). 
The Ovalbumin-JA was stored in 50% glycerol at 4°C. The purification procedure was as follows. 

Add 

~ 1 mL of blood 
I serum to 9 mL of 

H20 and stir. 

Dialysis. 
Dialyse the re-suspension 
in half strength PBS 
for 48 hat 4°C slowly stirring and 
changing buffer every 10 h. 

Concentration. 
Wash through a 
Pall Filtron column I-+ 
with half strength PBS. 

Stabilize. 
By adding 0.2% sodium azide 
and 5 mg bovine serum albumin 
(BSA) 

Precipitate protein 
by the dropwise addition 
of 10 mL 
of saturated 

ammonium sulphate. 

Collect 
Five to seven 2 mL 
fractions. 

.. 

• 

Spin down at 
3000 g for 15 min. 

Concentration Determination. 
OD 1.4 at 280 nm = I mg/mL 

using quartz cuvettes. 

Re-suspend 
pellet in half 
strength PBS 

buffer. 



Appendix 8 
Protocol for JA ELISA ( as per Clarke 1996) 

(1) 

(2) 

(3) 

(4) 

(5) 

Dilute OV A-JA 
l : l 000 with coating 
buffer. 

Wash plates five 
times with PBST 
buffer in squirt bottle. 

Wash plates five 
times with 

PBST 
buffer. 

Wash five times 
with PBST 
buffer. 

Measure absorbance 

-. 

... 

using ELISA microplate 
reader at 405 nm. 

PBS Buffer. 
8 mM Na2HPO4 
0.14 M NaCl 
1.4 mM K2H2PO4 
2.6 mMKCI 
0. 1 % Thimerosol 

... ,. Add 150 µL to 
each ELISA well. 

Add 50 µL samples of 
(i) 0.001 to 100 nmol of 
JA. Standard curve. 
(ii) Plant extract. 
(diluted in ELISA buffer. ) 

... .,, Incubate for 24 h 
at 4°C. 

Add 50 ~tL of 
1:500 anti-JA lgG in 
ELISA buffer 
to each well. 

Incubate 
at room 
temperature 

for 18 h. 

Add 100 µL of 
anti-rabbit IgG alkaline phosphatase ~ 

Incubate 
at 37°C 
for I h . conjugate I :2000 with ELISA buffer to each well. 

Add 100 µL of 
0 .5 mg/mL 
made-up fresh 
nitrophenal phosphate 
in substrate buffer. 

E LISA Buffer. 
PBS buffer containing 
(i) 2% polyvinylpyrrolidone. 
(binds large phenols and tannins). 
(ii) 0.2% (v/v) bovine serum 
albumin (keeps the protein active 
and stable). 
(iii) 0.0 1% Tween20 (detergent). 

... 
Incubate at room 
temperature for I h. .... 

Coating Buffer. 
15 mM Na2CO3 
35 mM NaHCO3 

0. 1 % Thimerosol 
pH9.6 

Make fresh 

Substrate Buffer. 
0.92 M Diethanolamine. 
pH 9.8 (HCI adjustment ) 

PBST Buffer 
(PBSTweeo20) 
0.0 1%(v/v) 
Tween20 
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Appendix 9 

From the original crude reduction product, 1 µL was placed in 1 mL of 80% (v/v) 

methanol. From this, 100 µL was used to obtain an input count of 1 372 717 200 cpm. 

Much of these counts were radioactive water. A further 100 µL sample was applied to a 

C18 column for purification (Section 2.8.1) and two 1 mL aliquots were obtained. From 

each of these aliquot samples, 100 µL was taken and combined with scintillation fluid 

and a scintillation reading of each was obtained. The first aliquot off the C18 column 

gave a reading of 8 152 592 x 10 = 81 525 920 cpm. The second aliquot gave a reading 

of 4 296 396 x 10 = 42 63 960 cpm. As a percentage of the input, this gave a 9.1 % 

recovery. (Aliquot 1 + aliquot 2 I input counts.) 

Appendix 10 

Table of SAS commands 
The GLM Procedure. 

