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Abstract

Many Australian soils are phosphate deficient. This has encouraged the use of fertilisers for profitable

agricultural production. However, the inefficiencies, expense and environmental issues associated with

high fertiliser use have led to a search for technologies that improve phosphate (P) uptake and

utilisation.

Most crop plants are adapted to low soil P through symbiotic relationships with mycorrhizal fungi that

enhance P acquisition. Mycorrhizal plants have two possible routes for P uptake from soil a) the direct

uptake pathway via the root epidermis and root hairs, and b) a mycorrhizal pathway. ln the latter

mycorrhizal fungi deliver P from the soil to the interfacial zone between the symbionts, where plant P

transporters in the cortical cell membranes acquire the P provided'

This prolect has suæessfully identified four plant P transporters that are expressed in mycorrhizal roots

of the major cereal crop species barley (HORvu;Phtl;Bl, wheat (TRlae;Phtl;myc), maize

(ZEAma;Phtl;6)and rice (ORYsa;Phtl;11) and are implicated in the mycorrhizal uptake pathway. The

information on barley, maize and wheat is new; ORYsa;Phtl;ll Írom rice was reported in 2002 with

further information presented here. ln barley the expression of HORvu;Phtl;8 and two other barley P

transporters, that appear to be involved in the direct uptake pathway, has been compared in plants

grown in high and low P soil and in the presence and absence of myconhizal colonization. The

expression pattern of these genes is indicative of the mycorrhizal P uptake pathway being utilised by the

plant,

It is known that cereals are not highly responsive to myconhizal colonization in terms of either growth or

P uptake and it might be expected that the mycorrhizal P uptake pathway is relatively unimportant.

However, it has been recently shown that other non-responsive plants can receive 100% of their P via

the mycorrhizal pathway, implying that P transporters in the direct pathway (epidermis and root hairs)

are switched 0ff. This hypothesis can now be tested with cereals. The finding that field grown (and

hence mycorrhizal) barley and other cereals may acquire P via mycorrhizal fungi and not directly via the

epidermis and root hairs would have significant implications for improvement of P efficiency.

X
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I lntroduction

Plants must have acoess to the macronutrients nitrogen (N), phosphorus (P), potassium (K),

magnesium chloride (Mg), calcium (Ca) and sulphate (S), as well as micronutrients, for optimal plant

growth. P is involved in many plant biochemical processes as a primary energy source, adenosine

triphosphate - ATP; as an essential structurial component in cell membranes and nucleic acids, as well

as buffering cell solutions. P is often the limiting factor in plant growth because of the low

concentrations or poor availability in soils worldwide. ln order to overæme this limitation the use of P

fertilisers has become common practioe.

Crops do not aæess applied P fertilisers effectively. Only 5-30% of soluble P applied is recovered in the

first crop and the remainder of the P (7G95%) aæumulates in the soil as inorganic and organic P

compounds (Bolland & Gilkes R,J., 1998), This inefficiency has been managed by increasing the

application of fertilisers, a wasteful practice which is further magnified by the diminishing stock of high

grade rock P and the increasing cost of fertilisers (Trolove et a1.,20031. Because soils worldwide are

often either P deficient or contain P in inaccessible forms, research into the processes of P acquisition

by plants is required in order to improve P uptake and increase P acquisition from less available

souroes.

lmproved P acquisition is achieved by plants using one or more of the following mechanisms

(Comerford, 1998; Trolove et a1.,2003; Hedley et a1.,1994; Lynch & Brown, 1998):

. Alterations in root morphology (development of long, fine, hairy roots; incteased root growth in

regions of high P; duster roots)

. Changes in the soil chemistry, which increases P availability (e.9. release of inoçanic P by

changing pH or releasing chelating agents; accessing organic P by releasing hydrolytic enzymes).

These mechanisms will increase the solution æncentration of P in the rhizosphere and expose P

transporters expressed in epidermal cells of the root to higher concentrations of P.

. Formation of associations with arbuscular mycorrhizal fungi (AM fungi) that provide the plant with an

alternative avenue of P uptake by aæessing P beyond the range of the plant root system and

delivering the P past the root epidermis to the cortical cells.

. Altering the expression of P transporters so that they are present at sites of available P. The

expression of P transporters in root epidermal cells, associated with aquiring P from the soil, is

reduced when the plant is colonised by AM fungi. AM fungi deliver P to root cortical cells where P

transporters (different from root epidermal P transporters) are able to aquire the P (Liu ef a/.,

lee8b).
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The genetic manipulation of P transporters to alter their regulation may increase the P acquired by

plants. Before this approach æn be taken it is important to identify which P transporters are associated

with P acquisition at the interfaces between roots, AM fungi and soil, particularly those that are activated

when plants are grown in the field. Field experiments or at least experiments in soil-based systems are

particularly important as soil has many complexities (physical, chemical and biological) that will

influence the way in which a plant aquires P.

Plants acquire P against a steep electrochemical gradient (Mimura, 1999). P concentration in

cytoplasm and soil have been measured at 10 mM and 1 pM respectively, which together with the

negative potential difference across the membrane equate to energy demanding conditions for uptake

of negatively charged HzPO¿- ions (Mimura, 1999). ln order to aæumulate negatively charged HzPOt

ions in higher concentrations than the external environment the plant utilises active HzPO¿/ H*

symporters (referred to as P transporters throughout this thesis). Many plant P transporters have now

been identified/cloned (mainly from various crop species). P transporters are membrane-associated

proteins involved in P acquisition from soil or from the AM fungal interfaæ and in mobilisation and

redistribution of P within the plant. The P transporters work by an energy-mediated co-transport

process, whereby protons (H-) and HzPO¿-ions move through the membrane together into the cell

(Clarkson & Grignon, 1991; Muchhal & Raghothama, 1999). The proton motive force for H* transfer is

supplied by a membrane bound HrATPase pump that pumps H* ions to the outside of the membrane

(Smith et at.,2003a). Once P is acquired by the plant from the soil or from AM fungi it is translocated

throughout the plant where it may be found in various chemical forms, inorganic ion or as organic

derivatives, depending on function and location (Mimura ef a/., 1996).

P uptake and translocation are regulated by the concentration of P available for uptake and the P

concentration within plant cells, particularly the vacuolar concentration (Schachtman et a\.,1998). An

example of loss of this regulation occurs in the Arabrdopsrs mutant pho2 that is unable to down-regulate

the P uptake system and thus continues to accumulate P within leaves to a point of toxicity (Delhaize &

Randall, 1995). Regulation of P uptake and mobilisation is reflected in the transcription levels of P

transporters; eg the barley P transporters (HORvu;Phtl;1 and 1;21 have reduced transcription levels

when plants have a sufficient supply of P compared to when P is limiting. Understanding the regulation

of P kansporters and P content within plants, as well as the mechanisms of P acquisition, is important if

these systems are to be manipulated in order to overcome low concentrations of available P in soils.

The research presented within this thesis investigated the effects of the symbiosis between plants and

AM fungi on P aquisition, with particular emphasis on the expression of P hansporters and their

2
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regulation in response to myconhizal colonisation and P nutrition. Myconhizas form in the roots of most

plant species, with associations being found in fossils dating back 500 million years (Redecker ef a/.,

2000). lt is the interaction with AM fungi that is of partiarlar interest in this project as these fungi have

been shown to increase the uptake of P by plants, including many crops (Howeler et al., 1987; Smith &

Read, 1997). The symbiotic relationship involves the exchange of nutrients. The plant provides a

source of reduced carbon to the AM fungi while receiving P and other nutrients from the fungi

(Marschner, 1995). Theexternal hyphal networksof AMfungi acquirePfromthesoil. Ptransporters

expressed in external mycelium have been identified from two AM fungi (Harrison & van Buuren, 1995;

Maldonado-Mendoza et a1.,2001). The P is then translocated along the hyphae to the internal AM

fungal structures (Smith et a1.,2001). Within the root cortical cells, AM fungi form finely branched

intracellular structures known as arbuscules. The fungi are also able to form hyphal coils and

arbusculate coils within cortical cells, dependent on fungal species (Cavagnaro et a\.,2001). Generally

plants benefit from increased P uptake and plant growth is increased when associated with AM fungi,

although considerable variations in P uptake and growth responses have been reported (Smith & Read,

1997). This variation is associated with factors such as plant species, plant cultivar, AM fungal species

and growth conditions (Johnson et al., 1997). AM fungi are able to enhance P uptake in plants by

accessing P supplies not acoessible by plant roots due to soil conditions, distribution of soil P and by

delivering the P directly to colonised root cortical cells, bypassing the P depletion zone formed around

the plant roots.

There are several lines of evidence implicating arbuscules as the main site of P transfer to the plant:

. The arbuscule/peri-arbuscular membranes have a large surface area (Dickson & Kolesik,

1999),

o There is no evidence of fungal P transporters expressed within colonised roots. Consequently

the AM fungi cannot take up P that it has originally made available for plant uptake at the

arbuscule/peri-arbuscular membranes. (Harrison & van Buuren, I 995),

o H*-ATP-ase activity is high in cortical cells containing arbuscules. This would provide the proton

motive force necessary for plant H*/HzPOr-slmporters to acquire P. (Gianinazzi-Pearson ef a/.,

2000) and,

o Prior to the start of this research a P transporter cloned by Rosewarne et al. (1999) from

tomato (LePTllLYîes;Phtl;1) was found to be expressed in cortical cells containing arbuscules

and at the root apex and root hairs of non-colonised roots (Rosewarne ef a/., 1999; Liu et al.,

1998a).
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While initial evidence points to the arbuscule as being a site of P delivery to the plant other myconhizal

associations such as internal hyphae (intra- and inter-cellular), arbuscular coils and hyphal coils could

also be involved with P delivery,

I investigated how cereal crops access phosphate (P)from the soil. Plants are able to acquire P via two

pathways. One pathway (the direct pathway) utilises the root system in contact with the soil, while a

second pathway is via AM fungi. The main focus of this research was on the P transporters used by the

plant to acquire P via both pathways, and how the colonisation of the plant with AM fungi influences the

expression of plant P transporters. Chapter 2 reviews the current literature to explain in detail the

importance of P for plant growth, strategies for accessing P from the soil, how mycorrhizas are one of

these strategies and how P transporters are involved in P uptake. This is followed by Chapter 3, which

details the methods and materials that are common to more than one experimental chapter.

Chapter 4 describes two experiments that identify barley cultivars that may acquire P with different

efficiencies and secondly determines if they vary in colonisation by AM fungi. Prior to determining

pathways of P acquisition an experiment was designed to establish if there was any variation in P

efficiency between barley cultivars. Barley cultivars of low and high P efficiency were then assessed to

determine if their ability to acquire P caused any variation in colonisation by different AM fungal species.

Within the literature the interaction between plant species or plant cultivar with AM fungal species is

highlighted with respect to the overall benefits to the plant.

Chapter 5 reports on several experiments looking at P transporters in barley, wheat and maize. My

research had access to several P transporters that had been identified in barley. Three of these

transporters had been identified as being expressed within roots eells, one was expressed in shoots and

the others had unidentified tissue expression patterns. This suite of transporters allowed further

research into how these P transporters interacted when barley plants were colonised by AM fungi and

which pathway of P acquisition they may be involved in. As well as identiffing barley P transporters

involved in acquiring P from AM fungi, other cereal crops including maize and wheat have been

assessed for analogous P transporters.

During the time I was identifying cereal P transporters involved with P acquisition from AM fungithe rice

genome was published. Screening of the rice genome with a rice P transporter (Godwin, 2002)

revealed 13 putative P transporters. Chapter 6 reports the expression pattern of these putative P

transporters in AM colonised and un-colonised rice roots.
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A general discussion of the results and future work that could be continued is presented in the fìnal

chapter,

The CRC for Molecular Plant Breeding supported the research presented in this thesis
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2 Review of the Literature

2.1 Supplyof soil phosphorus and lß importanceto plants

2.1.1 lmportance of P

Phosphorus (P) is one of the essential major nutrients required by plants. Essential nutrients have been

determined by three criteria: - 1. the element is required for normal growth and reproduction in several

different plants, 2. it cannot be replaced by another element, and 3. its role is direct and not involved

with biochemical reactions to conect other substance imbalances (Keeton & Gould, 1986). These

essential macronutrients are nitrogen (N), phosphorus (P), potassium (K), sulphur (S), magnesium (Mg)

and calcium (Ca), Table 2.1 lists the optimal nutrient levels and functions associated with these major

nutrients in the cereal crop, barley, the plant used in most of the experimental work described in this

thesis.

Table 2.1. Functions of major essential nutrients in plants and the concentrations as % dry matter

required for optimal growth of barley. lnformation extracted from compiled references in (Reuter ef a/.,

1ee7).

COz assimilation, cellular pH, cation-anion balance, protein synthesis,

carbohydrate partition i ng.

0.12 - 0.5Mg

Membrane maintenance, cell division and elongation, cell wall stabilisation,

cation-anion balance, osmoregulation, signalling

0.25 - 1.2Ca

Protein synthesis and function, amino acids, energy transfer, structure0.13 - 0.4S

Translocation, water and energy relations, cellular pH, osmoregulation,

cation-anion balance

1.5-5K

Energy storage and transfer - ATP, membrane integrity, nucleotides0.2 - 0.68P

Amino acids, proteins, nucleic acids, nucleotides, chlorophyll1.75 - 5N

Functionsolo dry

matter

Element

{
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The importance of P lies in the low concentrations in most soils worldwide, causing P to be a common

growth-limiting factor in plants and crops. P deficiency results in fewer leaves, reduced leaf expansion

and low leaf surface area (Marschner, 1995). P deficiencies may be recognised by tips of leaves

turning yellow (as seen in barley), reddening or purpling, with symptoms affecting older leaves first

(Grundon et at., 1997). Symptoms of P toxicity can be seen in many plant species when P is

accumulated to concentrations > 1% of the dry matter, with barley demonstrating symptoms at levels >

0,7% (Marschner, 1995; Weir & Cresswell, 1994). P toxicity is defined as interveinal chlorosis in

younger leaves; necrosis and tip die back, marginal soorch, interveinal necrosis, and shedding of older

leaves (Grundon et al.,19971. P deficiency is more common than toxicity, as the majority of world soils

are P deficient, including most Australian soils. Under low P conditions plants conserve the use of P by

initiating improved and alternate aquisition strategies or pathways, and farmers apply phosphatic

fertilisers to ensure profitable agricultural production. Those countries that utilise P fertilisers have the

added complication that a large percentage of P applied in fertiliser is unavailable to the crops due to

the soil chemistry and localisation of applied P within the soil.

The P cycle in soils involves sevenal interacting pools (Figure 2.1). P is acquired via P transporters in

the roots as inorganic orthophosphate ions (HzPOr ) from the soil solution at an optimal pH of 4.5-5.0

(Smith & Read, 1997; Raghothama, 1999b). The amount of available Pi in soils is dependent on pH,

ionic strength, concentrations of P (organic matter and fertilisers) and binding metals (Fe, Al, Ca, Mg)

and anions (Vance et a|.,2003). As much as 50% of the P present in soils is unavailable due to it being

strongly absorbed onto Fe and Al compounds and locked in organic forms, which need to be

mineralised before the soluble inorganic P becomes accessible to plants (Figure 2.1) (Horst et a/.,

2001).
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Soluble
Fertiliser + (inorganic Pi)

+

Mycorrhiæs

Adsorbed P

- Fe & Al phosphate in acid soils
- Ca & Mg phosphates in alkaline soils

and calcareous soils
Microbial Biomass

+1
Organic Residues

Eg:- inositol phosphate, phospholipids, nudeic acids

Figure 2.1: Schematic representation of supply of phosphorus to plant roots in soil systems. Black

arrows indicate the immobilisation of P, green arrows illustrate the mineralisation of P, pink arrows

exptain the diffusion of P in solution and the blue arrows depict P pools accessed via mycorrhizal fungi

and transported to roots (Moody & Bolland, 1999; Bolan, 1991).

2.1.2 P in soiland acqulsition

There are three ways that Pi reaches the surface of roots and AM fungal hyphae (Bolan, 1991), These

are:-

1. Root or AM fungal hyphal interoeption - where the root or hyphae comes into dose contact with

the nutrient,

2. Diffusion of ions from areas of high concentrations to low - aæessed by roots and AM fungi

hyphae, and

3. Mass flow where the nutrient is brought to the -root 
surface in the convective flow of water

during the absorption of water by the plant",

The diffusion of P in soil has been found to be more important than mass flow (Barber, 1962). Because

of the low concentration of Pi in the soil solution (usually < 10 pM, (Mimura, 1999; Schachtman ef a/.,

1998) and a low diffusion rate (Dsor 10-1e10-15 ¡2s'r, (Jungk, 1996)) a P depletion zone of -1.5 mm

forms around actively absorbing roots within a few days. Pi uptake is greatly reduced due to the lack of

I
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available Pi at the root surface. ln order to overcome these depletion zones, and access previously

inaccessible Pi supplies, plants have evolved strategies to enhance Pi acquisition by more effective

exploitation of the soil. These strategies indude alterations in root morphology and root hair production,

effecting changes on the soil chemistry to increase bioavailability, by developing symbiotic relationships

with AM fungi and regulating plant P transporters (Comerford, 1998).

Changes in root morphology are regulated by auxins, ethylene and cytokinins (Nissen, 1996) resulting

a Topsoil foraging. This occurs where shallow root systems show enhanæd lateral root production in

the topsoil, exploiting the localised higher concentrations of Pi. This change in morphology is seen

in Arabrdopsls grown in low P conditions (0.1 mM P), resulting in a decrease in the primary root

length and increased number and length of lateral roots when compared to plants grown in high P

conditions (2.5 mM P) (Williamson et a1.,2001). Variations of this topsoil foraging morphology

occurs between Arabidopsis accessions (Narang & Bruene, 2000). Altered root morphology has

also been observed in beans and displays variation of top-soil foraging morphology between bean

genotypes (Lynch & Brown,2001; Liao et a1.,20011. Grass species also have to¡soil foraging

strategies, producing roots that are able to access Pi from treated high Pi areas (Jackson et al.,

1ee0).

lncreased root hair density and length. This results in increased exploration of the soil volume close

to the roots. lncreases in root hair length and/or root hair density have been observed in rape,

spinach, tomato, Medicago and Arabidopsrs as the plants become P deficient (Fohse & Jungk,

1983; Vance et a1.,2003i Ma et a1.,2001 ; Bates & Lynch, 2000). Variation in barley cultivars in root

hair density and length has been associated with differences in Pi uptake by Gahoonia and Nielsen

(1ee7).

Formation of cluster roots (proteoid roots). These are groups of densely packed lateral roots (with

abundant root hairs) formed on a parent axis, which results in an increased surfaoe area but not

always a large increase in soil volume explored. Cluster roots form in pockets of soil rich in

nutrients (Vance et a1.,20031. They also release exudates containing organic acids, H* and acid

phosphatases that release bound Pifrom inorganic and organic complexes (Marschner, 1995). The

major groups of plants that produce cluster roots are the Proteaceae, some members of the

Brassicaceae and Lupinus. Further information on cluster roots is contained in the recent review of

Vance etal.(2003).

Another adaptation which helps plants to overcome problems associated with the development of Pi

depletion zones is the formation of a symbiotic relationship with AM fungi. These fungi access Pi

from the soil beyond the depletion zone, translocate it considerable distances (up to 25 cm) through

I
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external hyphae to roots and, at plant-fungus interfaces within root cortical cells, exchange it for

organic carbon produced by the plant (Smith and Read, 1997)'

2.1.3 The role of AM fungi in supplying P to plants

AM fungi (classified in the order Glomales of the Zygomycota) form normally beneficial associations with

the plant root, based on exchange of nutrients whereby the plant receives mineral nutrients while the

fungus receives organic carbon compounds (Smith and Read, 1997). The outcome of this exchange

can be beneficial, mutualistic or parasitic, depending on whether the plant has an increase, no change

or a decrease (respectively) in nutrient uptake or plant dry matter (Johnson et al., 1997i Baon ef a/',

1993b; Marschner, 1995). The majority of AM fungi/plant relationships are beneficial or mutualistic.

Barley and indigenous mycorrhizal fungi were observed by Khaliq and Sanders (1998 & 2000) to have a

mutualistic association in field and field/pot experiments that displayed no increase in yield,

When a plant is colonised by AM fungi the plant is then able to access P via the root system and/or the

mycorrhizal fungi. Colonisation of plants with mycorrhizal fungi generally results in increased plant

growth and health due to the supply of Pi from the fungi (Æcón-Aguilar & Barea, 1997). Pi influx in

myconhiæl plants can increase to rates of 10-ll mol-lm-rs, 3 to 5 times higher than non-myærrhizal

plants (Smith and Read, 1997). Results of Pearson and Jakobsen (1993) support the supply of P via

AM fungi. Data that directly assessed the P uptake of cucumber plants determined that P aoquisition

via the root was reduced when colonised with myconhizal fungi (Pearson & Jakobsen, 1993). P

transporters associated with P acquisition via roots were assumed to be down regulated, thus

encouraging the acquisition of P via the mycorrhiza (Pearson & Jakobsen, 1993). lt was also observed

that there was a difference in the amount of Pi supplied to the plant via the mycorrhiza when colonised

by different myconhizal fungi. This may be due to differences in the rate of growth and length of the

hyphae and differences in the P transport capacity of the hyphae (Pearson & Jakobsen, 1993). Hyphal

length may not always be important, with research by Smith et al. (2000) showing that, despite

extensive hyphal length, different AM fungi will access P from different distances from the plant root. M.

truncatula also displayed variation in the amount of P acquired via mycorrhizal fungi when colonised by

various AM fungi (Burleigh, 2001). Pearson and Jakobsen (1993) observed that increased P stah¡s of

colonised plants was also associated with the apparent down regulation of plant P transporters. The

regulation oÍ the Medicago P transporter MEDtr;Phtl;2 is linked to the P status of the plant (Burleigh,

2001). MEDtr;PhT1;2isup regulated when the plant is P deficient and is down regulated to varying

degrees when colonised with AM fungi. The degree of down regulation is dependent on the species of

mycorrhizal fungi colonising the roots (Burleigh, 2001).
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2.1.4 AM fungal structures

AM colonisation can be classified into two main types, Arum- and País-AM, Pads-type colonisation is

characterised by intracellular coils (hyphal coils) formed in cortical cells (Figure 2'2). Arum-lype

mycorrhizas are the most commonly investigated and are characterised by the formation of a well-

developed mycelium of intercellular hyphae within the root cortex and branched structures (arbuscules)

within the cortical cells (Figure 2.2). The arbuscules are short-lived, about 4-12days (Cox and Tinker,

1976). The highly branched arbuscule invaginates the host cell plasma membrane (peri-arbuscular

membrane), forming a symbiotic interface with a very large surface area (Schematic diagram, Figure

2.2). This is thought to be the site of nutrient transfer from fungus to plant. The coils in Paris-AM (which

also present a very large area of interface) are being implicated in this role as well (Smith and Read,

1ee7).

Vesicles

¿ å.--

Aooresorium Hyphal coils

(Paris type AM)

+

¡

I
¡

f,-

Arbuscule

2, Arbuscular membrane

3, Plant peri-arbuscular membrane

Figure 2.2: lnternal AM fungal structures, AM fungal hyphae can penetrate the root epidermal cell or

enter via intercellular spaces and subsequently penetrate the cortical cells. The point of entry into the

root by the fungus is called the appressorium (pink bordered box; reproduced from Brundrett, 2000).

From the appressorium internal colonisation spreads via hyphae, followed by the formation of

arbuscules, hyphal coils and vesicles (yellow bordered boxes; reproduced from Brundrett, 2000). The

schematic diagram of an arbuscule (blue bordered box, reproduced from Harrison, 1999) emphasises

the apoplastic space between the arbuscular membrane and the plant peri-arbuscular membrane;

indicating that the fungi remain separate from the plant cortical cell and transfer Pi across the arbuscular

membrane into the apoplastic space, from which the plant uses P transporters within the plant peri-

arbuscular membrane to absorb that Pi, (Harrison, 1999; Brundrett, 2000)
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The AM fungi extend a fine network of hyphae into the soil, accessing Pi up to 25 cm from the root

(Figure 2.3) (Smith and Read, 1gg7). Two P transporters, with a similar structure and function to plant P

transporters, have been identified from two mycorrhizal fungi, G. versiforme (Harrison & van Buuren,

1gg5) and G. intraradices (Maldonado-Mendoza et at., 2001). These fungal transporters are not

expressed in the plant, suggesting that they are involved with the acquisition of Pi from the soil' Once

taken up, the Pi is translocated along the hyphae to the mycorrhiza/plant interface.

in soilwith mycorrhizal hyphae

\-_
1{

!

Figure 2.3: lmages of AM fungal external hyphal network. Spores (arrowed) of AM fungi in the soil

initiate hyphal (H)growth towards the plant root, (lmages reproduced from Brundrett, 2000)

The fungus and plant remain separated by an apoplastic space, with the fungus topologically outside

the plant. lt is probable that the apoplastic space is the site of nutrient transfer, with a high activity of

ATpase present at the peri-arbuscular membrane (thereby providing protons for coupled transport,

discussed in section 2,3.1, (Gianinazzi-Pearson et a|.,2000)). This is further supported by research

performed by Ayling et at. (2001)which showed that the root membrane electric potentialwas -10 mV

higher in non-mycorrhizal leeks than in leeks colonised by Scufe//ospora calospora and forming

intracellular coils. The reduced electric potential difference is due to Pi being supplied by the fungal

hyphae (Ayling et at.,2001). There is supporting research that measured the amount of P (via cryo-

analytical scanning electron microscopy) revealing a higher concentration of P in colonised cells than

non-colonised cells (Ryan ef a/., 2003), While these measurements account for total P (poly-P, Pi and

all other forms) present at the site of examination, there was a higher concentration of P in fungal

structures than in plant cells, and plant cells containing arbuscules had a higher concentration of P than

those cells with no fungal structures. This provides further circumstantial evidence that arbuscules are a

site of exchange with the plant. Some root intercellular spaces contained a liquid that was observed to

include p when associated with fungal hyphae (Ryan ef a/. 2003), There is no reported evidence that

any plant P transporters are specifically expressed around these intercellular spaces to acquire P from

these pools. lt is unclear as to whether this is a site of active P exchange (i.e. Are the AM fungi

exporting pi at this site?) or diffusion (movement from high to low concentrations). Either way the plant
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would be able to scavenge this source of Piwith alternative P transporters located within the cortical cell

membranes. The model of Pi acquisition via AM fungi may be more complex than initially thought.

2.1.5 PlanUAM fungi interactions

The involvement of AM fungi with plants is further complicated by the fact that major effects of AM fungi

on plant P uptake may not be reflected in benefits at the whole plant level. Recently, work done by

Smith ef al. (2003b & 2004) demonstrated that G. intraradices supplied flax, Medicago truncatula and

tomato with all of the Pi measured in plant tissues, with noticeable increases in plant dry weight only in

flax and M. truncatula. Tomato showed decreased dry weight when colonised by AM fungi compared to

non-colonised plants, which may be due to the amount of carbon supplied to the AM fungi. This

research also demonstrated that different mycorrhizal fungi supplied different percentages of Pi to

plants. Forexample tomato plants received 100% of theirtotal P from G. intraradices,-77o/ofromG'

caledonium and -7o/ofrom Gþasp ora rosea. The outcome of the interaction was also plant dependent.

Gigasporaroseaprovidedflaxwith-13%of itsP, Medicagotruncatulawith-44o/oandtomatowith-7%.

These findings are particularly important to agricultural practices since, based on our earlier

understanding, the role of AM fungi is likely to have been dismissed in non-responsive crops such as

many cereals. Regardless of growth response this symbiosis can be the major pathway of Pi

acquisition for the plant, depending on plant-fungus combination.
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2.2

2.2.1

The impoñance oî phosphatetranspoñers in P uptake

The Phtl family of P transPorters

ln response to growth requirements, various membrane associated P transporter proteins are involved

in the acquisition of pi from the soil and movement of Pi between tissues. The genes encoding these

transporters have been classified into gene families depending upon their topology. The majority of P

hansporters isolated to date are found within the Phtl family. These proteins consist of 12 hydrophobic

membrane-spanning regions that are separated into two groups of six by a large intracellular

hydrophilic, charged domain (Figure 2.4-Al. They are approximately 58 KDa in size and contain 520 -
550 amino acids (Smith, 2001; Pao ef a/., 1998; Raghothama, 2000; Smith ef a/', 2003a). This topology

is similar to other solute transporters that are members of the major facilitator super-family (Marger &

Saier, 1993; Smith ef al., 1999).

n' 
,.,1 m' . 

t' ,. H'

H. H' H' H' tt'

AlP

HzProf H+

H'

hside

B

+Pl

H.

0üö

ffi

A

Figure 2.4: Schematic images of the PhTl family phosphate transporters demonstrating: A. The 12

membrane spanning regions (composed oÍ 17 -25 amino acids) and the central intracellular hydrophilic

loop, with the N and C termini intracellular; and B. The processes involved in co-transport of HzPO¿-

ions across the cell membrane, with H* ions supplied by a proton pump. (Figure A reproduced from

Smith ef al., 2003a; figure B reproduced from Smith 1999)

Another group of P transporters, the Pht2 family, is found in mammalian, bacterial and algal systems

where they are usually associated with Na* co-transport. Two plant P transporters with Pht2like

topology have been isolated trom Arabidopsrs (Daram ef a/., 1999) and Medicago (Zhao et a1.,20031'

Unlike the Na* coupled transport that is typical of animal systems, the plant members of the PhP family

are H* coupled (Daram ef a/,, 1999; Zhao et a/., 2003). Topology of the PhP transporters differs from

the Phtl family by having a long extracellular hydrophilic N terminus and a hydrophilic loop between

trans-membrane regions 8 and I (Daram ef aL, 1999). Chloroplast transit peptides are featured in the
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N terminus of the Arabidopsis Pht2;1 transporter and when lhe Pht2;1 gene was fused with green

fluorescent protein the resulting Ph2;1 protein was localised to the chloroplast envelope. While other P

transporter families have been identified from plants (eg. mitochondrial P transporters) the research

described in this thesis concentrates on the Phtl family of P transporters because these proteins are

likely to be more significant in strategies aimed at enhancing plant Pi uptake and mobilisation

efficiencies.

Pi acquisition is an energy requiring process, because of the large electrochemical gradient between the

soil solution and the cytoplasm of plant root cells. Uptake therefore requires both a transporter and an

energy source. ATPases are needed to generate proton motive force. Pi uptake is achieved by an

energy-mediated co-transport process, whereby protons (H*) are coupled with the HzPO¿- ions to move

into the cell (Figure 2A-B) (Clarkson & Grignon, 1991; Muchhal & Raghothama, 1999). The

requirement for co-transport is evidenced by the depolarisation of the plasma membrane associated

with the influx of positively charged protons (Poole, 1978). lf HzPO¿- ions alone crossed the membrane

a hyperpolarization would be observed. Further support for co-transport with H* is the restricted uptake

seen when H* inhibitors/uncouplers are present (Lin, 1979). Cations other than H* have not been

successfully associated with plant Pi transport.

2.2.2 Regulating P uptake

The strategies that enhance Pi acquisition include regulation of P transporters to access available Pi

from soil and facilitate transport within the plant. P transporters located in root epidermal cells are

involved in acquisition of Pi directly from the soil and P transporters located in the cortex acquire Pi from

the apoplast and move it symplasticaly through cell plasmodesmata connections to the xylem

parenchyma for dishibution. The use of active transporters to acquire and distribute Pi is essential

because intracellular Pi can be measured in concentrations of 5 - 17 mM (Mimura et a1.,1996i Mimura,

1999), compared to external concentrations that are in the range of 1 - B pM (Barber, 1962;

Reisenauer, 1966). There can be as much as 1,000- 10,000 fold difference between internal and

external Pi concentrations (Bieleski & Ferguson, 1983; Schachtman ef a/., 1998). The Pi status of plants

and their rate of growth determine the requirement for influx and net absorption of Pi by the roots

(Clarkson & Grignon, 1991). Due to the uneven dishibution of Pi in the soil, plants have the ability to

increase rates of acquisition in those areas with high Pi via those methods discussed in section 2.1.2,

thus compensating for Pi deficient areas. lt is thought that overcoming uneven Pi supply is done by Pi

cycling in the phloem between shoots and roots via P transporters (Clarkson & Grignon, 1991).
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2.2.3 P transporter kinetics

Kinetic studies of p transporters have yielded results that indicate differences in K' between species,

cell types and growth conditions, demonstrating the control of the Pi transport systems, see Appendix 1'

Studies involving excised barley roots identified that there were two systems of uptake in plants,

dependent upon the external concentration of the ion (Figure 2.5) (Epstein & Hagen, 1952; Fried &

Noggle, 1g5S). p transporters are active depending on the Pi nutritional status of the plants and level of

pi supply (Zhu et at.,2001). The Km for high-affinity transporters ranges from 3 ' 30 pM, whereas for

low-affinity transporters the range is 50 - 668 pM, see Appendix 1'

Low Affinity

High Affinity

0 0.25 0.5 11020304050
External concentration of substrate mM Lr

Figure 2.5. Concentration-dependence of ion uptake by plant cells, illustrating the dual'isotherm

Michaelis-Menten kinetics. High affinity has a low Michaelis constant, high affinity for the substrate and

a low maximal rate. Low affinity has a high Michaelis constant, low affinity for the substrate and a high

maximal rate. Reproduced from Lütþe and Higinbotham 1979.

When Lemna gibba is P-deficient the Vm,x of P transporters involved in high and low affinity systems

has been reported to increase (Ullrich-Eberius ef at., 1984), while experiments with Catharanthus

roseus only exhibited an increase in Vmax for the high affinity system (Furihata et al', 1992). The

increased activity (Vr.*) observed by both laboratories was not associated with a change in K''

lncreases in the rate of Pi uptake associated with Pi starvation is a result of increased transcription of P

transporter genes, resulting in increased translation, increased density of transporters in the membrane

in question and enhanced Pi uptake (increase in V'rr) (Muchhal & Raghothama, 1999; Raghothama,

1999a; Furihata et at., 19921. The transcription rate of P lransporter genes increases soon after a

change in cellular Pi concentration and long before the appearance of any visible Pi'deficiency

symptoms (Liu ef a/., 1998a; Yao ef at.,2001; Dong ef al., 1998). This finding suggests that signals that
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induce gene expression are initiated by internal concentrations of Pi. This will be discussed later in this

chapter

2.2.4 Verification of function of P transporters and kinetics by yeast complementation

There is controversy about the determination of the affinities of P transporters. Most data has been

obtained using heterologous expression in yeast, which has yielded higher K' values than expected

from physiological studies (Smith et aI.,2003a). lnitial studies utilised Saccharomyæs cerevlstae yeast

mutants defective in the high-affinity P transporter phoB4 gene (Bun-ya et a\.,1991)' The introduced

plant p transporter genes complemented the mutations and restoration of Pi uptake was taken as

evidence for pi transport via the plant transporter. The Km's determined with pho84 yeast mutants were

of the order of 110 - 493 pM. For example ARAth;Phtl;l complemented the yeast mutant NS219

grown on 110 ¡rM P medium (Muchhalef a/., 1996), and could therefore be interpreted as being a low-

affinity transporter, while plant cell suspension cultures determine that it is a high-affinity transporter

(discussed in further detail in the following section). Another yeast P transporter, pho89, is involved with

Na* coupled p transport in yeast. The development of a second yeast mutant, PAM2, defective in both

pho84 and pho89 P transporters, (Martinez & Persson, 1998), yielded lower Km values for the same

genes that were expressed in the pho84 mutants. The plant P transporters tested in the PAM2 yeast

mutant were not Na*/HzPOa symporters yet provide Km values that came closer to expectations of high

and low -affinity P transporters. This is seen with SOLfu;Phtl;3Kn64 pM - high affini$ (Rausch ef af',

2001) and MEDtr;Phtl;4 K, 668 pM - low affinity (Harrison et a1.,2002). lnterestingly Harrison ef a/.

(20021measured the Km of MEDtr;Phtl;4in both single and double yeast mutants, and obtained values

of 493 pM and 668 pM respectively, which confirms low-affinity kinetics but further demonstrates the

variability of the yeast mutant system.

The Km's of plant P transporters when measured in mutant yeast strains may not accurately represent

Km's in the plants for several reasons. Firstly, analysis of the plant P transporter genes suggests that

putative phosphorylation sites in the sequence may require activation and may prevent the plant P

transporters from fully complementing the yeast mutants. Secondly, N-glycosylation and associations

with other proteins with the plant P transporters may be required prior to the P transporter being able to

function. ln yeast, lhe pho84 gene has been functionally associated with other genes, suggesting a

more complicated model for Pi transport (Bun-ya et at.,1992i Bun-ya et a|.,1996i Yompakdee ef a/',

1996; Leggewie et a|.,1997). Plant P transporters may not complement the complicated modelfor Pi

transport in these yeast mutants, thereby yielding Km values higher than those obtained with root
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systems (Smith et al., 2003a).

homologous systems.

Hence, it is important to measure the kinetics of transporters in

2.2.5 Verification of function and kinetics in plant cell suspension cultures

The use of transgenic plant cells as expression systems may overcome the putative post-translational

problems of the yeast systems and should provide kinetic information more dosely related to the

expression of the genes in plants. This plant system involves the production of transgenic cells

transformed with the p transporter of interest under the control of a constitutively expressed promoter'

Use of tobacco cells transformed with ARAth;Phtl;l indicate a K. of 3.1 pM for this gene (Mitsukawa ef

al., 1gg7b), which is indicative of a high-affinity P transporter and considerably lower than the value of

110 pM previously obtained by Muchhal ef al. (1996) using yeast. Rice cells transformed with

HORvu;Phtl;l or HORvu;Pht1;6 yielded Km's of I pM and 320 pM, respectively (Rae ef al',2003)

indiæting their roles as high affinity and low affinity transporters, respectively. The use of transgenic

plant cells to determine p transporter kinetics yields results c¡nsistent with those observed in uptake

experiments with excised barley roots that exhibited both high affinity of the range 1 - 10 pM and low

affinity in the range of 0.2 - 0.5 mM kinetiæ (Barber, 1972). These high affinity K' values are also

consistent with the low concentrations of Pi found in most soil solutions. This plant-based protocol has

the advantage of providing results that may be more reliable than those obtained with yeast mutants'

The kinetic values of p transporters provided from yeast systems should be used with care until they are

tested in plant-based sYstems.

2.2.6 Split root and hydroponic experiments

Split-root experiments with potatoes demonstrated that it is the overall P status of the plant that

determines the rate of p uptake and not the portion of root system growing in solution lacking P

(Cogliatti & Clarkson, 19B3). Experiments by Clarkson and Scattergood (1982) in barley and tomato

demonstrated that there was an immediate increase in rate of P absorption when plants were moved

from hydroponic solutions containing 150 pM P to those with no P. ln barley this increase in rate of P

absorption continued for several days after the re-application of P, before decreasing to those levels

observed prior to p starvation (Clarkson & Scattergood, 1982). The increased rate of P absorption is

associated with the increase in transcription of P transporters, as shown by the dramatic increase in

transcription oI ARAth;Phtl;l and ARAth;Phtl;2 when plants were transferred from 250 pM P to ze¡o P

hydroponic solutions (Smith et at., 19971. A similarly high transcription rate was seen for tobacco P

transporter genes, Nt1ta;Phtl;1 - 1;4,when grown without P. When P was resupplied transcription

levels returned to those levels observed prior to P starvation (Kai et al', 2002\' The levels of
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transcription can also be reflected in the level of protein as seen in the decreased accumulation of

MEDtr;pht1;1 protein when P deprived Medicago plants were re-supplied with P (Chiou et a\.,20011'

2.2.7 P transporter kinetics in realistic growth conditions

Much research has used plants grown in hydroponic or sand cultures, with 'bw P' supplies of zero and

,high p, concentrations as high as 250 pM. None of these conditions effectively reflect the true growing

conditions of plants in soil systems. Uptake in hydroponic growth systems, which are usually aerated,

does not involve the formation of depletion zones around actively absorbing roots, so that Pi supply to

the epidermal p transporters is maintained. Hydroponic cultures also produce a root architecture that is

not identical to that found in soil. Sand culture systems are slightly more realistic, but in these the

adsorption of pi to sand particles does not occur and may result in solution P conæntrations atypical of

soil. Experiments on potato (Rausch et a|.,2001),tomato (Rosewarne ef al., 1999), rice (Paszkowski ef

at.,2002), Medicago (Harrison et a1.,20021 and Arabidopsrs (Mudge et a\.,2002) have used soil:sand

mixes to grow plants for expression studies. These soil:sand systems are likely to deliver data on gene

expression that are more closely related to the situation likely to occur in natural conditions. ln order to

get a realistic view of p aquisition and translocation plants should be grown in conditions that dosely

mimic the soil environment, where P is usually in low concentrations and soil microflora influence the

availability and acquisition of P (Schachtman ef a/., 1998). This is particularly important in investigations

of the potential roles of AM fungi in P uptake. The work described in this thesis utilises a soil:sand

system in order to achieve results that are relevant to plants growing in near-natural ænditions'

2.2.g Expression analysis and localisation of P transporters involved with P uptake from AM

fungi

The use of soil:sand mixes for detection and analysis of the expression of LYCes;Phtl;l (Rosewarne ef

a/., 1999), MEDtr;Phtl;4 (Hanison et al., 2002), ORYsa;Phtl;ll (Paszkowski ef al'' 2002) and

SOLtu;Phtl;3 (Rausch et at., 20011was necessary because these P transporters are involved in

acquisition of P at the peri-arbuscular membrane, delivered by AM fungi. The establishment of AM

symbioses can only be realistically achieved in soil-based systems; hydroponic culture is not practicable

and, in common with agar-based systems, suffers from the disadvantages outlined above' As previously

mentioned AM fungi provide an alternative pathway for P acquisition. At the start of the work discussed

in this thesis only LYCes;Phtl;1had been identified as showing an expression pattern consistentwith

the ability to access P via AM fungi. lYCe s;Phtl;l was shown to be expressed in both roots and shoots

of mycorrhizal (G. intraradices) and non-mycorrhizal tomato (Rosewarne ef a/., 1999). The expression

studies ol LYCes;Phf l;l utilised rn-slfu hybridisation protocols (Rosewarne ef a/. 1999)' Rosewarne's ef
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a/. (1ggg) results would be enhanced by using localisation expression protocols similar to those used to

determine the localisation oÍ MEDtr;Phtl;4, ORYsa;Phtl;11 and SOLtu;Phtl;3. The expression studies

in MEDtr;pht1;4 utilised a specific antibody for immunoìocalisation (protein detection) and Medicago

plants transformed with the promoter of MEDtr;Phtl;4 driving the expression of a reporter gene (GUS)'

Results using both approaches showed localisation of MEDtr;Phtl;4to the peri-arbuscular membrane in

G. intraradice¡ colonised cortical cells (Harrison ef a/., 2002). Analysis of SOLfU;Phfl;3 used in'situ

hybridisation to detect mRNA and SOLfu;Phfl;3 promoter-GUS transgenic potato plants to determine

localisation to the peri-arbuscular membrane of roots again colonised by G. intraradices (Rausch ef a/',

2001). RT-pCR has been used to show expression of ORYsa;Phtl;ll in mycorrhizalroots of rice, with

expression positively correlated to % colonisation by G. intraradices (Paszkowski et al',2002)' These

results support the model of AM fungi supplying Pi to the plant via the arbuscule/peri-arbuscular

membrane. Of the P transporters associated with P acquisition via AM fungi LY0es;Phtl;l had

displayed expression in other plant tissue besides colonised cells, but the remaining three P

transporters (MEDtr;Pht1;4, ORYsa;Phtl;ll and SOLtu;Pht1;3) were only expressed in mycorrhizal

roots. Further research has revealed low levels of expression of SOLfu;Phfl;3 in non-myconhizal roots

and shoots of potato, while MEDtr;Phtl;4 is only expressed in mycorrhizal roots (Karandashov et al.,

2003). The low levels of expression does not negate the possibility that the main role of these P

transporters is in acquiring Pi from AM fungi

While the myconhiza-specific or mycorrhizal-related P transporters appear likely to be involved with

aquisition of Pi delivered to root cortical cells via AM fungi, the colonisation of plants can also be

associated with down-regulation of other P transporters, similar to the down-regulation observed when

plants are grown in high Pi conditions (see above). Research on Medicago truncatula (Liu ef a/', 1998b)

investigated the expression of the plant P transporters (MEDtr;Phtl;1 and MEDtr;Pht1;2) which had

been identified as being expressed in roots colonised by mycorrhizal fungi. There was an increase in

transcription and protein levels in epidermal and root hair cells during P starvation, which was opposite

to the down regulation of both P transporters during the development of symbiosis with AM fungi (Liu ef

a/.; 1998b). This suggests that the plant may not require MEDtr;Phtl;l and MEDtr;Phtl;2 when it is

able to obtain Pi from the myconhizalfungi. The role of MEDtr;Phtl;l is associated with acquiring Pi

directly from the soil. The down regulation of root P transporters not involved with Pi acquisition via AM

fungi is not uniform across AM fungi. As demonstrated by Burleigh (2001) with expression studies on

MEDtr;Phtl;2 the reduced expression oÍ MEDtr;Phtl;2was observed in northern blots and ranged from

60 % reduction to no effect when colonised by Gtomus mosseae and Gþaspora rosea respectively.

Colonisation oÍ Medicago by other AM fungi produced varying degrees of reduced expression (Burleigh,

2001). Variation in the down-regulation of MEDtr;Phfl;2 needs to be further examined in order to
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determine if the various AM fungi are providing an alternative supply of P and whether the amount of P

supplied by the AM fungi is sufficient for the plant to rely solely on that source. Research by Smith ef al'

(2003b & 20M) indicates that p acquired by Medicago colonised by G. intraradlces and G' caledonium

was provided only via the AM fungi. With 100% of the acquired P being supplied by the AM fungi it

would be expected that the Medicago plant would not need to expend resources to acquire P directly

from the soil, ænsequently down-regulating the expression of MEDtr;Phtl;l and 1;2. However,

experiments to investigate concurrently P uptake via the AM fungi and expression of relevant P

transporter genes need to be researched in the future.

Barley has not demonstrated improved P concentration or biomass when colonised by AM fungi, thus

suggesting thatAM tungi colonisation is not beneficial. The research by Smith etal. (2003b & 2004)

and Ryan and Angus (2003) indicates that the benefits of AM fungi colonisation should not be dismissed

in cereal crops that have shown parasitisation or no plant beneficial improvements. The alternative P

pathway via AM fungi may prove to be highly beneficial to cereal crops grown in P deficient soils.

2.3 Aìms of the ff¡esis

Research to date highlights the complex nature of the plant-myconhizal fungus interaction in Pi

acquisition. The process of acquiring Pi depends on the plant species and cultivar, AM fungi colonising

the roots and growth conditions. The research covered by this thesis started in March 2000 and

investigated the va¡ation in Pi acquisition and colonisation between barley cultivars with three

myconhizalfungi. P transporters associated with acquiring Pi delivered by the AM fungi in rice, barley,

wheat and maize were identified. The colonisation by AM fungi regulating other plant P transporters in

barley was also studied. The results from this research adds to the knowledge of Pi acquisition and

regulation of p transporters in cereal crops that form symbiotic relationships with AM fungi. Regardless

of the æmplex process of Pi acquisition, the interaction and benefits of mycorrhizal fungi in Pi

acquisition should not be ignored if suæessful advances in Pi acquisition are to be made'
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3 Materials and Methods

3.1 SorT condffi'ons and plant prcpagation

3.1.1 Soil, soilmixes and phosphorus amendments

Two soil types, Millmerran and Ashland, were used for this research. Both contained low levels of plant-

available P,

Soil from Millmer¡an, eueensland, Australia - 28"S 151"E (collected from Gaythorne Farm, where no

fertilisers had been used) has a pH of 8.5 (HzO) and bicarbonate extractable phosphorus (P) æntent of

10 mg kg-r (Colwell, 1963). This soil was used to a¡lture Glomus intraradiæs and Glomus sp.

WFVAM2A (formerly called G/omus versiformel because both these fungi require neutralto alkaline pH

soil for sucoessful colonisation. The Millmerran soil was also used in experiments to investigate P

efficiency of different barley cultivars and effecls of myconhizal ælonisation on their growth (Sec'tion

3.3).

Soilfrom Ashland, Withætt, Queensland, Australia - 28"S 153'E was collected from uncultivated land

on a farm on Ashland Drive. lt has a pH of 5.6 (HzO) and bicarbonate extractable P content of 3 mg kg-r

(Colwell, 1963) and was used to culture Scutellospon calospora, as sucæssful colonisation by this

fungus occurs in low pH soils (Dickson et a\.,1999)'

The analysis of the soils was canied out by lncitec Ltd (Morningside, Queensland, Australia) using

methods listed in Appendix 2. Concentrations of organic carbon, nitrate nitrogen, potassium, calcium,

magnesium, sodium, chloride, copper, zinc, manganese, iron, boron and sulphur, and electrical

conductivity are listed in Appendix 2.

Washed fine quartz sand, supplied by Stone Merchants (Dara, Queensland), was mixed with the soil in

the ratio of 1 part soil to 9 parts sand. The soil:sand mix was then sterilised by autodaving at 121 "Cfor

g0 m twiæ with an interval ot72h between autoclavings. Nondraining pots were filled with 2 kg of the

soil-sand mix, 2009 of soil/root inoculum (Section 3.3) were included in myconhizal pots. Pots

containing soil from Millmerran had an bicarbonate extractable P content of I mg P kg't to¡¡,ttnd mix

while soil from Ashland had a P content of 0.3 mg P kg-t to¡¡,tand mix. Phosphate in the form of

CaH¿(POr)z.HzO was added to pots following sterilisation to increase the levels of P available to the

plants. The CaHr(PO¿Þ.HzO was added as a dry fine powder to dry soil:sand and mixed for 1Omins.

Low P and mycorrhizal pots had 81.3 mg CaHr(P0r)z,HzO kg'l soil:sand added to give a final P
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concentration of 20 mg P kg-r ro¡,'æno. High P pots had 406.5 mg CaH¿(PO¿Þ'HzO kg't soil:sand

added to give a final P concentration of 100 m$ P kg-t soil:sand.

3.1.2 Plants, plant propagation, growth conditions and hawesting

Table 3.1 lists the plant species that were used in the work described in this thesis, together with

cultivars and origins,

Table 3.1. Plant species and cultivars used in the work described in this thesis

Seeds were ste¡lised by immersion in a bleach solution æntaining -5.7o^ available chlorine for 10

minutes, followed by three washes in sterile HzO. Seeds were then laid out across the top of a sheet of

3MM paper (30 x30 cm) soaked in 0.5mM CaSO¿. The bottom edge of the paper was brought up to the

top edge so that the seeds where covered by the paper, allowing the shoots to grow from the open edge

and the roots to grow towards the folded edged. The paper and seeds were rolled from one side to the

other to form a cylinder and the cylinder was held in place by a rubber band and propped in a beaker

(folded edge down) containing 0.5 mM CaSO¿. The units were inflbated at 4'C for 24h, then moved to

-26"C under growth lights until germination. Seeds usually germinated in five days and were then

transplanted into pots.

Novartis, Dandonong South, VictoriaVertinaLeek
(AlliumponumL.l

J.C. & A,T. Searle PtY Ltd, KilæY, QueenslandGold QueenMaize
(Zea mavs L.l

Dr Frank Smith - CSIRO Plant lndustry, Brisbane,Wisconsin 38Tobacco

NicotianatabawmL.l

Yanco Agricultural lnstitute, New South WalesJanahRice
(Orvzasafiva L.)

Dr. Gangping Zhu - CSIRO Plant lndustry, Brisbane,

Queensland
GrebeWheat

ïriticun aesfivum L.)

Prof. Andrew Barr - Adelaide University, Adelaide,

South AustraliaCliooer

Barley
(Hordeum vulgareL.)

Sahara

Dr. Yongguan Zhu - Adelaide Un

South Australia

iversity, Adelaide,

Franklin

Fonest
skiff
Araoiles

Dr. Minesh Patel - CSIRO Plant lndustry' Brisbane,

Queensland
Golden Promise

Source of materialCultivarPlant Species
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All planß were grown under conditions conforming to PC2 guidelines (http//www.ogtr.gov.au) in the

Controlled Environment Facility at CSIRO, St Lucia, Queensland, Australia. Growth room conditions

were a ænstant temperature of 25"C with a 16 h photoperiod (500 pmd ¡25-t photon flux density) and

65% humidity.

plants were harvested at times specific to individual experiments and details are given in the relevant

chapters. Harvesting involved carefully washing soil away from roots over a 1 mm gauge sieve' Plants

were then blotted dry and shoots cut away from roots. Samples were procesæd to determine fresh and

dry weights, concentration of P in samples, extent of mycorrhizal colonisation, and RNA and DNA

extractions depending on analysis required, as described in the following sections.

3.2 Watering

pots were watered to weight with distilled water twice per week to maintain soil moisture at 0.1 g g'1 dry

soil. Pots received l0 mL nutrient solution minus P once per week (Table 3.2).

Table 3.2. Composition of the nutrient solution used in all experiments,

d
tF,iü

I

1 mL L-tNaMoO¿.2HzO - 0.025 mg L-t

1 mL L-tCuSO¿.5HzO - 0.08 mg L-l

1 mL L-rZnSO¿.7HzO -0.22 mg L-r

I mL L-tMnClz.4HzO - 1.81 mg L-t

1 mL L-tHsBO¡ - 2'8 mg L-t

0.4 mMNaNOs

0,8 mM(NHr)zSOn

0.02 mMFe EDTA

0.6 mMCa(NOs)z

0.3 mMMgSOr.THzO

0.4 mMKzSOr

Final concentrationMacro nutrients

E

i'
J

I
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3.3 Culturesoî AMfungi

Three cultures of AM fungi, were obtained from Prof. S.E. Smith, University of Adelaide, South Australia,

Australia,

Glomussp. WFVAM 23 (formerly called G. versiformel.This fungus was obtained as G/omus versiforme

(Karsten) Berch from Dr p. Bonfante, University of Torino, Italy. lt was described as G. versiforme in a

paper by Gao ef al. (2001) but it should be noted that the identification of this fungus has been

questioned and re.identification and molecular comparison of this fungus with other cultures of G'

versiformeand G. intraradices is currently in progress.

Glomus intrandices Schenck & Smith (DAOM 181602). This fungus was subcultured from an axenic

culture on tnansformed roots obtained from Professor J.A. Fortin, University of Montreal, Canada and

subsEuently maintained in pohculture conditions'

Scrlel/ospora ælospora (Nicolson & Gerdemann) Walker & Sanders (WUM 12(2)) was originally

obtained from Mr Chris Gazey, University of Western Australia, Austnalia.

lnoculum of the fungi was produced in pot cultures maintained on Allium porrum L. cv Vertina (leek) in

appropriate soil, section 3.1,1. The pot cultures were grown for at least 6 weeks before the soil,

containing rootfragments and spores, was used to inoculate experimental plants'

Test plants were transplanted into nurse pots that had been established according to Rosewarne ef a/.

