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Rhys Kelly PhD

Molecular and Physiological Aspects of Arbuscular 
Mycorrhizal Symbiosis with near-Isogenic White Clover:

A Gene Expression Study

White clover (Trifolium repens L.) is an important component of low input pasture 

systems and can form effective associations with both nitrogen-fixing Rhizobium and 

phosphate-scavenging arbuscular mycorrhizal fungi (AMF). Understanding the 

genetic control of plant-AM interactions will allow clover breeders to develop genetic 

markers for selection of phenotypes favourable to AM symbiosis.

Clover is normally an out-breeding species. Near-isogenic lines (NILs) developed 

from inbred lines of clover are ideal candidates for genetic studies since important 

agronomic traits are fixed. Four closely-related NILs provided plant material with 

contrasting phenotypes when inoculated with AMF Glomus mosseae. Seed-grown and 

clonal plants of these closely-related NILs were used to study gene expression 

associated with AM colonization and functioning. In order to relate plant phenotype 

responses specifically to changes in phosphorus availability, and ultimately to gene 

expression, a nutrient flowing culture system was developed in which nutrient 

application was constant and could be controlled. The only consistent phenotypic 

response discovered was a decrease in root production in response to AMF 

colonisation.

Differential display demonstrated differences in gene expression in both leaves and 

roots of clover with and without AMF. These genes were mainly down-regulated in 

AMF plants and three were identified from a range of NILs under varying P 

concentrations. More apparent differences in gene expression were found in roots than 

in leaves, and in low rather than high AMF colonising lines. In total, 45 sequences 

were identified and cloned; 30 from leaves and 15 from roots. Sixteen sequences had 

homology with known genes, including protochlorophyllide oxido reductase and 

leghaemoglobin. The majority corresponded to ESTs from model legumes and from 

studies such as colonisation with AMF or Rhizobium, and phosphate or nitrogen 

starvation experiments. Six sequences were not found on any database, indicating that 

these corresponded to undiscovered genes either expressed or suppressed in AM white 

clover.
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Chapter 1
A Review of the Study of Arbuscular 

Mycorrhizal Symbioses



A Review of the Study of Arbuscular 
Mycorrhizal Symbioses

1.1 Introduction

In order to understand arbuscular mycorrhizal fungi (AMF), the genetic basis for their 

symbioses and their role in sustainable agriculture it is necessary to understand the 

full nature of their involvement with plants. Section 1.1 will provide an introduction 

to AMF; their taxonomic and evolutionary origins, while section 1.2 examines the 

physiological and molecular mechanisms that govern the symbiosis. Sections 1.3 and 

1.4 discuss the exchange phosphate and carbon between plants and AMF and the 

extent to which these nutrients regulate or determine the nature of the symbiosis. 

Section 1.5 lists some of the genes and putative genes so far discovered, relevant to 

the symbiosis and what is known about the regulatory systems and physiological 

processes that determine their expression. Subsequent sections (1.6-1.9) look at some 

of the ways AMF benefit plants and the plant community and how these benefits may 

be utilised to improve agricultural cultivars.

1.1.1 Symbiotic fungi

There are four basic types of mycorrhizal fungi: Orchid, Ericoid, Ecto- and Endo- 

mycorrhizas. Orchid and Ericoid mycorrhizas both form symbiotic relationships with 

one exclusive taxonomic group (Orchidaceae and Ericales respectively). The ecto- 

and endomycorrhizas account for the broad majority of colonised land plants. They 

differ from one another in their phylogeny, infection patterns and the range of plants 

they infect (Brundett, 1996). The ectomycorrhizal fungi are either ascomycetes or



basidiomycetes. They pre-dominantly form relationships with woody angiosperms 

and gymnosperms, where they form a sheath around the root and extend their hyphae 

into the soil, thus improving the plant's access to soil nutrients, hi return they receive 

carbon compounds released by the plant, In endomycorrhizal fungi, by contrast the 

hyphae penetrate the cortex of the root and develop an internal intercellular hyphal 

network and mtracellular structures called arbuscules. These form an interface across 

which most of the nutrient exchange between plant and fungus is thought to take 

place.

In both ecto- and endomycorrhizas the external hyphal network has the same function: 

assimilating nutrients from the soil and colonising new plants. The hyphal network 

increases the root surface area, (thus increasing the general intake of nutrients) and 

can access parts of the soil which are inaccessible to plants. Mycorrhizas are also 

thought to be able to access soil-bound phosphate, rather than relying on the soluble 

forms.

The endomycorrhizas (including AMF), are by far the most common type of 

mycorrhizal fungi.

1.1.2 Evolutionary origins and taxonomy

AMF have fossil records dating back to the Silurian period (440-410 million years 

ago), and the presence of mycorrhizal hyphae and arbuscules has been reported in the 

preserved tissues of the first land-plants (Remy et al., 1994). The first documented 

land-plants are known to have had very primitive root systems, serving primarily as 

anchors. The Silurian soils were very low in nutrient content, so infection by early



AMF would have helped supplement their nutrient uptake (Baylis, 1972). This 

suggests that the development of the mycorrhizal symbiosis was a major determining 

factor that contributed to land colonisation by plants (Pirozynski and Malloch, 1975), 

and that plants and mycorrhizas subsequently evolved together (Pirozynski and Dalpe, 

1989), now 80% of all known land plants can form AM symbioses (Harley and Smith, 

1983).

The broad host range has been attributed millions of years of co-evolution. Since 

AMF are obligate symbionts natural selection favours low host specificity as this 

maximises the range of potential habitats. Benefits to the plant ensure that there is a 

selective pressure that favours plants forming AM symbiosis (Vanderplank, 1978). 

The ubiquitous incidence of the symbiosis across the plant kingdom has frustrated 

attempts to taxonomically link these plants. If anything the contrary appears to be 

true: taxonomic consistency in AM phenotype occurs only in predominantly non- 

mycorrhizal families (Smith and Reed, 1997).

AMF form a discrete group of closely related genera, all are derived from the order 

Glomales in the Zygomycete taxa. This order can be subdivided into the Glomineae 

and the Gigasporineae within which 6 genera have so far been identified and 

documented: Glomus, Sclerocystis, Acaulospora, Enthrospora (Glomineae), 

Gigaspora and Scutellospora (Gigasporineae) (Smith and Read, 1997). All AMF are 

aseptate, and form large asexual, multinucleate spores of 2-1000um diameter 

(Brundett, 1996). They are obligate symbionts, showing only limited growth and 

development in the absence of a plant host.



1.2 Mechanics and molecular processes governing colonisation 

1.2.1 Germination / Growth in soil

AMF spore germination occurs independently of the presence of plant roots. Once the 

fungal hyphae enter the root rhizosphere, they respond by changing their branching 

pattern: the hyphae form a fan type structure and grow towards the root (Giovannetti 

et al., 1996). What stimulates spore germination is not known, though root exudates 

clearly play an important role in this interaction (Gianinazzi-Pearson, 1996). In the 

absence of a root, hyphal growth ceases one to three weeks following germination 

(Smith and Read, 1997). In contrast; exudates from Brassicae roots (which do not 

form AM symbioses) inhibit spore germination (Giovannetti et al., 1993).

Flavonoids, released by roots are important signalling molecules for Rhizobium in 

colonising leguminous plants (Phillips and Tsai, 1992). Flavonoids may play a similar 

role in the initial recognition process between AMF and plants. Romero and Siqueira 

(1996) tested the effects of seven synthetic flavonoids on germination and hyphal 

development of Gigaspora gigantea. They found a broad range of responses; while 

spore germination was enhanced by low concentrations of formononetin and 

hesperetin, high concentrations caused inhibition as did the application of low 

concentrations of quercetin, biocyanin A and naringenin. Naringenin and 

formononetin also induced hyphal branching, whereas morin inhibited branching.

Becard et al. (1995) showed that AMF could colonise plants in the absence of 

flavonoids. Gigaspora margarita spores were able to colonise a flavonoid deficient 

maize mutant, and carrot hairy root culture (NMR screened and found to lack 

flavonoids) (Becard et al., 1995). In a parallel experiment, polyvinylpoly-pyrrolidine
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(PVPP), a flavonoid binding agent, added to the carrot hairy root culture, failed to 

prevent successful colonisation by AMF. Buee et al. (2000), using a semi-purified 

fraction of root exudates from carrot hairy root culture found that it induced hyphal 

branching in Gigaspora rosea and G. gigantean, though this fraction contained no 

flavonoids. Buee et al. (2000) proposed a "branching" factor, though it has not been 

characterised to date.

Thus evidence would appear to suggest that some flavonoids can stimulate 

germination and hyphal branching, but are not essential to root colonisation.

1.2.2 Chemoattractive signalling molecules

The stimulatory and chemoattractive roles of root exudates have been further 

demonstrated in vitro: concentrated root extract (from carrot) released near the hyphal 

tip of Gigaspora gigantean, induced fan-shaped branching similar to that observed 

when hyphae enter the rhizosphere (Nagahashi and Douds, 1999). The difference in 

branching patterns achieved by varying the root extract concentration was also 

consistent with the normal degree of branching observed at different distances from 

the root in vivo (Nagahashi and Doulds unpublished data reviewed by Becard et al, 

1997; Giovannetti et al., 1993, 1996). This finding indicates that fungal hyphae are 

sensitive to concentration gradients of root exudates.

A similar experiment comparing the effects of carrot root exudate to that of sugar-beet 

(a non-host plant) showed that the non-host root extract had no effect on the fungal 

hypha, proving that there must be some factors specific to host plants to which AM 

fungi respond (Nagahashi and Douds unpublished data reviewed by Becard et al.,



1997). Using membrane dialysis of root exudates (from Ocimum basilicuni), 

Giovanetti et al. (1996) established that the signalling molecules are smaller than 500 

Daltons.

1.2.3 Infection / Penetration

When the hyphal tip comes into contact with the root surface it swells and forms a 

wedge, known as an appressonum, between the surface epidermal cells (Fig 2). 

Recent evidence suggests that the epidermal cell wall itself is sufficient for surface 

attachment; Nagahashi and Douds (1997) demonstrated that mycorrhizal fungi attach 

to isolated cell wall fragments from the roots (as opposed to other tissues) of host 

plants, but not to any cell walls derived from non-host cells. This suggests that the 

fungi are responding to a signal in the root epidermal cell wall, expressed only in 

plants forming associations with AMF. The same experiment also showed that the 

hyphae formed appressona but did not penetrate the cell wall; appressorium formation 

requires intact epidermal cells. So far no signalling molecule has been discovered that 

could be responsible for initiating events leading to appressorium formation (Gadkar 

et al. 2001) or hyphal penetration. Penetration is accompanied by a thickening of 

adjacent cell walls (Gianinazzi-Pearson, 1996) and a narrowing of the hyphal tip, 

which proceeds to either penetrate the cell or else burrow in between the epidermal 

cells (Smith and Read, 1997 and Fig 2).

1.2.4 Colonisation of the cortex

Following penetration of the epidermis, the hypha proceeds to invade the root cortex 

(Fig 2). Some AMF species only grow in the intercellular spaces between the cortical 

cells (also called an 'Arum'-type infection) others form (Taris'-type) intracellular
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coils and spread from cell to cell (Smith and Read, 1997). In either case the invasion 

of the cortex is accompanied by the formation of intracellular arbuscules (see below) 

and intercellular vesicles which may act as storage organs for carbon compounds 

(Jakobsen, 1999).

One of the main barriers AMF have to overcome when colonising the root cortex is 

that of the plant immune system. The plant has a number of mechanisms in place to 

combat invading pathogenic fungi (Gadkar et al., 2001) including antifungal 

metabolites, antimicrobial phytoalexins and deposition of lignin (Ginaniazzi-Pearson 

1996). Salzer and Boiler, (2000) observed that such defence responses elicited 

through invasion by AMF are less vigorous than the response to pathogens and are 

sometimes completely absent (David et al., 1998). Clearly the defence response is 

sufficiently muted so as not to prevent colonisation by AMF. Whether this differential 

response is due to lower plant sensitivity to AMF (due to the presence or absence of 

specific elicitors on the fungal cell wall) or due to an active suppression of the plant's 

immune response is still under discussion (Salzer and Boiler, 2000; Shaul et al., 

1999).

1.2.5 Arbuscule formation and function

Arbuscules, so named because their intricately branched structure resembles that of a 

tree, form when the intercellular hyphal network is well established in the root cortex. 

This structure ensures a greater surface area of contact between the fungus and its host 

than is found anywhere else in the plant and is thought to be an important site for 

nutrient transfer between symbionts (Ezawa et al, 2002).
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Arbuscule formation begins with hyphal penetration of a cortical cell wall. However, 

the entering hypha does not break through the cell membrane. Instead the membrane, 

hereafter referred to as the peri-arbuscular membrane (PAM), invaginates to 

accommodate the developing arbuscule (Smith and Read, 1997). The hyphal tip 

subdivides several times to form the branching structure that is called the arbuscule. 

Between the arbuscular outer membrane and the PAM, is a space known as the 

interfacial matrix, whose structure and chemical composition is designed to facilitate 

and maximise nutrient transfer.

The subdivision of the arbuscular hyphae is accompanied by a successive thinning of 

the fungal cell wall from its original 500nm, to the finer, inner branches where it is 

present only as a non-fibrilated 50nm sheath (Bonfante-Fasolo et al., 1992). The PAM 

does not lay down a normal cell wall, there is a certain amount of cellulose deposition, 

this is reduced to such an extent that surrounding the thinner branches it is absent 

altogether. Cellulose and other cell wall components are still synthesised by the plant 

cell, but although it is deposited in the apoplast it does not form a structured rigid cell 

wall (Jeanmaire et al., 1985). The apoplast has been shown, by means of various 

antibodies and enzymes to constitute a matrix of fibrilar, non-polymerised cell-wall 

material of both plant and fungal origins (Smith and Smith, 1990; Bonfante-Fasolo et 

al., 1992).

The plant cell undergoes several structural changes to accommodate the arbuscule. 

The formation of the PAM is accompanied by a gradual decrease in size and 

fragmentation of the cell-vacuole and an increase in cell cytoplasmic and organelle 

content. The nucleus, increases in size, becomes more granular, and moves to the
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centre of the cell; increased staining and DNAase susceptibility were also noted. This 

has been taken as a sign of increased gene expression and is discussed in Balestrini et 

al. (1992) and Sgorbati et al. (1993).

One gene whose expression is greatly increased in maize arbuscular cells is the a- 

tubulin gene (Bonfante et al., 1996), which would facilitate the centralisation of the 

nucleus and the other cytosolic rearrangements.

1.2.6 Extraradical hyphae

The external hyphae begin to grow before the fungus is properly established in the 

root (Mosse and Hepper, 1975). Once invasion of the cortex occurs the remaining 

hyphae in the infection fan form an extensive hyphal network (Smith and Read, 

1997). The network has many functions: as well as assimilating nutrients, it acts as a 

further source of inoculum for the plant, forming several additional infection units up 

and down the root. The hyphae also infect other plants in the vicinity, giving rise to a 

large array of plants linked by a matrix of interconnecting hyphae. This has lead to 

speculation that the hyphal network facilitates the movement of nutrients between 

plants (Francis and Read, 1984). Such activity has been confirmed in ectomycorrizas 

(Simard et al., 1997) and is further discussed below (Section 1.4.5).

1.2.7 Spores

The mycorrhiza has two means of propagation: by vegetative extension of the external 

hyphae and by the formation of spores. It has not yet been established whether AMF 

spore formation conforms to any fixed pattern (Smith and Read, 1997), though Koske 

and Halvorson's work with annual plants (1981) has suggested that spore production
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may be seasonal, and coincides with the maturation of plant host (see also Giovanetti, 

1985; Saif, 1977). Spore formation occurs alongside an increase in the translocation 

of carbon into the extraradical hyphae (Sieverding et al, 1989), and is affected by 

changes in nitrogen levels, plant growth and light levels (Hayman, 1970).

In addition to the extraradical hyphae, spores may also be formed within the root. 

Strullu et al. (1991) have showed that the intercellular vesicles may also act as 

propagules, this is described in greater detail by Liu and Luo (1994) and Bierman and 

Linderman (1983).

1.3 Phosphate transport in AM plants - from soil to cell

The structure, behaviour and interaction with plants of the different genera and 

species of AMF have been studied since the 1950s (e.g. Mosse et al., 1953). However, 

it is only with the advance of molecular biology that the true nature of the symbiosis, 

and indeed proof of the symbiosis, could be demonstrated. The next two sections look 

at the functional relationship shared by the symbionts: the exchange of nutrients.

The best-documented benefit that the plant derives from the symbiosis is an increased 

intake of phosphate (P). The concentration of soil P greatly influences the nature of 

the relationship between plant and AMF and the extent of root colonisation (Ezawa et 

al 2002, Hall et al. 1977). Radio-labelled or "heavy" P has been used to demonstrate 

the uptake of nutrients from the soil by the extraradical hyphae, their movement into 

the intraradical hyphae and finally into plant cells (Jakobsen 1999). Studies have
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focused on determining the mechanisms that govern AMF absorption of soil P and its 

transfer to the host plant.

1.3.1 Phosphate in the Soil

Only 1% of soil P occurs in a soluble form (Bolan, 1991). The majority of soil P is 

bound up in the soil particles. Such processes of solubilisation of P as do occur 

(affected by soil pH) are counter-balanced by P fixation by soil particles (Smith and 

Read, 1997). An AMF-colonised plant has two principal sites for the uptake of P from 

the soil:

1. The plant root

2. AMF-extra-radical hyphae

Once a root has become established in the soil, a depletion zone develops around it as 

the absorption of P exceeds the slow diffusion of P through into the area adjacent to 

the root (Nye and Tinker 1997).

Although similar depletion zones develop around hyphae, the hyphae are more energy 

(or carbon) efficient than roots (Tinker et al., 1975), and can hence grow faster, so P 

depletion affects them less than it would the plant. The extensive network of extra- 

radical hyphae also greatly increases the surface area for P absorption and can 

colonise soil not accessible to the plant. The smaller diameter of the hyphae allows 

them to penetrate smaller soil particles and pores.

Schweiger and Jakobsen (1999) showed that the routine influx of P into hyphae was 

greater than the maximum influx into roots by two orders of magnitude. This suggests 

that the hyphae possess P transporters with a higher P affinity than those on plant
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roots (Ezawa et al. 2002). AMF may also be able to access the insoluble forms of P 

not available to the plant (Smith and Read, 1997; Murdoch et al., 1967). Recent 

studies by Nikolaou et al. (2002) support this hypothesis: AM-plants grown in the 

presence of various insoluble forms of P, showed a higher level of root-colonisation 

(66-84%) compared with plants grown in the presence and absence of soluble P (25- 

27% and 37-38% colonisation respectively).

1.3.2 Uptake of P by hyphae

Minima (1999) showed that whereas soil P concentrations rarely exceed lOuM, in 

plants and fungi they approach lOmM. This concentration gradient would suggest an 

active method of transport for P from the soil. Also, inorganic phosphate (Pi) is 

negatively charged, and as it would have to cross a membrane with an internal 

negative electric potential difference (Ayling et al., 2000) it can be assumed that 

uptake of Pi occurs in tandem with that of positively charged ions (Smith et al., 2001).

AM-plants1 uptake of P is exclusively in the form of Pi, and although Pi may be 

subsequently converted to organic P (Po), soil Po is inaccessible to AM-plants (Smith 

and Read, 1997). Though recent studies (Koide and Kabir, 2000) have shown that 

even in the absence of soil microorganisms, Glomus intraradices can hydrolise 

various forms of Po, the resultant Pi is then available to be absorbed by the hypha.

H+-ATPase activity has been shown on the outer membranes of the extraradical 

hyphae (Ginaninazzi-Pearson 199la), which suggests a H+/Pi co-transport system. 

The HT-ATPase transporter is a membrane-bound adenosine triphosphate (ATP) 

driven proton (HT1") pump, similar transporters are found on the inner membrane of
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mitochondria where (used in reverse) the passage of H* ions is used to generate ATP. 

In the case of hyphal membranes these pumps would work in tandem with H+/Pi 

transporter, membrane proteins that transport one Pi molecule for every H+ ion.

H+ ions would be actively transported out, generating a high concentration of H+ in 

the surrounding soil and a potential difference across the membrane, the consequent 

influx of H+ ions driving Pi absorption. This process was demonstrated in G. 

margarita by Thomson et al. (1990). The uncoupling of the proton gradient with 

carbonyl m-chlorophenyl-hydrazone (CCCP), also inhibited Pi transport. A number of 

AMF H+-ATPase genes have since been isolated and cloned by Ferrol et al. (2002), 

and Harrison and Van Buuren (1995) have cloned an extraradical phosphate 

transporter (GvPT) from Glomus versiforme. Sensitivity to CCCP shows that GvPT 

has H+-ATPase activity.

1.3.3 Translocation of P in hyphae

Once in the hyphae, the Pi adds to the general pool of cytosolic Pi (Ezawa et al. 

2002). Cellular processes such as energy generation, nucleotide bio-synthesis and 

phosphorylation of sugars keep a constant Pi concentration. Any Pi taken up that 

exceeding the fungus' cellular needs is taken up into vacuoles, which are thought to 

transport the P into the intraradical hyphae (Ashford, 1998).

For transport in vacuoles, Pi can be converted to polyphosphate (polyP), which is a 

chain of P molecules bound together by phospho-di-ester bonds. PolyP was initially 

held to be the chief form in which P was transported in hyphae: cytoplasmic polyP 

clustered together to form large insoluble polyP granules and these granules were
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transported through the hyphae by cytoplasmic streaming (Cooper and Tinker, 1981). 

However in a recent study the structures assumed to be polyP granules were shown to 

be fixation artefacts; NMR spectroscopy showed no such granules (Orlovich and 

Ashford, 1993), only uniformly distributed polyP within the vacuoles. More recent 

revue articles (Smith and Read, 1997; Ezawa et al. 2002) still hold this to be the case.

Similarly, the common view that polyphosphate (polyP) is the form in which P is 

transported in the vacuoles, has recently been questioned. Solaiman et al. (1999) 

showed that polyP made up only 5.4 to 17.3% of the total P in the vacuoles of G. 

margarita. However Ezawa et al. (2001) have since found that in Glomus coronatum 

vacuolar polyP concentration varied depending on the amount of P supplied to the 

plant host. P starvation a week before harvest lead to an absence of polyP whereas 

feeding with 50uM Pi gave rise to vacuoles containing 50% polyP. Nevertheless this 

still demonstrates a higher proportion of P stored and transported as Pi. The transport 

of P occurs largely in vacuoles by diffusion down the concentration gradient (Smith 

and Read, 1997).

The mechanism for Pi uptake into the vacuoles is unclear. H+-ATPases are again 

thought to drive vacuolar polyP synthesis (Ezawa et al., 2001). This is confused by 

findings that equivalent systems in yeast have been shown to be insensitive to proton 

uncouplers (Kulakovskaya and Kulaev, 1997). However, it is possible that no energy 

is in fact required for this process, as long chain polyP is insoluble and its synthesis 

would keep vacuolar Pi concentrations low and facilitate an influx of Pi. This method 

of P storage and transport is well established in other organisms (Harold, 1966), and 

has already been proposed for ectomycorrhizas (Martin et al, 1985).

17



1.3.4 Transfer of P to plant

There is a lot of physiological evidence that suggests the arbuscule as the main site of 

P transfer to the plant. Dickson et al. (1999) calculated that the efflux of phosphate 

from arbuscules is between 3 and 15 nmol/m2/s, similar to the expected rate of uptake 

of cortical cells, but too high to be accounted for as normal efflux from a healthy 

fungus (Ezawa et al, 2002). The mechanisms governing the transfer of P from 

arbuscule to plant are only partially known, though two factors are thought to be 

crucial:

1. A net hydrolysis of polyP into Pi (Cox et al., 1980; Smith et al, 2001).

2. A lack of H+-ATPase activity in the arbuscule (Gianinazzi-Pearson et al., 2000). 

As the formation of polyP is believed to be driven by FT^-ATPase activity, its 

hydrolysis in the absence of such activity makes sense. It has been speculated that as 

HT-ATPase activity is found on the surface of intercellular hyphae and vacuoles, that 

in the arbuscules H+-ATPase is either inhibited or down-regulated (Ezawa et al, 

2002). The absence of H+-ATPase activity on the outer membrane is further supported 

by findings that the phosphate transporter GvPT (Harrison and van Buuren, 1995) is 

not expressed here either. This would indicate that it is the high cytosolic Pi 

concentration that facilitates the efflux of Pi from the arbuscule, down the 

concentration gradient, into the appoplast, and the absence of any P transporters (H+- 

driven or otherwise) prevents their re-absorption. Dunlop (1999) proposed that Pi-ion 

channels on the PAM facilitate this efflux.

The high tT-ATPase activity of the peri-arbuscular membrane (PAM) is well 

documented (Gianinazzi-Pearson et al, 199la and 2000). The H+-ATPase pump 

might generate the proton motive force necessary to allow Pi exported from the
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arbuscule into the apoplast to cross the high concentration gradient and be taken up 

into the plant cell (Smith and Smith 1990). Additionally the drop in pH that such a 

proton pump would cause might explain the lack of any stable cell wall in the 

apoplast (Smith and Smith 1990) as it would activate lytic enzymes (Navi et al, 1986) 

and break acid-labile bonds in the cell wall (Rayle and Cleland, 1992) (see Section 

7.2.5).

1.4 Carbon transport in the AM symbiosis

1.4.1 The carbon economy of AM plants

AMF are obligate symbionts, receiving their entire C supply from the host plant 

(Lewis, 1975). The increased C demands placed on the plant by its fungal partner, 

requires a substantial change in the plant's C production, storage and allocation 

(Douds et al., 2000). Experiments monitoring the movement of radio-labelled C in a 

variety of AM plants, have shown that the fungus takes between 4 to 20% of the C 

fixed by its host (experiments reviewed by Douds et al., 2000; Wright et al., 1998). In 

addition a split-root experiment in which half of the roots were infected with G. intra- 

radices and the other half were uninfected, showed that proportionally 6 to 7.8% more 

carbon was allocated to the colonised roots (Douds et al., 1988)

As most plants are autotrophic the increased carbon demands can be met by an 

increase in photosynthesis. Colonisation by AMF has been shown to increase the rate 

of photosynthesis and leaf growth (Louche-Tessandier et al, 1999). Wright et al. 

(1998) attributed this to the C drain of AMF. It has also been shown that at low light 

levels, AM plants become growth impaired (Buwalda and Goh, 1982; Smith et al,
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1986) and fare less well than uncolonised plants and that colonisation declines in 

plants that are both light and P limited (Reinhard et al., 1994).

Black et al, (2000) suggested that AM plant's increased access to P and other 

nutrients gives the plant greater resources for photosynthesis. Earlier work by 

Eisenstat et al. (1993) showed that the levels of P that plants can access affects growth 

and levels of colonisation of a plant. At lower levels of P, AMF-facilitated uptake 

gave AM-plants an advantage, giving an increase in growth. However, as P-levels 

increased and the plant became less reliant on its symbiont, the plants showed less 

growth benefit, until at high P levels the plants showed a growth defect (Smith et al. 

1986).

Light levels and P nutrition are both important factors in the carbon economy of AM 

plants, which must be optimised in order for the plant to receive maximum benefit 

from the symbiosis.

1.4.2 Carbon translocation in the plant

In plants all C compounds are produced by photosynmetic CC>2 fixation, these carbon 

compounds are transported to the roots in the sieve elements of the phloem, in the 

form of simple sugars such as sucrose. As the mechanisms of C transport from leaf to 

root are well documented, research has focused on the route the carbon takes from 

phloem to AMF, the site(s) of C transfer and the form in which the C is transferred, 

utilised and stored by the fungus.
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AMF colonise the cortex; they do not penetrate the endodermis, where the phloem 

vessels are located (Blee and Anderson, 1998). Consequently the sugars must be 

transported into the cortex in order to be accessible to the AMF. Movement of C 

compounds into the cortex probably occurs via symplastic diffusion across 

plasmodesmata (Dick and ap Rees, 1975; Patrick, 1990). Though the arbuscules and 

intercellular hyphae are situated in the apoplast (the space between cells), apoplastic 

movement of C compounds is not possible as the casparian strip that separates the 

endodermis from the cortex prevents movement via this route (Peterson et al., 1993). 

The symplastic movement of solutes into and out of the endodermis has been 

demonstrated using a dye, introduced into the phloem. The presence of the dye 

outside of the phloem decreased with distance from the root tip as the re-enforcement 

of the casparian strip increased, thus demonstrating the retentive nature of the 

casparian strip (Duckett et al., 1994; Opark et al, 1995).

1.4.3 The site of C transfer

More recently molecular techniques such as in situ hybridisation, have helped 

determine the site of C transfer and the enzymes involved in the process. Blee and 

Anderson (2002) found increased expression of sucrose hydrolysis genes such as 

sucrose synthase and invertase in arbuscular cells but expression remained low in 

surrounding cortical cells. Whether this event occurs to cover the increased metabolic 

demands of the arbuscular cell, to maintain osmotic levels in a cell with an already 

very high solute flow rate, or to export sucrose to the symbiont is not known. An 

increase of the expression of a hexose transporter gene mtstl (responsible for 

transporting glucose and fructose), was discovered in the arbuscular cell as well as in 

the neighbouring cortical cells (Harrison, 1996).
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There are two possible sites for C transfer to the fungus, the arbuscules and the 

intercellular hyphae. Circumstantial evidence suggests the intercellular hyphae are 

also involved in plant C transfer. Intercellular hyphae remain alive throughout the 

entire symbiosis (Tisserant et al., 1993), whereas arbuscules have a fairly limited life- 

span and decrease in frequency as the plant ages (Bonfante-Fasolo, 1984). Mosse and 

Hepper (1975) also observed that extraradical hyphae began to grow as soon as the 

colonisation of the cortex began, before the formation of arbuscules.

Intercellular hyphae have been shown to have active tT^-ATPase activity; the resultant 

proton-motive force could drive a proton/sugar co-transport system, though such a 

link has not been proven (Smith et al., 2001). Whether or not the arbuscules are also 

capable of absorbing sugars from the plant is not known (Douds et al., 2000). The 

positioning of H^-ATPases on the PAM rather than on the arbuscular membrane 

(Gianinazzi-Pearson et al., 199la) would indicate only one-way movement from the 

arbuscule to the cortical cell (such as is required for P uptake). However the high 

surface area of the arbuscules would make it the most logical site for preferred 

absorption (Smith and Smith, 1997), and as the precise mechanisms of uptake are still 

uncertain, the debate is still open (Douds et al, 2000).

Much of the ground work regarding the movement of C compounds in AM plants was 

carried out by measuring the movement of radio-labelled C. Pearson and Jakobsen 

(1993) sealed the leaves of a cucumber plant in air-tight plastic bags and added 14C- 

labelled CO2 . The 14C accumulation in the hyphal compartment was measured.
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Results showed a net movement of carbon from the plant to the fungus, with AM 

plants transferring 8.8 to 19% more C to the roots than non AM ones.

In a similar experiment, Smith and Smith (1996) showed an accumulation of 14C in 

the AM-vesicles, arbuscules and intercellular hyphae. This indicates that both 

arbuscules and hyphae can take up C-compounds, though the accumulation in the 

arbuscules could be due their higher rate of metabolism.

1.4.4 Carbon storage and transport in hyphae

Following their absorption into the fungus, C compounds may be metabolised: 

histochemical studies have shown that the intercellular hyphae possess many of the 

enzymes required for glycolysis and the Rrebs1 Cycle (Saito, 1995). Alternatively the 

hexose sugars may be converted into forms suitable for transport and storage. 

Labelled C has been used to determine the C compounds utilised by the AMF. The 

administration of 13C-glucose to an AM root gave rise to labelled fungal glycogen and 

trehalose, labelled sucrose was found only in the plant cells (Schachar-Hill et al., 

1995). This suggests that sucrose is broken down into hexoses prior to transfer. 

Trehalose (al-1 glucose disaccharide) is the most common soluble carbohydrate 

found in AMF (Amijee and Stribley, 1987). Its purpose is still unknown, though it 

may serve as a readily available energy source (Jakobsen 1998).

Becard et al. (1991) showed that 95 to 100% of fungal C was stored in the form of 

lipids; since then Bago et al. (2002) have shown that C is almost exclusively stored 

and transported in this form. Intercellular vesicles are thought to serve as C-storage
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organs (see Section 1.2. 7), the high concentration of lipid in these structures has been 

known since 1975 (Cox et al, 1980).

Electron microscopy has confirmed the presence of lipid bodies in the arbuscules, 

inter-cellular hyphae, spores and in germ tubes (Bonfante-Fasolo, 1984; Bonfante et 

al., 1994). 13C-labelling has shown that the lipids are synthesised in the intercellular 

hyphae and are then exported to the extraradical hyphae (Pfeffer et al., 1999) for 

storage, anabolism and spore formation.

1.4.5 Carbon transfer between plants

The mycorrhizal network may also serve as a means of transporting carbon 

compounds from one plant to another, this matter is still under review. Many believe 

that, as occurs with ectomycorrhizas (in which uptake of carbon has been 

demonstrated - Finlay and Read, 1986), plants benefit from transfer of carbon 

between plants (Simard et al, 1997; Wilkinson, 1998). Simard (1997) demonstrated 

that carbon accumulated particularly in plants that were shaded (and hence did not 

produce as many C compounds of their own). It must be noted that most of these 

experiments were carried out on plants connected by ectomycorrhizal fungi.

Fitter et al., (1998) conducted a number of experiments with AMF, maintaining that, 

in AM symbioses, the hyphal network connecting plants is used to transport C 

compounds between the plants, but that the plants have no direct access to this C. In 

one experiment two plants were grown in a single pot, separated by a hydrophobic 

gauze impenetrable to plant roots and solutes. One side was inoculated with AMF and 

allowed to grow until both plants were colonised.
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The plants were connected only by their common fungal symbiont. Labelled carbon 

dioxide (13CC>2) was given to one of the plants, and both plants were assessed for the 

accumulation of 13C (Fitter et al, 1998). Both plants were found to contain 13 C, thus 

demonstrating the movement of carbon across the barrier to the other plant by means 

of the common AM fungal symbiont. However it was found that 13C had accumulated 

only in roots and not in shoots of the neighbouring plant.

Fitter et al. (1998) concluded from their findings that although the AM network does 

move carbon from one plant to another, this does not benefit the plants. The carbon is 

merely stored in AM structures in the roots, inaccessible to the plants.

1.5 Gene expression in AMF and host plants

This thesis focuses on the identification and characterisation of genes involved in 

plant AM symbiosis, and how these genes relate to other discoveries in the field. This 

section reviews some of the more recent advances in our understanding of the genetic 

nature of the symbiosis and how an understanding of other plant symbioses can 

provide a greater understanding AM symbiosis.

1.5.1 Genes involved in AM and SNF symbioses

Symbiotic nitrogen-fixing (SNF) and AM symbioses share several common genetic 

pathways. Many of the root exudates that stimulate colonisation by Rhizobium (such 

as Flavonoids) are thought to be important in the early stages of AM symbiosis, hi
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SNF symbiosis, flavonoids induce expression of Rhizobium nod (nodulation) genes, 

responsible for the synthesis of Nod factor (Hirsh and Kapulnik, 1998). When 

released this factor causes root hair deformation that facilitates rhizobial attachment. 

The root hair then curls and an infection thread is formed, further Nod factors induce 

cellular divisions in the root cortex which facilitates rizobial invasion and the 

formation of nodules. Although AMF produce no Nod factors, inducers of early Nod 

factors are also important in the early stages of AM symbiosis.

These common pathways were first identified by Due et al. (1989) in pea, who found 

Nod" mutants often also present a Myc" phenotype. This has led to studies on known 

mutants and the isolation of a number of genes expressed in common between SNF 

and AM symbioses.

Early nodulin genes (ENODs) in particular were shown to be expressed during the 

initial stages of AMF infection, including: MsENOD2, MsENOD40 expressed during 

in Medicago sativa. MsENOD40 was expressed in the cells containing immature 

arbuscules, MsENOD2 in cells with mature arbuscules, both genes are activated by 

cytokinins (van Rhijn et al., 1997). PsENOD12 and PsENODS, have been implicated 

as encoding cell-wall proteins in Pisum Sativum (Albrecht et al, 1998), MtENOD12 

was also found to be expressed within developing arbuscules in M. truncatula 

(Gianinazzi-Pearson, 1996).

In addition MtENODll has been shown to be expressed at all stages of AMF 

infection in all cells adjacent to the intercellular hyphae (Chabaud et al., 2002) and in 

cells containing developing arbuscules (Journet at al., 2001). This expression pattern
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is similar to that of Rhizobium, where it is localised to the cells adjacent to the 

infection thread, this has lead to the suggestion that ENOD11 has the function of 

modifying cell wall plasticity, to facilitate infection (Chabaud et al., 2002).

Of course it must be noted that these five ENOD genes were discovered in different 

plants and it is by no means certain that their use in AM symbioses is ubiquitous 

across the legume spectrum. For example in broad bean (viciafaba) a leghaemoglobin 

gene was found that was expressed during AM symbiosis, however VfENOD2 / 5 and 

12 (the vicia flavia homologues) were only expressed during nodule development 

(Frilling et al., 1997).

1.5.2 Phosphate transporter genes

The nutritional benefit to the plant is of great interest in agricultural research, hence 

there has been a large emphasis on phosphate transporters expressed by the fungus 

and its host plant. This research focuses on the extent to which the plant and fungal P 

transport systems cooperate with one another; whether plant P transporters are down- 

regulated by their symbiotic partners; and the role of P in the regulation of and 

benefits to the symbiosis.

Much work has been carried out on Mt4 (Burleigh and Harrison, 1997), a cDNA clone 

isolated from a differential screen, comparing gene expression in G. versiforme 

infected and uninfected Medicago truncatula plants. Although unidentified at present, 

one of the open-reading frames (ORFs) shows a strong homology with a tomato gene, 

which is induced by phosphate starvation. A number of other ORFs from that
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experiment showed homology with ENOD40 (Burleigh and Harrison, 1997) a gene 

involved in nodule development (van de Sande et al., 1996).