Class Level Information for 80 Observations. 

proc 
print; 

proc glm; 
class part block rep trt; 
model evaline lolitrem peramine = block trt block*trt part 

part*trt; 
test H=trt 

E=block*trt; 
contrast 'water main effect' trt 1 1 1 1 -4 

/e=block*trt; 
contrast 'JA main effect (wet)' trt O O -1 1 0 

/e=block*trt; 
contrast 'ABA main effect (wet)' trt 1 0 0 -1 0 /e=block*trt; 

contrast 'JA by ABA interaction (wet)' trt 1 -1 1 -1 
0/e=block*trt; 

lsmeans trtipart /e=block*trt stderr; 
means trtipart /e=block*trt; 
run; 
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Appendix 11 

A comparison between growth chamber data and greenhouse 
data with and without Replicate 1 

Rep Tissue Treatment Ergovaline Lolitrem B Peramine 
5 leaf JAW' 0.20 0.69 24.3 
4 leaf JAW 0.59 5.04 80.6 
3 leaf JAW 0.94 5.06 80.1 
2 leaf JAW 0.30 0.30 60.9 
1 leaf JAW 0.14 % 0.14 % 37.6 % 

Change Change Change 
Gro+Gho 0.43 7.96 2.25 -26.46 56.70 7.75 

Gho :.n -, -, - :2 -3J -:::.:; J ~ 34 3C 1 9 39 
Gho-Rep1 0 6' 23 r 3 4- -11 64 -3 s- 39 55 

5 leaf AW 0.24 0.63 32.8 
4 leaf AW 1.01 3.64 83.7 
3 leaf AW 1.21 5.98 70.7 
2 leaf AW 0.20 2.03 48.7 
1 leaf AW 0.17 4.70 33.4 

Gro+Gho 0.57 40.80 3.40 11 .20 53.86 2.36 
Gho ,, '.)) 1 - -.. ..J -J : J 3 c:. J 13 3 94 

Gho-Rep1 0 3' -. "" 1 """ 3 33 -: 0:2 5- -'.) r 90 , . -
5 leaf JA 0.28 1.23 68.8 
4 leaf JA 1.06 4.74 78.3 
3 leaf JA 1.10 5.15 80.7 
2 leaf JA 0.33 3.19 64.3 
1 leaf JA 0.26 4.34 31 .7 

Gro+Gho 0.61 50 .75 3.73 22.13 64 .76 23.07 
Gho ,.., --

.J ".), i 3-3 3: -5 ,- Jo 
Gho-Rep1 0 33 - - -..., J ") 4 36 1 ' 13 -4 43 40 62 

5 leaf W' 0.42 1.03 46.0 
4 leaf w 0.60 5.00 60.3 
3 leaf w 0.61 3.79 53.5 
2 leaf w 0.21 2.98 45.0 
1 leaf w 0.17 2.47 58.3 

Gro+Gho Control 0.40 3 05 52 .62 
Gho Control 0 4J ..J 5-3 54 28 

Gho-Rep1 Control 0 47 3 92 52 93 
5 Sheath JAW 0.61 2.77 30.0 
4 Sheath JAW 1.56 11 .22 82.7 
3 Sheath JAW 1.64 15.18 52.0 
2 Sheath JAW 1.05 11 .66 77.5 
1 Sheath JAW 0.70 18.80 54.2 

Gro+Gho 1 .11 4.71 11 .93 2.05 59.28 27.87 
Gho 1 24 I I 2 I 1 4 22 6 3J So 60 28 51 

Gho-Rep1 1.42 15 49 12 69 17 58 -o 73 44.26 
Sheath AW 0.69 2.45 35.7 
Sheath AW 1.95 13.24 79.9 
Sheath AW 2.39 12.80 58.6 
Sheath AW 0.84 8.60 60.6 
Sheath AW 0.49 9.38 34.6 

Gro+Gho 1.17 10.55 7.42 -36.52 53.88 16.22 
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G ho 1 42 27 42 11 : I - 1 - 32 58 43 12 74 
Gho-Rep1 1 73 40 76 11 55 - 01 66 37 35.35 

Sheath JA 1.08 7.22 65.0 
Sheath JA 2.41 12.90 74.7 
Sheath JA 1.49 13.97 61 .8 
Sheath JA 1.07 14.78 64.8 
Sheath JA 0.90 13.96 47.5 

Gro+Gho 1.21 13 .94 9.77 -16.36 62.76 35.38 
Gho 1 4" 31 91 13 90 4 45 62 20 20 02 

Gho-Rep1 1 66 35 05 13 38 23 5- 67 10 36 85 
Sheath w 0.86 5.19 24.5 
Sheath w 1.58 9.09 59.8 
Sheath w 1.21 9.39 35.2 
Sheath w 0.89 13.89 52.1 
Sheath w 0.77 20.87 60.2 

Gro+Gho Control 1 06 11 .69 46.36 
Gho Control 1 11 13 31 51 83 

Gho-Rep1 Control 1 23 10 - 9 49 03 
aWater-sufficient plants dipped every 2 days in JA/ABA solutions of increasing 
concentration. 
bWater-sufficient plants dipped every 2 days in ABA solutions of increasing 
concentration. 
cWater-sufficient plants dipped every 2 days in JA solutions of increasing 
concentration. 
dPlants kept in a water-sufficient condition without dipping (controls). 