(1ee7),

3.4 Analysls oî myconhizal colonisation

Root samples requiring assessment of mycorrhizal colonisation were deared and stained by a

modification of the method of Phillips and Hayman (1970), Roob were immersed in 10% KOH

immediately after harvest and cleared by inotbation at 65'C overnight. The roots were then rinsed with

water twice and once with 0.1 N HCl, before staining with trypan blue, Trypan blue is a non'vital stain,

which stains fungal structures that are both living and dead. The trypan blue stain was prepared as

desgibed by Phillips and Hayman (1970) with the omission of phenol, Fungal structures were

visualised with bright field microscopy. Assessment of colonisation was done by the line intersect

method (McGonigle, 2001) to provide detailed information on the percentage of individual fungal

structures present within the roots, as well as total percent colonisation (presence of fungi regardless of

structure),
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3.5 Ptantgrowth and phosphate analysis

Fresh weights of roots and shoots were recorded at harvest. The roots and shoots were cut into -4 cm

sections and thoroughly mixed before subsampling. Weighed subsamples were then dried at 80"C for

-72 h and dry weights recorded, The dry weights of whole roots or shoots were calculated from the

fresh weight: dry weight ratios to correct for weighed subsamples taken for other analyses. Weighed

subsamples of the dried material were ashed a1,220 oC for -20 h. Ashed samples were resuspended in

20 mL 0,1N HCl. p concentrations in ashed plant samples were determined by the molybdenum blue

method of Watanabe and Olsen (1965), with absorbances read at 650 nm on a GBC 911 UV-Visible

Spectrophotometer (GBC Scientific Equipment, Dandenong, Victoria, Australia)'

3.6 RftlÁ e¡rfacfton

3.6.1 Large scale preParations

Subsamples of fresh plant material for extraction of RNA were rapidly frozen in liquid nitrogen

immediately after harvest and stored at -80'C. Total RNA was extracted from plant material through a

caesium chlo¡de pad by the method of Chirgwin ef aL (1979) modified as follows: Plant material that

had been frozen was ground to a powder in liquid nitrogen with mortar and pestle. Following

centrifugation through the caesium chloride pad the RNA was resuspended in HzO (treated with 0.1%

Diethylpyrocarbonate, DEPC) and immediately precipitated with NaOAc and ethanol to concentrate the

RNA. lf the RNA pellet was not dear or white, a pheonl:chloroform:isoamlyalcohol extraction was

performed and the RNA precipitated again, The precipitated RNA was collected by centrifugation

(14000 rpm,15 m, 4 "C) and RNA pellets were air dried on ice before dissolving in HzO (DEPC) for

immediate usage or stored at -80'C in a NaOAc and ethanol precipitation mix'

3.6.2 Small scale preParations

A QIAGEN RNeasy Plant Mini kit #74103, supplied by QIAGEN Pty Ltd, Clifton Hill, Victoria, Australia,

was used for small scale RNA preparations. The protocol listed in the handbook was used to extract

RNA from samples of -100 mg plant tissue ground in liquid nitrogen with mortar and pestle. The

extraction included the QIAGEN #79254'on the column' RNase-Free DNase in order to remove any

remaining genomic DNA.

3.7 Genomic DNA extaction

Small-scale genomic DNA extractions used the BlO101 FastDNA@ Kit (#6540400)with the FastPrep@

lnstrument, both supplied by Qbiogene lnc., Carlsbad, California, United States of America. The
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Fastprep@ System eliminates the need for manual grinding by using a highly energetic mechanical

motion with garnet combined with oell lysing reagents. The protocol listed in the handbook was used to

extract a maximum of 200 mg of fresh plant tissue with lysing matrix: sphere + garnet + sphere'

Genomic DNA was stored at 4"C.

3.8 Clone analYsis

The following section details the techniques used to isolate and manipulate the P transporter genes and

corresponding promoters used in the work described in this thesis. Detailed explanations are given in

each section.

3.8.1 Vectors

Vectors are generally circular pieces of DNA that are able to utilise the bacterial, yeast, plant or animal

cell that it resides in to replicate themselves. Cloning vectors are able to have foreign pieces of DNA

inserted into them and maintain their capacity to replicate. This enables a gene of interest to be

replicated and studied independently of other genes. The following three vectors were used in the work

disatssed in this thesis and vector maps and associated components are listed in Appendix 3.

pGemT+asy (#1360) - supplied by Promega Corporation, Annandale, New South Wales, Australia.

This plasmid is used to done PCR products and allows selection of doned products by transforming E

co/i strains, follorrued by growth on LB with ampicillin and blue/white screening. Blue/white screening is

achieved by the insertional inactivation of the LacZ cr-peptide. The inserted gene of interest disrupts the

coding region of the o-peptide, which can then be identified by colour screening on indicator plates'

Details of vector and related products can be found in Appendix 3'

pZEROI (#K250G01) - supplied by lnvitrogen Australia Pty Ltd, Mount Waverly, Victoria, Australia.

This plasmid is used to done PCR products and allows selection of doned products by transforming E

coli sfralns and growth on LSLB with zeocin selection, Details of vector and related products can be

found in Appendix 3.

pWBvecB - supplied by CSIRO Plant lndustry, Canberra, Australian Capital Tenitory, Australia. This

plasmid is used to clone the promoters of the genes of interest so that they control the expression of

green fluorescent protein (GFP) or ftglucuronidase (GUS) genes for plant transformation and

expression studies. pWBvecB is tnansformed into Agrobacterium strains and grows in LB with

spectinomycin resistance selection. Details of vector and related products can be found in Appendix 3.
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3.8.2 Ligation

Ligation reactions involve the joining of any two pieces of DNA. ln this research ligations involved the

insertion of the gene of interest into a linearised vector, which then created a circularised product that

was transformed into bacterial, fungi or plant cells for replication.

All ligations were set up with a 3:1 insert:vector ratio.

Ligations into pGemT+asy followed the protocol supplied by the supplier, with ligations run at 4'C

overnight.

Ligations into pZEROI and pWBvecS used T4 DNA ligase (#M1801) supplied by Promega Corporation,

Annandale, New South Wales, Australia. Ligations followed the supplier's protocol, with ligations run at

4"C overnight.

3.8.3 Transformation of vectors into bacteria'

Tnansformation is the introduction of DNA into a bacterial, yeast, plant or animal cell. There are two

methods for transformation into bacteria and fungi, heat-shock and electroporation. Electropration was

used during the work described in this thesis to introduce cloned genes into bacterial cells' This was

achieved by mixing the tigated doned genes with highly purified E. æl¡cells and subjecting the mix to

high electrical pulses, that disrupt the membrane of the E. coticells sufficiently to enable the doned

genes to be introduced. Following electroporation the cells were recovered in I mL SOC medium

(Appendix 3)for t h at 37'C, before being spread onto appropriate antibiotic selection plates (Appendix

3.).

pGemT-easy and pZEROI vector based plasmids were tnansformed into E' coll DH10B by

electroporation in 0.1 cm cuvettes with a Bio-rad Gene Pulser supplied by Biorad Laboratories Pty Ltd,

North Ryde, New South Wales, Australia. The electroporation conditions ouUined in the Bacterial

Electrotransformation and Pulse Controller lnstruction Manual V2-89 #165-2098 were used. Following

recovery E. æliDHl0B cells were grown at 37"C overnight'

pWBvecS vector based plasmids were transformed into Agrobacleium fumefaciens AGLI by

electroporation in 0.2 cm cuvettes with the Bio-rad Gene Pulser using procedures outlined in the

Bacterial Electrotransformation and Pulse Controller lnstruction Manual V2'89 #165-2098.

Agrobacterium cells were grown at 28'C for 36 - 48 h.

28



3.8,4 MiniprepanalYsis

Following transformation, individual colonies were selected from plates and used to inoculate 5 mL

liquid broth containing the appropriate antibiotic for the vector used. Plasmid DNA was extracted from

1.5 mL of culture by the alkaline lysis method proposed by Birnboim (1983), with variations according

Sambrook at al. (1989),

3,8.5 Restriction enryme digestion and analysis

Restriction enzymes were used to digest the DNA for ligation and c{one analysis. Three companies

supplied the restriction enzymes used in the work described in this thesis: New England Biolab enzymes

supplied by Genesearch Pty Ltd, Arundel, Queensland, Australia; MBI Fermentas enzymes supplied by

progen lndustries Ltd, Darra, Queensland, Australia; Promega enzymes supplied by Promega

Corporation, Annandale, New South Wales, Australia'

Digests were set up according to manufacturers' instructions and assessed using 1 '2o/oTAE (Appendix

3) gels run at 60 V for approximately t h in a submerged horizontal electrophoresis cell (Bio-rad,

Regents park, New South Wales, Australia). Nucleic acid bands were visualised with ethidium bromide

and viewed on a UV luminator (excitation al312nm; supplied by Sigma, Castle Hill, New South Wales,

Australia). The molecular weight markers used were lkbplus (#10787-01S, Gibco Life Technologies),

supplied by lnvitrogen Life Technologies, Mulgrave, Victoria, Australia.

3.8,6 Transformation of vectors into plants

Rice, barley and tobacco plants were transformed with Agrobacterium vectors prepared as described

above. The details of the plant transformations are given in the relevant chapters'

3.9 Seguence analysis

ABI pRISM@ Big DyerM Terminator Ready Reaction Cycle Sequencing Kit supplied by Applied

Biosystems (Quantum Scientific, Milton, Queensland, Australia) was used to determine the DNA

sequences of isolated clones and confirm cloning reactions. Versions 1 - 3 of the sequencing kit

updated by Applied Biosystems have been used during the research. Sequencing reactions were set

up according to manufacturers recommendations. Purification of the extension products was done with

ethanol/sodium acetate precipitation method as outlined in the manufacturers protocols. Sequencing

was done by the Australian Genome Research Facility (Brisbane, Queensland, Australia)' Sequences
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were analysed with programs on the Australian National Genomic lnformation Service

(www.angis.org.au).

3.10 In-situ hybrìdisation protocol

Barley (Hordeum vulgarel. cv Golden Promise), wheat (Triticum aestivum cv Grebe), rice (Oryza sativa

cv Jarrah) and maize (Zea mayscv Gold Queen) were grown in mycorrhizal nurse pots (G' intraradiæs,

G.sp. WFVAM23 or Sc. calosporia) as detailed in chapter 3.1,3.2and 3.3. Roots were harvested and

immediately cut into 1 cm lengths under fixation buffer (2% formaldehyde and 0.5% glutaraldehyde in

50 mM Na-plpES buffer pH 7.2). Root segments were incubated in fixation buffer for 2 h at room

temperature. Tissue was dehydrated in a graded series of ethanol and ethanol/Histoclear (National

Diagnostiæ, Atlanta, Georgia) and embedded in paraffin wax. Sections (20 pm) of tissue embedded in

paraffin wax were sliced using a Biocut 2030 Reichert-Jung (Leica, Australia). Sections were mounted

on Superfrost plus slides (HD Scientific, Brisbane, Australia). Prior to hybridisation, paraffin was

removed from sections by immersing the slides in containers with Histoclear, and tissue was rehydrated

in a graded series of ethanol and water. Sections were treated with 1 pg ml-t Proteinase K for 30 min

at 37"C and 0.25o/o acetic anhydride in 100 mM ethanolamine buffer pH 8.0 for 10 m at room

temperature. Slides were dehydrated again in an ethanol series'

Sense and anti-sense RNA probes were generated by in vitro transcription (Promega Riboprobe

System, Madison, Wisconsin) incorporating fluoresoein-12-UTP (Roche Diagnostiæ, Basel,

Switzerland) as the label. probes were synthesised from full-length oDNA (sequences in Appendix 4)

encoding HORvu;Pht1;8, ORYsa;Phtl;ll, TRtae;Phtl;myc and ZEAma;Pht1;6 and used to screen

tissue of appropriate plant species. Probes were hydrolysed to ca. 300 nucleotides by incubating the

probe in 60 mM NazCOs, 40 mM NaCO¡ (pH 10.2) for 20 m at 60"C followed by the addition of

neutralisation buffer (final concentration: 0.2 M NaOAc, l% acetic acid, pH 6). The probe was

precipitated with 1iB volume LiCl and 3.75 volume ethanol and pelleted by centrifugation at 12000 rpm,

4'C, 20 m. The hydrolysed RNA probe was dissolved in 50 pL HzO (DEPC) and 1 pL RNasin

(Promega, Australia) and mixed with 450 pL hybridisation buffer (50% formamide, 300 mM NaCl, 10

mM Tris-HCl pH 7.5, 1mM EDTA, 5% dextran sulphate, 150 pg ml-l IRNA). Dry sections were

hybridised with 1:25 dilution of labelled RNA probe and hybridisation buffer al. 47"C overnight. After

hybridisation, slides were washed in 2 x SSC (Sambrook et at.1989) for 60 m at 60'C, I x SSC for 30

m at 60'C and 0.1 x SSC for 30 m at 60"C. Hybridised probe was detected with anti-fluorescein

antibody-alkaline phosphatase (Roche Diagnostics Australia, Castle Hill, New South Wales, Australia)

and the substrates nitroblue tetrazolium and 5-bromo4chloro-3-indoyl phosphate.
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Slides were examined using a Zeiss Axioskop microscope (Carl Zeiss Microscopy, Jena, Germany)'

lmages were collected with an Olympus DP70 Microscope digital camera and supporting computer

software (Olympus Australia Pty Ltd, Victoria, Australia).

3.11 Phosphate transporter nomenclature

The Commission for plant Gene Nomenclature (appointed by the lnternational Society for Plant

Molecular Biology) has recently suggested the formal naming of genes (Bucher et al',2001)' Genes are

named according to their gene family eg.:

Tomato (Lycopersicon esculentum) phosphate transporters confirmed to be in the Phtl gene family

would be named: LYCes;Phtl;l, LYCes;Pht1;2, LYCes;Phtl;S etc. The Pht2 gene family would be

named : LYCe s; PHT 2; 1, LY Ce s;PHT 2 ; 2, LY Ce s; P HT2 ; 3 etc'

Appendix 1 contains details of conect names and the common names used in publications and Table

3.3 contains the P transporters most commonly used in this thesis'

Table 3.3: Common names of P transporters and the conect names used in this thesis'

Zea maysZEAma;Phtl;6ZmPT6

Triticum aesfivumTRlae;Phtl;mycTaPTmyc

Solanum tuberosumSOLtU;Phtl;3StPT3

Oryza sativaORYsa;Phtl;11OsPT11

ìtledicago truncatulaMEDtr;Phtl;4MtPT4

Medicago truncatulaMEDtr;Phtl;2MIPT2

MedicagotruncatulaMEDtr;Phtl;1MIPTl

Lycop e rsi con e scule ntu mLYCes;Phtl;1LePTI

Hordeum vulgareHORvU;Phtl;8HvPTB

Hordeum vulgareHORvU;Phtl;2HvPT2

Hordeum vulgareHORvU;Phtl;1HvPTI

Aradidopsis thalianaARAth;Pht2;1PHT2',1

Arabrdopsts thalianaARAth;Phtl;2PHTI;2,APT1, PHT2

Arabrdopsrs thalianaARAth;Phtl;1PHTI;1, APT2, PHTl, AtPTl

PlantCorrect nameGommon name
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3.12 Sfaflsúícal analYsis

Statistiæ packages R and Ministat were used for analysis.

R: Copyright 2001, The R Development Core Team Version 1.3.0 (2001-0G22). R is free software and

æn be distributed under the licence details'

Ministat, FW Smith, CSIRO Plant lndustry, Australia'
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4 Variation between

colonisation.

barley cultivars in P uptake and rate of

lntroduction

This chapter covers two subjects. The first examines the P efficiency of seven barley cultivars' The

second is involved with the rate of colonisation in three barley cultivars by two mycorrhizal fungi' These

subjects will be presented separately, all P efficiency sections followed by all rate of colonisation

sections.

4.1 Variation between barley cultivars in P uptake and efficiency

The aim of the work described in this chapter was to identify barley cultivars of different P efficiency for

use in future experiments. Despite uniform environmental conditions, differences in growth

characteristiæ and nutritional composition of crop species and cultivars have been regularly observed

(Lyness, 1936). plant breeders utilise these genetic differences by crossing cultivars with desired

characteristiæ to produce a single progeny containing both parental characteristiæ. A characteristic of

interest for this research is the ability of a cultivar to maintain productivity when grown on low P soils

(agronomic p efficiency). Much research has been done into the variation of P efficiency in cereal crops

to determine if there is potential for improvement (Clark, 1991). Scientists define nutrient efficiency

differen¡y, depending on the objectives of their research. Many of these definitions are listed in the

chapter written by Clark (1gg1) on mineral nutrient efficiency. I have defined P efficiency (agronomic P

efficiency) as the total amount of P accumulated by a plant, so a plant that is highly P efficient is one

that accumulates significantly higher amounts of P from low P soils, and low P efficiency is the reverse'

The variation of p uptake in several barley cultivars was examined to identify cultivars that may be

classified as having high or lorru P efficiency for the growth environment utilised throughout this research'

Having identified cultivars with high or low P efficiency they were then examined to determine if their

ability to acquire P interacts with the rate and extent of mycorrhizal colonisation'

Variations in p uptake have been measured in many crops (Clark, 1991). My research focussed on

barley. Jensen and Nitfler (1971) noticed significant differences in the percentage of necrosis of leaves

due to p deficiency in 24 spring barley cultivars. Nielsen and Schjoning (19S3) were able to fit a formula

to p uptake in barley c,ultivars that took into account root length (RL), net P influx per unit length of root

(l.rr), affinity of nutrient uptake (Kr) and the minimum concentration of P in solution at which net influx
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appears to be zero (cr¡,,). This formula, root net influx of P gr dry matter = lmax' RL ' ((c - cm¡n)/(c - G'in

* K,)), revealed variations among six barley varieties out of 30 analysed in both field and hydroponic

culture. lf a variety had high values for RL and |ro and low values for K' and c'¡n then that variety wæ

peffcient-ableto accumulate high amountsof P (Nielsen & Schjoning, 1983; Schjoning & Nielsen,

1gs7), Difierences in p uptake (1,,r) due to diversity in root hair architecture and root exudates betureen

barley cultivars have been reported (Gahoonia & Nielsen, 1997; Gahoonia et al',20001' Barley cvs

yagan, W27í]7, O'Connor and Kaniere were shown to be able to produce higher yields of dry matter

when grown at low p (agronomic P efficiency), while cultivars Galleon, Shannon, W12539 and Skiff are

agronomically p ineffcient (field studies by R.D. wheeler pers.comm. cited in Baon ef aL, 1993a)' A

different set of barley cultivars used by Zhu et at' (2002) were not shown to have any significant

difference in the amount of P acquired when grown in low P soils, but when grown in high P soils

cultivars Clipper and Skifiwere able to acquire larger amounts of P (efücient in high P soil) than cultivars

Haruna Nijo, Sahara, Alexis and Galleon (inefficient in high P soil) (Zhu ef a1.,2002). These differences

were also reflected in the specific P uptake (total P (mg) absorbed per g root dry weight), with cultivars

Skitr, Clipper and Sloop having higher values for specific P uptake than Sahara (Zhu et a1.,20021' The

differences in p effciency reported in cultivar Skifi in low P soil by Wheeler (Baon ef af., 1993a) and Zhu

et at. (2002) may be due to the differences in growth conditions, field versus pots in a glasshouse'

Several cultivæs examined by Zhu et at. (2002 & 2003) were included in my research. The barley

cultivars Franklin, Forrest Clipper, Skiff, Sahara and Arapiles studied in this chapter were chosen fom

parents of mapping populations used by the Cooperative Research CenÍe for Molecular Plant Breeding

(Adelaide, South Australia, Australia). Cultivar Golden Promise wæ also included because it is

commonly used in fansformation studies. This was an important advantage bæause fansgenic plants

were to be produced for expression studies (æe Chapter 5)'

This experiment was designed to determine if there is variation in P efficiency of the chosen barley

cuttivars under the conditions to be used in later experiments. The resulß and discussion from this

experiment are preænted in the following sections.
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4.1.1 Materials and Methods: Barley P efficiency

Barley cvs (Arapiles, Clipper, Fonest Franklin, Golden Promise, Sahara and Skifi)were grown in 1:10

soil:sand mixes using the Millmerran soil (Chapter 3.1,1)with CaH¿(PO¿)z added to produce totalsoil P

contents of 18, 38, 80 or 118 mg P per pot (P1,P2, P3 and P4 respectively) prepared as ouüined in

Chapter 3.1.1. The use of sand is to resûict the added P ftom becoming unavailable by interæting

with soil particles. A high proportion of the P added to üris low P sorbing soil:sand mix will therefore be

available to plants, Following five days germination (Chapter 3.1.2), five plants were sown per pot with

three replicate pots per ÍeaÍnent Each replicate wæ set out in a block, and pots randomised within

the block twice per week. plants were grown in a glasshouse with natural light for 31 days (August -
September 2000). Day length averaged at 11 h 20 m, with day to night temperatures ranging trom23 -
1g'C. pots were watered æcording to Chapter 3.2. Plants were harvested 32 days afrer germination'

Fresh and dry weights for shooß and roots, P concenfation and specific uptake of P were measured as

outined in Chapter J.1.2and3.5. Specific uptake of P was calculated by Equation 1 (Zhu et a1.,2002):

Equation l: specific uptake of P = Total P uptake / Root dry weight (mg P g-t root dry weight)

The proportion of acquired P allocated to shoots was calculated by Equation 2:

Equation 2: percent p allocated to shoots = Amount P in shoot / Total amount P in plant. 100 (o/o)

The Ministat and R statistics packages were uæd for analyses of the root/shoot dry weights, P

concenfation in rooß, shoots and whole plants, ratio of total P in shoots to roots and spæific uptake of

p utilised (chapter 3.11). The Ls.d. at P = 0.05 was used to separate the means of each featnent.

The ANOVA for each set of calculations is presented in Appendix 5.
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4.1.2 Results: BarleY P efficiencY

When grown in low p soil (p1) Sahara produced the largest total biomass and Franklin was ranked the

lowest with the smallest biomass, at 1/6rn of that observed in Sahara (Table 4'1)' Sahara was the most

efficient in terms of dry weight production at P1. This was is also reflected in the root and shoot

biomass at this p level (Table 4.2). Sahara is an agronomically efficient cultivar, being able to produce

large biomass at low p levels. This is supported by the root:shoot ratio that indicates Sahara produced

a large amount of roots in low p soil (Table 4.1). The total biomass of each cultivar increased when P

was increased from p1 to p2 (Table 4,1). lncreasing the concentrations of P in the soil altered the

rankings of the barley cultivars between P levels. Franklin remained in the lowest ranking while Forrest

(followed by Sahara)was able to produce the largest total biomass when P levels in the soil increased'

The differences in total biomass between P levels P2 and P4 were not significantly different, though P4

and p2 biomasses were significanfly higher than those observed at P1. Clipper was the only cultivar to

increase total biomass when p was increased from P2 to P4, The remaining cultivars had a slight

decrease in biomass. At p4 Arapiles (followed by Franklin) became the lowest rank cultivar and Forrest

(followed by Sahara)the highest.

Table 4.1: Total biomass dry weight (g/plant) and root:shoot ratio of 7 barley cultivars grown in

soil:sand culture. Superscript numbers are the ranking of the values in that P level' P1 = 1B mg P/ pot;

p2 = 3g mg p/ pot; p4 = 118 mg p/ pot. Total biomass Ls.d. (P=0.05) P means = 0'140, Cultivar x P

means = 0.171. Root:Shoot ratio l,s.d. (P=0.05) P means = 0.310, Cultivar x P means = 0'821'

As the concentration of p in the soil increased the rootshoot ratio decreased (Table 4'1)' Cultivars

supporting root development in p1 changed to increased shoot development as the soil P increased'

Sahara was consistenüy ranked the highest for root:shoot ratio at all P levels, while Franklin ranked the

lowest at p levels p1 and p2. Arapiles ranked the lowest for rootshoot ratio at P4, followed by Franklin.
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1.3701.6551.9450.9081.0150.376P means

1.695 ¿ 2.127 z 1'315 a0.260 o 1.267 z 0.999 ¡skiff

3.551 r 2.691 t 2'512 t0.858 r 1.258 t 1'167 zSahara

1.825 t 1.409 ¿ 1.218 s0.315 ¿ 0.750 o 0'746 sGolden Promise

1.304 t 0.991 z 0.926 o014j t 0.600 z 0,569 oFranklin

2.294 z 1.719 t 1.346 z0.419 z 1.596 I 1'356 rFonest

1.387 e 1.254 ø 1.297 t0.338 ¡ 0.M2 q 0'973 ¿Clipper

1.556 s 1.394 s 0.929 z0.301 s 0.793 s 0.547 tArapiles

P4P2P1P4P2P1

Cultivar Root:Shoot RatioTotalbiomass (g)



lncreased production of roots (high rootshoot ratio) in response to low P concentrations is important for

P efficiency (see Discussion)'

The biomass of roots differed significantly between cultivars (Table 4.2), The variation between

cultivars reveals that Sahara was ranked the highest (able to produce the most root biomass) and

Franklin the lowest at low p. The root biomass did not increase proportionally with increasing P levels

(Table 4.2). lncreasing the total soil p from Pl to P2 resulted in a significant increase in root biomass.

The difference in root biomass between soil P2 and P4 was not significant. Root biomass decreased

slighly in all cultivars with the exception of Clipper when P levels increased from P2toP4' Sahara and

Forrest were ranked in the top two positions for all P levels and Franklin ranked the lowest at P1 and P2

with Arapiles followed by Franklin at P4'

Sahara was ranked the highest for shoot biomass at P1, though the ranking decreased with increasing

soil p (Table 4.2). Forrest became the highest ranking at P2 and P4. Franklin maintained the lowest or

second lowest ranking regardless of P level. Shoot biomass increased with increasing P levels from P1

to p2, but similar increases were not observed when P was increased from P2lo P4' Analysis of the

shoot biomass revealed a cultivar by P interaction, in which each of the cultivars reacted differently

when soil p levels were increased (Table 4.2). Fonest was able to increase shoot biomass with

increasing soil p from p1 to P2 significantly more than the other cultivars. Fonest was therefore the

most responsive to P apPlication.

Table 4,2: Root and shoot dry weight (g/plant) of 7 barley cultivars grown in soil:sand culture.

Superscript numbers are the ranking of the values in that P level, P1 = 1B mg P/ pot; P2=38 mg P/

pot; p4 = 118 mg p/ pot. Root biomass Ls.d. (P=0.05) P means = 0.121, Cultivar x P means = 0.319'

shoot biomass l.s.d. (P=0.05) P means = 0.032, cultivar x P means = 0.085.

0.3820.3720.1200.5270.6430.256P means

0.096 o 0.395 z 0'421 z0.164 o 0.872 t 0.578 ¡skiff

0.188 r 0.341 t 0.337 s0,670 r 0.917 z 0'830 rSahara

0.110 s 0.312s 0.342 t0,205 ¡ 0.438 o 0.404 sGolden Promise

0.062 z 0.297 t 0'287 ø0.079 z 0.303 z 0'282 øFranklin

0.127 s 0.588 r 0.582 r0.292 z 1.008 r 0'774 zForrest

0j43 z 0.373 ¡ 0'419 s0.195 ¿ 0.469 s 0.554 ¿Clipper

0.111 t 0.302 0 0'283 t0.190 s 0.491 t 0.264 tArapiles

P4P2P1P4P2P1

Cultivar Shoot biomass (g)Root biomass (g)
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phosphorus concentrations in roots and shoots varied significanüy between cultivars, as did total plant

p fl-ables 4.3 and 4.4). Fonest and Sahara ranked in the top two positions, accumulating the highest

concenfations of p in roots and shoots at all P levels; Franklin and Arapiles had the lowest rankings'

The concenfation of p increased with increæing P levels for all cultivars, except for Arapiles in which

root p concentations decreased at the highest P level. As seen in the shoot biomass results, there was

a cultivar x p interac{ion arising where culüvars did not increase P concenfations at the same rate with

increasing soil p levels in roots, shoots and total plant P uptake. The P concenfation in the tissues

accumulated fom p1 for all cultivars is indicative of P deficiency and P2 and P4 sufficiency of supplied

p to all cultivars as recommended by Table 2.1 (Reuter et a1.,19971.

Table 4.3: phosphorus concenfations (mg P g-1 DW) in plant tissues of 7 barley cultivars grown in

soil:sand culture. p1 = 18 mg P/ potP2= 38 mg P/ poü P4= 118 mg P/ pot. Root l.s.d' (P=0.05)

Cultivar rïEans = 0.260, P means = 0.170, Cultivar x P means = 0.450. Shoot l.s'd. (P=0.05) Cultivar

means = 0.537,P means = 0.351, Cultivarx P means = 0'930'

4.6021.7540.2751 .8411.3370.454P means

0.235 o 1.858 s 4.298 ¡0.3020 1.372s 1.817 +sk¡tr

0.3392 2.248t 7.266t1.026 t 1.688 z 2.6152Sahara

0.261t 1.489s 4.077 s0,335s 1.091s 1.748sGolden Promise

0.1392 1.227t 3'142t0.2592 0.754t 1.102aFranklin

0,359 r 2.247 z 5.955 z0,5102 2.251t 2.886 rFonest

0.3392 1.721 + 4.254 +0.377 s 1.197 + 1.827 sClipper

0.252s 1.4830 3.223 a0.368 ¿ 1.004 o 0.889 zArapiles

P4P2PIP4P2PI

Cultivar Shoot (mg P g¡ DW)Root (mg P g" DltÐ
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The proportion of p allocated to shoots increased with increasing soil P levels (Table 4.4)' Cultivar

Sahara allocated the highest amount of P to shoots (ranked 1), while Arapiles (ranked 7) allocated the

least. The cultivar x phosphate interaction for P concentration in roots, shoots and total plant P and

proportion of p allocated to shoots was significant at the 5% level and demonstrated that not all cultivars

accumulated p to the same degree. A cultivar x P interaction was found and indicates that not all

cultivars allocate P to shoots in a similar manner with increasing soil P levels.

Table 4,4: Total p uptake (mg p g-1 DW) and allocation of P to the shoots (%) in 7 barley cultivars

growninsoil:sandculture. P1 =1BmgP/pot; P2=38mgP/pot; P4=118mgP/pot' TotalPuptake

l.s.d. (p=0,05)Cultivar means = 0.701, P means = 0.459, Cultivar x P means = 1'215. Proportion of P

in shoot l.s,d. (P=0.05) cultivar means = 4.10, P means = 2.68, Cultivar x P means = 7.09.

71.8857.8340.226.433.0900.729P means

42.76t

47.56 t

41.55 s

35.14 o

44.40 z

26.35t

43.78t

61.88 r

58.96 ¡

49.84t

61.792

57.73s

56.60 o

58.02¿

78.32t

69.95 s

67.2Bt

74.122

69.58 o

73.24s

70.69¿

0.620 ¿

0.716 ¡

0.869 z

0.398 z

0.596 s

1.365 r

0.537 o

2.488 o

2.918t

4.499 t

1.981 z

2.580 s

3.936 z

3.230 ¡

4.111t

6.080¿

8.8422

4.244a

5.825 s

9.882 r

6.115 ¡skiff

Sahara

Golden Promise

Franklin

Fonest

Clipper

Arapiles

P4P2PIP4P2P1

Cultivar Proportion of P in shoot YoTotal P uptake (mg P gr Dvú)
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The speci¡c uptake of p increased with increasing P levels for all cultivars and there was no cultivar by

phosphate interactions. The rankings for specific P uptake varied between soil P levels (Table 4.5)' At

p1 Franklin (followed by Arapiles) was ranked the highest and Sahara the lowest' At P2 Arapiles

(followed by Franklin) was ranked the highest and Sahara, again, the lowest. At the highest P level, P4,

Golden Promise was the highest ranking and clipper (followed by sahara)the lowest.

Table 4.5: Specific P uptake in 7 barley cultivars grown in soil:sand culture'

SpecificPuptake=TotalPinplant(mg)perrootdryweight(g)'P1 =18mgP/pot; P2=38mgP/pot;

p4 = i1g mg p/ pot. Specific P uptake l.s.d. (P=0.05) Cultivar means = 2'746, P means = 1'798,

Cultivar x P means = 4.756.

P means 3.619 5.702 13.813

skiff

Sahara

Golden Promise

Franklin

Forrest

Clipper

Arapiles 4.0912

3.864 ¡

3.293s

5.503 r

3.090 o

2.063t

3.432t

7.638 r

6.287 s

4.480 o

6.845 z

5.885¿

4.287 t

4.490 s

15.838 z

11.393 z

13.932t

15.1 10 ¡

16.105 r

12.029a

12.283s

P1 P2 P4

Gultivar Specific P uptake (mg P g't root DW)
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4.1.3 Discussion: Variation between cultivars in P uptake and efficiency

Accumulation of p from low p soil was significanty different between barley cultivars (Table 4'1). This is

an important result from this experiment, as a P efficient plant is one that can accumulate higher

amounts of p from low p soils (as defined in the lnhoduction). As the soil P decreases all cultivars

increased the proportion of biomass allocated to roots as indicated by increasing root:shoot ratio' This

would result in a relative increase in the area of soil accesæd. The total biomass decreased with

decreasing soil p concentration for all cultivars. ln low P soil, Sahara was able to produce double the

amount of roots and total biomass than the other cultivars. This suggests that Sahara with a large root

system that can access a larger volume of soil is able to deal with P deficiency better than the other

cultivars.

Specific p uptake is a measure of the total P accumulated by the plant divided by the root biomass'

Franklin had the lowest total plant P concentrations and the lowest root biomass, but the specific P

uptake by Franklin was the highest. Conversely Sahara had the highest total plant P concentrations

and root biomass, which resulted in the lowest specific P uptake. Franklin will have a higher level of P

stress than Sahara and this may be the reason for the relatively higher specific P uptake observed.

Agronomic p efficiency requires the production of large biomass in P deficient conditions. Using this

definition and under the growth conditions utilised in this experiment Sahara and Forrest are classified

as being p efficient and Franklin and Arapiles as P inefficient. These results confirm those of 7hu et al'

(20021,wh0 identified barley cv Sahara as P efficient. The P efficient Sahara and P inefficient Franklin

cultivars were used in further experiments involving AM fungi colonisation. The use of Sahara and

Franklin will identify any differences in colonisation that may be due to the P efficiency of the barley

cultivars. Cultivar Golden promise, which has moderate efficiency, was included as a cultivar that is

readily transformed.

ln conclusion, barley cvs Sahara and Fonest are P efficient for the growth conditions to be used

throughout the experiments reported in this thesis and cultivars Franklin and Arapiles are P inefficient'
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4.2 Rate of colonisation by two myconhizal fung¡

variations in p efficiency of barley have been identified through measurements of the ability of plants to

acquire p from the soil direcfly. As discussed in the literature review an alternative avenue of P

acquisition is via mycorrhizal fungi. Just as there is variation among cultivars for P efficiency, the

percentage of root length colonised by AM fungi may also vary between cultivars with consequent

effects on mycorrhizal p uptake. Baon ef al. (1993a & b) used the high colonising G. etunicatum to look

at the effects of colonisation on barley cultivars classified as being high or low P efficient. There was n0

significant difference in colonisation between the P efficient cultivars Yagan and Galleon and the P

inefficient cultivars wl2s3g andWl2737 (Baon ef al., 1993b). When this experiment was extended to

include the p efficient cultivars O'Connor and Kaniere and P inefficient cultivars Shannon and Skiff,

significant differences in colonisation with G. etunicatum were recorded (8.6% for Kaniere to 28'6% for

Shannon) (Baon ef a/., 1993a). Other variations between cultivars have also been observed'

lndigenous mycorrhizalfungiwere able to colonise hull-less barley cultivars (1845'10-5, 1853'6-3,62'

25-74-36) more than hulled cultivars (D13, 0170, D185, Ratna) (Tilak & Murthy, 1987)' Conversely

colonisation of cultivars Sahara and Clipper with G. intraradiceswas not significantly different (maximum

colonisation recorded as 48 o/o and 4g % respectively), regardless of the variation in P efficiency of

these two cultivars (Zhu ef a1.,2002 & 2003). These observations demonstrate that different cultivars

do not always have different degrees of colonisation. Variation may arise as a combination of cultivar

and AM fungi as well as inoculum infectivity (see below).

Beside variations between crop species there is also variation between mycorrhizal fungi with respect to

colonisation and consequent crop productivity. lnoculum of Gigaspora marganta was able to colonise

barley (cv Zephyr) grown in field plots to a higher degree than G. fenurs (Powell et al',1980). Varying

levels of colonisation have also been observed in barley cultivar Salome colonised by G' mosseae (47

%\, G, intraradices (77 o/ù and Gþaspo ra rosea (58%) (Vierheilig ef al., 2000), and barley (cv Galleon)

grown with six myconhizal fungi (G. versiforme - 1.2o/o, G. etunicatum - 20.5 o/o, G' intraradrbes - 9.8

o/o,G.fasiculafus- 2.6o/o,G,mosseae -0.17 %and G.sp.'CityBeach'-14'5%)(Baonef a/', 1993b)'

Field experiments by Clarke and Mosse (19S1) identified variation in colonisation of barley cv Royal

when inoculated with G. mosseae > G. caledonius > G, fasiculatus. Supplemented P resulted in

decreased colonisation of barley by all mycorrhizal fungi (Clarke & Mosse, 1981; Baon ef al.' 1993b)'

The extent of colonisa¡on can be dependent upon the AM fungi used and the effectiveness of the

inoculum. I utilised mycorrhizal nurse pots (similar to Rosewarne et a1.,1997)to ensure colonisation of

barley plants studied was rapid and near synchronous'

42



Mycorrhizal colonisation decreaæs with increasing P levels in the soil. Colonisation of barley cv Vodka

decreased from 97 olo loTi % when soil P levels were increaæd from 7.9 mg P kg-t 1o 317.9 mg P kg-t

(plenchette & Morel, 1996). Danish field sites under various fertilisation regimes exhibited reduced

colonisation in barley by indigenous fungi with increasing soil P levels (Jensen & Jakobsen, 1980)'

Barley grown in low p soil with high colonisation had similar shoot P contents to that grown in high P soil

with low ælonisation (Jensen & Jakobsen, 1980; Baon ef al., 1994). These results can be explained in

the light of results of smith ef al. (2003b & 2004). They showed that in some non'responsive plants

(tomato in their experiment) total p uptake into mycorrhizal and non-mycorrhizal plants was the same,

even when the mycorrhizal pathway of P uptake made a highly significant contribution.

Tempenature can also affect the extent of mycorrhizal oolonisation. lnocr¡lum of G. intraradices mixed

through pots did not colonise barley cv Galleon when grown at 10"C and colonisation at 20"C was

higher than colonisation at 15'C (Baon ef al,, 1994). Spring sown barley cultivars was colonised faster

than winter sown barley cultivars grown in fields, reaching a plateau within 15 days and 30 days

respectively (Jakobsen & Nielsen, 1983). Difierences in colonisation of several fieldgrown barley

cul¡vars observed by Black and Tinker (1979) over two years of experimentation was attributed to the

lower temperature recorded in 1g76 compared to 1975. lncreased temperature accounted for the

increased rate of ælonisation measured in barley cv Rupal with G. mosseae when two thirteen week

experiments were run conseqitively from winter into summer (Jakobsen & Andersen' 1982). I have

conducted these experiments at - 25"C to achieve a high level of colonisation'

This experiment was designed to establish if variation in P efficiency affects mycorrhizal colonisation.

The results and discussion from this experiment are discussed in the following sections.
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4.2.1 Materials and Methods: Mycorrhizal colonisation of barley cultivars

p1 and p3 pots (details in section 4.1.1)were prepared for this experiment. 500 g soil:sand was used

to prepare G.sp. WFVAM2J and G. intraradices nurse pots for both P1 and P3 soil P levels (Chapter

3.3). Following five days germination (Chapte r 3.1.2) barley cvs Franklin, Golden Promise and Sahara

were sown, one plant per pot. There were three replicate pots per treatment' Plants were grown in the

Controlled Environment Facility at CSIRO, St. Lucia (Chapter 3.1.2) and watered as described in

Chapter 3.2. Root samples were collected from harvests at 5, 8, 11, 14,20 and 32 days after planting

(Chapter g.1.2), and processed for analysis of myconhizal colonisation (Chapter 3'4). Statistical

analysis of the % colonisation between barley cultivars and P treatments was done with the R statistics

package (Chapter 3.11). The l.s.d. at P = 0.05 was used to compare the means of each treatment. The

ANOVA is presented in APPendix 5.
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4.2,2 Results: Mycorrhizal colonisation of barley cultivars

All badey cultivars were colonised by both G.sp. WFVAM23 and G. intraradiæs, although colonisation

was consistenly more extensive with G.sp. WFVAM23 (Figure 4.1). As well as hyphal colonisation,

both arbuscules and vesicles were observed in roots colonised by G. intraradices and G.sp' WFVAM23'

There was reduced colonisation of both myconhizalfungi when soil P was increased from 18 to 80 mg

p per pot for all barley cultivars (Figure 4.2). lncreased soil P conoentrations reduæd colonisation by

G,sp, WFVAM23 significantly more than they did for colonisation by G' intnradices'

The percentage ælonisation after 32 days was similar in all barley cultivars, but the nate of colonisation

during the course of the experiment varied (Figure 4.1). The percentage colonisation by G'sp.

WFVAM23 increased with increasing time, reaching a maximum in 11 days when colonising Franklin,

but taking 32 days to reach a maximum for Golden Promise and Sahara. Colonisation by G.

intraradìces increased consistenüy throughout the experiment in all cultivars. A plateau was only

reached in Golden promise afrer 20 days. There was no clear evidenoe that æloniætion had plateaued

in Franklin and Sahara by the end of the experiment.. A difference in P efficiency does not appear to be

associated with the final percentage colonisation by either of the mycorrhizal fungi'

+ Gi - Franklin

Gi- GoldenP

Gi- Sahana

# Gv - Franklin

+ Gv - GoldenP

-**Gv- Sahana

5811142032
DaYs

Figure 4.1: Colonisation of barley cvs Franklin, Golden Promise and Sahara by two mycorrhizal fungi

grown in low P soil (18 mg P per pot). Gi= G. intraradices, Gv = G'sp' WFVAM2S'
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Figure 4.2: The effect of soil p concentration on mycorrhizal colonisation. Statistical analysis revealed

a mycorrhizal x phosphate level x day interaction. This histogram demonstrates that the level of

colonisation (after 32 days) was higher in barley plants grown in low P soil than those grown in high P

soil. G.sp. WFVAM23was able to colonise barley plants more than G. intraradices regardless of soil P

concentrations. Gi = G. intraradice.s, Gv = G.sp. WFVAM23, low P = P1 (18 mgP/pot), high P = P3 (80

mgp/pot). The LSD is calculated from the complete set of data for myconhiza x phosphate x day

interaction.
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4.2.3 Discussion; Mycorrhizal colonisation of barley cultivars

All internal myconhizal structures, including internal hyphae, arbuscules and vesicles were counted

when measuring colonisation in this experiment. Colonisation of cultivars Sahara, Franklin and Golden

promise reached a maximum for both AM fungi after 32 days at values >60% (Figure 4.1). This high

level of colonisation was expected in plants grown in nurse pots, in which a high inoculum potential

develops, leading to rapid earlier colonisation (between 5 and 45 % in this experiment within five days

post planting) (Figure 4.1). Such high levels of colonisation after 32 days of grov'rth have also been

recorded when barley cultivar Vodka was grown in G. intraradices inoculated pots for B0 days

(plenchette & Morel, 1996). when Delp ef a/. (2000) used G. intraradices nurse pots to colonise barley

cv Galleon, 55% of roots were colonised 10 days after transplanting, consistent with the rate of

colonisation observed in my experiment (Figure 4.1). Nurse pots have the advantage of providing an

active mycorrhizal network that can readily colonise plants transplanted into the network. An active

mycorrhizal network was also evident with the fast colonisation of field grown spring barley $5 %

colonisation after 15 day growth) (Jakobsen & Nielsen, 1983). Vierheilig ef al' (2000) also observed

rapid colonisation when nurse pots of G. mosseae, G. intraradices and Gigaspora rosea colonised

barley cv Salome 47 o/o,77o/o, and 58 % respectively, within 12 days (Vierheilig et al',2000). The

significant differences in colonisation between AM fungi observed by Vierheilig ef a/. (2000), Powell ef

a/. (19g0), Baon ef al. (1g93b) and Clarke and Mosse (1981), were also observed between G'sp'

WFVAM23 and G. intraradices used in this research. This and the cited research demonstrate that

barley can be colonised by AM fungi to a higher level than what has previously been thought. G'sp'

WFVAM23 was able to colonise all three barley cultivars tested more extensively than G. intraradices.

Soil p concentrations are also important in the symbiotic relationship. The level of P in the soilaffected

the colonisation by G.sp, WFVAM23 more than G. intraradices (Figure 4.2). Reduced colonisation of

barley cv Ark Royal as a result of added P was reported for all three myconhizal fungi assessed by

Clarke and Mosse (1981), G. intraradice,s recorded by Plenchette and Morel (1996) and indigenous

fungi reported by Jensen and Jakobsen (1980). While these experiments were not concerned with the

p transporters involved with P acquisition, the internal P concentrations may regulate the transcription of

genes encoding p transporters as well as colonisation. The level of colonisation is inversely

proportional to soil p levels, with shoot P content being similar when plants are grown in high P soils

with litfle mycorrhizal colonisation or in low P soils and highly colonised by mycorrhizal fungi (Jensen &

Jakobsen, 19g0). Reduced colonisation with increasing soil P concentration was also observed by

Baon ef a/. (1gg3a)for several barley cultivars colonised by G. etunicatum, only colonisation in cultivar

Kaniere remained unaffected by the increasing soil P level'
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The rate of colonisation varied with barley cultivar and mycorrhizal fungi species in this research (Figure

4.1). Variations in the rate of colonisation between AM fungal species was reported by Powell ef a/'

(1gg0) for barley cv Zephyr which was colonised faster by G. fenurs than by Gigaspora margarita' The

colonisation of cultivar Ark Royal varied over time and resulted in different degrees of colonisation

depending on AM fungi, with higher colonisation levels achieved by G. tnosseae than G' caledonius and

G. fasciculatus (clarke & Mosse, 1gg1), Regardless of the rate of colonisation in my experiment, all

cultivars reached a similar level of colonisation after 32 days independent of AM fungus' There was

also no specific pattern for the rate of colonisation with either myærrhizal fungi that may have been

linked to the p efficiency of the cultivar or the root growth. The hypothesis that a cultivar that can

effectively acquire p may not benefit from mycorrhizal colonisation and would have a lower level of

colonisation is not supported by these results. This was also demonstrated by Zhu ef a/. (2003) and

Baon ef a/, (19g3b) who showed that there were no differences in colonisation between the P efficient

cultivars Sahara, yagan and Galleon and the P inefficient cultivars Clipper, W12539 and W12737' The

differences in colonisation observed by Baon ef a/. (1993b) in the P efficient cultivar Kaniere and the P

inefficient cultivar Shannon may be specific to the AM fungi or root growth pattern' Relative rates of

growth of roots and AM fungi determine the final outcome in terms of percentage root length colonised

(Smith & Wdker, 1981; Smith et al', 1992)'

ln conclusion, there was no difference in colonisation between barley cultivars of different P efficiencies

or root growth (Sahara, Franklin and Golden Promise)' G.sp' WFVAM23 was able to colonise all

cultivars more than G. intraradices. With the use of G. intraradlces and G'sp' WFVAM23 nurse pots,

barley cvs Sahara, Franklin and Golden Promise reach maximum colonisation after 32 days growth.

Maximum colonisation ensures the establishment of an active symbiotic relationship, a pre-requisite for

the study of P transport in mycorrhizal barley in this thesis.
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5 Barley P transpoÉers, wheat mycorrhizal P transporter and

maize mycorrhizal P transporter

5.1 lnfioduction

Myconhizal plants are able to acquire P via two pathways (Chapter 2.2). Direct acquisition via the root

requires P transporters to be expressed in root epidermal cells, while acquisition via the myconhizal

fungi rEuires plant P transporters to be expressed in root cortical cells containing myconhizal

structures. At the commencement of this research the P transporter LYCes;Phtl;1 had been reported

to be expressed in cortical cells containing arbuscules (presumably at the peri-arbuscular membrane),

thereby facilitating P uptake from the mycorrhizal tungi (Rosewarne ef a/., 1999). This expression

pattern was visualised by in-sifu hybridisation. Another three P hansporters involved with P acquisition

from myænhizalfungi have subsequently been identified by reverse-transcriptase PCR (RT'PCR), by

using transgenic plants expressing reporter genes (Rausch et al., 2001), by real'time RT'PCR

(Paszkowski et at.,20021, or immunoloælisation (Harrison et a1.,2002). These results need to be

evaluated in the context of the methods used.

tr RT.PCR assesses the expression of a gene, by using genespecific primers to amplify cDNA

from an RNA template. Real-time RT-PCR is a refinement of RT-PCR that provides

quantitative information on the initial levels of RNA ttanscripts in the tissue extract. Real'time

RT-PCR was used by Paszkowski et al. (2002) to demonstnate the expression of

ORYsa;Phtl;ll in rice roots colonised by Glomus intraradices. No expression was detected in

non-mycorrhizal roots or roots infected only with root pathogens Rhr2ocfonia solani or Fusarium

moniliforme.

o Reporter genes such as GUS (pAlucuronidase,(Jefferson, 1987)) and GFP (green fluorescent

protein, (Carlson et a1.,200111are useful in promoter analysis as the expression site of the gene

of interest can be visualised in transgenic plants. GUS activity can be visualised in a

histochemical assay and GFP can be visualised in living tissue by lluorescence microscopy.

GFP has the advantage over GUS in that visualisation is nondestructive. Potato transformed

with the promoter of SORfu;Phfl;3 fused to GUS demonstrated expression of this gene in

arbusculecontaining cells of potato colonised with G. intraradices (Rausch et al.,2001).

o ln-situ hybridisation is the annealing of an RNA probe to complementary RNA sequence in fixed

tissue, followed by the visualisation of the location of the probe via nadioactivity or

immunocytochemistry where the gene transcripts accumulate, Rosewarne ef al. (1999)

localised the expression of [YCes;Phtl;lwith an RNA probe that identified where the gene is

hanscribed (see above).
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o lmmunolocalisation is the annealing of a specific antibody to a particular protein in fixed tissue,

followed by the visualisation of the location of the probe via radioactivity or

immunocytochemistry. Harrison et at. (20021utilised an antibody probe to MEDtr;Phtl;4 that

recognised where the gene product was loælised. The immunelocalisation of MEDtr;Phtl;4

was to the arbuscules formed by G. versiformein Medicago'

The success of RT-PCR, real-time RT-PCR, rn+rfu hybridisation and immunolocalisation is in the

specificity of the primers, probes and antibodies to the gene of interest and ensuring that no cross-

reaction occuftì. RT-PCR, real-time RT-PCR, reporter genes and rn+[u hybridisation have been used

to determine the expression pattems of eight barley P transporters available to my research, with

partiarlar emphasis on identifying expression of a barley P transporter at the peri-arbuscular membrane

and the effect of mycorrhizal colonisation on expression patterns.

An initial assessment of barley P transporte¡s HORvu;Phtl;l and l;2 by Smith ef al. (1999) revealed

that both genes were down regulated when barley plants were grown in high P oonditions, Constructs

containing the promoters for both genes linked to the GFP reporter gene were made by Schünmann ef

at. (20031. I was able to utilise these construc'ts to produoe hansgenic barley plants in order to assess

the expression of these two genes when plants were colonised by mycorrhizal fungi. The expression

pattern of all eight barley P transporters was then assessed with RT-PCR in mycorrhizal and non-

mycorrhizal roots. Real-time RT-PCR was used to quantitate the level of expression of three of the

barley P transporters (HORvu;Pht1;1, 1;2 and l;8). ln-situ hybridiætion was used to localise the

expression of one barley P transporter (HORvu;Phtl;8) in mycorrhizal roots.

Having identified a barley P transporter associated with P acquisition from mycorrhizal fungi, the

sEuence of this gene was used to identiff the homologous genes in wheat and maize. Greater than

98% of the publicly available proteins (not only P transporters, all proteins) of maize, wheat, and barley

were found to have significant homology in the draft sequence assembly and more than 95% of

translated cDNAs were fuund in the rioe draft gene predictions (Goff ef a\.,20021. Taking advantage of

the high degree of synteny between barley and wheat, primers from the barley sequence were used to

amplify the homologous gene to HORvu;Phfl;8 from wheat cDNA by PCR (IRlae;Phtl;myc). Similar

methods with maize did not yield a result. The homologous maize gene lZEAma;Phtl;6)was identified

from a family of P transporter genes doned by Zhao ef al. (1999) when the phylogenetic tree of all

identified P transporters was constructed. Utilising the sequence information from Zhao ef al. (1999)the

ZEAma;Phtl;6 was cloned for use in rn-srÍu hybridisation experiments. Both the TRlae;Phtl;myc and

ZEAma;Phtl;6 clones were used in rn+ifu hybridisation studies to identiff the cell types in which these

genes are expressed.
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Barley and wheat roots colonised by Sc. calospora (along with G. intraradices and G.sp' WFVAM23)

were also included in in-sÍu hybridisation studies to determine if the arbusculate coils, common to Sc.

calospora, are involved with supplying P to plants. The inclusion of Sc. calospora provides an

alternative site of P supply via different AM fungi structures that may be part of the indigenous soil

microbial community.

This chapter identifies the expression pattern of barley P transporters (HORvu;Phtl;1 lo l;8) in roots

grown in soil containing low P, high P and mycorrhizal conditions. The isolation of three cereal crop P

transporters presumed to be involved with P acquisition via mycorrhizal fungi is outlined and their

localisation is explored.
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5.2

5.2.1

Methods and Materials

Production of transgenic barley Plants

5.2.1.1 AgrobacÍerium-rnediated transformation of barley

Spring barley (Hordeum vulgare L. cv Golden Promise)was grown in a plant growth room at 12'C with

16 h/8 h light/ dark periods. lmmature embryos were isolated from developing grains to provide material

for transformation studies (Patel ef at, 2000). lmmature embryos, 1.5 - 2.5 mm in length, were isolated

from developing barley æryopses. The embryo explants were transformed by co'cultivation with A.

tumefaciens strain AGLI harbouring a binary expression plasmid, (Tingay et al., 19971. The binary

expression plasmids also canied a selectable marker gene encoding antibiotic resistance to

hygromycin. Hygromycin was used for selection of Agrobactenurninfected embryos and resistant

embryos subsequenüy used to generate embryonic calli. Plantlets were regenerated from hygromycin'

resistant calli after selection for up to 8 weeks, transferred to soil and grown to maturity. Several

plantlets regenerated from a single tnansformed embryonic callus (line) are classified as replicates.

5.2.1.2 Plasmids

Plasmids containing the promoter region of barley P transporters, H9Rttu;Phtl;1 or HORvU;Phtl;2,

controlling expression of green fluorescent protein gene (GFP) were provided by Dr P H D Schünmann

(CSIRO Plant lndustry, Canberra) (Schünmann et a|.,2003). These constructs were transformed into

Agrobaderium (Chapter 3.8.3).