Further research into the Mt4 gene has shown that it is down-regulated by phosphate 

fertilisation as well as infection by G. versiforme, thereby strengthening speculation 

that its function was related to the acquisition of phosphate (Burleigh and Harrison, 

1999). Homologues to Mt4 were also found in Arabidopsis and Soy bean. By 

comparing Mt4 expression in wild Arabidopsis and a mutant incapable of loading 

inorganic phosphate into the xylem, it was demonstrated that the phosphate must be 

translocated to the leaf for the suppression of the Mt4-\ike gene to occur.

Other putative AMF-linked P transporter genes have been characterised in tomato, 

rice and potato (Ferrol et al., 2002; Paszkowski et al., 2002; Smith and Barker, 2002), 

many of which, like Mt4, are induced by P-starvation (Liu et al., 1998; Rosewarne et 

al., 1999). In M. truncatula Liu et al. (1998) discovered two P-transporters, MtPTl 

and 2 that were down regulated when the plant was infected with G. versiforme. 

Northern blot analysis showed that the expression of these genes also decreased in 

response to an increase in P levels.

Similar studies in tomato lead to the cloning of LePTl (a homologue of MtPTl, Liu et 

al, 1998) a P-starvation inducible P-transporter expressed at low levels during 

mycorrhization, and up-regulated in non-AM P starved plants (Rosewarne et al., 

1999). In situ hybridisation showed that LePTl was expressed in epidermal cells 

(Daram et al., 1998) and in phloem cells (Rosewarne et al., 1999), and that expression 

increased in P-limiting conditions. However though LePTl expression was
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proportionally lower in AM-plants, its expression was localised to cortical cells 

containing arbuscules. Rosewarne et al. (1999) hypothesised that LePTl was one of 

the transporters involved in absorbing P across the PAM.

Whether the down regulation of these P transporters occurs in response to the increase 

in P that accompanies AMF infections or whether the AMF itself produces some 

factor that decreases P-transporter expression is not known. All these P-transporters 

appear to be proton coupled (Liu et al., 1998), and share a highly conserved sequence 

homology with one another (Rosewarne et al., 1999). Hence it is likely that as more 

of these genes are discovered it will become easier to use RT-PCR and in situ 

hybridisation to discover equivalent homologues in other plants.

1.5.3 Metabolic and defence related genes

The invasion by any foreign organism is often met by a change in the availability of 

root C (Herbers et al., 1996). Thus some of the genes governing metabolism and the C 

economy of the root may be subject to regulation by a cascade of defence related 

genes.

It has been suggested by Blee and Anderson (1998) that the increased movement of 

hexose compounds to arbusculated cells (described above) is part of the plant defence 

mechanism. The production of phenylalanine ammonia lyase and chalcone synthase 

(both part of the plant's immune system) are indeed thought to be induced by hexoses 

(Harrison and Dixon, 1994). Though the majority of defence responses appear to 

occur in the arbuscular cell itself, the intercellular hyphae do not produce these
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responses, suggesting that the responses in the arbuscular cell are either resisted or 

else serve another function (Herbers et al., 1996).

One protein found to be expressed in the apoplast (between the arbuscule and the 

PAM) is the pathogenesis related (PR) group 1 protein. This is worthy of note as it is 

not found at the appressorium or in the epidermal cells adjacent to intracellular 

hyphae (Gianinazzi-Pearson et al., 1992). Whether the PR1 protein is there as a 

response to the infection or whether it has some sort of signalling function is not yet 

established.

The discovery of a hexose transporter Mtstl (Harrison, 1996), and the expression of 

sucrose synthase and invertase in arbuscular cells, cortical cells neighbouring 

intercellular hyphae and the interfacial appoplast (Blee and Anderson, 2002) has aided 

understanding of the movement of C from plant to fungus. This is discussed in greater 

detail in Section 1.4.

Another potential defence related gene is a class III chitinase gene: Mtchitinase 7/7-3, 

expressed in arbuscular cells (Bonanomi et al, 2001). Whether it is expressed as part 

of the cortical cell's defence reponse or as one of the genes involved in the 

solubilising of the fungal membrane in the interfacial apoplast is not known; the 

discovery of an equivalent cellulase gene in AMF would aid our understanding of this 

process.
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1.5.4 Genes expressed by AMF

So far there has been little progress in identifying any AMF genes, this is in part due 

to the difficulty in culturing AMF in the absence of their plant host. There have 

however been some successes. Harrison and van Buuren (1995) discovered a 

phosphate transporter, expressed on the external hyphae of G. versiforme, which they 

identified by cloning and transforming with a yeast mutant, unable to transport 

phosphate. In addition Harrier et al. (1998) isolated the 3-phosphoglycerate kinase 

(PGK) gene in G. mosseae, which was identified by high homology to other PGK 

genes.

More recently Ubalijoro et al. (2001) have isolated an AMF chitin synthase gene in 

the external hyphae G. intraradices. This was achieved by culturing the AMF in Ri-T- 

DNA transformed carrot roots, and sampling from a hyphal compartment, thus 

ensuring no contamination by plant DNA. This technique is invaluable for the 

isolation and study of AMF genes (J. Nielsen, personal communication). The study of 

genes on intraradical structures, remains limited due to the inability to generate a 

sufficiently large volume of intraradical hyphae, though the presence of intraradical 

phosphatase has been reported (Kojima et al., 1998).

31



Table 1: Some of the genes involved in AM symbiosis

Genes expressed by plants in response to AMF colonisation

Code (if known)
PR1
Mtchitinase III-3
StPT3
Mthal
OsPTll
LHA1/2&4
LePTl
pma2
pma4

?
?

Mtstl
LeNRTl;l/2;l
AGP
XTR

9

Description
Pathogenesis related genel

Chitinase gene (M. truncatula)
Pi transporter (potato)

Plasma membrane PI transporter
Pi transporter (rice)

P transporters (tomato)
P transporter

H+-ATPase gene

Sucrose Synthase
Soluble acid Invertase

Sugar transporter
Nitrate transporter (tomato root)
Putative arabinogalactan protein

Xyloglucanendotransglycosylase-related 
protein

Putative homologue of pi 10 subunit of 
initiation factor eIF3

Author
Gianinazzi-Pearson et al. , 1 992
Bonanomi et al. , 200 1
Smith and Barker,2002
Kraj inski et al. , 2002
Paszkowski et al, 2002
Ferrol era/., 2002
Rosewarne et al., 1999

Gianinazzi-Pearson et al, 2000

Blee and Anderson, 2002

Harrison, 1996
Hildebrandt et al. 2002

van Buuren et al, 1999

Genes suppressed in response to AMF colonisation

Code (if known)
MT4-like genes
MtPTl/2

Description
Phosphate-starvation-inducible gene
Phosphate-starvation-inducible P- 
transporters

Author
Burleigh and Harrison, 1997
Lmetal., 1998

Genes also involved in Rhizobium symbiosis

Code (if known)
MtENODll
PsENOD12
PsENODS
MsENOD40
MsENOD2
VfLb29
LjSYMRK
LJSYM4
Psamf

Description

Early nodulin gene

Atypical leghaemoglobin
Receptor-like kinase
Absent in Nod - / Myc2 mutants
Appressorium formation

Author
Journetef a/.,2001

Albrechtetal., 1998

VanRhijnefa/., 1997

Frilling etal, 1997
StrackeeZ<z/.,2002
Bonfante^a/., 2000
Rouselle*<3/.,2001

AMF genes

Code (if known)
GvPT

PGK
9

GmarMTl
9

Description
High affinity Pi-transporter on extra-radical 
hyphae
Phosphoglycerate kinase
Chitin synthase
Metallothionein like polypeptide
Intra-radical hyphal phosphatase

Author
Harrison and van Buuren, 1995

Harrier et al, 1998
Umbalijoroef a/., 2001
Lanfranco et al, 2002
Koiimaetal. 1998
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1.6 Mycorrhizal benefits to plants and environment

The first part of this review focused on the physiological and molecular nature of 

arbuscular mycorrhizal symbiosis, and the bi-directional transfer of nutrients between 

the symbionts. However, the benefit of AMF to the plant exceeds that of improved 

phosphate nutrition. Other ways in which the AMF benefits its host, its local 

environment and the plant community as a whole are presented in Section 1.6. 

Subsequent sections describe how an understanding of this symbiosis can be 

employed to promote biodiversity and improve low-input soil management systems.

1.6.1 Nutrition, drought tolerance and disease resistance

hi addition to the improved phosphate nutrition conferred on the plant by its fungal 

symbiont, AMF are also implicated in the acquisition of other nutrients in the soil 

(Marschner and Dell, 1994), such as zinc (Kothari et al., 1991); copper (Li at al., 

1991b); potassium (Bethlefalvay, 1989); calcium and sulphate (Rhodes and 

Gerdeman, 1978) and various nitrogen compounds (Li et al., 1991a). AMF absorption 

is thought to account for 25% of a plant's Zn intake and 62% of Cu (Marschner and 

Dell, 1994), the process is thought to be independent to that of P uptake (Smith and 

Reed, 1997).

Another physiological benefit, which is of great importance to arid lands agriculture, 

is an AMF enhanced drought tolerance (Bethlenfalvay, 1992). Hardie and Leyton 

(1981) showed that AMF colonised plants wilted at a significantly lower soil water 

potential than uncolonised ones, Mosse and Hayman (1971) observed similar results 

in onions.
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The precise nature of this phenomenon can in part be explained as a side effect of the 

plants' P absorption; soils with a lower water content would contain less mobile P, 

AM plants would therefore have a selective advantage in these soils as they can 

access insoluble and soil-bound P (Murdoch et al, 1967; Nikolaou et al, 2002). It has 

however been suggested that in addition to improved P nutrition mycorrhizal hyphae 

can access water unavailable to the un-colonised root (Dakessian et al., 1986; 

Bethlanfalvay et al, 1988).

Among the problems associated with determining the cause of drought resistance is 

that of selecting suitable controls for such experiments (Pacovsky et al. 1986). 

Though water stress may occur independently of P deficiency in soil, P accessibility is 

linked to water availability. Consequently it is difficult to design experiments where 

the non-AM controls are limited in their water supply but still have access to a soluble 

P supply (Bethlenfalvay et al, 1988).

Improved disease resistance in AM plants varies with species of AMF, plant 

genotype, the type of pathogen and the environmental conditions (Azcon-Aguilar et 

al, 2002). In many cases this may merely be a consequence of an improved nutrition 

and increase in biomass though this is unlikely to account for all the disease control 

reported. Other hypotheses include the competition for infection sites, which would 

favour the already established AMF (Cordier et al, 1996), and AMF induced changes 

in root exudation that alter the physiology and micro-flora of the rhizosphere.
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Paradoxically plants' immune response to the mycorrhizal infection may help the 

plant repel pathogens. Though this hypothesis is contradicted by several studies (e.g. 

Harrison and Dixon, 1993; Volpin et a/., 1995) that have reported a muted defence 

response to AMF colonisation, these findings still indicate that the plant immune 

system is active. Such a sensitised system would be more resistant to pathogens than 

that of a non-colonised plant (Azcon-Aguilar et al, 2002).

1.6.2 Benefits to the plant community

Greater understanding of the hyphal network has brought with it the realisation that 

this benefit extends beyond the unit of one plant : one fungus symbiosis. The 

extensive mycorrhizal network is essential to the establishment and maintenance of 

any plant ecosystem and the promotion of biodiversity (referred to as the Wood Wide 

Web: Nature; Volume 388, August 7, 1997). The hyphal network solubilises and 

releases nutrients locked in the soil (Murdoch et al., 1967; and Section 1.3), thus 

providing nutrition for their host plants but also enriching the soil in the process.

AMF also play an important role in soil structure (Miller and Jastrow, 1992). Soil is 

made up of a series of different sized soil fragments known collectively as aggregates 

(Edwards and Bremner, 1967), bound together by organic compounds, micro 

organisms or fungal hyphae (Tsidall and Oades, 1982). The smallest of these particles 

are called microaggregates, in temperate soils these consist of and clay and silt 

particles held together by a variety of inorganic and organic binding agents (Tsidall, 

1994). On a higher level of organisation the hyphal network of AMF and other soil 

fungi provide a structural framework that binds microaggregates, and stabilises the 

soil by physical entanglement and by the secretion of polysaccharides and other such
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binding agents. In this way microaggregates are clustered together to form 

macroaggregates, which again can be further bound to form larger macroaggregates 

(Tsidall, 1994; Tsidall and Oades, 1982).

This hierarchical organisation of soil structure maximises the accumulation of organic 

compounds (Oades, 1994) and minimises erosion well as maintaining a fine balance 

between water retention and drainage (Miller and Jastrow, 1992). The ubiquitously 

present AMF with their extensive hyphal network and nutrient cycling are central to 

the achievement of healthy soil. The relationship between AMF and the soil is so 

fundamental that in ecological or agricultural studies one cannot consider the one 

without the other.

For example, with the present decline in the fortunes of small scale agriculture, many 

farmers are turning from arable farming to the re-creation of natural wild fields, parks 

or woodlands. However, fields that have been extensively tilled and managed for 

many generations are unlikely to be able to attain the desired bio-diversity without the 

appropriate mycorrhizal population in the soil (van der Heijden et al. 1998).

1.7 Use of AM-fungi in agriculture

1.7.1 High and low input agriculture

High input agricultural systems derive from conventional farming; the management 

model they use is largely economic, focusing chiefly on crop yield. AMF are of 

limited use in such systems as the conditions and practices are detrimental to the 

formation of healthy mycorrhizal associations (Atkinson et al, 2002).
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The application of high concentrations of fertiliser (particularly P) to the field may 

decrease the benefits the AMF give to the plant (Bethlenfalvay, 1992), while the 

additional carbon drain on the plant leads to a reduction of biomass (Smith et al. 

1986). Similarly application of fungicides may inversely affect the soil AMF 

population (Bethlenfalvay, 1992). Tillage of soil disrupts the hyphal network, greatly 

reducing levels of AMF colonisation and number of propagules in soil (Miller and 

Jastrow, 1992). Extended fallow periods and monoculture also adversely affect the 

AMF population (Tisdall and Oades, 1990) by restricting the variety of hosts 

normally present in soil.

This is less true in pasture systems, even in high-input grasslands the field is less 

intensely managed than in arable fields. The damage to the AMF population largely 

depends on the history of the field: in fields alternating between crop and pasture the 

AMF population of the soil is adversely affected. Bond and Harris (1964) found that 

after tillage, fields needed at least six years of pasture for their mycorrhizal population 

to recover. In fields used exclusively for grazing the soil had a higher AMF 

population and more stable macroaggregates (Tsidall and Oade, 1980). In pasture 

systems the field may still receive nutrient supplements but (particularly in grazing 

pastures) this is at a lower level than in arable fields.

Though in some cases the application of AMF can improve yield or improve disease 

resistance, in high-input systems most of the desired effects can be achieved by 

increasing levels of fertiliser and pesticide and changes in crop cycling (Tinker, 

2000). Simply inoculating high input fields with AMF would either have no effect or
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could conceivably lead to a decrease in yield. Naturally the yield is also important in 

low input fields, but it is here that the study of AMF is important. In the absence of 

added chemicals the AMF are likely to contribute more toward the acquisition of 

nutrients and bio-protection.

Low input systems are concerned with establishing good, environmentally friendly, 

practices that are more in tune with the biological and ecological cycles of the 

surrounding soils (Atkinson et al., 2002). In studies comparing high and low input 

fields it has been shown that the levels of root colonisation (Ryan et al., 1994), spore 

number and AMF biodiversity (Douds et al., 1993) were greater in low input fields 

than in higher ones (Atkinson et al., 2002).

Low input systems vary from integrated pest/crop management, which seek to 

optimise nutrient and pesticide levels, to low-input-organic farming that prohibits any 

application of chemicals (Atkinson and Watson, 2000). As AMF play an important 

role in the maintenance of soil structure and biodiversity, not to mention the benefits 

to the welfare and yield of crop plants, it is important to assess the impact of AMF on 

plant growth in of low input systems. Again, inoculating pasture systems with AMF is 

not always feasible as a means of improving crop, the indigenous AMF population 

would either out-compete or be out competed by any incorporated inoculum, thus 

upsetting the careful balance of the soil population and conceivably leading to a loss 

of crop. It is through breeding plants and studying their responses to the AMF 

occurring naturally in the ground that particularly beneficial AMF / plant partnerships 

may be found.
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1.7.2 AMF and plant breeding

In the past mycorrhizas have not been considered in arable breeding programmes. 

Plants are grown in the presence of high concentrations of added nutrients, thus 

selecting against the advantages AMF give to nutrient starved plants (Eason et al, 

2001). The application of high levels of P often causes a reduction in growth in AM 

plants (Smith et al., 1986; Eisenstatt et al., 1993), so strong AM-forming phenotypes 

are likely to be inadvertently selected against in breeding programmes that select for 

the fastest growing plants with the highest biomass. Hence the products of these 

breeding programmes often form less effective or even detrimental AM-symbiosis 

than common field-varieties (Manske, 1990). It is only recently that the importance of 

AMF in the field has been realised.

Agricultural breeding programmes aim is to improve the yield, reliability and quality 

of a number of significant grassland crops, whilst reducing input. For companies and 

the farming community these are the top priorities. If more environmentally friendly 

practices are to be established in agriculture then there is also a need to breed crops 

that are more responsive to environmentally friendly methods of farming.

Natural resistance to disease and pests and a lower dependency on fertilisers and 

added nutrients are also desirable traits, hence the interest in the plant's interactions 

with mycorrhizas. A healthy relationship with AMF can improve plants' growth and 

yield (Mark and Cassells, 1996), as well as decreasing its dependency on added 

nutrients and pesticides (Koide, 1991).
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1.8 White clover in grassland breeding programmes

Trifolium repens L is one of the most important pasture crops in the UK (Sparling and 

Tinker, 1978b), as a legume it has a higher nitrogen (N) content than grasses (Frame 

and Newbould, 1986) and is an important part of the diet of ruminants (particularly 

sheep and cattle). Grazing cattle have shown a preference for white clover (Cosgrove 

et al., 1995), which has a positive effect on the quality of meat obtained from cattle 

(Thomson, 1984).

White clover provides a more environmentally friendly method of improving the N 

content of a field, with less need for N fertiliser that can be toxic to cattle (particularly 

dairy cattle) at high levels of application (Clark and Harris, 1995). Although, white 

clover reduces the need for N fertilisation it has a high P requirement (Jackman and 

Mouat, 1972) so nutrient supplements are still required. Also high levels of white 

clover in pasture can cause cyanide poisoning (Clark and Harris, 1995) and a 

condition known as bloat in cattle (fatal build up of foam containing gasses that 

cannot be dispersed   Hart, 1987). Modern breeding programmes seek to address the 

above issues (Caradus et al., 1995b) the use of AMF may also help improve the P 

nutrition in white clover.

Intensive white clover breeding programmes began in the 1920s in the United 

Kingdom, Denmark, Sweden, Finland, Australia and New Zealand (Caradus et al. 

1995a). Of these countries New Zealand dominates the global market providing 50- 

55% of the world's clover seed (Mather et al., 1995), of which several cultivars 

(including Crusader, a medium leafed cultivar) are used as a standard and basis for
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comparison in the IGER breeding programme (NIAB - 2004/2005 Varieties of 

Grasses & Herbage Legumes). New Zealand's current breeding aims (Caradus et al, 

1995b) include: improving white clover's relationship with mycorrhizas, (in particular 

those forming relationships with the pasture grasses); improving its relationship with 

Rhizobium (Crush and Caradus, 1995); and reducing or eliminating bloat.

IGER's breeding programme has similar objectives with particular emphasis on 

natural and environmentally friendly methods of agriculture production (Dr. Mervyn 

Humphreys, IGER plant breeding - mission statement). For white clover the main 

priorities are improving persistency in the field; improved yield, seed production N- 

fixatlon and disease resistance; reducing bloat and increasing spring growth and 

winter hardiness (Michaelson-Yeates, personal communication).

At IGER the white clover breeding programme aims to breed for strong AM-forming 

phenotypes and to further elucidate the role of different levels of AMF colonisation in 

the field clover. Studies in wheat have shown that older cultivated varieties are more 

dependent on AMF than modern varieties (Hetrick et al., 1992). Eason et al. (2001) 

have looked at a wide range of white clover cultivars in order to study the correlation 

between genotype, AMF colonisation and field vigour. Eason et al. (2001) and this 

thesis has taken a twofold approach to study and improve AM symbiosis in white 

clover. Firstly by physically (Chapter 2) and physiologically (Chapter 3) comparing 

inbred clover lines with contrasting AM phenotypes in terms of their growth, 

colonisation and P absorption (Eason et a/.,2001), secondly by employing molecular 

genetic techniques in order to link phenotypic traits to differences in gene expression, 

and provide breeders with genetic markers for phenotypes favouring AM symbiosis.
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Host genotype is an important factor that can affect AMF symbiosis (Graham and 

Eissenstat, 1994). Even within the same species different plant genotypes can have 

different levels of colonisation with corresponding differences in growth response 

(Graham et al. 1991). Sparling and Tinker (1978a) have showed that plant species and 

genotypes that are less dependant on AMF also have lower levels of colonisation. 

Consequently some breeding programmes aim at promoting genotypes that are more 

susceptible to AMF colonisation (Manske, 1990), though this approach still requires 

knowledge of soil and environmental conditions (Graham and Eissenstat, 1994).

1.9 Inbred-lines and self fertility

Trifolium repens L is a tetraploid, possessing four copies of each chromosome, hence 

each gene has four alleles. As a tetraploid, out-breeding plant most field varieties of 

clover are highly heterozygous (Williams et al. 1987). It follows that breeding for and 

against desirable traits in white clover takes a larger number of generations to achieve 

the same results as with diploid plants, particularly if the trait is recessive or requires 

homozygosity. Given that several hundred genes are thought to be involved in AM 

symbiosis (Journet et al., 2002) the effectivity of the symbiosis is likely to vary from 

plant to plant due to variations in the gene pool.

In an outbreeding species inbreeding is usually accompanied by a marked reduction in 

germination, viability, vigour and fecundity (Eason et al. 2001). Self-incompatibility 

in white clover is genetically controlled by a large number of V alleles found at a
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single locus (Atwood, 1940). Though self fertilisation can be induced at higher 

temperatures the seed-yield is poor (Atwood et al., 1942a; Gibson and Chen, 1973). 

Atwood (1942b) discovered a rare self-fertility (si) allele that is inherited as a 

dominant gene so only one copy is required per plant to make that plant self-fertile. 

This has led to the establishment a series of inbred lines, uniquely available from 

IGER (Michaelson-Yeates, 1997).

Fifteen plants derived from E.G. Williams (University of Melbourne) carrying the sf 

allele were used to develop these inbred lines. The plants were self-fertilised and 

maintained through seven generations. These inbred lines maintained over seven 

generations allow the possibility to expose hidden recessive traits that could be 

beneficial to the plant (Michaelson-Yeates, 1997). hi addition the greater genotypic 

uniformity makes such plants suitable for comparative gene expression studies.

By the 5th generation of inbreeding only 4 of the original 15 lines still remained 

vigorous. This would suggest that these lines have a particularly favourable 

combination of genes, some specimens of which have already been introduced into 

out-door pasture systems to test their performance in the field (Michaelson-Yeates: 

personal communication) and shown less inbreeding depression than had been 

anticipated. These remaining lines are near isogenic lines (NILs), that is, within an 

individual line plants are thought to be nearly identical genetically.
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1.10 Aims and objectives

The objective of this thesis is to study the genetic basis for the molecular and 

physiological relationship between mycorrhizas and Trifolium repens L. To determine 

whether IGER's NILs are genetically similar enough that one can link a differentially 

expressed gene with a particular phenotypic trait with a high degree of confidence. 

The results will also give an indication of the degree of genetic homo logy achieved by 

inbreeding, and indicate the extent to which white clover needs to be inbred before 

achieving the desired degree of homology.

Results from ongoing studies (Eason et al. 2001) showed that the NILs had two 

contrasting AM-phenotypes. Of the four original plants descendants of two of them 

had low levels of AMF colonisation while descendants of the other two were heavily 

colonised. Chapter 2 examines differences in gene expression associated with the 

different genotypes and their effect on growth responses to colonisation. The chapter 

concludes by looking at changes in colonisation over time and associated gene 

expression.

The experiments in Chapter 3 include phosphate nutrition as a factor affecting AMF 

colonisation by looking at the effect on gene expression of different phosphate 

concentrations in mycorrhizal and non-mycorrhizal white clover. As phosphate 

nutrition is known to have a marked effect on AM plants in terms of their growth, 

biomass and colonisation (Reinhard et al., 1994), it provides a good physiological 

marker for the study of AM symbiosis related genes.
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To summarise, this thesis describes the identification of in-bred near isogenic lines of 

white clover with different AM tolerance. The use of these lines to study the genetic 

basis of AM symbiosis in white clover and the search for genetic markers to help 

plant-breeders detect strong AM phenotypes in these lines.
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Chapter 2
General Materials and Methods
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General Materials & Methods

2.1 General Materials

2.1.1 Plant material

All plants used in these experiments were IGER bred white clover (Trifolium Repens 

L.) near-isogenic lines (NILs), and were either seed grown, or derived from stolon 

cuttings. The material was originally derived from 15 self-compatible plants 

developed by E.G. Williams at the University of Melbourne. For further details on the 

origins of the inbred lines, see sections 1.9 and 3.1.1, Eason et al. (2001) and 

Michaelson-Yeates et al. (1997).

Seed-grown plants were germinated; three to a pot containing terragreen (section 

2.2.1), watered and covered with transparent plastic bags. The seedlings were watered 

with tap water as required. Following germination and establishment, the smallest two 

seedlings in each pot were removed and the pots were uncovered.

Clonal lines were established by taking 5cm stolon cuttings from the plant of interest, 

these were planted in 50ml pots containing terragreen where they were watered daily 

and fed the standard nutrient solution (section 2.2.2) as required until they had 

become established.

2.1.2 Mycorrhizal material

Inoculum for all the experiments was obtained from Biorize ltd. (France), G. mosseae 

BEG isolate 12 (La Banque European des Glomales) was used in every experiment. In 

addition, G. intraradices (Biorize) was used in Experiment 4, Chapter 3. The
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inoculum consisted of AMF infected root material and spores on a terragreen (section 

2.2.1) base and was mixed with the growth medium making up 5% of the volume of 

the pot for all the experiments. For non-AMF plants the 5% volume was made up with 

terragreen.

In addition an equivalent volume of mycorrhizal inoculum was washed with sterile, 

distilled water and the effluent filtered through Whatman® medium-fast 90mm filter 

paper. This filtrate was added to each of the non-AMF plants to ensure that, barring 

the presence AMF, the control plants otherwise had the same microbial population, as 

their mycorrhizal counterparts.

To test the efficacy of the inoculum Allium ameloprasum (leek) was infected and then 

assessed for infection on a monthly basis. In Experiments 2, 3, 4 and 6 the leek roots 

themselves were used as a source of AM inoculum. In these instances the leek was 

destructively harvested, the roots and terragreen chopped into 1cm3 pieces and mixed 

to ensure a uniform root density throughout the inoculum. Again the inoculum 

comprised 5% (v/v) of the total pot volume.

2.1.3 Rhizobium inoculum

All plants were inoculated with Rhizobium before their introduction into growth 

experiments. Five strains of Rhizobium trifolii (strains: 502, 505, 509, 511 and 515 

provided by IGER) were grown overnight in 30ml YM broth (work carried out by D. 

Alien) and used to inoculate 300ml of YM broth. The mixed culture was incubated for 

2h at 28°C and then centrifuged at 894.4g for 5min, the pellets were resuspended in
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40ml of reverse osmosis water. 1ml of the Rhizobium mix was added to each pot at 

the base of the plant's stem.

2.2 Cultural conditions 

2.2.1 Growth medium

The plants were all grown in terragreen (Agsorb, grade 8/16; Oil-Dri, Wisbech, UK), 

an inert, clay-based medium, which has previously been used in mycorrhizal growth 

experiments as it contains traces of phosphate which encourages AM colonisation. 

Before use, the terragreen was washed and sieved (1mm squares) in tap water, to 

remove the smaller particles.

Plants were all grown in 0.4 litre pots (Plantpak Ltd, UK), which rested in 15cm 

diameter saucers. Pot positions were randomly determined and altered every week. 

The plants were watered daily (by hand) to field capacity with tap water. When plants 

were flowering water was added to the saucers rather than poured on top.

2.2.2 Nutrients

A standard nutrient solution was provided for most of the plants, at 50ml each once a 

week. Final concentration in g/mg per litre:

KNO3 0.5 Ig H3BO3 2.86mg
Ca(NO3 )2 -4H2O 0.82g MnCl2-4H2O l.Slmg
MgSO4-7H2O 0.49g CuSO4-5H2O O.OSmg
FeNaEDTA IS.lmg ZnSO4-7H2O 0.22mg
KH2PO4 0.136g Na2MoO4-2H2O 0.13mg

For experiments designed to assess AMF benefits to plants, such as increased growth 

from absorption of phosphate, no phosphate was provided in the nutrient solution, hi 

such experiments the KH2PO4 was replaced with 74.6mg KC1.
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2.2.3 Growing environment

The plants in Experiments 1 (chapters 2 and 3) were grown in a glasshouse with 

supplementary lighting and heating over the period: August to October. The 

temperature was maintained between 15-20°C. The photoperiod was kept at 16 hours 

by use of artificial lighting (Philips SON-T AGRO 400W), the levels were maintained 

at a minimum of 200 mol m"2 s" 1 .

All of the other experiments were conducted in controlled environment rooms. The 

plants were grown in controlled conditions, illuminated (PAR=350umol m"2 s" 1 ) at 

15°C / 12°C day / night with a 16 hour photoperiod.

2.3 Assessments of plant growth

2.3.1 Destructive assessments of plant growth

Plants were removed from their pots, 2g leaf samples were flash-frozen in liquid 

nitrogen and stored for molecular analysis. The shoot was cut from the root and 

weighed. The roots were washed, dried between pieces of paper towel and weighed. 

Then 2g sub-samples were flash-frozen in liquid nitrogen and stored for molecular 

analysis. In addition Ig root samples were taken for mycorrhizal analysis (stored at 

4°C in 50% ethanol). See also section 2.16 for details of the harvests employed in 

Experiments 5 and 6.

2.3.2 Semi-destructive assessments of plant growth

In Experiment 1 (Chapter 3) shoot growth was assessed by cutting all stolons 

exceeding 5cm in length at 5cm, then drying them at 90°C to constant weight.
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2.3.3 Non-destructive assessments of plant growth

In Experiments 2 and 3 and all preliminary experiments (Eason personal 

communication) were assessed non-destructively by measuring the length of the 

longest stolon for each plant and multiplying that figure by the number of stolons that 

plant possessed. This provided a good approximation to plant size and allowed 

comparative estimates of growth to be made. For Experiments 5 and 6 see section 

2.16.

2.4. Assessment of mycorrhizal colonisation

2.4.1 Root cores

For non-destructive root sampling a simple root coring device was employed. This 

device consisting of a sharpened metallic tube 1cm in diameter and 15 cm long with 

two handles at the top end. This device was inserted into the pot using cork-screw-like 

rotations at approximately 45° to centre of the base of the plant so that it would 

accumulate a cross-section of root fragments (from the periphery, centre and bottom 

of the pot). The core was then withdrawn and the contents pushed into a beaker of 

reverse-osmosis water with a pencil. The terragreen granules were permitted to settle 

and then the root fragments were poured through a sieve, rinsed and stored in 50% 

ethanol (v/v) until use.

2.4.2 Root staining

Roots were rinsed with tap water and then autoclaved for 2min at 121°C in 2.5% 

aqueous KOH (BDH). Following this they were rinsed and left to soak over night in 

1% HC1 (BDH). The roots were stained in acidic glycerol (1M lactic acid) with 0.05% 

Trypan Blue (BDH), and autoclaved for 2 minutes at 121°C. They were allowed to de-
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stain at room temperature in acidic glycerol (without Trypan Blue) for ~30min. The 

stained roots were mounted on Superfrost glass slides (BDH) covered with Chance 

Propper Ltd cover slips and examined for AM colonisation using an Olympus light 

microscope.

2.4.3 Calculating percentage colonisation of roots by AM fungi

The slides were scanned, 100 random fields of view were examined, the percentage 

colonisation was calculated by counting the number of fields (out of a total 100) in 

which a colonised section of root crossed the vertical vertex.

2.5 Materials for molecular analysis

Unless otherwise stated, all consumables and solutions were sterilised by autoclaving 

15min at 121°C or by filtering onto a MiniSartPlus capsule containing a 0.2um 

porosity membrane (Sartorius AG, Goettingen, Germany).

2.5.1 Water

2.5.1.1 Sterile ultra pure water

The water used in this section was ultra-purified with the Maxima Ultra Pure 

Water system (ELGA Ltd., UK) and sterilised by autoclaving 15min at 121°C at 

15psi, thereafter stated as sterile ultra-pure water.

2.5.1.2 DEPC water

Diethyl pyrocarbonate (DEPC) was added: 1ml to 500ml of water. The solution was 

mixed vigorously and autoclaved at 121°C for 45min at 15psi.
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2.5.2 Electrophoresis Buffers

2.5.2.1 TAE (50x)

Tris base (Sigma) 242.Og

Glacial acetic acid (BDH) 5 7.1 ml

0.5M EDTA (pH 8.0) 100.0ml

Autoclaved at 12FC for 15min at 15psi

Diluted 1:50 in reverse osmosis water for Ix TAE

2.5.2.2 0.5M EDTA (pH 8.0)

Ethylenediaminetetraacetic acid 186.1g 

Sterile distilled water 800.0ml 

Sodium hydroxide pellets 20.0g 

Set pH to 8.0

2.5.2.3 TBE (lOx)

Tris base 108.0g 

Boric acid (Sigma) 55.0g 

EDTA 9.3g 

Dissolved in 11 reverse osmosis water 

Autoclaved at 121°C for 15min at 15psi

2.5.3 Centrifuges

All centrifugations of microfuge or Eppendorf tubes (up to 1.5ml volume) were 

carried out in an Eppendorf centrifuge 5414 D (Eppendorf-AG, UK) with the rotor 

F45-24-11 (Eppendorf AG, UK) for 2ml and 1.5ml tubes (73mm) and the rotor F45-
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36-8 (Eppendorf AG, UK) for 0.5 tubes. For centrifugation at 4°C and larger volume 

tubes a 5403 with equipped with the rotor 16F24-11 (Eppendorf AG, UK) for micro- 

centrifuge tubes (80mm) or the rotor 16F6-38 (Eppendorf AG, UK) an 80mm rotor.

2.5.4 Media

2.5.4.1 LB agar

5g Bacto yeast extract (Difco) 

lOg Bacto tryptone (Difco) 

SgNaCl

17g Agar(Sigma) 

500ml H2O

Autoclaved at 121°C for 15mins at 15psi 

Set pH to 7.5

2.5.4.2 LB broth

As LB Agar but without Agar

2.5.4.3 LacZ selection agar

400ul (20 mg/ml) X-gal* 

(119 mg/ml) IPTG*

mg/ml) Ampicillin* 

200ml LB Agar 

Set pH to 7.5 

* Melford Laboratories ltd.
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2.5.4.4 SOC medium

Bacto tryptone (Difco) 2.0g

Bacto yeast extract (Difco) 0.5g

IMNaCl 1.0ml

1M KC1 0.25ml

Dissolved in 97ml H2O

Set pH to 7.0

Autoclaved at 121°C for ISmins at 15psi

1ml 2M Mg2+ stock (1M MgCl2 -6H2O / 1M MgSO4-7H2O)

1ml 2M glucose (Last 2 items filter-sterilised)

2.5.4.5 YM Broth

3g Glucose (Sigma) 

1.5g Bacto peptone (Difco) 

0.9g Bacto malt extract (Difco) 

0.9g Bacto yeast extract (Difco) 

300ml H2O

Autoclaved at 121°C for ISrnins at 15psi 

Set pH to 7.0
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2.6. RNA analysis

2.6.1 RNA extraction

Leaves and roots were homogenised with pestle and mortar in liquid nitrogen, 0.2g of 

crushed sample were transferred to 2ml Eppendorf tubes and the tubes were placed in 

the liquid nitrogen to prevent thawing of the samples until required. The frozen 

samples were vortexed for 30s in the presence of 1.5ml Trizol® reagent (Invitrogen), 

and incubated at room temperature for 5min. The samples were centrifuged at 

I28794g at 4°C (the same conditions throughout unless otherwise stated) for lOmin 

and the supernatant was transferred to a fresh tube containing 400ul chloroform (BDH 

Chemicals ltd.), vortexed for 15s and centrifuged for 15min. The aqueous phase 

transferred to a new eppendorf tube and incubated in the presence 1ml isopropanol 

(BDH) for lOmin at room temperature followed by a lOmin centrifugation. The 

supernatant was discarded and the pellet was washed carefully in 1ml 70% (v/v) 

ethanol (BDH) and centrifuged for 5min 503 lOg, twice. The pellets were then air- 

dried for lOmin, and resuspended in DEPC water, lOOul for leaf samples and 50ul for 

roots. RNA samples were stored at -80°C. From the RNA samples lOfxl were retained 

for electrophoresis.