Appendix 12 

A dehydration series using ethanol in a 1.5 mL Eppendorf tube 

Explant is in 1.5 mL PBS bathing solution. Remove 0.075 mL bathing solution, add 
0.075 mL ethanol (5% (v/v) ethanol). Remove 0.225 mL bathing solution, add 0.225 
mL ethanol ( 20% (v/v) ethanol). Remove 0.15 mL bathing solution, add 0.15 mL 
ethanol (30% (v/v) ethanol). Remove 0.3 mL bathing solution, add 0.3 mL ethanol 
( 50% (v/v) ethanol). Remove 0.375 mL bathing solution, add 0.375 mL ethanol (75% 
(v/v) ethanol).). Remove 0.375 mL bathing solution, add 0.375 mL ethanol (100% 
ethanol). 

Appendix 13 

Heathers clearing fluid for 
chlorophyll removal. 

Parts by 
Weight 

g/l00mL 
85% (v/v) Lactic 

acid 2 
Chloral hydrate 2 
Phenol crystals 2 
Clove oil 2 
Xylene (xylol) 2 

Note: Very toxic. Weigh out in a fume hood. 
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Appendix 14 

The threshold print out from the Image Space software from which the total volume of 
the endophyte Neotyphodium lolii occupies in the extra cellular tissue of Lolium 
[!_erenne is calculated. 
ID-Object Count : 

No Id Centre Volume =lml Radius =Im 
Tag (waxtst (!!mJ} b {f!m/ 

7 84 65,217,18 896 308.18 6 4.15827 

ID-Object Count: 
No Id Centre Volume =lml Radius =Im 

Tag (waxls) (µmJ) (µm) 
8 129 20,24,31 814 273.62 6 4.02734 

ID-Object Count : 
No Id Centre Volume =lml Radius =Im 

Tag (waxls) (µmJ) (µm) 
9 70 208,226, 19 724 243.37 6 3.87308 

ID-Object Count : 
No Id Centre Volume =lml Radius =Im 

Tag (waxls) (µmJ) (µm) 
10 34 194, 127,7 566 190.26 5 3.56793 

ID-Object Count: 
No Id Centre Volume =lml Radius =Im 

Tag (waxls) (µmJ) (µm) 
11 166 27,57,35 537 180.51 5 3.50592 

ID-Object Count : 
No Id Centre Volume =iml Radius =Im 

Tag (waxls) (µmJ) (µm) 
12 158 197,88,33 522 175.47 5 3.47297 

a A computer based estimate of the volume of the endophyte in waxels. 
b Volume of the endophyte image in µm3 of each individual confocal I .3µm section. 
c The total length in µm of the fluorescence images that were thresholded in each 
1.3 µm section image. 
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Appendix 15 Confocal experimental work. 

The researching of staining 
information on procedures to 

produce auto florescence in fungi 
when viewed by confocal 

microscopy was carried out. 

Six variations of protocol 4 were tried 
in an attempt to destroy plant cell 

walls while at the same time detecting 
the autofluoresce of the endophyte. 

Testing of four staining 
procedures that may have 

given good N. lo/ii 
auto florescence. 

Protocol 4/1. 

Protocol 4/2. 

[ Protocol 4/3 

[ Protocol 4/4 

Protocol 4/5. 

Protocol 4/6. 

KOH treatment M was 
selected. • KOH treatment, thresholded. • 

Protocol 1. 

Protocol 2. 

Protocol 3. 

Protocol 4. 

Protocol 4/6 was 
selected. The key 

~ elements in the selection 
were glutaraldehyde and 

boiling in KOH. 

Biomass was estimated. 

Protocol 4 
was selected. 
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A broad spectrum 
experiment was set up 

involving 
glutaraldehyde and 

KOH in various 
combinations. 
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