5.2.1.3 Plant Propagation and growth condrÏions

Transgenic plants were grown in 1:10 soil:sand mixes using the Millmerran soilwith CaHr(POlþ added

to produce a total soil P content of 18 (P1) or 118 (P4) mg P per pot (Chapter 3.1.1) or mycorrhizal

nurse pots established with G. versiforme and G,sp. WFVAM2S (Chapter 3.3). Sc. calospora nurse pots

were established with Ashland soil (Chapter 3.3) Plants were grown and watered as outlined in Chapter

3.1.2and3.2,
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5.2.2 Reporter gene analysis of transgenic barley

Core samples of roots were taken and washed to remove soil prior to visualisation. GFP fluorescence

was observed using a Leica MZ6 dissecting microscope with the GFP PLUS fluorescence module

(Leica AG, Heerbrugg, switzerland). A Bio-rad MRC 600 (Bio+ad Laboratories Pty Ltd, New south

Wales, Ausfalia) and Leica TCS SP2 Confocal System on an upright Leica DMRXE microscope was

used for Laær Scanning ConfocalMicroscopy (LSCM)'

5.2.3 Plant Propagation and growth conditions for RT'PCR, real'time RT'PCR and ln-síÚu

hybridisation analYsis

Barley cultivar Golden promiæ, wheat cultivar Grebe and maize culüvar Gold Queen were grown in the

same conditions ouüined in section 5.2.1.3.

5.2.4 RT-PCR analYsis

RNA was exfacted from root core samples as described in Chapter 3.6.2. Approximately 5 pg of total

RNA was used as a template for first-strand cDNA synthesis, using a Superscript First SÛand GDNA

Synthesis Kit (lnvifogen, California, United States of America) according to the manufactureis

instructions. cDNA wæ produced from a pooled sample of the roots of three plants grown in a single

potfor each teatnent

One pL of first sfand cDNA was then used for PCR using gene-specific primers for eæh of the barley P

fansporters listed. Tabl e 5.2.3-l provides the details of primers and expæted RT-PCR products' All

primers were tested with barley gDNA, at various MgClz concenfatjons, prior to RT-PCR analysis' PCR

was performed with EXpAND High Fidelity polymerase (Roche Diagnostics Australia, Cæte Hill, New

South Wales, Ausfalia) æcording to the manufæture/s insfuctions. Thermal cycling consisted of an

initial denaturation at g4"C for 5 m, followed by 10 cycles of denaturation at 94"C for 30 s, annealing at

S0"C for 30 s and extension al72} for 60 s, and then an additional 20 cycles during which the

extension time was increæed by 5 s per cycle, followed by a final extension al'729 for 7 m. RT-PCR

reactions were visualised on agarose gels (Chapter 3'8'5).
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Table 5.1. primer sequences, MgClz concenfation and expected product size for RT-PCR of barley,

wheat and maize p fansporters. No MgClz concenfation optimum was found for HORvU;Phtl;6'

sequences of the primers are indicated in gene sequences (Appendix 4)' The primers for each gene

were designed to areas of low homology between the P Íansporters listed in Appendix 1, to ensure

specificity but this was not tested.

3mM465ctgcttactc gatcæ gcatgcctcaag aacaaacacæcæ gcbZEAma;Phtl;6

2.5 mM500cctaagtctaatctcgaccaæaccttcatcataæTRlae;Phtl;myc

4mM230cctaagtctaatctcgacatcaacagggaggacgcgHORw;Phtl;8

2.5 mM269c g accttg atagtttcg gttgcaggtag atg atcgtcg gtgaatacHORøPhTI;7

80ctagtatatctgacgtacggcgagaacgacgacgagHORwPhTI;6

4mM210ctagatgagttctaggcætctg aatcgcg agaaagca¿rcacHORwPîTI;5

2.5 mM200ggcatatacatgagccggccgaccaggcacgaaccgccgcHORwPhTI;3

2.5 mM150aagcattacattgtcæggcaactggtgtctaagæatgcHORwt;Phtl;2

2.5 mM200cgaatacagagcaccatcagggcatcgatgcttaggctggHORw;Phtl;1

MgGh

GOnC.

Expected

product

size (bp)

Anti-sense Primer;

5'- 3'

Sense primer:

5'- 3'

Gene
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5.2.5 ReaþTime RT-PCR analYsis

Samples were prepared as above for RT-PCR analysis and a no-RT contrcl for each sample was

included. The first strand oDNA synthesis involved two reactions, one with the addition of the RT'

polymerase and one without. The noRT control is included to diagnose the presence of gDNA.

The Taqman Sequenoe Detection System 7700 (Applied Biosystems, Victoria, Australia) and

conesponding computer programs were used for the design of primers (Table 5.2), real'time RT-PCR

reaction and detection of producl. The SYBR Green PCR Master Mix (*t4309155), MicroAmp 9$well

reaction plate (#N801-0560) and Optical Caps (8 caps/strip, #3230321were supplied by Applied

Biosystems, The PCR reactions were set up aæording to the SYBR Green PCR Master Mix

instructions with the template diluted to 1:10 for geneof-interest reactions and 1:10000 for ribosomal

gene reactions. Thermal cyding oonsisted of an initial denaturation at 95'C for 10 m, bllowed by 45

cycles of denaturation at 95"C for 15 s and a combined annealing/extension at 60"C for 1m, with a

fluorescence reading detected 30 s into the annealing/extension.

Tabfe 5.2: PCR primers used for real-time RT-PCR Íor HORw;Phtl;l, 1;2 and l;8. Sequences of the

primers are indicated in gene sequences (Appendix 4.

5.2.6 In-situHybridisation

Roots were prepared and screened as described in Chapter 3.10.

5,2.7 Pht I Famlly Topology.

A computer program available on was used to determine

the topology of HORvu;Phtl;8, TRlae;Phtl;myc and ZEAma;Pht1;6, The amino acid sequence from

each P transporter was input into the program for analysis.

cacatcaæ catg gaaatgg gtttgggtgattcca g g gttcttHORvU;Phtl;8

caag ccgca gaattaaca cagagacgccattgcæcaactHORvU;Phtl;2

aaatgctg caag gcgaaag gaaggagaacgtcggcgatgaHORvU;Phtl;1

Anti-sense primer: 5'- 3'Sense primer: 5'- 3'Gene
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5.3 Resulfs

5.3.1 H0Rvu;Phtl;l and HORvu;Phtl;2 transgenic barley plants'

Barley embryos transformed with HORvu;Phtl;l or HORvu;Phfl;2 promoters linked to GFP were

cuttivated and five individual plant lines with HORvu;Phtl;l and three lines with HORvU;Phtl;2

constructs were produced. Plantlets were transfened from tissue culture to soil when roots were well

developed. GFp fluorescence was examined afrer 30 days of growth in soil. Barley roots do not display

any autofluoresoence, therefore any GFP fluorescence seen is due to the inkoduced promoter-GFP

fused genes. All transgenic plant lines expressing the HORvu;Phtl;l promoter-GFP displayed

expression in root epidermal cells when grown in low P soil. The expression level oÍ HORvU;Phtl;l

promoter-GFP was reduced in roots grown in high P soil or in mycorrhizal nurse pots, when compared

to non-mycorrhizal roots grown in low P soil. A similar reduction in HORvu;Phfl;2 promoter-GFP

expression in high P and myconhizal roots was seen in all transgenic lines and expression was

localised to root epidermal cells and vascillar tissue (results not shown). One transgenic plant line from

each transformation was used for more detailed localisation studies using the confocal microscope

(Figure 5.1). Myconhizal colonisation exceeded 50% root length for all inoculated plant roots'

Myconhizal colonisation had the same effect of reducing expression levels of HORvU;Phtl;l and

HORvu;Phtl;2 as roots grown in the presence of high P levels (118 mg P kg-t to¡¡¡' Neither

HORvu;Phtl;l no¡ 1;2 was expressed in arbuscule-containing cortical cells. Hence, neither of the

proteins encoded by these genes appear to be involved in P transport at the peri-arbuscular membrane,

and are unlikely to be involved with P acquisition via mycorrhizal fungi. ln order to identify a P

transporter expressed at the mycorrhizal interface the expression of all identified barley P transporters

was examined by RT-PCR as discussed in the following section.
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HORvU;Phtl;1 HORvU;Pht1;2

High P

rh
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Figure 5,1: GFP images of transgenic barley roots, transformed with HORvu;Phtl;l (A - D) or

HORvu;Phtl;2 (E -H) promoters fused to GFP. Transgenic barley plants were grown in low P soil: 20

mg p kg-1 soil (A & E), high p soil: 100 mg P kg-r ro¡¡ (B & F), G. intraradices nurse pots (C & G) or

G.sp. WFVAM23 nurse pots (D & H). Fluorescence was brighter in roots grown in low P soil (white

arrows) than the other growth conditions. Red anows identify cell structures, rh = root hairs, ep =

epidermis, vas = vascular tissue. Figure B was collect on the Bio-rad MRc 600 confocal Microscope in

black and white; the remaining figures were collected on the Leica TCS SP2 Confocal System in colour'

Bars = 84 pM
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5.3.2 RT-PCR express¡on of barley P transporters

Hordeum vulgare cultivar Golden Promise has eight identified genes in the PhT 1 P transporter family'

Research by Smith et al. (lggg) demonstrated via northern analysis that the expression of

HORvu;Phtl;l, 1;2and 1;3genes was reduced when plants were grown in high P hydroponic solutions,

compared to low p solutions. Primers specific for each of the B barley P transporters were designed by

Dr F W Smith (personal communication), except tor HORvuPhTl;3 and 1;4lhatdisplay 100% homology

throughout the coding region so the primers designed will ampliff both genes. These primers were

used in RT-PCR analysis of badey roots (arltivar Golden Promise) grown in low P, high P and

mycorrhizal nurse pots for > 30 days. All primers excluding those for HORvuPhTl;6, successfully

amplified products from genomic barley DNA (results not shown), confirming that primers successfully

amplified that template. The P concentration and percent myærrhizal colonisation of the plants were

measured for each growth condition (Table 5.3). The concentration of P did not vary in shoots between

plants grown in low P soil and myconhizal nurse pots, but did increase when grown in high P soils

(protocol, Chapter 3.5). ln roots the P concentration was slightly elevated in mycorrhizal roots than

those grown in low P soil, but not to the extent seen in roots grown in high P soil. Mycorrhizal plants

aquired similar p conæntrations to those grown in low P soil, suggesting that AM fungi did not increase

the supply of P to the barley Plant.

Table 5.3: P concentration and extent of colonisation of barley cultivar Golden Promise plants used for

real-time-RT-PCR. The same plants were used to measure HORvu;Phtl;1, 1i2 and 1;8 expression via

realtime RT-PCR.

The results of the RT-PCR are displayed in figure 5.2. No PCR products were amplified in no-RT

controls (not shown) indicating that the products amplified were derived from RNA transcripts.

Expression of HORvu;Phtl;1 , 1;2 and l;3 was reduced considerably when roots were grown in high P

soil and slightly reduced when grown in myconhizal nurse pots. Barley P transporters HORvuPhTl;5,

l;6 and 1;7 were not found to be expressed in root tissue under the conditions used. The expression of

HORvu;Phtl;8 only occuned in roots colonised by mycorrhizal fungi. The RT-PCR protocol restricts the

5B
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compa¡son of expression between samples because it is not sensitive to small variations in starting

material, so real-time RT-PCR was used to oompare RNA transcript levels ol HORttu;Phtl;1, 1;2 and

l;8 under different P levels and mycorrhizal colonisation.

LP HP G.i. G.v.

HORvU;Phtl;1

HQRvU;Phtl;2

HORvuPhTl;3

HORvuPhTl;5

HORvuPhTl;6

HORvuPhTl;7

HORvU;Phtl;8

LP HP G,i. G.v.

Flgure 5.2. RT-PCR analysis of the Hordeum vulgare Phtl tanily of P transporters (cultivar Golden

Promise). Expected sizes of products from cDNA are shown in Table 5.2.3'1; all bands amplified are

the expected size. LP - Low P soil (18 mg P kg't soil), HP - high P soil (118 mg P kg't soil), G.i.' G.

intraradices nurse pts, G.v. - G.sp. WFVAM2S nurse pots.
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5.3.3 Real.Time RT.PCR ol HORvu;Phtl ;1, HORvu;Phtl ;2 and HORvU ;Phtl1.$.

Real time RT-PCR is used to quantify the amount of template present in a sample using primers specific

to the template. This technique was used to examine the expression patterns of genes encoding barley

p transporters H1Rvu;Phtl;l, 1;2 and 1;8. While exact amounts of template can be calculated, using a

standard curve, the most common method of analysis of real-time RT-PCR data is by the comparison of

expression between samples relative to one of them. ln this experiment I compared the expression of

the barley P transporters in barley cultivar Golden Promise when grown in low P soil, high P soil and

mycorrhizal nuræ pots. I used the expression of each gene in low P soil as the reference value, as

demonskated in figure 5.3. Due to the cost of real-time RT-PCR reactions and insufficient time there

are no repliætes of the plants used to produce the oDNA. ln a real-time RT-PCR reaction duplicates of

each reaction are made and these results have been averaged for the presentation of the results in

figure 5.3.

The expression of both HORvu;Phtl;1 and 1;2was reduced when grown in high P soils and mycorrhizal

nurse pots, The reduoed expression confirms the results seen in the GFP images (Section 5.3.1)and

RT-PCR (Figure 5.2). Colonisation with G.sp. WFVAM2S resulted in reduced expression levels of

HORvu;Phtl;l and l;2 to similar levels to those observed with the supply of high P soil, while G.

intraradices had a lesser effect on expression levels. The difference in expression levels may reflect the

differences in percentage colonisation (Table 5.3.2-1, G.sp WFVAM2S - 79o/o, G. intraradic¡es - 37"/o)'

The expression of HORvu;Phtl;îwas low in non-mycorrhizal roots and very high in myconhizal roots,

regardless of myconhizal fungal species or percent colonisation. This suggests that HORvU;Phtl;8 may

be involved in P acquisition via mycorrhizal fungi. Tissue localisation is discussed in the following

section,
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Figure 5.3. Real time RT-PCR results for expression ol HORvU;Phtl;l (A), HORvu;Phtl;2 (B) and

HORvu;Pht1;8 (C) in H. vulgare cv Golden Promise plants grown in LP - Low P soil (18 mg P kg-t soil),

HP - high P soil (118 mg P kg-t soil), Gi - G. intraradices nurse pots and Gv - G.sp. WFVAM2S nurse

pots. The expression of each of the genes can only be compared to that gene in each treatment. The

expression of different genes within a treatment cannot be compared, The values are means from the

duplicate reactions (n = 2) and the bars are confidence intervals.
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5.3,4 ln-situ focalisation of HORvU;Phtl;8

ln-situ hybridisation can be used to localise the expression of a gene (mRNA). ln this experiment I used

the RNA synthesised lrom HORvu;Phtl;B to localise expression in myconhizal barley roots. The anti-

sense probe only hybridised to cortical cells containing arbuscules and arbusculate coils (Figure 5.4)'

Hybridisation to other mycorrhizal or root structures was not observed. The control sense probe

showed no hybridisation. From the images it appears that the anti-sense probe is concentrated around

the peri-arbuscular membrane. Expression of this gene is likely to occur in the cytoplasm of the cell and

transcripts may beæme concentrated within the highly invaginated membrane around the arbuscule,

therefore demonstrating expression closely associated with the arbuscule and arbusculate coils' The

probes used did not hybridise to other plant cell tissue, indicating that the probes and experimental

design (high temperature hybridisation and high wash stringencies as described in section 3.10) used

were specific for the genes being assessed, and giving confidence that the results observed are conect.

i
i

,{

i
¡,

i

'{-'I
{r
I
I

I

q

l.
i
l'

I

62
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Figure 5.4: Detection of HoRvu;phtl;gtranscripts by in-sifu hybridisation on sections of barley roots

colonised by G. intraradices (A & B), G.sp' WFVAM23(C & D) and Sc' calospora (E & F)' Sections A'

C and E have been hybridised with the anti-sense probe, sections B, D and F with the control sense

probe. The anti-sense probes hybridised to plant cells containing arbuscules or arbusculate coils

(anowed) and the sense probe showed no hybridisation. Bar = 7.8 pm.
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5,3.5 RT-PCR of wheat mycorrhizal P transporter and ln'sifu images

The suæess in isolating a badey P transporter localised to arbuscule containing cells, and likely to be

associated with P acquisition via myconhizal fungi, led to the screening of other cereal crops for

homologous genes. Barley and wheat have a high level of synteny (as mentioned in the introduction to

this chapter)and primers designed to the HORvu;Phtl;ïgene were used to amplify a homologue from

wheat çDNA. This successtully yielded a 1781 bp clone TRtae;Pht1;myc (Appendix 4.2.1) with 95%

sim1ar¡y to HORvu;Phtl;$ atthe DNA level and 79% similarity at the amino acid level. An alignment of

TRtae;Phtl;myc with many full length and partial wheat P transporter sequences on the Genbank

database did not yield an identiæl match. These wheat sequences are listed in Appendix 1. The

topology of the wheat gene I have isolated indicates that it is a member of the PHfl family of P

transporters. Specific primers were designed to IR/ae;Phtl;myc and used in RT'PCR to determine

whether expression primarily occurs in mycorrhizal roots, as was the case ior HORvU;Pht1;8' The

results of this RT-PCR are shown in figure 5.5,

LP HP Gi Gv Sc gDNA

. E ;{F_f
.l

-tD 
ül

ò

Figure 5.5: RT-PCR analysis of expression ol TRtae;Phtl;myc. Wheat roots were harvested from 30

day old plants grown in LP - Low P soil (20 mg P kg't soil), HP - high P soil(100 mg P kg-t soil), Gi- G'

intraradices nurse pots, Gv - G.sp. WFVAM23 nurse pots, Sc - Sc. calospora nurse pots and gDNA -
genomic DNA. Expected size of product (arrowed) is 500 bp to¡ TRlae;Phtl;myc with 1 kb Plus DNA

ladder (#1 0787-01 8, Gibco Life Technologies, Melbourne, Australia)'

TRtae;Phtl;myc was expressed in roots ælonised by G. intraradices and G.sp, WFVAM2S (o/o

colonisation > 25o/o\. No measurable expression of the TRlae;Phtl;myc gene in LP, HP and Sc.

calospora samples was observed with RT-PCR. The level of colonisation of wheat roots by Sc.

calosporawas less than 5% and the wheat plants were not as healthy as those plants grown in LP, HP,

G.i. or G.v nurse pots. Localisation oÍ TRlae;Phtl;myc by in-situ hybridisation was carried out to

determine if this gene may be involved with P acquisition via myconhizal fungi. RNA probes

synthesised lo TRtae;Phtl;myc were used for rn-srfu hybridisation of mycorrhizal wheat genes (Figure

5.6), TRtae;Phtl;myc transcripts were localised to wheat cortical cells containing arbuscules or

arbusculate coils, in a similar manner lo HORvu;Phfl;8 expression. Despite the apparent lack of
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expression o1 TRtae;Phtl;myc in the RT-PCR reactions with sc' calospora colonised roots' rn-situ

hybridisation reveared that transcripts corresponding to this gene were present in cortical cells colonised

by this fungal species. No hybridisation was observed with the sections hybridised with the sense

probe.

Anti.sense Probe Sense Probe

B.A.

c. D.

'Aà 'È
f'

lvJ:m*
j

I

¡

I

I

I

I

tÌ
I

,t

{'r

E, F

Figure 5.6: Detection of rRlae; phtl;myctranscripts by rn-sifu hybridisation on sections of wheat roots

(harvested 30 days after germination) colonised by G. intraradices (A & B), G.sp' WFVAM23 (C & D)

and sc. carospora (E & F). sections A, c and E have been hybridised with the anti-sense probe,

sections B, D and F with the control sense probe. The sense probes hybridised to plant cells containing

arbuscules/arbusculate coils (arrowed) and the anti-sense probe showed no labelling. Bar = 11'5 pm'
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5.3.6 ldentifylng a maize mycorrhizal P transporterfrom a phyloçnetic tree

The amino acid sequences of all the P tnansporters tabled in Appendix 1 were processed by the

computer program EPROTPARS available through the ANGIS web site (www.angis.org.au)'

EPROTPARS estimates the phylogenies of genes from protein sequences. The resulting phylogenetic

tree (Figure 5.7) nested the maize P transporter, ZEAma;Phfl;6, between MEDtr;Phtl;4 and

ORYsa;Phtl;ll, both of which are expressed in root cells colonised by mycorfrizal fungi (Harrison ef

at.,2002i Paszkowski et at.,20021. The amino acid sequenæ of ZEAma;Phtl;6 is 85o/o similar to the

MEDtfPhtl;4 sequence and 90% similar to ORYsa;Phfl;ll sequence. This suggested that

ZEAma;Pht1;6 may also be involved in P acquisition via myconhizalfungi.
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Figure 5.7: phylogenetic tree of all P transporters listed in appendix 1. Prepared by EPROTPARS (www.angis.org.au) based on the amino acid sequences of P

transporters. Anowed P transporters are those transporters expressed in roots colonised by myconhizalfungi'
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5.3.7 RT.PCR of maize mycorrhizal P transporter and ln-sifu images

ln order to oonfirm that the gene encoding the maize P transporter ZEAma;Phtl;6 is expressed in roots

colonised by mycorrhizal fungi specific primers (Table 5.1) were designed to ZEAma;Phfl;6 and used in

RT-pCR (Figure 5.8). ZEAma;Phtl;6 was expressed strongly in myconhizal roots, and very faint level

of expression was observed under low P conditions'

fr <-
MM LP HP Gi Gv gDNA

Figure 5.8: RT-PCR analysis of ZEAma;Pht1;6. Maize (2. mays) roots were harvested from plants

grown in LP - Low P soil (18 mg P/kg soil), HP - high P soil (118 mg P/kg soil), G,i. - G. intraradices

nurse pots, G,v. - G.sp. WFVAM23 nurse pots and gDNA - genomic DNA. Arrowed products were the

expected size (Table 5.1), MM - 1 kb Plus DNA ladder (#10787-018, Gibco Life Technologies,

Melbourne, Australia).

RNA probes of ZEAma;Phfl;6 were prepared according to section 3.10 and used for stringent rn'srÍu

hybridisation analysis of mycorrhizal maize roots (Figure 5.9), The anti-sense probe hybridised to those

cells containing arbuscules, as observed with HORvu;Phtl;8 and TRlae;Phtl;myc. No hybridisation

was observed in the oontrol sections using the sense probe.
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Figure 5.g: Detection of ZEAma;Phfl;6 transcripts by rn-srTu hybridisation on sections of maize roots

colonised by G. intraradices (A & B) and G.sp. WFVAM23 (C & D). Sections A and C have been

hybridised with the anti-sense probe, sections B and D with the control sense probe. The anti-sense

probes hybridised to plant cells containing arbuscules (arrowed) and the sense probe showed no

labelling. Bar=9pm,

5.3.8 Phtl family toPologY

The amino acid sequence of HORvu;Pht1;8, TRlae;Pht1;myc and ZEAma;Pht1;6 can be processed to

determine the 3D topology of the proteins. All three P transporters conform to the Phtl family topology

of 12 hydrophobic membrane-spanning regions divided into two groups of six by a large intracellular

hydrophilic charged domain (Figure 5.10). This topology is typical of the members of the major

facilitator super family (Marger & Saier, 1993), (Smith ef a/', 1999)'
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5.4 Dlscussíon

The expression of HORvu;Phtl;lin root epidermal cells and HORvu;Phtl;2 in root epidermal cells and

vascular tissue supports the suggestion that these P transporters are involved with Pi acquisition directly

from the soil and mobilisation in roots (Smith ef a/., 1999). The expression ol HORvuPhfl;3 was

neither increased nor decreased by mycorrhizal colonisation, compared to expression in low Pi soils,

and the expression of HORvuPhTl;5, 1;6and l;7was not detected in roots (Figure 5.21' HORvuPhTl;6

is expressed in phloem of vascular bundles in old and flag leaves and barley ears (Rae et a1.,20031'

HORvuphTl;6 probably functions in remobilisation of stored P from leaves and is the first of the barley

pht 1 family p transporters identified that is not associated with P aquisition from soil. Arabrdopvs Pht

1 genes, ARAthPhTl;4, 1;5 and l;6, have also been localised to shoot tissue and pollen grains (Mudge

et at,,20021. The publications of Rae ef al. (2003) and Mudge et al. (20021do not support earlier

suggestions that regarded the phtl family of P transporters as only being involved with P acquisition

from soil and mobilisatíon within the root system. The genes HORvuPhTl;5 and 1;7 may be involved in

p transport in the shoot or pollen and, if so, it is not surprising that transcripts were not found in the root

mRNA tested in my experiments (Figure 5'2).

RT-pCR, rea¡time RT-PCR and rn-srÍu hybridisation ol HORvu;Phtl;8 reveal that thís gene is expressed

in myconhizal colonised root cortical cells (Figures 5.2-5.4). Even though the mycorrhizal plants did not

accumulate more P than the low P plants (Table 5.3), the P transporters HORvU;Phtl;l and

HORvu;Phtl;2had been down+egulated and HORvu;Phtl;8 up-regulated. This suggests that the plant

was accessing P via the myænhizal fungus rather than via the direct uptake pathway through root

epidermal cells. The rn-srÍu hybridisations showed that expression of HORvU;Phtl;8 is localised to

cortical cells containing arbuscules and arbusculate coils of G. intraradices, G'sp' WFVAM23 and Sc'

calospora(Figure 5.4). The expression patterns that were observed with HORvu;Pht1;8 were similar to

those seen with ORYsa;Phtl;ll (reported in Chapter 6), SORtu;Phtl;3, LY9es;Phtl;l and

MEDtr;Phtl;4 P transporters, previously shown to be involved with Pi acquisition via mycorrhizal fungi

(Rausch et at., 2001; Rosewarne et al., 1999', Hanison et at., 2002). The expression patterns of

TRtae;Phtl;myc and ZEAma;Phtl;6 revealed by RT-PCR and rn-sfu hybridisations are consistent with

those observed with MEDtr;Phtl;4 and QRYsa;Pht1;11(Figures 5,5, 5.6, 5.8 and 5'9).

LY1es;Phtl;l, HORvu;Pht1;8, ORYsa;Phtl;11, MEDtr;Pht1;4, SORtu;Pht1;3, TRlae;Phtl;myc and

ZEAma;Pht1;6 are collectively called myconhizal P transporters in the remainder of this thesis'

Discussion about the myconhizal P transporters sequences and their involvement with the alternative P

pathway via AM fungi is detailed in Chapter 7.
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pi aquisition via the soil in barley plants utilises the P transporters HORw;Phtl;l and l;2, while Pi

acquisition via myoonhizalfungi utitises HORvu;Phtl;8. The expression patterns of these genes identify

the pathways of piacquisition utilised by the plant, via soil or mycorrhizalfungi, or a combination of both

pathways. The main aim of this chapter was to identify P transporters that are involved with Pi

acquisition via mycorrhizal fungi. This was achieved with the identification of HORw;Phtl;8,

TRtae;phtl;myc and ZEAma;Phtl;6. The expression pattern of other barley P transporters

(H)Rvu;phtl;1 ) l;7) together with my RT-PCR results indicates that these P transporters are not

involved with Pi acquisition via mycorrhizalfungi.
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6 ldentification and expression patterns of the PhTl family of P

transporters and a mycorrhizal P transporter in rice

6.1 lntroduction

Ap¡l 2002 saw the publication of the d¡aft sequence of the rice genome (Oryza safiva L. ssp. indica; Yu

et a1.,2002 and Oryza sativa L. ssp.laponica w Nipponbare; Goff et al' 2002\' The rice genome is

approximately430 Mb in size,3.7times largerthan the genome of Arabrdopsls thaliana and 6.7 times

smaller than the human genome (Yu ef at.,20021. Amongst the cereal crops, the rice genome is the

smallest and has a high degree of synteny with other cereals (Yu ef a1.,20021. The completed rice

genome is available to the public via the internet, http://btn.genomics.orq'cn/rice (Yu ef al.' 2002). This

database was accessed to screen the rice genomic Sequenoe for P transporters.

There are several rice P transporters identified in this chapter and published. Table 6'1 lists these

known ¡ce P transporters. The expression of all of these genes is discussed in this chapter.

Dr.R.Godwin has cloned two riæ P transporters from the riæ ssp. indica, called OsPfl (accession

number AF4g3787, submitted April 2002) and OsPI2 (accession number 4F493788, submitted April

2t02; Godwin,2002, sequences in Appendix 4.4). When the sequence of OsPfl was Blasted against

the GenBank database, http//www.psc.edu/general/software/packages/genbank, there was a 99%

match with the partial mRNA sequenoe of another rice clone trom Oryza safiva ssp. japonica cv Jingxi

17, thought to be a P transporter pseudogene (accession number 4F259980, submitted September

2000; Yu et a1.,2000a). The gDNA æquence of OsPTl was used to screen the æmplete rice genome

(ssp. þomca cv Nipponbare) for other P transporters. The expression of the resulting 11 rice P

transporters (named Rice gene A ) nwas then assessed by RT-PCR to determine if any of the genes

were up-regulated in rice roots colonised by mycorrhizalfungi.

ln October 2002 Paszkowski ef at. (20021published a paper identifying 13 rice P transporters from the

cv Nipponbare. The expression patterns of these P transporters were assessed by real'time RT-PCR

for expression in rice roots colonised by G, intraradices. The dce P transporter ORYsa;Phtl;ll was

expressed only in mycorrhizal roots, with the level of expression positively conelated with the degree of

colonisation.
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Rice gene JORYsa;Phtl;13

Rice gene FORYsa;Phtl;12

ORYsa;Phtl;10

ORYsa;Pht1;9

Rice gene KORYsa;Phtl;8

Rice gene GORYsa;Phtl;7

Rice gene EORYsa;Phtl;6

Rice gene IORYsa;Phtl;5

Rice gene DORYsa;Phtl;3

Rice gene BORYsa;Phtl;2

Rice gene H

Rice gene AORYsa;Phtl;1

ORYsa;Phtl;4OsPT2

Rice gene CORYsa;Phtl;11OsPTlP transporter

pseudogene

Genes identified bY

myself.

(Paszkowski et al.,

20021

(Godwin,2002)(Yu ef al., 2000a)

Table 6.1: A list of known rice P transporters and references. The names of the genes in this table are

those allocated by the authors. Genes in the same row are considered to be identical.

The sequences of the 11 rice P transporters identified by myself have been aligned and matched with

those published by Paszkowski et al. (2002). The OsPTllORYsa;Phtl;lllRice gene C gene is of

particular interest to myself because the expression of this gene is linked to colonisation by mycorrhizal

fungi. The sequence of the ORYsa;Phtl;llgene is 100% identical to OsPfl previously isolated by

Godwin (2002) and the sequenoe of which I used to screen the rice genome. Although the sequence of

OsPTl was identified prior to ORYsa;Phtl;ll it will be referred to as ORYsa;Phtl;ll in other thesis

chapters. ln this chapter OsPTl will be used to report results found by myself and Godwin, and

ORYsa;Phtl;ll when discussing results by Paszkowski ef a/. (20021 and discussing the gene in

general. Prior to the publication of the paper by Paszkowski et al. (2002), RT-PCR results with gene

specific primers for OsPfl, performed by myself, showed expression in rice roots colonised by G.

intraradices and G.sp. WFVAM23. No expression was observed in roots not colonised by mycorrhizal

fungi (Figure 6.1). This was consistent with the results subsequently published by Paszkowski ef a/.

(20021in rice roots ælonised with G. intraradices. I have also performed in-s/u hybridisations to

demonstrate the localisation of expression of OsPTl in cortical cells colonised by myconhizal fungi'

Thus my work proceeded in parallelwith and supplemented the work of Paszkowski et al. (20021'
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This chapter identifies the expression pattern of rioe P transporters (identified in Oryza safla ssp'

indica) in roots subjected to low P soil, high P soil and myconhizal conditions. The chapter also

presents the results of in-situ hybridisation studies aimed at identiffing the site of expression of a P

transporter presumed to be involved with P acquisition via AM fungi.
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6.2 Methods and Materials

6.2.1 Screening the completed rice genome.

The rice genome (Oryzasafiya L, ssp. rndica)was sequenoed by Yu et al. (2002) and is available on the

web site http://btn,genomics.orq.cn/rice. The putative rice P transporter genes identified were initially

named rice gene A à rice gene K, correct nomenclature for these genes is clarified in the discussion,

and identified from Table 6.1.1 in the lntrduction.

6.2.2 Primers designed for RT.PCR

Specific sense and anti-sense primers for 11 of the rice P transporter genes identified from the rice

genome were designed with the aid of the Primer3 program (Rozen & Skaletsky, 2000) (Table 6.2). The

pair of primers for each rice P transporter gene were checked against the sequence of the other rice P

transporter genes, to ensure that primers were specific to only one P transporter, with the computer

program Amplify (Engels, 1993), This ensures that a positive result is specific for individual rice P

transporters and not a group of known P transporters. Rice P transporter gene D was not a full-length

sequence and identiffing primers that would not amplify other rice P transporters was not successful.

Therefore no RT-PCR reactions were processed for this gene.
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Table 6.2: primers used for RT-PCR of rice P transporters identified from rice genomic sequenoes.

Sequences read S' à 3'. The size of the PCR product indicated in the table is the conect product for

that primer combination, though some PCR re¿ctions yielded other products as well' Rice genes A )
K are putative p transporters identified from the rice genome. n.a. = no Mg0lz concentration resulted in

the expected product size.

6.2.3 OsPTI cDNA

Following the identification that OsPfl was only expressed in rice ssp. þonrca cv Janah roots

coloniæd by G. intraradices or G.sp. WFVAM23, I extracted the oDNA clone of this gene from

mycorrhizal colonised rioe roots (rice ssp. japonica cv Janah). Previous attempts by Godwin (2002)to

extnact the oDNA sequence of OsPIl had been unsucoessful because mycorrhizal ælonised roots had

not been used for the cDNA production in her studies. I produced cDNA from rice cv Jarrah roots

coloniæd by G. intraradrbes as described in Chapter 5.2.3. One pL of first strand cDNA was then used

for PCR using genespecific primers for OsPfl. The gene-specific primers for OsPfl were 5'

atggcggaqcggac 3' for the sense primer and 5' agtacgcacgtaætaca 3' for the anti-sense primer (see

Appendix 4 for the position of the primers on the sequence). The PCR reaction was performed with

EXPAND High Fidelig polymerase (#1732650 Roche Diagnostiæ Australia, Castle Hill, NSW)according

to the manufacturer's instructions, with a final MgClz concentration of 2.5 mM. Thermal cyding

consisted of an initial denaturation at 94"C for 5 m, followed by 10 cydes of denaturation at 94'C for 15

s, annealing at 45"C for 30 s and extension at 72"C for 4 m, and then an additional 20 cycles during
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470n.aTCAACACAGCCATAATTGAATTCATCTGCACGTTCCTCRiæ K

5003TTCAGGCTGGATTCAATTACAGGACACAGCTGTACCATTTRice J

4933AATCCTAGTCATGGGCAGTAAAACTCCACGACCTTCATCRice I

4932.5TTCGGTACACTACCAGAACCGTACGCCTTCACCTTCTTCRice H

4952TATTTCATCATCCAGCCTCTCTTCTTCTTCGCCAACTTRice G

5273ACAAGGAGACATTCCACAAAGAGCATTCGGTTTCCTCTARice F

383n.aGGCACGAGCATCATGTCAGATGACCCTCTTCATGCTCRiæ E

4982.5GCTGTCGATCGAGATAGAGGGCTGTCGATCGAGATAGAGGRioe C

3513CCACAAATCCACAACTGTAAGTTCGGGTTCCTGTACGCRice B

3262.2ACCTCCTGCGAGATAACCGTCATGTACGGATTCACCTTRiæ A
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which the extension time was increased by 5 s per cycle, followed by a final extension at72C for 7 m'

The PCR reaction was visualised on an agarose gel according to Chapter 3.8.5. The PCR product was

1668 nucleotides in length and was purified from the agarose gelwith the Ultra Clean DNA Purification

Kit (#12100-300, Gene Works, south Australia, Australia) aæording to the manufacturers instructions.

Following purification, the PCR product was processed with the QIAGEN A-addition Kit (#231994'

elAGEN, Victoria, Australia) which adds an A residue to a blunt+nded PCR product for easy doning

into pGemT-easy. The A-addition was performed according to the manufacturers instructions resulting

in the PCR product then being cloned into pGemT-easy as described in Chapter 3.8. The pGemT+asy-

OsPTIcDNA clone was sequenced according to Chapter 3.9 and found not to contain any errors

introduced by PCR.

6.2.4 OsPTl promoter

The genomic clone of OsPTl identified by Godwin (20021consisted of a 3393 nudeotide 5' untranslated

region, 1759 nucleotide gene (including one intron) and 390 nucleotide 3' untranslated region

(accession number AF493787). Using the gDNA clone oÍ OsPTl isolated by Godwin (2002) as a

template in a PCR reaction the 5' untranslated region was amplified. Plasmid DNA (750 ng) containing

the gDNA clone of OsPTl was used as a template in a PCR reaction using EXPAND Long polymerase

(#1732650 Roche Diagnostics Australia, Castle Hill, New South Wales, Australia) according to the

manufacturers instructions, The sense and anti-sense primers were designed with restriction enzyme

sites in order to allow easy cloning into the pWBvecS vector. The sense primer was 5'

qcæccttaattaactcttgattggcttcttagc 3' (site for restriction enzyme Pacl is underlined) and the anti-sense

primer was 5' qccqaqqcocqccctccgatgatgægtcgatcgtcc 3' (site for restriction enzyme Ascl is

underlined). The thermo-cyding conditions were the same as those used in section 6.2.3. The

resulting PCR product was 3069 nucleotides in length and was processed as in section 6.2.3, cloned

into pGemT-easy and pWBvecS-GFP and transformed into E coli (Chapter 3.8). The pWBvecS-

QsPflprom-GFP dones were then transformed inlo Agrobacterium tumefaciens AGLI as per chapter

3.8.3.

6.2.5 In-situ hybridisation of ORYsa;Phtl;ll

/n-slÍu hybridisations of sense and anti-sense probes of ORYsa;Phtl;11 were performed according to

Chapter 3.10. Rice roots (rice ssp. japonica cv Janah) were collected and prepared from nurse pots

coloniæd with G. intraradices, G.sp. WFVAM23 and Sc. calospora.
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6.3 Resulfs

6.3.1 P transporters identified from the entire rice genome.

The sequence of OsPTl successfully aligned to 11 different genes in the rice genome (Rlce genes A à
J, Table 6.1). There was 100% similarity between Riæ çne C and OsPfl. Riæ gene C was then

referred to as OsPfl. The percentage of similarity between OsPTl and the other 10 rice clones varied

from g5% - 50%. Nine of the rice putative P transporter gDNA genes contained full-length sequences

(Rice genes A, B; E, F, G, H, l, K and OsPII); the remaining two dones only comprised partial

sequences (Rrce genes D and J).

6.3.2 RT-PCR and 9DNA PCR of putative rice P lransporter g€nes

RT-PCR reactions were performed only on root tissue from rice plants (ssp. þontca cv Jarrah) grown

in low and high P soil and nurse pots o1 G. intraradrbes and G.sp. WFVAM23. RT'PCR reactions for

putative rice P transporter genes E and K did not yield any amplified products (results not shotrun).

Primers for rice P transporter genes E and K were tested on rice gDNA to ensure that primer design

was conect; these PCR reactions did not yield any amplified pnoducts (results not shown). The primers

for riæ P transporter genes E and K need to be redesigned and RT-PCR reactions repeated, RT'PCR

reactions for genes F, G and I did not yield any amplified products from rice root oDNA, but did

successfully amplify gDNA (results not shown). Successful amplification of gDNA ensured that the

primers designed for clones F, G and I were acceptable, but that the genes are not expressed in rice

roots grown in low P or high P soils or when ælonised by G. intnndices or G.sp. WFVAM23.

Rioe putative P ûansporter genes A, B, J and H/OsPT2 (Godwin, 2002) were expressed in rice roots

grown in low P or high P soils and when colonised by G. intraradices or G.sp. WFVAM2S (Figure 6.1),

While putative P transporter genes A, B and H/OsPT2 displayed similar levels of expression in each of

the root growth conditions, clone J was expressed more in roots colonised by mycorrhizal fungi than

those that were not.
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OspTl was only amplified fiom riæ roots olonised by G. intnrcdiæsor G,sp. WNAM23 (Figure 6'l).

The localisation of this expression was furths clarified by in-srfu hybridisations (Section 6.3.4)'

LP HP G.I. G.V.

Riæ gene N ORYsaPhTl;l

, il¡p Rce gene B / ORYsaPhTl;2

Riæ gene C / OsPTl / ORYsa;Phtl;l 1

Ricn gene J / ORYsaPhTl ;13

Riæ gene H / OsPT2| ORYsaPhTl;4

LP HP G.l. G.v. gDNA

Flgure 0.1: RT-PCR results tor riæ genes A, B, C,J and H. PCR product sizes are given in Table 6.2'

1. LP - lon P soil, HP - high P soil, G.l. - colonised by G. rnf¡amdrbes, G.V.- ælonised by G.sp.

WFV AM23, gDNA - çnomic DNA.
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6,3,3 OsPTl oDNA and Promoter

The oDNA (ssp. þonica cv Jarrah) oÍ osprl was successfully cloned from rice roots colonised with G'

intraradices. The resulting DNA sequence was a 100% match with the gDNA (ssp' indica) sequence

obtained by Godwin (2002) and the gDNA (ssp' þonlca cv Nipponbare) sequence obtained by

Paszkowski et at. (2002). The sequence of osPTl/ORYsa;Pht1;11 displayed no differences between

riæ cultivars and subsPecies'

The promote r of osprl was successfuily croned into pGemT-easy and from this into the barley

transformation+eporter gene vector, pwBvecg-GFp. The pwBvecs-ospr1 promoter-GFP clones were

transformed into E. coli DH10B and cultured, but in spite of several attempts the vector was never

successfully transformed into A. tumefaciens AGLI ' Without a suæessful A' tumefactens

transformation, transgenic rice plants could not be produced for localised expression studies of osPTl

via GFp confocal microscopy methods. The production of transgenic rice plants for reporter gene

anarysis of the expression of osprl wourd be a usefur experiment to comprete by future researchers.
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6.3.5 Phtl FamilY ToPologY

The topology of the ospTl/oRysa;Pht1;11 protein can be ascertained from its amino acid sequence.

The sequence indicated l1 welldefined hydrophobic membrane-spanning domains (MSD) plus another

less well defined MsD (#7) (Figure 6.3). These MSD's are arnanged in two groups of 6, sepanated by a

large central loop on the cytoplasmic side of this membrane, Both the N-terminal and C-terminal tails

are also orientated toward the cytoplasmic side of the membnane. This topology is typical of the Major

Facilitator Superfamily of membnane tnansporters (Marger & Saier, 1993; Pao ef a/', 1998)' All members

of the phtl family of p transporters have been shown to have this topology and belong to the Major

Facilitator Superfamily (Smith ef al., 2003)'
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6.4 Discussion

The sequencing of complete genomes has allowed researchers to identify whole gene families and

study the roles and functions of those genes within the plant. An example of this is the study of nine P

transporters identified by Mudge et at. (2002) in the Arabidopsis thatiana genome' All nine P

transporters are of the phtl family and it was previously thought that this family of genes were only

involved with p aquisition by the roots. Mudge and colleagues demonstrated that this gene family is

not only involved with P uptake, but also remobilisation throughout the plant and supplying P to floral

organs (Mudge et at.,20021. The studies of gene families give an overall view of how the genes

function and interact within the plant. As mentioned in the lntroduction, the sequencing of the rice

genome will allow gene families to be identified and analysed. This was done by myself and

paszkowski et al. (2002) in the identification of rice P transporters from rice ssp. iaponica cv Janah and

cv Nipponbare, respectively. Of the 13 fulliength sequences identified by Paszkowski et al. (2002),11

sequences (full-length and partial) identified by myself, two fullJength sequences identified by Godwin

(2002) and the partial sequence identified by Yu ef a/. (2000a), the rice genome may have 13 members

of the phtl p transporter gene family, significantly more than Arabidopsis thaliana which only has 9

members. The RT-pCR and real-time RT-PCR results by myself and Paszkowski ef af. (2002) reveal

that, under the conditions used, all genes are transcribed except ORYsa;Phtl;12. ORYsa;Phtl;12 nay

be expressed in tissues that have not been studied in these experiments or in developmental stages or

under environmental conditions not yet studied. Alternatively, it may be a pseudogene' Pseudogenes

are genes with a high degree of similarity to normal genes but they are not transcribed or translated.

Further examination of the transcription and translation of this gene within the rice Phtl family needs to

be done before the exact number of functional gene members can be clarified and their roles

determined

The expression of the rice P transporter family has been assessed with RT-PCR (myself) and real-time

RT-pCR (Paszkowski et at.2002\. Real-time RT-PCR demonstrated that all but clones ORYsa;Phtl;12

and 1;13 were expressed in rice roots (expression in shoots was not examined). The expression of

ORYsa;Pht1;4, 1;5and 1;7 was unchanged when rice roots were colonised by G. intraradices,while

colonisation reduced the expression of ORYsa;Phtl;l, 1;2, 1;3, 1;6, 1;9 and 1;10 by >25o/o of that

observed in un-colonised roots (Paszkowski et at., 2002). These results confirm and clarify the results

with RT-PCR performed by myself for all clones except ORYsa;Pht1;13. RT-PCR of 0RYsa;Pht1;13

(Rrce gene J) resulted in higher levels of expression in rice roots colonised by G. intraradlces and G'sp'

WFVAM23 than non-mycorrhizal rice roots, though no expression was observed in real'time RT-PCR

reactions performed by Paszkowski et at (2002) on G. intraradlces colonised roots. This conflict in
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resulb may be due to use of inappropriate primers by either myself or Paszkowski ef al' (2002)'

Sequencing or restriction enzyme digest of the amplified PcR product would confirm that the product is

the gene of interest. The primers may cross react with other P tnansporters - as with Riæ gene D, or

the primers designed do not pick up the desired gene - as with Rioe genes E and K, or different

myconhizalfungi have different effects on expression. While the RT'PCR results with ORYsa;Pht1;13

are interesting with respect to enhanced expression in mycorrhizal roots compared to non-myconhizal

roots, this gene needs to be further examined to confirm this expression pattern. This is discussed

further in Chapter 7. Expression of ORYsa;Phtl;ll only in myconhizal roots is confirmed by results

from by both RT-PCR and real'time RT'PCR reactions.

The roles of genes ORysa;phtl;l ) 1;10 may be in P acquisition directy from the soil or mobilisation

of p through the roots to the shoots. The role of ORYsa;Phtl;l2 nay be in shoot mobilisation of P; this

would explain the lack of transcripts in root mRNA tested. ORYsa;Phtl;13 requires further work to

clariff expression patterns before its roles can be determined. ORYsa;Phtl;ll is involved with P

aquisition via mycorrhizal fu ngi.

The gene of particular interest in this chapter is ORYsa;Pñtl;l1 lhalwas only expressed in rice roots

colonised by mycorrhizal fungi. The rn-srÍu hybridisation of ORYsa;Pfifl;ll localiæs the expression of

this gene to rice cortical cells containing arbuscules and arbusculate æils of G. intraradices, G.sp'

WFVAM 23 and Sc. calospora. This expression pattern is consistent with that observed for myconhizal

P transporters HORvu;Phtl;8, TRlae;Phtl;myc, ZEAma;Phtl;6, SORfu;Pl¡t1;3, LYâes;Phtl;l and

MEDtr;Phtl;4 (see Chapter I for the disarssion) (Rausch et aL.,2001', Rosewarne ef al., 1999; Harrison

et a1.,2002). The production of plants transformed with the ORYsa;Phtl;ll promoter linked to GFP

would have been another reliable method to confirm the localisation pattern of this gene but

unfortunately difficulties were encountered during transformation of this construct into Agrobacterium

and the time available did not permit this problem to be solved'

As w1h the other plant species it seems highly likely that rice is able to acæss P supplied via the

mycorrhizal fungi, as well as via root epidermal cells.

il
id

I

l
I

i

i

I

1

i.'

t.
1¡

il'
1

I

,{

T
,.1

85



7 General discussion

The results from this thesis determined that barley cultivars varied in the way they acquire and utilise P

and that colonisation by AM fungi is dependent on several factors including soil P concentrations, AM

fungal species and type of inoculum. These results highlight the complex nature of P acquisition and

led to the detailed study of the plant-myconhizal fungus interactions associated with P acquisition. P

transporters (mycorrhizal p transporters) in four plants belonging to the cerealfamily (barley, wheat, ricæ

and maize)were identified as being involved with acquisition of P via the altemative P pathway provided

by the colonisation of these plants by AM fungi. This alternative P pathway is discussed after first

analysing the sequences of the mycorrhizal P transporters to determine if there are any regions of

homology.

7.1 Myconhizal P transporter sequence homology

Analysis of the homology between the mycorrhizal P transporters was carried out in order to determine

if there were any areas that are unique to the mycorrhizal P transporters. Unique regions of sequence

may reveal motifs that localise the expression of these genes to the peri-arbuscular membrane and not

the remaining plasma membrane in colonised cells. The initial step is to align all of the sequences and

create a phylogenetic tree to determine if the mycorrhizal P transporters are dosely related. The

phylogenetic tree displayed in Chapter 5.3.6 contains all of the P transporters reported to date. ln the

phylogenetic tree the myconhizal P transporters are not grouped together. Analysis of the coding

sequence alignment of the mycorrhizal P transporters (not shown) does not yield any regions that are

unique to the mycorrhizal transporters. This suggests that regions of sequence in the coding region do

not control the specific role of the myconhizal P transporters in P transport via mycorrhizal fungi'

Transcription and initiation of translation of the myænhizalP transporters is likely to be controlled by

sequence in the 5' untranslated regions.

Analysis of the mycorrhizal P transporters only (Table 7 .l and the phylogenetic tree Figure 7.1) reveals

that the lowest peræntage of homology is 72o/o between HORvU;Phtl;8 and the three P transporters

ZEAma;Phtl;6, ORYsa;Phtl;ll and MEDtr;Phtl;4. The cereal crop P transporters do not group

together (Figure 7.1). The genes from cereals wheat, maize and rice are grouped together, but the

barley gene remains quite separate. Further studies on cereal evolution may reveal the reason for the

divergenæ in the phylogenetic tree between barley and the other cereal crops studied.
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Table 7.1: percent homology between the myconhizal P transporter amino acid sequences'

TRlae;Phtl;mvc

ZEAma;Phtl;6

ORYsa;Phtl;11

MEDtr;Phtl;4

SOLtU;Phtl;3

LYCes;Phtl;1

HORvU;Phtl;8

Figure 7.1: Phylogenetic tree of all myconhizal P transporters. Prepared by EPROTPARS program

(www.angis.org.au) based on the amino acid sequences of the P transporters'

7.2 Putative cis-rqulatory elemenß in myconhizal P transportu promoters

Gene regulation is controlled by varied and complex mechanisms (Blancheete & Tompa, 2003). The 5'

untranslated region of SOLtu;Phtl;3 has been analysed for regulatory domains by Rausch et al' (20011

and Karandashov ef at. (200a1;and possible domains in MEDtr;Phtl;4have been analysed by Hanison

et al. (2002). Eight putative regulatory motifs have been identified in S0Lfu;Pht1;3, MEDt¡;Phtl;4,

LYCesPhtl;h (A.A. Levy, personal communication in Karandashov et a\.2004) and ORYsa;Phtl;11

(Karandashov et al.2004) (Figure 7.21. The promoter region of HORvu;Phfl;8 contains six of these

regulatory domains and LYCes;Phtl;l contains seven (Figure7.2l. There is no obvious pattern of

these motifs that appears likely to be associated with spatial and temporal expression of these
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100HORvU;Phtl;8

77100LYCes;Pht1;1

7891199SOLtU;Phtl;3

727779100MEDtr;Phtl;4

72767883100ORYsa;Phtl;11

72767B8390100ZEAma;Phtl;6

798987787575100TRlae;Phtl;myc
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mycorrhizal p transporters in colonised roots. Gene regulation involves activators, repressors, and

positive and negative feedback loops; and more detailed research needs to be done in order to

understand the intriæte regulatory network that is initiated when plants are colonised by mycorrhizal

fungi and p acquired via the alternative pathway provided by AM fungi. The production of transgenic

plants, transformed with promoter/reporter gene vectors where the promoter has undergone mutation or

deletion of the motif to be analysed, will aid in identiffing the role of that motif in localisation and

expression of the mycorrhizal P transporters.
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Figure 2.2: lllustration of the putative cis-regulatory motifs identified by Rausch ef a/. (2001), Karandashov et al' (2004) and Hanison et al' (2002) on P transporters

described in this thesis. Motifs have been aligned on individual sequences with Vector NTI desktop sequence analysis software (lnvitrogen Life Science Software)' The 5'

untranslated region analysed is -1000 bp from the start codon (ATG). Motif sequences and icons are listed below the figure. Precise motif loætion and sequenæs are

identified on the actual sequences in Appendix 4.
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7.3 The'alternative, P acquisition pathway in myconhizal plants

Four myconhizal p transporters were identified and characterised in the work described in this thesis'

The barley gene HORvu; Phtl;Swascloned by Dr Frank Smith (CSIRO Plant lndustry, Brisbane), but no

expression patterns had been ascertained at the start of my work. Through RT-PCR, real-time RT-PCR

and ln-sifu hybridisation experiments it was determined that HORvu;Phtl;8 is expressed in root cortical

cells æntaining AM fungal structures (arbuscules and arbusculate coils). Similar experimental

procedures were also used to identify and determine the expression oÍ TRlae;Phtl;myc (wheat),

ORysa;phtl,11 (riæ) and ZEAma;Phtl;6 (maize) in respective colonised root cells' The expression of

the ¡ce gene ORYsa ;Pht1;11 published by Paszkowski ef al. (2002) had been found to oæur in root

samples that had been colonised by G. intraradicesi I further demonstrated localisation in arbuscule-

containing cortical cells via ln-srÍu hybridisation experiments. The identification of these four P

transporters w1h expression patterns associated with mycorrhizal colonisation increases both the

number of 'mycorrhizal-related' P transporters and the range of plant species in which they have been

found. Tomato, potato and Medicago genes were published during the course of my work (Rosewarne

ef al., 1999, LYCes;Phtl;/; Rausch et at.,2001, SORfu;Phfl;3; Hanison et al',2002, MEDtr;Pht1;4)'

The expression patterns of these mycorrhizal P transporters support their potential role in aquisition of

p via an alternative pathway for plants that form mycorrhizal associations (Figure 7.3)' A second P

transporter identi¡ed in tomato (LYÌes;Phtl;h) has also been shown to be induced in plants colonised

by AM fungi (4.A. Levy, personal æmmunication, in Karandashov et a\.2004). LYâes;Phtl;h has not

been mentioned prior to this discussion as no publications confirming the expression pattern have

appeared in the literature.
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Figure 2.3: Schematic representation of supply of P to plant roots via two alternative pathways. P

transporters (black circles) located in the root epidermis and root hairs access P directly from the soil

solu¡on in the direct uptake pathway, ln the myconhizal uptake pathway myconhizal P transporters

(blue cirdes) in external hyphae take up P and translocate it to fungus-plant interfaces in the root cortex

where plant p transporters (arrowed) access the supply of P via the myconhizal fungi' The yellow

zones represent the area of aæessible P. There is a narrow area of available P along the root in the

direct uptake pathway, while the mycorrhizal uptake pathway can access P up to 30 cm away from the

root. This figure is modified from Smith ef al' 2003b'

The expression of the mycorrhizal P transporters is not always limited to cells containing mycorrhizal

fungal structures; i.e. they are apparently not completely 'mycorrhiza specific'. The expression of

LYCes;Phtl;1 was detected with rn-sifu hybridisation experiments in the stele and cortex of roots of non-

mycorrhizal plants (Rosewarne ef a/., 1999) and in epidermal cells and root hairs (Daram ef al', 1998;

Bucher et at., 20011. Low levels of expression of both SORfu;Phfl;3 (Rausch ef a/', 2001) and

HORvu;Phtl;g (this thesis)were detected by real-time RT-PCR in non-mycorrhizal roots. Real-time RT'

PCR experiments on MEDtfPhtl;4 (Harrison et al., 2002; Karandashov et al', 2003) and

ORYsa;Pht1;ll (Paszkowski ef a/., 2002) demonshate that these two genes are the only myconhizal P

transporters associated with Pi aquisition via mycorrhizalfungi that, to date, have not been observed to

be expressed in other plant cells of colonised or non-colonised plants. Expression in cell types other

than mycorrhizal colonised cells needs to be examined carefully. ln-situ hybridisation methods of

detecting expression must be performed under very strict stringencies to ensure that expression of

groups of P transporters, rather than single genes, are not detected. ln order to overcome any

problems associated with in-srTu hybridisation specificity the production of transgenic plants containing

promoter-reporter gene fusions and immuno-localisation experiments would be beneficial for future

work. While the expression pattern varies between the mycorrhizal P transporters the results strongly

suggest that they are involved with P aquisition at the peri-arbuscular membrane, accessing P supplied
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by the mycorrhizal fungi. With the up regulation of mycorrhizal P transporters and down regulation of

epidermal and root hair P transporters, eg. HORvu;Phtl;1,1;2and 1;B expression, it appears that the

plant is able to switch from the direct uptake pathway to the mycorrhizal uptake pathway'

Research to date, including that described in this thesis, indicates that the acquisition of P via

myconhizal fungi does not only involve apparently 'myconhizal-specific' P transporters. There is also

the redeployment of p transporters from non-myconhizal root cells to cells containing mycorrhizal

structures when the roots are colonised (Harrison et at.,2002). This supports the theory that a plant

colonised by mycorrhizal fungi can change its pathway of P uptake from direct to that via the

mycorrhizal fungi. Support for the activity of the 'alternative' P pathway of P acquisition via myconhizal

fungi in a wide range of myconhiza-responsive and un-responsive plants is strengthening' Some

plants, such as barley, apparently do not respond to AM colonisation in terms of growth or P uptake

(Jensen & Jakobsen, 1980; Baon et at,, 19941. The assumption has been that AM fungi make no

contribution to p uptake and hence the'alternative' myærrhizal pathway is inactive' However, Smith ef

at. (2003& 2004), Zlu etal. (2003) and schweiger and Jakobsen (1999) were able to demonstrate that

the myconhizal networkcan supply up to 100% of the P acquired byflax, Medicago and tomatowhen

colonised by G. intraradlces. Smith et at. (2003b) used vials of radioactive P that were only accessible

to mycorrhizalfungi hyphae (not plant roots)to determine how much P was being supplied to the plant

via the mycorrhizal fungi. Depending on the combination of plant species and mycorrhizal fungal

species, the percentage of P supplied by the mycorrhizal fungi varied. For example G. caledonium was

able to supply flax and Medicago with 100% of the acquired P, but supplied tomato with approximately

73% of the acquired P and Gl. rosea only contributed a small proportion of the total P - (Smith ef a/''

2003b).