2.6.2 RNA Electrophoresis

Agarose gel (1.5%) was made up as follows: 1.5g agarose (Sigma-Aldrich®) was 

added to 100ml of TAB buffer (section 2.5.2.7), until melted and allowed to cool for 

2-3min. A gel cassette was prepared and a 15 or 20 tooth comb was inserted. Then 5ul 

of lOug/ml ethidium bromide (Sigma) was added to the cooled agarose, the agarose 

was poured into the cassette. When set the comb was removed and the gel was 

transferred to an electrophoresis tank (IGER), which was flooded with TAB buffer, so
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that the gel and the wells formed by the comb were submerged. The samples were 

added to the wells with 3ul loading buffer (40% sucrose, 0.25% bromophenol blue 

(Sigma)), they were run on a 1.5% agarose gel at 60V and viewed under ultraviolet 

light in a Multilmage  Light Cabinet (Alpha Immotech Corporation). The BioRad 

PowerPac 300 was used for all Agarose-gel-based electrophoresis, and the PowerPac 

3000 was used for PAGE-gel-based electrophoresis. The images were processed using 

the Alphalmager 1200 programme.

2.6.3 DNAse treatment

All RNA samples were treated with DNAse using the DNA-free  kit (Ambion®). 

Aliquots were taken from each RNA sample, the following reaction mix was made 

up:

50ul RNA 

5ul 1 Ox DNAse buffer 

lul DNAse

The samples were incubated at 37°C for 30min. Following this 5ul of DNAse 

inactivation reagent were added to each sample and mixed by vortexing. After 2h 

incubation at RT, the samples were centrifuged at 89440g, the supernatants were 

transferred to a fresh tube. The pellets were discarded.
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2.7 Differential display (DD)

The mRNA differential display process is covered by U.S. Patent 5,262,311 and 

pending patents licensed to the GenHunter corporation. DD analysis was carried out 

with the use of two kits: The RNAimage® (GenHunter) differential display kit 

(sections 2.7.1-2.7.2); and the Silver Sequence  silver staining kit (section 2.7.3). All 

reagents used were supplied with the kit (including water) unless otherwise stated.

2.7.1 Reverse transcription

From each mRNA 3 x 2jal samples were taken and 2\n\ of one of three anchor primers 

H-TnA, C or G was added to each, with the aim of creating 3 different cDNA 

populations differing in their starting base. Then a 15|il reaction mix was added and 

reverse transcription reaction was carried out in a Perkin Elmer 2400 GenAmp PCR 

System:

Reaction mix: 1.6ul250nMdNTP 

4.0ul 5x RT buffer 

9.4ul Sterile H2O

Reaction conditions: 94°C for 5min

37°C for Ih (1^1 MMLV Reverse transcriptase added after 10 mins)

75°C for 5min

Incubated at 4°C

Anchor primers 5'-AAGCTTTTTTTTTTT(A,C or G)-3'
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2.7.2 Polymerase chain reaction (PCR)

Following reverse transcription 2\i\ aliquots were taken from each cDNA sub- 

population, adding 2ul of the same 3' anchor primer as in the RT step and an (2ul) 

arbitrary 5' primer (one of 8 randomly generated lObp primers). Then 14ul of reaction 

mix was added to each sample and the PCR reaction was commenced (Perkin Elmer).

Reaction mix: 0.2ul Taq polymerase 

1.6ul25uMdNTP 

2.0ullOx PCR buffer 

10.2|il Sterile H2O

Reaction Conditions: 94°C for 30s

40°C for 2min 

72°C for 30s 

40 Cycles 

72°C for 5 mins 

Incubated at 4°C

Primers: H-AP25 5'-AAGCTTTCCTGGA-3' 

H-AP26 5'-AAGCTTGCCATGG-3' 

H-AP27 5'-AAGCTTCTGCTGG-3' 

H-AP28 5'-AAGCTTACGATGC-3' 

H-AP29 5'-AAGCTTACGAGCA-3' 

H-AP30 5'-AAGCTTCGTACGT-3'

2.7.3 Differential display gel

All reagents (unless otherwise noted) were from the Silver-Sequence silver-staining 

kit (Promega) and the apparatus were supplied by Bio-Rad.
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2.7.3.1 Setting up the plates

The gel apparatus consists of two plates: one glass plate to which the gel binds and 

one plastic rig plate which holds the - terminals for the power pack. The glass plate 

was treated with Bind Saline solution to ensure that the gel would bind to it. The 

solution consisted of 2ul of Bind Saline®, 50nl glacial acetic acid (BDH) and 950ul 

absolute ethanol (BDH). The solution was spread over the glass plate and allowed to 

dry for 5min, the plate was then buffed with blue roll (Kimberly-Clarke®). The Rig- 

plate was wiped down with Acrylase  (Strategene), to act as a gel repellent, allowed 

to dry for 5min and then buffed. To assemble, the glass plate was placed on the rig 

plate, separated by a pair of dividers and a well comb at the top end and the two plates 

fastened together by a couple of lengthways clips which also contained the + 

terminals for the power pack.

2.7.3.2 Casting the gel

Urea (67.56g) was suspended in 60ml 2.5x TBE buffer, and dissolved by heating in a 

microwave for 50s. The volume was made up to 133ml with water and 16.8ml 40% 

Acrylamide/Bis 19:1 (Biorad) were added. To set the gel 0.75ml 10% ammonium 

persulphate (Biorad) and 50 ul TEMED (Bio-Rad) were added. The solution was then 

transferred to a 50ml syringe, injected between the two plates and allowed to set 

overnight. Once the gel had set the comb was removed and re-inserted this time with 

the prongs facing inwards to form wells. The gel-cassette was then transferred to a 

trough, flooded with pre-warmed Ix TBE buffer, connected to a PowerPac 3000 

power pack (Bio-Rad) and pre-run at 100W for Ih.
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Loading dye (98% formamide (BDH), 10 mM EDTA, 0.01% w/v bromophenol blue 

(Sigma) and 0.01% w/v xylene cyanol (Sigma)) was added to each sample (ratio 2 : 

3.5) and 8ul aliquots were run out on a poly-acrylamide gel in 1800 ml of pre-warmed 

Ix TBE running buffer, at 100 W for 2h.

2.7.3.3 Staining the gel

Following the run, the gel-cassette was removed from the trough, the rig plate was 

removed and the glass plate, carrying the gel was fixed and then stained: The gel was 

washed in 10% acetic acid for 30 mins, and three times in sterile water (2min 

duration, each). The bands were visualised by washing the gel first in silver nitrate 

Staining Solution (see below) for 30 mins and then in cold sodium carbonate staining 

solution (below). The reaction was stopped when bands appeared using 1 litre of 10% 

acetic acid and then rinsing with water.

Silver nitrate solution: 2g silver nitrate

3ml 37% formaldehyde

2 litres reverse osmosis water

Na2CO3 solution: 60g Na2CO3

2 litres reverse osmosis water 

Incubated at 4"C O/N 

3ml 37% formaldehyde 

400^1 sodium Thiosulphate
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2.8 Analysis of the differential bands 

2.8.1 Re-amplification

The bands of interest were soaked in sterile ultra pure water and excised with a sharp 

razor, boiled in lOul sterile ultra pure water for 12min and placed on ice. The samples 

were spun down and the supernatant was removed and incubated at -20°C. Then 1 ul 

of 0.42U high fidelity Tag Polymerase (Roche) was added to a 3ul sub-sample 

together with a 6ul reaction mix including the same primer pair that originally 

amplified the band. During the amplification the Taq polymerase had added an extra 

A residue onto the 5' ends of the product, in order to facilitate its incorporation into a 

suitable vector (section 2.9).

The sample was run with 3ul loading dye, alongside a positive control (the original 

cDNA population from which the band was derived) on 1% agarose (0.5(ag/ml 

ethidium bromide) at 60V for 1 hour.

Reaction mix: 0.4ul lOmM dNTP 

0.6(il sterile H2O 

l.Oul lOx HiFi PCR Buffer 

2.0^1 Anchor primer H-TuG 

2.0ul Arbitrary primer H-AP26

PCR Conditions: 94°C for 30 sec 

40°C for 30 sec 

72°C for 2 mins 

40 Cycles 

72°C for 5 mins > Incubated at 4°C
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2.8.2 DNA extraction and purification

The bands were excised from the gel with a sharp razor and weighed and the DNA 

was extracted using QIAexII DNA purification kit (QIAGEN). The gel-slice was 

dissolved in QX1 dissolving buffer (lOOul/lOOmg gel) with lOul of QIAexII glass 

milk to bind the DNA. The sample was incubated at 50°C for lOmin with periodic 

vortexing. The solution was then centrifuged for 30s and the supernatant was 

discarded. The QIAexII matrix washed once with QX1 to remove any residual 

Agarose and twice with PE (wash) buffer. The resulting pellet was air dried for 

15min, and the DNA eluted at RT for 5min with 20ul of lOmM Tris pH8.5. The 

resulting mix was spun down for 30s and the eluted DNA solution transferred to a 

fresh tube and stored at -20°C.

2.8.3 DNA electrophoresis

As with RNA, just using 1% agarose (lg/100ml). (Section 2.6.2)

2.9 Cloning the amplified fragment 

2.9.1 Ligation

The differentially expressed fragment was cloned into a vector using pGEM®T Easy 

Vector kit (Promega). The pGEM®T Easy vector has overlapping T residues on its 3' 

ends complementary to the overlapping A residues on the insert (section 2.8.1). The 

vector carries an ampicillin resistance gene which enables transformed bacteria to 

survive on ampicillin rich growth medium. It also has a Lac Z gene spanning the 

insertion site, this has the advantage that any vector bearing an insert cannot 

synthesise p-galactosidase.
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Ligation mix: 7ul cDNA

1 nl lOx Ligation buffer

lul pGEM®T Easy vector plasmid

lulT4DNALigase

Incubated at 4°C overnight

2.9.2 Transformation

The transformation is a way of ensuring not only amplification of the insert but also 

that one is dealing with a single product. The amount of ligation mix added was low 

enough that on average, there was only one vector taken up by a bacterial cell and as 

each colony derives from one bacterial cell, that all vectors in that colony were all 

copies of a single plasmid. This differs from PCR-based amplification, which will 

amplify any products that primers bind. So 2\n\ of the mix were added to 50ul of 

JM109 competent cells (Promega), and incubated on ice for 20min.

The bacteria were transformed using a 42°C, 45s "heat-shock", following which, they 

were placed on ice for two minutes, before being added to 950ul of SOC medium and 

shaken at 37°C for 90 minutes. The cells were spun down and re-suspended in 200ul 

of SOC, this was split two ways and plated out on LB agar containing ampicillin 

IPTG (a LacZ inducer) and a X-Gal a substrate that stains blue when broken down by 

p-galactosidase. Only clones (bearing the vector) can survive in the presence of the 

ampicillin, and all colonies that contained a vector without an insert would stain blue 

as they had a fully functioning LacZ gene. So by picking the white colonies one can 

ensure one has a vector bearing the insert of interest.
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2.9.3 Harvesting clones using Wizard® plus S Fmini-prep kit (Promega)

White colonies were picked and re-streaked on fresh agar plates to ensure that these 

were single colonies and grown at 37°C. Then one colony was picked from each plate 

and grown up over night in 5ml LB (lOOug/ml Ampicillin) in a 37°C 

incubator/shaker. Then 3ml of each culture were removed, centrifuged at S9440g for 

5min and re-suspended in 250ul suspension buffer. Cells were lysed by incubation in 

250ul lysis buffer for 3-5min, followed by a further 5min in the presence of 

neutralisation buffer (lOul). The solutions were neutralised with 350^1 neutralising 

buffer. The lysate was spun at 175302g for lOmin, transferred to Wizard® plus SV 

spin columns and spun down for 1 minute at 155840g. The spin column was rinsed 

twice with column wash, and DNA was eluted in lOOul DNase free water.

2.9.4 Test restriction digest (Boehringer Mannheim GMBH. Germany)

Reaction Mix: 5ul DNA

2ull Ox Buffer H

1 1 \i\ ultra pure sterile water 

Incubated at 37°C O/N

Each sample (20 ul + 5ul loading dye) was run on 1% agarose at 60V for 3 h. 

2.10 Sequencing and database analysis

For each sample two sequencing reactions were prepared, with 5' and 3' primers 

respectively, the pGEM-T® Easy vector has two primer sites on either side of the
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insert: T7 and SP6, consequently T7 and SP6 primers were used for the sequencing 

reaction.

Template preparation: 8.8nl Template DNA (250-500ng)

3.2^1 primer Sp6 or T7 (1.6pmol)

The clones were sequenced on a central sequencing facility (ABI-3100 Genetic 

Analyser, Applera UK, Warrington, UK) based at IGER, Aberystwyth, according to 

the manufacturer's instructions.

The sequence was edited and analysed using GCG-Seqlab and Chromas sequencing 

software, potential open reading frames were identified and compared to the 

genEMBL sequence data-base using BLAST search in the following sub-groups: 

EMBL_PL - the plant database; EMBL_FUN - the fungal database; EST_PLN the 

plant EST database and EST_FUNG the fungal EST database. All database searches 

were run using GCG (version 10) Seqlab sequencing software or the BLAST engine 

on the NCBI web-site.

2.11 Primer design

Sequence specific primers were designed using the selected sequences.

The web based primer design programme PrimerS found at the following website:

http://www-genome.wi.mit.edu/cgi-bin/primer/primer3 www.cgi

Effectivity of the primers was determined using the Premier Biosoft International

primer calculator NetPrimer available at:

hrtp ://www.premierbiosofJLcom/netprimer/netprimer.html.
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2.12 Primers

Name

H-AP25

H-AP26

H-AP27

H-AP28

H-AP29

H-AP30

SeqOc:

Seqlc:

Seq24gm:

SeqO:

Seql:

Seq24:

SS2 (actin)

AS1 (actin)

5' - Sequence - 3'

5' - AAGCTTTCCTGGA - 3'

5' - AAGCTTGCCATGG - 3'

5' - AAGCTTCTGCTGG - 3'

5' - AAGCTTACGATGC - 3'

5' - AAGCTTAGCAGCA - 3'

5' - AAGCTTCGTACGT - 3'

5' - CTGCCATCAATAAGGGTCTACA - 3'

5' - GGGGCATCGTTACCACAAA - 3'

5' - GGAAAATGATGTCCCAGAAGA - 3'

5' - CTGCCATCAATAAGGGTCTACA - 3'

5' - TGATTTTATTGATTCATTGACTCCT - 3'

5' - GGGGCATCGTTACCACAAA - 3'

5' - GCGAAATATCCAGCAATGAAG - 3'

5' - ACCATGTGCAGATCACAACCC - 3'

5' - GGAAAATGATGTCCCAGAAGA - 3'

5' - TGGGATGACATGGAAAAGATCTGGCA - 3'

5' - AGATTGGCACAGTGTGACTCACACCATC - 3'

Experiments

l(b)

1-2

1-6

1-3

l(b)

l(b)

7

7

7

8

8

8

8

8

8

8

8

The primers were designed to the following specifications:

Melting temperature (Tm) of 55-60°C (to match primers provided by the kit)

100-400bp upstream of the 3' end of the sequence

A or T for the 3'end of the primer

At most two G or C in the last five 3' bases of the primer
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Each primer was resuspended in nuclease-free water to a concentration of lOOuM and 

stored at -20°C. Working 2uM stocks were made by diluting lul of each primer stock 

in 49ul.

2.13 Semi-quantitative RT-PCR using radiation (Chapter 5)

The semi-quantitative RT-PCR kit is covered by a provisional pending patent 

licensed to the Ambion® corporation. The process was carried out using the 

Intraspec  Comparative RT-PCR kit (Ambion®), and self-designed primers 

generated by Sigma® Genosys. All reagents were supplied with the kit unless stated 

otherwise.

2.13.1 Reverse Transcription

The primers were added to 19ul aliquots of the two RNA populations: lul of TaglO 

primer was added to the non-AM clover RNA and lul of Tag50 primer to the RNA 

from AM clover. The RNA-primer mixes were each split into a 5^1 aliquot (hot mix) 

and a 15ul aliquot (cold mix) and denatured at 70°C for 5min, in a Grant BT1 block 

thermostat, following which they were incubated at 49°C for 5min in a water bath 

(Griffin). Reaction mix containing buffer, DDT and dNTPs (including 32P-ATP for 

the hot samples) was added to all the samples (see below for quantities). Following 

the incubation, reverse transcriptase was added (lul for hot samples and 3ul for cold) 

and the samples were incubated for 2 hours at 49°C.
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RNA-primers:

Reaction Mix:

Reverse Transcriptase

Hot Mix

Each satnole

5x RT Buffer

0.1MDTT

dNTPmix

32P dATP

RNAse-free water

RT

S.Oul

4.0ul

2.0ul

2.0ul

O.Sul

5.5ul

l.Oul

Cold Mix

Each samole

5xRT Buffer

0.1MDTT

dNTPmix

dATP

15ul

12ul

6nl

6ul

5ul

RNAse-free water 13ul

RT 3ul

Total Volume 20.0ul

Following reverse transcription the radio-labelled samples were prepared for 

quantitative analysis. The samples for visual analysis were stored at -20°C.

2.13.2 Quantitative analysis

In order to measure the amount of cDNA produced, the unincorporated nucleotides 

were removed using NucAway spin columns provided with the kit. The columns were 

hydrated with 650ul of nuclease-free water (all air bubbles were removed) at room 

temperature for 10 minutes. Following this the columns were placed in 2ml tubes and 

centrifuged at 750g for 2min in a centrifuge (Eppendorf 5415C) to remove excess 

water. The spin columns were then placed in 1.5ml tubes, and the hot samples were 

immediately added to the centre of each column. These were then centrifuged at 75 Og 

for 2min. The radio-labelled cDNA was collected in the 1.5ml tubes and the spin 

columns discarded.

Subsequently, lul of labelled cDNA solution was added to 999ul of scintillation fluid 

and the specific activity (cpm/ul - counts per minute/ul) determined using a liquid 

scintillation counter (Wallacl409 DSA, PerkinElmer®, Inc.).

69



2.13.3 PCR

The volumes of the samples for gel analysis were adjusted with nuclease-free water to 

achieve the same concentration of cDNA (expressed as cpm/ul) for the PCR. 

Following reverse transcription, aliquots were taken from each of the non-radioactive 

samples and five PCR reactions were set up.

PCR

Reaction

Comparative RT-PCR

Tag 10 control (Non-AM)

Tag50 control (AM)

Water Blank

Positive Control (Actin)

Nuclease-free

Water

-

lul

lul

2ul

-

TaelO

cDNA

lul

lul

-

-

lul

TaaSO

cDNA

lui

-

lul

-

lul

The first four PCR reactions employed one sequence specific primer (lul) and a Tag 

primer (lul) specific to the TaglO and TagSO regions on the cDNA. The positive 

control employed two actin specific primers (lul each).

Reaction mix:

Reaction 

conditions:

2.5 nl 1 Ox PCR buffer 

2.5ul lOmMdNTPmix 

2.5ul lOx Acetamide 

2.0ul Primers 

13.0ul Nuclease-free water

94°C for 5min => 0.5 ul SuperTaq polymerase added when temperature = 94°C

94°C for 30sec

50°C for 30sec

72°C for 30sec

72°C for lOmin => Incubated at 4°C.
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Following the PCR the samples were visualised on agarose gel (section 2.8.3). 

2.14 Semi Quantitative RT-PCR using PCR

Though the cDNA was synthesised using oligo dT primers, two sequence-specific 

primers were employed for the PCR step, (section 2.12). They were tested by 

amplifying genomic DNA from selected white clover leaf samples (see section 2.14.3 

for PCR conditions used).

2.14.1 PCR to test for genomic contamination

The RNA was amplified with actin primers (designed by Gordon Allison - IGER):

SS2 5' - TGGGATGACATGGAAAAGATCTGGCA - 3' Tm = 69.8°C 

AS1 5' - AGATTGGCACAGTGTGACTCACACCATC - 3' Tm = 73.6°C

The following reaction mix was set up:

Per sample: lOx PCR Buffer* 3.0(11 *Roche kit - 1438188

dNTPs (5mM) 0.6|il

Actin primers (lOmM) 1.2(0.1

Taq Polymerase* 0.3^1

Sterile ultra-pure water 23.9ul

RNA/genomic DNA l.Oul
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Three reaction mixes were set up; two containing 1 ul from each of the RNA samples 

and a third containing genomic DNA (a positive control).

Reaction conditions: 94°C for 2min -* Samples added at 90°C

94°C for 30sec ~> 

60°C for SOsec ^35 Cycles 

68°C for 30sec -^ 

72°C for lOmin —»Incubated at 4°C.

2.14.2 First strand cDNA synthesis

RNA aliquots (8ul) from the two RNA samples were added to 12|j.l of reaction mix:

Per sample: lOx PCR Buffer* 2.0ul *Roche kit - 1438188

MgCl2 * 4.0^1

dNTPs (5mM)* 2.0^1

RNAse inhibitor* 1 .Oul

Oligo-dT primer* 2.0nl 

AMV-Reverse Transcriptase* 0.3^1

DEPC water 0.2^1

The samples were vortexed and then incubated at 25°C for lOmin. Then following 

incubation at 42°C for 60min, samples were boiled for 5min, and stored on ice at 4°C.

2.14.3 PCR

Following reverse transcription 1 (il aliquots were taken from each RNA sample and 

added to 29ul of PCR reaction mix (containing the appropriate primers for the gene of 

interest):

72



Per sample: lOx PCR Buffer* 3.0|il *Roche kit-1438188

dNTPs (5mM) 0.6^

Primers 1.2|al

Taq Polymerase* 0.3 |jl

Sterile ultra-pure water 23.9nl

For Experiment 2a the samples were amplified using the conditions listed (section 

2.14.3) for 35 PCR cycles. For Experiment 2b the reaction mixes were split up into 

three lOul aliquots, for three separate PCR reactions: each reaction was terminated 

after 25, 30 and 35 cycles. The reaction conditions were the same as for section 

2.14.3.

Following the PCR the samples were visualised on agarose gel (section 2.8.3). The 

images were processed using the Alphaimager™ 1200 programme; the density 

(brightness) of the bands was assessed using the ID-Multi Line Densitometry.

2.16 Nutrient-Flowing Culture System 

2.15.1 Clonal Cuttings

Clonal cuttings (section 2.1.1), taken from selected NILs, were inoculated with 

G. mosseae (section 2.1.2) and grown to an equivalent size (sections 4.2.1.3 and 

4.3.1.3), prior to transfer to drainage pipes (containing either sand or vermiculite - 

section 2.15.2) for the nutrient flowing culture system.
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2.15.2 Growth medium

In Experiment 5 the plants were grown in sand. Before use the sand was washed in a 

1mm pore sieve and autoclaved at 121°C for 15min at 15psi. In Experiment 6 the 

plants were grown in medium grade vermiculite (The Schundler Company, New 

Jersey) that had been soaked overnight in reverse osmosis water and then washed in a 

1mm pore sieve. The vermiculite was inoculated with 5% G. mosseae inoculum (v/v) 

for the mycorrhizal treatments (section 2.2.1) the non mycorrhizal treatments were not 

inoculated.

2.15.3 Nutrients

Nutrient solution was supplied to the plants through 3mm rubber tubing using a 

Watson-Marlow 205S peristaltic pump (Watson-Marlow ltd, Town, UK).

Two separate nutrient solutions were used and stored prior to use in 110 litre closed 

bins; both solutions were based on the Long Ashton nutrient solution (Hewitt, 1966) 

with the addition of cobalt (II) sulphate, and differed only in their P-content:

KNO3 4 mM NaCl 100 ^M CuSO4 1 uM
Ca(NO3)2 4 mM H3BO3 40 ^M Na2MoO4 0.5 uM
MgSO4 1.5mM MnSO4 10 f^M CoSO4 0.5 ^M
FeNaEDTA 50 jaM ZnSO4 2 ^iM NaH2PO4 variable

The solution was dripped into each pot at two entry points set on opposite sides of the 

container, 2 cm from the side, at a pump setting of 10 rev/min (approximately 2 litres 

/ pot / day).
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2.15.4 Growth Assessments

The plants were assessed for growth on a weekly basis. For Experiment 5 shoot 

growth was assessed non-destructively by counting the number healthy leaves on each 

plant (Carlson 1966). A count was also kept of the number of dead leaves. Whenever 

the P concentration was altered, the bin containing the +P solution was emptied, 

rinsed and a solution was prepared to the required P concentration.

In Experiment 6 shoot growth was assessed by measuring the length of stolons 

growing out of each of the pots. The lengths of these were measured from the edge of 

the pot to their tips and summed to produce a total length for each plant, the leaves on 

these stolons were also counted.

2.16.5 Final Harvest

The plant shoots were removed, dried at 90°C to constant weight and weighed. The 

pots containing the sand and intact root systems were frozen. The frozen sand and root 

systems were sawed into three 10cm length portions to assess root distribution 

throughout the pot. Frozen sections were thawed, the roots removed and their fresh 

weight was measured. Roots were stored in 50% ethanol for subsequent determination 

of root length and % AMF infection (sections 2.4).

2.16.6 Calculating root length

The roots were cut into l-2cm sections and placed in a glass tray filled with water. A 

1 cm2 grid was placed beneath the tray and the root length was determined by the use 

of the following equation:

Root length = n x 11/14 x d
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Where n is the number of times a root crossed a gridline and d is the distance between 

the gridlines in cm (in this case 1).

2.16 Statistical analysis

2.16.1 Analysis of plant growth data

(Experiments 1-3 and 5-6, Chapters 2 and 3)

Antidependance is a variant on the two way analysis of variance but it takes into 

account the fact that the growth data from one time point are a result of the figures at 

the previous time point (Kenward, 1987).

2.16.2 Analysis of AMF colonisation data (Experiments 1-3, Chapter 3)

For the AMF colonisation data, antidependance could not be determined as this 

requires at least three time points and there were only two AMF assessments. 

Consequently the colonisation data were pooled, treated as a split plot in time and 

analysed by pairwise comparisons using a two-tailed Student—t test.

2.16.3 Analysis of Final Harvest data (Experiments 5 and 6, Chapter 4)

The final harvest figures were analysed using basic two-way ANOVA. Levels of 

AMF in Experiments 5 and 6 colonisation before and after the experiment were 

treated as a split plot in time and analysed by pairwise comparisons using a two-tailed 

Student-t test.
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Chapter 3
Gene expression associated with the AM 
symbiosis in near-isogenic white clover

lines
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Gene expression associated with the AM 
symbiosis in near-isogenic white clover

lines
3.1 Introduction

The experiments described in this chapter were designed to study gene expression in 

arbuscular mycorrhizal (AM) Trifolium repens L (white clover). White clover is an 

important component of low input temperate pasture systems. In the cultivation of this 

species, it is vital to consider the symbiotic relationship it forms with AM fungi 

(AMF). This study makes use of uniquely available inbred white clover near isogenic 

lines (NILs) to elucidate the genetic control of the symbiosis.

Plant breeding programmes have not routinely selected for AM symbiosis and this 

may have lead to the deterioration of its effectivity in recently developed cultivars 

(Hetrick et al., 1992). Using white clover NILs Eason et al. (2001) found that there 

were significant differences in both AMF root colonisation and the plants' response to 

the symbiosis. The following experiments are a continuation of this work, employing 

differential display (DD) in order to study gene expression of these NILs in response 

to colonisation by AMF.

The discovery of genes involved in the functioning symbiosis would have two 

benefits. Firstly it would further our understanding of the genetic nature of AM 

symbiosis in clover NILs and secondly it would provide plant breeders with genetic 

markers for phenotypes favourable to AM symbiosis in future white clover 

improvement programmes.
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3.1.1 The effect of plant host genotype on the AM symbiosis in white clover

All the NILs derive from four different original plants (coded: H, J, R and S; Fig 1). 

Subsequent generations were produced by self-fertilisation, so all the NILs produced 

can be linked to a single original genotype (i.e. one of the original four). The lines 

were maintained through seven generations of self fertilisation at IGER (Michaelson- 

Yeates, 1997). Eason et al. (2001) showed that the white clover NILs possessed a 

number of contrasting AM-phenotypes (including root infection rates), and that 

different responses to AMF colonisation were usually consistent with the plant's 

parental genotype.

The roots of plants from two of the parental genotypes (J and S) were usually heavily 

colonised by AMF. By contrast the other two parental genotypes (H and R) generally 

had lower levels of AMF colonisation. Individual lines exhibited significant variations 

in plant growth response to AMF infection but there did not appear to be a consistent 

relationship to rates of root colonisation (Eason et al., 2001). There were also other 

phenotypic differences between the parental genotypes, including differences in 

root:shoot ratio (Table 1).

By exploiting similarities and differences in AM phenotype between plants it may be 

possible to link some of these genes to a physiological function.

3.1.2 The suitability of NILs in studying gene expression

One of the main problems associated with gene expression studies is the natural 

genetic variation between plants. How can one be certain whether the differences in
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gene expression between two plants are due to the phenotype being observed or to the 

natural variation in genotype between the two?

Genotypic variation is particularly problematic in highly heterogeneous organisms 

such as Trifolium repens L (white clover). The high degree of genetic homology in 

the uniquely available IGER-produced near-isogenic lines of white clover makes them 

ideal for differential gene expression studies (section 1.9). Differences in gene 

expression are more likely to be due to differences in treatment (i.e. mycorrhizal 

status) rather than to genotypic variation.

This chapter describes experiments that were designed to test the extent of the 

genotypic variation in NILs and the degree of genetic variation that is acceptable in 

such gene expression studies.

3.1.3 Molecular gene expression studies

All experiments employed differential display (DD), a molecular PCR based 

technique for studying gene expression patterns (section 2.7). Messenger RNA 

(mRNA) was isolated from plants tissues, reverse transcribed, amplified and 

visualised on a polyacrylamide gel. The mRNA was selected using poly-T primers 

(specific to the poly A tails on mRNA) and split up into a range of different size 

fragments using randomly generated arbitrary primers (for better visualisation on the 

gel).

The use of DD was already established at IGER and had been used for the preliminary 

studies (R. Teodosio et al, 2000). These studies compared three clover NILs, two
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inoculated with Glomus mosseae and G. intraradices respectively and a third that was 

uninoculated. DD analysis of leaf samples from these plants showed one additional 

band on the PAGE gel, which was present in the non-AM plant but absent in both 

mycorrhizal treatments. This band was excised, purified, cloned into a vector and 

sequenced. Analysis of the sequence (seqO) showed that this gene fragment was 433 

bases in length. The sequence showed no homology with any of the sequences on the 

genEMBL or n-prot databases, however its expression was confirmed in a second 

experiment (Teodosio, unpublished data).

Other techniques such as cDNA AFLP and subtractive hybridisation were also 

considered. However as DD had already been successfully employed for the 

preliminary studies, it was considered to be appropriate for the studies described in 

these chapters. Alternative techniques are described in detail in the discussion (section 

2.3) with reference to their use in further studies.

For the following experiments DD was used to compare gene expression patterns 

between mycorrhizal and non-mycorrhizal plants, and plants with differing AMF 

infection levels, hi addition DD was used to examine the overall differences in gene 

expression between clover NILs. Bands of interest were selected, cloned and 

sequenced with an aim to determine their function by comparison to known genes.

3.1.4 Summary of experiments

In order to test the extent of the genotypic variation in NILs, stolon cuttings were 

taken from the NILs to produce genetically identical clones. The use of clonal 

material eliminated any genotypic differences when comparing mycorrhizal and non-
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mycorrhizal plants. Thus comparing the AMF related gene expression in seed grown 

NILs (Experiment /) with that of clonal NILs (Experiments 2 and 5) should show the 

extent of remaining genotypic variation in seed grown NILs. These findings would 

help to determine the suitability of NILs for such gene expression studies and 

determine whether further in-breeding is required to bring the lines closer to 

isogenicity.
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Fig 1: The NILs selected 
for Experiment 1 and their 
genotypic origins.

15 Original Plants

4 Genotypes

Dis

43 NILs

10 seed- 
grown 
NILs

continued

1-11

1C

7 Generations of in-breeding

12-21

NIL; selec ted

17

High-colonisation 
genotypes: J and S 
Low-colonisation 
Genotypes: H and R

22-34

20 23

for ft rther

28

35-43

study

30 35

8 Clona) Lines:

Cuttin 
ron i

'. ine

E

4 NILs selected for Experimen

Cuttings for Experiment 4

Experiment 4 -- 
Clonal NILs: E and D 
Harvested at 2, 6, 1 1 & 15 
weeks

Experiment 1 — 
Four seed grown NILs: 
Lines 2, 17, 30 and 41 
Four AM - One non-AM

Experiment 2 - 
Four clonal NILs: 
LinesG. Q, U, W & A 
F;otir AM - One riou-AM

hxpenrnent .5 - 
Four clonal Nil s: 
Lines G, Q^ (i and 1)
Two AM One non-AM

Sequences 12, 
15.43&44

\z JL

Sequences 1-23 Sequences 24-39 
& 20

Sequences 40-42, 
1 & 37

83



3.2 Results

Plant material for all experiments was obtained from the near-isogenic lines 

characterised for AMF colonisation in an on-going IGER project (Eason et al. 2001). 

Forty three lines, derived from four original parental plants had been maintained 

through seven generations of self-fertilisation at IGER (Michaelson-Yeates, 1997) 

(Fig 1). The plants from these four genotypes (H, J, R and S) showed markedly 

different responses to AMF colonisation (Table 1). Representatives from each 

parental genotype were chosen for Experiment 1. For more information on the 

individual lines see Eason et al, (2001).

3.2.1 Differential gene expression in AM and non-AM seed-grown NILs 

(Experiment 1)

The main objectives of this experiment was to compare gene expression between 

AMF colonised and non-colonised plants within seed-grown NILs derived from 

different parental genotypes using differential display (DD) and sequence analysis to 

identify differentially expressed genes.

3.2.1.1 Source of plant material for Experiment 1

Ten representative lines were chosen from the four parental genotypes, two each from 

H and J and three each from R and S (Fig 1). Twenty seedlings from each of these ten 

lines were established (section 2.2.1) in a glasshouse. Half the pots were inoculated 

with G. mosseae. For further details on culture conditions see Section 2.2.
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Table 1: Summary of the parental genotype, range of lines and their growth
response to AMF colonisation.

Parental 
Genotype

H

J

R

S

Lines

1-11

12-23

24-34

35-43

AM
colonisation

Low

High

Low

High

Growth response to AM colonisation

High root:shoot ratio even when 
colonised by AMF

50% reduction in root length when 
colonised by AMF

No reduction in root length when 
colonised by AMF

50% reduction in root length when 
colonised by AMF

Key: 'High' AM colonisation rates were approximately three times greater than 'Low' 
colonisation rates in this study (after Eason et al., 2001).
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The plants were assessed for AMF colonisation after 4 and 16 weeks growth (section 

2.4). Shoot growth was assessed after 10, 13 and 19 weeks (section 2.3.2). (All the 

plant work in section 3.2.1.1 was carried out by W. Eason.)

The growth data were statistically analysed for antidependence, which takes into 

account the fact that the growth data from one time point are a result of the figures at 

the previous time point (Kenward, 1987). For the AMF colonisation data, 

antidependence could not be determined as this requires at least three time points and 

there were only two AMF assessments. Consequently the colonisation data were 

pooled, treated as a split plot in time and analysed by pairwise comparisons using a 

two-tailed Student—t test. Multiple pairwise comparisons were also used to compare 

the growth figures of AM and non-AM plants (Table 2a) and AMF colonisation levels 

(Table 3). For means, significance and standard error see Table 2b.

The antidependance analysis showed that the growth data at the different time points 

were related (probability of error was less than 0.1% - p<0.00l), hence the analysis 

was used to assess variance between treatments (mycorrhizal and non mycorrhizal - 

Table 2a) and the interaction between lines and treatment (Tables 2a and 2b for 

results). The analysis showed that AMF did not significantly affect shoot growth, but 

lines differed significantly (pO.OOl) in level of AMF colonisation and shoot growth, 

though these differences decreased over the course of the experiment.
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Table 2a: Comparing harvested shoot dry weight (natural log) of AM and non-AM 
plants in 10 selected lines, at three time points.

AM±
2
7
17
20
23
28
30
35
40
41

In (shoot dry weight / mg)
Week 10

-
4.073
3.902
3.649
3.484
3.547
3.504
3.362
2.914
3.215
2.838

+
4.037
3.882
3.363
3.432
3.433
3.374
3.175
2.930
3.266
2.928

Week 13
-

2.857
2.810
3.152
2.544
2.973
2.883
3.191
2.772
2.677
2.375

+
2.813
2.723
3.144
2.539
3.025
2.745
3.026
2.663
2.517
2.255

Week 19
_

2.415
2.448
2.423
2.610*
2.528
2.469
2.562
2.553
2.408
2.341

+
2.519
2.394
2.577
2.170*
2.546
2.395
2.635
2.544
2.420
2.282

Legend: The shoot dry weights (Shoot-DW) of stolons non-destructively harvested 
from 10 mycorrhizal and non-mycorrhizal white clover NILs 10, 13 and 19 weeks 
following inoculation with G. mosseae. The values are the means often replicates log 
transformed for statistical analysis, arranged by Line mycorrhizal status (AM ±).

* indicates lines where there was a statistically significant difference (/?<0.05 using a 
two tailed Student-T test) between AM - and AM + plants.

Summary Table 2b: Means, significance (p) and Standard Error (SE) values for
Table 2a.

Means,/? and SE
AM Plants Mean

Non-AM Plants Mean
Line related/?

Treatment related/?
Line vs. Treatment related/?