Plants that are not acquiring 100% of the P via myconhizal fungi must employ both the direct and

mycorrhizal P pathways to achieve plant P uptake. P transporters involved with P acquisition in

epidermal cells and roots hairs and at fungi-plant interfaces would all be active if the plant was utilising

both pathways. P acquisition from myconhizal fungi has been localised to cortical cells containing

arbuscules and arbusculate coils. The concentration of P in arbuscule containing cells has been

measured via cryo-analytcal scanning electron microscopy to be as high as 25 mM, while cells

containing no myconhizal structures have a concentration of 10 mM P (Ryan et al', 2003)' This

illustrates that arbuscule containing cells accumulate P. Accumulated P acquired via plant P

transporters in the peri-arbuscular membrane requires protons (HrATPase). The presence of H*-

ATPaæ activity at the peri-arbuscular membrane in colonised cells has been demonshated and this

would provide a source of protons for P transporters (Gianinazzi-Pearson et a\.,1991 & 2000)' All of

92



this research and the localisation of several P transporters to colonised cells substantiates the likely

importance of the alternative p pathway via myconhizal fungi that produce arbuscules. The expression

of HORvu;phtl;g, TRlae;phtl;myc and ORYsa;Phtl;ll in cortical cells colonised by Sc' calospora

suggests that the arbusculate coils produced by this fungus may also be a site of P transfer (this thesis),

though it does not have the same detailed experimental support as for arbusctlles. The inclusion of

mycorrhizal fungi that form arbusculate coils will be important in future work, if these results are to be

used to enhance our understanding of p uptake in field situations that may contain many indigenous

mycorrhizal fungi forming different structures in the roots. Understanding the two pathways of P

acquisition that work in combination will help determine how soil P and P fertilisers are used by plants

and how to take advantage of indigenous myconhizal fungi'

Research on p transporters involved with P acquisition via mycorrhizal fungi has revolved around the

identification and localisation studies with myconhizal P transporters. Paszkowski ef al' (2002) were

able to demonstrate thatthe expression of the myconhizal transporter ORYsa;Phtl;l1was related to

the presence of internal mycorrhizal structures presumed to be involved with delivering P to the plant'

Transcripts of ORysa;ph tl;ll wereonly detected when intraradical fungal structures were observed, 25

days post inoculation w1h 1000 mycorrhizal spores. This expression pattern lor ORYsa;Phtl;l1 and all

of the other mycorrhizal p transporters needs to be further assessed to determine if the expression is

initiated when the root is initially colonised (appressorium formation), or if expression is related to the

presence of those mycorrhizal structures that transfer the P into the plant cortical cells such as

arbuscules and arbusculate coils. This would determine if the plant immediately identifies the

colonisation by the mycorrhizal fungi as being beneficial or whether this recognition occurs at a later

stage of development. An alternative avenue of research would involve the use of plant mutants. Plant

mutants that are able to inhibit mycorrhizal colonisation at various stages would be useful in examining

when the myconhizal p transporters are expressed in relation to the stage of colonisation. An example

of the usefulness of mutants for assessment of colonisation and mycorrhizal fungi/plant interactions is

the tomato mutant rmc. When challenged with I different mycorrhizal species, three were unable to

colonise further than the root epidermal cells, four were able to penetrate past the root epidermis but not

into cor¡cal cells and one myconhizal species achieved normal colonisation (Gao ef a/' 2001). While

mutant plants definitely have a role in the study of colonisation, the research published by Gao ef al'

(2001) emphasises the differences in colonisation depending on the plant and mycorrhizal fungi species

that must also be considered.

The coordinate observation of various stages of colonisation by the AM fungi and P transporter

expression would also elucidate the timing of the down-regulation of those P transporters involved with
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pacquisitionviatheroogsoil interface. ThebarleyPtransportersHORvu;Phtl;1 andl;2areinvolved

with p acquisition when the plant is grown in a P deficient environment. When P is supplied via

increased fertiliser or via AM fungi the expression of these two genes is significantly reduced' Further

investigations, both physiological and molecular, would reveal the prooesses involved in determining

whether one pathway or both pathways are utilised for P acquisition.

The main aim of this thesis was to research the alternative P acquisition pathway via AM fungi' The P

transporters involved with p acquisition from AM fungi have already been discussed. The expression

pattern of these myconhizal P transporters varies depending on the plant species (i'e' whether the P

transporter is expressed exclusively at the peri-arbuscular membrane or also expressed at other cellular

locations) and the AM fungi colonising the plant. This research has also suggested that there may be

more than one mycorrhizal p transporter within a PhTl family of P transporters. The expression of both

ORysa;phtl;ll (Paszkowski ef al., 2002) and ORYsa;Phtl;13 (this thesis) have been shown to be

induæd in roots colonised by AM fungi, compared with uncolonised roots, section 6.3'2' Similarly'

LyCesphTl;/h is reported to be induced in AM colonised plants (A.A. Levy, personal communication, in

Karandashov et at.2004) in addition to the expression of LYCes;Phtl;l in mycorrhizal roots (Rosewarne

ef a/., lggg). The expression patterns of these genes may indicate that in rice and tomato two P

transporters are involved with P acquisition via the alternative pathway provided by AM fungi

colonisation. Analysis of the two genes suspected to be involved with P acquisition via mycorrhizal

fungi in each plant species needs to be done in order to confirm their role in P uptake in the plant'

Optimally the assessment of both genes would be conducted in the same tissue to ensure that the

same conditions are achieved. The use of real-time RT-PCR, in-situ hybridisation and immuno-

localisation using different fluorescent labels for identification would be useful to determine the

localisation of gene expression relative to the other. Further experiments researching the expression

pattern of LYCes;Phtl;l and ORYsa;Phtl;13 would clairify the results of these two genes that are

regarded with caution due to the possibility of cross reactions within the Pht 1 gene family. Rice

contains a phTl gene family that includes 13 genes. Other plant species may contain this number of

phTl genes and may contain more than one PhTl gene involved with P acquisition via AM fungi. The

presence of more than one mycorrhizal P transporter in a plant species would require further

investiga¡on to determine if both transporters are up regulated in the same manner when colonisation

occurs or if different expression patterns are observed. Different mycorrhizal P transporters within one

plant species may be expressed differently depending on the AM fungi colonising the plant. This would

be of particular interest in field applications, where there are many AM fungal species present, if optimal

P acquisition is to be achieved.
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Given the likelihood that AM symbioses evolved in primitive land plants, before the diversification of

present day angiosperm families, it is possible that Arabidopsis thatiana (and other non-host plants)

contains a phTl gene whose expression pattern is potentially influenced by AM fungi, although the non-

host status of the plant prevents direct testing of the possible induction of P transporter genes by AM

fungi, Arabidopsis thatiana is a widely used plant model system in molecular, developmental,

physiological and cell biology (pigliucci, 2002| Nine members of the PhTl family have been identified

in this plant (Mudge et a1.,2002'). A preliminary attempt was made in this pro,¡ect to analyse the

expression of some of these genes by introducing promoter-GFP constructs into the host plant

Nicotiana tabacum. The assessment of the transgenic tobacco plants was unsuæessful due to masking

of GFp fluorescence by autofluorescence of tobacco roots under the conditions used (results not

presented). However, the recent identification of 5 Arabidopsrs ecotypes and 2 mutants that do form

mycorrhizal associations (Horii & lshii, 2003) will now permit further analysis of the expression patterns

of he Arabidopsis p transporter family. A future experiment could use these Arabidopsrs accessions to

examine the expression patterns of all nine identified Arabidopsis P transporters in relation to the effect

of myconhizal colonisation. lt an Arabidopsrs P transporter was identified as being involved with P

acquisition via mycorrhizal fungi, it would stongly suggest thal Arabidopsis had evolved from once being

a host of AM fungi into a non-host plant. This would expand the value oÍ Arabidopsr.s as a model plant

for future myconhizal research.

The identification of more than one mycorrhizal P transporter per plant species highlights the need for

high standards and quality control when researching P transporters to ensure that those results reported

are correct for an individual gene and are not from cross-reactions between several P transporters'

There is a high degree of similarity between P transporters and primers/probes/antibodies need to be

designed in regions that are unique to the P transporter of interest. For example the genes

HORvu;Phtl;l and 1;2 are identical except for eight amino acids at the 3' end of HORvU;Phtl;2' The

primers designed for both HORvu;Phtl;1 and 1;2tor real-time RT-PCR required the anti-sense primer to

be developed in the 3' untranslated region of the genes in order to guarantee that the specific gene of

interest was being amplified. The specificity of the primers ensured that the different expression

patterns seen for these genes are accurate. Nevertheless, the existence of more than one P transporter

induced by AM fungi might be expected. Plants evolved alternative pathways to accommodate

adaptations to different environmental conditions. Additionally, there is increasing evidence for some

degree of specificity in the interactions between different plant and AM fungal species (Helgason et al'

2002) which is likely to involve expression of different genes in signalling and metabolic pathways.
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Studies of gene expression will be able to be linked to physiological studies of the quantity of P reaching

the plant via the mycorrhizal pathway (i.e. the % contribution of this pathway to total plant uptake)

should the project continue. Determining the predominant pathway of P uptake would be useful in field

situations when assessing the need to apply fertiliser and the amount required. The identification of P

transporters in barley, wheat, maize and rice involved with P acquisition via AM fungi can be used in

further research to understand P acquisition of field grown cereals and how they can be used to improve

P efficiency when grown in P deficient soils'
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APPENDIX I

PHOSPHATE TRANSPORTERS |SO|-ATED UP TO June 2003 (plant and AM fungi only)'

transporters (acærding to the authors).

Those transporters highlighted in the Sites of Expression ælumn in pink are classified as being specifiælly involved with P acquisition via myænhizal fungi and those

highlighted in purple are classified as being down regulated when P is supplied to the plant as increased P levels or AM colonisation'

Referenæs listed in Affinity K, - details and sites of Expression are specific fur the results reported in those columns, those references listed in References are other

researchers involved w¡h identi¡cation and reporting of that gene, NA means that no information about affinity or expression was available

(o\¡

PHTî;l

APT2

PHTl

AtPTl

ARAth;Phtl;1

Phosphate

transporter names,

abbrcvlated and

conec:t

nomenclature

(sec{ion 3,11)

Anbidopsis haliana

Plant

AA817265. GB

Accession

number

High affinity

K.r = 3.1 pM in culture{

tobaæo ælls (Mitsukawa

efal.,1997b)

Complemenb yeast strain

NS219. when grown on

media containing 110 ¡rM

P. (Muchhal efaL, 1996)

Affinity

K, - details

Roots,

Hydathodes of cotyledons and leaves,

Axillary buds,

Peripheral endosperm of germinating seeds'

P deficiency increased expression in root hairs and

root cap. (Mudge et al., 20021

Sites of Expression

(Muchhal ef al., 1996)

(Smith etal.,1997l

References



PHTI;4

PHT4

AtPT2

ARAth;Phtl;4

PHTI;3

PHT3

ARAth;Phtl;3

PHTl;2

APTl

PHT2

ARAth;Phtl;2

Phosphate
transporter names,
abbrevlated and
corrcct
nomenclature

3.1

Arabidop{ts ffialiana

Arabidopsrs thaliana

Arabidopsis thaliana

Plant

u62331 - NCBI

BAA24281 - DBJ

8AA24282 - DBJ

Accession

number

NA

NA

Complemenb yeast strain

NS219* when grown on

media containing 110 PM

P, (Muchhalef al., 1996)

Affinity

K'n - details

Roots, hydathodes, axillary buds cotyledons,

senescing anther filaments and abscission zone at

the base of siliques.

P deficiency increased expression in root epidermis,

root tips and cells interior to pericycle' (Mudge ef al.'

20021

Roots only.

P deficiency increased expression in stele of the

primary roots (pericycle layer) and root hairs

Weak expression noted in vascular tissue of young

leaves and hydathdes (Mudge et a1.,2002)

Roots only,

P deficiency increased expression in root epidermal

cells and root hairs,

Near hypoætyljunction expressed in cortical ælls,

Aged root systems expressed in young lateral roots

(Mudge etal.,2002l

Sites of Expression

(Muchhal ef al., 1996)

(Okumura et al.,

1se8)

(Lu efaL, 1997)

(Mitsukawa et al.,

1997a)

(Mitsukawa et al.,

1997a)

(Smith ef aL, 1997)

(Muchhal ef al., 1996)
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PHTl;9

ARAth;Phtl;9

PHTI;8

ARAth;Phtl;8

PHTl;7

ARAth;Phtl;7

PHTl;6

PHT6

ARAth;Phtl;6

PHTI;5

PHTS

ARAth;Phtl;5

Phosphate
transpolter namæ,
abbrcvlated and

conect
nomenclafure

Arabidopsis thaliana

Arahidopsishaliana

Arabidopsis thaliana

Arabidops:ts thaliana

Arabidopsis thaliana

Plant

AC015450

EMBL

AC007369

EMBL

A1138650 - EMBL

BAA3439O - DBJ

AC003033 - NCBI

Accession

number

NA

NA

NA

NA

NA

Affinity

Km - details

Pdeficient roots (Mudge et a1.,2002)

P{eficient roots (Mudge ef aL, 2002)

Mature pollen grains, P deficient roots (Mudge

2002)

et al.,

Anthers, tapetum of flowers, dry mature

grains (Mudge et a\.,20021

pollen

Vascr.llar tissue of cotYledons, senescing leaves

strongest in the phloem, young floral buds and

sepals later in floral development, weak expression

in stele of P deficient roob (Mudge et a1.,20021

Sites of Expression

(Lin ef a/., 1999b)

(Federspiel et al.,

leee)

(Obermaier et ã1.,

2000)

(Okumuna et al.,

19e8)

(Lin ef a/., 1999a)

(Okumura et al.,

1ee8)

Reference.s
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HvPT2

HORvU;Phtl;2

HvPTI

HORvU;Phfl;1

CrPTl = PlTl

CATro;Phtl;1

PHT2;1

ARAth;Pht2;1

Phosphate

transporter names,

abbreviated and

corect

nomenclature

(sectlon 3.'ll)

Hordeum vulgare

Hordeum vulgare

Catharanthus roseus

Arabidopsis thaliana

Plant

AY187019

AF543197

A8004809 - GB

A8028611 - EMBL

Accession

number

NA

High affinity

G = I pM in barley roots'

Transformed yeast mutant

DpUt able to grow on low

phosphate (55 ttM)

medium

Low affinity

Complements yeast strain

PAM2t when grown on

media containing 394 ptM

P.

Affinity

Km - details

Roots

Expressed in roots, induced bY P deficiency.

Roots, stems and young shoots

Leaves

Chloroplast envelope.

Arabrdopsis PHT2;1 null mutant (pht2;1-1) reveals

that PHT2;1 is involved with P allocation, P

deficiency responses and translocation of P within

leaves,

Sites of Expression

(Smith ef a/., 1999)

(Smith ef a/., 1999)

(Rae ef al., 2003)

(Kai ef al., 1997)

(Daram ef a/., 1999)

(Versaw & Harrison,

20021

References
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HvPTT

HORvU;Phtl;7

HvPT6

HORvU;Phtl;6

HvPTS

HORvU;Phtl;5

HvPT4

HORvU;Phtl;4

HvPT3

HORvU;Phtl;3

Phosphate

transporÞr names'

abbevlatd ard

conect

nomenclahlre

(sec'tion 3.11)

Hordeum vulgare

Hordeum vulgare

Hordeum vulgare

Hordeum vulgare

Hordeum vulgare

Plant

AY187022

AF543198

AY187021

AY187024

AY187026

Accession

number

NA

Lo'r affinity

G = 320 pM in barley

roots

NA

NA

NA

Affinity

K" - details

NA

Expressed in old leaves and flag leaves. Expressed

in phloem of vascular bundles in leaves and ears'

NA

NA

Roots

Sites of Expression

Dr Frank Smith

personal

æmmuniætion

(Rae ef al., 2003)

Dr Frank Smith

personal

communication

Dr Frank Smith

personal

communication

(Smith ef al., 1999)

References

o
A



:.-9--lË {ù¡Ëe

LePTI

LYCes;Pht1;1

LaPI2

LUPaI;Phtl;2

LaPTI

LUPaI;Pht1l

GmPT

GLYma;Phtl;1

HvPTS

HORw;Phtl;8

Phocphate

tnnspottr nam€s,

abbevlated and

COneC't

nomnclat¡re

(sec{lon 3,11)

Lyæpersicon

esciulentum

Lupinus albus

Lupinus albus

Glycine max

Hordeum vulgare

Plant

AF022873 - GB

AF305624 - GB

AF305623 - GB

8G791142 - GB

4Y187023

Accession

number

Hþh atrnity

Complemenb yeæt stnain

PAtulg71t when grown on

media containing 31 pM

P.

NA

NA

NA

NA

Atrinify

K" - details

Strong expression in roots - normal and proboid

Strong expression P deficient roots - normal

proteoid

Weak expressbn stems and leaves

and

NA

Sites of Expression

(Daram efaL, 1998)

( ewarne ef al.,

1gee)

(Liu ef al/.,20011

(Liu ef a1.,2001)

(Shoemaker et â1.,

leee)

D. Glassop and Dr

Fnank Smith personal

communication
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MtPT3

MEDtr;Phtl;3

MtPT2

MEDtr;Phtl;2

MIPTl

MEDtr;Phtl;1

LePT2

LYCes;Phtl;2

Phoephate

transpoftBr names,

abbrcvlated and

conect

nomenclah¡re

(sectlon 3.11)

Medicago truncatula

Medicago truncatula

Medicago truncatula

Lyæpersicon

esculentum

Plant

AF000355 - GB

AF000354 - GB

AF022874 -GB

Accession

number

NA

NA

Lor affinity

Complemenb yeast stnain

NS219- when grown on

media containing 192 ¡rM

P.

NA

Affinity

Km - details

NA

Roots

Sites of Expression

(Harrison et a1.,20021

(Liu ef a/., 1998b)

(Liu ef a/., 1998b)

(Chiou etal.,2001l

(Versaw et al.,2002)

(Liu ef a/., 1998a)
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NtPTl

Nlâta;Phtl;1

MtPHT2;1

MEDtr;Pht2;1

MtPT4

MEDtr;Phtl;4

Phosphate
transporter names,

abbrcvlated and

conect
nomenclature
lsec-tion 3.11)

Nicotiana tabacum

Medicago trunætula

Medicago truncatula

Plant

AF156696 - GB

AF533081

AY1 16210

CDNA

4Y116211 -gene

Accession

number

NA

Low affinity

Complemenb yeast strain

PAM2t when grown on

media containing 600 PM

P.

Low affinity

Complements yeast strain

NS219. when grown on

media containing 493 pM

P and PAM2t when grown

on media containing 668

U,M P.

Affinity

K" - details

Weak expression in immature leaves, mature

leaves, old leaves, stems and roots. All expression

increased when P deficient. NtPTl/2 detected

together.

Expressed in all photosynthetic tissues, dependent

upon light (light > dark), development (young > old)

and Pi status of the plant (high P slightly > low P).

Localised to the chloroplast envelope'

Expressed in myærrhizal (G. versiførne ) roob only

with RNA transcripts being detected 14 days post

inoculatbn with increased expression posititæly

csrelaþd to cohnlsation. l,lo expræsion detected

at day 7. Expression also noted in roob odonised by

Gþaspona gþantea. Expression bcalised to the

peri-arbuscular membnane and coordinated with the

life of the arh..¡sa¡le.

Sites of Expression

(Kaief a\.,2002\

(Baek ef a1.,2001)

(Zhao ef a/., 2003)

(Hanison et a1.,2002)
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0sPT11ô9

ORYsa;PhT1169

OsPT

ORYsa

OrPT

ORYru;Phtl;1

NtPT4

Nlâta;Phtl;4

NtPT3

Nlâta;Phtl;3

NtPT2

NlCta;Phtl;2

Phosphate

transpoñer names,

abbrcviated ald

conec't

nomenclafure

(sectlon 3.11)

Oryza sativa

Oryza sativa

Oryza rufipogon

Nicotianatabacum

Nicotiana tabacum

Nicotianatabacum

Plant

AF271893. EMBL

AF239619 - GB

AF337531 . EMBL

A8042956 - GB

A8042951 - GB

A8042950 - GB

Accession

number

NA

NA

NA

NA

NA

NA

Affinity

K" - details

NA

NA

NA

No expression when P sufficient. Expressed in old

leaves and roots when P deficient. NIPT3/4

detected together.

No expression when P sufficient. Expressed in old

leaves and roots when P deficient. NIPT3/4

detected together.

lmmature leaves, mature leaves, old leaves, stems

and roots. All expression increased when P

deficient. NtPTl/2 detected together'

Sites of Expression

(Yu ef aL, 2000b)

(Yu ef a/., 2000a)

(Ming ef a|.,2001)

(Kaief aL.,2002\

(Kaief al,,2002\

(Kaief a\.,20021

References
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OsPT4

ORYsa;Phtl;4

OsPT3

ORYsa;Phtl;3

OsPT2

ORYsa;Phtl;2

OsPTl

ORYsa;Phtl;1

OsPT970

ORYsa;Pht;970

OsPT796

ORYsa;Pht;796

Phosphate

transporter names,

abbrcvlated and

corec't

nomenclat¡re

(sec{ion 3.11)

Oryza sativa

Oryza sativa

Oryza sativa

Oryza sativa

Oryza sativa

Oryza sativa

Plant

AF536964 - GB

AF536963 - GB

AF536962 - GB

AF536961 - GB

AF335588 - GB

AF229169 - GB

Accession

number

NA

NA

NA

NA

NA

NA

Affinity

Km - details

Low expression in roots, transcription u

when ælonised with G. intrandices.

naltered

NA

NA

Sites of Expression References

(Paszkowski et al.,

2002]'

(Paszkowski et al.,

2002)

(Paszkowski ef al.,

2002)

(Paszkowski ef al.,

2002)

(Ming & Shen, 2001)

(Yu ef al,, 2000b)

Aoo)



0sPT10

ORYsa;Phtl;10

OsPT9

ORYsa;Phtl;9

0sPT8

ORYsa;Phtl;8

OsPTT

ORYsa;Phtl;7

OsPT6

ORYsa;Phtl;6

0sPT5

ORYsa;Phtl;5

Phosphate

transporbr names,

abbrcvlated ald

conec't

nomenclah¡re

(sec{lon 3.ll)

Oryza sativa

Oryza sativa

Oryza sativa

Oryza sativa

Oryza sativa

Oryza sativa

Plant

AF536970 - GB

AF536969 - GB

AF536968 - GB

AF536967 - GB

AF536966 - GB

AF536965 - GB

Accession

number

NA

NA

NA

NA

NA

NA

Affinity

K'n - details

Low expression in roots, transcription

when colonised with G. intraradices.

unaltered

Very low expression

myconhizal roots.

in mycorrhizal or non-

Low expression in roots, transcription unaltered

when colonised with G. intraradices.

Sites of Expression

(Paszkowski et al.,

2002)

(Paszkowski et al.,

2002)

(Paszkowski ef d.,

2002)

(Paszkowski et ã1.,

2002]'

(Paszkowski et d.,

2002r,

(Paszkowski et al.,

2002\

References

a\¡



OsPT2

0sPT13

ORYsa;Phtl;13

0sPT12

ORYsa;Phtl;12

OsPTll

OsPTl

ORYsa;Phtl;11

Phoephate

transpoÉer names,

abbæviated and

conect

nomenclature

(sectlon 3.11)

Oryza sativa

Oryza sativa

Oryza sativa

Oryza sativa

Plant

AF493788 - GB

AF536973 - GB

AF536972 - GB

AF536971 - GB

(osPT11)

AF493787 - GB

(OsPT1)

Accession

number

NA

NA

NA

Lor affinity

Comderents yeasl

plñ4 rnuþnt when

grown on redia

æntainlng 2@ ¡rM P

Affinity

Kn - details

NA

Not detected in roots.

Not detected in roots.

Sites of Expression

(Godwin,2002)

(Paszkowski et al.,

2002)

(Paszkowski et â1.,

20021

(Paszkowski et al.,

2W2l

References

o
@



StPT3

SOLtU;Phtl;3

StPT2

SOLtU;Phtl;2

SIPTl

SOLIU;P\||;1

Phosphate

transporter namest

abbrcvlated and

corrcct

nomenclature

(sectlon 3.11)

Solanum tuberosum

Solanum tuberosum

Solanum tuberosum

Plant

AJ318822 - GB

x98891 - GB

x98890 - GB

Accession

number

High affinity

Complements yeast strain

PAM2t when grown on

media containing 64 pM

P.

Low affinity

Complements Yeast strain

M8192 (PHO84 mutant)

when grown on media

containing 130 PM P

Low affinity

Complements yeast strain

M8192 (PHO84 mutant)

when grown on media

containing 280 pM P

Affinity

K' - details

Root sectors wherc myconhizal strucfures are

fuflred, most prominent in arbusoile containing

oells, presumably located in the peri-arbusailar

membfane

Pdeficient roots

Roots, tubers, source leaves, floral organs

deficient roots

and P

Sites of Expression

(Rausch etal.,2001l

(Hanison eta1.,2002)

(Leggewie et al.,

1ee7)

(Leggewie et al.,

19e7)

References
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TaPT3

TRlae;Phtl;3

TRlae;Phtl;2-5

TRlae;Phtl;2-1

TaPT2

TRlae;Phtl;2

TaPTI

TRlae;Phtl;1

CSWPTl

Phosphate

transporbr names'

abbrcvlated and

corect

nomenclature

(section 3.ll)

Tnticum

Chinese

wheat

aestivum

spring

Triticum aestivum

(81(85)-5-3-e3)

Triticum aestivum

(81(85)-5-3-3-3)

Tritjcum aes.tivum

Xiaoyan 54

Trîticum aestivum

Triticum

Chinese

wheat

aestivum

spring

Plant

AJW243

N344242

N34241

AJ344240

AF110180

EMBL

QgXEL6

QgXEL6

Accession

number

NA

NA

NA

NA

NA

NA

Affinlty

Kr - details

Expression mainly seen in roots, weakly in leaves'

Allexpression dependent on qlltivar, P content.

NA

NA

NA

NA

Sites of Expression

(Davies et a1.,20021

(Davies eta1.,2002)

(Davies etal.,2002l

(Davies etal.,2002l

(Li ef al., 1999)

References

o



TaPTS

TRlae;Phtl;8

TaPTT

TRlae;Phtl;7

TaPT6

TRla;ePhtl;6

TaPT5,2

TRlae;Phtl;ï2

TaPT5.1

TRlae;Phtl;ú1

TaPT4

TRlae;Phtl;4

Phosphate

transpofter names'

abbrevlatd and

corrcct

nomenclature

| 
(sectlon3.r1)

Triticum aest¡vum

Xiaoyan 54

Triticum aestivum

Xiaoyan 54

Titiam

Chinese

wheat

aestivum

spring

Triticum aestivum

(81 (85)-5-3-3-3)

Triticum aestivum

(s1(85)-5-3-3-3)

Triticum aestivum

Chinese sPring

wheat

Plant

NW249

NW248

N433247

N3//'246

N344245

N3M244

Accession

number

NA

NA

NA

NA

NA

NA

Affinity

Km - details

NA

Sites of Expression

No expression noted in roots or

hyd ropnically g rown varieties'

shæts of

No expression noted in roots or shoots of

hyd roponically g rown varieties.

Cultivar 81 (85)-5-3-3-3 expressed in roots and

leaves (not P dePendent)

References

(Davies et a1.,2002)

(Davies et a\.,20021

(Davies etal.,2002l

(Davies etal.,2002l

(Davies etal.,2002l

(Davies et a1.,2002\



Thi-2

THlin;Phtl;2

Thi-1

THlin;Phtl;1

The-19

THlel;Phtl;19

The-17

THlel;Phtl;17

The-15

THlel;Phtl;15

Phosphate

transporter names,

abbrcviated and

correct

nomenclature

(sectlon 3.11)

Thinopyrum

intermedium wheat

gftrss

Thinopyrum

intermedium wheat

grass

Thinopyrum

elongatum wheat

gftrss

Thinopyrum

elongatum wheat

gftrss

Thinopyrum

elongatum wheat

gn¡ss

Plant

AJ413959

AJ413958

AJ413957

AJ413956

AJ413955

Accession

number

NA

NA

NA

NA

NA

Affinity

K' - details

NA

NA

NA

NA

NA

Sites of Expression

(Davies eta1.,2002)

(Davies et a\.,20021

(Davies eta|,,2002)

(Davies etal..,2002)

(Davies et a1.,2002)

References

I
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Thi-91

THlin;Phtl;91

Thi-9

Tílin;Phtl;9

Thi-7

THlin;Phtl;7

Thi4

THIin;Pht1;4

Thi-3

THlin;Phtl;3

Phosphate

transporter names,

abbrevlded and

corec't

nomenclature

| 
(sectrn r.tt)

Thinopyrum

intermedium wheat

grass

Thinopyrum

intermedium wheat

grass

Thinopyrum

intermedium wheat

grass

Thinopyrum

intermedium wheat

grass

Thinopyrum

intermedium wheat

grass

Plant

AJ413964

AJ413963

AJ413962

AJ413961

AJ413960

Accession

number

NA

NA

NA

NA

NA

Affinity

K" - details

NA

NA

NA

NA

NA

Sites of Expression

(Davies eta1.,2002)

(Davies et a1.,20021

(Davies et a\.,2002)

(Davies eta1.,2002)

(Davies etaL.,2002)

References

J
J
(¡)



ZmPT6

ZEAma;Phtl;6

ZmPTS

ZEAma;Phtl;5

ZnPT4

ZEAma;Phtl;4

ZmPT3

ZEAma;Pht1;3

7nPT2

ZEAna;Pht1;2

ZnPTI

ZEAma;Phtl;1

SrPT2

SESro;Phtl;2

SrPTl

SESro;Phtl;1

Phosphate

transporbr namesr

abbrcviated and

coÍect

nomenclature

(sectlon 3.11)

Zea mays

Zeamays

Zeamays

Zea mays

Zea mays

Zea mays

Sesbana rostrata

Sesbana rostrata

Plant

Patent

w09958657

Patent

w09958657

Patent

w09958657

Patent

w09958657

Patent

w09958657

Patent

w09958657

A"J286744 - GB

AJ286743 - GB

Accession

number

NA

NA

NA

NA

NA

NA

NA

NA

Affinity

K'n - details

Mycorrhizal rods.

NA

NA

NA

NA

NA

NA

NA

Sites of Expression

(Zhao et a/., 1999)

(Zhao ef a/., 1999)

(Zhaoeta/., 1999)

(Zhao ef al., 1999)

(Zhao et af., 1999)

(Zhao et a/., 1999)

(Aono & Oyaizu,

2001)

(Aono & Oyaizu,

2001)

References
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GiPT

GvPT

Phosphate

transportet names,

abbnvlated and

conec't

nomenclature

(sec{lon 3.11)

Glomus intraradiæs

Glomus versiforme

Mycorrhizal fungi

name

AF3591 12

u38650 - GB

Q00908

Accession

number

NA

High affinity

Complements Yeast

phoW yeast mutant when

grown on media

containing 18 pM P.

Affinity

K' - details

Expressed in external hYPhae.

Expressed in external hYPhae.

Sites of Expression

(MaldonadeMendoza

et a1.,20011

þrsaw etal.,2002l

(Hanison & van

Buuren, 1995)

(Versaw etal.,2002l

References

Databases: GB (Genbank), DBJ (data base), NCBI (National Centre Biotechnology lnformation), EMBL (EuroPean Molecular Biology Laboratory), GenPept

Gene names of Arabrdopsrs clones from http/r\ruww'mips'gsf'de/

r pAM2, pMg71 - Saccharomyce.s cereyrsrae yeast mutant defective in two high-affinity Pi-transporter genes PH084and PH089 (Martinez & Persson' 1998)

+ DpU - Saæharomyces cerevisiaeyeast mutant defective in high-affinity Pi-transporter gene PH084 (Kai ef a/', 1 997)

. NS21g - Saccharomyces oereyisrae yeast mutant defective in hþh-affini$ Pi-transporter gene PH084 (Bun'ya ef al', 1991)

(tr



Appendix 2: Soil AnalYsis
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SOIL ANALYSIS HEPORT
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Appendix 3: Vectors

pGemT-easy (#1360)- supplied by Promega Corporation, Annandale, New South Wales, Australia.
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This vector can be transformed into E co,, DH10P and grown on LB Ampicillin/XlA plates or LB

Ampicillin broth,

LB (Luria-Bertani) broth per L:

To 950 mL distilled HzO add:

10 g bacto-tryptone

5 g bacto-yeast extlact

10 g NaCl

Adjust the pH to 7 with 5 N NaOH, adjust the volume to I L with distilled HzO and sterilise by

autodaving for 20 m at 15 lb sQ.in.-t on liquid cyde.

LB plates per L:

Add 15 g bacto-agar prior to autodaving.
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LB Ampiclllin/XlA plates:

Prepare LB plates and cool media to 50'C before adding:

Mix gently and thoroughly before pouring plates in sterile laminar flow

LB Ampicillin broth:

Prepare LB broth and cool media to 50"C befure adding Ampicillin, as above,

40 ¡rg ml-tdissolved in dimethylformamide, no need

to filter sterilise

5-B ro me4-chlore3-i ndolyl-FD-

galactoside (Xgal)

0.2 mMdissolved in HzO and filter sterilisedlsopropylth io-p-Dgalactoside

(rPTG)

100 pg ml-tdissolved in HzO and filter sterilisedAmpicillin

final concentration in

media

method of preparationReagent
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pZEROI (#1e500-01) - supplied by lnvitrogen Auskalia Pty Ltd, Mount Waverly, Victoria, Australia.

sqp I

DÆl " Thk sq¡n¡h¡s lf,s
ncogrüon ilra bott o{
¡+lridt m b.¡rld hlhå
nrunlfle ebút¡lril*-C+nrnrrrt¡ for pLEr(}Ú-I

L&llü n¡eloru5s

pZEROI can be transformed into E coli DH10p and grown on LSLB Zeocin plates or LSLB Zeocin

broth

LSLB (Low Salt Luria-Bertani) broth per L:

To 950 mL distilled HzO add:

10 g bacto-tryptone

5 g bacteyeast extract

5 g NaCl

Adjust the pH to 7 with 5 N NaOH, adjust the volume to I L with distilled HzO and sterilise by

autodaving for 20 min at 15 lb sQ.in,-t on liquid cycle.

LSLB plates per L:

As for broth, add 15 g bacto-agar prior to autoclaving

LSLB Zeocin plateslbroth:

Prepare LSLB plates and cool media to 50'C before adding Zeocin to a final conæntration of 25 Pg mL'

r. Zeocin (#R25G01) is supplied by lnvitrogen Austnalia Pty Ltd, Mount Waverly, Victoria, Australia.

pZÊrOÐ-'l
2.8 kb
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pWBVecB - supplied by CSIRO Plant lndustry, Canberra, ACT, Australia.

I 9S6
78q

cl136ll'
açl" 0l

E09
t
918
991

I'

1 60õ

fË2s

(nlron
181t

EttEll
1 90r

2253

e{49
t¡l 2655

EcúFV m74

Nrul'7174

N¡.ol E95I

l¡ e75.5

Sail c27?

Nncl 6423
Fvu¡l 3€õ5

.5til' 5337 Fql 377G
BltE¡ 39T7

tutlul 4021

pWBVecB is transformed into Agrobacterium tumefaciens strain AGLI and grown on

YEP/Rifa mpicill ir/Specti nomydn broth or plates.

YEP broth media per L:

To 950 mL distilled HzO add

10 g Bacto peptone

10 g yeast extract

5 g NaCl

Mix and adjust volume to I L, autoclave.

YEP medium per L:

As for broth, add 15 g bacto-agar prior to autoclaving

otl'

FceFl

al

RK2/trfr

no¡3'K2/Ori

oi¡

t5

35S

I.IPT

tsl

qrlÏ¡

pWEV!cl
rl2E0 bp
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YEP Rifamplcillin/Spectinomycin :

Prepare YEP and cool media to 50"C before adding

Other Reagents:

SOC Medium per L:

To 950 mL distilled HzO add:

20 g bacto-tryptone

5 g bacto-yeast extract

0.5 g NaCl

10 mL 250 mM KCI

Adjust the pH to 7 with 5 N NaOH, adjust the volume to 1 L with distilled HzO and sterilise by

autodaving for 20 min at 15 lb sQ.in.-t on liquid cycle.

Before use allow media to cool and add:

5 mL MgClz [2 M, sterilised by autodaving]

20 mL 1 M Glucose (filter sterilised through a 0.22-pm filter)

TAE 1 x buffer:

0.04 M Trisacelate

0.001 M Ethylened iam inetetraacetic Acid (EDTA)

50 pg mLrdissolved in Dimethyl SulfoxideRifampicillin

100 pg ml-tdissolved in HzO and filter sterilisedSpectinomycin

Final concentration in mediaMethod of preparationReagent
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Appendix 4: Sequences

The origin of the sequences is from Genbank: accession numbers or pater¡t
numbers for each sequence ie given in the íntroduction of that sequence-
Coloured bases highlight the sequence of the primer named r¡¡rderneaÈÏr-
Promoter regions = plain Èext
St,art codon = ATG
Coding regíon - Bold
Stop codon = TÀÀ or TAG or TGÀ

3' untranstated region = underlined.

Barley Phosphate Transporters

HvPTI

Accession number = 4F543197
IIvPTI t,ota1 gêfrê = 3202 bp
Promoter = 1403 bp
eDNÀ = 1553 bp = 52! amino acids
3' untranslaÈed region = 236 bP

5' 1
51

101
l_5r_

20't
25L
301
3 5l_

401
451
5 0t_

551
601
651
70r
75'1,

801
851_

901
951

r.0 01
r_ 0 51_

1101
11_51-

7207
L25'1,
1301
t_3 5L
1401
14s1
1501
1551
1601
1651
LTOL
1751
1801
1851
1901
1951
2 001

GAGCTCCGAC TACCCCCGCG ATATCAAGCA
GCGGCCTÀCA AAGTTCCAGG ACCÎAACCTA
CCTCGTTCAA CGAGTCCGGC GGCGAGGCGT

AGCGATGGAT CAACGGGGGC CATCTACÀÀC
CTCCGEEACG TTGGCACTGA CACTGGGTCC
AAÀA1TGCAAT CAACCGACTA TTTAGTGCTT
TGTTTTGGGC AAACTTTTTT GAAAÀCGATT
CAATTTCGGT GGTTTTTGAC AATTTACTCT
CTCAGTTACA GACCCÄACTC AAAAACACCT
GCCAAÎGGGT TCTTCGTTGT TCTCACACCT
GCATGTTGAT ATTGCTACGG TCCATGAGGT
AACTGATAGC ACGTTTACTT GCTGGTTGCT
AAACACGATG AÀCTCCAACT TGGTATAAAC
CCTCATCCCT ÄACGAATTGT GGTGCCCATC
TAATGCAATC AATTTTTCGT TACCTTÎCTA
TGTAAACAAC ACCATGTCAT GGTCATATAT
TAATTAAGTT TCTCAGGCAT ATTCGGATET
TACAGTTGCT AAGTTTGACA TAGCTACTAG
ATTCGAÀGCT GTGATCCGCT TGATGTACTT
TATATGTTCA ÎATATATGTC ATGTATATTC
GTTCCAGTTT TATGTATATG A.AACTTCAAA
TATATAAGAA ATCCCTAGCT CAATCCTTGC
ACTTAGCAAG CTGCAGCTTA AATTAAGGGA
TGTCTATTTT ATAAGAGTAT CATGCCAÄÄA
ACGGCTGTAC GTACGTGCAA TGCCGTACAT
GTAGCGAGGA AATGTCCCTT TGGCATATCC
ATATATACGT ACTAGAAGAA CGGAACAÄAT
GAAGAAÀGAT AGAAGGGGGC AGGAGTTAAG
ÀTGGCGÀCTG ÃÀCÀGCTCÀÀ CGTGTTGIåÀ
GCÀÀCTGTÀC CÀTTÍCÀÀGG CCGTG¡GTGÀT

CCGIÀCGCCTÀ CG¡ÀCCTCTTC TGEÀTCGCGC
cceÀÎcÎÀcT ÀcÀcccÀlcc TGCTCTCÀÀC
AÀÀCGÎGTCG GCCGCCGÍGÀ ÀCGGCGTGGC

GCC,AGCTCTT CTTCGGCTGG CTCGGIGIÀCA
rÀceccIrca ccclcÀlccT cÀlccrccTc
CTCGTTTGGÀ CACGÀGGCCÀ ÀGGGCGTÀÀT
GCllClGGCT CGGCTTCGGC GTCGGICGGCG

ÀÍEÀTGTCCG ÀGTÀÎGCÎÀÀ CÀÀGAÀGACC
CGTÍ¡TTTGCC ÀIGCtrGGoGT TTGGEÀTCCT
ÎCÀTCGTCTC GTCCGSAITC EGÀC'ÀTGCÀT
ÀTTOÀCGCCG CGGCÀTCCÀT ÎGGTCCGGÀG

AGACCCATGG
CGGCCGGTGG
GGGCAGGCAT
TGCCTACGTG
TGTTTGTTAG
GAATTTTTTA
GTTTTCGGCA
AAACATCAGC
CAATTACAGT
GGGTGGGTGT
ATAGGCCAGA
GCATATCGTÀ
TACAGCCGTC
CGGGAAAATA
ACTATGGAAG
ACATAAAACT
TCTCATTATT
TGGTAGTATA
CAGCAGTTCG
CTAGCATAAC
GTCAAATCTC
GATAACTAAA
CGACATTTTA
TCTTGCTGTC
GGAGATTTTA
GCCGÀACCTG
CACACAACAA
CTGAGAGATC
GCGCTCCIÂTG
CGCCGGCÀTG
TTG¡TCÀCc'AÀ
GAGCCCGGCC
ccrÀTgcGGc
ÀGCTCGG¡CCG
TGCTCCÀTCG
GGGGÀCTCTÀ
ÀcTÀcccrcT
CGCGGCACCT
ÀTTTGGTÀCT
TCCCTGCÀeC
GCCGÀCTÂCG

AGGGCAGGCG
CGTGGCCTCA
CGGCGTAGAÄ
GACTGTTTGA
GTTTTCTGTC
CTGAATAACG
CTGAGCGACG
AGACCAATGC
CAGGCATGTT
TTATTCGÀÄA
GACTCTCGTA
CACÃATAAAC
ACAACTCATA
TCGGTCACTC
ATTTGGGACG
GCCAACTTGC
TTCTCTCGTT
GTCTACTACT
AGATCCATCT
AATTAlGTGG
ACATAGACCT
ATGCATCCCA
CATTCTTGTG
TTGATAATGT
ATATTTACAA
CATTATGCCT
GAGAA.AACCA
GCCGGCGACE

TlGCCÀÀGAC
G¡GCTTClTCÀ
GCTGCTGGGG
ÀccTcecGGc
ÀcÀctTG¡ccG
CÀÀGAGCGTC
COTCGGGGCT
TGTTTCTTCC
GÀGCGCqACC
TTÀTCGCCGC
ÀTTGTTÀCCÀ
G¡CCÀTTCTAC
TGTGGCGCAT

d
lltg

l
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2 051
2101
2 151
220L
225L
23 01
235L
240L
245L
2501
2551
2601
265L
270L
275r
2 801
2 851
2901

cArcclcÀÎG ITCGG¡CÀCCÀ TCCCGGCCGC CCI|GACCIÀC TÀC|rGGCGCA

TGÀÀGIATGEC CGÀÀÀCÎGCÀ CGGTÀCÀCÀG CÀCTCÀTCGC CGGCAÀCÀCG

ÀÀGrcÀÀGccAcÀTcÀGÀcÀTGTccÀÀGGlGcrcÀÀcå.trGcÀGÀTcTcÀGÀ
GGÀÍ¡GCTGGG CÀ,GGGTG^ã,GC GGGccAcTGG TGiATÀccTGG GGccTcTTcT
CCÀOGCAGÍT CÀTGA.ÈGCGC CÀTGGGCTGC ÀCTÎGCTÀGC GACCÀCÀÀGC

ÀCTTGGTTCC TGCÍCGATGT GGCCTTCTÀC AGCCAGAÀCC TGTTCCAG¡ÀÀ

GGÀCÈTCÎÎC ÀCCÀÀGATCG GGTGGNTCCC OCCGGCCÀÀG ÀCCÀTGÀÀTG

CATTGGÀGG¡À ÀTTGTÀCCGC ÀTCGCCCGTG CCCÀÀGCGCT CATCGCGCTC

TGCGGCÀCG¡G XGCCGGGCTÀ CTGGTÎCÀCC GTCGCCTTCÀ TCGÀEåTCÀT

CGGGAGGTTC TGGIÀ,TCCAGC TCÀTGGGÀTT CÀCCÀTGÀTG ÀCCÀTTTTCÀ

TGCTTGCÀ.trT CGCG¡ÀÎÀCCG TÀTGIÀCTÀCT ÍGGTGÀ.àÀCC AGGGÀÀCCÀC

ÀccGGcTlcGrcGTGcTTlÀTGGGcTcÀcTTTcTTclTcGccÀÀcTTcGG
CCCCÀÀCAGC ACÀÀCCTTCÀ TCGTACCoGC ÀGÀGATCTTC CCGGCGÀGOC

ÎCCGGTCÀÀC ÀTGCCACGGT ÀTÀTCGGCCG CAÀCCC¡G¡TÀÀ GGCGGGCGCG

ÀTCÀTCGGCG CÀTTCGGGTT CTTGTÀÎGCG TCGCÀGGÀCC ÀGIAÀGÀ.ÀGCC

TGAGACAGGG¡ TÀTTCÀCGGG GÀÀTCGGCÀT GCGCÀÀCGCC CTCTTCGTGC

TCGrcTGGCÀC ÀAACTTTCTG GGCCTGCTCT TTTCCCTOCT GGTGCCGGIAG

TCCÀÀGGGCÀ ÀGTCGCTCGA GGÀGCTCTCC ÀÀGGAGAå,CG TCGGCGATGA

Sense Primer à nr-Pcn
295L TGGCATCGAT GCTTÀGGCTG GTGCACATCT GGAGACACAG AGTCATGCAC

Sense primer à real-
ÀAGTGTTTCC TTTCTCCTTG

time RT-PCR
CAGCATTTCT TTCETTCTGT GTGGCCACTT3 001

3 051
310L

3l_51_

320L

e Anti sense primer real-time RT-PCR
CCTGAATTTG TGGTGTCGCT TACCGTTCGT GTGTTGCTGT TTCTGGCTGG

ATTÎTGCCTA AAC CCAGCGA GATTGCAATT TTCTGATGGT GCTCTGTATT

Anti sense Primer RT-PCR
CGTTTGTGAA GAATTGCCAA TA.AAå*TATCC CCTTCATTTG ATTTGATTCC

3AA

HvPT2

Accession number = AYL870l-9
HvPT2 Èotal gene = 3063 bP
PromoÈer = 1-295 bP
cDNÀ = l-578 bp = 525 amino acide
3' untranslaÈed region = 190 bp

5' 1
5L

101
1_5L

20t
257
3 0t_

351
401
45L
5 01_

551_

601
6 5l_

701
751,
801
851
901
951

100r.
r_051
t-t_ 01
l_151
120r
12 5L

GAGCTCAATT
AAATGAGGAT
GCTTTGTCTC
CTCTCTTCAT
ATTTATCATT
AGCAACCGGC
CCAATTAATA
CGACATCCCC
GAAATCCTAG
TACAAACATC
CAGGTCGACG
ATCTCCGGAG
CGÀTGATTTG
TACAAAAGCA
GGAGACACAC
CAÀGTGCCTA
AATTAACCCC
AACATAAGAT
TGCTTGTGTC
ATGATTTGAC
TGÄAGGTCAA
GAACCATCCT
TATCATATTT
ATATGTCCTT
ACCAGATGAG
AAGATAGAAG

AACCCTCACT
TATCCACCGC
ATECATTAAA
ATGCAGTCAT
GATGTTTTGT
TAGAGCTTTG
TGAAAGACTG
GTGGCCACAC
TCGAEACCCT
AGAÄACACAC
ACTCAACTAC
ccGccAcTcc
TTGAGAGCAC
ATCTCCGGAG
ATGCCTAGTC
CCTCTTTCTG
ATCTCTGAAC
ACÀACTCATC
TGTACAATCT
TTCAGTATTT
ACCTGATAAÀ
GATATGTACA
TATACTTGCA
ACCTGTATGC
CÀCCGAÀTAA
GGGGCAGGAG

AAAGGGAGTC
CTCTCTTCAT
TAAÄAGAGAA
AATÀACTGCA
TTTCTACTTT
CCTTTTCÀTA
GCCGAI\I\I\CC
CCCCAATGGC
ACCTÄATGAT
CACACTGGCC
GCGAATAGAT
GCTTCCTCAC
CACCCAAGCG
cccccGcTcc
GATAGCGACA
CCATACCATG
AAAGGTCACC
GTATAATCTT
GTTCCTTTGA
TTATTTCCCA
TTAAAGTTTA
ATTCGTTGTA
ACTAGCAGTG
CTTCACCCTG
AGCACACCAG
TTAAGCTGAG

GACTCGATCC
TTTTTTTAAC
TAGAGTTTTl
AGACCTACCA
TGCTTTCCTT
CTAÎAÀAACA
GATATAACGA
CCGACTACTC
ACAGAGTCGT
TCGAGGCCGC
TCTCAAACCA
CÀGCCCCGAG
ACAGA.A,CAAA
GGETTTGACA
CGCCATGAGA
TÀGTTATAGA
A.AATCCATGT
GACCTTTTTC
GGTATATTCC
AATTCTATAG
GCATlCCTTA
CTTACAAGCG
TÎAGATTGGC
CATTATGGCT
A.AGAGAGCAA
AGATCGCCGG

TTTTTTTAGA
TGAGTCN\I\¡\
TACATCCCGC
CTGCATATCC
CTTATTCTCG
.AGATAATTGT
GCCATACAAA
TATCACCCAA
cAcTccc,GcT
GCTCACCCAA
CACCAAGGTG
GCTACACACC
CATCTTTCAT
CTGGCCCCAA
ACACGAGCCA
GGAGCGACCA
lTGTAGTGAG
TCACN\,¡\GCT
AAGCATAACC
TACTGAÄATT
ATCCTTCTAA
ATGCCGTACA
ATACCACAAC
ATATATACGT
AI{I\I\I\GAI\GA
CGGCCATGGC
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1301
1351
1401
1451
1501
1551
1601
16s1
1? 01
1751
1801
1851
1901
1951
200L
2051
2LOL
2151
220L
225L
2301
2351
240r
245L
2501
2551
260L
26sL
270L
275].
2 801

GÀCTGAÀCAGcTcAÀcolGTrGÀ.â.trGcAcTcGÀTGTfGccÀÀGÀcceåÀc
TGTÀCCÀTTT CÀÀGGCCGTG GTGÀTCGCCG GCÀTGG¡GCÍT CTTCÀCCGÀC

GCCTÀCGÀCC TCTTCTGCÀT CGCGCTTGÎC ÀCCÀÀG¡CTGC TGGGGCGqAT

cTÀcÎÀcÀcc GArccTGcTc TcÀ.trccl,Gcc cccccÀccTc ccGGeÀÀÀcG

TGTCGGCCGC CGÎGAÀCGGC GTGGCCCTÀÍ GCGGCÀCACT TGCCGGCCÂG

CTCTTCTTCG GCTG¡G|CTCGG TGÀCÀ.trGCTC GGCCGCÀÀGÀ G¡CGTCTÀCGG

CTTCÀCGCTC ÀÎCCTCÀTGG TCCÎCTGCTC CÀTCGCOTCG G¡C¡GCTCTCGT

TTGGACÀCGIÀ GGCCÀ.ÀGGGC GTÀÀTGGCGA CTCTÀTGÎÎT CTTCCGCÎTC

ÎGG¡CÎCGGCT TCGGCGTCGG CGGCGACTAC CCTCTGIAGCG CCÀCCATCÀÎ

GTCCGiÀGTÀT GCTÀÀCAÀGÀ ÀGIÀCCCGCGG CACCTTTÀTC GCCGCCGTGT

TTGCCÀÎGCÀ GGGGTTTGGC ÀTCCTÀTTTG GTÀCTÀTTGT TÀCCÀTCN'TC

GTCTCGTCCGCA,TTCCGAC.ATGC.ATTCCCTGCÀCCGCCÀTTCTÀCÀTTGA
CGCCGCGGCÀ TCCÀT|IGGTC CGGì,G¡GCCGÀ CTÀCGTGTGG CGCAÎCÀÎCG

TCÀTGTTCGG¡ CÀCCÀTCCCG GCCGCCCTGÀ CCTÀCTÀCTG GCGCÀTGÀÀG

ÀTGCCCGÀ.âÀ CIGCÀCGGÎA CÀC^GCÈCTC ÀTCGCCGGCÀ ÀCÀCGAÀGCA

ÀGCCÀCATC.I, GÀCÀTGTCCÀ ÀGGTGCTCÀÀ CÀÀGGÀGÀTC TCAGÀGGAGG

CÎG¡C¡GCÀGGIG TGÀGCGGGCC ÀCTGGTGÀTÀ CCTGGGGCCT CTÎCTCCÀGG

CÃGTTCÀTG¡À ÀGCGCCÀTGG GGTGCÀCTTG CTÀGCGACCÀ EÀÀGCÀCTTG

GTÎCCTGCTC GATGTGGCCT TCTÀCAGCCÀ GÀ.ÀCCIGTTC CAGAÀGGÀCA

ÍCTTCÀCCÀÀ GÀTCGGGTGG ÀTCCCGCCGG CCÀÀGACCÀT GIAÀTGCÀÎTG

GÀGGÀÀTTGÎ ÀCCGCÀTCGC CCGTGCCCÀ.I GCGCTCåTCG CGCTCTGCGG

CÀCCGTGCCG GGCÎÀCTGGT TCÀCCGTCGC CTTCÀTCGÀC ÀTC¡'TCGGGÀ

GGÎTCTGGÀT CCÀGCÎCÀTG GGÀTTCÀCCA TGATGÀCCÀT ÎÍTqATGCTT
GCÀÀTCGCG¡À TÀCCGTÀTGÀ CTÀCTÎGGTG ÀÀÀCCÀGGGÀ ÀCCÀCÀCCGG

CTTCTÎCGTG CTTTÀTGGGC TCÀCÎTÎCTT CTTCGCCÀ.trC TTCGGCCCCÀ

ÀCÀGCÀCÀÀC CTTCÀTCGTA CCGGCÀGÀGÀ TCTTCCCGGC GÀGGCTCCGG

TCÃÀCÀTGCC ÀCGGTÀTÀÎC GGCCGCÀÀCC GGTÀÀGGCGG GCGCGATCÀT

CGG¡CGCÀTTC GGGTÎCTTGI ÀTGCGTCGCÀ GGÀCCÀGÀÀG ÀÀGCCTGÀGÀ

CÀGGGTÀTÎC ÀCGGGG,AÀTC GGCÀTGCGCÀ ÀCGCCCÎCTÎ CGTGCTCGCT

GGCACÀÀÀCT TTCTGGGCCT GCTCTTTTCC CTGCTGGTGC CGGÀGTCCÀÀ

GGG¡CÀÀGTCG CICGÀGGIÀGC ICTCCA.trGGTA GÀ.ilCGITGGC GIÀCGÀTGACG

2851 CCATTGcCCC ÀÀCTGGTGTC ÎÀAGACATGC AGGTGTACTT GCACACTCGT

sense primer ) nr-Pcn
Sense pri mer ) real-Èime RT-PCR
GCATTATTGG TGTGTTTGAT ATGATTTTCT GTGTT'AATTC TGCGGCTTGT

e Anti sense primer real-time RT-PCR
TTTGTTGCTG TAATTACTCT CTGAAATTTA ATTGTTGTAA TGCCGTGACA

e Anti sense
ATGTAATGCT TAAACTGTAA AAGACAACGA TTCAATTTTG A,U\GAACA'qA

primer RT-PCR
AATATCATCT CTA 3'

290]-

295]-

3 001

3051

HvPT3

Accession number = 4Y187025
HvPT3 total gêIìê = 656L bP
PromoÈer = 4841 bp
cDNÀ = 1611 bp = 537 amino acids
3' untranslated region = L08 bP

5', 1
5L

101
r-51
201
251
30L
35L
4 0r-
451,
501
551_

ACTAGTGAAT
TCCTGGCCCA
ATGATTTTAG
GTTTTTGACA
TCGCAAGATT
AACTCCTTCT
GCTCATCAAC
GGTTGGCTTG
ATGAAGCGTT
GTCATCCACC
CTATAACTTT
CTTTCAACAA

CAAAGGTTCC
ATCTCGGTTG
TA.AATTTTCT
TGTTTCATCT
TTGTCTATGC
TTGAGTGCAT
AGAACGA.ATC
TCCCTGCTCG
TCTTACAGCG
ACCA.AACTCC
CTTCACATTT
ACACAAGCTC

TTTAGAACTT
GTAGACAAAA
TGGATCTATT
GTTTCAACAG
AAACCAATTG
TGGTATCTCC
TGCCGAGCGC
CTCATGCCTC
GTCTATCTTA
ACTAGAACGC
TTGGTTGTGC
GAATTCCGTT

GTGTTTTCGG
GTÀTTACGTG
TACTC\i\I\IU\
CTTGTTGAAC
GGGGTGAGTA
ACCATGTTTC
AAACATTGCC
TATGACATTG
TCAACCGTGÎ
ATGTTTGATA
GGTATGGCCA
CCAI\I\CTGTG

ATGTATGGGG
AGCTTTATTG
TAAGTCTGAT
TCCTCTTTAA
CCA.AAAGCTT
CTGCCCTCAT
ATATTGTTGA
AAATTTTGGG
CCCTAGTCGA
TTAAACCAAA
AATCTACGGC
CGlATTCATA

¡r

,¡
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{

601
65L
7 01,
751_

801
851
901
9 sr-

L001
l_051
1t_01_

1151
1,20L
L25'1,
l-3 0L
L3 51
r_4 0L
r-4 51
1501_
15sr-
16 0t-
1551
7701
r_751_

18 01
1.85L
1901
r.951
200t
2051_
2tor
2L51
220t
225]-
2301,
235'J,
240]-
245L
2501
255]-
260L
2651,
270].
275r
280r
2851_
290L
295]-
3 001
3 051
3101
3151
320r
325r
33 0L
33 51
34 01
34 51
3501
355L
3 601-
365r.
3701
3751

GGATACAGCAATcTccAcAAAGGGTACAAGTGTCTTGATGTTTccTcTGG
CCGGGTTTAT ATTTCCTGCG ATGTTGTTTT TGATGATCAC ATCTTCCCTT

TCGCCACCTT ACATCCAAAT GCCGGCGCTC ÄACTCCGCAA GGAGCTCATA

CTTCTTCCGC CCAACCTTCT ACCTTTGTCC GGTCCTTTAC CACGGGGAGG

AGTAGATTTT GATCATATGT CTATATCTCA TAACCCTC'GT GC^A.AGTGTGC

AGGAACATAC GGAÀGAAGAA ATCGCCGAI\I\ ACGGCCTTGA TTTTATGCAG

CAACCAGATC ACACCGGTGC AACAAATCCT GGTGGAGATC CTGATGCTGA

TTcTGGcGcAGAATcTGccTcGGAGTcAcGcGcTGcAAcTGcAGcAGAcA
GATCCTCECC GGGATCAGCG CCATCGCCAG GCCGGGCAGG CGGATCCTCT

CCGGGTCTCG CGCCAGCACC AGGTGGGTCG GGCGGGCCCT CGGTAGGTGG

ATCTCCTTCG GCCCCGCGCT AGCACCAGGC AGGACGGACG GGCCACATGC

ACTGTCCCCC GCGTGCCCCT CCCGACACTG GTCACACGCA TGCACCCACT

CCGGAGCCTC CAAGTGGCGG CACTGEGGCT GATCTGCATG GCGGATCTTC

TACGACTGAT GCAACCGATG CTTCTCCCGT GCATCAAACT CGCCTCCATC

^AACATCTCTC TCGACCACCG CCGCCACCAC CTGATCGACT CCAAACCAGG

TCTCGTAGTG GCATTATTÀA ACCTAAAGTT TÄTAAAGATG GTTGCGTACG

CTGGGGTTCT TTCTGTTCTA CÀGGTGAACC GCAAACTCTG GATGAGGCCC

TTAGTCAGTC ACAATGGAAG GCTGCTATGG ATGAGGAGTA TTCTGCTCTT

ATGGAGAÀCA ACACATGGCA ACTTGTTCCT CCTGTCAAGG GCAGAAATGT

TATTGGCTGC AAATGGGTCT ATAÄÃGTTAA AAGGAAGTCT AACGGCACCA

TTGACAGGTA CAAGGCTCGG TTGGTTGCAA AAGGGTTTAA GCA.AAGGTAT

GGACTTGACT ATGAGGÀTAC TTTCAATCAT GTAGTTAAAG TTGCCACTAT

CAGAATTGTT CTTTCAGTÀG CAGTATCTAG AAGCTGGTGC ATACGGCAAT

TAGATGTGAA GAACGCGTTT TTGCATGGTG TTCTGGAAGA AGAAGTGTTT

ATGAÀGCAÀC CTCCTGGATA TGAGAATCCA CAGTTACCAC AACATGTTTG

CAGGCTTGAC AAgGCCTTGT ATGGTCTCAA ACAAGCACCA AGAGCTTGGT

ACTATAGGTT GTCTTCCAAA TTGCAGCATT GGGTTTTATG CCCTCAAAGG

GTGACÀ,CTTC ATTGTTCTTT TATCATAGGÀ AAGGAGTCAC TATTTATATG

CTCATTTATG TTGATGATAT AÀTTGTCACC AÀTTCATGTT CCCAGGCTGT

TGAAGCTCTT CTCAAGGATT TGCGCATGGA TTTTGCTCTC AAAGATCTTG

GTGATCTCCA CTACTTCCTT GGCATTGAGG TA.AÄACATGT GGCAAGTGGC

ATTGTGCTAT CACGGGAGAA ATATGTGCAG GATATACTCC AGAGAGCAGG

AATGAAGAAT TGTAAGCCAT CTCCTACTCC TTTGTCAACT TCTCAAAAAC

TGTCACTTTA TÎCTGGGAGG GTACTTGTGC CAGAAGATGC TACCAAGTAC

AGAAGTGTTG TAGGAGCCCT ACAATACTTA ACATTGACTA C'GCCATATAT

CTCATACTCA GTGAATAÄAG GATGGTAGTT CTTACATGCT ECAACCAGNG

GACACTTTTT GTCACGCCCA AGATGCGACC CTATCCTT.AÀ ATTTGGCACC

GAGAAGCÀTC ATCEGGGATA GAAGCGCATC TCGTCGTGTC GCATGAATGG

ATATCGGTTA CAAGTACATG 9TACTGAAAG GAÀGAGATAT ATAATAGAAT

TGGGCTTACA CTCGCCACAA GCTACATCAG AGTCACATCA GTACATTACA
TAATCÀTCA.A GGGTAAGAGC AGGGTCCGAC TACGGACGAA AACAACCGAG

AAAAGAAGAA CGACGTCCAT CCTTGCTATC CCAGGCTGCC GGTCTGGAAC

CCATCCTAGA TTGATGAAGA AGAAGAAGAA GAAGÀÀGAAG AAGAAGAAGA

AGAAGAAGAA GCAACTCCAA ATAI\¡\CN\TC EACGCGCTCG CGTOU\GTÄI\
CCTTTACATG TACTTGCAAC TGGTGTTGTA GTAATCTGTG AGCCATAGGG

GACTCAGCÀA TCTCATTTCC AAAGATATCA AGACTAGCAA AGCTTAÄTGG

GTGAGGCATG GTTAAGTGGT GAGGTTGCAG CAGCGGCTAÄ GCACATATTT
GGTGGCTAÀÀ CTTACGAGTA CAAGGAATAÀ GAGGGGATGA TCTACGCATA
ACGTAGTGAA CTACTAATGA TCAGATGÄÀT GATCCTGAAC GCCTACCTAC

GTTAGACATA ACCCCACCGT GTCCTCGATC GGAGTAAGAA CTCACGAAAG

AGACAGTCAC GGTTACGCAC ACAGTTGGCA TATTTTAATT AAGTTAACTT
CAAGTTATCT AGAACCAGTG TTAAACA.AAG CTTCCACGTT GCCACAATTT
TAGACTATGG TCTAAATACA TGTAGCTAGC GGGTTAGGTT TAGGGACATC

TGGACCCTCA GATTTAGATC GGGTGGTCAA GATGATTAGG TTAGGGAGCC

CAATGGACAA ACCGAAGACG GCTTGCGGTA AAACAGGGTT GATCCGGATA

CAACGGTCAC GACCGTATGT TTCGGGTACC GAGAGGTTTT CGAACTAGGC

TGCGCGTAGG GTCGATGCAC TGTGCAGAGG GGCTAGGCGG AGATTAGAGG

GA.AAACGGGC GACCCGGCGA CGATTTTTAA AÀCACCGACA ACCGTCCGAC

GGTAGACCGA ATACGGTGCC GCTACGGTCG ACCGTTCGGG TACCAGACGG

ACTCCGATCG CGACGAI\]\TT CGACAGGCAG CCTAGCTATA TCTAATTACG
ACCGCATGCE AAGTTTCACC TCGATCAGAG AAAGTTTTAT GCACACTTÎT
GAAAACAAGA TTTGACGATG TCGCGGGCGC GTGCGAGTGC GGTCGGGCTC

ÀGAAEGGACA ACGACGAGAA CCGGCAACTA ACAACC'GATG CAAGTTTTGA
AAACTGGCGG CAÀCGGAATG CTGATGCAAT GCAGATGATT CGAATGATGC
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3801
3851
3901
3 9s1
4 001
4 051_

4t0l
4 t_51
420r
425L
4301
4351_
4401
4451
4501
4 551
4 601_

4651
470]-
475r
480r_
4851
4901
4951
5001
5051
5101
5151
5201
5251
53 01
5351
5401
5451
5501
5551
5601
5651
57 01
s751
5801
5851
5901
5951
6001
6051
6L01
6151
620L
6251
63 01
6351
6401

GATGATGAÎG CGACAIqAI\GA AAATAGACAC ACGACGAAAA CGGAÀTAAAG

GGGGGATCTT CTGGAACGTC GGTCTTGGGC TGTCACAACT TTGCAGCTGT

CAÀÄAGAÃTA CTTTGGTATC TTCAAGCAAC CAAGGGCEAT GGACTTAAGC

TTGGTAGGTC AGACTCAATG CTAGTCAGTG CCTTCTCTGA TGCAGATTGG

GcAGGATGccCTGATGACAGGAGAICAACACGGGCAGGATGCAGATTGCT
A.AGTCTTCTT AGGCAGCAAC TTAGTTTCCT GAAGTGCTCG CAAGCÀAGCT

ACTGTATCCA GGTCAAGCAC GGAAGCTGAA TATAAAGCAC TAGCAAATGC

TACCGCTGAA ATCATATGGG TGCAGA.A.TAT GTTGATAGAA TTGGGTGTTT

CACACCCATC ATCAGCATCT CTTTGGTGTG ATAATCTTGG TGCCACGTAC

TTATCTGCTA ATCCTATCTT TCATGTCAGG ACTAACACAT ATCCAGATTG

ACTATCACTT TGTTCGTGAA AGAGTAGCCA GCAAACA.ATT AAACATCCGG

TTTGTACTCA CTGGAGATCA AGTGACAGAT GGTTTTACTA AACCATTGAC

AGCACAÀCAA CTAGCTTCAT TTAGACACAA TCTTAACTTA GATAGTTTCG

ATCGAGGAGG AGTGTTGGAA GTTGTAATCT ACGGTATGTA TA.AACCGTAT

AGAGATAACT TAGACTTGGA GATAAGTTAG TTTA.AACCAT CTATACCGAA

GAGAÎATGAC TTGAAGATCA ATCCTCGACA TA.ACAAACTT TGTATATCTT

ATGCTATATA TTAACACGCA TCGCATCGCG TTCGTGCAÀG CCATACGGTT

AACCTAGCTT TTCCACGCTG CGGCCGGTCT CCTCCTCCTC GCCCTATTTA

TÀCGAGCAGT AGGCGGCCCA TTATTTCTGC ACCACAACAC ÀACAAAGTCT

TCCGGCCGGC GGGCACCGTC GTCTAGCTCT CACACTCGCA GCGTGCCGCG

GccAAAcGTcAGTCcccTGTGcAGcAAcAGcAGcAGcAGcÀTGGCGCGGT
CGGAGCÀGCÈ GGGGCTGCÀG GTGCTGÀGCG CGCTGGÀCGC GGCCåÀGACG

CÀGilGGTÀCC ÀCÎTEÀCGGC CÀTCGTCGTC GCCGGCATGG GCTTCTTCÀC

ccÀccccrÀc GiaccTcllcl GCÀTCÎCCCT CGTCÀCCÀ-trG CTCCTCGreCC

GCATCTÀCTÀ CÀCCGACCTC TCCÀÂGCCCG ÀCCCCGCCTC CCTGCCCCCC

ÀGCGTCGCCG CCGCCGTCÀÀ CGGCGTCGCC TTCÎGCGGCÀ CCCTCGCCGG

CCAGCÎCTTC TTCGGCTGGC TCGGCGIÀCÀ.tr GAÎGGG¡CCGC AÀGÀGCGTCT

ÀCGGCÀTGAC CCTCCTCCÎC ÀTGGTCÀTCT G¡CÎCCÀTCGG CÎCGGGCCTC

TCCTTCGCGC ACÀCÀCCCIÀ GÀGCGTCÀTG G¡CCÀCGCTCT GCTÎCÎTCCG
CTTCTGGCTC GGCETCGGCÀ ÎCGGCGGCGIA CTÀCCCGCTC ÍCGGCCÀCqÀ

TCATGÎCCG¡À GTACGCCÀÀC ÀÀGÂ.trGACCC GCGGCGCAÍI EÀTCGCCGCC

GTCTTCGCCA TGCAGGGCTÎ CGGCÀTCCTC GCCGGCGGCÀ TCGTCÀCCCT

CÀTCATCÍCÀ TCCGCCTTCC GCGCCGGG'TT CCÀCGÀÍ¡CCG GCCTÀCCAGG

ACG¡ÀCCGCGÎ CGCGÎCC,ACC GGCACGGÀGG CCGÀCTTCGÎ GTGGCGCAÎC

ÀfccTcÀÎGc fccocccccT GCCGG¡CCCTG ClCÀCCrÀCr ÀCTGGCGGÀT

GÀÀGIATGCCC GÀGÀCGGCGC GCTÀCÀCCGC CCTCGÎCGCC ÀÀGÀ.trCGCCÀ

ÀGCTGGCCGrc CGCCGÀCATG TCCÀÀGGTGC ÎGCAGG¡TGGIA GCÎGGÀGGÀC

GÀGACGGÀGA ÀGATGGÀCGÀ GiATGGTGAGC CCCGGGGCGiÀ ÀCGACTTCGG

cclcIlcTcc CCG¡CÀGTÎCG CG¡CGOCGCCÀ CGGCCTCCÀC CTCGTTCGGCÀ

CGGCGiÀCCÀC GTGGTTCCTG CTGGAC.N,TCC¡ CCTTCTÀCÀG CC¡\GÀÀCCTG

ÍTCCAGAAGG ÀCÀTCTTCAC GÀGCÀTCÀ.ÈC ÎGGÀTCCCCÀ ÀGGCGCGCÀC

C.AIGIÀGCGCG CTTGÀCGAGG TGTTCCGCÀT CTCCCGCGCG CAGÀCGCTCÀ

ÎCG¡CGCTCTG CGGCÀCÀGTG CCGGGCTÀCÎ GGÎTC.ÀCGGÎ CTTCCTCAÍC
GÀCGTCGTCG GCCGCTTCGC CÀ,TCCÀGCTC ATGGGATTCT ÎCÀTGÀÎCiAC
CGTCTTCATG CTCGGCCTCG CCGTGCCGÎÀ CCÀCC.ACTGG ACIÀCGCCG¡G

GCÀÀCCÀGÀT CGGCTÎCGTG GTCATGTÀCG GCTTCÀCCTT CTTCTTCGCC

ÀÀCTTCGGG¡C CCÀ.trCGCAÀC CACCTTCGTC GTGCCGGCGG ÀGÂTCTTCCC

GGCGÀGGCTG CGIÀTCGACGÎ GCCÀCGGGIAT ÀTCGGCGGCC GCGGGGAÀGG

CCGGÀGCCÀÎ GATCG¡GGGCG TTCGGGTTCC TOTÀCGCGGC GCÀGGIÀCCCG

CÀCAÀGCCGC¡ ÀCGCCGGGTÀ CÀGGCCCGGG ÀICGGGGTGC GCÀÀCTCCCT

CTTCGTGCIC GCCGGGGTCÀ ACCTGCTOGG GTÎCATGTTC ACCTTCCTGG

TGCCGGÀGGC CÀÀCGGGÀÀG TCGCÎGGÀGG ÀGIÀTGTCCGG CGÀGGCÀEÀG

GÀCÀ.trCGÀGÀ ACGIAGGÀCCÀ GGCACGÀÀCC GCCGCCGTG¡C ÀGCCGÎCCÀT

Sense primer )
TGCTAGCTAT GGCTGTTGAG

TTGGTCGAAG ATCCTT.AATT TGGTTTTTGT GATACATATA AI\CGCTTAIU\

CTACTACTAG TATGATATGT TTTGEGGGCC ACCCAATCAG GGCCGGCTCA

TATATATÀCA CAGGCCGGCT CATGTCTATG CC 3

6451
6501
6551
6501-

e Anti senae primer
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HvPT5
Accession number = AYI-8702L
HvPTS total gêfiê = 3224 bP
Promoter = 131-8 bp
cDNA = 1620 bp = 540 amíno acids
3', untranslated region = 286 bp

5' 1
51

t_ 0l_

l_51_

20]-
251_
301
3 5l_

4 0r-
451_

501
s51
501
651
7 01,
751
80L
851
901-
951

100L
l-051
1_l_01

1151
1201,
12 s1
t_3 0l_

1351
1401
1451
150L
1551
1601
1651
1701
1751
1801
1851
1901
1951
200r
2 051
2LOL
2 151
220L
225L
2301
2351
240L
245L
250t
2551
260L
2651
270L
275L
2 801

N\I\CGTATGC TTTACCAGCA CGGACGTATG CGTGTTATAT AGGGCATÀAA

GCCAACCGAA TACAAAGATT ACATGAGATA GAAGTGGTTA GGATTGATCT

TTATCTATAC AAGATCTATC TACAAGATCA ATCCTAATAT TCTÀTCTCTA

AATTAAACACAcccAccccTAAGATAATTACAÀTGTCTAACAATAATCTT
ATCTTACCTA CTAATAÄAGC AAATATTGCT TCCGTCGTAC GTCATTTAÄA

TTGTTCTTAA AGTTGGCTAA AATTACCCAC CAATGCCACT CATAGAAAAC

GTTTCAAACA GGA.AAATCTC CGGACTGGGC CGGCCCATGT AGGCGTCTCC

TATATTACGC TCTGGGAATT AGAAAAAGAT GCAGCACCCA AATGCGCCCA

TGÎGAGTGCC TGTTTTTTTT AGTTTAGTTT TAATTTTTTT TCTTTTCAGT

TCCATTTTGT TTTTCTACTT TAAATAATTT AGAACTTCAA ATAACTTTTC

TTAATTTTAA GAAACTAGGA ATTTCGAACT AAAATATTCA N\AIUqÆ\CAT

AATTTTTTTG AGAATTCAÀA AAGTACTCAG GAGTTTTGAA AAATGTTTGC

ATATCAA.AAA ATGTTTAAAT TTTGC'GAAAI TGTCCATAAA ATAA.AAÄAAA

GTCAATGATT TTAI\I\CN\I\I\ GTCTGTGTAA AAATCTTAÀA ÄACAGTTCGT

GCCTCTGTTT TTAGTCTCGT TTTTTATTTT CATTTTTTGT CCCATTTTCT

AATTTA.AATA ATTTAG^AACT TTGAAA.AACT TTTGCAATTT ATAAAACTTA

GÄATTTGAAA TA.AAATTTTG AAGAAAACAT AA.AATGTTTG TGAGTTTAAA

AAATGCTCGG GATTTTTGTA AAAATATTCG CATATTCAGA ÀAAATGTTCA

TAATTTTGAG AACAATGTTG CTAA.AAATAA TAAAATTCTA TGATTTTGAA

AÀACAAGTTT GTGTATTATT TTTTGAGCGC A.ATTAÄAAAA TGTTTGCTAA

TTCAAAAAAÎ GTTCATGEAT TTEA,I\GN\I\G GTCTT NUqJ\T TTA.AAAGACA

TAATATGATC AGCACGATTG GAGATTATAA TTGTTTTTCT TCCGTTGCAA

CGACÄ,CCCTT TTGCTAGTAA AACGAATTAC CAAATCGTGA TCTGTCCGGT

TTTECGTAGC TGTATCCGAG CAAGTCTTCC AACÎCCATGC CGGACTCGGT

TTTGTCACCA A.ATCTÀTATA AACATTCCGC TCTATCGCCG GGGCACAGCA

GGTTGGCAGC GACAGATCA.A AGCAGCAACA CGAGCTTTGG CACGAGACAT

CCAACACCCA GCGGCGCGAT GGCG!ÀGCCGG CÀGCÀGCÀGC ÀGCTGCÀGGT

GCTGAGCGCG CTGGACGGCG CCÀÀGÀCGCA GTTGTÀCCÀC TTCÀGGC¡CGG

TCGTC@TCGC CGGC,ATGGGE TÎCTTCÀCCG ÀCGCCTACGÀ CCTCTTCTGC

AÎCTCGCÎCG TCÀCCÀÀGCT CCTCGG¡CCGC ÀTCTÀCÎÀCG CCGÀCCCCTC

CÀGrcCCCAÀC CCTGC¡ÀTCGC TGCCGCCCÀÀ CGTGGCCGCG GCCGTCÀÀCC

GCGTCGCGCT ETGCGGCÀCC CTCGECGGCC AGCTCTTCTT CGGCTGGCTC

GGCGÀCÀGGC TCGGCCGGAÀ GÀGCGÍCTÀC GGCÀÎG¡ÀCGC TCÀTCCTCÀT
GGTCGTCTGC TCCGTCGCCT CCGGGCTCTC GTTCGGGCÀC ÀCCCCGGrcCÀ

GCGTCATGGC CÀCGCÎCTGT TTCTTCCGCT TCTGGCÎCGG CTTCGGCÀTC

GGCGGCGÀCT ÀCCCÎCÎGTC CGCCÀCCÀTC ÀTGTCCGÀGT ACGCCÀÀCÀÀ

GÀ.àGIACGCG¡C GGAGCCTTCA ÎCGCGGCCGÎ CTTCGCÀÈÎG CAGGGCTTCG

GCÀTCCTCGiC CGGCGGCGTC GTCâCGCTÀG TCCTCTCCÀC G¡G¡TTTTCCGT

ÀGCGCGÍTCC CGGCGCCGGC GTÀCEÀGACC G¡ACGCCGCÀG CGTCCACCGT

GCCGCÀgGCC G¡ACIÀTGTGT GGCGCÀTCAT CCTCÀTGCIC GIGCGCGCTGC

CTG¡CGGCGCT CÈCGTÀCTÀC TGSCGA.ACGÀ ÀGÀTGCCGOÀ G¡ACGGCGCGG

TÀCACGGCGC TGGTCGCÀÀA GAÀCGICGÀÀG ÀÀGGCCTCGC TGGÀCÀTGTC

CÀÀGGTGCTC CAGTCGGÀGG TCGÀGGCGGÀ GCCGGÃGÀÀG CÍGGÀCGÀGÀ

TC'AÎGGCCÀG ÀGGCGÀGGAC TÀCGG¡CCTCT TGÀCGTCGCG GTTCGCEÀÀG

CGCCÀCGGCC ÎCCÀCCTGCT CGOCACGGCG ACGGCGTGGT TCCTGGÎCGÀ
CGTCGCGTÀC TÀCÀGCCÀGÀ ÀCCTGTTCC.À GÀÀGGÀCATC ÎTCGGCÀGCÀ
TTGGCTGGÀT CCCCÀ.àGGCG CGCÀCÀÀTGG ÀCGCGC,ITCGÀ GGIAGGTGTTC

CGCATCTCCC GCGCGCAGÀC GCTCÀÎCGCG CTCTGCGGCA CCGTGCCGGG

CTÀCTGGTTC ÀCCGTGTTCC TCAÎCGÀCGT CÀTCGGAÀGG ÎÎCTGGÀÎCC
ÀGCTCGTGGK¡ GTTCGCCÀÎG ÀTGGCTGTTT TCÀTGCTCGG CCTCGCGGTG

CCGTÀCCÀCC ÀCTGGÀCGÀC GCCGG¡GCÃ.trC CACGTCGGCT TCGTCGTCÀÍ
GTÀTGGGCÎC ÀCCTTCTTCT TCGCCÀ.ACÎT CGGGCCGAÀC GCGÀCGÀCGT

TCÀTCGTGCC GGCCGÀCÀTC TTCCCGGCGC GGCTCCGGTC GÀCCÎGCCÀC

GGEÀTCTCCG CTGCGGCGGG GÀÀGGCCGGÍ GCCÀTCÀTCG G¡C¡GCGTTCGG

OTTCCTCTÀC GCGGCÀCAGT CGCCGGIACCT GGCGCÀCGTG GÀCGCCG¡C¡GT

ÀCÀÀGCCTGG GATCGGCGÎG CÀGÀÀGGCGT TGTÀTGTGCT CGCTGCGTGC

À.trCCTCCTGG GGTTCTÎGGT CÀCGTTCCTC GTGCCGCÀGT CGÀ¡.ÀCG¡GAÀ
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2851
2901

32 01

295t
3 001_

3 051_

3 r.01
3151_

GTcGcTcGAc Gñ,GÀTGlccG GceÀGGccGÀ cGccGÀGGÀ.tr GGcÀ.ÈcGGcG

ccÀÀTÀÀcGT rccccccTcc GGAGÀCCÀGC IGGÎTTGA4T-çGçG4GAAAG
Sense primer )

CAACACGCGC ATACGTGCAT GTTTGCGCAT GCGACGAGTT TTTGTGTCGT

GACTACTGTA GAACTTTGGG TAGGTGTGTA TTACACÎACA CTTAATCTTA

GCCATAGCCA AAAGGTCGAC ACTAACGTGT AATTTTTTTA AAAGAGTGCG

TAGAACTCAT CTATATGA.AA TATATTTTGG TCTCATTCAC ATTTTTTTAA

AGAGTGCCTA GAACTCATCT AGTGGGATAT ÀGTTTGATCG AGTCGACTCC

€ lnti sense primer
CTTTAGTGAG GGÎTAATTGA GCTC 3'

HvPT6
Accession number = 4F543198
HvPTS total gêrrê = 2876 bP
Promoter = 9l-6 bp
cDNÀ = 1608 bp = 536 amino acids
3', untranslated region = 352 bp

5 1
51

10L
1_51_

20t
25L
301
35L
407
4 5l_

501
s51
601
551_

70L
751
801
851
901
951

1001
1051
1101
1151
T2OL
1251
13 01
1351
1401
1451
1501
1551
1601
1651
17 01
1751
1801
1851
1901
1951
2 001
2 051
2 101
2 151
220L

ACTAGTTATA CAGGTAGTCT ATTCCCTATG GGATTTTACC ATGATGAIÈC

GTCAAÀATTT ATAGATGATT ATCAATATTG CATTTTTACT GTCGCAÄ,CTG

TCCGCTGATG ATTGATTTAT TTGATACTGT TTATGCATAG GTATTATTGG

CGTTATGAAA ACAAATTTAG TTCGGCGACA AGCTGATAGT CGCAAAGGAG

GAATTAAACG AGAGGCTTTA CATACCAAAG CAAGTAATCA TGGGCATTTA

A.ATCATCTAC GATTCCGGCC GGTGTTTTAT CACCTGCTTG AACTGCTGCA

GCGCATCACT TCTTGCTACC ACCTTAAACT GCTAGCTCTT CA.AAAGGAGG

TTTCTAGCAA ACTCTGCTGA CACACATAGC CATCCAAACC ATCTTTGTGC

ACACA.AGA.AA CATGAGTAGG TCGAGAGA.AG CCA.AAC'GGAT CTTCCAAATT

TCGTCTTTCG AACTAGCAAG TTATGGTGAG TGGAGGCGGT ATCCGAIU\CT

GAAJ\AJry\TGC GGATCAACCA AATCCCACAG TAACTGCCTG CAGGAGTCAC

CTÎTTGATGG GATGTCACGT CACCTTÀTTA CTTGCCTCCA TTTTTTTTGT
TTTTCATGCC TCCTTGATCG TGACAGCCTT CATTTATTTC CTCTTTTCCA

TCCTCACCTT ACCAAGATAC CACAAAATAA ATTATAGTTT TCATTTACTA

GAAAATA.AAA AAAATAGTTA GATTTTCCTT TTCACCAACA AiU\TCGGJU\C

AAGATAACTT ATTAGGGTGC G.AATATTCCC CTTCAGGAGG AGGAGCCGCA

GTATTTATCT TGTCCAACCC TCGCGGCTCG TCCCACCCTA AAATCTCTGA

TCTTGTCTAT CTCTCAGCAC AACCAACAGC GÀTCCCCGGC GGCGGCGAGA

GATAAGGCTC GTGGCCATGG CGCGCGÀGCÀ GCÎGGÀGGTG CTGTCGGCGC

ÎGG¡ÀCÀCGGC CÀÀGiACGCAG TGGTÀCCÀCT TCÀCGGCGAT CGTCÀTCGCC

GGEÀTGGGCT ÍCTTC.ACCGÀ CGCGÎÀTGÀT CTCTTCÎGCA TCTCGCTCGT

CÀCCÀÀGCTG CTCGGCCGCÀ TCTÀCTÀCTA CCGCGÀGGGÎ GCCGÀCGCCC

CCGGCTCGCÎ GECCCCCAÀC GTCGCCGCCG¡ CCGTCåÀCG¡G CGTCGCCTTC

TGCGGCÀCGC TCTCGGGCEA GCTCTTCTTC GGCTGGCTCG G¡CGÀCCGCÀT

GGGCCGCÀÀG CGCGTCTÀCG GCATGÀCCCT CÀTGTGCÀTG GTGCTCTGCÎ

CCÀTCGCCTC GGGCCTCTCC TTCGGCTCCÀ CCCCCGGCTC CGTCATG¡C¡CC

ACGCTCTGCT TCTTCCGCTT CTGGCTCGGG TTTOGGÀTCG GCGGCGACTÀ

CCCGCTCTCC GCCÀCCÀTC.A TGTCCGÀGTÀ CGCCÀÀCÀÀG ÀÀGÀCGÀGGG

GCGCCTTCAT CGCCGCCGTA TTCGCCÀTGC ÀGGGCTTCGG CATCCTCåCC

GGCGGCGTCG TCÀCGCTCÀT CGTGTCCGCC GCGTTCCGCG CCGCCTÎCCÀ

CGCGCCCGCC TÀCGAGAÀGG GCGCCGTCGC ÀTCCÀCGCCC CCGCÀGGrcCG

ÀCTTCGTGTG GCGCTTCAÎC CTCÀTGTTCG GCGCCGTCCC GGCCCTG¡CTC

ÀCCÎÀCTÀCT GGCGGÀÎGÃÀ GÀTGCCCGÀG ÀCGGCGCGCÍ ACÀCGGCGCT

CGTCGCCÀÀG ÀÀCGCCÀÀGC ÀGGCCGCGGC CGÀCÀTGTCC ÀAGGTGCTCC

ÀGGlGGÀGtrT CGCCGCCGAG GÀCGÀÀÀCCÀ ÀGGACãACGÀ CGCGGCCGGC

G¡ÀÀGÀCCGCÀ ACTCGTTCGG GCTCTÎCTCC GGCGIAGTTCC TÎCGGCGGCÀ

CGGGCTCCAC CTCCTCGGCÀ CGG¡CCÂCCTG CIGGTICCIC CÎCGÀCÀÎCO
CCTTCTÀCTC GCÀGÀÀCCTG TÎCCÀGÀÀGG ÀC.AÎCTTCÀC GG¡CGiATCÀÀC

TGGATCCCCA ÀGGCCAÀGÀC GÀTGAGCGCC CTCGÀÀGÀ.AG TGCÀCCGCÀT

CGCGCGCGCG CÀGACGCTEA TCGCGrcTCTG EGGCÀCGGÎG CCGGGCTÀCT

GGTTCÀCCGT GGCCCTCATC GIÀCCGGÀTCG GGCGGTTCÎG G!ÀTCCÀGCTC

GGCGGÀTTCT TCTTCÀTGGC GGTGTTCÀTG CTGGGG¡CTGG CCTTCCCGTÀ

CCÀCCÀCTGG ÀCGÀCCCCGG GCÃÀCCÀCAÎ CGGGTTCGTG GTCCTGTACG

cccTcÀccTl CTTCTTCGCC ÀÀCTTCGGGC CÀÀ.ÀCTCCAC CÀCÀÎTCÀTC
GTGCCGGCGG ÀCÀTCÎTCCC GGCCAGGCTC CGGÎCGÀCGX GCCACGGEAT
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2251
2301
2351
240L
245L

crccGccGcc
TGTÀCCTGGC
OCCG€CÀTCG
CCTCGGCÀTG
TCGÀGGAGCT

GCCGGGÀÂGC
GCÀGAÀCCÀG
OGGTCÀÀGÀÀ
GCCTTCÀCCT
CTCCGGCGÀG

Sense
CGGTGCCCGT

TGGGCGCCÀf
GACCCCÀGCÀ
CTCGCTÀTTC
TCTGCGCGCC
ÀÀCGACGACG

CGlOGG¡GTCG
ÀGGTGG¡ÀCCA
ÀTCCTCGCCG
CGAGTCCÀÀC
AGOCGCCGGC

TTCGGGlTCC
CGGGTÀCÀÀG
ccTGcÀÀcrT
GGCÀlCTCGC
GCCCGCGACG

2501 CICGCCÀGGIA

primer )
GTGAGACGTC GCCGT ACGTC AGATATACTA

GTATATGCTA CCGGTGGTAT ACTCTGCAGG
€ lnti- sense primer

TTTGGATGGA TGTATGGGTG255r
260L
265L
270L
2'l5l
2 801
2851

TTTTCTTTTÎ CTTGGTTGGG ACGTTCAACT CAGGAGTGAG TACAACAACA

ATACTACTAT TGTCATGTGT CATGTTATAA TTAATTAATT
AGAGTTTATG GTCGAGTTAA TTATTATTAG TAATATATAT ACTACGTAGG

TAATACCAEG GACGGAGCTA GCATTCATGC ATAGAGGAGG CAAGTTTGTT

TATTTAAAGG GCAGAATTCA TATGAAGTGA ATTTTTTTTA CTACAATTAC

TACAATCATA ATAGAAGAAC CAATTT 3'

HvPTT

Accession number = AYa87o22
HvPTT total çtene = 3700 bP
Promoter = 1347 bp
cDNÀ = l-584 bp = 528 amino acids
3' unt.ranslated region = 769 bP

5', 1
51

101_

151
2 0l_

25t
301
3 5r_

40L
451
501
55r.
6 0l_

65L
70L
751
801
85r.
901
9sL

10 01
t_051_

Ll_01
1r-51
t_2 01
1,251
13 01
1351
1401
1451
1501
1551
1601
1651
1701
1751
1801
1851
1901
19s1

AAGTTTTTCT TGGATGGTTT TTTATGNAAG GTTTTTAATG AGGCAATAGT

AATGCAGACA TTGTGATATG TCAGTTTCTC CTTATTTTCC CACTGGGTTC

TTC.GAAGGAG TTCTTGATGG CATATTGTAT GTATCTCATC ATATTCTTCC

TACATGGTTT TTGGAGGAGA CTAATCAAGT TGATGATGAT GATGGTGATG

ATGATGTTAC AAGAATGATT GAAGCAGAGA TTAGGGAGAG TGTTAGGATT

TÃATTAATTA GTTTA.ATTAA AGGGAATCTC TGCCCGTGGA ACAGATAGGT

AGTTTGGCTC CCGAACGATC ACATCCGAAT GTAÀCGGATG CGTCATTTTG

ATCGTGGCTG TTGTAACCAT CGÎGTCTGTG TGATGCGCCT CTTCAGGAGG

TATATATATG TACATCATCG GTATCAATAA TTATCTATTG TTACTGTTCA

TTAACAATTT TCTGAAAGAA TTGGTAATGA GTTGTTATGT C'GTAACAATC

CTCCATGTTA AACTTGEGGT AI\TAIU\GTAT TGGGAAAGTT GTGAATGAGC

CGGGATGTAT TTATACACAT TAACTTTAGA CATGATTTTG CCAAAAÀAAT

TACAAGGGGA TTCATGATAT TATAATATTT TTTGGA.AÀAT AGAAÀÀCCAT

GGTTACAGTA CAAGACAATA AAATGTTACA CATAAAACAT'AGGA'\]\ACC
CGATGGTGTC TGGTACAGAC AAGATGACGA TTGGTAACCT ATAAATATAA

ATTCATAGAA ATGCCTATTT TTACCCTCAA ATGGCACAAC ATGTCACCAT

GA.AACTTTTC Ai\I\TCAJU\GC AACTTTAATC ÀACTACTAGA AJUUqJ\GAU\G

TTTATCATCA GGGTGTATAC AÀTTTTATTC GGAATCCTGG TACACTGGTA

GGTTACCCGC GAGCCCCTCT CAGGAGCTAA GACTGGCATG TTTTGGTTCA

TGTTGTGACA AGTTTCÀTCA TGCGTGGCTA CAAACACAAC AAATATAÎGT
ACATTTTGTT TCGATATACT TGCTGCAGAC AAAACAAGAA TATGCCCATC

CATTÀTTCCT AGAATATGCT CGEAÀAACAÄ, AAGAGCTTCG CTATGCATGG

GAAACTCTGA GCCCATCCAT GTTTTCCTCT ACAAATIAI\G A]\GAGAACTG

TTAAACAGGG AGAAGAAGTT GGGCTCCAAG TAACGAAGGA CCAGGATCCC

GGAATÀTTCT CACCTCTCCG TCCGTATATA CATCGCTAAG TGACACCTGT

GCCÎTCTCCC TCAGTTCACT CCCATCTTAA ACCTCAACAA CCTACCATCG

CGGCTGATCG CACGAGCAAT CTCGCCGCCG GCAGGTCGGA GCTGGCAÀTG

GCGGGCGÀCC ÀGGTACÀCGÎ GCTCGCGGCG CTGG¡ÀCGGGG CCÀ.ÀOÀCGCÀ

GTGGÎÀCCÀC TÎCÀCGGCCA TCGTCGTCGC CGGCÀTGGGC TTCTTCACCG

ÀccccTÀccia cclcTrcTcc ÀTCTCCCTCG TCÀCCÀÀGC! CÀICG¡GCCGC

ATCTÀETÀCÀ CCGTCCCGGG CTCTCCCAGC CEAGGCAGCC TCCCGCCGÀC

CGTCTCCGCG GTCGTCÀ.ÀCG GCGTGC¡CGTT CGTCGGICÀCG CTCTCÀGC¡CC

ÀGCTCTTCTT CGGCTGGCTC GGCGÀCÀÀGG TCGGCCGGÀÀ G¡ÀGCGTGTÀC

GGCÀTGÀCGC TGÀÎGCÎGÀT GÀTCATCTGC TCCGTCGCGT CGGGGCÎCTC

GTTCGGCCGC ÀCGCCCÀCCÀ GCGÎEÀTGGC CÀCGCTCTGC TTCTTCÀGÀT
TCTGGCTGGG CTTCGGGAÎC GGCGGCGÀCT ACCCGCTCTC CGCCACCÀTC

ÀTGTCCGÀGT ÀCGCCÀ.â,CÀÀ GCGGÀCGCGC GGGGCGTÎCÀ TCGCCGCCGT

CTTCGCGIÀTG CAGSGGTÎCG GCÀTCCTCGC CGGCGGCGGC GÎGGCGATCG

GGÀTCÀCGGrc GCÎGTTCÀGG GCCCTCTTEC CGGCGCCGCC GTÀCGCGGCG

GÀCCCGGTGG CÀTCCÀCCCC GGÀCCÀGGCG GACTÀTGÍGT GGCGCÀÎCGT
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2001
2051
2LOL
2151
220r
225L
2301
2351
2401
245r
250L
2 551
260L
2 551
270L
275L
280L
2 851
290L
2957

oCTCÀTGCTC GGCGCGCTCC CCGCCGCGCT CACCTTCTAC TGGCGGÀTCÀ

lGtÀTGccGGÀGÀcGccGcGGTÀcÀcGGcGcTcÀrccccÀÀGÀÀcGccGÀG
CGCGCCGCG¡G¡ CCGÀCÀTGTC CÀÀGGTGCÎC ÀÀCGTGIEÀGA TCACCÀÀG¡GÀ

GCAGGCCGGC GIÀCCTGGiA,GÀ CCGCGATCTC CÀTCÀÀGTCC CÀCÀCGTCGC

CGTCGTTCGG¡ CCTCÎTCTCC ÀGGGiAGTTCÀ ÍGCGGCGTCÀ CGCGCTCCAT

CTCÍTGGGCÀ CGGCGTCGÀC CTGGCÎCCTC CTGGÀCÀÎCG CCÎÀCTÀCTC

GCÀGAÀCCTG TTCCÀGAÀGG ÀCATCTTCAG CGCCATCGGC ÎGGÀTCCCTC

CGGCGCCGÀC GÀTGÀGCGCG CTGGÀTGÀGC TCTÀCCT,CÀT CGCGCGCGCC

cÀqÀTcclcl ÎCGCGCÎGTG CGGCÀCCGTG CCGGGCTÀCÍ G¡GrlcÀccGT

CGCCTTCÀTC CIÀCTCCGTCG GCCGCTTCÀÀ GÀTCGÀGCTC ÀTGGGTTTCT

TCÀTGÀTGIAC GGCÀTÎCÀÎG CTCGGCCTCG CCOGGCCGTÀ CGACÎÀCÎGG

ÀCG¡G¡GCCÀGG GCCÀCCN,GGT CGGGTTCGÎC GTCÀÎGTICG CGCTGÀCCTT

CÎTCTTCGCC ÀÀCTTCGGGC CCAÀCGCGAC CACCTTCÀTC GTCCCCGCCG

AGIATCTÀCCC GGCCAGGTÍC CGCGCGÀCGT GCCÀCGGGIÀT ÀTCGGCCGCG

TCGGGGA.trG¡G TGGGCGCCAT CÀTCGGCTCC TTCGGGTTCT TGTÀCCTGGC

CCÀÀÀG¡CCCC GiÀCCCGGCCÀ ÀGÀCÀGCCCÀ TGGÀTÀCCÀC CCCGGCÀÎCG

GCGTGCGCTÀ CTCCCTCTTC GTGCTCGCCT lGTGTÀGClf GCTGGGG1TTC

ÀTGCTCÀCGT TCCTCGTTCC CGÀGCCCÀÀG GGCÀÀGTCGC TGGÀGGÀGÀT

GTCGCGCGIAG ÀCCGÀGCCCO ÀTCATTGCTÀ ÀCTAGTCTAC TEGTTGCTGC

ATGAÀGATCC GCTAGTCTAC TTGTAGATGA TCGTCGGTGA ATACTGCATT

sense prímer à
AAGTTTTGGC ÀATTAGGGGG CGACGATÀTG ATGÆqJ\TAAT CCTCAGAATT

GTTTCTCGAA GTAC'ATCAAG AAGGTTCTTC ATTTGAA.AAT TCCTTTCATT

TGAATGTGTA TCTTAGCGAG TTTATGTCTC AA.AACGCTCG TTATGTGTCA

CAAGACTACA CTTATGAGGA TACGATTTGA GATAAAACGA

AEATGCAAAC CGCGTGATCT GCAACCGA.AA CTATCAAGGT CGGGCCGGCA

€ Anti sense prímer
AAÄTCTAGGG ACATGTGCAA ÀÀCTAAAACA TGAATCCTAT TTCAATAAAA

A.AACTAACGA TTAGTTTTTT TTAACACGGT ACAGAAACAA AEGCTGATAC

ATACACATAC ACTCACTCCT ATGAÄ,CGCAA ACACGCATAC TCTACCCTAT

GAACATCTCC GTGAGACTTA CATCTTAAGA TTTACGAAGT

CACCATAGAA TCATAGATGC CTCCTCGTCG ATGAAAACGT CTCCTCCCAT

TGAATGTGCA TCGTCAIUUqA TCCTAAAA'TA ACTCCAGGAA TTATGCGAGC

ACCGGGATTT GAAACCTGTT GGGCTGCGGA TACEACATTT TATTTAACCA

TCCAACCACA GGTTGGTTCG CACTAACGAT CAGTTATAAT GCATATATAT

CTCACATAAT TGNTTATAGT GNATACATCT CGCAATTGGT TTTTATAATG

3001
3 051_

3t-01
3l_51
3200

3251_
3301
3351
34 01
34 51
3501
3551
3601_
3 551

3'

HvPTB

Accession number = AY18?023
HvPTB Èota1 gêllê = 3163 bP
Promoter = 13?1 bp
cDNÀ = 1602 bp = 534 amino acidg
3' untranslated regíon = 190 bP
PuÈative cis-regulating motifs (referenced in section 7 -2) have the motif
aligned under the sequence with the Percent,age of similarity.

5' 1_

5L
l_01_

15r_

20r
25]-
301
351
401

GCGTTAAGAG
GGCATAGCCA
AATATTTTTT
ATTAAAGAAC
TTAAATATTT
A.AACATTTTT
TTATGAÄ,TAT
TAGAAACTAA
CTTATTTGAA

GA.AAACAAAA
A.AA

CAGATAAAAA
GACTGGGCCA

CAACACGGTT TTCTCTATAT TCTGTCGCAA

CGCCAGTCGG TATGAATTCA GGAAAAATGT

ATATTTGTAA CATTTTTGAA ÀAGCAAGGAC

AÀTTTÎGGAA CACNqACTTG GTTTAATAAT
CGÀACATTTT TTAAAGTACC AAACATTATT
TAA.AACCACA AATTTAAGGA AATCGCACAC

TTTTÀAAAAA CGGAAACTAT TTTGA.AATTT
AATTATTTTC CAAATTTAAA GAACAGTTTT
AAAAGATAAÀ ATAACCTTAG AI\CAIU\GA¡U\

AAAACTTAG-MOTif 787
ACATAAAÄAA AAGCAA^AÀAC ATAAAÀAGGA
ACTTAG-MoTíf 78&AAAAC TTAG-MOTif
AÀAGGTTCAG GÀACCTACCA GAAGGTTCCC

GCCCAAGTAT CGCCTGGGGA GCCTCGACTA
CTT

ATGGTAATAT
TTGNUUqACG
ATTTTTTGAA
TGAATAATAT
TGAAAÀTATC
CTTTTTTTAG
AGAGA.AAAAA
TGAACATGAG
AÄJU\GNqACG

NUU\GAJqA]U\
78È
NU\I\CTGGTG
CTTGTTACAA
cTTGTTCTA-Motif 75+

451

501_

551_
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601

65L

AATACGTCAA ATAAGATATT CCGGATTTAG AGTCTGTTTT TCTTTTAI\IU\
TAATATAT-MoLif 88t AAA

AATCAGCTAA AATATGTTAT TACTTTAAAA AjU\TACTGN\ GAAAACCAGG

ACTTAG-Motif 78+
TAATATAT-MoLif 88t

TTAGAAATCG GCTGACAACG CATGTAAAAC CGGTCAACCC CATAAGCACG

AATCACAAAG CAI\TÀI\,\TGG ACGGTAGCAG ATTTGACCGA ÀAGCTA.AAAÀ

AAACAATTGC CGACAAATAG CAAACCGATT ATTGACACAA GCTACT

CCTACA.AAGA CTTATAiAI\GG GTTACTTAAC cTTTcAAAcT AGTTcTcccc
AAAA CTTAG-MoLif 78t

CCTCCTCCGA TTTTCAGTGG AGGTGGGGGT CCTCATCTTC AATTACCAÄT

CATAATTATA CACATGAGTT TATACGTAÃA ATTGTAGACG TAGCATTACT

TACATAA.ATÀ TGTTCTTTAA CTTG-MRRI MOÈif 637
TGÎT TATAAGT-MOTif 82I

CTCATTEACA CCTGCACCCA ACGACACAAT CATÎCCCGTG CGTATATTGC

GTATTGcAccGGcccTGcGATGcccAccGGcGccTTGGAGTTTccAcccc
CTTTGTTCCT TCTCCCCGCT TTCAGCAAGT TCATTGTCTG GTACATGCAC

T GCATTCTAT-MOTif 7OT

ACGCTACAAG ATAACCACAT GCAGCTATAC CATCCTCGTA TCTTGCTATT

GTTTCCATTT GGCACATCTA AACAÄACCAA AGCAATAAGC CGGCTTACAT

AACCCCCTTG CTCGCCTATG CTTACTTGGC TCCCATTCCC TGTAI\I\CI\CA

CGATCGAGGA CCGTCTTGAA TCÎTGCTTTG CACCGGCCAA GAAGTGCGGA

CGGGCAGACG TACGTCCGGC GATGGCÀCGG CÀGCAGCTGC ÀCGTGCTTCÀ

CGCGCTGGÀC GIGG¡CCI,GGÀ EÀCÀGÀGGTÀ CCACGCGTGG GCGGTGGTCIA

TCGCCGGCAT GGGCTTCTTC GCCGÀCGCGT ÀCGÀCÀTCTÎ CÎGCÀTCÀCC

CTGGTCACCÀ ÀGCTCCTGGG .ACGCATCTÀT TÀCCÀCGTCC CTGGCCÀÀCC

åGÀCCCCGG¡A ATGCTCCCCC GGCGGÀTCGA oGCGCCCÀTC ÀÀCGGCGTCÀ

CCTTCTGCGG CÀTGATCGTG GGGCM¡CTCT TGTTTGG¡CTG GCTCGGCGAC

ÀÀGGTCGGCC GGÃ.trGiATGTl CÎÀCGGCå.trG ÀCCÀTCÀÎGC TCÀTGNTCAT

GGGCTCCTTT CTCTCGGGCT TGTCÀTTCGG GÀÀCÀCGGCC GACGGCGTTÀ

ÎGGCCÀCGCÎ GÎGCÎTCTTC CGCTTCÎGGC TCGGCGTCGG TÀÎCGGCGGA

GACTÀTCCGIC TCTCCGCGÀC CÀTCÀTTÎCC GÀGTÀCTCTÀ ÀCÀÀGAGATC

GCC¡CGGGAGC CTCÀÍCGCGG CCGTGTTTOC CÀTGG¡ÀGGG TTÎGGCATTC
ÎTGCÀGGCTG CÀTTGÎCåCC TÎGGTCGTGT CGGCCÀCGTT CCÀGGCCCGC

TTCåÀCCCGC CGGCGTÀTGA GGAÀG¡ACCCC ÀÎGGCCTCOG TCCCGCCGCA

GGCTGIÀCTÀC GTGTGGCGCÀ TCÀTCCTCÀT GGTGGGTGCC ÀTCCCÀGCCG

TCTTCÀCCTA CCGCEGGÀGG GTGÀÎGÀTGC CGGAOACGGC GCGCÎÀTACG

GCG¡CTGGTG¡C¡ CCCGCGÀCGC CGÀGÀÀGGCC GCGCGCGÀCÀ TGTCCAÀGGT

GCTCÀÀGG'TG GAÀTTCÀCCG GCGÀ(rcAGGÀ CIAGÀTCG'AG ÀGCÍTCACCÀ

GGGÀCAGGGA CTÀCCGCGTC TTCTCCCGCC GTTTCGCCCG CCGCCÀTGGC

TGG¡CÀTCTCG TCGGCGCCGT TGCGTCCTGG ÎTCGTGCTCG åCÀTCGTCÎT
CTÀCTCCC,ÀG ÀTCATTCTCC ÀGGAGGÀGIÀT ÀTTCAGGGAC GTCÀAGTGGÀ

TCCCCGÀGGC ÀCGCACCAÎG AGCGCGCÎCG AGGâÀCICGTA CCGCGTCGCC

CGTGGÀCAG¡C¡ CGATCÀTCGC GCTCTGCGGC ÀCÀCTÀCCTG GrcTÀCTGG¡TT

CÀCCGTCGCC TTTGTGGÀTG TCGTCGGGCG GÀÀGGCCATC CÀGÎTCCTCG

GGTTCACCÀT GIÀTGìÀGGGÎ CTCÀTGCTCG TCGTCGrcCGC CTÎCTÀCCÀC

CÀCCTGACGC ÀGCCTGGCCG GCGÀÀTÀTGG CTGGTG¡GTCÀ TGTÀCGCCTT

CÀCCTÎCTTC TTTGCCAÀCT TTGGC|CCCÀÀ CÀGeACCACC TTCÀTCÀTAC

CGGCCGiÀGÀT TTTTCCGGCÀ CACGTCCGGA CGÀCCTGCCÀ TGCGÀTÀÎCÀ

TCGGCGGCÀG GCAÀGGÎÀGG CGCCATTGTC GGGÀCGTTTG GCÎTCCTGTA

CGCCTCGCÃG¡ AGGGCGGACG GCAGC¡.trCGA GGTGÀÀÀ.AGT GGGTACCCGT

CGGIGCÀTCGIG CGTGCGTGCC TC'ACÎGTTCG TGCÎGG¡CCGC GTGCÀ.ATGTG

ÎÎGGGCATAA TTTTCÀCCTG ÎCTCCTGCCT GÀGCCG¡ÀÀTG GGAGGTCGCÎ

GGIÀGGÀGGTG TCCGGCGIAGC CCÀTC.AÀCÀG GGAGGACGCG GIATTTGGGTG

senae primer à et-PcR
ATTCCÀGGGT TCTTCCCTTG TÀGAACCTGT TTGÀACGTAG GCTGTGCGCA

70L
751
801
I5l_

9 0l-
9s1-

t_001
105L
1101.