Line SE
Treatment SE

Line vs. Treatment SE

Week 10
3.383
3.448

O.001 ***
0.053 ns
0.387 ns
0.0550
0.0234
0.0778

Week 13
2.746
2.822

O.001 ***
0.017*

0.865 ns
0.1845
0.0638
0.2348

Week 19
2.447
2.478

0.019 *
0.235 ns
0.003 **
0.0559
0.0206
0.0721

Legend: shows the means of AMF colonised and un-colonised plants. Line, treatment and 
interaction (Line vs. Treatment) related statistical significance (p) is shown for each harvest, where 
*** indicates significance at the 0.1% level; ** at the 1% level; * at 5%; and ns indicates the 
differences are not significantly different. Below are the standard errors (SE) for differences between 
treatment (AM/non-AM) line (see Table 2 for means), the interaction between line and AMF 
colonisation.
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Table 3: Comparing AMF colonisation percentages of 10 selected NILs 4 and 16
weeks post inoculation

Parental 
Genotype

H
H
J
J
R
R
R
S
S
S

Line

2
7
17
20
23
28
30
35
40
41

Week 4
% AM

3.22 ab
4.86 abc

20.47 def
15.23 cdef
10. 02 abed
10. 19 abed
9.52 abed

13.37bcdef
14.88 cdef
25.48 efgh

Week 16
%AM

2.08 a
5.29 abc

42.101
38.68 gi
10. 62 abed
8.68 abed

17.93 def
51.60ij
25.43 fgh
58.52 j

Legend: The AMF colonisation percentages (% AM) from 10 AM and non-AM 
NILs assessed 4 and 16 weeks following inoculation. Values are the means of ten 
replicates angular transformed for statistical analysis, arranged by Parental genotype 
and Line. Data followed by different letters (a-d) within a column are significantly 
different (p<0.05) using a two tailed Student-T test.

The line related differences were significant atpO.OOl the standard error for the line 
related differences was 2.756. The mean % AMF colonisation was 20.35% at 4 weeks 
and 28.67% at 16 weeks, these were also significant at/KO.OOl, the standard error 
with respect to time 0.928. The interaction between time and lines was significant at 
/?<0.001, the standard error was 3.830.
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3.2.1.2 Selection of material for gene expression studies

After 24 weeks growth, four lines were selected from the original ten chosen to 

represent each of the four parental genotypes: lines 2 (genotype H), 17 (J), 30 (R) and 

41 (S). Selected plants from within these four lines were used for DD analysis. These 

lines all differed significantly from each other (p<0.05), in their AMF colonisation 

percentages 16 weeks following inoculation (Table 3)

In addition the lines were chosen to reflect a range of AMF colonisation and shoot 

growth in AM and non-AM plants (data not shown).

Line 2 — This line had consistently low levels of AMF colonisation 16 weeks

following inoculation (mean = 2.08%), while shoot growth had exceeded

that of most of the other lines (Table 2a). 

Line 17— This line had a good range of AMF colonisation levels 16 weeks

following inoculation (18 to 62%). 

Line 30 — Despite being a low colonisation phenotype this line had a good range of

AMF colonisation levels 16 weeks following inoculation (1 to 54%). 

Line 41 - This line had consistently high level of AMF colonisation 16 weeks after

inoculation (mean = 58.5%), while shoot growth was low when compared

to most of the other lines (Table 2a).

Five individual seed grown plants - four colonised by AMF and one non-inoculated 

control were chosen from each of the four lines for molecular analysis. Where 

possible, plants with a wide range of AMF colonisation were chosen. In line 2,
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colonisation was low (Table 3), so the plants had similar percentages of AMF 

colonisation.

The selected plants were destructively harvested (Section 2.3.1) 24 weeks after 

inoculation, and Ig leaf and root samples were retained for molecular analysis. 

Additional root samples were taken and analysed for AMF colonisation (Table 4) 

(section 2.4). Analysis showed that the mean level of colonisation in the four AM 

plants was moderately high in lines 17 and 41 (34.0%, ±7.5 and 49.5%, ±4.1 

respectively) and very low in lines 2 and 30 (1.5% ±1.0 and 3.5%, ±0.5 respectively), 

these figures broadly reflected the estimates of AMF colonisation taken non 

destructively at 16 weeks, though the amount of variation within each line had 

decreased, particularly in line 30 where the colonisation had diminished to 2-4%.

3.2.1.3 Differential Display (DD) analysis

The RNA yield from the roots was lower than that from leaves; in lines 2 and 41 no 

RNA was obtained from the root extraction. For each line three RNA samples from 

separate plants were taken forward to DD analysis: two samples derived from AMF 

colonised plants (the samples with the greatest RNA yield were chosen) the other 

sample was from the non-AM plant.

RNA was reverse transcribed and following PCR amplification with primers H-AP26, 

27 and 28 (GM&M) the resultant samples were divided into two groups, run on two 

separate gels and analysed separately as Experiments la and Ib. All the PCR products 

from lines 2 (H) and 41 (S) were run side by side on a PAGE gel (Experiment la - 

Fig 2a), and similarly all the products from lines 30 (R) and 17 (J) were run on
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Table 4: The plants selected and destructively harvested for Experiments la and Ib.

Line
2
7+
8+
9+
10+

mean

Week 16 
%AM

0
24
0
4

7(11.1)

Harvest
%AM

4
2
0
2

2 (0.8)

Line 
41
1+
6+
7+
9+

mean

Week 16 
%AM

80
54
8
68

52.2(15.8)

Harvest 
%AM

44
60
42
52

49.8 (4.1)

Line 
30
2+
4+
8+
9+

mean

Week 16 
%AM

18
1

54
20

23.25(11.1)

Harvest 
%AM

2
4
4
4

3.5 (0.5)

Line 
17
1+
2+
5+
6+

mean

Week 16 
%AM

18
42
62
28

37.5 (9.5)

Harvest
%AM

40
18
52
26

34 (7.5)

Legend: Four AM plants were taken from four NILs, listed in separate tables as lines 2 
(parental genotype H), 17 (J), 30 (R) and 41 (S). Tables show individual plants, numbered 
by Eason (personal communication) (e.g. Line 2: 7+, 8+, 9+, 10+) with % AMF 
colonisation 16 weeks after inoculation and following destructive harvest (24 weeks after 
inoculation). Plants chosen for DD analysis highlighted in bold. Means for each line given 
at the bottom of each table (Standard error in brackets).
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another PAGE gel (Experiment Ib - Figs 3a and b). In this way each gel had one line 

deriving from a high-AMF colonisation genotype (S and J) and one from a low 

colonisation genotype (H and R). As the primary objective of Experiment 1 was to 

compare gene expression within each line, the samples deriving from the same line 

were loaded on the gel alongside one another, the non-AM first and then the two AM 

ones (Figs 2a, 3 a and b for precise running order).

3.2.1.4 Experiment la'. Gene expression in leaves of seed grown AM and 

non-AM plants of lines 2 and 41

Differential gene expression in these plants was analysed in leaves alone since there 

had been no RNA from the root extraction.

There were no detectable differences in gene expression in the leaves of plants from 

line 41, though this may have been due to the quality of the DD or the PAGE gel. 

There were a small number of bands in line 2 (low AMF colonisation phenotype) non- 

AM leaf samples that were absent in the samples deriving from the leaves of AM 

plants. This indicates that these bands correspond to genes in the control plants that 

are down regulated in AM plants; eight of the bands (Bl-8) were excised for 

sequencing (Fig 2a) (sections 2.8, 2.9 and 2.10).

The DNA fragments from Bl-8 were cloned and renamed LI to L8. The clones were 

transformed into E. coli competent cells to ensure that each band represented a single 

product (rather than several products of similar size).
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Primer
Line

AM+/-

H- AP26
2

-1 + +
41

- + +

H-AP27
2

- + +
41

- + +

H-AP28
2

-| + +
41

- + 1 +

B2+3

B4 
B5

B6

B7 
B8

Fig 2a: Experiment la: Comparison of gene expression in AM and Non-AM 
NIL using high and low colonising phenotypes.

AM (+) and non AM (-) plants were compared in two different NILs; line 2 (low 
AMF colonisation) and line 41 (high AMF colonisation). Three PCR reactions 
were run for each, amplified with primers H-AP26, 27 and 28. Eight bands (Bl

to B26) were excised.
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Several colonies were picked (for plasmid extraction by mini prep) for each band so 

that the size and sequence of the fragments could be compared. For the first four 

clones four or five colonies were picked from each. The clones were named according 

to the original band they derived from

Bl —»• LI —» da, clb, clc, and eld 

B2 -> L2 —> c2a, c2b, c2c, c2d, and c2e 

B3 -» L3 —» c3a, c3b, c3c, c3d and c3e 

B4 —» L4 —» c4a, c4b, c4c and c4d

By comparing the sizes of the inserts (Fig 2b) it was possible to estimate which inserts 

were duplicates and which ones were different products. Based on the analysis of the 

test restriction digest (Section 2.9.4), the following clones were chosen for 

sequencing: cla, clb, c2b, c2d, c2e, c3c, c3d, c4a and c4c.

Although c3c and c3d were from the same excised band (B3) their sequences differed, 

indicating that there had been two products in that band. Following the sequencing of 

clones deriving from the first four bands, the remaining clones (L5 to L8) were cloned 

and sequenced in the same manner. This time only two colonies were picked for each 

clone in order to maximise the number of clones processed. The following clones 

were successfully sequenced:

LI —> clb L4 —> c4c L7 —> c7a and c7b

L2-^c2bandc2e L5 -> c5a and c5b L8 -» c8a and c8b

L3 -» c3c and c3d L6 -> c6a ™d c6b
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Fig 2b - Restriction digests of cloned gene fragments from excised bands Bl- B4

Band
Clone
AM±

Bl
a
-

b
-

c
-

d
-

B2
a
-

b
-

c
-

d
-

e
-

B3
a
+

b
+

c
+

d
4-

e
+

B4
a
-

c
-

e
-

Legend: Gene fragments derived from excised bands B1-B4, cloned into P-GEM T®
Easy vector, digested using EcoRl. The row of bright bands at the top of the gel is the

vector (indicated by arrows) and the fainter bands at the bottom of the gel are the
inserts.
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3.2.1.5 Database sequence analysis

Eleven sequences were discovered and the following matches were found using the 

BLAST search engine on the Gen-EMBL EST database (see Section 2.10)

The significance of each database match was determined by the length of sequence 

homologous to the database gene or EST and the accompanying expect (e) number. 

The e number is a measure of statistical significance, in the same manner as the p 

number used in statistical analysis. If a database match has an e number of 0.05 there 

is a 5% chance that the match is not significant. Hence the lower the e number the 

greater the chance that the match is significant. As a matter of course any matches 

where e exceeded 0.05 (i.e. 5%) were discounted.

The sequences are listed on Table 5 numbered in order of sequencing, followed by the 

clone number (e.g. clb).

Of the eleven sequences only five had matches on the plant database, eight had 

matches on the EST database and the other three had no match at all. Sequence seq2 

showed a high homology database match with a chlorophyll a/b binding protein 

(CBP) gene. This was further confirmed by a match with a Glycine max EST 

resembling the chlorophyll a/b binding protein on the EST database. If these results 

were confirmed it would indicate that the CBP gene is down regulated in AM plants.

Database matches for seq6 were similarly linked to photosynthesis. But, whereas the 

CBP gene is a nuclear product (i.e. produced in the plant cell's nucleus) seq6 showed
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Table 5: Database matches from sequences from Experiment la.

Code

seql

seq2

seq3

seq4

seq5

seq6

seq7

seqS

seq9

seqIO

seq11

Clone

clb

c2b 
c2e

c3c

c3d

c4c

c5a 
c5b

c6a 
c6b

c7a

c7b

c8a

c8b

Tissue 
source

Leaf

Leaf

Leaf

Leaf

Leaf

Leaf

Leaf

Leaf

Leaf

Leaf

Leaf

C

+

+

+

+

+
+

+

+

+

+

+

AM

-/+

-/+

-/+

-

-

-

Total 
bp*

299

201

202

204

180

171

158

144

144

138

139

Homology with

Picea mariana 
Putative 60S ribosomal protein L15

M. truncatula ESTs 
AM plant (G. intraradices) 
Symbiotic root nodule 
P-starved root, N-starved root

M. truncatula 
Chlorophyll a/b binding protein 

ESTs 
P-starved leaf, Reproductive tissues, 
Developing flower, Developing leaf, 
Leaf after inoculation with C. trifolii, 
Drought

A. thaliana 
Putative histone acetyltransf erase

G. max ESTs 
M. truncatula ESTs 

N-starved roots

M. truncatula ESTs 
Developing Leaf 
P-starved leaf 
Drought

No significant matches

M. truncatula 
Chloroplast Genomic 

M. truncatula ESTs 
72hr Rhizobium inoculation 
Inoculation C. trifolii

M. truncatula ESTs 
AM Plant (G. intraradices)

M. truncatula ESTs 
Insect Herbivory 
72hr Rhizobium inoculation

G. max EST similar to: 
Putative secretory carrier associated 
membrane protein - A. thaliana

M. truncatula ESTs 
AM Plant (G. intraradices)

No significant matches

No significant matches

Homology 
DNA level

92%

87% 
89% 
89%

87% 

94%

88%

90% 

92%

96% 
96% 
96%

98%

98% 
98%

96%

91% 
85%

96%

89%

Over 
'N1 

bases

40

202 
202 
147

177 

192

50

132 

127

83 
83 
83

167 

167

54

35 
54

32

55

Score

2e-6

6e-44 
6e-44 
8e-37

7e-41 

6e-78

2e-5

8e-37 

8e-37

2e-37 
2e-37 
2e-37

>0.05

1e-82

3e-82 
3e-82

3e-17

0.001 
0.005

1e-6

6e-6

>0,05

>0.05

Key: The sequences are numbered in order of discovery (code); clone and plant tissue 
from which they derive. The columns C (non-mycorrhizal) and AM (mycorrhizal) indicate 
whether the sequence was up or down regulated in AM plants. Total bp indicates the 
length of sequence. Homology with the most significant database matches are shown 
(known genes are always listed first and are indicated in bold) followed by the percentage 
homology (Homology DNA level) length of matching area (Over 'N' bases) and e number 
(score).

All sequences were derived from low infecting line 2.
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high homology with chloroplast genomic sequences. This is surprising as chloroplast 

mRNA molecules do not have poly-A tails and hence chloroplast genes should not 

have been isolated using DD. Consequently it is possible that the gene fragment from 

which seq6 derives was due to contamination with genomic DNA and cannot be 

assumed to be differentially expressed.

Sequences seql, seq3, and seq9 also showed significant homology to gene sequences. 

Seql showed a 40 base match with a ribosomal protein, whereas seq3 and seq9 gave 

similar length matches with putative genes; hitherto unidentified genes whose 

function has been guessed at by homology with other genes and knowledge of 

proteomics. As the database matches for seql, seq3 and seq9 were at most 50 bases in 

length, further analysis was required to confirm the identity of these genes (see 

section 3.2.1.6).

In addition to the matches with known or putative genes 8 out of the eleven sequences 

showed significant matches with sequences from the EST database. As expressed 

sequence tags (ESTs) the sequences are derived from other gene expression studies. 

They have the advantage that they are certain to derive from genes (as opposed to 

other genomic sequences) although the identity of the genes may not be known. The 

majority of sequence matches came from M truncatula experiments. This is not 

unexpected since M. truncatula is also a legume and is closely related to Trifolium 

repens L.
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3.2.1.6 Manual sequence analysis

In order to confirm the identity of sequences that had shown significant database 

matches; they were further analysed using GCG sequencing software. The sequences 

of the genes (or ESTs) they had matched were retrieved using Xfetch (a program for 

retrieving know sequences from the genEMBL database). Sequences seql, seq2, seq3 

and seq9 were manually aligned with their matching database sequences in order to 

determine whether there was any further homology, which the BLAST search had not 

detected, Seql in particular had shown homology with one known gene (ribosomal 

protein LI5) and with a variety of ESTs (see above), these sequences were all 

manually aligned to determine whether they derived from the same gene.

For seql, seq2 and seq3, the alignment showed that the homology with their genes 

(ribosomal protein LI5, chlorophyll a/b binding protein and histone acetyl transferase 

respectively) exceeded the areas of match found by the BLAST search engines. For 

seql and seq3 the match began within the coding sequence or open reading frame 

(ORF) of the gene and extended beyond the stop codon through the 3' untranslated 

regions (UTRs) to the poly-A tail (not always present in the database entry). 

Examination of the areas directly upstream showed that there was a loose homology 

with the query sequence, and though in each case there were differences, few of these 

affected translation (the final ammo acid sequence). There was little homology with 

the downstream sequences. This however was to be expected as the UTRs of genes 

are less well conserved between species than the ORF.

Furthermore, by comparing the genes matching seql, seq2 and seq3 with the 

matching ESTs, it was shown that these also showed high homology with one

99



another. Thus, for example, it is reasonable to assume that the ESTs matching seql all 

derived from the LI5 ribosomal protein gene. This would also explain why seql 

occurred in such a large number of EST studies as the genes involved in ribosome 

(and histone) production are household genes and thus expressed at easily detectable 

levels.

Overall most of the differences between the ESTs that match the same sequence are 

likely to be due to natural genotypic variations between Trifolium repens L and the 

species that provided the genes on the EMBL database.

For seq2 the match was entirely within the open reading frame spanning the third 

quarter of the gene and stopping short of the stop codon. This was unexpected as the 

poly-T primer was specific to the poly-A tail and hence the sequence match should 

have extended to the end of the gene. Given the high homology (7e-41) and length of 

the match (176 bases/87%) it is unlikely that this match is coincidental. It should be 

noted that there was an A-rich sequence following the match area (7 As out of 11) so 

it is possible that in this was sufficient to cause binding with a poly-T primer at that 

particular annealing temperature.

Seq9 showed a significant homology with a number of ESTs: the two highest matches 

were with the UTR of a putative secretory carrier associated membrane protein in 

Glycine max and an EST from a N-starvation experiment involving M. truncatula. 

However neither of these ESTs showed any homology with one another outside the 

area matching seq9. As this sequence didn't match any ORFs little more can be 

deduced concerning its function.
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3.2.1.7 Experiment lb: Comparing gene expression in the roots between 

AM and non-AM plants of lines 30 and 17

Experiment lb looked at the expression patterns and gene sequences from low (30) 

and high (17) colonising lines. Experiment la had shown few differences in gene 

expression in leaf samples, Experiment lb therefore focussed on the root samples (leaf 

RNA samples were not used in this study). The RNA yield from root samples of lines 

17 (genotype J) and 30 (R) was higher than that of lines 2 (H) and 41 (S) so DD 

analysis of the root RNA was feasible. In order to further increase the potential 

number of differentially expressed sequences, six arbitrary primers were used (section 

2.12).

The DD analysis on root RNA samples from lines 17 and 30 plants yielded a large 

number of differentially expressed bands, again largely comprising genes down 

regulated in AM plants. Here too most of the differences were in the low infecting 

line (30 - genotype R). Twenty-four bands (B20-43) were excised from line 30 and 

seven from line 17 (B44-50) (Fig 3a and b).

The excised bands were renamed L20 to L50 following extraction of DNA and 

ligation to the pGEM®T easy vector. As in Experiment la the clones were 

transformed (Section 2.9), two colonies taken for each clone and renamed accordingly 

(e.g. L20 —»• c20e and c20f). The following clones were successfully sequenced:
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Line
Prim

er
A

M
-/+

L17
H-AP25
-1 +

+
H-AP26
-

+
+

H-AP27
-

-f
+

H-AP28
-

+
+

H-AP29
-

+
+

H-AP30
-

+ l +

L30
H-AP25
-

+
+

H-AP26
-

+
+

H-AP27
-

+ 1 +
H-AP28
-

+
+

H-AP29
-

+
+

H-AP30
-

+
+

• 1!
Fig 3a: Experim

ent Ib: Com
parison of gene expression in AM

 and Non-AM
 N

IL using high and low colonising phenotypes.
AM

 (+) and non AM
 (-) plants were com

pared in two different NILs; line 30 (low AM
F colonisation) and line 41 (high AM

F colonisation). Six PCR reactions were run for 
each, am

plified with prim
ers H

-A
P25,26,27,28,29 and 30. Twenty-five bands (B20 to B26 and B33 to B38 - boxed areas, see fig 3b for close-ups).



Fig 3b: Close-up of bands excised from DD gel in Experiment!b.
Each lane derives from one plant and the AM status is indicated above each 
lane. For details on line and primer combination see Fig 2a.

AM

B49 B50
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L20 -» c20e and c20f L33 -» c33f L44 -*• c44a and c44b

L21->c21eandc21f L35 -» c35a and c35b L46 -> c46a and c46b

L22 -> c22e and c22f L36 -» c36aandc36b L47 -» c47a and c47b

L23 -» c23e and c23f L37 -> c37a and c37b L48 -» c48a and c48b

L24 —>• c24a and c24b L38-> c38aandc38b L49 -» c49a and c49b

L25—»c25f L41->c41aandc41b L50 -> c50a and c50b

L26 -» c26e L42 -» c42a and c42b

A total of 12 sequences were discovered. The database matches observed are listed in 

Table 6. Of the twelve sequences, only one had matches on the plant database, nine 

matched sequences on the EST database, and the other three had no match at all.

3.2.1.8 Summary (Experiment 1)

The two DD gels gave contrasting results in terms of the overall up or down 

regulation of genes. In Experiment la (Fig 2a), which showed genes expressed in the 

leaves of lines 2 (low colonising — genotype H) and 41 (high - S), there were few 

differences between AM and non-AM plants. This is not that surprising given that 

AMF colonise the roots, hence it is likely that the majority of genetic events occur in 

the roots. In low infecting line 2 there were potentially eight genes that were down 

regulated in AM plants. Interestingly there were no detectable differences in the high 

infecting line 41.
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Table 6: Database matches of sequences from Experiment Ib

Code

seq12

seq13

seq14

seq15

seq16

seq17

seq18

seq19

seq20

seq21

seq22

seq23

Clone

c20e/f 
c21e/f 
c22f 

c23e/f 
c24a
c22e 
c24b

C25f

c26e

c33f

c35a 
c35b

c36a/b 
c37a/b 
c38a/b
c41ab 
c42ab
c44ab

c46a/b 
c47a/b 
c48a/b
c49ab

cSOab

Tissue 
source

Root

Root

Root

Root

Root

Root

Root

Root

Root

Root

Root

Root

C

+

+

+

+

+

+

+

+

+

-

AM

+

~

+/-

~

+/-

Homology with

M. truncatula ESTs 
AM Plant <G. intraradices) 

G. max Genomic

M. truncatula ESTs 
AM Plant (G. intraradices) 
Developing leaf 
P-Starved root 
Symbiotic root nodules

G. max ESTs 
Similar to ribosomal protein S15A

M. truncatula ESTs 
P-starved leaf 
Drought 
Developing leaf

M. truncatula ESTs 
P-starved root 
Symbiotic root nodules

M. truncatula ESTs 
Germinating seed 
Developing leaf 
Developing flower

M. truncatula] 
Chloroplast genomic DNA 
ESTs 
P-starved leaf

A . thaliana ESTs

M. truncatula ESTs 
P-starved root

Mo significant matches

M. truncatula ESTs 
Symbiotic root nodules

No significant matches

Gossypium arborum ESTs

No significant matches

Total 
bp*

213

211

205

203

115

102

68

83

204

76

307

108

Homology 
DNA level

91% 
84%

86% 
86% 
86% 
91%

90%

98% 
98% 
97%

90%

87% 
86% 
85%

95% 

95%

88%

88%

96%

96%

Over 'N' 
bases

57 
77

207 
207 
207 
78

76

81 
81 
81

189

117 
117 
117

91 

91

90

50

32

27

Score

9e-12 
1e-4

1e-50 
1e-50 
1e-50 
2e-19

2e-18

1e-35 
1e-35 
3e-33

2e-59

8e-20 
5e-18 
3e-16

6e-35 

8e-35

7e-20

0.002

e>0.05

2e-6

e>0.05

0.003

e>0.05

Key: The sequences are numbered in order of discovery (code); clone and plant tissue 
from which they derive. The columns C (non-mycorrhizal) and AM (mycorrhizal) indicate 
whether the sequence was up or down regulated in AM plants. Total bp indicates the 
length of sequence. Homology with the most significant database matches are shown 
(known genes are always listed first and are indicated in bold) followed by the percentage 
homology (Homology DNA level) length of matching area (Over *N' bases) and e number 
(score).

Seql2 to seq!9 derive from line 30 (low colonisation), seq20 to seq23 derive from line 17
(high colonisation).
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These results were duplicated in Experiment Ib (Fig 3a and b) where line 30 (from 

genotype R), a low AMF colonisation phenotype, showed more up or down regulated 

genes than line 17 (J), which had shown higher AMF colonisation. This was not a 

quantitative study however, so no further conclusions can be drawn from this.

The only significant matches on the EMBL database were seqlS and seql? that 

showed homo logy with the S15A ribosomal protein gene and chloroplast genomic 

sequences respectively. Manual sequence alignment confirmed these identities.

Comparing the overall gene expression patterns between the different lines: in 

Experiment la line 41 was the more genetically consistent, with no detectable 

differences between AM and non-AM plants or between any of the individual plants 

(Fig 2a). Line 2 also showed a great deal of uniformity; most of the differences being 

consistent with treatment.

In lines 30 and 17 there was a larger degree of variation. The Experiment Ib (Fig 3a) 

was derived from genes expressed in the roots, the root is the site of AMF 

colonisation. The majority of genes involved in the symbiosis are likely to be 

expressed here and consequently the large number of differentially expressed genes is 

to be expected. However, in addition to a large number of differences between AM 

and non AM plants (particularly in line 30) there was a number of bands present in 

one of the AM plants and not in the other, which would indicate these differences are 

genotypic. This indicates a certain amount of genetic diversity within the NILs.
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The differences in the frequency of differentially expressed genes between 

Experiments la and Ib are unlikely to be due entirely to the different tissues from 

which each experiment derived. Leaves (used in Experiment Id) are as likely to carry 

genotypic differences as are roots (used in Experiment lb).li is therefore more likely 

that these differences are due to the different lines used in each case; lines 17 and 30 

have higher degree of genotypic variation than do lines 2 and 41. Such differences 

could also be the result of variation in AMF colonisation. Lines 17 and 30 were 

chosen for the high variation in AMF infection levels, whereas the infection levels 

AMF in lines 2 and 41 were consistently low or high respectively. Again this was not 

a quantitative study, further experiments would be needed to draw a positive link 

between genotypic variations and fluctuations in AMF infection level.

The question is whether the frequency of differences is higher than what would be 

considered acceptable. This is particularly important in the search for differences in 

gene expression, as it is essential to ensure that all differences are due to the variations 

in treatment (in this case AMF colonisation) rather than to local variation between 

plants.
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Fig 4: The clonal lines used 
for Experiment 2, the NILs 
these derived from and their 
genotypic origins.
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3.'2.2 Differential gene expression in AM and non-AM clonal NILs of white clover 

(Experiments 2 and 3)

Experiments 2 and 3 were set up to address some of the questions raised in 

Experiment 1, namely whether or not the differences in gene expression observed 

were all due to the AM symbiosis as opposed to inherent genotypic variation of the 

host plant. In order to eliminate genetic variation clonal lines were established by 

taking cuttings from the original seventh generation NILs. These plants were all 

clones of individual plants from the original growth experiment (Eason et al, 2001), 

that had particularly interesting differences in AM-colonisation and growth. This 

clonal material was produced by the on-going IGER project (Figs 4 and 8).

Lines 40 and 41 from Eason et al.'s (2001) study were of particular interest, as they 

responded quite differently to AMF while deriving from the same (generally high 

colonising) parental genotype (S). In these authors' work (Fig 5) line 40 showed a 

positive growth response to AM inoculation with low root infection levels (6.4% 

±3.2) while line 41 showed a poor (and in some cases negative) growth response, 

despite having higher levels of AMF infection (27.3% ±8.5). Consequently cuttings 

were taken from lines 40 and 41.

In addition, clonal material of line 2 was established. Line 2 was of particular interest 

because it had consistently low AMF infection levels (Eason, personal 

communication). With reference to the present experiments, lines 2 and 41 were of 

interest as they had shown few genotypic variations in Experiment la.
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Fig 5: Shoot growth of near-isogenic lines of Trifolium repens following 
inoculation with the AMF Glomus mosseae.

Showing two lines derived from the same parental genotype which exhibit contrasting
growth responses to AMF infection: lines 40 and 41 from parental genotype S. 

Between 19 and 61 days after sowing leaf number was measured. Data are presented 
as the ratio of growth in AMF compared to control (non AMF) plants (this based on 
ratios of mean growth data). Bars are standard errors of these ratios. Where there is a 
significant difference between AM and non-AM plants (based on actual growth data, 

not on ratios) this is indicated (*, P_0.05; **, P_0.01).
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In total, seven clonal lines were set up, all descendants of lines 2 (parental genotype 

H), 40 and 41 (S), derived from stolon-cuttings of individual plants from those lines. 

Five clonal lines were derived from line 40 plants: Q, U, W, A, T, and two from lines 

2 and 41 respectively: G and D. A number of growth studies had been set up with 

cuttings from these clones within the on-going IGER project (Eason, personal 

communication), and specimens were selected from two of these experiments for 

molecular analysis.

The objective is the comparison of gene expression between AM and non-AM within 

each clonal line by differential display and subsequent sequence analysis.

3.2.2.1 Source of plant material tor Experiment 2

Twenty stolon cuttings were taken for each clonal line, and planted light and 

temperature regulated growth rooms (section 2.2). Half of the pots were inoculated 

with G. mosseae. Plant growth was assessed non-destructively after 6, 8, 12 and 16 

weeks. The AMF infection levels were assessed after 8 and 16 weeks (section 2.4) 

and plants were selected for molecular analysis after 18 weeks.

Antidependence analysis showed that the growth data at the different time points were 

related (p<0.001), hence the analysis was used to assess variance between lines, 

treatments (mycorrhizal and non mycorrhizal) and the interaction between lines and 

treatment (see Tables 7a and 7b for results). The analysis showed that there was no 

consistent treatment effect or interaction between line and treatments. However, for 

the first two time points the lines differed significantly (p<0.05) from one another in 

terms of growth and AMF colonisation (Tables 7a and 8). Though these differences
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disappeared after week 8, they returned by week 16 where the lines differed in growth 

and AMF colonisation (p<0.001).

3.2.2.2 Selection of plants for gene expression studies in Experiment 2

In this experiment it was decided to examine gene expression in both leaves and roots. 

Consequently only twelve plants were chosen in order keep the experiment within 

manageable parameters. From each line five randomly selected plants (four AM 

plants and one non-AM plant) were destructively harvested (Section 2.3.1), and 2g 

leaf and root samples retained for DD analysis. Following the harvest, additional root 

samples were taken and analysed for AMF colonisation (Table 8), these figures were 

used to select the plants for DD analysis.

Analysis of AMF infection levels of the selected and harvested plants (Table 9) did 

not show as large a contrast between the lines as the seed grown material had (see 

Experiment 1). In this experiment although line 2 clonal line G again showed a very 

low levels of AMF colonisation (3.25%), line 40 clones had only slightly higher 

levels of colonisation averaging around 10% (Q: 9.5%,U: 9%, W: 10%, A: 10.5% and 

T: 12%). In the previous study (Experiment 7) these lines had consistently shown 

between 6 and 50% (±4.2) AMF colonisation. Nonetheless a significant contrast in 

infection levels between lines was still present. It would have been interesting to 

compare these lines with clonal derivatives of line 41, but for Experiment 2 clonal line 

D (the only line 41 clone) was not available for analysis.
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Table 7a: Stolon number and length (natural log) of AM and non-AM plants in 7 clonal
lines, at three time points.

Clone

AM±
Q
U
w
A
T
D
G

Week 6 
Growth
-

7.458
7.208
6.999
6.714
7.252
7.437
7.558

+
7.049
7.097
6.963
7.217
7.426
7.524
7.711

WeekS 
Growth
-

7.875
8.054
7.836
7.899
8.119
8.046
8.014

+
8.069
8.256
7.956
7.964
8.150
7.831
7.885

Week 10 
Growth
-

8.264
8.188
8.065
8.200
8.294
8.116
8.354

+
8.311
8.345
8.107
8.274
8.247
8.277
8.260

Week 12 
Growth
-

8.379
8.248
8.406
8.362
8.416
8.197
8.289

+
8.434
8.255
8.297
8.311
8.285
8.351
8.493

Week 16 
Growth
-

7.536
7.480
7.714
7.719
7.611
7.905
7.811

+
7.797
7.539
7.333
7.624
7.578
8.013
7.818

Legend: The stolon development (expressed as the length of the longest stolon multiplied by the number of 
stolons) assessed non-destructively from 7 mycorrhizal and non-mycorrhizal clonal white clover NILs 6, 8, 
10, 12 and 16 weeks following inoculation with G. mosseae. Values are the means of six to twelve replicates 
log transformed for statistical analysis. Arranged by Line and mycorrhizal status (AM ±). * Lines where there 
was a statistically significant difference (p<0.05 using a two tailed Student-T test) between AM - and AM + 
plants.

Table 7b: Means, Significance (p) and Standard Error (SE) values for Table 7a

Means,/? and SE
AM Plants Mean

Non-AM Plants Mean
Line related p

Treatment related/?
Line vs. Treatment/)

Treatment SE
Line SE minimum reps, 

maximum reps.
Line vs. Treatment SE (min. rep) 

(max. rep)

Week 6
7.326
7.249

0.003 **
0.461 ns
0.460 ns
0.0740
0.1555
0.1204
0.2199
0.1703

WeekS
8.001
7.985

0.042 *
0.746 ns
0.190ns
0.0356
0.0760
0.0589
0.1068
0.0827

Week 10
8.264
8.216

0.265 ns
0.370 ns
0.696 ns
0.0380
0.0811
0.0628
0.1138
0.0882

Week 12
8.353
8.321

0.397 ns
0.384 ns
0.199ns
0.0266
0.0567
0.0439
0.0797
0.0617

Week 16
7.694
7.719

<0.001 ***
0.637 ns
0.269 ns
0.0382
0.0811
0.0628
0.1139
0.0882

Legend: shows the means of AMF colonised and uncolonised plants. Line, treatment and interaction related 
statistical significance is shown for each harvest, where *** indicates significance at the 0.1% level; ** at the 
1% level; * at 5%; and ns indicates the differences are not significantly different. Below are the standard 
errors for differences between treatment (AM/non-AM) line and the interaction between line and AMF 
colonisation. The replicate number varied between lines; consequently there are two standard error figures for 
the differences between the lines and the line-treatment interaction, one for the smallest number of replicates 
(min. rep) and the other for the largest number of replicates.
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Table 8: Comparing AMF colonisation percentages of 7 selected clonal lines

Parental 
genotype

S
S
S
S
S
S
H

Line
40
40
40
40
40
41
2

Clone

Q
u
w
A
T
D
G

WeekS
%AM
5.0 ab
2.3 ab
l.Oa
1.3a
4.4 ab
5.6 ab
2.5 a

Week 16
%AM
19.3cde
10.5 abed
16.4bcde
8.7 abc

21.7de
25.3 e

4.0 ab

Legend: This means table shows the AMF colonisation percentages from 7 AM and non- 
AM clonal NILs; 8 and 16 weeks following inoculation. The values were transformed to 
angular and pairwise comparisons were carried out on them (student T test). Values that are 
not significantly different carry the same letter (a-e). The standard error for the line related 
differences was 3.278. The mean % AMF colonisation was 7.62% at 8 weeks and 20.01% 
at 16 weeks, the standard error was 1.540. The standard error for the interaction between 
time and lines was 3.830.
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It was decided to focus on two of the line 40 plants as these had a good range of AMF 

colonisation levels enabling comparison between low and moderate levels of 

colonisation within the lines. So for the line 40 (parental genotype S) clones; three 

plants were chosen from each of lines Q and U (two AM and one non-AM).

In addition one AM and one non-AM plant were chosen from the G line (clones of 

line 2 — genotype H) in order to make a comparison between plant genotypes S 

(characteristically high colonisation percentage) and H (low colonisation). The 

remaining plants were chosen from among the other line 40 clonal lines: two plants 

were chosen from each of lines A and W (one AM and one non-AM) (Fig 4), as these 

had showed statistically significant differences in growth during the first growth 

assessment.

For lines Q and U the AM plants with the highest and lowest infection percentage (% 

AMF) were chosen. For line G the plant with the lowest %AMF was chosen and for 

lines A and W plants were chosen whose %AMF was closest to the mean for that line 

(see Table 9).

3.2.2.3 Differential display analysis

RNA was extracted from both leaf and root samples (Section 2.6). As DD with six 

arbitrary primers in Experiment Ib had produced an unwieldy number of bands, in 

this study (Experiment 2) only three primers were employed. In Experiment 1, H- 

AP26, 27 and 28 had yielded the largest number of bands so these were employed for 

Experiment 2.
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Table 9: The plants selected and destructively harvested for Experiment 1.

Line 
Q(40)
Q+4
Q+5
Q+6
Q+7
mean

Week 16 
%AMF

28
48
16
2

37.5 (9.5)

Harvest
%AMF

4
22
8
4

34 (7.5)

Line U 
(40)
U+l
U+3
U+7
U+9
mean

Week 16 
% AMF

2
6
6

25
23.25(11.1)

Harvest
%AMF

11
3
2
20

3.5 (0.5)

Line 
G(2)
G+4
G+6
G+9
G+10
mean

Week 16 
%AMF

0
2
6
10

7(11.1)

Harvest 
%AMF

4
4
1
4

2 (0.8)

Line A 
(40)
A+2
A+3
A+4
A+10
mean

Week 16 
%AMF

2
0

24
0

52.2(15.8)

Harvest 
%AM

14
0
14
14

49.8(4.1)

Line 
W(40)
W+l
W+6
W+8
W+9
mean

Week 16 
%AMF

24
28
16
0

7(11.1)

Harvest 
% AMF

10
14
13
3

2 (0.8)

Legend: Four AM plants were taken from five clonal NILs, listed in separate tables as 
lines Q, U, A, W (line 40 - parental genotype S) and G (2 - H). Tables show individual 
plants, numbered by W. Eason (personal communication) (e.g. Line G (2): G+4, G+6, G+9, 
G+10) with % AMF colonisation 16 weeks after inoculation and following destructive 
harvest (24 weeks after inoculation). Plants chosen for DD analysis highlighted in bold. 
Means for each line given at the bottom of each table (Standard error in brackets).
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Following PCR amplification, the resultant samples were divided into two groups, run 

on two separate gels and analysed separately as Experiments 2a and 2b. All the PCR 

products from lines Q and U (both line 40 - parental genotype S) were run side by 

side on the first gel (Experiment 2d). As there were more specimens available from 

lines Q and U (two AM plants and one non-AM) and as they both derived from the 

same line (40) they were run together on the same gel in order to compare gene 

expression between two clones as well as between AM and non-AM plants. Similarly 

all the products from lines W, A (line 40 - S) and G (line 2 - H) were run on the 

second gel (Experiment 2V). For these lines there were fewer specimens available so 

they were run together on the second gel (Experiment 2b) and used to compare plant 

genotypes (H and S) (results displayed in figs 6a to d).