295L

1151
L20t
L25L
13 01
13 51
1401
1451
1501
1551
1601
1651
1701
17 51
1801
1851
1901
1951
2001
205L
2loL
2 151
220L
2251
23 01
235L
240L
245L
2501
255L
2601
2651
270L
275L
2 801
2 851
290L

Sense primer à real-tíme RT-PCR
3OO]- TCACTTGATG AAAAAGAACC CATTTCCATG TGTGATGTGC TGGGAACCCG

e AnÈi sense primer real-tíme RT-PCR
3 051
3t_01

GGATTAGÀTG CAGTCCAAGG

315]- GATTTCACAT TTT 3'

ATCCCTACAT GACGTTTGGC AACTATTGCG

132



Wheat Phosphate Transporter

TRlae;Pht1 ;myc Access¡on # AJ830009

TRIaePHTI;myc total gêDê = 1781- bP
cDNÀ = 1602 bp = 534 amino acids
3' untranelaÈed region = L79 bP

5t 1
51

101
151
20L
25L
301
351
401
451
501
551
601
651
701
?51
801
851
901
951

1001
1051
1101
1151
12 01
L25L

ÀTGGCÀCGGC ÀGCÀGCTGCA GGTGCTTCÀC GCGCTG¡GÀCG TGGCGAGGÀC

GCÀGAGGTAC CTCGCGÍGGG CGGTGGTGÀT CGCCGGC,AIG GGCTÎCTTCG

ccGAcGccTÀ cGÀcÀTcTTC TGCÀTCÀCCC IÀGTCÀCCÀÀ G|CICCTCGGÀ

CGCÀTCTÀTT ACCÀ.trGTCCC GGGCCÈÀCGÀ GAGCCCGGGA ÎGCTCCCCCG

GCG¡GÀTCGÀG GCGGCCATCÀ ÀCGGCGTCÀC CTTCÎG¡CGGC ÀÎGÀTCGTGG

GCCÀGCTCTÎ GTÎTGGCTGG CTCGG¡CGACÀ ÀGGTCGGCCG GAÀGÀTGÎTC

rÀcGGcÀÀGAccÀTcÀTGcTeÀÎGÀTcÀTGGGcTccTTcclcTccGGcTT
GTCGTTCGGC! ÀÀCÀCGGCCG ÀCGGCGÎCÀT GGCCÀCGCTÀ TGCTTCTÎCÀ

GGÎTCTGGCT CGGCGTCGGC ÀTCGGCGGÀG ÀCTÀTCCGCT CTCCGCGÀCC

ÀÎCÀTÎÎCCG ÀGrÀCTCcÀÀ CÀÀGÀGGTCG CGCGGGIÀGCC TCÀÎCGCGGC

CGTGTTIGCC ÀTGG¡AÀGGGT TTGGCÀTCCT TGCÀGGTTGC ÀTTGTCÀCCT

TGGTCGTGTC GGCC,ÀCGTTC CAGGCGCGCT TCÀ.trCCCGCC GreCGTÀfGÀC

GIìÀGÀCCÀCA ÎGGCCTCGGT CCCGCCGCAG GCTGÀCTÀCG TGTGGCGCÀÎ

CÀTCCTCÀTG GTGGGTGCCÀ TCCCÀÍ¡CCGT CTTCÀCCTÀT CGCTGGAGGG

TGÀÍGÀTGEC GGAGiÀCGGCG CGCTÀTÀCGG CGCTGGTCGC G¡CGCGÀCGCC

GAGÀÀGGCCG CGCG¡CGÀC¡IT GTCCÀÀGGTG CTCÀ¡IGGÎGG ÀÀCÎCAGCGG

CGÀGCÀGGÀC ^AÀGiATCGÀGA GCTTCACCÀG GGIACÀGC¡GÀC TÀCGGCGTCT

TCTCCCGCCG TTTCGCCCGC CGCC.trCGGCT GGCATCTCGT CGGCGCCGÍT

GCÀTCCTGGT TCGTGCÎCGÀ CÀTCGTCTTC ÎÀCÎCCCÀGÀ TCAÎTCTCCÀ
GGÀGGÀGATC TÍCAGGGÀCÀ TCTÀGTGGÀT CCCCGÀGGCÀ ÀÀCAGCAÎGÀ

GCGCGCTCGiÀ GGAÀGEGÎÀC CGCGTCGCCC GTGCÀCAGGC GATTÀTCGCG

CTÀTGCGGCÀ CÀCTÀCCTGG CÎÀCTGGTTC ÀCCÀTCGCCT TÎGTGGACGT

CGTCGGGCGG ÀÀGGCCÀTCC ÀGTTCCTCGG GTTCÀCCÀTG ÀTG¡ÀÀGCIGÀC

TCÀTGCTCGÎ CGTGG¡CCGGC TTCTÀCCACC Ã.ÀCTGÀCGCÀ GCCTGGCCGG

CGiAÀTCTGGC TGGTGGTC.AÍ GTÀCG|CCTTC ÀCCTTCTTCT TTGCCÀÀCTT

TGGIGCCCÀÀC ÀGCACCACCT TCATCATACC GGCCGÀGGTT TTÎCCGGCGC

Sense primer )
ÀCGTCCGGÀC GACCTGCCÀC GGGIÀTÀTCÀT CAGCGG¡CÀGG CÀÀGGTCGGT

GCC,AÎIGTCG GGÀCGÎTÎGG CITCCTGTÀC GCCTCG¡CÀGÀ @¡GCGGÀCGG

CÀGCÀ.trTGÀG ÀGGGAGIACCG GGTÀCCCGTC GGGCATCGGC GTGCGTGECÎ

CACTGTTCGÎ GCTGGCCGCG TGCÀÀTGTGT TGGGAÀTÀAT TTTCÀCCTGÍ
CTCCTGCCTG ÀGCCGAÀCGC GÀGGTCGCTG GÀGGIÀGGTGT CCGGCGÀGCC

CÀTCÀÀCGGC¡ GTAGGIACGCAG ÀTCTGGGTGÀ TTCCÀ.ÈGGIT CTTCCCTTGT

A CCTGCC TGAACGTAGG CTGTGCGCAC CACTCGATGA AAAAGAAGCT

ATTTGAÀ TGT GTGTTGTGCT GGGAACCCGG GATTAGATGC ACTCCAAGGA

CECTACGTAC ACGGCGTTCG GCAÀTCATCG CGGAGGGGAA ATGTGAATTA
AGAGGAAGGA ATTGTCGAGA TTAGACTTAG G 3'

ê enti sense prímer

1301
1351
1401
1.451
1501
1551
1601
16 51
1701
r_?51

Maize Phosphate Transporter

TEAna;Phtl;6

Patents number = WO995865?. Accession # A'J830010
ZEAna;Pht7,.6' total gêflê = 1726 bP
PromoÈer = ¿g bp
CDNA = L665 bp = 555 amino acids
3' untranslated region = L2 bP

5 GACACCTGCC
TGGCGGCGCC

GCG¡CGCÀCCC

cllCTTCÀCC
TGCTCGGCCG
ìÀGCCCGGCÈ

TTACÄTTGCC
GGGCGGGlCG
.ÈGÀTGIACCÀ
GÀCGCClÀCG
CÀTCTACTÀC
CTCTGCCCGT

GGCGCGCTTG
ÀÀCCTGGCGG
CÀTGÀ.ÈGGCC
ÀCETCTTCTG
ccceÀcoÀcÀ
crccGrcÀÀc

CGlGACTGGG
TGCTGGACGC
ATÀGTCÂTCG
cÀTcrccÀcc
ACCTGlÀCAÎ
ÀÀCÀTGC¡TGÀ

CGCGGCGAGÀ
GCTGGÀCTCG
CCGGCÀTGGG
GlGTCCÀÀGC
ÀGACÀÀGCCC
CÀGGCGTCGC

1
5L

101
151
20L
251

133



301
351
401
451
501
551
501
651
70L
751
801
851
901
9s1

1001
1051
1101
1151
L20l
12 51

GCTCGTCGGC ÀCGCTCÀTGG GCCÀGCTCGT CTTCGG¡CTAC TTCGGCGACÀ

ÀGCTCG¡GGCG GiÀ.ÈGCGCGTG TÀCGGCÀTCÀ CGCTCGTGCT GÀTGGCCGCC

TGCGCCÀÎCG GCTCGGGCCÎ CTCGTTCGGC ÀGCTCG¡GCGC ÀCGCCGTCÀT

CGGCÀCGCTC TGCTTCTTCC GCTTCTGGCT CGGCTTCGGC ÀTCGGCGGGG

ÀCTÀCCCGCT GTCCGCGACC ÀTCÀTGTCCO ÀGTACTCCI.È CÃAGÀÀGACG

CGGGGCGCGÎ TCI,TCGCCGC GGTGTTCGCG ÀTGCÀGGGCG TCGGCÀTCÀT

CTTCGCGGGC' CTCGTGTCCA TGÀTCGTCTC GGGEÀTCCTC CTGCÀCTACC

.I,CCCGGCGCC GGCGTGGÀÀG GÀGÀÀCqA,CG ÀCCGGICGÎG GCÀGGACCAG

ÀTGCCGGCGG¡ CGGÀCTACÀT GTGGCGCÀTC GTCCTGIAIGÀ TCGGCGCGTT

CCCGGCGCTG GCCÀCGTTCT ÀCTGGCGGÀT GAÀGATGCCC GÀGÀCGGCÀÀ

GGTÀCÀCCGrc GCTCÀTCGÀg GGCÀÀCGCCÀ ÀGCtrGGCGGC CÀACGACÀTG

CÀG¡À.ÈGGTGIA TGGÀCGTCGÀ GÀTCCAGGCC GiAGCÀGKIÀCÀ ÀGCTCGCGÀG

GTÀCAÀGGCG GCGÀÀCGÀCÎ ACCCGCTGCÎ GÎCGÀGIGGÀG TTCGCCCGOC

GCCÀCGGCCT GCÀCCTCÀÎC GGCÀCGGCCÀ CCÀCGTGGTT CCTTCTCGÀC

ÀTÀGCCTTCÎ ACÀGCCÀGÀ.È CCTGÀCCCÀG ÀåÀGÀCÀTCT TCCCGGCGÀÎ

CA.âÀCTGÀCG AGCCCCGTCG ÀCGÀCATÀÀÀ CGCCCÎCAÀG G¡ÀGGTGTTCG

ÀGitrT'rTCCÀÀ GGCCÀTGTTC CTCGTCGCÀC TCCTCGGCÀC CTTCCCCGGC

ÎÀCTGGGTCÀccGTcGcGcTcÀTccÀcÀ.âÀ.â'IGGGCÀGGTÀccTGÀTccÀ
GCTCÀTCGGT TTCTÎCÀTGÀ TGÎCÎGTCTT CÀTGCTÀCÎG ÀTGGGCGTCÀ

TGTÀCÀÀCGÀ CCTC.AÀGAÀC A.A.]AC.A'CACCÀ CGCTCTTCGC CCTCTTCTÀC

Sense Primer )
GCG|CTCåCCT TCTTCTTCGC CAÀCTTCGGC CCCÀÀCÀGCÀ CCÀCCTTCGT

GCTGCCGGCC GAGCTÀTTCC CCiÀCGCGCGÎ GCGCTCCÀCC ÎGCCÀCG¡CCA

TCÀGCGCCGC GTCÀGGCÀ.ã,G GCCGGCGCCA TCGÎCGCGGC CTTCGGG¡GTG

CÀG¡ÀGCCTCÀ CGCTCAÀGGG AGÀCGTGGGC CÀCÀTCåÀGÀ AGGCGCTCÀT

cÀTccTcTcc GTCÀCCÀÀCÀ TCCTCGGCTT CTÎCTTCÀCC TÎCCTCGTCC

CGGÀGÀCCAT GGGCCGCTCG CTCGÀGGÀGÀ TCTCCGGGIGA GGACGGCÀÀC

GICGÀÃ.AÀCG GTCCCGGTGC TCCCG¡CCGGC GTGGCEÂTGG C¡CGTCGCGGA

CGTGTÀGCÀÀG GATC¡ACÀÀGA TGCCTGTTTC CAGTÀCTGÀG TGGCÀGÀGCT

CCÀTGCÀTGC GTGATCGAGT AÄGCAG 3'

AAGCGAGGTG CCTCTGGGGC CAAATGCTCG ATCTACCGGA GCGGCGGAGT

CATTTTCTAG GATCCGCAAG CGGCGTCGAG GAAÄACCGTG ACCATACTGA

CCAACCACGC AAGACATCGC TGGCGCTCGG CCACTCCGCC CCTCCACCAT

TTCTCCTTGC TGAAGCTGCT GCTTCTCCCC AÎGCCTATCA TCTCCGGTCÎ
ACGCCCCCTC TTCAAGCTTC TCCGCGCCAC TCTCCTTGAT TCTTGCATAT
CCTTCÎCGCA CAATTGATTT TCTGGACAAG TTTGGTACAT CGATTGATTT
GAGAÀCACAT CTAGTAGCGA GAAATTCTCT TGATTGGCTT CTTAGCAACA

sense primer ) with Pacl- at 5' GCCGCCTTAATTAè,

TGCATTACTA GAGTATTAGT CAGGTAGGCA GCTTAATTTG CTGGCTAAAT

AGTACCAACG AAGGCCCACA ACACCAGCAA GTGGATGTTG GCATTATCGT

ATTAGACCGG AATA.AGTCTG TTGTTCCTCC CTCATTTGTT GCTCCCGATT

AAAÎCGTCTT CCTCAACCAC AAAACCAGTT ATAACGTACT ACCCATCTCC

13 01
1351
1401
1451
1501
1551
1601
1651
17 01

€ AnÈi sense primer

Rice Phosphate Transporters

OsPTl, Rlce C, ORYsa;Phtl;1l

The sequence of OsPTl (personal communication Godwin)was usd to screen the rice genome. There

was a 100% match with a gene designated rice C. Upon publication of a paper by Paszkowski (2003)it

was revealed that all three genes have 100% similarity. The name ORYsa;Phtl;ll will be used when

referring to any of these genes.

Accession number = 4F493787 (OgPT1),
oRYsaPhTL;l Èota1 gêñ€ = 5451 bp
Promoter = 3393 bp
sDNÀ = L668 bp = 556 amino acíde
3' untranslaÈed region = ¡gO bP

AFs3 6 971 (ORYsa; PhtL; 1'7)

Putative cis-regulating motifs (ref erenced in secÈion 7.2) have the motif
aligned under the sequence with the percentage of similarity

5' 1
5t_

t_0L
t5t_
201,
25't
3 01_

3 51_

401
45r
501_

1U



551
601_

551
701
75L
801
851
901
95L

t-001
r_051
11_0L
1r_51
L201-
L25t
13 01_

l_3 51
14 01
14 51
l_501
1551
t_6 01-

16 5r_

170L
t757
1801
r,851
r_901
19sr_
2001_
2051,
2101
2L5t
2201,
225].
230't
235t
2401
2451,
2501
255L

GAAACTCGGT GCAAÀTAAAC TCCTTCAGTG ATTTAÀGTAG CGGTTTCÎGC

TGACGTGGCA AGTTGACCAC GTTGACTCGC TGAGTCAGTA GGTGGGTCCC

ACATGTTAGCGATTTcTTccTcATcTcATcTccTTccTcAccTATccTcT
cTcTcTCCCC CCCCCCCTCT CCCTCTCTCT CTCTCTCTCT TCTCTTCCCT

CTTCCTCCTG TCTCAECTTC CAGCAGCAGT AGAGCCCGGG ATGGTGGTGG

TGGTTGTGAG CTGAAGCCGA AGAAGGCAGC TAAGTAACCG AGGAAGCCCG

ATGGGAGGAG GCGACTAGTG AGAAGGGCCC CGTCCCCCCA AGGGTGATGG

ATGTGGAGAA GTTTGGATGG AGTAGGAAGA GGCCCCAAGC GACGACGAGA

GCTTAGCGAG GCTGAGGCGG CTAGAAACAT GAGGCC]UU\T CTAGTCATTG

TCGACAÎGCT GTCAAGGAGC GTGCACGTGG TGGTGCTCGA GGTAGCGGCA

GGCGGCACTC GAGGCTGCAA CTTCATGGAT GTCGCAGTCC ACGTCGTATG

CGCTCGTGGC CTCCTCCGGC CCGGCCCCTT GCCCCCTCCC AAGATGGTGT

cGTAGcGGcAAAcGGccGGAAGGAAGGGCTCGATGTTGGCGGcTccTcTc
CCGAGTGGGG ÎTGGGGTTCG CGAGGGTGCT CACCAGCTAG CACCGTCTTC

ACCTGGCTCC GGGGATGCGT GCACCTAACA CTACÀGACTA ATAGGGGAGT

GATGGGAGAG GGTGGAGCTT TGGTGTCGTC ATCGATGTCT TCTCGTCTTC

AGCTGTCGTT GCTAGTG^AAG ATCTTCCAAG TTCCAÄGTCT CACTTGGCAC

ATcccTAccGGTcAcGTccTccTTcccTGAATGcTccGAGGTGGccAccA
TCCTCGGCTC CGGGÎCACCA CCACCATCGC CCTGTCGGGG CCATCTCGCC

ACTACCGCTA CCCTCCCGAG CTTTACTGTT GTÎGGAAGGT GAGAGACGAA

GAAGAGGGAA GAGAGA.AAAG AGAGAGGTGG AAGGGGGAGG C'GGAGGTGAG

GAGGAAGATG AGACAAGGAÀ ATCACCAATA TGTG.AATCCC ACATGCTAAT

ATAGTAAGTC AACTGCAGTA AACCTGGCAT CTCAGGAGAT ACCGCTTCCC

AAATTCTCGA AGTAGTTGAT TTACATCGGT TTTTGAAGTT AGGGAAGGCA

TTATACCCGG TTTTGCGGCT GAGGGAGCGA TTCATTCAGG AGCAATAGAC

GAGGGÀTGCC AAATAGACTT GTTCCTATTA GACCGTAAGA TTATTGATGG

GACGAAAGGC CTTGCATAGA TAGTGATATC TGAGCCCATG CAGGGGCTAÎ

CACCAATGCA GTGTTGCTAG A.AAGTGCAGT ATCACTACTÀ GCAAAATAAA

AAGTTTGTCT GCTAAGAGAA AAAAAAGGGA CCCATTTAAC ACAATTCTAG

CTCTAGATAA GTGGGACTGT ACAJU\TTCTT CATTTTTTTT AGCGAAGTTA

GAAGTTAGTA GAGTTGCTCC ACÆqA]\TTGT ACTATGGGGG TGGAGATGGG

TTTTTGCTAC TTCACCGCTC CACTCCATCC AAA.AÄAGCTA ACTAÄ'CTTTT

A.ATTTTTCAT GTATTTACCG AATATGCCAC TGAACTACCC ATTCATACCC

TCTCTCATCC CGTTCTTCCT ECCAACTAGG CGGCTGGGTG GCGACCGGCC

GCTGGGACTG GTGGCGGCGA GCGGGTTGCA CAGCTGCTAG GCGGCTTGGT

GGTGÎGCGAG GGCAGCAÄ,GG GAGAGGGCGG TGGCÀCGCGG GCTGAGCATC

GATCGGCAC'G GTCAGCAGGA CAACGTGTGG GTGACGGCGT GTGGGATGAG

CGACAACGGT GTCGGTTGGT TGGGTGGCAT GCATAGGCCG TAACCAGTCG

TGGGGACCA}T CGGCTATTGG GTGTCTTGGT GGCGCACAAG CGCAACAGGG

CGGCGCACGT GTGGGCAGCA GTGCACAGGC TGAGCGGTGA CGCGCAACGG

CGGTGGTGGC AAGCCGCGGA CGCCAACCAA GTATTCGATG N\¡\TGAGATG
T GCATTCTÀT-MOIif 7OT

GGATGTGGTA GCGTGGAGCT AACCAAATCT AGCCAÀAEAT TTTTACAACT
T GTTTATAAGT-MoLif 73t

TAACAACT

TCCGCCGTAT GGTAGGAATC
CCAAAAACGA CGCATTTCCG
ATCCTCCAGG TÄI\I\GTAJ\¡\j\
ATTCTAT-Motif 70t

TAAT

TCTTGCAAGG GACÄAAACAC ACAGGCTCTT CTCCCATATC CATCAGCTGC

ATAT-Motsif 75+
CCAATTGACG CATCACTGAG TTGAATTACA CGCGCGCAAG GGCAACGCAG

2651, ACCTTCAGCC TCTATAAGAG CTAGCTTCTA TTAGAGTTGG AGTTTAAAAT
AT-Motif 80t TGCAATTCT AT-Motif 70t

CTTCTTGT TCTA-MOTifl 67+ TGTTTATAAG
ry\AAC

TACATA.AA

27OT TAC.GAGTTGA AATTTGGAGG CTTAACA^AAT GGGGCCGAAA TATCTGCTTT

T-Motif ?3t TAATATAT-MoÈif 75ã
TTAG-MoÈif. 78+ TAA TATAT-MOIif 75+
TATGTTCTTT AACTTG-MRRI MOTif 547 TACATAAA TATGTTCÎTT

275]- TAGGCAGACG GCGTAGCGGT AAATCGATGA
TAACTTG-MRRI MOTif 547
TGCN\GGAJU\ CAACACTCTG ÎCACACAGGT
GCCAATCATG ATTATCTGCC GAATATCCTA
TCCTAGTTÀA CTTCGATGCT GCTGCGCTGC

TGC

TGTAGACAGT TGGCCGCAAC

260r

2951

3001

2BO]-
28 5l_

290L

135



3 051
3101_
3151
320L

3251,
330L
3351

3401
3451
3501
3 551
3 601
3651
37 01
3751
3801
3851
3 901
3951
4001
4051
4101
4151
420L

425r
43 01
4351
4401
4451
4501
4551
4601
4651
470L
4751
4801
4851
4901
4951
5001
5051
5101
5151
520I
5251
53 01
53 5t_

54 01
54 5t_

5501

CATGATTGAT TTCGTCATTC TCCTCTCGAG ACAAÀGAATC CGATCTCATC

TCCGCACGAG GGACGGCCAA CTGCTTCCAC CCTTCACAAT GCCGCCTAGA

CGCCTAGTGT ACGCGCCGAA TATGCTGCCA AACCAACACG GGACAATCTC

CCGCGCTTGG CGACAGCTTC TCCTCGGTGC AGACGCCCTC TCGTTCATCG
CTTC TTGTTCTA-MOTífl 677

ACCTAGCTTG AGGGTGA.A.AT CCCAGCTATA AGATCGGGCA AGGCAGCGAG

CAGTTTGGTG ATCAGAGGTA GCTAGCTAGC CTCGTAGCAG ÎGTTCCCCGG

cGGcGAGAGcGGCAGGAGAGGACGATCGACGGCATCATCGGAGÀTGGCGG
€ Anti-gense prímer wíuh AscI site at 3' GGCGCGCCTCGGC

ÀCGrcGGACGG¡ GGGCTCGÀÀC CTGGCGGTGC TGGÀCGCGCT GGÀCTCGG¡CG

CGCÀCGCÀGÀ TGTÀCCÀCÀT GÀ.trGGCGÀTC OTGTÀÎCGCCG GC¡TÎGGGCTÎ

CTTCÀCCGÀC GCCTACGÀCC TGTTCTGCÀT CTCCÀCGGTG TCCÀÀGCTGC

TCGGCCCÎCT CTACTACCÀ.À CCCGÀTGGCT TGACGG¡ÀCÀG TÀÀGCCÀGGC

GCTCTGTCCÀ ÀGÀ,CCGCCÀÀ CA.trCÀTGGTC ÀTCGGCGTCG CGCTCGTCGG

CÀCGCTCÀTG GGCCÀGCTTG TCTTCGGCÎÀ CTTCGGCGÀC ÀÀOCTCG¡OCC

GGAÀGCGCGT TTACGGCGTC ÀCCCTCÀTCC TGÀTGGCCGC CTGCGCCÀTC

GGGTÎCGGCC TGTCGTTCGG CÀGCTCGCGC À.trGGCÀGTCÀ TCGGCÀCG¡CT

GTGCTÎCTTC CGCTTCTGGC TCGGCÎTCGG CÀTCGGCGGG GACTÀCCCGC

TGTCGGCCÀC CÀÍCÀÎGÎCC GAGTÀCTCAÀ ÀCÀ.trGÀÀGÀC GiCGCGGCGCG

TTCA,TCGCCG CGGTGTTCGC CÀTGCÀGGGC GTCGGCATC.A TCTTCGCGGG

GCÍCGTGTCC ÀÎGÀTCGTC'Î CIÀGCÀXCTT CCTCACCTÀC ÀACÀAGGCG¡C

CGTCGTÀCÀÀ GGGGAÀCCÀT GÀCCTCTCGÀ GGCÀGÀTGCC CGCGGCTGÀC

TÀCGÎGTGGC GCÀTCGTCCT GÀTGATCGOC GCGÍÎCCCGG CGTÎGGCGAC

CTTCTÀCXG¡GI CGGÀTGÀÀGÀ TGCCGGÀGÀC GGCGAG¡GTÀC ÀCGGCGIÀTCA

TCG¡ATGGCÀÀ CGCGÀÀGCAG GCGGCGÀÀCG Ag[lGCÂGÀ.ã G¡G¡TGCTGTCG

ATCGAGATAG AGGCCGÀGCÀ GGÀGÀÀGCTG GCCÀÀGTTCÀ ÀCGCGGCCÀÀ

sense primer ) Rt-PcR
CAÀCTÀCCCG CTCCTGTCGÀ TGGAGTTCGC CCGGCGCCÀC GGCCTGCACC

ÎCÀTCGGCÀC GÀCG!ÀCCÀCG ÎGGTTCCÎCC TTGIÀCÀTCGC CÎTCTACÀGC

CÀGÀÀCCTGÀ CCCAGAÀGGÀ CÀTCTTCCCÀ GCTÀTGC¡GCC TGATCAGCGG

CGCÎGCCOÀÀ GTCAÀCGCTC TCACGGAGÀT GTTCCÀCIATÀ TCCÀAGGCCT

CGTÎCCTCGT CGCTCTCCTC GGCÀCCTTCC CCGGCTÀCTG GGTCÀCCGTC

GCTCTCÀTCG ÀCÂ.trGATGGG CAGGTÀCGTÀ CGÀÀCCGTÀT ÀÀÀCÀTOGIÀC

ÀCTTGÀTGCÀ ÀÀTG¡CÀ.ilTCG ATGCG¡ÀÀCÀÎ ACÀCGÀÀÀTG ÀÀTGÀATTCÀ

TGGTCÀCÀTÀ TGCAG¡GTÀCÀ TGÀTCCÀGCT GATCGGTTTC TÎCATGÀTGT
CC'AÍGITCÀT GCTG¡GCGÀTG GGCÀTCCTGT ÀCGACTÀCCT CAÀ.AÀCCCÀT

CACTTCCTGT ICGGGCTCCT GTÀCGCGCTC .ACTTTCTTCT TCGCCÀ.trCÎÎ

CGGGCCGAÀC AGCÀCCACCÎ TCGTGCTGCC GGCCGÀGCTG TTCCCGACGC

GCGIGCGCTC CACCTGCCAC GCCÀÎCÀGTC CCGCGGCGGG CAÀGGCCGGC

GCCATCGÍCG CGGCCTTCGG CÀTTCÀGÀÀG CTCÀCGTÀCA' ÀCTCTCÀAGT

cÀÀ.È.trG¡cÀTc ÀÀGÀÀGGCGC ICÀTCAICCÎ CTCCÀTCÀCC AÀCÀTGCTCG

GCTTCITCTT CÀCGTTCCTC GTCCCGGÀGÀ CCÀTGGGTCG GÎCGCTCGÀG

GÀGÀTCTCCG GCGIÀGGACGG CÀ.ÀCÀCCGGC GCCGGTGGCG GrcGGCGCCCC

TGCCGCTGCC ÀÀTGCCGGCG TTGGCGTGAG CGCTÎCGGÀT GTGAGC.â'GGG

ÀCGÀGÀ.ÈGÎT CCCTGCTTCÀ ÀGCACCGAÀT GGCAGÀCÀTC CÀTGCÀCGCÀ

TGATACGCTC ATCTGGGATA TGCÀTACCTA CACAATACCA GTACGTATAC

CTACGCAA TA ATAGTACTAT ATTGATATAT CTGTATTATG AGAGTGGAAA

TGGACCAÄ.AA TA.A,TGGCAAT AACTTGAATT GCCAGATGCT AGCTTGGGAA

TTTGATATAC AAGTATATAT CTCCATTACC ATGTTAGAGT AATATATATG
TTTGAGTGTG TGCACTCATG CAACAATAGT ATATATCGTG ACCATTCACA
ATGTTGAGAA CTACTAGCTA GCAAGAAACT GAGAATGAGA C'GGACAÀTGC

AACTATGCTC CTTTTACTAC TTCGTATTGG TGTATGCGTA TTGCAAGCAG

CTAATCAATC ATTCTGTTAG TTCTTTCTCT ATATGACGAG CTC 3t

OsPTil

Accession number = AF493788
oRYsaPhT1;2 total gênê = 251-0 bP
Promoter = 781- bp
cDNÀ = 161-7 bp = 539 amino acids
3' untranslated region = 112 bP

5', 1 ACTAGTCTCC CÎCCTCGTCA TACTTCAGCA ACCACAAGAT TTCTTTTCTG
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51
10L
151-
20'1,

251,
3 0l_

351
4 01_

45I
50L
551
601
651_

70L
75r
801
851
901
951

1001
1051
1101
1151
1201
12 51
13 01
1351
1401
1451
1501
1551
1601
1651
17 01
1751
1801
18sl
1901
1951
2 001
2 051
2101
2LsT
220L
225L
2301
235L
240r
245t
250I

AACTTTTTAC TAATGAACAT TCAGAAATTT CTGTGCAÄ'TA TTATCTCATG

ACCTGAACCA AACGATGCTT GAGCCACGAA ATAGTAGAGG AGACAÄAGAT

ATAGTTTCGT CAATTCGAGA AGTTTGTCCG GATACÎACGG ATGATAGCGG

CAGATTTGGA CTGGTTCCAT GAAAGTTGTA CAGTAAGGTG CGAATCÎTGA

GTTGCAGAGATGcAccTGGATccGGcTATcTAGcTTcAcGAGAATcceAT
CTCTACTCTC CTAÀATTGCC CACGAAACTG ÀAÎTTATGTA GGGATTTTTA

GCGAAÀTTCAGACATTTTTCACGGGGATGGGTCGGGGATTGTTGACTGAT
AAAGCTGGAT TTGAAGAAAC AÀCAAAATTT TGATATATGA TACCTTGAAT

AAACGAGGAG TTTCTGAAGT AGTGGCATGG TCTGTTCCAG ATGTCTCTCT

G.A.ACTTCCGT TTCAGTTTCA GTGGACCAÎA TTGTTGGTGA ACTGAAACGA

ATATTATCTTcTccTAGccAcGTGcATTcTGTAGATTTTCTTTTGCTCAG
TTCGACACAT AGACATCTGA GGCTAATTAG CTCTGTTAAT CGCGCGGTTT

GTGTAATTCT CACAAATAAT TAGTTTCTCG TÎCATTGCAA ATTGCAGCGA

GATTTTGTCG AAATAATAAA CTTGGTGTTC AGTTATTCTC TGCAAAAAAT

TGCATATTGC AGAGTAGCTG AGATTGGCGC CATGGCCGGC GÀGCTCAÀGG

TGCTG!ÀÀCG¡C GCTCGÀCTCG GCGAÀGÀCGC ÀGTGGTÀCCÀ TÎTCÀCGG¡CG

ÀTCGTGATCG CCGGCÀTGGG GTTCTTCÀCC GÀCGCCÎÀCG ACCTCTTCTC

CATCTCCCTC GTCÀCCÀÀGC TGCTCGGCCG CÀTCTACTÀC TÎCÀÀCCCGG

ccTccÀÀGÀG CCCTGGCTCC CTCCCGCCCA ACG|ICICCGC CGCCGTCIÀT

GGCGÍCGCCT TCTGCGGCÀC CCTCGCCGGC CÀGCTCTTCT ÎCGGTÎG¡G¡CT

CGG¡CGÀCÀÀG ÀTGGGGCGCÀ ASAÀGGTGTÀ CGSCÀTGÀCG CTCÀTGCTCA

TGGTCÀTCTG CTGCCTCGCT TCCGG¡CCTCT CGTTCG¡GGTC GTCGGCGÀÀÀ

GGCGTCÀÎGG CCÀCGCTCTG CTTCTÎCCGC TTCTGGCTCG GCTTCGGCÀT

CGGCGGCGÀC TÀCCCGCTCT CGGEGIACCÀT CÀTGTCGGÀG TÀCGCTÀÀTÀ

ÀGCGCÀCCCG TGGÀGCGTTC ATCGCCGCCG TGTÎCGCCÀT GIC¡ÀGGGCTTC

GGCAÀCCTCÀ CCGGCGGCÀT CGTGGCCÀTC ÀTCGTGÎCCG CCGCGÎTCÀÀ

GTCGCGGTTC GACGCGCCGG CGTÀCÀGGGIÀ CGÀCCGGÀCC GIC¡CTCEÀCCG

TGCCGCÀGG¡C CGÀCÎ.ÈCGCG TGGCGCÀTCG TGCTCÀTGTT CGGCGCEÀTC

CCG¡(rcGCÎGC TCÀCCTÀCTA CTGGCGGÀTG ÀÀGÀTGCCGG ÀGÀCGGCGCG

crÀcÀccccc cTGGTcGcc.}, ÀGÀAcGcGÀÀ GcÀGGccGcc GcGGiÀcATGA

CGCÀGGTGCT CÀÀCGTCGÀG ÀÍCGÍGGÀGG ÀGCAGGAGÀÀ GGCTGÀCGÀG

GTCGCGCGGC GEGÀGCÀGTT CGGGCTCTTC TCCCGCCÀGT TTTTGÀGÀCG

CCÀTGGGCGC CÀCCTGCTGG GCACGACGGT GTGCTGGÎTC GTGCTGGACA

TCGCCTTCTÀ CTCGTCG¡ÀC CTGTTCCì,GA ÀGGÀCÀTCTÀ CÀCGGCG¡C¡TG

CÀGToGCTGC CCåÀGGCGGiÀ CACCÀTGIAGC GCCCTGGÀGG ÀGÀTGTTCAÀ

GIÀTCTCCCGG GCAEÀGÀCGC TCGTG¡C¡CGCT GTGCGGCÀCC ÀTCCCGGGCT

ÀCTGGTTCÀC CGTCTTCTTC ÀTCGÀCÀTCÀ ÎCGGCCGCTÎ CGTCÀTCCÀG

CTCGGCGGCT TCÍTCTTCÀT GACGGCGTTC ÀTGCTCGGCC TCGCCGTGCC

GTÀCCÀCCÀC TGGACGACGC CGGGGAÀCCÀ CÀTCGGCTÍC GTGGTCÀÎGT

Àcc¡ccTlcÀc CTTCTTCTTC GCCÀÀCÎTCG GGCCCÀÀCTC CÀCGÀCCTTC

ÀTCGTGCCG¡G CC¡GÀGÀTCÎÎ CCCGGCGÀGG CTGCGTTCCÀ CCÎGCCÀCGG

CÀTCTCGGCG GCGGCGGGGÀ ÀGGCCGGCGC CÀTCGÎCGGG TCGÎTCGGGT

TCCTGTÀCGC GGCGCAGAGC ÀCGGÀCGCGÀ GCÀÀGÀCGGÀ CGCCGGCÎÀC

CCGCCGGGCA TCGGCGTGCG CÀ.ilCTCGCTC TTCTÍCCTCG CCGGÀTGCÀÀ

CGTCÀTCGGG TTCTTCTTCÀ CGÎTCCTGGT GCCGGÀG¡ÎCG ÀÀGGGGÀÀGT

CGCIGGIÀGG¡À GCTCTCCGGC GÀGAÀCGÀGG ÀCGÀTG¡ÀCGÀ TGTGCCG¡GÀÀ

GCG¡CCCGCG¡À CGGCCGtrTCA CCGEÀCTGCG CCGGCGICCGC CAGCTTGATA

CCCCGCGGCA AAACCCAAAT GGTCAATCAT CAGTGTTTTG TTGTAATATA

TGTGCAATC'G ATGATTATTC TGGTTCTGCT AGTGTACCAA ACAAAATTAC

AI\I\TACTAGT 3'

CAGÎTTCTAA ATTCTTCATT TTCTGGATTG TACTTCTTCT TCAAATATTG

AGAAAAGCTG GACTCGGCTG GTGATAACAT GTAGATGTTG GAAAAÀTÀAC

TTTTTCCATC TAGGGTGTAT TTAGTTCACG CTAAAATTGA AAGTTCGGTT

Rice A, ORYsaPhTl;l

The contig (5095) containing the rice A sequence has a total length = 12280 bp

RiceA Eotal gêDê = 4248 bP
Promoter = 2406 bP
cDNÀ = 1587 bp = 529 amino acide
3' untranslated region = 255 bp

5 L
51

r_ 01
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r-51
20L
25r
3 0r_

351
4 0l_

45L
501
551
60r_
6s1
701
'151.

80r.
s 5l_

901
951

1001
l_ 0 5t_

1101_
1t_5L
t20L
725t
l_301
1351-
1_401
]-45t
t-501
t 55L
16 01
1651_

17 01
1,75t
t_801_

18 5L
L90l_
1951
2 00L
205L
2101_
21,51,
2201,
225t
230L
235L
240L
245L
2501
2s51
2601
265].
270L
275L
2 801
285L
2901
295L
3 001
3 051
3 101
3 151
320L
3251
3301

GAAATTGGAA cGATGcGAcG A.AAAAGTTGA AAGTTTGTGT GTAGAI\I\I\GT

TTTAATGGGA TGGAAÄAGTT GAAAGTTTGA AAA.AAÃATTA CAACTAAACA

TGGATCAAGTTCATTTTTTTTTATATTCTATAACAATAGTTTCTTATAAT
AT4ÄJ\'\I\GTA GTAGCTTTGC TATTAGACCT TTGCTATTAG TAGTAGCTTG

TTTGGCGCCA TCCTCTTGTT GAGCAATCAT TCTTCAGAAT TCATCTGAAG

TAGCGAATGG CAACAAAGGG GTAAATCGTT TTGTTTGTTT AGCTCGAAGG

AGTA.AACTTT GATGTAÀCCA CCCATACTCA GGATGGGTGT ÀGGCAGTGCA

GATGGCCTAA CGCATTCCGA CGGCAACGGA GTTCTE.GCGA AGGAGAGGGC

TCCGTGACGA GGACGAGGAA GGAGCCATCA GAGGAGGAAG TCGGGGTGGC

CAAGACCGAG GTGGAGCAAG GAGGGATGTG CCCCTGGCAG CGGCGAAAGG

CAGAAGTTCG GACTAGGTCG GCACAGGCAG GAGGAGGTTG GGGÄAGTCCG

GCGAAAGTATcGGccGTGGAGcTATAcGccGGAGAAGGGAAGGTGGCCAT
GGC,GCCACCA TTAGCAAGTG GGTATGGCTG GTCAGATTTG GCTACGTTTG

CCTGGAGCAA CAGCAACCAA CAAGGACACA ACGAGGTGAA GAGTTATCCT

CGÀGGCGTÀA AÃGGTGAÀGA TGGCAÀTTCG CGGGGAGCTA TAGCTAGCCT

TCTCCAGTAC TTCTGTAGTT CTGTCCATAT CCTGTTCTGC GTCACGAGCC

ATGCAAACAA AACACACACA TCTCTGCGTC ATTCGCGGGG AGTAGTTTCG

CTCGCTCGCT AGGGCATGCA TGCTTGTCAA GTTGCTCGCA AGAGTTCATC

GTCAAGAÀGC TTCGCTGGAA ATTTCGTCGA CCTCTTCTCC GATTGTTGTA

GCGAAAGGGA CATGGTTTGT TCTCTAGCTG AAGTTTCAGC CCCATGTCAA

TTCCATCACC AAAACGAGAT AGCGACAAGC CAGATCGTAT TAGCTAC.GCA

TGTGCCATGT GGAAAACCAA GAAACAÀGAT AATTTAAGAC GGGAAGGCCC

AAGTGTGTAC TGCAACTACT GTTGCGAGCT GTGTGTCCAC CCTACCGAAG

GACGCCTATG AACTGGACTT CATTGAGCCA GTAGTGCAGC CAGCCCATGC

TCTGCAAÀAT CCTACCCTCG CATACTTCAA CGGCGATGAC TTCCATATCA

AAGAAAGAAT GTTCAGTCAG AACTACTCCG GCTAACAAGT ACAGTAGTAA

TAACCAATTG AACAAACÀCG GCATTCAGCT GCTGATTTCC AAGCCTATCC

ATATACTCCC TCCGTTTTTT AATAGATGAC GCCGTTGACT TTTTCTTACA

TGTTTGACCA TTCGTCTTAT TCU\AI\I\TTT TATGCAATTG TATAAGATAT

AAATCACACT T.AAAGTATTA TGACTGATAT AACAACTCAT AATAAAATAA

ATTATÀATTA CGTAJ{III\TTT TTGAATAAGA CGAATGGTCA AACATGTGAG

NqÆ\AATCAA CGGCATCATC TATTAAAAÄA CGGAGTTAGT ACTTGGTTCT

TGCTCAGCTT GTCGCTGTCT TGTTTCAACC TGCTAAGAGC ACCCGCAATG

GTAAAGTAAT GTGCTATCTA TAAAACATGT ACACCTCAGC AATÀGACTCG

ATTAATAGTA ÄÀCCACTTCA ATGGTATGTC TACATTGGTA TCTATAGCTC

TCTCATGCAT TGTCTCGTTT TTCTCTATAG ACTATCTCTA AGTTAGTAGA

TAGCTTTGCT CTTTCTCTTC ATTTAATATA TTCCAAGTAG GAAAATATGC

TGACATGGAT CÎCTTGTAGA GAGCCTATAG ATAATCATTG TGGGTGCCCT

AATGAGAAGC GATTGTGTTA CGTACTACAC AGTACAGACT ACAGACTACA

AAGTATCCAT CTCAACATGC TTCGTCAGTA ATTGATGAAG ATGTGCCGGT

TAATTACTGC TCCAAACGCG GGAAGAACGG AGACCN\IU\G ACTTCCAGTT

TTGCAGTCCG CCCCCTCTAC TGTGCCCCTG CCCTGCTTTT GATAAGAACG

GCAACCATTA GAGTTGACTA GTTTGAGCAT TCAACACTGG ACCTGCGACT

GCGAGTAGTA TATATCTGCG TCCAGTAGAG AACAGTCAGT TCAGCGGCAA

AGCAAAAGAA AÀAGTTAGAT CÀGAGGAGAG CTCAGAGCTC AAAGAGTTGG

GAAGCCÀTGG CGGGAGGGCÀ GCÎCAÀCGTG CTGÀGCÀCGC TCGÀCCÀGIGC

GAÂGÀCGCåA TGGTÀCCÀCT TC,ÀTCGCGAÎ CGTCÀTCGCC GOCÀÎGGGCT

ÎCTTCACCGÀ CGCCIÀCGÀC CICÎICTGCÀ rrrcccTccT cÀccÀÀG¡cTG
CTCGGCCGCÀ TCTÀCIÀCÀC CGÀCGATTCC ÀÀGlG eÀccc ccGGCGcGcr
CCCGCCCÀ.AC GTGTCGGCCG CCGTCÀCCGG CGÎCGCGCTC TGCGGCÂCGC

TCGCCGGCEÀ GCITTTCTTC GGIATGGCTCG GCGACÀÀGCT CGGACGCA.ÈG

ÀGCGTGTATG GTTÎCÀCGCT GÀÎTCTGÀÎG GTCGTGTGCT CGGTCGCGTC

CGGGCÎCTCG TTCGGGÀGCT CGGCCÀÀGGG CGÎCGTGTCG ÀCGCÎCTGCT
TCTTCCGGTT CTGGCTCGGC ÍTCGGICÀTCG GCGGCGACTÀ CCCGCTEÀGC

GCCÀCCÀÎCÀ TGTCGGAGTÀ CGCGÀÀCÂÀG AGOACGCGCC GCIGCCTTCÀT

CGCCGCCGTG TTCGCCÀTGC ÀGGGGTTCGG GIATCCICTTC GGCGCCATCG

ÎCGCGCTCG¡C OGTGÎCGGCG GGGTTCCGGC ÀCGCGTÀCCC GGCGCCGTCC

TÀCTCCGÀ,CÀ ÀCCÀCGCCGC GTCGCTCGTC CCGCÀGGCCG ÀCTÀCGTGTG

GCG¡CATCÀÎC CTC.ATGTTCG GCÀCCGTCCC GGCGGCGCTC ÀCCTÀCTÀCT
GGCGGIÀTC¡ÀÀ GÀTG¡CCCGÀG ÀCGGEGCGGT ÀCtrCGGCGCT CÀTCGCCCGC

åÀCGCGIAAGC ÀGGCGGCGGC CGACÀTGTCC ÀÀGGTGCTGC ÀCÀCCCÀGAT

TGÀG¡GAGIÀGC GCGG¡ÀCCGCG CCGÀG¡ÀCGGT GGCCGTCGGC GGCGÀGÀGCT

GGGGCCTCTT CÎCG¡CGCCÀG TTCCTGCGCC GCCÀCGGCCT CCACCTCCTC

GCCÀCCÀCCA GCÀCGTGGTT CCTCCTCGAC ÀTCGCCTTCT ÀC.AGCCÀGÀÀ
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3351
3401
3451
3501
3551
3 601

cclGrlCCÀG
ÀGACCÀTGÀ.tr
crcÀTcGcGc
cÀTcGiÀGÀÎC
TGIACGGCGTI
CCG¡GGGc.A,CC

ÀÀGGâ,C.ATCT
CGCGCTCGAG
TClGCGGC¡.C
ÀTGGGCÀGGT
CÀTGCTCGGC
ÀcÀccGGcll

CGCCGÀCGGC GACGIÀCGAGG

CGCGTGATCA CGCAGGGAGT

TCÀGEåÀGGT CGGGTGG¡TTC CCGCCGGCGA

GiÀGCTCTÀCC GeÀTCGCCCG CGCCCÀG¡G¡CG

CÀÍCCCGGGC ÎACTGGTTCÀ CCGTCGEÀTÎ
TCIGGÀ,TCCÀ CIATCÀTGGGC TTCGCCÀTGÀ

cTccccÀTcc ccrÀcctrccÀ CÎGG¡ÀCGÀCG

CÀTCGTCATG TACGGATTCÀ CCTTCTTCTT

sense primer ) Rt-Pcn
GCÀCEÀCCTT CAÎCGTGCCG GCGGÀGÀTAT

ÀCGTGCqACG GCÀTCTCCGC CGCCGCCGGG

ÀGCGTTCGGÀ ÎTCCTGTÀCG CGGCGCÀGGÀ

GGTÀCCCCÀG GG'GGATCGOC ÀTCÀÀGÀ.ilCG

ÀCÀ.ÈÀCTTCC TCGGGTACGÀT CÀTGÀCG¡CTG

CATGTCGCÎC GAGGTTATCT CGCÀGGAGGT

€ enti-sense Primer RÎ-PCR
ÀCGCG¡GCCTA CCCGÀ.ÀGTÀ. TTTGACCGCG

GGTTGCCGCT AACCATTGGT GTCATCTCTT

3 651
3701
3751
3801
3851
3901

3 951
4 001
4 05L
4t_01_

4r_51
420r

CGCGÀÀCTTC
ÀCCCGGCGCG
ÀÀGGCCGGCG
ccÀGcÀcÀÀÍ¡
CGCTCTTCGT
ClCGTGCCG¡G

GGGCCååÀc'È
GClCCGGTCG
ccÀTcÀrcGG
CCCGÀGCCTG
GCTCGCCGGC
ÀGTCCÀÀGGG

TTCCCAACTG TAACAACTCT AGTCGTCGCT TCCGTACGAG TGGTAGTTTT

TTCTTTTTCT TGGATAAGTT ÎGTAGAAATT TCAATTAGTG ACTAGTTTGT

AGTATATGTG AGTGAGATGT GTGTATATGT TCÎTGAAGAA TTGGTGAACT

TTTCCTGGAT TTGAAAGAAC CGTGTAGTTT GAAA.AÀAGAA TGCAATGGAT

3t

Rice B, ORYsaPhTl;2

The æntig (5095) containing the rice B sequence has a total length = 12280 bp

RiceB total gene = 2938 bp
Promoter = 1200 bp
cDNÀ = 1587 bp = 529 amino acids
3' untranslated region = 151 bP

5', 1
51

t_01_

151
201
25t
3 0t_

351
4 0l_

451,
501_

551_

60L
65L
701
75r
I0l_
8sr-
901
9s1

t_ 0 0l_

105r_
1101
l_l_51
12 01
L25L
1301
13 51
1401
1451
1501
1551
1601

TACCATTTTT
CA.AATTTTGA
CAAÀCTACCA
CTTTAAGTTT
AAACAA.ACAT
AGTATTTTAG
AGTTTAACTA
GATGGTGTAG
TTGCATGCAT
CTAAACAGTG
TTTCÀCATTC
GCATTTTAÀA
ACGGTACATG
CTGTCTGTAT
GCAACAGAGA
CTCTCCGGAG
TCCTGCATCT
CGGTTTAGCA
GCGTAAÎATT
TACTATTTAG
AGTTTCAATT
AAACCTGAÀA
AAATGGAGAT
CTGTACTÀÀG
ATGGCGGGAT
GCÀÀTGGTÀC
CÀCIACGCCTÀ
cGccTrrÀcr
CÀÀCGTGTCG
GCEÀGCTCTT
TÀ1GGÀTTEÀ
CTCGTTTGGC
GCTTCTGGCT

TATAGAGTTG TCAAATATGT GTATCTATTT
TAAATACATA AGAAATCGTA CCA.AAATTTA
A.AATTTTAAA TTTATCTTGG CTACA.A,TCTG

GACTAAGTTT AJU\GN\I\I\I\T ATAGTACTAÎ
ATTATGAAAA TATAAAA'TGT ATTCAATGTT
ATGTTGCTAA TCTTTTTATA AATTTGATCA
GAGAAAAGGC TAÄACGAATT ATAATATGAA
GACTTAACCA AATGATCACT GCTCAAGACC
AGCTTTGTCA CTGCCCAGCC GATCCTGACA
GGAGGCCATA AGCTGATATG CATAGATAGT

CACGATCCTG CAAÀTAGÀAT AACATTTGAC
GACAATATAT GTCACTATCT GCTTGCAATC
CAATGCAGTA GA]U\GNUU\T CTTTTTTCTG
CCTGTCCGGA CTGCGCTGCG GCTATATATA
TGAGGAAACT AACAGAGCAC ACAGCGATCC
TCAACCCATC CTCAATCTTC CCAAGGTACT
GAGTTCCATG TTAGCAGAGA TGCTAGATTA
TATTCAGGAA ACGTTCTACT GAATATTTGT
ATTACCCGCC AAT TA GTTGTGCAAA
TACAGTACGC ATTNqJqA'qTG GACACACCCC
ACTGAGCGGT AÄATCATGÀA TTCTCAATCT
TTTCTCTGTT CAATTAACAT TCAACGATCT
GCCTAGGTGA AGAATTTTCT GTTCTTTTGT
CAAAGCTTAT AACTTTGCAG CTTGAGGÀAA
CGCÀGCÎCÀÀ CGTÎTTGGTC ÀÀGCTCGÀCC
CÀTTTCATGG CGÀÎCGTCAT CGCCGG¡GITG

CGÀCCTCTTT TGCATCGCGC TGGTCÀCCÀÀ
ÀcÂccciÀcÀT cÀccÀÀGccc ÀÀcccAGGGlÀ
TCCGCCGÎCÀ CTGGCGTCGC GCTCTGCGGC

CTTCGGATGG CTCGGCGÀCÀ ÀGCTCGGCCG

CGCTCÀTCCT CÀTGGTCGTG TGCTCCÀTCG
CÀCÀCGCCCÀ AGÀGCGTGÀT TGCCÀCGCTC
CGGCTTCGGC ÀTCGGCGGCG ÀCTÀCCCGCT

AGTTTCTTAC
GTAATATlGT
AACAGCCCTT
TTTAÀACACA
AAACTAGTTA
AACTTATCAA
ATCGGAAACT
.A.AGACCCTAT
CCGTAGAATT
TGAAAGTTAA
TTCTGTACGG
TACAGTATGT
CAACCAÎGCC
CAGCACCATG
CCTCTGCTCT
CAACCCTCTC
ATTAGTGTTG
TGAATCATAT
CATGTGCTTC
TATCTATTGA
CAACAGTGCG
AGTCAGATAT
GATATGlTGT
AAAGATCATC
ÀGGCCÀÀGÀC
GGGTTClTCÀ
GCTGTTGC|GT
cÀcTcccGcc
ÀCGCTTGCCG
C¡ÀGAGCGTC
ccrccGGrcT
TGCTlCTTCC
cÀGcGccÀcc
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1651
1701
x751
1801
1851
1901
19s1
2 001
205r
2 101
2 ls1
220L
225L
2301
235L
240L
245L
2501
255L

ÀTCÀTGÎCGG ÀGTÀCGCGAG CÀÀGÀÀGACC CGCGGGGCCT TCÀTCGCCGC

CGTGTTCGCC ÀTGCAGGGGÎ TCGGG¡ÀTCCÎ CTTCGGCGCC ÀTCGTCGCGC

TCGTCGÎCÎC GGCCGGCÎTC CGTCÀCGCGT å,CCCGGCGCC GTCGÎÀCGCC

CÀC¡ÀÀCCCCG CCGCGTCGCÎ CGCGCCGCAG GCTGÀCTÀCÀ CGTGGCGGCT

CÀTCCTCÀTG TTCGG¡CÀCCÀ TCCCGGCTGG GCTCÀCCTÀC TÀCTGGCGCÀ

TGÀÀÀÀTGCC CGÀGACGGCG CGGTACÀCGG CGCTCGTCGC CCGCA.ACGCC

ÀÀGCÀGGCGG CGGCÎGACÀT GTCCÀÃGGTG CTCCtrCGCCG ÀGATCGAGGÀ

GCGG¡CCGGÀG GTGGTCGÀGÀ GCCÀGGÎGGT CGCCGGGGÀG ÀCCÎGGCG¡CC

TCTTCÎCÀCG GCAG¡TTCÀTG ÀÀGCGCCÀCG GGAÎGCÀCCT CCTGGCGÀCC

ÀCCAGCÀCGÎ GGTTCCÎGCT CGÀCÀTCGCC ÎÎCTÀCÀGCC ÀGÀÀCCTGTT

CCAGÃ.trGGÀC ÀÎCÎÎCAGCÀ AGGTCGGGTG GÀTÀCCGCCG GCGÀÀGÀCCA

TGÀÀCGCGCT CGAGGÀÀCTC TÀCCGCÀTCT CCCGCGCCCÀ GGCÀCTEÀÍC

GCACTCTGCG GÀ.ãCCÀTCCC GGGCTÀCTGG TTCÀCCGÎCG CCTÎCÀTCGÀ

CÀTCGTCGGC ÀGGTTCTGGÀ TCCÀGÀÎCAT GGGCITCTTC ÀTGAÎGÀCCG

TGTÎCATGCT CGCGCTCGGC GTGCCCTACG ACCÀCTGGAC GCÀCCCGGCG

cÀccAcÀcccGcTTcGIcGTGcTclÀcccÀcTcÀccTlcTrcTTccccÀÀ
CÎÎCGGGCCC ÀACAGCACCÀ CCTÎCÀTCGT GCCGGCTGAG ATCTTCCCGG

CGIÀGGCTCCG GÎCGACGTGC CACGG¡CÀÎCT CCGCCGCGTC CGGCÀÀGGCC

GGCGCGÀTEÀ TCGGCGCGTT CGGGTÎCCTG TÀCGCTGCGC ÀGGÀCCAGCA

sense primer à RT-PCR
CÀ.trICCCGAC GCGGGÀTÀCT CCCGCGGCÀÎ CGGC.trICCGG ÀÀCGCGCTCT

TCGTGCTCGC CGGEÀCÀ.AÀC TÍCCTCGGTÀ TGCTCÀTGAC GCTGCTG¡GTG

CCGGÀGTCCÀ AGGGCTTGÍC GCTGGAC¡GÀG ÀTGTCCÀÀGG ÀCÀÀCGTCGÎ

CGÀEGIAGACC GCECÀÀGÀÀG CEÀ,TCGCCCÀ ÀGCGTGATGT CATAAACATG

CCGTCTCGAC GTGAGTGACT GAJ{I\I\I\I\I\TG TATGCTTTAT TACTCTATTG

GTGTGATTAC TTAATCTAGT TTTGTATACT TTTGTAGTGT CTCTCCTTTT

ACAGT'TGTGG AT'ITGTGGGG TTTCTCTTTC TTTCTTTT 3'

260L
265L
270L
275L
280L
285L
290]-

ê Anti-sense primer RT-PcR

Rlce D,ORYsaPhTl;3

The contig (24795') containing the rice D sequence has a total length = 4083 bp

RiceD tot,al gene = 3483 bP
Promoter = 251-1- bp
partial cDNÀ = 972 bp = 324 amino acids

5' l_

5L
l_01
L51
20t
25t
301
3 5l-
401
45]-
501-
55L
601-
6 5t-
701
't5t
801-
851
901
9s1

1001_
1051_
r-101_

1151
12 0L
125r

TGTTTTATTG TGTTCCTCAG
AACGTTTAGC TGTGTATÀTT
CCATTATCTT AAAAAÄ,GAGC

ACACAÀATTG CTTAAGTACA
GACCGTTTTG CÎGCATTCCA
TGTCAAAÀGT TCTGGGCACA
CAAACACCAA ACAAGACAGA
TCCAGTAGGA TGACATGGAG
TAATTAÃ.AGC AGGTÀGGTGA
CTTATTTAAC ATCATGCGAT
AGCTTGCCCT CTATCAGÎCT
CTTAATTAAT TCATCAGTCA
AAÀAAACTCC CA.AATTTACA
GCTGTCATAT TAGCATAAGA
GCAGACACGG GTGACÎTGGA
ÀTCAAATGAT GCTCCATCGT
AGAGATGGGA TGAAAATÀTG
TGTACCATCA AATATATATG
GTACATTGAG ACAGACGCCG
CTAACTTTTT CATCAAATTA
TCCGTCACAT CGTTTCAATT
AATCACATCC AGAGAGATGÎ
GGAGTATGCT TCAGACCAAG
CACCAAATAG GAACTGAAGT
CTTCTGGAGT TAAATTTA.AA
ATATTGTAGA ATTTTTTTTT

CTATGATTCT
TATTTGTGGA
TACCATACTG
TCAGGACCTA
TGGACCATGC
A.AAGAGTCAA
TACAAATTAT
TACAAATTAG
AAATGNU\TC
GCÀTGCTGAT
CCAAATCATG
TCACTGCCCA
CCAGGGCAAT
AAGATACCTA
AGACCAGGCA
GGlCAATTAC
AAATAGGCTA
TGTTCAACTT
TGTTTAGTTC
AA.ACTTTCCT
TCAATCAAAC
GTACATTCAG
ATTAGCATGG
TAGATTCAGC
AGTTGGAGCT
TTTGACAATC

ATATGTACTT
TATAGAGATT
TGAAAATAAT
GTACGTGCTA
ATGATTAACC
AACTTCCAAT
CCCCATATTT
TTGGTCGCTT
ATGN\I\CAJ\T
GCTGAATACT
TAGGTTCAÀT
AATTCATAAA
ATTTAATTTT
GGA.ATCTGAC
AAGCATCTCT
TCÎATCCATT
AAATAGTTTA
GCAACAACTC
CA,AAATAATT
ACACACAAAC
TTCCAATTTT
TTCAGATTGC
ATTATCACCA
AGATACAIUU\
CTACCAAACG
CTTAATTAGT

CTTTTCATGT
GGATlTTTAT
GGCTGÄJ\I\TC
TCCAAAGCCA
TCTGGCTCTA
GTATAÎTTTA
TATTACAGGG
ACCACACGGG
CGATACTTAG
CCAATGÎTCA
TGTAACGGTC
TATTTTGATA
GGAGATCCAA
TTGGCAATGT
GCTTCTTGGC
AATGAAGGAG
GTTAAGCGGT
ATTA.ATGTTA
CTTTAAACTT
TTTTAACTTT
AGTGTAÄACT
TCTGAACTTG
CACGATGlCA
TTAACTACTA
TACCCAAAGC
TAAGAGTÎCT
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13 01
L3 51
t_4 01
t_451
15 0t-
t_551
1601_
16 5r_

TTOL
t_751_

r-801
185r_
1901
L9sr-
200]-
2 051
21_O'1,

2L5l
2201
225r
2301
235r
240r
245L
2507
2551
260L
2 651
270r
275L
2801
2 851
2901
295L
3001
3 051
3 101
3151
320L
32 51
3301
3351
3401
3451

TCAGAGATÀA AGGÎACCTTG TAGCGTTÀAT CAGTAGTGCT TGCTAATA.AC

TCTGAAGAAC CTAAGACA.AÄ, ACTATATTTT TGGAGGGAAA GA.AACTAATT

TCGCGATAGC TTTAGCTAGT GTGÎCATCCA CACTCCTAAG AATTATATCC

TACATATGCT ACTTGGAGAT ACÎAAGCAGA GCCGCTGCAA GCTTCAAGCT

TCAAGACCAG AAGATCAAGC TTGGATGTCT TGGATCACAT TCACTATGAC

TTGGAATGCA A.AACACTTAC AAGAAATGAA AAAGAAAGAT GCTCCCÎTTC

ACAIU{I\TTGA TAAAACTTTA TTTTCTTGTG AGTGTGCAAG TAGTGCTGGG

AACTAACTTG TTAAGGTACA TGTAACACGG CATTGGGAÀT AGTTGACTAG

GATTAAACAA CATCCAAATG GAGGAGACTT CTCGAGATCA GGTATATTCC

TAGGATCAAA CCATAGTACA AATAACCA.AA TACTACA.ATT TTAGATTATT

TGGGCAGTTÀ GGAATAÀTAA TTTTCAGTGT CCTTTGCAAA ACCTTAGCTC

CAAGCTCATT AACATAÄ,TCG TCTAACCATA TAAATGTTTT TAATTTGA.A'G

A.AATTCA.ATA TTATCATTTA CAÀTTTAGAT CATTTGGACA GTTAATTCCT

AACATGAAAG GGGTTAAÀAA ATATATTTTA TTCCAAAAÄ.A CACAACACAA

ATGTÀGACAC TCATAACGCG TATACTCAAC GCACACATGG ATATCCCTCT

AAAAGGATGG ACCGGCA,¡\I\T CÀTGAAATTG ACGTGTCACC ATGGGCGTCA

CACTGTCAAT AGGTATATAG TCTACCACTG AAAAA'TTT^AA TAGCCATAAA

TACGATTACA TATATCAAGT CTATAACTTG AACCTAGATG GGTTAGTTCC

ACCATATATA ACGAATCTAA CCAÀTTGAGC TACTCTATCA TTTGGAAGTT

TTTAATTTGA AGAÄATTTA.A AATGTTCTTT CGGAAÀTAGA ATTTTAÄATC

GAGCCTATCT CTCGTTGACT CAGAÎCACTC CÀATCATCAT GTCCCTAAGC

CGGGAAGCAG CATTAAC CAA TArr¡r¡{*T CTTA AGCAÀGTGCA TCTAGCTCAC

ACGTACTAGT ACATTAATTC TCTAGGGTTA TATATATTTG CACTGCAGCT

AGTTGCCTTG CTAGCTCGGC GAGGAGCAAG ACGAACAACG AGGCTACGTA

CGCCGGCGAC AATGGCGGÀC GGGCÀGCTCÀ ÀGGTGCTGÀC GÀCGCTGGÀC

CATGCGIAGGÀ CGCÀGTGGTÀ CCÀÎTTCÀTG GCGÀTCGTGÀ TCGCCGGÀÀT

GCGCTTCTTC ACCGACGCGT ÀCGACCTCTT CTGCÀTCTCC CÎCGTCÎCCÀ
ÀGCTGCICGG CCGCÀÎCTÀC IÀCÀCCGÀCÀ TCGCCÀGCGÀ Cå'CCCCCGGC

ÀGCCTGCCGC CCÀACGTGTC GG¡CGGCGGTG ÀÂCGGCGTCG CGCTGTGCGG

CÀCGCTCGCG GGGEÀGCTCT TCTTCGGGTG GCTCGGCGÀC ÀÀG¡CTCGGIGC

G¡GÃÀGAGCGÍ GTÀCGGCTTC ÀCGCTCGTGC ÎCÀTGGTGGT GÎG¡CTCCGÎC

GCGTCGGGCC TCÎCGTTCGG GCGCÀCGGCG ÀÀGGGCGTCG TCGCCÀCGCT

CTGCTTCTÎC CGCTTCTGGC TCGGCTÍCGG CITCGGCGGC GÀCTACCCGC

TGTCGGCGAC GiÀTCATGTCG GÀGTÀCGCCÀ ÀCÀÀGÀGGÀC GCGCGGGGCG

TTCÀTCGCCG CCGTGTTCGC CATGCÀGGCG ÍTCGGCÀTCC TGTTCGGCGC

CÀTCGTGGCG CTCGTCGTGT CGGCCGGGTT CCGGÀÀCGCG TÀCCCGGCGC

CGTCGTÀCGC CGIÀCGCCCGC GCGGCGÎCGC TGGTGCCCGÀ GGCCGÀCTAC

GTGÎGGCGG¡À TCÀTCCTC.ÈÎ GTTCGG¡CÀCC GTCCCG¡GCGG CGCTCACCÎÀ
CÎACTGGCGC ÀTGÀÀGÀÎGC CCGAGACGGC GÀGGTÀCACC C¡CGCTCATCG

EGCGCÀÀCGC CÀÀGC,AGGCC GCCGCCGÀCÀ TGTCCÀÀGGT GCTCGACÀCG

GIAGATCCAGG ÀGGACGCGGÀ CCGCGCCGÀG GCGGTCGCCG CCGG¡CGGCGC

CGG¡CIÀCGÀG TGGGGGCÎCT TCTCGCGTCA CTTCGTGCGG CGGCACG¡GGG

TCCACCÎGGT GGCGACGIACG ÀGCÀCG¡TGGT TCCTGCÎCGA CÂTCGCG¡TTC

TÀCAGCCÀGÀ ÀCCTGTTCC.È GÀÀGGÀCÀTC TTC 3'

GGAI\CGAJ\I\G
CCTTAATTTG
CTGGCTTCTG
TGGTTAGTTA
A]\TTTGTCCC
ACTGTGCCAT
TCGGTAAGGC

AGTTCATCTT
GGATGACTAG
AGTGTCTATG

CATCTCC^AAT

ACCACCCTAC
TATÎATATTG
TATATTATÀA
TTGGTAGAAT
ATAGGGGCTC
GGTACÎCTCG
CTTCTCTCTT
GAGTGTGGGT
TCCCGCTGTA

CTCTCATTGC
GTACCAGCTT
ACAGTGCTCC
CAGCACGTAA
GATCAGCCGA
CCATGCÀTCA
AAAGTCGCTA
ATTCCTCCTC
AGCTAGTAGC
GAGCTGTGGT

TGACCTCTTT
TCATTTCTTA
TATATATATG
TCACTGCTCA
TGCTTTTGCA
TGAÀCAAÀTT
TTGGGGTTGC
CTCATCAACC
TTGCAGTTAT
GACAGGCCAC

AI\I\TTAj\CCC
ATTTAATTCT
TACTTTAGCG
GCATGTACTT
CGATCAGTTC
AACATGACCT
ACGAGGGATG
TGTTTCTATA
GGTAGGACAG
ACATAACAGT

Rlce E, ORYsaPhTl;6

The æntig (19209)containing the rice E sequence has a totallength = 5406 bp

RiceE total gene = 3899 bp
Promoter = 2345 bp
cDNÀ = L52l- bp = 5o7 amino acids
3' untranslaÈed region = 34 bp

5t 1
5l_

101-
15L
20t
25t
30L
351
401
451_
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al

H
{å

i

'rl

I

i

s01
551
601
65r_
70]-
751
80r-
I5L
901
9 5l-

10 0L
1_051_

Lt 01
r-151
t20L
1251_
1301
13 s1
r_4 01
r_4 51
1501
L551
1601
r_651
1,7 0L
1751_
1801_
L851
19 01
19 51
200r
2051-
2tot
2 r_51
2201
22sr
2301
2351
240L
245L
250L
2551
260L
2 651
270L
275L
2801
2 851
290L
295L
3001
3 051
3 101
3151
320L
3251
3301
3351
3401
3451
3501

GATAGGCTCG GCGTTAGTTC TTTTCTCAAG TTGGTGGTTG GGAGTCGTTA

GTTTCATGCT GGTGAGTTTT TCTTTTCTTT CCTGATTGTA GCCTCCTAGA

GTTGTAATAT TGTATATTTT TTCÀTGCTAT ATTAATATGA AGCCTCGCAG

CTATCTCATA TGGTTTGTTC AAAAAAÀTAA CACGATCAAT TGTTGTTTGT

TGTGTAGTGG TCTCTCCGGT GTCACTATCG GTGATTTGAC AAAGACGCTC

CCAÀTGTTGG ATGGTGTAAA GATAGTCATG TCTCCAGTCT TTGCACATAT

ATATAATACA TAGAGTCAAA GTTTAAGATG AAAGGTAACC TTAATA.AGCG

ATTGAATGCT CTATGTGATG GAÃÀTGTGCA TGACGTCTAT AATCCTTTCT

AÀGACTCTAA GAGTGAGTTA CAAACCGCCT TTGCTACCTG TACGTTGATT

GAGTTTTAGA AAAATCGTAG TTGATTGATC AATCATCAAT CTGTTGTTGA

TCTAAGGGCT ATAGCTCTAT CTTGTACCTC GAGCCAAGAG GGAGACAÎGA

TAÀGGAGAGG GATATGTCAG AGAGGACTCA CGACAACGTC CTGGTGGAGA

TGGGCGGGCG GTGGGTGGGG GTGAGATCAT GTGGTTAGGT TGTAAGGGTG

ACAGATCTAG CAGCGTGAGC CAECCCGAGA TGAAGGAGAA AATACATATG

GATTTGTTGA TGAAGAGGGT GATGGCAGTG ATGTGGAGGG AAAGAGGACA

GGGATAGGAA AGGCTTGTCC AACCTCGCCG GTGTCAGCGC TGGCAGTGCA

AAGAGGAÀTG CCATCACACG CGAGTCAAAG TTGGGACTTA GAACGTTC'GT

GGCACAAGAG AAGGGGATCA GGAGAGGGGG AGGCTATGTT AAAATTAGAT

TGTTACACAA ATAACAATGT AATCTGAGCT GTTTAATAAA CTATATATAA

AACATCAGGC AACTAATGAA TGGTCAAGGC CGTTATCAAT TGGTCTGGAT

GGTAACTCCC TGCCTTCGAT GCAGGACGGA GTGTAGCGGG GGCCCCTGTC

CGACCATCCC TÎGCGATAAG AGTTTTTTCC TTTCTCAGTA ACTTATATTT
CCTGÎATTTG TGTTTTTTGT TTCTTTTTTT CCTTGACCCC TAGCAACGGC

CCTCTGACCG TTTGCGTTGT GTAACCAAAC TCTGTTGTCT TCTTTTAATA
TATTGACGTG CAATCATTTA GCGCGTTCGC GAGAÄ.AAAAA TGGTTTGGAT

GGTTÃAATCT TACTAGAAAC CAGAACGAGA TAGGCTACGC AATTAGCAAT

GGATGGTTGG EATTAGGTCA TCTAAGGTCA AACCGATGGA GATACATTTG

CTGCATAAAT AGCAACTAGC GTAATATGTG ATGTGATGTA CTTCCTACGT

CTTATAATAA GTTTATTTTT TAGCTACTTA TATTTGTCTA GAÄATAÀGTT
AATTTTTAGA ATAATTATTT GTATCGGAGT TTGTGAAAGT AAAAÄ'GTAAT

TGTATTTGGA GTACATAAAG TGAGA¡\,¡\GTA TTGAGATTTG ATAÀAGTAGA

GGTATTTTAG TTTTTTTTAT TGGTACGTGT GAGATTAGTG NUUU{TAAAT
TTÀTTTGGGA AGGGATGTAG TACCTAGCTA CTCTTGTACC AGCTAGATTA
AGTATAÀACC AAAAACAACG GGAGTAGTAG TAGTAAGAAT GTAAAACGGT

TCCAACATAA CGCAACAACG GAACC'GTTGG ATATTCGGTT GGGAGAAGAA

GGGAGATTCC GTTTGAGTAG GTTATAAATA GCAAGGAÀTA CATACGTAAG

TTCCÀAATCA TCACA.AAGCA AAGCAAAGCA AGCAATTAAG CTGGCATGGG

CGG¡CCGCGG¡C GGGGAGCÀGC AGCÀG¡CTTGÀ GGTGCTCCÀC GCCCTGGACG

TGGCCAÀGÀC GCÀÀTGGTÀC CÀTTTCÀCGG CCÀÎCGTGGT GGCCGGAÀÎG

GGGTTCTTCÀ CCGÀCGCCTÀ TGÀCCTCTTC TGC,trÎCTCCC TCGTCÀCCÀÀ
GCTGCTGGGC CGCÀTCTACT ÀCCGCGTCGÀ CGG@TCCCCG TCCCCCGGCA

CGCTCCCCCC GCACGTCTCC GCCTCCGTCÀ ÀCGGCGTGGC CTTCGTG¡C¡GC

ACGCTCÎCAG GGCÀÀCTCTT CTÎCGGCTGG CTGGGCCIACÀ AGCTCGGCCG

TÀÀGCGCGÎC TÀTGGCÀTCA CCCTCÀTGCT CtrTGGTGCTC TGCTCCCTCG

ccTccocccl cTccrrrccc cÀcAcccccÀ cclcccTcÀT G¡G¡CCÀCCCTC

TGCTTCTTCC GCTTCTGGCT CGGCTTCGGC ÀTCGGCGGCG ÀCTÀCCCGCT

crcccccÀcc ÀTcÀrGTccG ÀGIACGCCÀÀ CÀÀGIAÀGIACG CGTGGCGCCÍ

TCÀTCGCCG¡C CGTCTTCGCG ATGCÀGGGCT TCGGCÀTCAT EÀCCGGCGGC

cTcGICGCCtr TCCTCGTCTC CGCCÎCCTTC ÀGGGCCGCCT TCCCGGCGCC

TCCCTÀCGGC GÀGGIACCCCG TGGCCTCCÀC GCCGCCGCÀG GCCGÀCITCG

TGTGGAGGÀT CATACTCÀTG CTGGGCGCOC ÍGCCGG¡CGGC GCICI'CCTÀC
TÀCÎGGCGCA CC.A.ÈGATGCC CGÀGÀCGGCG CGCÎÀCÀCGG CGCTCGTGGC

CÀÀCAÀCGCC ÀÀGCÀGGCCG CGGCCGÀEÀT GTCCÀ.trGGTG CTGCAGGTGG

TGGÀGÀTGCG TÀÀTATTGGT ÀÀTÀÀTGGÎG GCÀGCÀGGÀG GCCGTTCGGG

CTGTTCTCCG GCGAGÎÍÎGT CCGGCGGCÀC GGGCTGCÀCC ÎGGTGGCCÀC

GTCGGCGIÀCG TGGTTGCTGC ÎGGÀEÀTTGC GTTCÎÀCÀGC CAGÀÀCCTGÎ
TCEÂGÃ.AGGÀ CATÀTTCÀGC GCGGTGGGGT GGÀTCCCCÀÀ GGCGGCGACG

ÀTG¡ÀGCGCG¡C TGGÀGGÀGCT GTTCCGCÀTC GCGCGGGCGC ÀGÀCGCTGAT

CGCGCÎGTG¡C GGGÀCGGTGC CCGGCTÀCTG GTTCÀCCGTC GCGCTCÀTCG

ÀCGTGGTGGG CCGTTTC.A.ÈG ÀTCCAGGCCG TTGGCTTCGC CGGGATGACC

CTCTTCÀTGC TCGCCCTCGC CCTGCCGTÀC CÀCCtrCTGGÀ CGGCGCCGOG

Sense primer ) Rt-Pcn
GÀÀGCCATGC CTGGCåÀCCÀ GGTCGGCTTC GTCTICCTCT ÀCGGCCÎCÀC
CTTCTTCTTC GCCÀÀCTTCG GGCCGAÀCGE GIÀCGÀCGTTC ÀTCGTÀCCGG

3551
3 601

142



,i

CCGAGÀTCTT CCCGGiCGCOT CTCCGIC¡TCÀÀ CCTGCC,ACGG

GCGTCCGGCÀ ÀGGCCGGCGC GÀTCÀTCGGÀ GCÀTTCGGTT

GGCGCAGCCA CÀGGACÀÀGG CGCÀTGTCGÀ COCCGGCTÀC

TTG¡G¡CGTGCG GÀÀCGCGCTC TTCGETGCTC GCCGGGÎGCÀ

OTTCCTCÀTG ACÀTGATGCT CGTGCCGGAA TEGAAAGGGA

3', € enti-sense primr RT-PCR

Rise F, ORYsaPhTl;12

The contig (17657)containing the rice F sequence has a totallength = 12280bp.

RiceF total g€Dê = 487L bp
Promoter = 2901 bp
cDNA = 1626 bp = 542 amino acids
3' untranslated region = 344 bP

3651
37 01
3751
3801
3 851

ctrTcTccGcc
TCCTCTÀCGC
À¡ÀCCTG¡GGÀ
ÀCCTCGTTGG
AGTCGCTGGA

TÄAAÀCAACT CATAACAA.AÄ TAAATATAAT TACGTÄI\I\TT TTTTGAATAA

GACGAATGGT TAAACATGTA AGAI\¡\IUU\CC AACGGCATCA TTTATTN\I\I\
AACC.GAGGGA GTATATATCT CGTGGTCTTG TTCATGTTGG TCAATGAAGG

ÀCTATAATAT ACTCTCTCCG NTTTTTTAAT AGATGACACC GTTGACTTTT

TTAAÎATGTT TGACCATTCG TCTTATTCAA TA,AATTTACG TAATTATAÀT

TTATTTTGTT ATGAGTTATT TTATCACTCA TATTTAACCA TTCGTCTTAT

TC AI\I\I\I\,¡\TT TACGT^AATTA TAÀTTTATTT TGTTATAAGT TGTTTTATCA
CTCAÎAGTAC TTTAAGTGTG ÀTTTATATCT TATACATTTG CATAÄAATTT
TTGAATA.AGA CGAATGGTCA AACATGTGAG AAAAAGTCAA TGGTGTCATC

TATTAAAAAC GÀAGGTAGTA ACATGGAAAE GGTGAATTTT CCATACTACT

GATACTACTT TCTCTCGTTC GAATACTACT TTGTTTTCCC GTATAAAGTT

TATTGACCGA AATACGGAAT CCATGAAAAG ATAÀAGATGC TCTTATTATC
TGATGCTACT GTTAACTCTC TACTTCTTGA GAACAGTAAA CCCTCCCTCT

TTCAACTAGT CAGCAAA'TTA ACCAAAGCCG GTGTCTATAC CAGTCAGTCC

CAAAAAÄAGÎ CAAÀCCCTAG TTATGAACTT AGGCACGTAT ATGTCCGGAT

TCGTAGTTAG GATTGGACTT TTTTTAGGGC TGGGGTAGTC ÎGGTAAAAAC

CGATTCCCCA ACAGGTAAAA AGAAGTGGTC CTCGGAAGTÎ GCCAÄACCGA

ACCCACCGAT CGAATCGAGG CGTGTGTGCC GCGTGCGCGC CCGTACAGTA

CGAGGAGAGC GGGACGCGGC CGGGTTCGCG ACGGCGCACA CGCAGGCTGG

GCCGGTGATG GGCTGCGTGG GAGGTGTGCT GCTGATGCAT GGGCCAATGC

GCGAGATAGC TCGGTCGCGT GGTATGTGTC GGGCCTCGGT TCCCACGGGC

TTCGCACGCA GGCCGGATAC AGAAÀCAGAT CGAATCTCGG N\CAIUU\I\CA
GAGAGCCACA TATCACTATA TCAGATGTCA CGGTGGATTT GCCGCCGCGC

AGATCGGGAT AGCTGGCAGG CATTCGTACA CCCGGATTTC TGCTÎTGATA
TTCTGTTATC ACAGTATATC CGAGGGCACC GTATCÎGGTG CAAACCAGGG

TTGCTGTGCA GCETTGCAAA TTTTCAATTA AGACCATAGA ATACCCATCC

GATGGCTAGG TATAGAGGTG GGTTACTTTÎ GCACTTAACC GCCCACACTC

ATCTATGCTA ATCTGTTTTT TATGCAAATC CCCCCTAATC ACAGEATCCG

TCCGCCCGCT CTTCCCGCGT CGÎTTCGTTT CTGCAGCACA CGCGATTCGC

CGCCGCCCGC TCGAGTCCCC GCCGCCCGCC AGCGACTCGC CGGCGCCCCT

TCGCCACGCC ACCACCGCCA TGTTGCÀ.AAC CCTCCCGTTG TGAGGTCACG
GGGTAGACCG TGCCGCTGCC GCCATGGAGT CTGGCÀCGCG CGACGTTTCG

GATTCCAACG CGATAGACET TGTGCAGGAC CAGCGGGCGG GTGCCGTTGA

TCCTGTCGTC GCTATTGATC CCGTCTCCGT TGAGGCCGCC GCCATATATC

ATGCCGTCAT TATCGTGGAC GCGGGCCAAA CAAGGTGTGA ACTATGAACC

GTGGAAGTGT ACTTGCTGGA AGTTTATTCT GAACTTGTAT CCCTATACTT

GATGTATTCC TGAAÎGAGAC ATGCTTATTT TCGTATTGTG AACATTTTAA
TCTTAACCTG TATGCTCTTG TTATTGGTAG ATGCTGCCAA AATTTAGTAA
AAAGGGATAC ATGCTACCAA AATCTGAACT GCATCAAGAG TTTCTTATCT
GAGACATGTT TATCATCAAT ATATGACAAT ACATGÄAACT GAACCTGTAT
CA.AACETAIC AAGCTGTTGT GTTCTAGCAC ATGTGCAGAA AATGCAGAAC

AAGTAGTTTG ACAGTTTGAC ATATTACAÄA ATCCGTGCTG GTTTCAGTTC

ATCTGTCATC CGAATGCATG AAGCTGAGCA TATATTCAGT TTGACAGATT

GACACAGAAA ACAGCTGGTA GTTCATTCAG GCTATTATTC AGTTAEACAC

CCATAGGTTC CACTGCCACC ACAAGCAAGA AAAAÎGTTTT TTTAÎGGTTC
CACTTGACTT GACTCAATCT CATTATCAAA TGACAGAACA CAATTCCATT
GCATATTTGC AGTCACAATC TTTCAGAGTT TCAGAÎTACA AAATTAGTAC
ATCAGTGTCA ATCTCAGAAC ACGATTCCAT TGCATATCAG CTCGGCGGGC
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2401,
245L
2501,
255]-
260].
265r
2'70!
275]-
2 801
2 851
2901,
2951
3 001
3 051
3 101
3 151
320L
325L
33 01
3351
3401
3451
3501
3551
3601
3 651
37 01
3751
3801
3 851
3 901
3951
4001
4051
4101
4L51
420L
425L

CAGCGACCGC GTCGAGCCGG CTGGGCEGGG ACGCGGTCGC GGCGGCGAGC

GGCGACGGCG GGAGGGCGGA GGACGGCGGC CACATGAAGC AGGGGGGATT

TGCATAAAÂA ACAGATTAGC AGAGATGAGT GCGGGCGGTT AAGTGCNUqJ\

GTAGCCTACC TCTGTCCGTA GCCATCGGAT GAGCATCATG TGGTCTTGAT

TGAAAGTTTG CAAGGTTGCA CAGCAACTET GGTTTGCACG AGATACGGTG

CCGTATCCGA GGGGGTGCTA GTGTCTGCCA ÀTGGCGTTGC ATACGTATCT

CGTTTGTATA ACGGAATCGG GCTCTTTGCA CGGCACACGG TTCATCTCGT

ACTCGAACTC CGATCTGTTA TAAECATCGC GTTGGATCGT AGCAGCACAC

GGTTCATCÎC GTACTEGAAC TECTGATCTG TTATAACCAT CGCGTTGGAT

CGTAGCAGCA GCCGCCGACC CAIU\CGCN\I\ CGCAAACGCA AACGCGACGC

CÀTGGGÀÀGG CAGGACCÀGC AGCTGCÀGGT GCTGÀ.trCGCG CTCGÀCGCGIG

CCÀ.ÈGACGCÀ ÀTGGTÀCCÀC TTCÀCGGCGÀ TCÀTCGTCGC CGGCÀTGGGG

rrcIrcÀccc ÀlcccrÀccÀ cclclIcTcc ÀTCÎCGCTCG TCÀCCÀ¡Í¡CT
TCTCGGCCGC ÀTCTÀCIÀCÀ CCGÀCCCCGC CÀGCCCCÀCC CCCGGCTCGC

TGCCGCCCÀÀ CÀÎCGCCGCC GCGGTGÀÀÍG GCGTCGCGCT CTGCGGC¡ICC

CTCTCCGGCC ÀGCTCTÎCTT CGGIÀTGGCTC GGCGÀCÀÀGC TCGGCCGCÀÀ

GÀCCGTCTÀC GGGATGÀCGC TGCTGCTCAT GGTGÀTÍTGC TCCÀTCGCCT

CÀG¡GGGCTCT CCTTCTCGCÀ CACGCCGÀCG ÀGCGTCÀTGG CCÀCGCTCTG

CTlCllCCG¡C ÎÎCTGGCTCG GCTTCGGCAÍ CGGCGGÎGÀC TACCCGCTGÀ

GCGCCÀCCÀT CÀTGTCCGÀG TÀCGCCÀÀCÀ ÀGÀÀGÀCCCG CGGCGCGTTC

ATCGCCGCCG ÎCTTCGCCÀT GCAGGGGTTC GGCÀTCCTCG CCGGCGGCGT

TGTCÀCGCTC GCCÀTGTCCG CGGGGTTCCÀ GGCCGCGTTC CCGGCCCCÀG

CGTÀCGÀGGT CÀ.trTGCCGCT GCGTCCACCG TGCCGCtrGGC CGiÀCTÀCGTG

TGG¡CGCÀTCA TCCÍGIATGCT CGGTGCGCTG ECGGCCÀTÀC TGÀCGTACTÀ

CTGGCGGATG ÀÀGATGCCGG AOÀCGGICGCG GTÀCÀCGGCG CTCGÎCGCCÀ
ÀGGÀCGCG¡ÀÀ GCÀG¡GCGTCG TCGGÀC'ATGG CCÀÀGGTGCT GrcÀGGTG¡GÀÀ

ÀÎCGAGGTGC¡ ÀGGÀGGÀGÀÀ GCTCCÀGGAC ÀTCÀCGIAGGG GCÀGGCACTÀ

CGG¡CCTCTTC TCGGCGCGGT TCGCCÀÀGCG CCATGC¡CGCG CÀCCTCCTGG

GCACGGCGGC GACGÎGGÎTC CTCGToÀCGT CGCGTÀCTÀC ÀGCCÀGÀÀCC

IG¡TTCCAGÀÀ GGÀCÀÎCTTC ACCÀGCÀTCC ÀCTGGÀTCCC CAÀGGCGCGC

ÀCCÀÎGÀGCG CGCÎCGÀGGÀ GGTGTTCCGC ÀTCTCCCGCG CGCAGÀCGCÎ

CÀTCGCGCTC TGCG¡GCÀCCG TGCCGGGCÎÀ CTGGTTC'ÀCC GÎCTTCCTCÀ
ÎCGACÀTCAT CGGCCGCÎTC ÀÀGÀTCCÀGC TCCTCGGCTT CGCCGGGAÎG

ÀCG¡C¡CGTTCÀ ÎGCTCGGCCT CTCCÀTCCCG TÀCCÀCCÀCT GGACCÀTGCC

TGG¡CÀÀCCAG GTCATCTÎCG TCTÎCCTCTA CGGCTTCÀCC TTCTTCTTCG
CCÀÀCTTCGK¡ GCCG¡À.ACGCG ÀCGIAEGTTCÀ TCGTÀCCGGC CGÀGÀTCTTC

ccccccccIc TCCGGTCÀÀC CTGCCÀCCGC ÀTCTCCGCCG CGTCCGGCÀ.È

GGCCGGCGCG ÀTCATCGGÀG CATTCGGTTT CCTCTÀCGCG C¡CGCÀGCCÀC

sense primer ) Rt-Pcn
ÀGGIACÀÀGG¡C GCÀTGTCGÀC GECGGCTÀCÀ ÀÀCCTGGGIÀT TGGCGIGICGG

ÀÀCGCGCTCÎ TCGTGCTCGC CGGGTGCÀÀC CTCGTÍGGGT TCCTCÀTG¡ÀC

.ÈTGGATGCTC GTGCCGGÀ.trT CGÀÀÀGGGAÀ GTCGCTGGÀG GÀGATGTCCG

GCGAG¡GCCGÀ CGIACGAGG¡ÀÀ GCTÎCTGCCÀ ÀCGGCGGTGC CÀÎCGCCGTC
ÀÀCTCGTCCG GAGTTGAGAT GCTGTAATCC TTCAGGACGC AACGAGATGA

CGAACACTTG CATGCGAAGE TCGTACTTGT AGCGTGATAG GAAATGTTAT
ACTTATATTT ATTAGATCGT ACTCCTACTA GTAACTATCA TAACTATGTT
AGTACTTGCT TTTTAGGTAC AGGAGTTCTC TTTGTACCTC AAGTTGATCC

CTAATTTTCG TAGAACTTAA TTAATTCATG GCAAGAAGTT GCTCATTACT

CATTÄATAGA AGCTATTCTA AACTTTTGTG GAATG'ICTCC'I'IGTTATTTG
€ Anti-sense primer RT-PCR

CATGÎTACTT AAACAATTAT AÄjUUqAAATA GAJU\,¡\AI\i\TT AAATAGATAG
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4851 ATTACGAÎAT ATCATTACAC À 3

Rlce G,ORYsaPhTl;7

The contig (2059) containing the rice G sequence has a total length = 17252bp

RiceG total gene = 4801 bp
Promoter = 2852 bp
cDNÀ = 1581 bp = 527 amino acids
3' untranslaÈed region = 368 bp
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5' 7
51

701_

751
2 01_

251,
301
3 51,

407
457
507
551,
607
651
707
751
801
857
90L
9s7

7001,
7057
J,701
L751
1207
7257
7307
1357
7407
1451
7501_
7551,
7607
L657
7701
1_7 51,

7807
7857
7907
1951
2007
2051_
2107
2L57
2207
2251
2307
23 51_

2407
245L
2507
2551,
2607
2651,
2707
2751.
2807
2851.
2901
295L
3 001
3 051
3 101
3 151

TCTAGAAAGA TTAAAGAAAC AGATGACACA AGG¡.ATCAGT CTTATCCCGT

CCCTGGTTGC AACAAGGACA ACCACAATGG CTAATAAGCA TAGTGTTAGG

CTCÆCTGTTG TCTTCGGTCT GATATCATCT GAGATTGGAT CCCCTAYPCT

TGTCAAGAAG AATGTGCGTA TATGCAACCA CTGTCATCAT GCATTGAAGT

TGATATCAAG ATATTCAGGA CGGAGGATTG TTGTCEÆTGA CTCAAAGATC

TATCATGAAT TCTCTGATGG CTCTTGTTGC TGTGGTGACT ACTGGTGAAT

GGATATCACT GTTTCAGTAT TTGACAATGT TCTTCACACC TTCGGCÄÃEÀ

CCAATGGAAC GCCTGAATGA ATAGGTGTTG TGGCAAAATA TCATCATAAA

GTcAcAGcmAGATGAA11AT1GAGTATGAGTccAAATGcTA1AGCTGTA
T1AATTTT1GGGGæ]AIATAGA3GAGAAATcAATTCccAæTA3Te'GTA
CAATGTTACT CCGGTAGCAG CGGCTCAAAG TGAAAæGTG AATATGCACA

CTæACAGGA ACCTCCTCTT AATACTGTAA CAEATTGATA I'GATGTACAA

AGTCCATTCT TTTCGAGTGA AGATTCTGAA TCACATAGCT CCATGTACCA

CACATCATTC AATAATGAAA TTTAACAGAA AACTACTTTC ATTTGCAATT

CTTAACAAAA CAGAATTTAG AGATTTAGAA GAACATTTGC YTGACACAAG

GCCAAGTTffi ACTCGTTTTC ATACAAACTT CAGAACAAAA T:TAAGCATAT

GAAAEGCATC GAAACGGCAT GTAGCCGCAC TTCAGCTATG CTCCGCCECG

GCGCTTGGCC TCCTCGGCCT CGACCATGCG GCGGGACGCC TCGGCGAGCC

GGTCGAGCGC CTGCTGCACG GCGTCGCGGC CGCCGATGAG GAGCCGCGCC

ACCACCTCCG GGTCGCGCTC GCCGCGGGCC TCCTCGAACT CCCGCCGEGC

GTTGGCGCGC AGCACCTCGC GCCACGGGAC GCCGCæTCG TCGGGCCACT

CGAACAGCCG CGTGACCCGG AGGATGTCCC GGTACAGCCC CAGCGCCTCC

CGCCGCGAGC TCGTCAGCCG GCGGCGCGCC TCGGCGTCCG CCGCGTCTCC

GTCGAGCGCC CCGGAAGAGG AGGAGGGGGA CTTCTTGGCG AGGTGGCGGT

CGAGCAGCTC GTCGATGGTG TCGGGCCCCT CGTGGATGGA TCGGACCGGC

Gãcc3cccccTCAAcAcGGccAcGccGcGGAGGAGæAGGAGGAGG3G3G
TGcTGcGAeGGccATGGcTGGGTTATT1TTccccTccTcccGTcTAwTA
CCGTTGCGTT GCTCCTGAGT TGGGTATTTG GGTGAGATCC CCAATTCTTG

ACCTGGTTGG GTCGGTATCC AGCCGATGGG CACCGTGCCA CCGTGCTACT

AGTATGTGG] AAA3CGGAGA ?T1,GATTTA: 3AAGAAATTG 1GTTGATTTA

CAAAGAAACC ACACCATAAT TCTCATCGGT TTCATCATCC CATAGTACTA

CTACAATTTA TTTATTTGCA ACAACGGCGA ACCAAGATCA CAATGGAATA

CG?IjITTACAT GTCCTACTTG TAACACCGAA CGCTACTACG ATGTTGATGT

A1AAGGTTT?ATcTcATcTGTA3GGTG3GGTAG33æAGGATTGGccAcG
GTGAcGGccTTGGT?TTGATccGGTAccTcGGccGcCGAGæATGA1CTG
GclæGccccATcccGAAcTGGccGGTGccGTccATGGccæcGGcccGT
CGTCGTAGAC GTAGCCGAGG AGGCGGCCGC AGGCGTCGCA GCTGATGCGG

GTGCGCTTCC GCTGGATCCC CCAGTAGTTG AGCGTCTCGA AGAAGGGGCG

GATCTTGTCC TCCæCGCGA ACCGCAGCCG CGACTCGTCC ACCCACGAGA

AGGAGAG1GTCcccTTGTTGccGGccTcGAAGTAGAcccc1TC1GGGTAT
AGCTGCGCCE CCGTCAGGTT CAGGTCCGCC CCGCACTCCG CGCACCGGTA

cGTcGccGcCGccGccGATGAGGA1GC1ATccccccccccccccccaccc
CACCCGAGCA CGGAGATCTT CTGCGTGGCC GCAACGATGG ATCTGCGTAG

TTCAGTGTAATTTTGT31AATTTAGGGA3GATGATTT3TAæGAGGAîA3
GGcAccGGAAGcGAAGccGcGTTGGA1TGGAATTT?TTG1TA1GA?ØTG
AGAffiTTCT TCTATGGTGA GAAGTCAAAG CCAAGACGCC ATGTTTTTTC

GAGTTTCGCA ATGGTTTCAC GACGGAATAC GGTGCæCCC ATTCAGGCCC

AGWTGTTTTGGATcGcccGGcccATTAGccGTTGcTTccTcTcTcTccG
TTCCGTGTTC TACGAGATTT GTCTCAACAA TCAATCCGAA TTTTGGAAGC

AGAGTTGTTA3GAATTGTATcGGcAAAcAcATAT3ATGTGTAT3ATGTGA
TCATCAGAGT ATATACATAA CAAGTAACAA AATCTGCAGG YTTGCACGTC

T3GTGTGTAGTA3GG3GATAAGCTAATGGGATATGGAT3?AAAAcAcGcA
GAGCCATGCG ATTGCGATGC GAGCCCGTCA MCTTGTTG CTGGAAAGGA

GGGAGAAGG?GTTG1ATT?T3C3GAGAAAAATGAAæATATGAccTcGGA
ATATTCTCGC GTCACCCGCG TATACATAGC AACCAACCAC CTGTTCCATC

TCTCTGTAGC TCACTCCCTC GCCGCCATTT ACGAGGCAGG AAGGTGTTTG

TGTGTGAGAG AGAGAGAGAG CCTTTGACCG CCGGAGCAGC AGCGTCACCG

C@TGGCGGG CGÀTCÀGÀTG CJ\CGTGCTCT CCGCGCÎGGÀ CÀGCGCeAÀG

ÀCGCÀGTGGT ÀCCÀCTTCÀC CGCCÀTCGTC ÀÎCGCCGGCÀ TGGG¡CÎTCÎT

CÀCCGÀCGCC TÀCGACCTCT TCÎGCÀTCTC CCTCGTCÀCC AÀGCTCATCG

GCCGCGÎCTÀ CTÀEÀCCGCC GACGGCGCGT CCÀ.AGCCGGG CAGCCTGCCG

CCEÀÀCGTCT CGGCGGCCGT GÀÀCGG¡CGTC GCCTTCGTCG G¡CACGCTCAC

GGG¡GCÀGCÎC TTCTTCGGGT GGCTCGGCGÀ CAGGOTCGGC CGGÀÀGAGCG

TCÎACGGCÀT GÀCG¡CTGCTC TTGÀTGATCÀ TCTGCTCCGT CGCGTCGGGG

i
il

1

I

/i
f

-.t
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320L
32 51
33 01
3351
3401
3451
3501
3 551
3601
3 651
3701
3751
3801
3851
3901
3951
4001
4051
4101

CTCTCGTÎCG G¡GGÀCÀCGCC GÀCGÀGCGTC ATGGCCÀCGC TCÎGCTTCTT

CCGCTTCTGG CTCGG¡CTTCG GCÀTCGGCGG CGÀCÎÀCCCG CICå'GCGCCÀ

ccÀTcÀlcTcGGÀGrÀcGcGÀÀcÀÀGcGG¡ÀcGcGcGGcGcGTTcÀrcGcc
GccGTGTTcGCGÀTGCÀGGGGTTCGGGÀTCcTcGccGGcGG¡cGcGGTGGc
GiÀTcGGGATcAccccclÀTclTcAGGAGccGGTrcccccccccccccTlcc
CCGCCGÀCCC GGCGGCGTCC ÀCCCCGCCCC AGGCCGÀCTÀ CGTGTGGCGG

CTCITCCTC.A TGTTCGGCGC GCÎTCCCGCG GCGCICN'CCT TCTACTGGCG

GiATGÀGGÀTG CCGGAGACGG CGCGGTÀCÀC CGCCATCGTC G¡CCAÀGÀÀCG

ccGltrGcccctccGcG¡C¡ccGÀcÀTGTCCAÀGGTocTccÀGGTGIÀGÀTCACG
GCG¡GÀGCÀGG CGGAGÀ,TGGC CTCGCCGGTG GÀC,AÀGCCCT TCÀCCÀGCÀÀ

GCCCTTCGGC CTCTTCTCCG GCGÀGTTCGC GCGGCGCCÀC GGGTTCCACC

TCCÎGGGCÀC GÀCGTCGÀCG TGGCTCCTCC TGGIA,CÀTCGC CTÀCÎÀCTCC

CAG¡À.ÀCCTGT TCCÀGÀÀGGÀ CÀTCTTCÀGC GCCÀTCCGGT GGÀÎCCCGGÀ

GGCGÀÀGÀCG ÀTGÀGCGCGC TGGÀCGÀGCT GTÀCCÀCÀTC GCGCGCGCGC

ÀGACGCTGÀT CGCGCÎGTGC GGGACGGTGC CGGGCTACTG GTTCÀEGGTG

GCG¡CTGÀTCG ÀCGTGGTCGG GCGGTTCÀÀG ÀTCCÀGGCGG CGGGGTTCTT

CÀTGATGÀCG GCGTTCAÎGC TGGCGrcTGGC GGTGCCGTÀC GÀCCACÎGGÀ

CGG¡CGGCGGG¡GÀ.ÈccÀGAIcGGGTICGTGGIGcTGTÀcGcGcTcÀccTTc
TTCTTCGCCA ACTTCGGGCC GA.trCGCGACG ÀCGTTCATCG TGCCGGCGGÀ

sense primer ) Rt-PcR
GÀTÀTÀCCCG GCGÀÍ¡GCTGC GCGCC¡ACGTG CCÀCGGGÀTA TCGGCGGCGI

CGG¡C¡GAÀGGT GGGCGCGÀTC GTCGC¡C¡TCTT TCGGGÎTCCT GTå'CCTGGCG

CÀG¡ÀGCCCCG TCCCGGCCÀÀ GGCGGCGGCG CÀCGGCTÀCC CGCCGGGCAT

CGGCGTCCGC AÀCTCGCTCT TCGCGCTCGC CGGCTG¡CÀGC TTGCTCG¡GCT

TCCÎCCTCAC CTTCCITGÎG CCGGÀGCCCÀ ÀGGGCÀÀGTC GCTCGÀGGÀG

ATGTCÀCGG¡G ÀGIAÀCGÀGGT CGGCCAGCCG TGATCCACC CGTTAATTCC

ACCGCCGTCC GTCTGCATGC AAGATCCATG CGTATGCGTG GTTAGTCCAC

TAGAGATTTT TGTTCTCTTT TTTCTAGAAT CCATTGGAAT GCATAÎGTTC

TTTTTTTTTT CTAGAATCCA TTAGAGGCTG GATGATGAÄA'IAATGGCCGC

€ Rnti-sense Primer RT-PCR

CAATTAATTG TTGACGACAA TGTAGTTTAG CATTAGGTGA GTTTTTCATA

4151
420L
425L
43 01
43 51
4401
4451
4501
4 551-

TAATGAAACT ATCATTAGAG TTCATGCTGA TTCTGTTTCG GCACGAGGGA

TCCTCGCGTC GTTCCTTTTT TTCTGTTGAT TGTGATGATC AAGAGCGATC

TCTCCTCCAA A.AAACAAAAC AGAATGCATC TCTCTATAAT CAAAAGCA.AA

A3'

Rice H, ORYsaPhTl;4

The contig (1494) containing the rice H sequence has a total length = 19078 bp

RiceH total gene = 5050 bP
Promoter = 3056 bp
cDNÀ = 161? bp = 539 amino acids
3' untranslated region = 377 bP

4 60L
4651,
A'.tot
475r
4 801_

5, I
51

101
151
20L
25't
3 0r_

3 5t_

4 0r_

45r
501_

551_

601
651
70L
75t
801
85r-
901-

AAATTTGGTA
GTAGATGGAA
GATTAATTAG
TGCACTTTTA
ATCTATCTCT
AATTCTGGTG
ATGGAAGTAA
CTAGGTTCGT
AGCTTTGGCT
TCCATCACGC
ACAATTTTAT
AAGTTTAATT
TCTAGCCAAT
TGTTTAÄTTG
CTTATACTGT
AACGATTTAT
AAGTTCTTAT
TTGAAACGCT
AGCCGATCAG

GAATTGTTCA
ATGGATATGA
TTGTCTTTTC
CAAACCCGAG
CTAGATCAAT
AGTlCTTAGT
GTTCCACCAA
TCCGATATTC
AAAGCTGAGT
TTGTATAGAT
AGTGTCTTGG
CTACTAAGTC
TAGTTATCTT
AGTATATTCA
CTTGATTTGG
TACTGATTAT
ATTAATCTAT
GTTGACATCG
CTCCTTAATC

GTGGATTCGG
CTGAATTTAG
TTATTAGGAA
GTTATAAATA
ATAATTACTT
TTCGAGCGAG
CTTCAATTGT
TAATTAGTTG
CGTTTCAATC
CTCTCAACTA
TTAGGTCCGA
GATAGGGTTT
GCTATAATTT
CTAGTTAGAT
TCCGATCTAC
ACATTGCTTG
TCAAGTTTÀC
GCTGGCTACG
TTATACGTTC

TTATGGAI\I\T
TATATCCCCT
ATCTTATCTC
TATACATCTA
TCAACGCATC
GCTGCATCAT
ATTGGCTTAG
CTATAATCGT
TTTTGGTCTG
AATTGTTTTT
TCTATTAGAT
TATGCAACAT
CTGGGTGTTA
CACTTTTTAT
CAAGGTTATT
GTTCTAGCCG
ATTGGAACCA
CTATAACACA
TATTGTTAGT

AAACTAATTG
N{.¡\TAGGTAT
GTGTGTAACT
C.GGTTTTTTA
AACACATTTT
TTCATCAGGC
GTAGGACTTT
TGCATATACT
ATCTTATATA
CTTATTATCT
TGCTGCCAAT
TCATAAGAAT
CATCGGCTCA
TAÀCTTAAAT
TTTAATGTGA
ATCGAAGCAT
TAGCCATTGA
TCGACCTATT
TGTAGAATTA
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951
10 0l-
r_051
l_ t_ 01
1151
'1,20t

t25r
L3 01
1_351
14 01
t 45l_
150L
15 5t_

1-601
1651
t_7 0l_

r7sL
1801_
18 51
r_9 01
t-951
2001,
2051
2101_
2r5t
220]-
2251
230].
2351
240L
2451
250]-
255L
260'J,
265t
270L
275L
2801
28sL
290]-
295L
3001
3051
3101
3151
3201
325L
3301
3351
3401
3451
3501
355L
3601
3 651
3701
3751
3 801
3851
3 901
3 951
4001
4051
4101