3.2.2.4 Experiment 2a: Comparing gene expression between AM and non- 

AM white clover plants of clonal lines Q and U (Line 40 - Parental Genotype S)

In Experiment 2a the expression patterns and gene sequences from lines Q and U 

were examined. The samples were loaded according to the line they derived from and 

then in the order: Non-AM, first AM, second AM (Fig 6a and 6c for precise running 

order). Leaf and root samples were run on the same gel to a low comparison of the 

whole plant genotype.

There were fewer overall differences in gene expression between lines Q and U, and 

fewer differences within each line than there had been in the seed grown material of 

Experiment 1. Also unlike Experiment 1 there were fewer differences in root samples 

than in leaf samples. There were however, still a number of interesting bands, 

predominantly from the leaves of the Q line (Figs 6a and 6c). There were seven bands,
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Primer
Line

Tissue
AM-/+

H-AP26
Q

Leaf
-1 + 1 +

Root
-1 + 1 +

U
Leaf

-1 + 1 +
Root-H +

H-AP27
Q

Leaf-H + Root-H +
u

Leaf-H + Root
- +1 +

Fig 6a: Experiment 2a: Comparison of gene expression in AM and Non-AM in
two clonal NILs.

AM (+) and non AM (-) plants were compared in two different clonal NILs; lines Q 
and U (both clones of line 40 genotype S). Three PCR reactions were run for each,

amplified with primers H-AP26, 27, 28 (Results from H-AP28 run on separate gel - 
see Fig 6c). Eight bands (B63 to B70- boxed areas, see fig 6b for close-ups) were

excised.
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Fig 6b: Close-up of bands excised from DD gel in Experiment 2a.
Each lane derives from one plant and the AM status is indicated above each 
lane. For details on line and primer combination see Fig 6a.

AM

B63 B64

B65 B66

B63-66

AM

B67-70
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Q (L40)
Leaf

- + +
Root

-1 + 1 +

U (L40)
Leaf

-1 + 1 +
Root

- + l +

Line
Sample
AM-/+

Q (L40)
Leaf

- + +
Root

- + +

B71

B72 B73

Fig 6c: DD results of Experiment 2a 
with primer H-AP28.
See Fig 6a for details.

Fig 6d: Close-up showing
bands excised from DD gel in

Experiment 2a
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corresponding to four potential genes that were up-regulated in AM plants and a 

further three that were down regulated. A total of 13 bands (B63-75) were excised, for 

cloning and sequencing (sections 2.8, 2.9 and 2.10).

The excised bands were renamed L63 to L75, cloned and transformed. As with 

Experiment 1 two colonies were taken for each clone and renamed accordingly (e.g. 

L64 —> c64a and c64b). After extraction by mini prep (section 2.9.3), the following 

clones were successfully sequenced:

L64 —> c64a and c64b L71 —> c71a and c71b

L66 —>• c66a L72 —> c72a and c72b

L67 —» c67a and c67b L73 —» c73a and c73b

L69 —> c69a and c69b L74 —> c74a and c74b

L70 —> c70a L75 —> c75a and c75b

A total of 13 sequences were discovered. The database matches observed are listed in 

Table 10.

Preliminary analysis showed that seq24 and seq25 differed from each other by only 6 

bases. Similarly seq27 and seq30 showed a 92% homology for the first 52 bases. Also 

the first 100 bases of seq29 were the same as those of seq6. Of the thirteen sequences, 

only six had matches on the plant database, eleven showed homology to EST 

sequences, the other two showed no significant matches.
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Seq24 and seq2S showed a high homology to a Pisum sativum protochlorophyllide 

oxido reductase (FOR) gene, thus adding to the potential photosynthesis related genes 

discovered in Experiment 1. The sequence match was entirely in the gene's UTR (un 

translated region). Manual alignment of these ESTs with the FOR gene showed that 

these sequences had high homology with one another and that ORF sequence was the 

most highly conserved across the sequences. This is the first gene in this series of 

experiments shown to be up-regulated in AMF colonised white clover.

The similarities between seq27 and seq30 were confirmed by their BLAST search 

results; most of the M. truncatula ESTs matched both sequences. In addition seqSO 

showed a high homology match with a Ricinus communis ribosomal protein (S4). 

Manual alignment of these two sequences with seq27 and a selection of the matching 

ESTs showed that all the sequences showed a high homology with the coding 

sequence (ORF) of the S4 gene and little or no homology with the 3'UTR. The section 

of ORF present in seq27 and seq30 was entirely located in the area of common 

sequence between the two. Based on this analysis it is likely that seq27 and seqSO are 

both the same ribosomal protein gene but bearing different UTRs.

Seq29 also showed high homology with a ribosomal gene, this however was not a 

ribosomal protein but a rRNA gene for the 16S subunit. This is additional 

confirmation that seq29 and seq6 derive from the same gene as the 16S ribosome 

subunit is prokaryotic and therefore can only derive from the chloroplast (as with 

seq6) or the mitochondrion, which both possess prokaryotic genomes. As with 

chloroplast mRNA, rRNA does not possess a poly-A tail therefore it should not have 

been isolated using DD.
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Table 10: Database matches from sequences from Experiment 2a

Code

seq24

seq25

seq26
seq27

seq28

seq29

seqSO

Clone

c64a 
c64b

c66a 
c66b

c67a
c67b

c69a

c69b

c70a 
c70b

Tissue 
source

Leaf

Leaf

Leaf
Leaf

Leaf

Leaf

Leaf

C

+
+

+

+

AM

+

+

~

~

-/+

Homology with

Pisum satlvum: 
Protochlorophyllide 
oxidoreductase 
AW683641;X6306

M. truncatula EST: 
UV irradiated plant 
Phosphate-starved 
Inoculation C. trifolii 
Developing leaf

Pisum sativum: 
Protochlorophyllide 
oxidoreductase

M. truncatula EST: 
UV irradiated plant 
Phosphate-starved 
Inoculation with C. trifolii 
Developing leaf

No significant matches
M. truncatula EST: 
N-starved roots 
AM plant (G. intraradices) 
Symbiotic root nodules 
P-starved leaf/root
Hordeum vulgare ESTs

R. communis 
16SrRNA
Zea mays ESTs 

Mixed adult tissues 
Oryza sativa ESTs 

Endosperm 
Sorghum bicolor ESTs 
Water stressed 
Ovary 

H. vulgare ESTs 
Pre-anthesis spike 

M. truncatula ESTs 
72hrs Rhizobium after inoculation

R. communis ESTs 
similar to Ribosomal protein

M. truncatula ESTs 
N-starvation 
AM plant (G. intraradices)

Symbiotic root nodules

Total 
bp*

167

167

235
234

234

235

199

Homology 
DMA level

90%

90% 

88%

90%

86%

88% 
90% 
90% 
90%
100%

97%

100% 

100%

100% 
100%

100% 

97%

97%

88% 
92% 
86% 
100% 
92%

Over 'N' 
bases

137

132 

132

137

138

70 
61 
61 
61
21

93

94 

94

94 
94

94 

94

35

35 
39 
52 
19 
39

Score

3e-35

3e-35

3e-23

3e-23

e>0.05

3e-12 
1e-11 
1e-11 
1e-11
0.036

2e-40

1e-45 

1e-45

1e-45 
1e-45

1e-45 

6e-44

3e-8

2e-6 
8e-6 
5e-4 
0.47 
8e-6

All sequences derive from high infecting clonal NIL Q (line 40 - parental genotype S) 
continued overleaf.

123



Table 10 Continued: Database matches from sequences from Experiment 2a continued

Code

seq31

seq32

seq33

seq34
seq35

seq36

Clone

c71a

c71b

c72a 
c72b
c73a
c73b

c74b 
c75a 
c75b

Tissue 
source

Leaf

Leaf

Leaf

Leaf
Leaf

Root

C

+

+

~

-

* 

AM

"

+

+
+

+/~

Homology with

G. max ESTs 
Hypothetical 70.5 kD Pr

C/cer arietinum 
Glyceraldehyde-3-P dehydrogenase

M. truncatula EST: 
AM plant (G. intraradices) 
Symbiotic root nodules 
N-starved roots, P-starved leaf/root 
Developing Flower, Drought 
Treated with oligalactonides 
Pisum sativum ESTs 
similar to G-3-P dehydrogenase

Ceretopteris richardii

No significant matches
M. truncatula ESTs 
AM plant (G. intraradices) 
P-starved root

M. sativa 
Leghaemoglobin

M. truncatula ESTs 
Symbiotic root nodules

Total 
bp-

194

199

159

170
167

155

Homology 
DMA level

90%

83%

84% 

85%

100%

92% 
92%

84%

83%

Over 'N' 
bases

60

138

115 

90

24

41 
41

136

136

Score

3e-11

6e-15

8e-12 

3e-11

4e-4

e>0.05

1e-4 
1e-4

8e-17

3e-14

Key: The sequences are numbered in order of discovery (code); clone and plant tissue 
from which they derive. The columns C (non-mycorrhizal) and AM (mycorrhizal) indicate 
whether the sequence was up or down regulated in AM plants. Total bp indicates the 
length of sequence. Homology with the most significant database matches are shown 
(known genes are always listed first and are indicated in bold) followed by the percentage 
homology (Homology DNA level) length of matching area (Over 'N' bases) and e number 
(score).
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It is possible that (as with seq6) sequence seq29 was isolated due to contamination 

with genomic DNA and cannot be assumed to be differentially expressed. 

Alternatively it could be due to the binding of the poly-T primer to an A-rich region 

of the 16S subunit.

Seq32 showed a high homology with the downstream UTR of the P. sativum 

glyceraldehyde-3-phosphate dehydrogenase (G3P-dH) gene. Manual comparison 

showed that the ESTs matching seq32 also matched the G3P-dH gene and contained 

sections of ORF. Though the homology with seq32 was outside the ORF the high 

level of homology suggests that, had seq32 contained any ORF, this would have 

showed a high homology with the G3P-dH gene, though more of the sequence would 

be required to confirm the identity of this putative gene.

Seq36 showed high homology on the plant database with a Leghaemoglobin gene in 

M. sativa. The sequence contained the 3' end of the ORF, and manual alignment 

showed that the other matching ESTs were also Leghaemoglobin genes.

3.2.2.5 Experiment 2b: Comparing gene expression between AM and non- 

AM plants in clonal lines W, A (line 40 - parental genotype S) and G (line 2 - G)

In Experiment 2b the expression patterns and gene sequences from lines G, A and W 

were examined. This gel showed the reactions from the remaining three lines. The 

samples were run according to the line they derived form and then in the order: Non- 

AM, AM, (see Fig 7a for precise running order).
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Fig 7a: Experim
ent 2b: Com

parison of gene expression in AM
 and Non-AM

 in three clonal NILs, using high and low colonising
phenotypes.

AM
 (+) and non AM

 (-) plants were com
pared in three different clonal NILs; lines W

, A (both clones of line 40 - high colonising) with line G 
(line 2 - low colonising). Three PCR reactions were run for each, am

plified with prim
ers H

-A
P26,27,28. Three bands (B76 to B78- boxed

areas, see fig 7b for close-ups) were excised.



Fig 7b: Close-up of bands excised from DD gel in Experiment 2b.
Each lane derives from one plant and the AM status is indicated above each 
lane. For details on line and primer combination see Fig 7a. B76 (left), B77 and 
B78 (right).

Tissue

AM
-/ +

Leaf
- +

Root
- +
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There were few overall differences between lines, though there were differences 

between lines A (parental genotype S) and G (H). As can be seen in Fig 7a some of 

the PCR reactions had been unsuccessful (blank or partially blank lanes) so it was 

often difficult to tell whether or not differences were due to down regulation of genes 

or failed reactions. Nevertheless three bands (B76-78) of interest were excised for 

cloning and sequence analysis.

Following extraction of DNA and ligation the excised bands were re-named L76 to 

L78. Again two clones were chosen for each band following transformation and 

renamed (e.g. L76—* c76a and c76b). The following clones were successfully 

sequenced:

L76-* c76a and c76b 

L77^ c77a and c77b 

L78-+ c78a

Four sequences were discovered, of which three matched sequences on the EST 

database. The database matches observed are listed on table 11.

Seq20 had also been found in Experiment 1, and both derived from high AMF 

infecting lines, though this one came from parental genotype S (Experiment 2), 

whereas the other had come from genotype J (line 17) (Experiment 1). Seq20 is of 

interest as its only two matches were with ESTs deriving from the same plants 

inoculated with Rhizobium, highlighting again the close genetic ties between the two 

symbioses. Manual alignment of the sequence showed that the two ESTs had identical
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Table 11: Database matches for sequences from Experiment 2b

Code

seq20

seq37

seq38

seq39

Clone

c44a 
c44b 
c76a
c77a 

cSOBb

c77b

c78b

Tissue 
source

Root

Leaf

Leaf

Leaf

C

+

~

AM

-/+

+

+

+

Homology with

M. truncatula ESTs 
Symbiotic root nodules

P. sativum 
Root border cell-specific gene

M. truncatula EST: 
Drought

G. max ESTs 
s.t. DNA damage repair Pr

No significant matches

Total 
bp*

204

306

310

96

Homology 
DNA level

96%

89%

88% 
92%

84%

Over 'N' 
bases

32

74

96 
39

136

Score

2e-6

2e-12

9e-16 
1e-5

4e-18

e>0.05

Legend: The sequences are numbered in order of discovery (code); clone and plant tissue 
from which they derive. The columns C (non-mycorrhizal) and AM (mycorrhizal) indicate 
whether the sequence was up or down regulated in AM plants. Total bp indicates the 
length of sequence. Homology with the most significant database matches are shown 
(known genes are always listed first and are indicated in bold) followed by the percentage 
homology (Homology DNA level) length of matching area (Over 'N' bases) and e number 
(score).

Seq20 derives from high infecting clonal NIL A (line 40 - parental genotype S) the other 
sequences derive from low infecting clonal NIL G (2 - H).
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sequences and that there was a loose homology with seq20 outside the areas of match. 

There was no information concerning the location of ORFs in these ESTs, however 

the number of differences suggest that seq20 derives from the UTR of a gene.

In addition to the M truncatula ESTs, there was a significant match (seq38) with a G. 

max EST similar to a DNA-damage repair gene in A. thaliana. Manual alignment of 

seq38 and the matching ESTs with the DNA-damage repair gene revealed a degree of 

variation between the sequences, though these variations were reduced once the 

sequences were translated. Seq37 showed a high homology to a P. sativum gene, 

described as a Root border cell-specific gene, though the match occurred in the UTR, 

and there were insufficient matching ESTs to confirm the identity of this putative 

gene. Seq39 showed no statistically significant matches.

Due to the number of failed PCR reactions and the lower number of replicates (one 

AM one non-AM) on this gel it was harder to make any great assumptions with 

regards to differences between the lines.

To summarise: Experiment 2 yielded a number of potentially up and down regulated 

AM plants genes. There were fewer differentially expressed genes in the genetically 

homologous clonal lines, and there were fewer differences in gene expression 

between clones deriving from the same line. The sequences consistently showed high 

homology matches with M. truncatula genes derived from AMF or P related growth 

experiments, with some sequences occurring in both seed grown NILs and clonal 

lines. As line D (41) had been unavailable it had not been possible to compare clones 

from the same parental genotype (S) lines 40 (Q, U, A, W and T) and 41 (D).
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Fig 8: The clonal lines used 
for Experiments 2 and 3, the 
NILs these derived from and 
their genotypic origins.

15 Original Plants

4 Genotypes

Dis

43 NILs

3 seed- 
grown 
NILs

;ontinued

High-colonisation 
genotypes: J and S 
Low-colonisation 
Genotypes: H and R

7 Generations of in

1-11

-breeding

22-34

Cirttin gs 
fro 
line

5 Clonal Lines:

17 20

for

35-43

3 ]SIILs $electbd for further study

. i _L_JL
23 1 28 40

NILs selected for Experiment 1

Experiment 1 •••••••
Four seed grown NILs: 
Lines 2. 17. 30 and 41 
Four AM - One non-AM

Cuttings

41

fro: n lines 40 <fc 41

Experiment 4 ••••••
Clonal NILs: E and D 
Harvested at 2. 6, 11 & 15 
weeks

Experiment. 2 •••- 
Four clonal NILs: 
Lines G, 0, U, W & A 
Four AM One non-AM

Experiment 3 — 
Four clonal NILs: 
Lines G, Q, U and D 
Two AM — One non-AM

Sequences 1.2, 
! 5. 43 & 44

Sequences 24-39 
&20

Sequences 40-42, 
1 &37
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3.2.2.6 Differential gene expression in AM and non-AM clonal NILs of 

white clover (Experiment 3)

In order to address the of differences between the line 2 clone G and the line 40 clones 

(see above) a third experiment was set up. This experiment focused in on two of the 

line 40 clones; Q and U (these two lines had yielded the largest number of 

differentially expressed genes in Experiment 2), and compare them on one gel with 

the line 41 clone (D) and the line 2 clone (G) (Fig 8). This comparison would be 

useful as these lines had contrasting levels of AMF colonisation (low in G, moderate 

in Q and U and high in D). It would also permit the comparison of two parental 

genotypes; H (clonal line G - line 2) with S (the other lines) and of two clones of the 

same line (Q and U - line 40).

The D clonal line was the only one deriving from line 41, it would be useful to make 

comparisons between the D line and the line 40 clones as interesting comparisons had 

already been made in previous experiments (Eason et al., 2001). The D lines were 

already being used in related experiments (Chapter 4) so it would be interesting to 

compare gene expression in this line across several experiments.

3.2.2.7 Source material for Experiment 3

The plants were provided by W. Eason from the on-going IGER study involving the 

same lines (personal communication). Ten stolon cuttings were taken for line Q (line 

40), and twelve cutting for lines U, D and G, and planted in and planted light and 

temperature regulated growth rooms (Section 2.2). Again half of the cuttings for each 

line were infected with G. mosseae. Plant growth was assessed non-destructively 

after 5, 7 and 9 weeks (Section 2.3.3), AMF infection levels were assessed after 7 and
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12 weeks of growth (Section 2.4), and plants were selected for molecular analysis 

after 13 weeks.

Antidependence analysis showed that the growth data at the different time points were 

related (pO.OOl). The analysis showed that there was no consistent treatment effect 

or interaction between line and treatments however for the first two time points the 

lines differed significantly (p<0.01) from one another in terms of growth and AMF 

colonisation.

Multiple pairwise comparisons were also used to compare the growth figures of AM 

and non-AM plants (Table 12a) and AMF colonisation levels (Table 13). For table of 

means and standard error see Table 12b.

Three plants were selected for each line (one non-AM plant and two AM plants), 

these plants were destructively harvested, and 2g leaf and root samples were retained 

for DD analysis.

3.2.2.8 Experiment 3: Comparing gene expression clonal lines Q, U (line 40 

- parental geno-type S), D (line 41 - S) and G (line 2 - H).

RNA was extracted from leaf and root samples (Section 2.6). The aim of this 

experiment was to run samples from all lines on one gel in order to compare the gene 

expression patterns, therefore fewer primers were employed to keep the number of 

reactions within a manageable level. Two primers; H-AP27 and H-AP28 were 

employed as these had produced the largest number of differential bands in 

Experiment 2.
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Table 12a: Stolon number and length (natural log) of AM and non-AM plants in 4 selected
lines, at three time points.

Clone

AM±
Q
u
D
G

Week 6 
Growth
-

6.228
6.708
6.835
7.558

+
6.050
6.560
7.003
7.392

WeekS 
Growth
-

7.151
7.107
7.227
7.507

+
7.135
7.053
7.185
7.432

Week 10 
Growth
-

7.365
7.437
7.259
7.682

+
7.398
7.320
7.431
7.641

Week 12 
Growth
-

7.425
7.487
7.316
7.842

+
7.670
7.493
7.421
7.750

Week 16 
Growth

-
7.735
7.846
7.592

8.282*

+
7.845
7.798
7.649

8.103*

Legend: The stolon development (expressed as the length of the longest stolon multiplied by the number of 
stolons) assessed non-destructively from 7 mycorrhizal and non-mycorrhizal clonal white clover NILs 4, 5, 6, 
7, and 9 weeks following inoculation with G. mosseae. The values are the means of ten replicates log 
transformed for statistical analysis.
Arranged by Parental genotype and Line, clonal line (clone). Data followed by different letters (a-c) within 
a column are significantly different (p<0.05) using a two tailed Student-T test.

Table 12b: Means, significance (p) and Standard Error (SE) values for Table 12a

Means / standard error
AM Plants Mean

Non-AM Plants Mean
Line related p

Treatment related p
Line vs. Treatment ;>

Treatment SE
Line SE (min. rep) 

(max. rep)
Line vs . Treatment SE (min. rep) 

(max. rep)

Week 4
6.669
6.544

<0.001***
0.491 ns
0.796 ns
0.1279
0.2559
0.2336
0.3618
0.3303

WeekS
7.123
7.131
0.009 **
0.868 ns
0.598 ns

0.0322
0.0663
0.0605
0.0923
0.0843

Week 6
7.447
7.419
0.002 **
0.442 ns
0.459 ns

0.0251
0.0524
0.0478
0.0725
0.0661

Week?
7.551
7.508
0.001***
0.312ns
0.528ns

0.0299
0.0636
0.0581
0.0871
0.0795

Week 9
7.849
7.863

<0.001***
0.636 ns
0.345 ns

0.0240
0.0521
0.0476
0.0705
0.0644

Legend: shows the means of AMF colonised and uncolonised plants. Line, treatment and interaction related 
statistical significance is shown for each harvest, where *** indicates significance at the 0.1% level; ** at the 
1% level; * at 5%; and ns indicates the differences are not significantly different. Below are the standard 
errors for differences between treatment (AM/non-AM) line (see Table 12a for means), the interaction 
between line and AMF colonisation.

The replicate number varied between lines; consequently there are two standard error figures for the 
differences between the lines and the line-treatment interaction, one for the smallest number of replicates 
(min. rep) and the other for the largest number of replicates.
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Table 13: Comparing AMF colonisation percentages of 4 clonal lines

Parental 
genotype

S
S
S
H

Line
40
40
41
2

Clone

Q
U
D
G

Week? 
%AM

0.48 ab
1.49ab
1.34ab
0.03 a

Week 12
%AM

11. 25 be
19.86 cd
36.27 d
0.68 ab

Legend: Comparing AM+ with AM- plants in terms of their stolon growth and % AM 
colonisation in Experiment 3. The values were transformed to angular and pairwise 
comparisons were carried out on them (student T test). Values that are not significantly 
different carry the same letter (a-d).
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Experiment 3 looked at the gene sequences and expression patterns from lines Q, U, G 

and D. The samples were loaded according to the line they derived from and then in 

the order: Non-AM, first AM, second AM (for further loading details see Fig 9).

As with Experiment 2 there were few differences between lines Q and U (line 40 - S) 

(Fig 6a), though there were a number of differences between these two lines and line 

G (2 — H). Unfortunately the results regarding line D (41 - S) were ambiguous, as a 

number of the PCR reactions had failed, so as can be seen from Fig 9, it was hard to 

compare the band patterns between these and the other lines. Broadly however there 

were few differences between lines D, Q and U.

Two bands detected in line G plants but not in the other lines were excised (B79-80). 

Of these two B79 was of particular interest as it was expressed more strongly in the 

non-AM plant than in the two AM ones. The expression of B80 was ubiquitous in AM 

and non-AM plants of line G. Overall there were few definite genes up or down 

regulated in as a result of AMF colonisation so no further bands were excised.

The excised bands were renamed L79 to L80 following extraction, purification and 

ligation to the pGEM®T easy vector. As before (section 2.9), two colonies were taken 

for each clone and renamed accordingly (e.g. L79 —» c79a and c79b). As B80 was 

twice the size of all other excised bands four colonies were picked of the clone L80 

rather than two.

The resolution of a PAGE gel has a bias towards smaller DNA fragments, that is 

smaller fragments (lower down the gel) are more likely to separate out (as can be seen
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H-AP27
D
-

(L41)
+ +

Q(L40)
- + 1 +

G(L2)
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U(L40)
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Primer
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AM-/+

Fig 9: Experiment 3: Comparison of gene expression in AM and Non-AM 
clonal NILs using high and low colonising phenotypes.

AM (+) and non AM (-) plants were compared in four different clonal NILs; lines
D (line 41 clone high AMF colonisation), Q (line 40 — high colonisation), G (line

2 - low colonisation) and U (40 - high). Two PCR reactions were run for each,
amplified with primers H-AP27 and 28. Two bands were excised, B79 and B80.
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by observing the band pattern on Fig 9) hence larger molecular weight DNA 

molecules are more likely to mask each other as they are less well resolved. Thus 

following the picking of colonies L80 was renamed as c80a, c80b, c80c and c80d. 

Five sequences were isolated. The database matches observed are listed in Table 14.

Seql and seq37 had also occurred in previous experiments, and as has already been 

discussed are thought to code for a ribosomal protein (LI 5) and a root border cell- 

specific gene respectively. In addition seq40 and seq42 showed homology with two 

genes on the plant database: ferric leghaemoglobin reductase and ribosomal protein 

S8 respectively.

Seq40 showed an exceptionally high homology (e=0.0) with ferric leghaemoglobin 

reductase and with lipomide dehydrogenase, as did several of the matching ESTs. 

Manual alignment showed that both genes showed high homology to one another after 

the first 130 bases. Sequence data from the 5' end of the gene from which seq40 was 

derived would be required to determine which of these two genes it is.

The expression patterns overall were consistent with those in Experiment 2, there 

were few differences in gene expression of any kind, and few differences between the 

clones deriving from the same line. The main differences were between line G (the 

low colonisation phenotype) and the other three lines (all from the same high 

colonisation phenotype). As an exercise for discovering genes up or down regulated in 

AM plants this experiment yielded some interesting results (discussed below). 

However further experiments for testing differences in gene expression between 

different lines should be larger scale, using more plants and more primers.
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Table 14: Database matches of sequences from Experiment 3

Code

seqt

seq37

seq40

seq41

seq42

Clone

clb 
c79ab

c77a 
cSOBb

c80Aa

cSOAb

cSOBa

Tissue 
source

Leaf

Leaf

Leaf

Leaf

Leaf

C

+

+

+

+

AM

+

+

+

+

Homology with

M. truncatula ESTs 
AM plant (G. intraradices) 
Symbiotic root nodule 
P-starved root 
N-starved root

M. truncatula EST. 
Drought

M. truncatula EST: 
N-starved roots 
Symbiotic root nodules 
P-starved root

G. max ESTs 
ferric leghaemoglobin 
reductase

G. max ESTs 
Hypothetical 80.3 kD protein

Z. mays 
40S Ribosomal protein S8

M. truncatula ESTs 
Symbiotic root nodules 
Uninoculated seedling roots 
Developing stem

Total 
bp-

299

306

454

382

461

Homology 
DNA level

87% 
89% 
89% 
89%

88% 
92%

92% 
93% 
92%

88%

81% 
84%

83%

87% 
87% 
87%

Over 'N' 
bases

202 
202
147 
147

96 
39

437 
399 
327

316

121 
83

153

349 
349 
349

Score

6e-44 
6e-44 
8e-37 
8e-37

9e-16 
1e-5

e-171 
e-158 
e-122

3e-88

4e-9 
6e-8

1e-18

1e-95 
1e-95 
1e-95

Key: The sequences are numbered in order of discovery (code); clone and plant tissue 
from which they derive. The columns C (non-mycorrhizal) and AM (mycorrhizal) indicate 
whether the sequence was up or down regulated in AM plants. Total bp indicates the 
length of sequence. Homology with the most significant database matches are shown 
(known genes are always listed first and are indicated in bold) followed by the percentage 
homology (Homology DNA level) length of matching area (Over 4 N' bases) and e 
number (score).
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3.2.2.9 Summary (Experiments 1-3)

Together the most striking difference between experiments using seed grown NILs 

and clonal NILs was the number of differences between the lines and within the lines. 

Plants within one clonal line are genetically identical to one another so they make a 

better choice for gene expression studies as (barring genetic mutations) it is more 

likely that differences in gene expression are due to differences in treatment.

In terms of growth and colonisation there was initially a greater variation in size and 

colonisation in the seed-grown NILs which decreased over time whereas the clonal 

lines showed greater uniformity overall, though some of the lines diverged from the 

rest over time. It should, however be noted that the experiments used different 

methods of growth assessment, whereas the clonal lines were assessed using stolon 

length measurements and number, the seed grown lines were periodically cut back 

and assessed using the dry weights of the trimmed stolons. The latter method of 

assessment may have increased the carbon burden on the remaining leaf, which would 

explain the decrease in variation observed after three such assessments. Though in a 

pasture system such periodic trimming would be the norm (due to cattle grazing).

There were, not surprisingly, considerably fewer differences for the clonal lines in 

general than for the DD from the seed-grown material. In Experiment 3, for example, 

only two differences were found and these were generally fainter and less well 

defined than the differences in the DD from the seed grown material in Experiment 1. 

Though these genes are more likely to be expressed as a consequence of AMF 

colonisation it is surprising that there were so few in this experiment. This was
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particularly noteworthy in the D line which has shown consistently high levels of 

colonisation.

Similarly in gene expression in the seed grown NILs (Experiment 1), a 

disproportionate number of genes were down regulated in lines 2 and (particularly) 

30, both low colonisation phenotypes (H and R). whereas line 17 (genotype J) yielded 

few differences in gene expression of any kind, and line 41 (similar to its clones in 

Experiment 3) showed none at all. Given the number of genes expressed and up 

regulated in response to AMF colonisation, it is surprising that there were so few in 

the high colonisation phenotypes (J and S).

One possible answer can be found observing the growth and colonisation figures data 

(Tables 2, 3, 7, 8, 12 and 13) of all three experiments. Though it is true that the 

colonisation of the plants increased over time it is also evident (particularly in 

Experiments 2 and 3) that any differences in growth between AM and non-AM plants 

were at their greatest during the early stages of the experiment, and by the time plants 

had been chosen for molecular analysis, such differences had been reduced. Plant 

growth may have been limited by the pot size used for example.

It is also likely that many genes are expressed early on in the symbiosis and are 

concerned with the establishment of the fungus in the cortex. By the time these plants 

were harvested the symbiosis would have been fairly well established (and possibly 

be inactive) and any genes up or down regulated would be largely concerned with 

maintenance. Whether or not this accounts for the low number of differentially
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expressed genes found, it is certainly the case that by harvesting so comparatively late 

these experiments neglected gene expression in the early stages of the symbiosis.

In order to test this hypothesis and isolate some of the genes expressed during the 

early stages of the symbiosis a new experiment was set up. Experiment 4 sought to 

compare the gene expression in two different clonal lines at several time-points over 

the course of the experiment. In this way it would be possible to obtain genes 

expressed during the different stages of the symbiosis, such as, initial infection, 

colonisation as well as the well established and late stages already examined in 

Experiments 1-3.
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Fig 10: Summary of the 
clonal NILs and NILs used 
in Experiment 4, and their 
genotypic origins.
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3.2.3 Differential gene expression in AM and non-AM clover clonal NILs at the 

different stages of the symbiosis development (Experiment 4)

This experiment was set up to determine the differences in gene expression between 

AM and non-AM plants over time following inoculation with AMF. Two clonal lines 

were set up and infected with either G. mosseae or G. intraradices, as these two AMF 

species have been reported as having different infection strategies (W. Eason, 

personal communication). Plants were taken from each treatment at regular time 

points, assessed for growth and colonisation, harvested and analysed by differential 

display. Bands of interest were excised, cloned and sequenced.

3.2.3.1 Plant material — Two clonal clover lines with contrasting 

phenotypes

Two lines were chosen that had shown contrasting levels of colonisation in past 

experiments (Fig 10).

Clonal line D (derived from line 41 - parental genotype S) was chosen to represent 

the high colonisation phenotype. Line 41 had consistently shown high levels of 

colonisation (27.3% ±8.5) contrasting with poor (and in some cases negative) growth 

(Fig 5 and Eason et al. 2001). hi Experiment 1, line 41 had showed similar results, 

whereas its clones (D) in Experiments 2 and 3 had been the only plants to show a 

consistent positive (though not statistically significant) growth effect. Despite these 

interesting phenotypes neither line 41 nor its clones (D) had shown any differences in 

gene expression in Experiments 1-3, therefore gene expression in the was studied in 

the earlier stages of the symbiosis.
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A new clonal line (from parental genotype H) was also established to represent the 

low colonisation phenotype. Line 2 (from which line G had been cloned) had 

consistently shown low levels of colonisation, contrasting with vigorous growth, AM 

plants not showing any significant difference in growth over non-AM ones (Eason et 

al. 2001). This was consistent in Experiments 1-3. Line E was cloned from line 2 prior 

to Experiment 1 and maintained through two clonal generations.

3.2.3.2 Source of inoculum - G. mosseae and G. intraradices

In addition to testing the effect of different stages of colonisation in different line, two 

different AMF species were used in order to test the whether any of the differentially 

expressed genes were AMF species specific. In addition to G. mosseae that had been 

employed in Experiments 1-3, G. intraradices was chosen as the second source of 

inoculum. G. intraradices was the source of inoculum for the AMF M. truncatula 

growth experiments (Journet et al., 2000 unpublished) that had produced database 

matches for seql, seq7, seq!2, seq!3, seq27, seq30, seq32 and seq35 (section 2.1).

3.2.3.3 Growth conditions and Harvesting

Thirty cuttings for Experiment 4 were taken from the third clonal generation of line E 

(line 2 - genotype H), and 30 cuttings were taken from the clonal D line (line 41 - 

genotype S) made available by W. Eason (unpublished work). The cuttings were 

grown in controlled conditions in light and temperature regulated growth rooms 

(Section 2.2}. For each line ten of the pots were inoculated with G. mosseae, ten with 

G. intraradices, the remaining ten were un-inoculated (see Table 15 for treatments).
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Two plants for each treatment were harvested at four time points: 2, 6 11 and 15 

weeks following inoculation (section 2.3.1). Leaf and root samples were retained for 

and DD analysis. Additional root samples were retained for AMF analysis (Table 15).

The clonal E line (line 2 — genotype H) showed no sign of colonisation over the 

course of the experiment, and as the experiment's aim was to study colonisation 

events, the E line was not used for molecular analysis. The D lines responded better to 

AMF inoculation (Table 15), showing increasing levels of colonisation with time. In 

the first two weeks no colonisation was recorded (Table 15); after six weeks growth, 

plants infected with G. mosseae showed a modest level of colonisation (6 and 10%). 

By weeks 11 and 16 the G. mosseae plants showed moderate levels of colonisation 

(20-39% ±4.5). G. intraradices colonisation lagged behind that of G. mosseae in its 

rate of colonisation. Only after 11 weeks of growth was any colonisation detectable (1 

and 6%), by week 15, plants had 12 and 23% colonisation.

3.2.3.3 Experiment 4'. Comparing gene expression between AM and non- 

AM plants in clonal line D (41 - S) infected with G. mosseae and G. intraradices 

at 2, 6,11 and 15 week time-points.

RNA was extracted from leaf and root samples (Section 2.6). Even without examining 

the E line (line 2 - H) the samples numbered 48, consequently only one primer 

combination was used to amplify them: H-TU G and H-AP27 as H-AP27 had 

consistently produced the largest number of interesting bands in previous 

experiments.

146



Table 15: Experiment 4, comparing root colonisation of individual plants harvested 2, 6, 
11 and 15 weeks after inoculation

Gt
H
H
H
S
S
S

Line
2
2
2

41
41
41

Clone
E
E
E
D
D
D

AM
-

GM
GI
-

GM
GI

2 weeks
0
0
0
0
0
0

0
0
0
0
0
0

6 weeks
0
0
0
0

6%
0

0
0
0
0

10%
~*

1 1 weeks
0
0
0
0

37%
6%

0
0
0
0

20%
1%

15 weeks
0
0
0
0

26%
12%

0
0
0
0

39%
23%

Legend: Plants inoculated with nothing (-), G. mosseae (GM) or G. Intraradices (GI).
Plants arranged according to parental genotype (Gt - H or S), Line (2 or 41) and Clone (E

or D). * ~ indicates the presence of hyphae but no colonisation detected.
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The samples were loaded onto PAGE gel; first leaf and then root samples in the order 

that they had been harvested (Fig 1 la). Thus: week 2, week 6, week 11 and week 15, 

and within each harvest they were loaded non-AM first then samples from G. mosseae 

(GM) infected plants followed by those infected by G. intraradices (GI). As can be 

seen from the first gel there were a number of genes up regulated in the leaves of AM 

plants at the various time points. However these differences were not common to both 

replicates of a given treatment, there were very few treatment effects. Though there 

were some genes differentially expressed at various time points, these genes were 

expressed in both non-AM and AM plants so these differences were unlikely to be 

AM-related, consequently no bands were excised from the first gel.

There was however one area of the second gel (Fig 1 Ib) where a row of bands that ran 

all the way across the gel, except for the samples taken at week 11 where the controls 

and those from GM infected roots showed only very faint bands. The bands from the 

GI infected roots were the same intensity as those of previous and subsequent weeks.

Also beneath that row of bands there was another row that was not present in the 2 

week and 6 week old samples: in the week 11 samples the control showed faint bands, 

the GM samples, bands of moderate intensity and of high intensity in the GI samples 

and all the week 15 samples.

Eight bands were excised from the gel for cloning and sequencing, (B81-88). The 

excised bands were renamed L63 to L75 following ligation into the pGEM®T easy 

vector. The following clones were successfully sequenced:
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Leaf
2 weeks

--
--

+GM

+GM

+GI

+GI

6 weeks
--

--
+GM

+GM

+GI

+GI

1 1 weeks
--

--
+GM

+GM

+GI

+GI

15 weeks
--

--
+GM

+GM

+GI

+GI

Sam
ple

Harvest
AM

+/-
GM

/GI

Root
2 weeks

_-
+CM

6 weeks
.-

.-
+GM

+GM

+GI

+GI

1 1 weeks
.-

.-
+GM

GM
GI

GI

15 weeks

-
-

GM
GM

GI

+GI

Fig lla: Experim
ent 4: Com

parison of gene expression in AM
 and Non-AM

 clonal NIL 2,6,11 and 15 weeks following inoculation.

AM
 (+) and non AM

 (-) plants were com
pared in clonal line D (from

 high colonising line 41) 2,6,11 and 15 weeks after inoculation; were 
inoculated w

ith G. mosseae (GM
) or G. intraradices (GI), or were uninoculated (-).Eight bands were excised (B51 to B58 - in boxed area)

for details on which bands were harvested (close up of the box) see fig 7b.



Harvest
AM+/-

Treatment

Week 6
+

GI

Week 1 1
-
-

-
-

+
GM

+
GM

+
GI

+
GI

Fig lib: Close-up of bands excised from DD gel in Experiment 4.

Week of harvest (week 6 for B85 and weekl 1 for the others); AM status (+/-) 
and AMF inoculated with (GM = G. mosseae, GI = G. intraradices and - = no

AMF) indicated above.

B81 to B84 (and B87) all contained sequence 15, which showed 2e-59
homology with an EST deriving from a P-starvation experiment with M.
truncatula
B85 and B88 both contained sequence 12, which showed 9e-12 homology with
an EST deriving from G. intraradices infected M. truncatula
B86 contained sequence 43, hitherto unidentified
B87 contained sequence 44, hitherto unidentified
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LSI—»c81aandc81b L85—» c85a

L82-» c82a and c82b L86-> c86a and c86b

L83-> c83a and c83b L87-* c87a and c87b

L84—»• c84a and c84b L88—> c88a

Four sequences were discovered, two of which had previously been discovered in 

Experiment Ib, the database matches observed are listed on table 16.

3.2.3.4 Summary (Experiment 4)

The recurrence of two sequences (seq!2 and seqlS) from Experiment 1 confirms that 

its expression in seed grown NILs is not due to genotypic variation but is in fact 

treatment linked. Also judging from their database matches (AMF and P-starvation 

experiments in M. truncatula); the time point at which they were up-regulated, and 

their occurrence in these two experiments it is likely that they are genes that are 

expressed during the advanced stages of colonisation and remain constitutively up 

regulated during the progressing symbiosis. The identity of the other two potential 

genes is not yet known, so further molecular research will be required to elucidate 

their function

Now that these sequences have been discovered they should be used to generate 

probes. Such probes could then be used in quantitative RT-PCR experiments or in-situ 

hybridisation experiments, in order to determine whether these particular sequences 

are expressed at any other time points.
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Table 16: Database matches of sequences from Experiment 4

Code

seq12

seq15

seq43

seq44

Ace. 
No.

c85a 
c88a

c81ab
c82ab
c83ab
c84ab
c87a
c86a
c86b
c87b

Tissue 
source

Root

Root

Root

Root

C

t

+

+

+

AM

i

-

-

"

Homology with

M. truncatula ESTs 
AM Plant (G. intraradices) 

G. max Genomic

M. truncatula ESTs
P-starved root

No significant matches

No significant matches

Total bp*

213

203

Homology 
DMA level

91% 
84%

90%

Over 
'N' 

bases

57 
77

189

Score

9e-12 
1e-4

2e-59

e>0.05

e>0.05

Key: The sequences are numbered in order of discovery (code); clone and plant tissue 
from which they derive. The columns C (non-mycorrhizal) and AM (mycorrhizal) indicate 
whether the sequence was up or down regulated in AM plants. Total bp indicates the 
length of sequence. Homology with the most significant database matches are shown 
(known genes are always listed first and are indicated in bold) followed by the percentage 
homology (Homology DNA level) length of matching area (Over 'N' bases) and e 
number (score).
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Repetition of the experiment would be useful as more bands could be taken. In the 

area of interest (indicated in Fig 1 Ib) only a representative selection of bands were 

excised, and though most of them gave rise to the same sequence it is possible that 

there are still further genes in that area visually masked by the ones already found.
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Table 17 - Summary of sequences, and their most significant matches
Seq

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
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
41
42
43
44

Most significant match
Ribosomal protein
Chlorophyll a/b binding protein
Putative histone acetyltransferase

No matches
No matches

Chloroplast genomic / 16S rRNA
No matches
No matches

G. max putative secretory carrier associated protein
No matches
No matches
No matches

Ribosomal Protein
No matches
No matches
No matches

Chloroplast genomic / rRNA
No matches
No matches
No matches
No matches
No matches
No matches

Protochlorophyllide oxido reductase
Protochlorophyllide oxido reductase

No matches
Ribosomal protein

No matches
rRNA
Ribosomal protein
G. max 70.5kD protein
Glyceraldehyde-3-P dehydrogenase

No matches
No matches
No matches

Leghaemoglobin
Root border cell specific gene (P. sativum)
G. max s.t. DNA damage repair protein

No matches
Ferric leghaemoglobin reductase

No matches
Ribosomal protein

No matches
No matches

AMF
5
-
-
-
-
-
1
-
1
-
-
2
5
-
-
-
-
-
-
-
-
-
-
-
-
-
6
-
-
6
-

12
-
-
1
-

Drou
-
-
-
-
4
-
-

P
3

20
-

21
-
-
_
-
-
-
-
-
3
3
3
-
2
1
-
-
-
-
-
1
1
-
8
-
-
6
-
1
-
-
2
-

N
2
.
1
.
-
-
.
-
.
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
-
2
-
-
2
-
1
-
-
-
-

Nod
14
_
-
.
-
3
-
1
.
-
-
-
4
-
1
-
-
-
-
2
-
-
-
-
-
-

22
-
4
15
-

18
-
-
-

200+
ghtM truncatula

-
-
4
-
2
-
-

-
-
1
-
3
-
-

-
-
1
-

16
-
-

Legend: Significant matches on the EMBL plant database and matches with ESTs from 
AMF, phosphate (P) and nitrogen (N) starvation and Rhizobium (Nod) experiments.
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3.3 Analysis and Discussion

3.3.1 Sequence analysis and database matches 

3.3.1.1 Plant database matches

Experiments 1-4 yielded a total of 44 sequences (Table 17), of which 12 (seql, seq2, 

seq3, seq!3, seq24, seq25, seq30, seq32, seq36, seq38, seq40 and seq42) showed a 

significant homology to known genes, and a further four showed homology to 

putative genes (i.e. genes whose function had been deduced - seq9, seq37, seq31 and 

seq41). Three sequences showed homology to rRNA or chloroplast genomic 

sequences (seq6, seql 7 and seq29) and were disregarded as being genomic DNA 

contaminants.

Five sequences: seql, seql3, seq27, seq30 and seq42 showed homology with various 

ribosomal proteins and two sequences (seq3 and seq38) showed homology with a 

putative histone transferase gene and a DNA damage toleration protein (respectively). 

Such genes reveal little other than that there was a general change in gene expression 

in response to AMF colonisation. Ribosomal genes in particular were likely to occur 

several times as each genome contains multiple copies of these genes. It is not 

surprising that these four sequences found such a large number of matches in the EST 

database as such housekeeping genes are highly conserved between species and are 

common to all living organisms. So these results while noted are not in themselves 

particularly ground-breaking.

Similarly such sequences as the glyceraldehydes 3-P dehydrogenase (G3PdH) gene 

(matching seq32) are of limited value. This sequence reveals a change (in this case a
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decrease) in glycolytic activity and therefore a general change in C metabolism, as a 

response to AMF colonisation. Though it is believed that the symbiosis alters the 

plants metabolic and photosynthetic rates (Wright et al., 1998) G3PdH is expressed 

constitutively in every plant cell and the reaction it catalyses is reversible. Hence in 

order to determine the true effect of the symbiosis on metabolism, this result would 

require confirmation with more metabolism related sequences in particular from the 

genes that determine whether G3PdH helps catalyse glycolysis or gluconeogenesis.

Photosynthesis related genes such as the protochlorophyllide oxido reductase (seq24 

and seq25) and chlorophyll binding protein a/b (seq2) are more promising as their 

activity is confined to one tissue (leaf) and as a group inhabit a far more discrete 

portion of the plant's metabolism, hi addition rates of photosynthesis have been 

shown to be affected by AMF colonisation (Wright et al, 1998; Fitter et al, 1991), 

though opinion is divided as to whether AMF colonisation positively (Louche- 

Tessandier et al, 1999) or negatively (Wright et al, 1998) affects a plant's 

photosynthetic rate.

In Experiment 1 the putative chlorophyll a/b binding protein (CBP) gene was down 

regulated in AM plants, whereas in Experiment 2 putative protochlorophyllide oxido- 

reductase (POR) was up regulated in AM plants. Though the plants from which these 

sequences derived were subject to different conditions; Experiment 1 plants were 

grown in a glass house, in late summer whereas all plants in subsequent experiments 

were grown in light regulated growth rooms, where the plants would have been more 

light limited.
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In several plant species both the expression of the FOR gene (Apel, 1981) and levels 

protochlorophyllide (Kay and Griffiths, 1983), have been shown to decrease in the 

presence of light. In P. sativum (the species whose FOR gene showed the closest 

homology to seq24 and seq25) FOR is thought to be regulated at the protein synthesis 

level leaving the expression of the gene un-altered (Spano et al, 1992). As these 

aspects of chlorophyll synthesis are light sensitive, it would follow that different 

levels of light would alter the effects of AMF colonisation on chlorophyll production 

and therefore the regulation of photosynthesis.

The occurrence in these experiments of genes involved in Rhizobium symbiosis raises 

the question of whether these are genes that are also involved in AM symbiosis or are 

they expressed in response to the plant's interaction with Rhizobium (with which all 

plants were inoculated) and incidental to AMF colonisation. It should be noted that 

seq36 (leghaemoglobin) was only down regulated in one of the two AM treatments. 

Seq40 was expressed in both AM and non-AM plants, its expression was unique to 

clonal line G (line 2 — genotype H) and absent in the other clonal lines.

The expression of a leghaemoglobin gene (VfLb29) in response to AMF colonisation 

has been documented in Vicia faba (Friihling et al., 1997). However VfLb29 was 

shown to have a low homology with leghaemoglobin genes from other legumes 

(Friihling et al., 1997), and was not found as one of the genes showing homology to 

seq36.

Little more can be said concerning the putative membrane-associated binding protein 

(seq9) and the root border cell-specific gene (seq37), as little is known about them,
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both were discovered in a G. max EST library and their function has to date only been 

deduced by comparison with other sequence.

3.3.1.2 EST database matches

Many of the matches from the EST database came from mycorrhizal growth 

experiments. Most of the ESTs showing a high homology with the sequences derived 

from M. truncatula in a variety of growth experiments. These experiments can be 

divided up into two discrete groups, each of which, interestingly, derived from a 

single research group:

Most relevant to these studies were ESTs from a cDNA library derived from 

Medicago truncatula inoculated with AMF G. intraradices, all of which came from a 

single experiment in July 2000. The work was carried out by Journet et al. (2000 

unpublished). Although the identity of these genes was not know when this data was 

published, the fact that they derived from an AMF related study indicates their 

relevance to this project, further communication with Journet et al. may yield further 

information as to the possible function of these genes. Seql, seq7, seq!2, seq!3, 

seq27, seq30, seq32, seq35 and seq42 showed homology to these ESTs.

Several of these sequences also showed homology (sequences seql, seq3, seq27, 

seq30, seq32, seq40 and seq42) with ESTs from a Nitrogen-starvation experiment by 

the same research group (Journet et al, 2000 unpublished). The absorption of N is one 

of the benefits that many plants derive from their AM symbiont (Marschner and Dell, 

1994). Nitrogen fertilisation is thought to affect, not only the degree of N colonisation 

of the root but also the carbon economy of AM plants (Eissenstat et al, 1993).
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The majority of these sequences are ribosomal protein genes (seql, seql3, seq27, 

seqSO and seq42), or genes such as histone acetyltransferase (seq3) and 

glyceraldehydes 3-P dehydrogenase (G3PdH) (32), genes that would be expressed 

constitutively in most organisms. Seq40 showed high homology with ferric 

Leghaemoglobin reductase (FeLegR) a gene likely to be affected by alterations in root 

N-concentration.

The other major group of experiments whose ESTs showed consistent matches with 

the sequences (seql, seq2, seq4, seq!3, seq!4, seqlS, seq!7, seqlS, seq24, seq25, 

seq27, seq30, seq32 and seq42) derived from leaf and root samples in phosphate 

starvation experiments with Medicago truncatula. These sequences derived from three 

main experiments: all the P-starvation ESTs derived from leaves were generated by 

Liu et al. (2001, unpublished) and are part of the Samuel Noble Foundation M. 

truncatula P-starved leaf library; all root derived P-starvation ESTs were generated by 

Harrison et al. (2000; 2001 unpublished).

Though these experiments did not directly involve AMF, they are nevertheless of 

interest as P-starvation is known to affect the levels of AMF-colonisation of roots 

(Eisenstatt et al, 1993). Furthermore, a number of genes involved in a plant's 

response to P starvation have been shown to play an important role of the regulation 

of AM-symbioses (Mt4 genes - Burlegh and Harrison, 1999; 1997).

It is noteworthy that all photosynthesis related sequences (seq2, seq24 and seq25) also 

showed homology with ESTs from P-starvation experiments. There are two theories
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concerning the effect of AMF on plant photosynthesis, firstly that the AM-plant 

increases its photosynthetic rate to meet the additional carbon demands from its fungal 

symbiont (Wright et al, 1998); secondly that the change in photosynthesis is the 

result of the improved P-nutrition provided by the AMF (Douds et al, 1988). Though 

both theories are likely to be factors in the relationship, the discovery of 

photosynthesis related genes expressed in common between P-starvation and AMF 

experiments would be instrumental in determining the molecular nature of the effects 

of AM symbiosis on photosynthesis.

There were also several matches with ESTs derived from symbiotic root nodules of 

M. truncatula though the ESTs derived from a diverse range of research groups. 

When one removes recurring household genes and sequences discounted as being 

artefacts that leaves seq8, seqlS, seq20, seq36 and seq40, of which seq36 and seq40 

were Leghaemoglobin and its ferric reductase, while seq8, seqlS and seq20 are 

hitherto unidentified.

Given the proposed common genetic pathways between AM and Rhizobium 

symbioses, these results are not unexpected, and could further our understanding of 

the genetic links between AM-colonisation and nodulation. Though it must be noted 

that all plants in these experiments 1-4 were inoculated with Rhizobium hence there is 

a possibility that some of these results are artefacts, due only to local differences in 

nodulation.

In these experiments, the genes showing no homology on the databases are as 

intriguing as the ones described above. The search for the genes involved in the AM
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symbiosis is ongoing and only a small number of genes have to date been identified. 

Though the knowledge that already identified genes (such as Leghaemoglobin and 

protochlorophyllide oxido reductase) are involved in the symbiosis is invaluable, the 

unidentified sequences derive from genes that are undiscovered and unidentified. 

More research is needed to obtain the full sequences of these genes and functional 

analysis to determine their possible functions. The matches with sequences on the 

EST database have gone some way to identifying seq4, seq7, seq!2, seq!4, seqlS, 

seq!7, seqlS, seq20, and seq35, by showing the different plants and experiments that 

they have been isolated from, so that sequence can begin to be linked to function.

3.3.2 Differences in gene expression

There was a greater number differences in gene expression between the seed-grown 

plants than between the clonal lines. This is encouraging as any genes in the clonal 

lines that are differentially expressed are likely to be due to differences in treatment 

(i.e. AM vs. Non-AM), so the clonal lines are better suited for this sort of molecular 

analysis. The disadvantage of course is that there were fewer differentially expressed 

genes overall. This is in part due to the sensitive nature of differential display, which 

does not produce clear unambiguous results all the time, so there may have been more 

genes that were expressed at a low level, or were missed due to staining artefact.

There were however some very encouraging results: many of the sequences (seql, 

seq!2, seq!4, seqlS, seq20 and seq37) obtained from the seed grown material were 

also found from clonal lines, indicating that these at least are likely to be linked to the 

mycorrhizal symbiosis. Database matches of all these sequences with genes derived 

from AMF infected, P-starved and nodulated plants confirm this. Now further work

161



will have to be conducted determining the nature of these genes, by communication 

with the laboratories that have also discovered these sequences and further molecular 

work.

3.3.3 Confirmation of expression and gene identity

The next step as far as Experiments 1-4 are concerned was to confirm expression of 

some of the more promising sequences in other clover plants. Though seql, seq!2, 

seq!4, seql5 and seq37 were found repeatedly in different plants, the other putative 

genes such as the protochlorophyllide oxido reductase had not as yet been confirmed. 

Consequently primers were designed from the sequences so that the mRNA 

population of other clover material could be probed for the expression of these genes 

(see Chapter 5).
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Chapter 4
Differential gene expression associated 
with P uptake in arbuscular mycorrhizal

white clover

163



Differential gene expression associated 
with P uptake in arbuscular mycorrhizal

white clover
4.1 Introduction

Experiments in Chapter 3 focused on identifying differences in gene expression 

associated with different phenotypes in inbred lines (including growth and AMF 

colonisation). This chapter describes experiments set up to study more specifically 

one of the main benefits plants derive from AM-symbiosis, namely improved 

phosphate (P) uptake, and the genes involved in this AM facilitated process. 

Experiments 5 and 6 look specifically at the effect on gene expression of different 

phosphate concentrations in mycorrhizal and non-mycorrhizal white clover.

Improved P uptake and nutrition of the host plants is probably the most widely 

reported benefit associated with AM symbiosis (Smith & Read, 1997; Harrison, 

1998). There are several mechanisms proposed to explain how AMF may improve its 

host's access to soil P.

Firstly and most obviously, the network of extraradical hyphae greatly increases the 

root surface area, across which P and other nutrients may be absorbed (Smith and 

Read, 1997). The hyphae also have a smaller diameter than roots and can thus 

penetrate smaller pores in the soil than can the larger roots. Phosphate uptake through 

mycorrhizal hyphae has been demonstrated by following the movement of radio- 

labelled P from soil to plant (Jacobsen et al., 1999). Secondly, as only 1% of soil P is 

in soluble form (Bolan, 1991) P depletion zones develop rapidly around established
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plant roots (Nye and Tinker, 1977). Because the mycorrhizal hyphae have a faster rate 

of growth than roots they can grow beyond these depletion zones (Tinker et al., 1975). 

Thirdly, AMF hyphae have access to different forms of P not available to the plant, 

such as organic phosphate (Koide and Kabir, 2000) and insoluble, soil-bound 

phosphate (Nikolaou et al., 2002). There is also evidence (Aikio and Ruotsalainen, 

2002) to suggest that the mycorrhizal hyphae have a higher affinity for phosphate than 

the roots of a plant, increasing the plants rate of P-uptake or enabling them to take up 

P at lower concentrations than non-AM plants can.

The experiments in this chapter address the fourth hypothesis, by studying the 

response (including gene expression), of one clonal white clover line to controlled 

changes in phosphate (P) availability in the soil solution. Concurrently physiological 

and molecular approaches would allow differences in P uptake between AM and non 

AM plants, to be correlated to differential gene expression.

The environmental factors that influence the development of an effective symbiosis 

have been well documented (see Chapter 1). It is known for example that light level 

can have a significant effect on the development and effectivity of AM symbioses 

(Louche-Tessandier et al., 1999; Fitter, 1991) with associated effect on gene 

expression. In the experiments described in Chapter 3 there was a suggestion that 

differences in light levels between two experiments had resulted in one of the 

differences in gene expression identified. In this study the combined use of a 

genetically homologous clonal inbred line and the control of major environmental 

conditions (light, temperature, nutrient levels) enabled the work to focus better on 

gene expression associated with P uptake.
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A nutrient flowing culture system was developed, which allowed precise control and 

manipulation of soil P levels and ensured constancy in available nutrients. This, 

coupled with the control of other major environmental variables meant that any 

measured differential gene expression was more likely to be related to P uptake.

4.1.1 Aims and objectives

The main aim of this series of experiments was the development of an environment 

where most of the major environmental factors affecting the growth and development 

of plants could be controlled, providing a more reliable basis for the identification of 

gene expression associated with P uptake.

A nutrient flowing culture system was developed, in which nutrient application was 

constant and could be controlled, so that phenotype responses relating specifically to 

changes in P availability could be related to gene expression. The system permitted 

the in situ study of plants in an environment where soil P levels were controlled.

These experiments focused on the effects of different soil solution phosphate (P) 

levels on the growth of mycorrhizal plants, hi this system we are able to control P 

levels and so determine whether mycorrhizal plants are able to access P at lower 

levels from the soil solution than non-mycorrhizal ones, in other words, whether they 

had a greater P affinity.

If different genes are involved in plant P uptake at low concentrations, then they will 

be expressed at critical P levels. Moreover if there are differences in P affinity
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between mycorrhizal and non-mycorrhizal plants, and the genes involved are 

different, one might expect to see differences in growth response of plants at a critical 

P level, where mycorrhizal plants have a greater access to the available soil P. 

Comparing the gene expression patterns of AM and non AM clover should enhance 

the probability that any differentially expressed genes discovered would be involved 

in the utilisation of P.

The experiments in Chapter 3 resulted the identification of a number of sequences 

that showed a high homology to ESTs derived from P-starvation experiments, so 

comparison with data from this experiment will be informative.

The system described here offers a means of linking the study of differentially 

expressed genes to AM-facilitated phosphate uptake, providing direction to what 

would otherwise be a totally random search for AMF expressed or stimulated genes.
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Nutrients 
Nutrients

- Access Point 
(Only present 
in Experiments')

Outflow

Fig 1: A cross section of a single pot from the nutrient flowing culture system.

Showing the flow of nutrients and the access points (these were used to monitor root 
development and were only present on each pot in Experiment 6).
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4.2. Experiment 5: Effect of soil P level and AMF on plant growth

The main objective of this experiment was to find a phosphate concentration at which 

AM white clover showed a positive difference in growth to non-AM clover and to 

study any differences in gene expression that occurred at this point.

4.2.1 Materials and Methods

4.2.1.1 Designing the nutrient flowing culture system

The purpose of the system (Fig 1) was to allow the experimental manipulation of soil 

P levels in an otherwise controlled environment. In this way we could observe the 

effects of changing P levels and plant mycorrhizal status on plant growth and gene 

expression.

The experiment was designed to study at the effects of AMF colonisation and P 

concentration on plant growth and gene expression. Consequently four treatments 

were implemented (see Table 1):

1. Non-AM plants grown without P (OP)

2. AM plants grown without P (OP)

3. Non-AM plants grown at variable levels of P (+P)

4. AM plants grown at variable levels of P (+P)

In order to control the levels of P available to the plants, was used as a growth 

medium, as this is devoid of accessible nutrients. Nutrient solution was then supplied 

to the plants using a peristaltic pump (section 2.16.2). The tubing supplying the

169



Table 1: - Treatments for Experiment 5

AM±
-
-
+
+

P
-
+
-
+

Treatment Code
OP non-AM

OP AM
+P non-AM

+PAM

AM%
0

67.5
0

65.5

SE
0

2.22
0

1.71

Legend: AM ± indicates mycorrhizal status of the treatment; P indicates the presence 
of phosphate in the treatment. AM% indicates the percentage AMF colonisation at 
the start of the experiment and SE indicates the standard error.
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nutrients was black and so did not allow light to penetrate, which previous experience 

has shown is likely to cause contamination with algae. Two separate nutrient solutions 

were used, differing only in their P-content: The nutrients supplied to the plants in the 

OP treatment contained no added P; sodium dihydrogen orthophosphate (NaH2PO4) 

was added to the nutrient solution in the +P treatments. The amount of P added was 

altered as required.

One of the potential problems in the experiments in Chapter 3 was that plant growth 

may have been limited by pot size. This problem was addressed by designing 

cylindrical containers constructed out of llcm diameter plastic tubes, 38cm deep. 

This gave the roots a total access space of 3600cm3 compared to 400cm3 in previous 

experiments. The pots were fitted with an outflow hole at the bottom, covered with 

fine-mesh gauze to prevent blockage by roots or sand.

4.2.1.2 Source of plant material for Experiment 5

The plants were provided by W. Eason from an on-going IGER study: clonal white 

clover line E (the same as was used in Experiment 4, Chapter 3) which was developed 

from near isogenic line 2 (parental genotype H). Although line 2 was normally a line 

that showed low levels of colonisation, this set of clones, had higher levels of 

colonisation than had been observed previously (Table 2d).

Thirty cuttings were established in a glasshouse (section 2.2.1), fifteen of which 

contained a Glomus mosseae inoculum. The plants were assessed for AMF 

colonisation 11 weeks after inoculation, (section 2.4). Analysis showed that the plants 

had a mean colonisation level of 63.3% (±1.8).
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4.2.1.3 Selection of material for the nutrient flowing cultures system

Sixteen plants were selected from the material provided by W. Eason for Experiment 

5, eight were AM and eight were non-AM. The AM plants were chosen on the basis 

of their AMF colonisation to represent as narrow a range of colonisation percentages 

as possible (66.5% ±0.9). The plants were divided up into separate treatments (OP 

non-AM, OP AM, -HP non-AM and +P AM); four plants for each treatment. The eight 

AM plants were divided in such a way that the OP and the +P treatments had 

equivalent levels of AMF colonisation (see Table 2d).

All the plants had become pot-bound and their roots needed to be pruned before they 

would fit into the nutrient flowing culture system. There were slight differences in 

shoot size between individual plants so, to avoid bias, plants of different shoot size 

were distributed evenly between treatments (based on visual observation).

For the first four weeks of the experiment all treatments were grown in the absence of 

phosphate in order to allow the plants to become established. Thereafter in the +P 

treatments the P concentration was gradually increased, with an initial P level of 

0.32uM. The plants were maintained at each new P concentration for at least 2 weeks. 

The P-level was changed immediately following leaf assessment it allowed the effects 

of changes in P concentration on leaf number to be assessed.
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Summary Table 2a: Significance 
(p) values for Fig 2, using Two 
way and Antidependance.

Legend: p values of for different- 
ces between OP and +P treatments 
using two-way ANOVA and anti- 
dependence.

On Table 2a and Fig 2 * indicates 
a significance at the 5% level 
(p<0.05), ** at \% (p<0.01) and 
***at0.1%(p<0.001).

There was no significant diff 
erence between the AM and non- 
AM treatments, or any interaction 
between the P or AM treatments 
(/7>0.05).

Week
1
2
3
4
5
6
7
8
9
lQ_i
11
12
13
14
15
16
17
18
19
20
21
22

[PiluM
0
0
0
0

0.32
0.32
3.2
3.2
6.4
6.4
9.6
9.6
9.6
7.5
7.5
7.5
6.4
6.4
6.4
4.8
4.8
4.8

ANOVA
0.202
0.682
0.449
0.851
0.171
0.970
0.009
0.861
0.890
0.057
0.045
0.007
0.188
0.051
0.003
0.976
0.064
0.883
0.533
0.573

<0.001
0.024

**

*
**

**

***
*

Antidependance
0.202
0.422
0.518
0.701
0.517
0.657
0.116
0.176
0.249
0.126
0.056
0.008
0.008
0.004

<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001

**
**
**

***
***
***
***
***
***
***
***
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4.2.2 Results

4.2.2.1 Plant growth response to increasing P levels in the +P treatments

Owing to the high degree of variation between the individual plants the OP and +P 

treatments differed significantly (p<O.Q5) at only a small number of time points 

despite an obvious visual divergence between the two treatments after week 11 

(Fig 2). However when the same data were analysed using antidependence, there was 

a significant difference between OP and +P treatments from week 12 onwards:

Following the initial period, in which all plants were grown in the absence of P (four 

weeks), the P concentration was set at 0.32uM for two weeks, followed by two weeks 

at 3.2uM and two weeks at 6.4uM. The first significant growth difference between 

the OP and +P treatments was observed when soil P levels were 9.6uM P, 12 weeks 

after transplanting (see Fig 2).

P: AM and non-AM plants exhibited a similar growth effect at this level of P 

(see Fig 2). This indicated that if there was an observable, mycorrhizal absorption 

threshold (i.e. a point where AM plants could obtain P and so gain a growth 

advantage for the host plant compared to non-AM plants), then it lay between 6.4 and 

9.6uM. The P levels were reduced accordingly to 7.5uM, roughly midway between 

these two levels.

7.5uM P: A slightly reduced growth rate of all the +P plants was observed, which 

appeared to be more pronounced in the non-AM plants than the AM plants, but this 

difference was not significant (Fig 2). After 3 weeks, the P level was reduced back to
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6.4uM to see if this would impose a significant P stress on the plants that would 

initiate differences in the behaviour of AM and non-AM plants

6.4jiM P: There was a noticeable reduction in the rate of plant growth in all +P 

treatments, and once again it was sharper in the non-AM treatment (Fig 2). There now 

appeared to be a sizeable difference between the growth of AM and non AM plants. 

Although due to the high variance in each treatment the differences were not 

statistically significant. At this P level there was a continuing deterioration of the 

condition of all +P plants (largely increasing the rate of leaf death for all plants).

4.8uM P: Further P stress was applied when the P levels were finally set at 4.8uM, 

for all the treatments in an attempt to widen the growth difference between AM and 

non-AM plants. At this stage there was much less difference in behaviour of AM and 

non-AM plants. In the last few weeks the plants all declined, so after two weeks the 

experiment was halted. The plants were harvested and assessed for final leaf count, P- 

content, AMF colonisation and final dry weight.

4.2.2.2 The OP treatments - Plant growth in the absence of phosphate

All plants in the OP treatments showed a steady decline throughout the experiment. 

Increasing P levels to 4.8uM at 20 weeks did not result in a sustained growth response 

and the plants continued to decline, indicating the plants did not have access to P at 

this soil P level.
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Table 2b: Comparing harvest data means for the four treatments in Experiment 5

P

OP
OP
+p
+p

AM±

-
+
-
+

Standard error
Significance (p)

Leaf 
number

46
52

273
286

38.4
ns

Stolon dry 
weight 
(mg)
1.75
1.76
8.65
9.53
1.311

ns

Stolon 
length 
(mm)
233
262
706
792

97.7
ns

Root fresh 
weight
("g)
9.7
7.1

36.1
37.9

3.98
ns

Root 
length (m)

10.4
7.8

28.9
25.3

3.4
ns

% Leaf 
Phosphate

0.29
0.28
0.29
0.285
0.00878

ns

% AMF

0
33

0
19.5
4.16
ns

Legend: The Leaf number, Stolon dry weight and length, Root fresh weight and 
length, Leaf Phosphate concentration and % AMF colonisation, of 16 the plants 
from Experiment 5, following destructive harvest. The figures are arranged according 
to treatment: Phosphate (P) and AMF colonisation (AM±). The table also shows the 
standard error (derived from antidependance ANOVA) and statistical significance of 
the interaction between treatments (ns indicates p>0.05).

Table 2c: Means, significance (p) and Standard Error (SE) values for table 2b

Means and 
Standard 

Error
OP mean
+P mean

P related SE
P related/;
AM- mean
AM + mean
AM±SE

AM related p

Leaf 
number

49
280

27.1
O.001
160
169
27.1
ns

Stolon dry 
weight 
(mg)

1.76
9.09
0.927
O.001
5.20
5.64
0.927

Ns

Stolon 
length 
(mm)

248
751

69.1
<0.001
706
796

69.1
ns

Root fresh 
weight 
(mg)
8.4

37.0
3.98

<0.001
22.9
22.5

3.98
ns

Root 
length (m)

9.1
27.1

2.4
O.001
19.7
16.5
2.4
ns

% Leaf 
Phosphate

0.285
0.2875
0.00621

ns
0.29
0.2825
0.00621

ns

% AMF

16.5
9.8
2.94
ns

NA

Legend: shows the means of P-treated and starved plants and AMF colonised and 
uncolonised plants. Below each are the standard errors (SE) for differences between 
phosphate (P) and AMF (AM) treatments and statistical significance, where <0.001 
indicates significance at the 0.1% level; and ns indicates the differences are not 
significantly different. The interaction between phosphate treatment and AMF 
colonisation is shown on table 2a.
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Table 2d: Comparing AMF colonisation of the plants before and after
Experiment 5

P

OP
OP
+p
+p

AM±

-

+

-

+

Means

Before 
experiment

0
67.5%

0
65.5%
66.5

After 
experiment

0
33.0%

0
19.5%
26.25

Legend: The AMF colonisation percentages preceding (Before experiment)
incorporation into the nutrient flowing culture system and following the final harvest 
(After experiment) from the 16 plants in Experiment 5. Values are the means of four 
replicates arranged by treatment: Phosphate (P) and AMF colonisation (AM). Two tailed 
student t-test showed that these values are significantly different (p=0.003) with respect 
to time (standard error = 3.3) but there was no significant difference between treatments.

Table 2e: Root length distribution of the plants in Experiment 5

P

OP

OP

+p
+p

AM±

-

+

-

+

Top 
Third

87.08%
(2.73)

87.17% 
(1.52)

80.41% 
(4.09)

80.36% 
(4.04)

Middle 
Third
8.17% 
(1.25)
8.73% 
(1.20)

8.79% 
(1.33)
8.58% 
(1.31)

Bottom 
Third

4.75% 
(1.82)

4.09% 
(0.82)

10.79% 
(2.79)

11.07% 
(2.90)

Legend: Showing the distribution of roots in the Top, Middle and Bottom thirds of the
pots. The values are means each derived from four replicates (Standard error in brackets) 
arranged by treatment: Phosphate (P) and AMF colonisation (AM).
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OP

I Shoot Weight (mg) 1% AMF

OP OP OP +P +P -t-P +P

Fig 3a: The dry weight of shoot compared % root colonisation of 
each plant in the OP and +P treatments for Experiment 5.
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Fig 3b: Comparison of the mean
infection level in both treatments

with pre-experiment infection levels
for Experiment 5.
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4.2.2.3 Final harvest Data

The final harvest data showed that there was no significant difference (p>0.05) 

between AM and non AM plants in terms of shoot and root weight and length or P 

content (Tables 2b and c). Root analysis showed that a high proportion of the roots 

were in the top third of the pot (Table 2e).

4.2.2.4 AMF Colonisation

At the end of the experiment the root infection levels had fallen significantly 

(p=0.003, ±3.3) in all treatments compared to the levels when the experiment started 

(Fig 3a). The mean infection level in the OP plants was higher (25% ±2.3) than in the 

+P plants (16.25% ±5.25) although this was not significant (p>0.05).

Interestingly the only +P plant that showed an AM infection level comparable with 

the OP plants was particularly stunted and had been in decline for several weeks prior 

to the harvest (see Fig 3b) and was also the only one to show infection in the lower 

two thirds of the root system.

4.2.2.5 Differential gene expression

Leaf samples (Ig) were taken from all of the +P plants 20 weeks after transplantation, 

the point at which the biggest shoot growth difference between the AM and the non- 

AM plants was observed. The leaf yield of the OP plants was insufficient to sample for 

molecular analysis. DD analysis (using primers H-TnG and H-AP27) of leaves 

showed no obvious difference in gene expression between AM and non AM plants in 

the +P treatment (see Fig 4).
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P status
AM±

+P
- - - - + + + +

I

Fig 4: Experiment 5: Comparison of gene
expression between AM and non AM at

3.2uM P.

AM (+) and non AM (-) plants were 
compared in clonal NIL E (derived from low 
colonising line 2). Eight PCR reactions were

run, amplified with primer H-AP27.
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4.2.2.6 Conclusions and analysis

Overall the plants responded well to manipulation of P levels, exhibiting a range of 

growth effects to the different P concentrations. However in this experiment there was 

no significant AMF-related growth effect. The +P plants began to exhibit a growth 

response between P levels of 6.4uM and 9.6uM. Although at 7.5uM P there appeared 

to be a difference in the growth response of AM and non-AM plants, with AM plants 

apparently at an advantage at this P level, this difference was not significant.

Despite the use of clonal material, which was colonised by AMF at consistently high 

levels, there was a high degree of variation in response between the individual plants 

to soil P levels (see final harvest data). The low replication made it difficult therefore 

to obtain statistically significant differences in growth rates. The plants used in this 

study were obtained from another experimental population and had become pot bound 

before the experiment had started. It might have been better to use smaller, more 

uniform material from the outset.

The infection in the AM plants dropped considerably over the course of the 

experiment. After the harvest, infection was variable and low and was (with one 

exception) localised in the upper third of the pot. Lower in the pots, where all roots 

would have grown during the experiment, roots were not colonised and no external 

hyphae were found. The reduction in AMF infection levels from over 60% to less than 

30% during the course of the experiment may have contributed to the lack of a 

significant AM-related growth effect.
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The particular locality of the infection (i.e. in the upper sections of the pots) suggests 

that the conditions in the lower sections of the pots may have been prohibitive to 

AMF colonisation. The bottom of the pots would have been less well aerated and 

more prone to water-logging. The steep decline in infection levels even in the upper 

layers however suggests that conditions throughout the pot did not encourage AMF 

development.

The lack of infection in the lower part of the pot may have been further exacerbated 

by the fact that the lower sections of the pot contained no further inoculum that might 

have facilitated AMF colonisation of new roots as they entered into the bottom half of 

the pot.

In addition, AMF work better under well drained conditions (Alkaraki & Clark, 1998; 

Solaiman & Hirita, 1998), and may not have adapted as well to the constant flow of 

water in this system. Also AM fungi may thrive better in more structured media 

(Merryweather, personal communication) and sand may not have been ideal for the 

development of an external hyphal network.

The 6-8 week period that the plants were grown without phosphate (or at levels of 

3.2uM and below) may also have caused a deterioration in the symbionts (Reinhard et 

al., 1994). This might be addressed by eliminating the initial P starvation period, and 

starting the plants off at the P level at which the plants are known to respond. 

However this was not possible in this initial experiment as the critical P level was 

unknown.
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The lack of differences in gene expression (Fig 4) could be explained by the fact that 

leaf samples for DD analysis were taken just prior to the final harvest, by which point 

the levels of colonisation were greatly reduced, and the plants from different 

treatments were converging in size.
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4.3 Experiment 6 - Effect of soil P level and AMF on gene expression in white 

clover

Most of the technical points raised in Experiment 5 (this chapter) were addressed in 

this new experiment. It employed younger plants, (more uniform in size and 

colonization), a higher number of replicates, and was widened to include two clover 

genotypes to examine the effect of the host plant on the AM response. Leaf samples 

were taken at three time-points during the experiment in order to study gene 

expression at different P concentrations.

As with Experiment 5 the main objective of this experiment was to compare gene 

expression between AM and non-AM white clover in a nutrient flowing culture 

system.

4.3.1 Experimental design

4.3.1.1 Alterations made to the system following Experiment 5

As the previous experiment had already shown a marked difference in growth 

between plants grown in the presence and absence of phosphate the OP treatment was 

not included. All plants received the same amount of phosphate in their nutrient 

solution; this halved the number of treatments:

1. Non AM plants grown at variable levels of P

2. AM plants grown at variable levels of P
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This allowed the number of replicates to be doubled (eight plants per treatment). No 

alterations were made to the pumping equipment. A second mesh was included at the 

bottom of the pots to prevent roots blocking the outflow hole, as waterlogging had 

been a problem in Experiment 5. For further details on the system see section 4.2.1 

and Figs 1 and 2. Initial soil phosphate levels were set at 3.2uM and increased to 

6.4uM, the level at which a significant growth effect was observed in Experiment 5. 

This approach avoided the long period of P starvation in the earlier study, which may 

have contributed to the decline in AMF colonisation.

In addition the growth tubes were all fitted with access points (as illustrated in Fig 1) 

so that root development could be observed and potentially monitored for AMF 

colonisation.

In order to provide a more structured medium for AMF and to provide better aeration 

in the pots, the sand had been replaced by vermiculite (The Schundler Company, New 

Jersey). Vermiculite is an inert growth medium, consisting of small (2-3mm diameter) 

irregularly shaped silica granules, which have a more varied structure than sand or 

terragreen. This medium was selected to facilitate colonisation of new roots growing 

into lower sections of the pot. hi the AM treatments the vermiculite was inoculated 

with G. mosseae by mixing through the entire soil volume.

4.3.1.2 Source of plant material for Experiment 6

Experiment 6 employed two clonal lines. Line E was the same as used as in 

Experiment 5.
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Line D was a near isogenic line 41 (S) clone, which had shown consistently high 

levels of colonisation in previous experiments (2, 3 and 4, Chapter 3) accompanied 

by a variable growth response to AMF colonisation. The seed grown line 41 (from 

which clonal line D derived) had shown a negative growth response to AMF 

colonisation (Eason et al., 2001), whereas in Experiments 2 and 3 (Chapter 3, section 

3.2.2) the D lines had been the only lines to show a consistently positive growth 

response to AMF colonisation.

For this experiment thirty-two cuttings were taken from clonal line E and thirty-two 

cuttings from clonal line D and established. Half of the plants were inoculated with 

Glomus mosseae inoculum (section 2.1.2)\ the remaining plants were not inoculated. 

The plants were periodically assessed for AMF colonisation (section 2.4). After 9 

weeks the E clones were discarded as none of them showed any signs of infection. 

The D clones had a mean colonisation level of 21.6% (±3.3).

4.3.1.3 Selection of material for the nutrient flowing culture system

Sixteen plants were selected for Experiment 6, eight of which were mycorrhizal. Eight 

non-mycorrhizal plants from the same line were chosen as controls. Selection was 

based on similarity in stolon number, stolon length and, where possible AMF 

colonisation, though this was more difficult as it varied markedly from plant to plant 

(21% ±3.4).

As in Experiment 5, Experiment 6 was conducted in light and temperature-regulated 

growth rooms (section 2.2.3). Nutrients were delivered to the plants at the same rate 

and concentration as in the previous experiment (section 2.16.2). At the start of the
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experiment P levels were set at 3.2uM (this was below the critical P level at which 

plants responded by an increase in growth in the previous experiment).

Plant assessments were modified from the previous experiment. Because of the time 

taken to measure leaf numbers assessments were carried out on the stolons growing 

out of each of the pots. The lengths of these were measured from the edge of the pot 

to their tips and summed to produce a total length for each plant. The leaves on these 

stolons were also counted, as in Experiment 5 all growth data were analysed using 

antidependance (section 2.15.1). Colonisation in the lower portion of the tubes was 

assessed in four of the plants (three AM and one non-AM plants selected at random) 

nine weeks following transplant; all AM plants assessed were colonised.

The final harvest was carried out as in the previous experiment; but the roots were 

harvested in their entirety, and a 2g sample being retained for mycorrhizal analysis.
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Fig 5: Mean leaf and stolon development over time and [P]
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Key: Mean leaf number and stolon length against time and phosphate concentration. 
AM indicates infection with G. mosseae, Non-AM plants are uninfected, * indicates a 
significance at the 5% level (p<0.05) and ** at 1% (p<0.01) between AM and non- 
AM plants.

Summary Table: Significance (p) values for Fig 5, using Anti-dependence.

Week
1
2
3
4
5
6
1
8
9
10
11
12

[PiltiM
3.2
3.2
3.2
6.4
6.4
1.6
1.6
1.6
1.6
1.6
1.6
1.6

Leaf Number
0.866
0.191
0.209
0.417
0.464
0.431
0.134
0.767
0.137
0.950
0.008
0.962

**

Stolon Length
0.111
0.233
0.713
0.867
0.185
0.986
0.863
0.260
0.570
0.015
0.225
0.405

*

Legend: p values of for differences 
between AM and Non-AM treatments 
using anti-dependence.

On Table and Fig 5 * indicates a sig 
nificance at the 5% level (p<0.05), ** 
at 1% (p<0.01). There was no sig 
nificant difference between the AM 
and non-AM treatments, or any 
interaction between the P or AM 
treatments (p>0.05).
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4.3.2 Results

4.3.2.1 Plant growth response to increasing P levels

The antidependance analysis showed that the growth data at the different time points 

were related (p<0.001). However overall the antidependence analysis showed no 

significant difference in leaf number or stolon length between AM and non-AM plants 

(p>0.05):

3.2pM P: During the initial 3 weeks, when all the plants were grown at 3.2uM P, all 

plants grew at the same rate. Growth in both mycorrhizal and non-mycorrhizal plants 

was slow, so the P level was increased to 6.4uM to encourage differences in growth 

(similar to those seen in the previous experiment - see Fig 5).

6.4uM P: There was an increase in the rate of stolon growth in all plants, while the 

rate of leaf growth appeared to remain unchanged (Fig 5). hi terms of stolon growth 

the non-mycorrhizal plants appeared to be growing slightly better than the 

mycorrhizal ones, although not significantly so. After 2 weeks at 6.4uM P the P level 

was reduced to 1.6uM in order to slow the rate of growth and see if this would now 

favour the AM plants (as had been the case in the previous experiment). It was 

possible that line D had a lower critical threshold P level than the E line had had.

1.6uM P: Rather than showing reduced growth under the lower P level, all plants 

continued at a similar growth rate to that observed at 6.4uM P. Leaf production 

increased in the non-mycorrhizal plants while it remained unchanged in the
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mycorrhizal ones. The P was maintained at this concentration for the remainder of the 

experiment.

Cut Back: Three weeks after the P levels were set at 1.6uM the plants had become so 

large they were cut back in order to keep the growth assessments at a manageable 

level. The growth rate of all the plants was reduced after the cut back, but all 

treatments continued to show a steady increase in plant size. The growth rate of AM 

and non-AM plants appeared to be similar. The experiment was terminated after 12 

weeks.

4.3.2.2 Final harvest (Table 3)

The root length of the non-AM plants (40.2m ±2.9) was significantly larger (p=0.012) 

than that of the AM plants (28.0m ±3.1). Though the dry weight of the shoots of non- 

AM plant (16.82g) was greater than that of AM shoots (14.59g) the difference was not 

statistically significant (Table 3, see also Fig 6a). All of the other harvest data 

followed the same pattern; with the values of the plants from the Non-AM treatment 

exceeding those of the AM treatments, though only the root lengths did so 

significantly. In this the results contrast those of Experiment 5 where there was no 

significant difference between any of any of the harvest data, though the AM plants 

exceeded the non-AM in most categories.

Root analysis of the plants showed a contrast with Experiment 5 where the levels of 

root colonisation had fallen significantly (p=0.003) from a mean 66.5% (SE=0.99)
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Table 3: Comparing harvest data means for AM and non-AM plants in
Experiment 6

AM±

-
+

Standard error
Significance (p)

Leaf 
number

244
192
25.2
ns

Stolon 
length 
(mm)

405
320

32.8
ns

Root 
length (m)

40.2
28.0

3.0
0.012

% Leaf 
Phosphate

0.150
0.149
0.0162

ns

% AMF
WeekO

0
21.56

3.3

% AMF 
Week 12

0
57.75
2.15

0.001

Legend: The Leaf number, Stolon dry length, Root length, Leaf Phosphate
concentration of 16 the plants from Experiment 6 following destructive harvest and 
the AMF colonisation percentage before (Week 0) and after (Week 12) the 
experiment. The figures are arranged according to treatment: AMF colonisation 
(AM±). The table also shows the standard error and statistical significance of the 
interaction (derived from antidependance ANOVA). The AMF colonisation had 
changed significantly over time (p<Q.Q5), the standard error was 2.02.
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Root Lengths (cm)

Fig 6a: Comparing the root length of Control and Mycorrhizal plants.

Experiment 1 Experiment 2 

I pre-eperiment Infection Level d Final Infection Level

Fig 6b: Compares the mean
infection level in both

experiments with pre-experiment
infection levels.
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prior to commencement to 26.3% (±4.6) in the final harvest. In this experiment the 

reverse had taken place (see Fig 6b), with the mean colonisation increasing from 21% 

(±3.3) before the experiment to, to 57.75% (±2.15) at the final harvest. Pairwise 

comparison showed that the change over time was statistically significant (pO.OOl, 

±2.02).

P-analysis showed no difference between AM (0.14mg ±0.01) and Non-AM (0.12mg 

±0.01) shoot.

4.3.2.3 Differential display (DD) analysis

hi order to obtain a better profile of gene expression in this experiment, 2g leaf 

samples were taken at three different time points:

3 weeks: just prior to the change of nutrients from 3.2uM to 6.4uM P 

8 weeks: when the plants were growing at their highest rate

(determined from non-destructive shoot measurements) 

12 weeks: during the final harvest after the experiment had been concluded

There were 48 samples so only one primer combination was used: H-TnG and H- 

AP27 - this combination had consistently produced the largest number differentially 

expressed bands in previous experiments.

As can be seen from Fig 7a few differences in gene expression were detected between 

AM and non AM plants at the first two time points. The differences at the third time 

point can be disregarded as they are not consistent within the treatments. However
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there was one particularly striking difference at the first time point, derived from the 

3.2uM P level. Despite the apparently similar rates of growth between the treatments, 

there was as small group of four bands on the DD gel that were expressed strongly in 

all the non-AM treatments but appeared to be down regulated in all of the AM 

treatments.

This finding is particularly significant given the number of replicates involved. The 

same four bands were also present at the second time point (1.6|^M P). Here however 

they were common to both AM and non-AM treatments. Eight of the bands of interest 

were excised for sequencing (Fig 7b), four from the non-AM treatments and four from 

the AM treatments.
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Harvest 1, (Week3)
1.6uM

Harvest 2, Harvest
AM-/+

Fig 7a: Experiment 6: Comparison of gene expression between AM and non AM 
clonal NIL grown at different phosphate concentrations.

AM (+) and non AM (-) plants were compared in clonal NIL D (derived from high 
colonising line 41) grown at 3.2uM (harvested 3 weeks after establishment) and 
1.6uM P (8 weeks). For each time point eight PCR reactions were run from each 
treatment using primer H-AP27. Eight bands were excised for sequencing (B51 to 
B58 — in boxed area) for details on which bands were harvested (close up of the box) 
see fig 7b.

3.2uM
Harvest 1, (Week3)

. - + + + + + + + +

[P]
Harvest
AM-/+

Fig 7b: Close-up of bands excised from DD gel in Experiment 6.

Each lane derives from one plant and the P concentration; week of harvest; and AM 
status (+/-) indicated above each lane. For details on line and primer combination see 
Fig 7a.
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Following extraction of DNA and ligation the excised bands were re-named L51 to 

L58, and the clones were transferred into E. coli competent cells (section 2.9). Again 

two colonies were chosen for each band following transformation and renamed (e.g. 

LSI— » c51a and c51b). The following clones were successfully sequenced:

LSI— >c51aandc51b L55^ c55a and c55b

L52— > c52a and c52b L56— »• c56a and c56b

L53— > c53a and c53b L57-> c57a and c57b

L54— > c54a and c54b L58^ c58a

Three sequences were discovered (see Table 4), two of which had already been 

discovered in previous experiments (Chapter 3 - Experiments Ib and 4) sequences 

seq!4 and seqlS. Database analysis had already shown that seq!4 and seqlS had both 

shown high homology on the EMBL database with ESTs deriving from P starvation 

experiments. The third sequence (seq45) showed no homology on any of the 

databases, thus indicating that it corresponds to a hitherto undiscovered gene.
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Table 4: Database matches of sequences from Experiment 6

Code

seq14

seq15

seq45

Ace. 
No.

cSlab 
c52ab 
c54ab 
c56a 
cSSa

cS3ab 
c56b 
c57ab

c55ab

Tissue 
source

C

+

+

+

AM

-

Homology with

M. truncatula ESTs 
P-starved leaf 
Drought 
Developing leaf

M. truncatula ESTs 
P-starved root

M. truncatula ESTs 
UV irradiated

Total 
bp*

205

203

202

Homology 
DNA level

98% 
98% 
97%

90%

Over 'N' 
bases

81 
81 
81

189

Score

1e-35 
1e-35 
3e-33

2e-59

e>0.05

Key: The sequences are numbered in order of discovery (code); clone and plant 
tissue from which they derive. The columns C (non-mycorrhizal) and AM (myc- 
orrhizal) indicate whether the sequence was up or down regulated in AM plants. Total 
bp indicates the length of sequence. The table then lists the most significant database 
matches, (known genes are always listed first and are indicated in bold) followed by 
the percentage homology (Homology DNA level) length of matching area (Over 'n' 
bases) and e number (score).
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4.3.3 Discussion

Experiment 6 was an adaptation of the Experiment 5, successfully employing a 

nutrient flow culture system to manipulate levels of P available to the plants in order 

to effect a change in growth. In this respect the experiment worked as well as the 

previous one. The plants responded well to the variation of P levels, and, in contrast 

to Experiment 5, a statistically significant difference in growth was observed between 

the two treatments. In terms of root length the non-AM plants were significantly 

longer than the AM plants at the conclusion of the experiment. These findings were 

supported by the growth assessments taken over the course of the experiment, which 

showed an increasing divergence between the two treatments: the non-AM plants 

marginally (but not significantly) larger than the AM plants.

The main difference between the two experiments was the use of different lines in 

each case. Though the clone of line 2 (used in Experiment 5) had been intended for 

use in this experiment, it had remained uncolonised, whereas the D line (41) had 

achieved a mean colonisation of 21% (±3.4) in the same time. The clonal line E had 

shown a mean AMF colonisation of 63.5% (±1.8) in Experiment 5 and might have 

been expected to achieve the same levels of colonisation for this experiment. 

However, the line E cuttings used in Experiment 6 were grown in a growth room 

rather than in the glass house. It is thus possible that the reduced levels of light 

available to the plant may have been a factor in the low colonisation by AMF. Also 

near isogenic line 2 (of which line E is a clone) derives from a parental phenotype 

that normally has low colonisation levels.
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Line 41 (of which line D is a clone) derives from a parental genotype that normally 

has high colonisation levels. Another phenotypic difference for which line 41 (or its 

parental genotype S) has been characterised is that their root systems develop more 

slowly when colonised by AMF. The difference between AM and non-AM root 

systems can be as great as 50% (Eason et al., 2001). This would explain the 

differences in root length between treatments in Experiment 6 that weren't present in 

Experiment 5.

4.3.3.1 Levels of colonisation

Another difference between the two experiments was that the system was re-designed 

to encourage the development of AMF in Experiment 6. The sand of the first 

experiment had been replaced by vermiculite, a more structured and less dense 

growth medium. This probably contributed to a better drainage of the pots and more 

aeration in the lower sections. The pots were also further inoculated with G. mosseae 

and the line of plants used had a history of high levels of colonisation. It is fairly clear 

from the results, that the change of clover line and growth medium were the major 

contributory factor to the improved mycorrhizal infection rates. These differences in 

the levels of colonisation accounted for most of the other differences in the 

experiment.

4.3.3.2 Carbon drain

Despite the high levels of colonisation observed at the conclusion of this experiment, 

these had not been accompanied by a corresponding growth benefit to the plants. 

Throughout the experiment the mycorrhizal plants lagged behind the non mycorrhizal 

ones, exceeding them in their weekly rates of growth only in isolated cases. At 3.2uM
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both treatments grew at the same rate; at 6.4(4,M mycorrhizal plants grew more slowly 

and at 1.6pM declined more rapidly than their non-mycorrhizal counterparts. 

Following the cut back the non-AM plants also showed a higher rate of recovery than 

the non-AM.

It can be concluded that in the case of this experiment, these clover plants did not 

derive a growth benefit from their mycorrhizal symbionts. Moreover, the results 

suggest that in this case the AM symbiosis was detrimental to the development of the 

plants. There are several factors that could account for this difference. It is possible 

that the high level of AM colonisation in this case placed a greater carbon burden on 

its host that counterbalanced the benefit provided by an increased influx of phosphate. 

The carbon drain to the plant would be particularly detrimental if the plants were 

already light-limited by being grown in rooms with artificial lighting. In other words; 

the growth of AM plants in Experiment 6 may thus have been slowed as a 

consequence of the higher C cost of maintaining the fungus at these levels of root 

infection (see also Eissenstat et al., 1993).

4.3.3.3 Critical P-level

The other possibility is that the critical P-level at which AM plants derived a growth 

benefit was not found in this experiment. One possible misjudgement that was made 

was reducing the P levels from 6.4uM straight down to 1.6|iiM, rather than returning 

to 3.2jiM or a level between 3.2uM and 6.4(aM. At 3.2(iM P both treatments had 

grown at the same rate, so the P concentration was reduced to 1.6(j.M to determine 

which of the two would decline faster. To counteract the rapid increase in plant size
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that had accompanied the 6.4uM P concentration. This proved unsuccessful, 

necessitating cutting back the plants three weeks later.

The differential display results show that there were differences in gene expression 

between the AM and non-AM plants at 3.2uM P. This may indicate one of two 

things. Firstly, that 3.2uM was within the range of P concentrations that benefited 

mycorrhizal plants, and had the plants been left for longer at this concentration or had 

the concentration increased slightly (e.g. 3.6nM P) an AM related growth benefit 

would have been observed. Or secondly that the similar growth rates between AM 

and non-AM plants observed at 3.2uM was as close to a positive AMF related growth 

effect as was possible in those (light limiting) conditions.

4.3.3.4 Gene Expression

As none of the sequences discovered matched any known genes on the genEMBL 

database, further research is needed to determine the identity of these genes. There 

are however some conclusions that can be drawn from the results; seq!4 and seq!5 

had both been discovered in the experiments described in Chapter 3, (twice in the 

case of seqlS). This is invaluable as it makes it more likely that these are genuine 

differences in gene expression as opposed to PCR artefacts or the result of genomic 

contamination, Seql4 and seqlS also showed high homology with ESTs from P- 

starvation experiments (Liu et al., 2001; Harrison et al., 2000 unpublished), which is 

interesting given the nature of this experiment. Genes involved in P-starvation have 

also been shown to be down regulated by AM symbiosis by Burley and Harrison, 

(1997). As these genes were down regulated in the AM treatments at 3.2uM P but not
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at 1.6uM a conclusion could be drawn that if they were P-starvation genes then they 

would be down regulated when the mycorrhizas began to benefit the host.

Of course it is not known whether the genes are down regulated as a direct response 

to the change in P or whether this change in gene expression is regulated by the AMF. 

Further sequence data would be required to further identify and elucidate the precise 

function of these genes.
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4.4 Overall conclusions

Although neither of the experiments was able to identify a phosphate concentration at 

which mycorrhizal plants have a selective advantage over non-mycorrhizal ones, 

several conclusions can be drawn from them. The main conclusion is that, with these 

particular clover lines in these experimental conditions, there may not have been a P 

concentration that would give the AM plants such a selective advantage.

However this does not mean that there wasn't a P concentration at which AM plants 

derived any benefit from their symbionts, merely that this benefit did not enable the 

AM plants to exceed their non AM counterparts in terms of growth. The differences 

in gene expression observed between AM and non-AM plants in the second 

experiment indicate that there was a P concentration at which the AM-plants 

responded differently. Though physiological effects can be masked differences in 

gene expression can still be observed using differential display.

Another factor that must be taken into account is that the constant availability of P in 

this system, does not mirror the situation in nature, hi the soil, the phosphate is mostly 

insoluble and immobile (Bolan, 1991), so depletion zones rapidly develop around the 

root system of the any plant (Nye and Tinker, 1977). Part of the benefit plants derive 

from their symbionts is that AMF can access parts of the soil beyond the P-depletion 

zone and may have access to insoluble forms of P (Tinker et al., 1975). This contrasts 

with the nutrient flowing culture system, where phosphate is constantly replenished, 

and P-depletion zones would not develop.
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Hence it is possible that the plants' P needs are being met by the system, making any 

additional P absorption by the AM symbionts redundant. It has been shown that, at P- 

levels where plants were less reliant on their symbionts AM-plants grow more slowly 

than non-AM plants (Eisenstatt et al., 1993). If this growth deficiency is due to the 

burden placed on the plants (whose P requirement has been met) by AMF, then this 

might further explain the consistent difference between the two treatments in 

Experiment 6.

This hypothesis could be addressed in subsequent experiments in a number of ways. 

The nutrient flowing culture system could be adapted so that the phosphate was 

dripped into a hyphal compartment not accessible to the roots. The development by 

Mader et al. (1993) of a hydrophobic membrane would be invaluable to such a study 

as this membrane permits the passage of fungal hyphae but is impervious to the ions 

(such as P) in the soil solution (Jacobsen et al., 1999). This system would help 

determine at what P concentration AM plants begin to show a growth benefit. The 

non-AM treatment would thereby also effectively be a OP treatment and purely 

present to compare growth differences, however this system would ensure that any P 

absorbed by the plants would be due to AMF.

It is also possible however; that there is no lower "threshold" phosphate concentration 

at which mycorrhizal plants start absorbing phosphate before uninfected ones. It 

could be that the "mycorrhizal effect" lies in their ability to absorb insoluble forms of 

phosphate not available to other plants, or to render insoluble P soluble. This could 

also be tested using a hyphal compartment containing insoluble forms of phosphate 

mixed in with the growth medium. Such a system would be more straight-forward as
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it would not require any hydrophobic membrane. In both instances leaf samples could 

be taken at a regular basis to monitor changes in gene expression and cores taken 

from the hyphal compartment in order to study the expression of AMF genes at 

different concentrations of P.

From a plant-breeding perspective, the nutrient flowing culture system (or static 

compartmentalised system) would present one method for testing new lines and the 

relationships they form with mycorrhizas in situ. Such a test would be time 

consuming and costly, and so should probably be reserved for fairly promising plant- 

AM pairings.

Once the suggested changes were implemented the system could be refined to 

perform elegant, P-concentration based, studies; testing not only phosphate 

absorption but also Zinc and the various other nutrients whose assimilation benefits 

mycorrhizal plants and the genes associated with these functions.
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Chapter 5
Confirmation of differential gene 
expression in AM white clover
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Confirmation of differential gene 
expression in AM white clover

5.1 Introduction

Differential display (DD) analysis of gene expression in near isogenic white clover 

lines (Chapters 3 and 4) identified forty five putative genes expressed in response to 

differences in AMF colonisation (Chapter 3) and phosphate nutrition (Chapter 4). 

Differential expression of seven of these genes (sequences seqO, seql, seq!2, seq!4, 

seql 5, seq20 and seq37) had been detected in several experiments (Chapter 3); this 

suggests that they are less likely to be PCR artefacts.

The experiments described in this chapter were designed to confirm whether three 

genes identified in Chapters 3 and 4 corresponded to genuine differences in gene 

expression and whether these differences occurred in other plants. Two of the above 

sequences (seqO and seql) was chosen for further investigation together with an 

unconfirmed sequences of particular interest (seq24). Seql, down regulated in the 

leaves of two low colonising AM NILs (Line 2 and clonal line G) showed a 92% 

homology with a 60S ribosomal protein gene (LI5). Seq24, up-regulated in the leaves 

of two plants from a high colonising clonal AM NIL (Q), showed a 90% homology 

with protochlorophyllide oxido reductase. Whereas seqO, down-regulated in the leaves 

of a low colonising AM NIL (line 2), showed no homology with any known genes.

The results from Experiments la, 2a and 3 showed that these putative genes were 

often present in both treatments but expressed at different levels. However, as DD is
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not a quantitative technique, further confirmation of expression of these genes is 

essential.

Two RT-PCR based strategies were employed. Firstly to quantify the levels of 

expression of the putative genes in the original RNA population (thereby providing a 

basis for comparison) and secondly to determine whether these differences in 

expression were reproduced in other experimental treatments. This two-fold approach 

should confirm the results in Chapters 3 and 4 and reduce the number of artefacts that 

may have arise from over- or under-amplification of mRNA or non-specific binding 

of primers.

5.1.1 Semi-quantitative expression of three putative genes in original mRNA 

population

Semi-quantitative RT PCR was used to assay the original mRNA populations derived 

from Experiments la and 2a (described in Chapter 3) using primers specific to seqO, 

seql and seq24, to quantify the level at which corresponding mRNA molecules are 

present in the different treatments (section 2.13). As with DD, semi quantitative RT- 

PCR involves a reverse transcription and a PCR step. However, unlike DD, the RT- 

step involves the incorporation of 32P-labelled dATP. By this means the amount of 

amplified DNA can be assessed using a scintillation counter (section 2.13.2).

5.1.2 Expression of sequences seqO, seql and seq24 in clonal NIL U 

(line 40 - parental genotype S)

The second set of experiments was designed to determine whether seqO, seql and 

seq24 were also expressed in other NILs. To achieve this, two RNA from the leaf
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samples of clonal NIL U (used in Experiment 2a - Chapter 3), were reverse 

transcribed and amplified with the sequence specific primers.

5.1.3 Sequence-specific primers for confirmation of sequences

As the artefacts most frequently associated with PCR-based studies such as DD, are 

due to lack of, or incorrect, primer binding, the design of primers was an important 

first step for both of these techniques.

Sequence-specific primers were generated for each of the sequences of interest 

(sections 2.11 and 2.12), designed to anneal within a specific and fairly narrow 

temperature range. The melting point of primers was optimised so that each primer 

pair had a similar annealing temperature, and the primers were one and a half times 

longer than the DD primers (20bp). These precautions would reduce the amount of 

non-specific binding caused by low annealing temperatures and short arbitrary 

primers. Using sequence-specific primers also meant that in each reaction there was 

only one product. In this way under-amplification could be reduced.
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5.2 Experiment 7 - Semi-quantitative expression of three putative genes in 

original mRNA population

The aim of Experiment 7 was to confirm the presence of three sequences (seqO, seql 

and seq24) in the original RNA samples (derived from leaf tissue) and to quantify 

their down- or up- regulation in AM plants.

For each sequence, two RNA populations were compared with each other: one from 

an AM plant, one from a non AM-plant. Each population was reverse transcribed 

using one of two specially designed "Tag" primers (Sigma® Genosys), Tag 10 and 

TagSO, consisting of a poly-T region, (specific to mRNA poly-A tail) two primer 

binding sites and a linker region; 10 bases (TaglO) or 50 bases (TagSO) in length. 

Following the synthesis of cDNA, the two cDNA populations are combined and, 

when visualised, give two bands (one from each mRNA population) differing in size 

by 40 base-pairs, enabling comparison of band intensity.

Due to a limitation in radiation facilities, the PCR step of this technique could not be 

carried out with radioactive cDNA. This problem was addressed by carrying out two 

RT reactions on each template, one small volume (hereafter referred to as "hot") 

reaction with radio-labelled dATP, and a "cold" reaction (lacking radiation) using a 

larger reaction volume (section 2.13.1). The products of the hot reaction were 

analysed in a scintillation counter following RT. After the RT step, the hot samples 

were discarded and their specific activities (counts per minute per unit volume) were 

compared. The specific activity ratio was then used to adjust the volume of the cold
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reaction RT-products, so that they both contained the same concentration of template 

cDNA. The cold samples were then which were PCR amplified in a Perkin Elmer 

2400 GenAmp PCR System (section 2.13.3).

5.2.1 Results

Three semi-quantitative RT-PCR experiments (7a, 7b and 7c) were carried out using 

the RNA populations, from which sequences seqO, seql and seq24 were derived (for 

descriptions of plants see Chapter 3). Experiment 7a was designed to confirm the 

expression of sequences seqO, seql and seq24. Experiments 7b and 7c repeated 

Experiment 7a and concentrated on sequence seq24 (Table 1).

5.2.1.1 Semi-Quantitative reverse transcription (Experiments 7a and b)

The cDNA yield from the RT step was never sufficient to attain the desired level of 

32P-dATP. The protocol for the Comparative RT-PCR™ kit prescribed an optimum 

specific activity of 10,000 to lOOOcpm/ul In Experiment 7a none of the cDNA 

samples fell within this range. The samples all had activities below 350cpm/ul, and 

this was attributed to low initial RNA concentrations. For sequences seqO and seql, 

there was insufficient RNA remaining to repeat the experiment. Experiments 7b and 

7c focussed on sequence seq24. The RNA concentration was doubled in order to 

ensure a greater cDNA yield. This time one of the two samples exceeded 1000cpm/|ul 

(Table 1).
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5.2.1.2 PCR and visualisation (Experiment 7V) (section 2.13.3)

For sequences seqO and seql no product was detectable but, as can be seen from 

Table 1 these were the samples with the lowest specific activity. The seq24 primer 

successfully amplified a product from its cDNA populations from Experiment 7b 

(Fig 1).

The comparative PCR reaction, containing both populations of cDNA (one from the 

AM and one from the non-AM plant), produced one product as might have been 

expected given that sequence 24 had been shown only to be present in the AM cDNA 

(see Chapter 3, Experiment 2a). However the TagSO reaction containing only the 

cDNA from the AM plant produced two products, and the Tag 10 reaction produced 

one faint band. The PCR was repeated, but the results remained the same.

5.2.1.3 Repeated Semi-Quantitative reverse transcription (Experiment 7c)

An attempt was made to repeat the original RT-PCR. However this time the cDNA 

yield was less between 100 and 400cpm/ul (lower than the minimum of lOOOcpm/ul 

recommended by the protocol that came with the Comparative RT-PCR kit). No PCR 

product could be visualised.

212



Table 1: Concentration of 32P-cDNA for Experiment 7 expressed as specific
activity (cpm)/ul

Experiment
7a
7a
7a
7a
7a
7a
7b
7b
7c
7c

Sequence
0
0
1
1

24
24
24
24
24
24

Line
2
2
2
2

Q(40)
Q(40)
Q(40)
Q(40)
Q(40)
Q(40)

AM±
-
+
-
+
-
+
-
+
-
+

cpm/ul
34.00

183.83
87.67

195.00
65.50
23.67

1476.00
316.67
135.33
335.84

Legend: The concentrations of cDNA samples from Experiment 7 expressed as 
specific activity (cpm/fil). The table also shows the sequence code, clover line, and 
mycorrhizal (AM±) status of the plant from which each sample derived.

Experiment
Tag

AM±

Sequence 24
Experiment 7b

10/50
-/+

10
-

50
+

Experiment 7c
10/50

-/+
10
-

50
+

Fig 1: Expression of Sequence 24 in original RNA populations derived from AM
and non-AM white clover.

The AM (+) RNA population was reverse transcribed using the TagSO primer 
(containing a 50 base linker) and the Non-AM (-) RNA with TaglO primer (10 base 
linker). When the cDNA from the two populations was amplified with Sequence 24,

the products would differ in size by 40 bp.

213



5.2.2 Conclusions from Experiment 7

The low yield throughout Experiment 7 of cDNA was not unexpected. Three likely 

causes were given in the troubleshooting guide for the comparative RT-PCR kit: 

problems with column purification; inefficient reverse transcription; and low or 

impure RNA samples. Of these three causes the last is the most likely; in the cases of 

Sequences seqO and seql there was little remaining RNA from the initial experiment 

(Chapter 3 —Experiment /) which derived from Ig leaf samples.

Problems with the column purification step are unlikely as this step was repeated 

several times, and care was taken to ensure correct speed of centrifugation and 

removal of any air bubbles that occurred in the hydration of the columns. It is not 

possible to rule out inefficient reverse transcription, caused by remnants of ethanol or 

phenol in the RNA sample. However the RNA samples had been successfully reverse 

transcribed for the differential display experiments in Chapters 3 and 4 so this is 

unlikely.

The RNA from which sequence 24 derived was fresher (less than six months) and 

derived from 2g leaf samples. Thus it exceeded the others in quantity and quality. 

This does not, however explain the results of Experiment 7b. As the TagSO reaction 

contained only one cDNA population (derived from the AM plant) it should only have 

yielded one PCR product when amplified with the Sequence 24 primer. If the original 

RNA population had contained two different sized mRNA molecules, complementary 

to the sequence 24 primer, then the comparative PCR reaction (also containing the
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TagSO cDNA) would also have yielded two bands. As such these results are difficult 

to interpret.

In order to determine whether or not these results were an anomaly, this experiment 

would need to be successfully repeated. If the same band pattern was observed, the 

bands could be excised cloned and sequenced, and compared to the original sequence.
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5.3 Experiment 8 — Confirmation of expression of three sequences in clonal NIL 

U (line 40 — parental genotype S)

The aim of Experiment 8 was to confirm the presence of three sequences (seqO, seql 

and seq24) in RNA derived from the leaves of two clonal NILs (one AM and one non- 

AM) and to confirm their down or up regulation in AM plants. Due to the technical 

difficulties encountered using semi-quantitative RT-PCR, normal RT-PCR was 

employed for this experiment and the DNA was quantified by measuring using 

densitometric analysis (section 2.14).

5.3.1 Results

Prior to Experiment 8 all RNA samples were amplified with actin primers that flanked 

an intron to ensure that they contained no genomic DNA (section 2.14.1). Amplified 

genomic actin genes would contain an intron and thus be easily distinguishable from 

amplified actin mRNA. All primer pairs were tested using clover genomic DNA 

(section 2.14), the primers designed to amplify sequence 24 failed to amplify clover 

genomic DNA, so these primers were not used in experiments. Two experiments were 

set up to confirm the presence of sequences seqO and seql in the two RNA 

populations (from non-AM and AM treatments) and estimate the levels of expression.
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5.3.1.1 Experiment 8a — Simple comparison of gene expression by RT- 

PCR

Agarose gel electrophoresis of the PCR amplification products (Fig 2a) identified 

fragments of the predicted size for sequences seqO (280bp) and seql (278bp), 

indicating that genes containing these sequences were present in the AM and non-AM 

plants. Densitometric analysis (Table 2a) showed seqO and seql were present at 

higher levels in the non-AM than in AM plants (0.95:1 and 0.75:1 respectively).

One of the possible explanations for the similarity in expression between AM and 

non-AM plants is PCR saturation. After a sufficiently high number of cycles there are 

insufficient dNTPs or primers and no more DNA can be synthesised. This means that 

the sequences may have been present at different concentrations in the RNA samples, 

but that this difference was masked because one or both PCR amplifications had 

reached saturation. Therefore this first experiment showed that sequences seqO and 

seql were present in both RNA populations but their relative quantities could not be 

estimated.
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Sequence
AM±

0
+ 1 -

1
+ -

Actin
+ -

Fig 2a — Experiment 8a: Densitometric analysis of amplified sequences 
seqO and seql and actin in AM (+) and Non-AM (-) NIL.

Table 2a — Experiment 8a: Densitometric analysis of sequences seqO and 
seql and actin in the leaves of AM or non AM clonal NILs

Sequence

0

1

Actin

AMF

+
-
+
-
+
-

Band 
Density

320
333
765
1009
210
207

Seq/ 
actin
1.52
1.61
3.64
4.87

1
1

+>

0.95

0.75

1

Legend: The relative amounts of seqO, seql and actin (positive control) in 
leaves of AM (+) or non AM (-) clonal white clover. Columns 4 an 5 show the 
ratio of the sequence to actin (Seq / actin) and the ratio of each sequence present 
in AM and non-AM plants (+:-).
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5.3.1.2 Experiment 8b — Quantification of gene expression

In order to quantify the level of expression of sequences seqO and seql prior to 

saturation, three separate PCR reactions were carried out for each sample: with 

reactions being terminated after 25, 30 or 35 cycles.

The AM treatment was the only treatment to reach saturation; after 30 cycles, the 

band density reached a plateau at 1772 (1762 at 35 cycles), whereas the density for 

the Non AM treatments increased linearly from 25 to 35 cycles (523, 1034 and 1536 

respectively). Based on this evidence band intensity exceeding 1762 corresponds to 

the saturation concentration. This indicates that for seql the most accurate comparison 

between these treatments should be made after 25 cycles of PCR, where the increase 

for both was still linear.

After 25 cycles sequence seql gave a brighter band in the Non-AM treatment than in 

the AM treatment (Fig 2b), indicating down regulation of this gene (putative 

ribosomal protein) in the AM plant. These results were confirmed using densitometric 

analysis (Table 2b) showing a twofold difference between AM and non-AM 

treatments in expression of seql (0.42:1, AM:non-AM).
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Sequence
AM±

Cycles

0
+

25 30 35
_

25 30 35

1
+

25 30 35
-

25|30|35

Actin (+ve control)
+

25 30|35
-

25 30 35

Fig 2b - Experiment 8b: Densitometric analysis of amplified sequences 0 and 1 in 
AM (+) and Non-AM (-) white clover after 25,30 and 35 cycles of PCR.

Table 2b — Experiment 8b: Densitometric analysis of sequence seql and actin in 
the leaves of AM or non AM clonal NILs after 25, 30 and 35 cycles of PCR

amplification

Sequence

seql

Actin 
(positive 
control)

Cycles

25

30

35

25

30

35

AMF
+
-
+
-
+
-
+
-
+
-
+
-

Band 
Density

523
1215
1034
1772
1536
1762
163
162
429
178
624
437

Seq/ 
actin
3.21
7.50
2.41
9.96
2.46
4.03

Ratio

0.43

0.24

0.61

Legend: The relative amounts of seql and actin (positive control) in AM (+) or non 
AM (-) clonal white clover after 25, 30 and 35 cycles of PCR (Fig 2b), expressed here 
as Band Density. Columns 5 and 6 show the ratio of seql to actin (Seq / actin) and 
the ratio of each sequence present in AM and non-AM plants.
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reaction RT-products, so that they both contained the same concentration of template 

cDNA. The cold samples were then which were PCR amplified in a Perkin Elmer 

2400 GenAmp PCR System (section 2.13.3).

5.2.1 Results

Three semi-quantitative RT-PCR experiments (7a, 7b and 7c) were carried out using 

the RNA populations, from which sequences seqO, seql and seq24 were derived (for 

descriptions of plants see Chapter 3). Experiment 7a was designed to confirm the 

expression of sequences seqO, seql and seq24. Experiments 7b and 7c repeated 

Experiment 7a and concentrated on sequence seq24 (Table 1).

5.2.1.1 Semi-Quantitative reverse transcription (Experiments 7a and b)

The cDNA yield from the RT step was never sufficient to attain the desired level of 

32P-dATP. The protocol for the Comparative RT-PCR™ kit prescribed an optimum 

specific activity of 10,000 to lOOOcpm/ul. In Experiment 7a none of the cDNA 

samples fell within this range. The samples all had activities below 350cpm/jxl, and 

this was attributed to low initial RNA concentrations. For sequences seqO and seql, 

there was insufficient RNA remaining to repeat the experiment. Experiments 7b and 

7c focussed on sequence seq24. The RNA concentration was doubled in order to 

ensure a greater cDNA yield. This time one of the two samples exceeded lOOOcpm/ul 

(Table 1).
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Chapter 6
Discussion
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Discussion

The experiments in this thesis were designed to investigate gene expression in 

uniquely available near isogenic lines of Trifolium repens with differing responses to 

colonisation with arbuscular mycorrhizal fungi.

6.1 Examination of gene expression associated with the AM symbiosis in near- 

isogenic white clover lines

The experiments in Chapter 2 tie in with the IGER breeding programme and the 

studies into the effect of plant genotype on AM symbiosis (reviewed by: Graham and 

Eissenstat 1994), looking at the gene expression of two different clover genotypes: 

high and low colonising.

These experiments provided the main body of sequences, many of which are hitherto 

undiscovered, having shown no matches on any of the databases. There were also a 

number of putative genes expressed or suppressed in response to mycorrhization such 

as protochlorophyllide oxido reductase and a chlorophyll a/b binding protein. These 

two genes are of particular interest as their expression is linked to photosynthesis, 

which has already been shown to be affected by AM symbiosis (Wright et al., 1998).

6.1.1 Downstream un-translated regions

One of the reasons why such a large proportion of sequences found no matches on the 

plant database is that plant genes often have very large 3' un-translated regions 

(UTRs) sometimes up to 1kb in length. The UTRs are less conserved between plant
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species and there are few white clover sequences/ESTs available on the public 

databases. This may account for the low number of matches. The gene-fragments 

selected by DD only represent the 3' ends of genes, and were all between 200 and 500 

bases in length so it is likely that a large proportion if not all of their sequences 

consisted of UTR.

Of the sequences for which high homology matches were found consisted entirely of 

downstream UTR, in these cases the matching sequences usually derived from closely 

related species such as Medicago truncatula, Glycine max or Pisum sativum. The EST 

library is far more likely to have sequences of UTRs as most of them derive from 

whole mRNA molecules which still posses downstream UTRs. Further work is 

needed to sequence the 5' ends of these genes with a technique called RACE-PCR. 

For this one would need to design upstream primers based on the sequences obtained 

and use them to probe the original RNA population and selectively amplify the genes 

of interest using PCR. The gene could then be cloned and sequenced. This would help 

determine or verify the identity of these genes.

6.1.2 Problems associated with differential display (DD)

The main problem associated with DD as a technique for studying gene expression is 

that it targets the 3* ends of genes, which presents a problem to genes with long UTRs. 

Even where the sequence contained ORF the presence of UTR usually served to keep 

the ORF to a minimum, making sequence comparisons quite hard. The only sequence 

that had a high proportion of ORF was sequence was seq2, and this was due to the 

poly-T primer binding to an A-rich region in the middle of the gene.
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This incident highlights another problem: if the poly-T anchor primer mistakenly 

bound to an A rich region (7 out of 11) rather than poly-A region on one gene, then it 

is certain to have happened elsewhere. Analysis of the other sequences showed that 

the UTR regions on the sequences rarely coincided in length with those of matching 

ESTs, they were often shorter and some of the matching ESTs had A rich regions 

following the area of homology. As UTRs vary between different plant species no 

conclusions can be drawn from these findings, but they do highlight one of the 

problems associated with poly-T primers.

This analysis also showed that even in sequences that showed high homology with 

ESTs or genes on the database, the first 12 bases usually differed by several bases. 

This is surprising as the first 12 bases represent the binding site for the arbitrary 

primer, and suggests non-specific binding. This does not present a large problem as 

the arbitrary primers possessed as the name suggests an arbitrary sequence, and were 

designed to bind to the mRNA at random points. Nevertheless it does indicate that the 

conditions of the PCR were not stringent enough to ensure specific binding

In PCR the binding of primers to DNA or RNA is determined by the annealing 

temperature; all primers have a specific annealing temperature below which they will 

bind a complementary strand. This temperature is determined by the GC:AT ratio of 

the primer, the more G or C residues a primer has: the higher its annealing 

temperature. This is because GNC bind with three covalent bonds and A=T bind with 

two, so a primer with more G or C residues forms more bonds and requires more 

energy to break these. If the PCR has too high an annealing temperature then there is
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insufficient primer binding, whereas if the temperature is too low the primers may 

bind non-specifically.

This may explain the non-specific binding in DD as the Poly-T primers have a very 

low GC ratio this requires a very low annealing temperature which may have lead to 

lower specificity binding of the higher GC binding of the arbitrary primers.

6.1.3 Alternative techniques

Many of these problems could be overcome by using cDNA AFLP, another technique 

for studying gene expression. Amplified fragment length polymorphisms (AFLP) was 

developed for studying genomic DNA (Vos et al., 1995), though more recently it has 

been adapted in this case to study cDNA (Bacheim et al., 1998). The initial RT-step 

remains the same, following this the cDNA is digested with restriction enzymes in 

order to create a range of different size fragments. Double stranded DNA linkers are 

then ligated with the cDNA fragments; these linkers contain a primer site and hence 

all the fragments with linkers can be amplified by polymerase chain reaction (PCR). 

The products can the be visualised on polyacrylamide (PAGE) gel.

AFLP offers the advantage that the amplified fragments do not all originate from the 

3' end of the genes, which can present problems if the genes being studied have long 

3' un-translated regions (UTRs).
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6.2 Differential gene expression associated with P uptake in arbuscular 

mycorrhizal white clover

The experiments in Chapter 3 focused on the genes expressed (or suppressed) by 

plants in response to different levels of P nutrition. Two of the three sequences (14 

and 15) suppressed by AM plants in the presence of 3.2uM phosphate matched ESTs 

from P-starvation experiments, which was consistent with Burleigh and Harrison's 

discovery (1999) of a gene that is activated by AMF colonisation and P-starvation. 

Though these sequences did not match any known genes, their multiple occurrences in 

both Chapters 2 and 3 experiments shows that these are likely to be significant, P- 

related genes down-regulated in AMF colonised white clover.

In addition to the sequences discovered, the nutrient flowing culture system has many 

applications in phosphate (and other nutrient) related gene expression studies, not to 

mention as a method of testing new cultivars and plant breeds for their optimum 

levels of nutrition. The refinements made to the original design of the system resulted 

in a system that was better suited to grow AM plants and to encourage AMF 

colonisation.

6.3 Confirmation of differential gene expression in AM white clover

Chapter 4 confirmed that the expression of sequence 1 was not limited to one plant, 

this process would need to be repeated for the rest of the sequences if they are to be 

treated as AMF related genes, rather than artefacts of differential display.
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Another method of confirming expression of these genes would be to repeat the 

reverse transcription and the PCR steps of the differential display, run these samples 

on agarose gel and perform a southern blot using the sequences obtained (seql to 

seq45) as probes. This has the advantage that large numbers of sequences could be 

confirmed in one experiment, and would further determine whether any of the other 

sequences are expressed in common between the different experiments.

Following confirmation of these sequences the use of RACE PCR would help 

obtaining the 5' sequences of these genes. Database analysis of the open reading 

frames in their entirety would help confirm the identity of the putative genes that have 

already produced database matches, and hopefully provide clues to those sequences 

that due to their size have not produced any significant matches.

Using in situ hybridisation, or various reporter gene systems it would be possible to 

localise expression and timing of the expression of these genes. Such techniques have 

already been utilised in other plant-AMF gene expression studies. In potato, Raush et 

al. (2001) have localised the expression of a phosphate transporter gene (StPTS) to 

cells containing arbuscules with the use of reporter genes. Other successful studies 

were made by Hohnjec et al. (2003), who transformed AM Medicago truncatula with 

GUS and thereby showed that the sucrose synthase gene MtSucSl is up-regulated in 

arbusculated cells and the surrounding cortical cells. Fluorescent reporter proteins 

such as gfp and luciferase also have the particular advantage that their expression can 

be monitored without the need for destructive harvesting (de Ruijter et al., 2003).
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The confirmation of expression of the sequences discovered is an important first step; 

the successful application of the above mentioned techniques will help confirm not 

only the expression but also the identities and possible functions of these genes.

6.4 Future work

Given the present trends in research towards larger scale, high through-put systems, 

many researchers have discarded differential display in favour of suppression sub- 

tractive hybridisation (SSH). SSH allows the comparison of two mRNA populations, 

(such as for example leaf samples from an AM-plant and a non-AM one), rather than 

amplifying mRNA and screening for visual differences, SSH permits the elimination 

of mRNA molecules common to both populations.

One of the two mRNA populations is labelled with biotin, and the other is reverse 

transcribed to create an antisense, complementary DNA strand. The two populations 

are then hybridised together, any genes that are expressed by both populations will 

hybridise, genes that only occur in one population but not the other, remain single 

stranded. Then the hybridised population is reacted with streptavidin, a binding agent 

that binds to all the biotin molecules (i.e. all the ones from population one and the 

population one/two hybrids) and can then be precipitated along with the cDNA bound 

to it with chloroform. All that remains are the single stranded, differentially expressed 

genes from population two, which are then cloned into a vector and can be stored as 

an EST (expressed sequence tag) library. The two EST libraries established by Journet 

et al. (2000 - unpublished) from AMF and N-starvation experiments mentioned above 

were generated by SSH.
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Though one avoids such difficulties as mentioned above, subtractive hybridisation 

does have a number of drawbacks, one SSH reaction can produce several hundred 

differentially expressed genes (Ginnaninazzi-Pearson; Harrison: Third International 

Conference of Symbiosis, 2000) all of which, need to be extracted and sequenced. 

Also SSH only allows one to compare two mRNA populations at a time, whereas with 

differential display it is possible to compare as many populations as will fit on one 

gel. To compare any more than two populations using SSH would require a doubling 

of the number of ESTs for every population added.

This is not necessarily a problem, automated systems and high throughput labs can 

take such numbers in their stride. With the advance of chip technology microarrays 

enable the processing of several thousand genes (or probes) in one experiment 

(Richmond and Somerville, 2000). Such techniques are automated and hence require 

less manpower but require a greater degree of processing and knowledge of 

bioinformatics in order to understand and interpret the data generated.

6.5 Conclusion

These results and the results from ongoing studies will prove useful in the discovery 

of genes linked with AM symbiosis in white clover. Confirmation of the expression of 

these genes in uniquely available clover near-isogenic lines will help providing 

genetic makers to strong AM-forming phenotypes for use in subsequent white clover 

breeding programmes. However in terms of breeding new variants capable of forming 

strong relationships with several mycorrhizal partners, the NILs as they stand have a
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too narrow a base. By inbreeding, work concentrates on the AM forming traits in the 

original parent stocks, which (as already mentioned) had not been bred for their AM 

relationships. Once a database of genes (that are important to the symbiosis) has been 

established, the breeding programme will have to be widened considerably. Rather 

than relying on the AM forming characteristics of this rather small group of genetic 

homologues, the breeding stock should be strengthened with the introduction of a 

variety of plants from the out-breeding field variety, that form relationships with 

different AM fungi.

When a suitable number of different traits had been discovered, a new breeding 

programme should be commenced. The Fl generation selected for their sf alleles, and 

in subsequent generations the compatibility of these various traits with one another. 

The genes discovered in prior experiments should simplify this process considerably. 

The desired end product: a multifaceted progeny capable of forming a number of 

advantageous relationships with AMF (particularly such ones as occur naturally in the 

field). Then the lines should be inbred to reduce heterogeneity and weed out recessive 

alleles, followed by extensive field trials to see whether such traits can be duplicated 

outside.

In addition, the nutrient flowing culture system, developed for these experiments, and 

optimised for AMF colonisation, provides a means of linking these genetic markers to 

such physiological markers as nutrient up take and benefit.

To conclude the findings in this thesis will serve to further the understanding of the 

genetic basis for the interaction between plants and their mycorrhizal symbionts.
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Appendix - Raw sequence data from Chapters 2 and 3

Sequence seqO

ATTCCCGTCCGAGCTTCCACTAtCAACCAACCCCTTCACTAACCAAGTTTTGTCTTCAAACTCTCAGAT 

CTGCCATCAATAAGGGTCTACAGGCTTCTATGTTTTCTTTTCAAGGTGTTTAGTTGCTTTGTTTTAGTT 

TAAGTCTCGTTATGTATTTTTCATTGTGTATTGTGTTTACTCTGCTTTGTGTTAGTGTTCCAGTTTGTT 

GTAGTTCTTGCTTTCAGTCTTAGCTGGCCAAGTTAGCCATGATCATGTGGATTCGAGTCAGAAGCAAAT 
CTAGTGCTTATGGTTTTATCTTTTTGATTCTGCATAAATTCTGTACTTTCCCCATTAGTGGGTTGTGAT 
CTGCACATGGTGCTATTGTTTGGNCTTTTTAGCTACTTGGAACGCAATgAAAAGTTTATCATGTTTTGA 
ACCNCAAAAAAAAAAA

Chapter 2 Experiment la - Seed grown lines 2 and 41 (Leaf) 

Sequence seql

AGCTTCTGCTGGGAAaGAaAACAGAGGTTTGACTGGAAagGGGCATCGTTACCACATAAGCCCGCCCAT 
CCCGCAGGGCCAACTGGAAGAgAAACAACACCCTTTCTCTTCGTCGTTACCGTTGATTTTGCTGCTTTT 

ATTTTGTGTTGCTTCATTGCTGGATATTTCGCTTGCATTATATTTTGACTTTGGAAAATTAAATTGCCG 
GTTTTGTAGTGTCGACTTGCAAGAAACTCATTTTGTCCTTAATATGATGTTTGGAGAGATTAATGACAA 
TATTTTAGTTTATCTAT CAAAAAAAAAAA

Sequence seq2

AGCTTCTGCTGGAaTGGTGGAGCTAGTAGAaGGGTCAACATATCTTGGACAACCACTTCCATTCTCCAT 

TACAACACTAATCTGGATTGAAGTTCTAGTAATTGGATACATTGAATTCCAGAGGAATGCAGAGCTTGA 

CTCAGAAAAGAGACTGTACCCAGGTGGAAAATTCTTTGACCCACTTGGTTTAGCAGCTGACCCAAAAAA 
AAAAA

Sequence seq3

AGCTTCTGCTGGaGGAGGCTGAGCGGaTTGCTCGGAATGAACACAGaTCAACTAAGaTAGCTGTAATTT 
CTGGGGTTGGCACACGCCATTACTACAGAAAATTGGGATATGAGCTTGAAGGGCCTTACATGGTGAAAT 

ATCTAATGTAATAATAATAATAATAATAATTAATAATGGTTATTCGCCATGTAATTTTGTAGCAAAAAA 

AAAAA

Sequence seq4

AGCTTCTGCTGGTGGTGTTGTTTCTTACAGCTATATTGGGTGCTGTTATTGGTGTTTCCAACTTTGATC 
CTGTTAaGGAGAACTTAATACTATGTTGTTTCAAtTAgTCTCAAaGTTTTACAtTTtCTGTTAGTCAtG 

TTTTTttCTCACTTTTTGTCCCATGTAAtTTAtGCAATTGTTTCTAAtACAtGAtGGATTAtACCAAAA 

AAAAAAA

Sequence seq5

AGCTTCTGCTGGCCTGTTTNTAATTATTGACATCTCATAGAACAATTAAATTTACTGAAAATAAAATTA 

GGATTAAAATGTTTGGGGCAGATATTTTTATTGGATAAAGCCAGATGATATGAGAGGGCATCATCTCCT 
GTAGCTTACAAGTACTTTTTCTATTCACAAAACTCAAACTCCAAAAAAAAAAA

Sequence seq6

AGCTTCTGCTGGGCCGACACTGACACTGAGAGACGAAAGCTAGGGGAGCAAATGGGATTAGAGACCCCA 
GTAGTCCTAGCCGTAAACGATGGATACTAAGTGGCTGTGCGTATCCACCCGTGCAATGCTGTAGCTAAC 

GCGTTAAGTATCCCGCCTGGGGAGTACGTTCGCAAAAAAAAAAA

Sequence seq7

AGCTTCTGCTGGACTCAAATGGATCAAAAATCAGTACCAGAAAAAGACTTCTAAGTAAAAAAAAAAAAA 

TAAAGGAAAGAAAAATCACTGATTTGGTTGGACTTTGGACAGTTTTTCATTTCATGTCTTTGTTAAATA 

CACCATTGAATTGATGCCCCAAAAAAAAAAA
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Sequence seq8

AGCTTCTGCTGGCATAAGTATGGAAACAACTTATTTTCACATGCTCTCTCATATAGGTTATAAAAACAG 
CTTATACCTTATACAAAAGCACATTGTCCTTAATTTATTTTGTTATTGAAATAATTTATATATAAACTT 
TTACTCAAAAAAAAAAA

Sequence seq9

AGCTTCTGCTGGGGCTAGGGTTGAGTCAAACCACACAATTAAAGAACTCACATATGTTGTGCATATATA 
GAAAACATTGTTTGAGATTACTCCCTCAACACATTTCTTTTCCCGTAGAATATTTTTATAACAAATGTT 
TCAT CAAAAAAAAAAA

Sequence seqlO

AGCTTCTGCTGGAAAGTGGGAACAAACTGTACATAATAACTGTATTTCATTTCTGTACTATAGAACACT
AGTTGCTAAGTAATGTTTGCCTTGATGCTAGCTAAAACAAATTTATGGCGAGGGGTGATGTCTGAGTCC 
AAAAAAAAAAA

Sequence seqll

AGCTTCTGNTGGATAGTCTATCGGAGGGAATCTGAATCCATCTTTTTACTCTCTCCATCTCTAAACAAA 
TCTTCTAACATGTATTTGTAATCTATATGTATATGGTCTTTAAAGTGTAATAAATTTATGGTTTAAATG 
CAAAAAAAAAAA

Chapter 2 Experiment Ib - Seed grown lines 30 and 17 (root) 

Sequence seq!2

TAATATTGTAATATGAACTTCATCTCATGTAAGGGTGATGGTAGATAGAAGTATGTTAAAAATCTTTTG

TCCCCCAAAAAAAAAAA

Sequence seq3

AGCTTCTGCTGNCATTATGGATCATGAAGAGGCTAGGAGAAAGAATGTTGGTGGTAAGGTCCTAGGATT 
CTTCTACTAGGACAGTTTTTTTTGTTGAGGATTTTGGTGATTTCTGTTTTTGGTTTACCCGATGTAATG 
AAGGATTTGCTAGTCCCCTAGTAATATCAAGAATAGTAGGAGCTGTTTTGTGATGTGATTTGTTTTGTT 
TTGCAAAAAAAAAAA

Sequence seq4

AGCTTCTGCTGgTGGTGTTGTTCTTACAGCtaTATTGGGTGCTGTTATTGGTGTTTCCAACTTTGATCC
TGTTAAGAGAACTTAATACTATGTTGTTTCAATTAATCTCAAAGTTTTACATTTTCTGTTTAGTCATGT
TTTTTTCTCACTTTTTTGTCCCATGTAATTTATATGCAATTGT^

AAAAAAAAA

Sequence seq5

AGCTTCTGCTggGATCAAAGTTGTGCTTaCAGCAAGAGATGAGAAAAGAGGTCTTCAAGCATTAGAAAC 
ACTCAAAGCCTTTGGTTTATCTAACTTTGTTGTGTTTCATCAACTAGATGTTGTTGATGCTTCAAGTGT 
AGCTACTCTTGCAGATTTTGTCAAATCCCAATTTGGCAAACTTGATATTCTAGTAAGTTACATTCAAAA

AAAAAAA
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Sequence seq6

AGCTTGCCATGGTTAGTTTTGCTTTTATCAGGAATGGAGTTGTTCAAATGTTTATGTAGCTACTGTATG 
TCATATTGTAATATTTTTAAATACATTGCTATTTTTCCAGTCTCCAAAAAAAAAAA

Sequence seq?

AGCTTGCCATGGGAAAAAGTAGAAGTCCTACCCCTATTAAAATAGGAACTGGAAGTGGGATGAAAGGAA 
TGATCCATGAAGATTGATGTGTATATTCCATACAAAAAAAAAAA

Sequence seq8

AGCTTTCCTGGATCATGTAATAACAATTTGTATTTATATCATTCCCAATTCTACTATTCACATTTACCA 
AAAAAAAAAA

Sequence seq9

AGCTTaCGATGCATGATAAAAGATTATGTAACTTTGCTATTTATATTATAATACATATTATTTGTCAAA 
TAACCGATTATCCCAAAAAAAAAAA

Sequence seq20

AGCTTGCCATGGAATAGGAATGCAGCAGGGCAGTGAGCAGAGGAAGCTAGTTGTGCATTATCTTCCAGG 
ATTGATTGCCTCGTGTATAATTATTATTATTCTACAGACTACAGTGTCAGTGTTATTTTGTAAATCAAT 
GTTATTAATACATACAGTATTCATACAAATAACTTTTCAGACATTAGGAGTATTTATTTATTGCCCAAA 
AAAAAAAA

Sequence seq21

AGCTTTCCTGGAGAGCCGGATTCTTTATGCATGATGTGTTTGCTCACATTATTTAGGGCATTCACCCTT 
TATGTGCAAAAAAAAAAA

Sequence seq22

AGCTTCTGCTGGCAAATTAGCATCAATGGGACACTCTTTTGTAGCTTTTAATTGGTGGGAGTCTTTGCT 
GTTAGTTTTACGGGATGATATTTTAAGGGACAAATTGGGTGTTCCTAGTTACCGTCCGGTTTAGATTAC 
TTTCTTTTACTTTCTCTCTGGGGTAAGGCCTAGCCCCCCCTTGTAATTATTTATTTTACTTTTCTATTT 
AAATAATATGAGATATAGATATGGGATGAGAATGTTTAGGGGTGCCAACATAGTTGGGATGTCTACTCA 
GCCCTTGATATCTAGATGCTCTTAATTTATCAAAAAAAAAAA

Sequence seq23

AGCTTACGATGcTATGAGGAACGCACTCAaCGGAGTTTCGCGGAGGGAGAATTGGTCAATTCATACGGC 
TCTGATAAAAAAAAGTCCCGCCATTGGTGGTTTGAGTTCAAAAAAAAAAA

Chapter 2 Experiment 2a - Clonal lines Q and U (Leaf) 

Sequence seq24

AGCTTGCCATGGAATGGAAGGAAAATGATGTCCCAGAAGACTGAAAATGATATCATGTTGAGTGTGTTA 
ATTGTTGTTTTGTTAGATAGGAACTTATTTTCTTCTTTATGTAGGAGTCAATGAATCAATAAAATCATT 
CAACCATTTGTGGCAAAAAAAAAAA

Sequence seq25

AGCTTGCCATTTaATGGAAGGAAAAtGACgTCCCAGAACAGAAGACTGAAAATGATATCACTGTTGAGT 
GTGTTAACTTGTTGTTTTGTTAGATAGGAACTTATTTTCTTCTTTATGTAGGAGTCAATGAATCAATAA 
AATCACTTCAACCATTTGTGGCAAAAAAAAAAA
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Sequence seq26

AGCTTCTGCTGGATAGGGATAAAATAGCNAAAAATTGGAGGAAAGGGGAGTTCCTTGAAGTATCTTGAA
AACATTTTTTGGTAGTTAGGTTAGGCTGCAACTGTATTGATTGGTAATTACAAGGTTGTGTATTATATT
AATTATACTATTGTATACTATACTATACTATACTATACTGTGTAATAATTGGAAGTTGGCATACATTAT
ATTCAATCCAGCTTTCAGCACTATTTTCCAAAA
AAAAAAA

Sequence seq27

AGCTTCTGCTNGTGATGGAGATGAGGAGCGATGAAGATTAGATTATGATTTTCTTATACTAAGATCCTT 
GCACCGGGCTTTTAATCTATATCTTTTTCTAAATCGTTATTTTTGTACTTTTCATCTGCAAGTGTTGTT 
CAAATACTTTTAATGATCTCTTAGATTTAAATTAAGACTTTATGCTTAATGGCTTTTTGAGAATTTAGA 
ATTGTGAAACTTGAATGAAGTTTTGTTCAAAAAAAAAAA

Sequence seq28

AGCTTCTGCTGGAAAATGGTCTTAGAAGTATCAAGGGAGTGCAAGAGGTTCATGACTTGCACGTTTGGG 
CTATAACAGTTGGAAAATTGTTTTTATCATGTCATGTAGTGGCTGAGCCTGGCATCAGTTCCATTCATT 
TACTTGATAAGATTAAACATTATTGTGAAGATACTTATCAAATACAACATGTAACCATACAAATTGAGT 
AATAGTATATTCATTCAATTTTGATCCAAAAAAAAAAA

Sequence seq29

AGCTTCTGCTGGGCCGACACTGACACTGAGAGACGAAAGCTAGGGGAGCAAATGGGATTAGAGACCCCA 
GTAGTCCTAGCCGTAAACGATGGATACTAAGTGGATTTGGGTGTTGATTAGGCGTTTTGTTATTTGGTA 
ATTGTGTTATATCACGTTACCTTTCGTTGTATGTTTCTTAACAATTCCTTTCATTTCTTGTGGAAGAGT 
TGTTATTTANTAAAATTTAGCCGATTCAAAAAAAAAAA

Sequence seq30

AGCTTCTGCTGGAGT
GGATGAAGATTAAATTATGGTGGCCTTTATTATCTGTCTTAGACTTTTTAGATATTTTGTTATGCATTT 
TCTATCTTGCTGTGTGAAGAAATCTTTGCTTGAGATATTTTGTTTCTGAATTTTTCCTTTCCAAAAAAA 

AAAA

Sequence seq31

AGCTTACGATGCTCAATCTGAATCAGATACTTATCCTATTGATATCAATCGTTTAGCTCAAATATGATC 
AAAGTTTACTAGTGGTAATGATTGTTTGTTGTGGCACTTTACTAGTGTTGTAATATATAGTTATTTATG 
CCAAAGGTGTATAAGAAGTATAAGTGTAATTTGTTATAAATTTTGTTACGATTTTCAAAAAAAAAAA

Sequence seq32

AGCTTACGATGCCATTAGCCTAGCGCAGCAGTTAGGCCTCTTAATGTAATAAGTTGTTTTCCTGAACTT 
GTGAAGTTTGCCCTTTTATGGAGCCGTAGTGTTTTTGTCTGCTTAATACATTAAGCATTGAGCTATTTT 
GGATTTTTATGTATTTACTGAGTTCTAGTTGTTTGACAATAAATGATTATTGCCATGTCAAAAAAAAAA

A

Sequence seq33

AGCTTACGATGCAGATGGAAGCAAGATGGAACAGGTTGACTAAGTCTGATGTAGTTTTGCTATTATTTA 
GGAAGGTTTGAGGAGTTTGAGAAACAGTCTTTTTATTATGTTTTTGGTTTTTATTAATTTTTAATTTTA 

GAAT T T AAC AAT T T T AGAT GCAAAAAAAAAAA

Sequence seq34

AGCTTACGATGCCTTGTTATATTGAATTACACAGATTGATCATTTGACTTTATCTAGTTAGGCTATAAG 
CTATAAGTTACTCCCTCCGTTTCCTATCTTTATTCGTTTTAGAGTTTTGCATATAAATTAAGACATAAT 

AAATATTGATAAGTTTAGCCAAAAAAAAAAA
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Sequence seq35

AGCTTACGATGNTGCGGAGAAAGTTGAAGACGATCTTGGCTACTGATGATGATGATGGTGAGTCTATGA 

TGAGAGAGAGCTGATTTCTAGTGGGTGAAAACTTTGGAGATCAATGTTTAATTNCCGCAAAGTCAATAA 
AGGAAAACAAAGAAGAAAATAGCTTATNCAAAAAAAAAAA

Sequence seq36

AGCTTACGATGCATTAGCAACTGCAATTAAGAAAGCAATGACTTAAACTTCGGATGATCTATTAATCAA 
TAAGCTTAATAAATAAAATATGTACTATTGTACTAAAACTTGTTATAAAAGTTCCTATAATAAATGCAG 
TTAAAAATTATTATGTCAAAAAAAAAAA

Chapter 2 Experiment 2b - Clonal lines G, A and W (Leaf) 

Sequence seq37

AGCTTCTGCTGGGGCCTGGGGAGGACAAGTTGTGTGCCTTGAGAAATAGACAAGTAAACAATATAGTTA 

TATATATACAATGACAAGTCAAATAGTTTACTTTGTATATTTTCGCGTATTAGCGATTTGTTGTGGGGT 
AACACTCATAAAATGCAGACATTAAAATGGTGTAAGATTAATTGTCTCTCAAAGACACATATCTTTGTA 
CAGAATGCTCATAAGACCTTCCTCCAGGTCCTTTGTTGAATAAGAATTGAGACAGTTTATGAATAATCC 
TTTAAGAAATGACATGAATTTTTTACTTGGCCAAAAAAAAAAA

Sequence seq38

AGCTTCTGCTGGTGATGTGCATAGAGTTAAGCTATCATGAAGATACCGAGTTCTTTATCGAGTGGGATG 
GTCATTGGGATATGTTTTTTGATGAGGATCTTGAAACTGGTAAAATTGCAATTGATAAAGAATTAGGGT 

TAGCTAAGTGATTTTGTGAGTTAATCTCAAACTCTATCTACTCAGATTGTGTGTCCTCACTGTACTATA 
TGCTGGTTGTTTCATATTTGTGATGTGTGTTTTTGTGAAATAGTAATTAATAACCTCAAATGTTTTTGT 
GGCGCTAATGCGAAATCTTTGGGTGATTGGGTCCAAAAAAAAAAA

Sequence seq39

AGCTTGCCATGGCA2
GATGCATGTTTTCATTTGTGTATGATGTCAAAAAAAAAA

Chapter 3 Experiment 3 - Clonal lines G, Q, U and D (Root) 

Sequence seq40

AGCTTCTGCTGGTAGAACTCCATTCACTTCTGGACTCAATTTAGACAAGATAGGAGTTGAAACCGACAG 
GATAGGACGGATTTTGGTAAATGAAAGGTTTTCCACAAATGTCTCTGGTGTCTATGCAATTGGTGATGT 
AATTCCCGGTCCAATGTTGGCACACAAGGCAGAAGAAGATGGAGTTGCTTGTGTTGAGTACTTAGCTGG 
TAAGGTTGGTCATGTGGACTATGACAAAGTACCAGGCGTTGTCTATACAAACCCCGAGGTTGCATCTGT 
TGGGAAGACAGAGGAGCAGGTTAAGGAAACTGGAGTTCAATACCGTGTTGGGAAGTTCCCTTTCATGGC 
TAATAGCAGGGCTAAGGCAATCGATAACGCTGAAGGACTGGTCAAGATCATTGCTGAAAAGGAGACTGA 
CAAAATATTGGGAGTACATATTATGGCACCCAATGCAGGAGAACTCATTCATGAAGCAGCCATAGCATT 
GCAGTATGATGCATCAAGTGAAGACATAGCACGTGTGTGCCATGCACATCCAACAATGAGCGAGGCTGT 
TAAAGAAGCCGCAATGGCCACTTATGACAAACCCATTCACATTTGAAGAACTGGTTGCTTCTTTATTCT 
CTTGTTTTCATTTTTGTCCAAGGATTTTACCTTGACTTGGAGAAATACTTTGTGTGGTTAAATTTAGAT 

TCAGGTTTTCATATACAAGTTAGCTCTTTATTTACATCTATGCATATGCATAATAAGAGGAATTATTGT 

GCTGTTTCTATCGTTGCTGAATAATATTTTATCCCTCCTTATCTCAAAAAAAAAAA
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Sequence seq41

AGCTTCTGCTGGTGCTGCTGCTGGAGATGATGATGCAGATGCTGGTAGGTTCACATTTGATGAGTCCCC 
AAATTTTGTGATTGGCACAACCATTTTGCTTGTGCAATTGACAGCACTTGTTGCTAAGATTTTGGGGGT 
GCAATTAGAAGCTCAAAGTGGAAATGGTTGTGGAATAGGTGAGTTAATGTGTAGTGTGTATTTAGTAGT 
ATGTTACTGGCCATTTCTGAAAGGGTTATTTGCTAGGGGTAAATATGGGATTCCATTATCTACCATTTT 
CAAGTCAGCATTGCTTGCTTTTATTTTTGTGCACTTTTGTAGAATTGCTGTTATAAGTTGATATTGTTC 
TTGAAATTTAATGGATTTTAATGCATAGTTTGTTCTCAAAAAAAAAAA

Sequence seq42

AGCTTCTGCTGGCAAGAAAGAATCGGAGGAGGCGGAAGCTGTTACCGAAGAGGTAAAAAAGAGTGCTCA 
TGTTCAGAGAAAATTGGAGCAACGCCAGAAAGATCGCCAGCTTGATCCACACATTGAAGAGCAGTTCGG 
TGGTGGAAGATTGCTAGCAAGCATTTCTTCTCGACCTGGTCAATGCGGCAGGGCTGATGGCTATATTCT 
GGAAGGTAAGGAGCTTGAGTTCTACATGAAGAAACTCCAGAAGAAGAAGGGCAAGGGTGCAGCTTAATT 
GTACCGTTTCTAAATTTTTATTTTGCATTAGTTTTTTCAAATGAGACTAGTACCCAACAAAAAGATGTT 
TTGTGCTTCAGTTTATGCTGTTGATTAAACGTGTGAACATCTTTTCATTGTTTTGACATTAGTTTCTTG 
GTTTTGTTTTAAACTATCTTGGTTATGTATGGTTTTACAATTTTGTCAAAAAAAAAAA

Chapter 2 Experiment 4 - Clonal Line D: 11 weeks after inoculation 

Sequence seq43 

AGCTTCTGCTgGTCGAACAAAATAACAAGCtATAAGCAAACAACTTAGAGCGAACTCTATAGTTGCCCT

TGTTGTAGTTCCATTTTCTCCGGCCTCTGTGTTGGGCAGAGACCGGTTATATTAATAATAATACTTTTG 
CCGTTCAAAAAAAAAAA

Sequence seq44

AGCTTCTGcTggATAGGGATAAAATAGCaaAAAATTGGAGGAAAGGGGAGTTCCTTGAAGTATCTTGAA 
AACATTTTTTGGTGTTAGGTTAGGCTGCAACTGTATTGATTGGTAATTACAAGGTTGTGTATTATATTA 
ATTATACTATTGTATACTATACTATACTATACTATNCTGTGTAATAATTGGAAGTTGGCATACATTATA 
TTCAAAAAAAAAAA

Chapter 3 Experiment 6 - Line D: Nutrient flowing culture system

Sequence 45

AGCTTCTGCTggTAACGAGACAGTGCAAaCGGCGGAGTTGTTCGGTGGCTCTCTCTCAGTGCTTGCGTG 
TGTGTGTGTAGAGAATAAATTGACATGCATAATATTTTACAAAATATTTTACAAATTAGAGTAAATATT 
GATTCTATATGCCTGTTTCCAATATACAAATTAGAGTAAATATTGATTCTATATGTCTGTTTCCAAAAA
AAAAAA
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