A.ACTAATTGA CATGÎCCTGA ACTEGGATTT TAGGACCTAC ATTAGAGCTA

A.ACAGATCTG TCAGGTTCTG GTGTGTTGTA CA.AATTTTGA GGCAACAGGC

TTTTTATCGA TTTTAATAAG TGGTGTAAAT CATCGATATC GCTATCTGAG

TGAAGCCATT CTTGTCTTTA CAGTGCAGTG TCATAAGAAA ATCACCAGTC

TTCAAACAAA TAGGcGTAcc cAcITAAcTT N\TTAIU\CAA ATATAATTGT

CCAATAAÄÀT GAGAACGTAG TTGAGTTTTA CTTCTACACA CCAGTÎGCAA

ATAGAATATT TTTTTAATGA ATATCAACCC GACCTCTATA TTTCGCATTG

ATATGCACAA ACA.AAAATCC CCGCTCTTAA AAAATGATAC AI\GA]U\TGGT

ACCAÀAAGTC ATGTTCTCTT A.A.AÀAA.AA.AÀ AGAAATGTCA CCCAGTTTGA

TACTCACTTT GTCCCÄÄAAT ATGTAAGTGT TACAGGTTTT GGAGAÄCTTA

TCCCATCGGA ACACACTTTG TTTACATTTT ATCCGATCCT ACCCCATGCA

CCCTTACGCT TTCCAATTAC TCGTCGAATT GATAATACTC TCTCTCATTC

TÎGATCTCTC TAA.AAGACCA TGAATCCCTT GAATACGGAG ATAGGTAACC

TTGTCTTGTT TTGACTTGAC AÄATATTGAT TCCTCGAGCA TCTAAATGGC

ACATTGAGGA CATGACTATT TGTCTATCTG GCCCCACAGT AGAAGAATCC

TGAATATAAA CAAATGATAC AAA.ACAATAA AAAGTCAATT CAACATCACT

GGTAGTAGAT GGATAACATA GATAÀCACGT ACGCTGCCCA AATTTCGAAG

ATATTAGTAC GTGATTTGTT TGACTAATCT TATTCTTATA GGAGTATTGC

ATTAGGGAGA AACAAATCGA AGCGATGACG TGGCTCTTTC TAGCTAGTTT

TGTCATTTGCcTcccTATAAATAccATccATGTGTACCTTGccATcGGTT
CTTCAGAGTT ACAGTGCTAA CGGCCÎGCAG CAGAGTGCAG CGACTCCCCT

GAAGAAACTG GTATATTAAT ATCAGGTGTG TATATATTTC ACATTTTATT

CTAGTACTAC TATTAATGAC ATGTCTATAT ATGTCAATTT TAAGTATATA

CATGTAATGG GAAATTAAAA TTTTCATATA ÎTCACAAGTT TCTTGCTCAT

GGAACATGCGTCAAGGCAGGATGTTGTGTAGGGGTGTTAATTACTGATTG
GTCATTAGTT GCCCTCATGA ATCCATGAAA AAGTTCTTCA TAAAGTCATC

ACAAGAAGAG ACETTTTGTG CCCTCTTTAC GGCATGCTAA GGTCACGAAC

AGTTCAACAA AAGCAACCAC AAGATTTCTT TTCTGAAAAC TAATGAÄ'CAT

TCAGAAATTT CTGTGCAATT TATCTCATGA CCTAACCAGA CGATGCTTGA

GCCACGAAAT AGÄAGAGACA AAGATAGTTT CGTCAATTCG AGAAGTTTGT

CCC.GACACTA CTGATGATAG CGGCAGATTT GGACTGATTC CATGAAAGTT

GTACAGTAAG GTGCGAATCT TGAGTTGCAG AGATGCACCÎ GGATCCGGCT

ATCTAGCTTC ACGAGAATCC CATCTCTGCT CTECTAAATT GACCACGAAA

CTGAATTTAT GTAGAGATTT TTCTCGAAAT TCAGACATTT TTCACTGGGA

TGGATCGGGG ATTGTTGGCT GATAAAGCTG GATTTGAAGA Aj\cAj\cAjUU\
TTTTGATATA TGATACCTTG AATAAACGAG GAGTTTCTGA AGTAGTGGCA

TGGTCTGTTC CAGATGTCTC TCTGAACTTC CGTTTCAGTT TCAGTGGACC

TTATTGTTGG TGAACTGAAA CGAATATTAT CTTCTCGTAG CCACGTGCAT

TCTGTAGATT TTCTTTTGCT CAGTTCGACA CGCATATACA TCTGAGGCTA

ATTAGCTCAA TTAATCGCGC GGTTTGTGTA ATTCTCCCAA ATAATTAGTT

TCTCGTTCAT TGCAAATTGC AGCGAGATTT TGICGA.AATA ATNqACTTGG

TGTTCAGTTA TTCTCTGCAA AAAATTGCAT ATTGCAGAGT AGCTGAGATT

GGCGCCATGG CCGGCGAGCT CÀÀGGTGCTG AÀCGCGCTCG ÀCTCGGCGAA

GÀCGCÀGTG¡C¡ TÀCEÀTÎÎCÀ CGGCGÀTCGT GIÀTCGCCGGC ÀTGGGGTTCT

rcÀcccÀccrc CÎÀCGACCTC TTCTCCÀTCT CCCTCGTCÀC CåÃGCTGCTC

GGCCGC,AICI ACTÀCTTCAÀ CCCGGCGTCC åÀGÀGCCCCG C¡CTCTCTCCC

GCCCÀÀCGTC TCCGCCGCCG TCÀÀTGGCGT CGCCTTCTGC GGCACCCTCG

CCG¡G¡CCÀGCT CTTCÍÎCGGC TGGCTCGGCG ÀCÀÀGTÀTGGG C¡CGCÀÀG¡ÀÀG

GTG¡TÀCGGG¡À TGACGCTCAT GCTCATGGTC ATCTGCTGCC TCGCCTCCGG

CCTCTCOTTC GGGTCGTCGG CGÀÀAGGCGT CATGGCCÀCG CTCTGCTTCT

TCCGCTTCIÍ| GCÎCGGCTTC GGCATCGGCG GCGÀCÎACCC GCTCTCCGCG

ACCATCÀTGÎ CGGAGTÀTGC TÀÀCAÀGCGT ÀCCCGTGGCG CGTTCÀTCGC

CGCCGTGTTC GCCÀTGCAGG GGTTCGGCÀÀ CCÎCACCGGC GG¡CÀTCGTGG

CCÀTCÀTCGT GTCCGCCGCG TTeAÀGGCGÀ GGTTCGÀCGC G¡CCGGCGTÀC

ÀGGGÀCGÀCC GGGCCGGCTC CACCGÎGCCG CÀGGCCGÀCT ACGCGIGGICG

CÀTCGÎGCTC ÀTGTTCGGCG CCÀTCCCGGC GCTGCTCÀCC ÎACTÀCTGGC

GGÀTGÀÀGÀT GCCGGÀGÀCG GCGCGCTACÀ CCOCGCTGGT q¡CCÀÂGAÀC

GCGAÀGCÀGG¡ CCGCCGCCGÀ CÀTGÀCGCÀG GTGCTCÀÀCG TCGÀGATCGT

GGÀGGAGCAG GÀGÀÀGGCCG ÀCGÀG¡G¡TCGC GCGGCGCGAG CÀGTTCGG¡GC

ÎCTTCTCCCG CCÀGTTCTTG ÀGACGCCÀTG GGCGCCÀCCT GCÍGGGEÀCG

ÀCGG¡TGÎGCT GGÍTCGTGCT GGACÀTEGCC TTCTÀCTCGT CGÀÀCCTGÎÎ
CCÀGIAÀGGÀC ÀTCTÀCÀCGG CGGTGCÀGTG GCTGCCCÀÀG GCGGACÀCCÀ

TGÀÍICGCCCT GGAGGTAGATG TÎCÄ^GATCT CCCOGGCÀCA GÀCGCTCGTG

GCGCTGTGCG GCÀCC.â.TCCC GGGCTÀCTGG TTCÀCCGTCÎ TCTTCÀTCGÀ

147



4151
420L
425L

4301
4351
440L
4451
4501
4551
4601
4651
470]-
475r

CATC}ICGGC
CGTTCATGCT
À.ÈccÀcÀÎcG

CTTCGGCCCC
CGÀGGCTGCG
GGCGCCÀTCG
CGCGAGCÀ.trG
CGCTCTTCTT
CTGG¡TGCCG¡C¡

CGÀGGACCIÀÎ

CGCTTCGTCÀ TCCÀÀCTCGG CGGCTÎCTTC TTCÀTGÀCGG

CGGCCTCGCC GÎGCCGTÀCC ÀCCÀCTGGÀC GACGCCGC¡GG

GCÎTCGTGCT C.ITGTACGCC TTCÀCCTTCT TCTTCGCCÀÀ

sense Primer ) Rt-PcR
å.trCTCCÀCGIÀ CCTTCATCGÎ GCCCGCGGÀG ATCTTCCCGG

ÍTCCÀCCTGC Cì,CGGCÀTCÎ CGGCGGCGGC G¡G¡GGÀ.â'GGCC

TCG@ICGTT CGGGTTCCTG T.trCGCGGCGC AGÀGCÀCOGÀ

å,CGGACGCCG GCTÀCCCGCC GGGCÀTCGGC GTGCGCÀÀCT

CCTCGCCGGÀ TGC,NÀCGTCÀ TCGGCTTCTT CTTCACGÎTC

ÀGTCGÀÀGGG GAAGTCGCTG GIÀGGAG¡CTCT CCGGCGÀGÀÀ

GACGATGTGC CGGIÀGGCGCC CTCGÀCGSCC GIÀTCACCGGÀ

TTATTGTGGC TTAAATTTTG TAAAAAAGAA TATTGCGGCT TAGATTGCAT

TAGAATAACA ATAACATCGC CCACAATTCA CTTAGAGCCC CTlTGATTTG

GAAGAAAAAC AAAGGAATAT TGGATGGTTT TAATCCTATA GGAAAATTTG

CTACGAAGGC ÀTTTGAAACA AAGGATTAAA TCTTATCCTA TCCTÎTGGAA

3',

Rice l, ORYsaPhTl;5

The oontig (1361) containing the riæ I sequence has a total length = 19355 bp

RiceI total gêIlê = 7050 bP
Promoter = 5027 bp
cDNÀ = l-650 bp = 550 amino acids
3/ untranslated region = 373 bP

4801
485r.
4901
4951
5001-

CTG¡CGCCGGC GCCGCCÀGCT TGATACCCCG CGGCAAAACC CA.A¡ITGGTCA

A TTTTGTTGTA ATATATGTGC AATGGATGAT TATTCTGGTT

CTGGTAGTGT ACCGfu\CAJU\ ATTACAAA TA CTAGTCGTCA ACCCGTGCGA

€ Antí-sense Primer RT-PCR
GTGATATTAT AAATGACACT TAGATTATGT ATTAAATATA TTTTCTA]UU\

CCGGCGGCGA AACACGGGAG ATCGAGGCGT TCAÀGGAAGA AATGAAGCAG

CTGTTCAAGA TGAGCGATCT GGGAGAGCTC ACTTTTTACA TGGGCATCGA

GGTGCACCAG AGCACGGCCG CAATCACTCT GCATCAGGGT C'GTTACGCGC

GccAGcTGcTGAccAAGAcTAGGATGGAIGGGTGCAATGCcTGcAccAcT
CCCATGGAGAccccccTAcAACTGAGCAGATcAAGcTcAGccTcGccGGA
GGACACCACT GAATATCACA GCATCGTTGG AAGGTTGTGT TACCTGGTTC

ACATGCGCCC TGACATAGCT TTTGCAGTTG GGTAÎGTGAG CAGGTTCATG

GAGACECCCA CCAGTGAGCA CATGGCGGCT ATGAAACGAA TTTTGAGGTA

CGÎCCCCAGC ACTCTCGACT TCGGTTGCTA CAACAGAAGT GTCGGGCCGG

CGACATTGAC GGGTTTTAGC GACTCTAACA TGGCTGGAGA CGTTGACACC

CAGAAGAGCAccAcGGGAGTccTcTTcTTccTTGGcAcAAATCCGGTGAG
TTEGCAATCT CAGAAGCA.AA AAATTGTGGC ATAGGCTACG ACAGCAACCÎ

GCCAAGACGT GTGGTTGAGC CAGCTGCTGG GAGAGCTCAG CGGATTCAAG

CCGGGTGCCT TCAAACTCAA GGTTGACAAC AAGTCAGCCA TTGCCCTCAG

TAAGAACCCT GTGTTTCATG AACGAAGCAA GCACATCTCT ACCAGATATC

ACTACATTCA CTCATGCGTG GAAGACAGAT GTTGATTCCA TTAGTACTGA

AGGGTAAATT GCAGATATTC TGACCAAGGC TCTTGGGCGE GTGAGGTTCC

AGGAACTCCG CACTCAGATC GGGGTCATCG ATATCAAGAA TCAGEGCAAA

ATTTAGGGAG AGAAATGTTG GCAAATAAAC CAGCGCCGGT CATCGCCGGT

CATCCTCTGC TTCTGCAGTT CTTGTTCTTC TTCGGTCAAC TGTAGCACGT

CCTGTTTATT TTCGATTTCT TCAGTTTCGA CATTTAAGCA GAGCTGGCCA

GTCCGCCATG CGCGTTGCGT TGTATGCCTG AGACGTGCGA GTTCACGTCG

GGGCGTGGGT GTGGTGGAGT CATAGCATAG TATGCGCTCT GCGCTTATTC

GTGTGGGATG GCACACGATC ACGCGACCGT GGAGCGTTTA GTCTGGCCTA

TGGGCCACTT CTATGTTTÎT TCAÀTAAAAG GGAAAGTAAA CGGAAAAGCA

GCAAGCAAGT TAGCTGCGCC N\I\I\TCTTCG TGTGTTCGTG TTGÎTTCTAT

TcTcGcGTGTGTTCAAGAATTCTTGTTGTTcTGGGAcAcTGGGATCAAGG
ATCGÎCGGTA ACAATTGTAT CCTACTTATC CAGATCGTCC GTAACAAGTG

GCATGTTCGC ATTAGCTGCA ATACGAACAA GTGTCATACC TACCTTCACT

AGACGTTTAT GTTTTATTGC CTCCTGAAGA ATECGAATGG AJqA¡\'U\GGAG

TGACAAGTCA ACCAAAA.ATC TCTACGTGAG GTGTGCGATT TTTCAACGTG

GATGGCATTG AGCCATTGAC GGCCCAATTT TGCACGCAAA TGGGAÄAACC

5' 1_

51
101
151
20r
25].
30L
351
401
45t
501
55r_
601
651,
701
7 51,

801
851
901
951

t_001
t_05t
1101
1151
L201,
L25t
l3 01
13 5l-
14 0r-
14 5r_

15 0r_

15s1
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1_5 01_

1651
TTOI
1751_
t_80L
l_851_

19 01
t-951
200L
205L
2LOL
2L5t
220r
225I
230'1"
235]-
2407
2451
2501
2551
2601,
265]-
2701
275t
280I
285'1,
2901,
2951,
3 001-
3051
3L0l_
3 t_51_

32 01
325]-
33 01
3351_
34 0L
345L
3 501
3 551
3601
365L
3701
375]-
3801_
3851
3901
3 951
4 001
4 051_

4 10L
41_ 5t_

420t
425L
43 0l-
43 5l_

4401,
44 5l_

4 50L
4551
460t
4 651
470t
475r

AGATCAAÄAG GAGACACATG TAEGGTGTTG TTGCATGGTT AAGAAGGAAT

ATTTTGACTA ATTGGGTCAT AGTGCTCTTC TGAGCACTGT ATATATTGGA

AGACAAAGCA GGCÀA.ATGAT ATGTAC CATA TCAACCATAA AGATTCCCTC

GATGTGCATG CAGCACCTAA CTGCAATTTA GACATGATAG AAAGAAGCTG

Al\TAj\l\cTAT TTCCTGGTAT GAATCTTTTA CAGTACTAAA TAAGACGGCA

GCTTCTTTCT ATCAGGTGTA AATTGCAGTT TGTGTGGTCC TGÎTTCTTAA

TTGTTÀAACCcGTTcGGTccATTTCGTAGTTATGTTTTGTTAGATAATGG
TATTGCTTTG GATCATGTCT TCTTTTTTTT TTTTAÀCGTA TAGAGCTAGC

CCACACTTGG ACACTCCACA TACACCCATG AGCATGCCTC CTTAGCGTAG

ACTGAAAGAG ATAGAGTCTA ACGTAAATAA ATTCAÀAACC TCACTGAATT

TCTGATAÄ.A.A NUqJ\GTATAC TTCCATGAAÎ GTAACTGTAG GCGTGCACCA

GGATTTGGATccTTTcccTTTTTTÄACCAAAGAATATACGAGAGTAAATT
TTATAACACTACATATATATATATTCATTAAATTATCACAAAACAATAGA
TTTAAGATGA TGTATCACA.A TAATACAGAT TTAACACCAA ATTTATTACA

AATTAÄACTA CAATTTAAGG TGGAGCATCA TNUqACTACA GATTTAATAA

CACAATTATC ACAAAACTAA TAGCGTCAAT ÎTAATTACAA AAGTAGAACG

TTTATAACTT AATCATAGCA GTAGTACTAA GAATTTAI\I\C CTCA.AAA,TCT

GTAGTTTTGT AATAATTTTA TTATTAAATC GATAGTTTTA AGATACTTAG

CCTTA.AACTT CTAGTTTTGT GACA.AATTTG TTATTAAATT TGTAATTCTG

TGATACACCA CCTTAÄ.AACT ATAGTTTTGT GATAATTTGC TCCAAATAGT

GTAA.AATTTA CTCAATATAG TTAATTTGTT GTTCTAGTTC ATCCAACATC

GTTTATACTC CCTGTATTCA CCÎGATATTA TTTATCTTCA CJ\TTTTGATC

ATATCTTTTT TACCAATAI\I\ ATTATAjU\TA TTTTAGAATA TACCATATTA

TGAI\IU\TGTT TTGCATCGTA AATATAAACA GACAATTTAA CTTTCATTGA

ÎTATAGATTA ACCAAGTAAC CATTTAAA.AG TTATAGATAG TAGGA.ATTGA

AACATTAÄ,TA ATCAATGCTA GCGATTATTC GCATTCTTAT TTTAcTcccT

CCATCCTATA ATATAATGCG CGCACGCATT TCAAGATTTA ACTTTTAAAA

CATTTGACCA ACACTTAGTA TAATATGAAA TTAATTTTAÎ TTATCAAAAA

TTATATCATT AGATTGTGAT TTGAATTTAC TTTCGTATGG TTATAATTTT

GTTGCTACAA ACCTTACAGT ATATGAGAAA TTATAAGTTA AAGATTAGTT

TTAGATACTATACTA.ATTTTGAccGTGccTTATATTATAGGATAGAGTGG
GTATCTA.ATA AATTGCCGTT GTGTTTGGAT GTGAAATTAC CCGACCTTTT

AACTA,ATTTG ATATTTTAGG N\lUU\TccAc ATAAGGTGAG ATGGAAATAT

CCCGTTAACT CCATATTATT TTTACCAA.AA ATATTAATTA AACTAACAAG

CTTTGATCGAGCTGGGTGTTTGGTACATTTGAGTACTTATTATATTTTTA
TCGTTTTGAA ÀGTACGTTGG CATGTTTGCT GTCTTCCGTT GATTCATGCA

AGATGCCAAG Aj\¡U\CNUqÀT ATTTTCTTAT ATTTAATTTT AGTCGTCGTC

AAGCTCAGGT GTAGAATATC GTGATATGTT GGACCTGTTA GATGTGTCCA

AATCCACGCA GATGGAAGTT TGGAAACACA GTTTCATGGG TCATTCCAGA

AGTTCAAACA ACCAGCCAGC TAGTCCCTCC ATCCTCAA.AT ATAAÄ.P.TAGT

ATCCCTCTCT ATTCGTATTT TAATGTAAGA CGTCGTTAGT CTTTTCACTA

ACATTTGATC ATTTGTCTTT TTCA.AAA.AAA TTATGTAATT ATTATTTATT

TTATTGTGAT TTAATTTATC ATCAAATGTT TTTAAGCATG ACATA.AATAT

TTTTATATTÎ NUUUAIUU\TT TGAÄATGGTT AAAAAGTCAA CAATATCATA

ATACAA.AAGG AGTACCTTTT AA.AATTTGAG AGGTCAGTÎT TTTTTTAGA.A

CTCATACCCA CAAACTTAAA CATTTATGAG GTACTTTTAT TATTGTCCTC

TCCCCCTTAT TCACTGGACA GGAACATTCC ACAGTTGATG GTTTCCTTCA

ATTÀGGGGCA TATCGTCCAA A.AAACTATAA TTGTTTTGAT TTTCCTTCGT

CTTAATCTCT ATAAGAAAAT AGAAATTTTT ATTTTTTTTG GTGGATCCAT

ATAGTATTAT ATATAGGTGA TATATACATA AGCTTCTCGT GCGCACACAC

ACTAACATAA AAATATCATC GAAATTTTCT TAAAA.AA.ATA TATACATGTG

CCTCCTATAG TAATAGAGÀA TGAA.AACACC TATATAGAAA GTTTCATCTT

cAAATTcATc ATTTA.AAGAG GA,UUUUqACA AAATTCTTGT AGTTAATATT

CATAAAACTC A.ACTTTTTTT CTCTTTTTTG CAGGTATAAT ATAATGAACT

TACAGTTGAGACATACATATGAATAATACTATTGAAAÀTATTTTTATAÄÀ
CTTTTCTAAA ATTTTCACTC GAAGTTTGTG CACCCAAEAT ATGTTCTCTT

ATATAACATA CCTGGTATGA ATAAGCAACT ACATTACAAT AGAACAACAC

AAGGCAAGAT TAATATATAT ACCCAATGAA ATATTCCCTC TGTTTTCTTT

AÀTTTAACATTGGAAAGTATAIU\ATAGAACTAAccAAcGTCAGAAAGTAA
AAATAGAGGA AACATATAAÄ, CCTAAÄ,GATC AGCATTTAAA ATACTTTTCG

TGTATTTTCC TCCAATTTAC AAGATAATTC ACATAACAGT ACAACCTACT

ATTTAGTGGA GAAAATAGTT AATAATGACC TATATGATCC AGAGGTTCAA

ACTGTATATG TTCTAGACCA TTCACAACCT GTGCCN\I\I\T ACCAATGAGA

TTATGACATG CATGCATATG CATTGCCCTA ÎAGTATGATG GTAACCATGC
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4801
4851_
4901,
495L
5001
5051
5101
5151
5201
5251
5301
5351
5401
s451
5501
5551
5601
5651
5? 01
57 51
s801
5851
5901
s951
6001
6051
6101
6151
62 01
625L
63 01

ATAceAGccATAAC,¡UqATTAAAcTTGTccATGCATGAACAAACCAGAATG
TTCCAGGATTTATTCTCTAGcTAATAecTGTcAcTTAcAccAÄA.TTccTT
GCACTATATATATAGCTACAATAATTCATGcGTGcATGccATTGCCATTG
AccATATGcAÀGACTAGTGCCATAACAATTTcAcAATAAcTTAGAGTATT
ATATCAAAGATAGTcGccGGcGccGccATGGcIcÀG¡G^TcGcAÀG¡GItGcT
cGÀcGcGcTGGÀcAcGGcGÀÀGÀCGCÀGTGGTÀccÀcITcÀCGGCGGTGG
TGÀlrcGccG¡G¡cÀr@GGTrcrTcAccGÀcGccIÀccÀccrcIlcTccATc
TcccrccTcÀccAÀGcTGcTcGGccGcÀTcTÀcTÀcTTcÀÀcccGGcGIc
cÀ.[GAcccccGccTcccrcccccccA.trccrcrccccccccGTCÀÀTGGCG
TcGccTrcTGccccÀcccTcGccGGccÀGcrclrcTrccccTGGcTcGGc
GÀCIÀGÀIGGGGCG¡CÀÀGAÀGGTGTÀCGGGÀIGAcGclcÀTGcTcÀlGGr
cÀTcTGcTG¡ccTcc¡ccTcccGccrcTcGÍTcGGGTcGTcGGCGA.AÀCIG¡CG
TcÀTGGccÀcGcrcTccTlcTIcccclTcroGCITGG¡GTTcoGcAlcGGT
GGcGÀcTÀcccGcTcTcGGcGÀccÀTcÀTGTcGGÀGrÀrGcTÀÀcÀAGcG
ÎACCCGTGGC GCGTTC.ÀTCG CCGCCGTGTT CGCCÀTGCÀG GGCITCoGCÀ

ÀccTcÀccc¡GcGGcATcGIGGccÀTcÀTcGTGTccGccGcGTTCÀÀGTCG
CGGTTCGACG CGCCGGCGTA CÀGGGACGAC CGGGCCGG¡CT CCÀCCGTGCC

GCÀG¡GCTGÀC TÀCGCGTGGC GCÀTCGTGCT CÀÎGTTCGGC GCCÀTCCCGG

CGCTGCTCÀC CTÀCTÀCTGG CGGÀTGAÀGA TGCCGGIAGÀC GGCGCGCTÀC

ÀccGcGcTGGTcGccÀÀGÀÀcGÀ,eÀÀGÀÀGGcAGccGccGÀcATGGcGcG
CGTTCTCÀÀC GTCGÀGCTCG TCGACGÀGCÀ GGÀGAÀGGCÀ GCGGCGGCGÀ

cGG¡cGGcGG¡cTGCGGÀGGÀGGÀGGeÀGcÀcGGcGcG¡ÀGcÀGTÀcGGGcTc
rTcrccccccÀÀTrcG¡cÀcGGcGccATGGccÀccÀccTccTGGGcÀcGAc
GGTGTGCTG¡G TTCGÎGCTGG ÀCÀTCGCCÎÀ CTÀCÎCGCÀG ÀÀCCTGTTCC

AGÀÀGGACAÎ CTÀCÀCGGCC GÎGCÀGÍGGC TGCCCÀAGGC GGACÀCCÀTG

ÀGCGCCCTGG AGGAGÀTGTT CA.I,GÀTCTCC CGGGCÀCÀGÀ CGCTCGTGGC

GCTGTGCGGC ÀCCÀÎCCCGG GCTÀCTGGTT CÀCCGTCCTC TTCATCGACA

ÎCGTCGGCCG CTTCGCCATC CÀGCTCGGCG GCTTETTCCT CÀTGÀCGG¡CG

TTCATGCTCG GCCTCGCCGT CCCGTACCAC CACTGGIÀCGÀ CGCCGGG¡GAÀ

ccÀcGTcGGcfTcGTGGIcATGTÀTGCCTTcÀccrrcÎTcTTcGccÀÀcÎ
TCGGGCCA.AÀ CTCCACGÀCC TTCÀTCOTGC CGGCGGÀG!ÀÎ CTTCCCG¡GCG

sense primer ) nt-PcR
AGGCTGCGTT CCACCÎG¡CCÀ CGGCÀÎCÎCG ÍCGGCGC¡CCG GGÀÀGÀTGGG

CGCCATCGTC GGGTCGTTCG GGTTCTTGTÀ CGCCGCGCÀG ÀGCACCGÀCC

CGÀG¡CÀAGAC GGÀCGCCGGC TÀCCCGCCGG GCÀTCG¡GCGT GCGCAÀCTCG

CTGTTCCTG¡C TCGCCGGÀTG CÀÀCGTCGTC GGCTTCTTGT ÎCACGTTCTT

GGTGCCÀGAÍI ÎCGÀÀGGGGÀ ÀGTCGCTGGÀ GGIÀGCTCTCC GGCG¡ÀGAÀCG

ÀÀ.LTGGAGGC TGÀGCCGGCG GCAGCAÀCTÀ ÀCTCCTÀCÀG GCAGÀCCGTC

cclciÀcÀGcc GIÀ,CÀGTCCGA GÎ¡ÀÀTA.AAC ATA.AATTAEC GCAATlACTG

TATCTGATCT TGTATACTCT CACTAGTTGC ATTCTGCCAT TCTTGCCTCA

TAATAATCTC GAAATCTTGC TACTGCCCAT GACTAGGATT

ÀnÈi-sense Primer RT-PCR

CTC.GGAACCA GCAGATTTTC ACCATGTTGG TACAGCTTCT CTGGATCTCT

63 51
6401
6451
6501
6551
6601
6651
67 01,
675L

TCTATGGTCT GCAAGACCAC CTGGAATTCT CACATGGCAC CÎTGGTGCCC

TCTGAGTCTC ATTTCACAGA TTGGCAAATG AGATAAACTT TA.AACGCTCC

AGAGCAATTG ATACTGGCAA ATGAGATAAT GTTCCTTGAG CGGCATTGCA

TCCACGTCTT TTTCACCCTG ATGCTTATAÀ CTCTGAGGAG CATGGATGTT

3t

Rice J, ORYsaPhTl;13

The contig (285)containing the riæ J sequence has a totallength = 28353 bp

Rice'J total genê = 4499 bP
Promoter = 3838 bp
partial eDNA = 661- bP = 220-3 amíno acids

680L
68s1
6901
6951
7 001

ATAAATCCAC
TTCGCAGGCT
TCATAÎTGTT
TATGGAGCTC
AGGTCTAAÄA

GAGTTACTAA
ATTTAÀTTCT
CTTCTCAGCG
TTCCTTCAÀA
GCTTAATAAA

GTGCTCCTTC
TAGAGTCAGC
TATGCCTTGG
ATTTTGCATG
TTGCATACCC

ACTTTAAAAG
ACATGGACAA
CAATACCAAT
CATAAATCCA
AGTGTGGAAA

CATCGTCGAA
ATTATCTTCC
AAATTTAAAA
TCACAAATTG
TGAGTAGATC

5', 1
51

t_01_

t51
20r

150



25]-
301
351
4 0r-
451
501-
551
60r-
651
701
751
801
851
901-
951

1001
1051
1_101_

115L
12 0l_

t25t
t_301
13 51
14 01
14 51_

1501_
l_551_

l-601
16s1
t_701_

L75L
18 0L
18 51
1901
r-951
2 001_

2051,
21_OL

2a5r
220r
2251
230r
2351.
240L
245r
2501
255L
260t
265]-
270t
2751.
2801,
285L
290L
295r
3 001
3 051
3t 0l_

3 151
3201
3251-
33 01
3351
34 01

TAAGcAccGTAGAAAAA,TCCCCCG^AAGATTTGAAGTTTAAAAccTccccc
CTATATTTAAGTTACTTIAGGAGAGAGA.AACTTCGGGGAGAATGAACAGG
ACTCGGGGAGGAAGAAGACTATATAIATAGGGGCATCTTTGcAGGcGGGc
CAIATAAGAGGcAcATGcAAAA.ATCGATGTTGcceAGGcGcAcAAcGTcT
GccTTcTTcGTAc'GcGccGcTTATATGGICTGCCTGCA.AAGATCGATCTT
TGCAGGCGGAccccccccTccAceccGGGTACATTTTGTGCCGGTAGGGT
TTTGGcTccGAATTACATGTccGccTGcGAAAATGGAACCccTAcGAcGc
CGAAAÀTGAGTTTTCTAGCAGTGcccTccGccTccAccTcGcATcTTcTA
TGGGCGAAGGAAccGAGcAGcTcTATGccTCGATGGGCTGcTGccAcTGc
AccATTGGccAGcTcTGTccGAGccATTGccGAcGTcGcGAccccccTcc
GGTcGcTcGcccTcIcTTIGGCTGGCTGTTGAATAAACAATGGCAGATAA
AGGGÀTAGAGAAA.AATAGAGAGGAAAAAGAGCGAGAAGGCTAAcTATcGc
TGccAGcGATCGTTTTTTTTTCTTTTTTTITcTTTTccTcTTTTAGTGAG
TTTATAcAccTAAAGTTTACACATCTAÄ.AATTTATccAccTAAAGTTTGT
GAAGCTAATGTTTATAAGTCAAAAGTTTATATAcccAATTAAAATTCÀ.AA
TÍiCGGATTCAAÄ,TATTTTATATTAAAATATTTCTATACATAAAGTTTATG
TGTGCA.AAGT ATACGATATA A.AGTCTATGC ACATGAATGA GAGTATTAGA

TTTTTTTCCT AATTTTCTTT TACTATTTTT TTTGAAATTT ATGATGTAAT

AGAAAAGTAA AAAAGAGAGA IGA.AAGATGA GTATTAGGGG GGAGGGACGG

GTGATCGCTA GGAGGAGAGG GAAGCGATCA ECCGCCEACT AGCAACCCCC

cA¡\l\l\l\GAGAGCAGAGAAACATAIUUU|TGCcccGAcATGTc'GAGTccAcA
TGGATATATC CCATGCTÄAC TCAGCCGGGT TGATTATAGC CAACTCGCCA

CGTTAGCTGAAAccGAGcAcAATAccAcccTAGTAACTCAGGTATTCCAA
TAATTTGTGCATAAGTAGAGAGAGAGGACGAGGAACGA.AAGGGAGGAAGT
GGGccAAcGIATTGGCCTTGGcccAAGAAGAATATATTGAGTTAGGTTTT
TTCACGATTTTTAGAGGGAAAAATTGAATGAGTTGGATCAATGAAGTCAA
TCAGAAGGGAGAAGGGGAAAATAAGTGGGAAAGGATCGAAAGGGcTccGA
CTCGACAAGA ATGAACAATG TTGATGA.AAA ATATTTTCGC TAATGATTTT

ccoU\l\TTTG TGGAGTATGT TAcTcTAAGc TTGTGTATAT ATAAGCTATT

TTGTAGGT.AA TCGAAGAAAA GTAATTTAAA TATAGTGAGA AGAACAGAAG

GTGAAGGAGG CCATTTATAG A.AATÀGCATA CTAGGACTGT TAAATAGTTA

TCTGTATATT ATCTTTGGAT ACCAAAGATG CGGCCTACTA GTCACTGCCC

ATTAATTCTT TTCAAGTTTG TTGAATACAT ÀAGCACÀTAA TGATTTAATT

TATTCCCTAA ATA.AATCATG ACATTGCAGA TGTAA,ACTAG TATAATCATA

TCATACGATT TACACACGTA AACTAGACAG TÀAAGCATGA ACAGGTCGAÀ

TATGCGAAAC ATGTTGAATG CATACCGAGG GTTTTGAAAA ACTGGCTGCT

CAGTAGGAAG A.ACTCATGGT ACAGTGCGTT GATGACGGCG CGCAGCACGT

GAGTGAAGAG GAAGACGAGC TGTTGTGGAT GAACAGGGAG TAGTEACGCA

AACCGCTTCC TA.AÄ.AÀCCTT AATGCCACCA TCTCTTGGTG CAGGACGTCG

AACACGAAGG TÎCTGGAAAC CTACTCTCCC GATCGCCGGT GCATGCCCGC

GAGCGGGATA AAGTAGACTÀ CGAGTGATGG CGCCGTACAG AGGAGCAGGT

AACCCTAGAT TGATTTCGCA TTTTGCATGG AGGCAGTGAC TCTACTTATA

TAGAGATÀTCAGGATGCTTGATcAGGGcGccTGcAcGATcTccAcTAcAG
GTAACCGAAC CGAATAAGTC GCTCGTAACT TATCCAGACT CCACGCCGTT

TCACGCACCG GATTATTCAG AGCGTTTCCA AÀA.AACAAAT CTGAATTTTC

TGCAGCAÄAA CAA.AACTGCA AAAGGAACCA ATTTTATCAG ACCATTCGAC

GCGTACGTCG TGCACGTGCC CCAGCATGTC CGGCCAGGCG AGGCGAGCGA

GcGTGcGTcTGTGTTccTccTGTTcTcTccÀccTcAcATGccTcAAGTGG
CTAGGAGAGC ATCCTCCCTT TTAAGGAGGT ACTAAACTAC CCATACATGT

TATCCCATGA GGTGTGGTTT TGTGATTTTT CAAAGAATTA ATCTTTGATG

AÀGTTGTCC.A TAAAGTTTTC TGTGTACAAG TTTGTTCATA ATTGTTTGAA

ÎTATATATTA TGA.AAAGCTA TTA.AÄAGTAT AACTATATGG ATATATTCTC

ATGAAAÀCAT TATÎGATACC ATTTTTGCAA ATGAATTATG AAACCTTAAA

ATGTTTGTAC ATCCATACAT CCTAAGACCA GATCTATCTG TÀAACGGAGC

AGTGTTTTCT GAACTCGCTA GCTCTTACGG AATCTGTATC TTCATTAGAG

AATATTACAC CCAGCAATTC ATCGC'GCACG TCAGATGCCA GGATGATTGA

AACAGACATC TTTTACTTTC TTGTTCCTGC TTGCCGTCCG C€ACTTCA.AG

TGGACGACTT TGATCGAATA A]\TTGCAACC AGCAAGTTCC AGCTAACTTC

ÎGATCTGAAG AACCAAGCAC GTACÀCCACT AGTATTTTCC AGTCTACATT

TAATTTGCACTACCTAGTAGCTATCAGTTGTTACACTÄAATTCAAGATTT
CTÀCAGATCC AAGTATATCT GATACAATAA TAAGA.ATATT CATTEAGTTC

ACCATATGCT AGTGTCTTGT TGCACAAGTA CAGACACATG TTGACAATAA

ACCATTTGTG ACTCCCAGAT GGCTGTCAGG TTCAGCAGAT TGTAGAAATG

AAATTCATAA AGTTCAGGGA ACTATCTTAA AAAAAGTGCA GCAAGTGTTT
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34 51
3 50L
3 551
3 601
3651
3?01_
375L
380r-
3 851

CAAGGAAA.AA CATTÀAAATC TAACTATAGT ATAATTGTAA TATAATTCCA

CTATAACTAT AÀTATAAGTT GTATATAAGT ATTAAAATAA TACCTAAÀAT

AATATATGCA ACTTTATATC TAACTTATAT AGAATTTACG ATGTAGTTAC

AGTGCAGTTA CACTACAÄ,CT GTTGTACTAT AGTTACATTT GAAÀGTTTTT

TTTGCCGAAAAÄAACTTGTGATAGTTTTTCAGcAATTccATTCAGAAATC
GATTAGATGG AAAGCATAAA ACCTTTGATA TGACAGAGAC AGTTTAATTA

TGCTTGGAAG CTTATATAAC TTAGCÄACTT ACAATAGCAA GGACAGGATC

GAAGÄ.AATTÀ AGGAAGCAÀG TCGGATCAGA AAGCAACAAT GGCCGGC,AÀC

cÀGcAGcTGcG¡GGTGcrGcÀcGcccTGGAcATÎGCAAGGAcAcÀGcTGTA
sense Primer à Rt-PcR

CCÀTTTCÀTC GCGÀTCGTGIA ÎCGCCGGCÀT GGGCTTCÎTC ÀCCGÀCGCCT

ÀcGAccTcTTcTccÀTcTcccfccÍcccccÀccTccrcccccAcGTcTÀc
lACcÀcGGco ÀGcTcccccc GÀ.trCÀÎCCÀC GCCGCCGÎCÀ CCGGCÀICGC

GCTTTGÎGGrc ÀCCGTCCCCG GIÀCÀG¡CTCGT GTTCOGICTGG CTCGGTGÀCÀ

ÀGÀTGGGCCG GÀÀGCGTGTC TÀÎGGAÀTCÀ CCCÎCCICCT CÀÎGGÎCGCC

TccIcrcTccccrccccÀclcTccTTcÀGÎÀÀGCGCGÀGG@ÀÀGÀÀCGT
IÀTCGCTGTG CTTTGCTTCT TCCGGTTÎTG GCTTOOÎGTT ÀGCATCGGTG

GCG¡ÀTTACCC GCTCTCCGCC ÀCCÀTCÀTGT CÀGÀGTÀCGC CÀÀCÀ.trGAGG

ÀCTCGTGGTG CCTTCÀTÎGC TGCTGTTTTÎ GCÎÀÎGCÀÀG¡ TÃÀGÍÀGI.ß¡I

CTATGTIITTTCTTå,TTGTAÀTTGAÀTCCAGccTGTGÀÀTGÀTGTTT
ê ¡nti-sense Primer RT-PCR

CTGCÀTÀTGAcccÀcÀccÀlccATÍcTlTÀGTTTTTÀÀ.trcÀTÀÀcÀTrTc
GGÀÀÀTTÀTT ÀÀTG¡GACÀÀÀ GTTTCI.ÈÀÀG CTTGÀCÀÀ.ÀÀ TCTI'TTÀ.Iå' 3'

CTAAAAGCTT TTAGGGTGAA CTGATTGAAA ÎAAATCATAC ATACAATAAA

ÎACATTATAT ATCGCATATT .AATAAGTCAG CGÎGCGAAGA GCTTCTGGGA

TGAAccGATcGGTGAcccGAGcGcGTGcGTTcGGGcAccTATcAÄAcccT
TGTACACAAG CGCATGACCC EGCGTGAGAT TCGTGCCGTT TTTCTTCCCT

CTCCATATTA CÀGTGACAAC CAAGCAGGCG TGCCAAATCC ACTGGAEACG

GCCAAGTCGG CTACCATTCC TGCGCCTACA TATACCGCGG CATCÎCCCGC

GccATTGcTGTGcccAGAGAGcTcGAcAcAAATACAGGGGGAcTcGTcTT
CTTCCCCGAG CTTTGCGAGC AGAGTCGTTC AGCCATGGCG CGGCTGGÀGC

ÀGCAGCÀGCI CCTÀCÀGGTG CÎGÀGCGCGC TGGÀCGCGGC G¡ÀÀGÀCGCÀG

TGGÎÀCCÀCT TCÀCGGCGÀT CGICGTCGCC GGCÀTGGIGCT TCIÎCÀCCGÀ

CGCCTÀCGAC CTCTTCTGCÀ ÍCTCCCTCGT CACCÀÀGCTG CTCGGCCGCÀ

TCTÀCrÀcÀc ccÀcclcc¡cc ÀÀGGÀGÀÀCC CCGGCÀGCCI GCCGCCCÂÀC

GTCGCCGCGIG CGG¡TGÀÀCGG CGTCG¡CGTTC TGCGGCÀCGC TCGCGGGCCÀ

GCÎCTTCTÎC GCGTGGCTCG GCGACåAGCÍ CGGCCGGÀÀG ÀGCGTGTACG

GGÀTGÀCGCT GCTGÀTGÀTG GTCÀTCTGCT CCÀÎCGCGTC G¡GIGGCTCICG

TICICGCÀCÀ CGCCCÀCCÀ.tr CGICÀÎCGCG ÀCGCTCÎGCÎ TCITCCGGTÎ

CÎG¡G¡CTCGGC TTCGG¡CÀÎCG GCGGCGÀCTÀ CCCGCTGTCG GrcGÀCGAlfCÀ

ÍGTCGGÀGTA CGCCåÀCÈÀG ÀAGÀCCCGCG GCGCGÎTCAT CGCCGCCGTC

TÎCGCGÀTGC ÀGGGC¡TTCGG Cå,TCCTCGCC GGCGGCAXCG TCÀCCCTCÀT

CÀTCTCCTCC GCGTTCCGCG CCGGGTÎCCC GGCGCCGGCG TACCÀG¡C¡ÀCG

ÀCCGCGCGG¡C¡ CTCCtrCCGTC CGCCÀGGCCG ÀCTÀCGTGTG GCGGIÀTCÀTC

CÎEÀTGCÎCG GCGCCÀTGCC CGCGCTGCTC ACCTÀCTÀCT G¡GCGGATGÀ.À

GIATGCCGGIÀG ÀCGGCGCGCT ÀCÀCCGCCCT CGTCGCCÀÀG .AÀCGCCÀÀGC

ÀGGrcCGCCGC CGACÀTG¡TCC AÀGGTGCTCC ÀGGTCGAGAT CCÀGGÀGGAG

CÀGGÀCÀÀGC TGGIÀGCÀGAT GGTGÀCCCGG ÀÀCÀGCÀGCÀ GCTTCGGCCT

cTrclccccc CÀGTTCGCGC GCCGCCÀCGG CCTCCACCTC GTCGGCÀCCG

CCÀCGÀCATG GTTCCTCCTC GÀCÀTCGCCÎ TCTÀCÀGCCÀ GIÀÀCCTGTTC

CÀGÀÀGGACÃ TCÎTCACCAG CÀTCÀÀCTGG ÀTCCCEåÀGG CCAAGÀCCÀT

GTCGGCGCTG GÀGGÀGGTGÍ TCCG¡CÀTCGC GCGCGCCCÀG ÀCGCTCÀTCG

3 901
3 9s1
4001
4051
4101
4151
420L
425L
4301
4351

4401
4451

Rice K, ORYsaPhTl;8

The contig (2$42filcontaining the rice K sequence has a totallength = 4097 bp

RiceK toÈaI !êIìê = 2351- bP
Promoter = 384 bp
cDNÀ = 1626 bp = 542 amino acids
3' untranslated region = 341 bP

5', 1
5l_

t_01_

15r-
20L
25r
301
351
401
451
501
551
601
651
701
751
801
851
901
951

1001
1051
1101
115X
L2OL
t25L
13 01
13 51
1401
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1451
1501
1551
1601
1651
17 01
L75L
1801
1851

1901
19s1
2001
205L
2101
2151
220L
225L
2307

CGCTGlGCGG¡
ÀTCGTCGGCC
cfrcÀlGcrc
ÀccÀcåTcG¡ci
TTcGGCCCCå
GÀ,GGClGCGT
GCGCCÀTCAT
ÀÀGCCCGÀCG
CGTGClCGCC

cÀccGTcccG
GCTTCGCCÀT
GGCCTCGCCG
CfTCGICGTC
ÀcrccaccÀc
TCCÀCCTGCC
CGGIÀTCGTTC
ccGGGilÀCA.tr
GGATG¡C.AACC

CGGAGTCGiAA GGGGÀÀGTCG

GÀCGÀCGÀCG ÀGGTGGCCGC

GÀCGGCGTAG TGTATGACT

GGCTÀCTGGT TCÀCCC¡TCTT CCTCATCGAC

CCÀGCTGCTÀ GGGTTTTTCÀ TGATGÀCCGT

TGCCGTÀCCÀ CCÀCTGGACG ÀCGÀÀGG¡GGÀ

ÀTGTÀCGCCÎ TeÀCCrrcrT CTICGCCÀ^trC

CTTC.ÀTCGTO CCGGCGGÀGA TCÎTCCCGGC
ÀCGGCÀTCTC GGCGGCGGCG GGGÀÀGG¡CCG

GCGTTCCTGT ACGCGGCG¡CÀ GGÀCCCGCÀC

ÀCCCGG¡GIATC GGGGÎG¡ÀGGA ÀCTCGCTGTT

ÎGCTCGGGTT CATCTGCACG TTCCTCGTGC

sense primer ) Rt-PcR
CTGGÀGGÀGA TGICCGGICGÀ GGCGGAGGÀC

CGCCG¡GCGGT GGCGCCGCCG TGCGGCCGCÀ

GCACGTGAAT ATAGTGTAGG TTTTACTTAA

€ Anti-sense Primer RT-PcR
2351 T 3',

Tomato Phosphate TransPorter

LYCes;Phtl;1

The qDNA sequence of Lycopersicon esculentum (LePTl-) was submitted to the
Genbank database by Oararn- et at. (1998) . The promoter region was cloned by
myself and has not been added to the daÈabage-
LYCes;PhtL;7 total gêD€ = 3269 bP
PromoÈer = 1356 bp
CDNA = 1"620 bp = 540 amino acids
putative cis-regulating motifs (referenced in section ?.2) have the motif
aligned under the sequence with the percentage of similarity.

5' ]. GGCAAGCTTA CTATAGGGCA CGCGTGGTCG ACGGCCCTGG CTGGTACTAA

LePTI-ProÍìItindIII )
51 CCTGTCTTCT AGATTTATGG ÀTCACATGTA AATGTTAGGC TGTTTCCTTT

101 ATATTTTTTT GAAAAGTCTT CACTÎTTTTT TCTAAGAAAA AATAAATAAA

151 TACTATCTTT TAATATTTAT ATAGCTETGC ATGACTTCAT AGTATGGACT

2OI ATATATAAGT AAAACAGGAG TTTACTTGTT TTCTTTTAAT TÀTTGGTCTT

25lr TGGTAGCAAC TTÎAAACCTA ATATTTACTA ATATCAACCA CTCCCATATG

301. TTAAAAAAAT AATATCACTT GTTTATACTT TTTAAGTAAA TTATGTGTCT

35]- ÎTGTGATGCA AÎCATGCCAC AAATTTTTTG AATGAAACTG TCTCTCTATT
LePTI-promA à

4O]- TACTATTTAC TACAAGGTAG AGGCAAGGCT GCGTTGATGA TTTCGGAATT

LePTlpromAl )
451 GAGTTATGAT TGAACGACTA GGTCCTTATE ATCTTTTTAG ACÎTTAGCTT

€ LePTtpromx
GCACAAGTA GACECTTAÀA

TTGAGATTAC GTTCGGTTTG TGATGATATC
ATCTGTGTAT CTCTATCTGG AAATAACTGT

TTTACTTACT GTTATTATTA TTATACTCCT ACTTGTGTTT GTCTATGTGA

CATGAACCCA TGATCATGTT TTGTTAGGTT AAGAAGCCAA

.AAGAAATGTG TGTTAAATAC TTCAATT ATG TAAACÎCTGT TTTTAAGTAT

TTGGCCACTT GAGGAATAÀT TCTTGCAGAC EAGCAATTTG GCACGAATAC

ATTTTATAAT TGAACTACCA CTCTACCAGA GTAGTACACT ACTAATTTGC

CTTAGAGAGG ACAATGAGAT GTCTAAATTT TCAÄTTATGG CTGTGTTGAG

TAGCTGATGT GATTTTAÄAC CACTTTTTTT
AT-Motif 70t
GCTGAGGTTG TTTATTGATT TCACATATAC
AcTTAc-Motif 78È

TG TTTAÎA.A.GT-MOI,if 737
TGÎCACAÀCT TTAGGTTACC AGCTTTGAAA

LePTlpromq à
TAACA]\CT AT-MOt,if 8Ot

cr-MRR2 Morif 62t
ATCAGTCAGA ATCTCAAGGA
TGTTAGTAGT AAGEACTGTA

TGCAATTCT
CTCAATTTTG ACTATTTAÀA

AAA
ACTATAGTTT TATAATACTA

s01
551

601

651

704 AGTAGCACAC ATGCTTAGCA

153



75].

801

I5L

TGGCCCCCCT
T

CAC,GACAACT

TGTGTCATAT TAA.AACTAAT AAAATAATAG ACAGAAAACA AGACTTTTTG

AAAACTTAG-MOIif 787
TGCTTTGTCT TTATCAAGAA GTCAATTTTC TACCCCCCTA

ccATTCTAT-Motif 70t
TACAAATTTA TTAGTATTAA TTATTCAGAT AAGGTTTGAT

LePTI-PromB à
A.AÄACT TAG-MOIif 78à

TGTTTA TAAGT-MOTif 73å
TAATGCAATT CCCAAÄ,TATC TTCTTATTTT TGTAATGTTA TTTGAGTTTA

e LePTI-promY
ACTTGTGTGT ACTGACAGTG ACAATGTAAA GCAATAGTAA AAAGTGGGAT

TAGÎAACCTT GAACAATAAG TATGTTACTT GTTÀCAACAG GTTAAAATAT
lAATATAT-MoÈif 88t

TAATAT

ATGTTCTTGT GÄACEAAGTA TACTAATGTT ATAAGTGATG TAAGTTAAGT

AT-MoÈif 88* TGTTT ATAÀGT-MOL|fl 72+ T

CCTTATAATT TACATAACCT CTTGTTTGAT CAGATTTGAT TTATGCAATC

cTTTATAÀGT-Motif 73t

901

9sr
1001_

10 51

1101

1151
L201,

t25t

13 0l_

CTAAACTACC TTTTTGGTTT
CTGATAGTGT AACGCGGGAG

GTTCTGTTAT TTGAGTTTAA CTTGTGTATA
TAGTAACCTT GA.ACACTAAG TATGTTCCTT

LePTlpromC à
AAAACTTAG-MOTif 78å

TATATTCTTG TAAAGAATGT TTACTATGTT
TAT-Motif 7ot TGCA

TATAT-Motif 88*
TATAATTTAC ACCCTCTTGT TCTGTTTÎTT

€ LePTtpromz
TATÄÀGT-Motif 73å

CTTCTTGTT cTA-Motíf 84t
GÀÀCGÀTÎTG CAÀGTGCTAÀ ÀTGCÀCTÀGÀ

GTTATAACAG GCTAAAGTTA
TGCATTC

TAA
AGTTATGTAA GTTGAATTGT

ATTClAT-MoÈif TOTTGTT

135]- GCAGGAA,GTT TAGTCATGGC

1401
1451
1501
1551
1601
1651
1? 01

€ LeeTtpromBamHI cctaggcggc
TGTCGCCiAÀG ÀCAEÀÀCTGT ÀTCACTTCÀC
TGGGTTTTTT TACTGATGCT TÀÎGÀCCTÍT
À.ÈÀTTGCTTG GTCGTCTTTÀ CTÀECÀTC.ÀT

crcTcTcccc cclÀÀTcÎrÎ CAGCÀÍlcrGT
GCÀCCCTTGC TGGÀEÀ,GTÎG TTCTTCGGGT

ÀGGÀÀGÀÀ.trG TCTÀTGGÀ.trT GÀCECÍIATG
TGCCTCGGGú; C ll T .l' C;1)''l T,''lÌl í'l (.i {l C ;! llrl¡-{:i\ i-.r (ì

€ GWTOMATO3Eg
ill ll''r-' t¡ l¡r lf :r C'i"",i' {-r Jì (,1 ¡:.i¿''tl CTGG CTAíì tì,a.lr L" i' a¡17 51
IPCRTOMATOl à
TTTCÎGCCAC CÀTEÀTGTCT
TlCÀTlGIClG CTGTGTTTGC
ÀÀTGGTGGCÀ ÀTCåTTGTTÎ
CÀGCÀTÀTCIÀ GGÎTGAÎGCX
GÎGTGGCGTÀ TÀÀTTCTCÀT
TTÀCTGGCGT ÀÎC¡ÀÀGATGC
CCàÀGAÀCTT GÀÀÀCÀGGCÀ
GÀ.IÀÎTGÀ.trG¡ CAC¡ÀÍ¡CCAGÀ

ÀGCCAÀTGÀC TTTGGTTTGT
TÎEÀCTTGCT TGGAACTGCÎ
TÀCÀGTCÀÀÀ I'CCTTTTCCÀ
rccÀccÀGea cÀÀÀccÀTcÀ
GGGCÀCA.åÀC ACTTÀÎTGCÎ
ÀCAGTTGCÀT TCATCGÀTÀÀ
ÀTÍCTTCTTC ÀTGIÀC.AGTCT

ÀCTGGÀCTCÎ CÀAGGÀTCÀC
ACCTTÎTTCT TCGCCÀÀTTT
TG¡CÍ GAGIÀTÎ TTCCCÀGCCÀ
CÀG¡CÀGCÀGG! TÀ.å.ÀGCAGCiA

GCTGCTCÀCIC CCÀCGGAICC
CCATTGGTGT GÀGC¡ÀÀCTCG

GTÀTGCTGTT CÀCÀTTCTTG

ÀGCGÀTTGTG
rcrGcÀlTrc
Gì.CGGTGCÀT
ÎAATGGÀGÎC
GGCTTG¡GÀGÀ
ATlÀTG¡G1CÀ

^¿ì-ði:GGTGTI

€ cû'IToMATo452
GÀGTÀTGCTÀ ÀCÀÀÀ.âÀGAC
TÀTGCÂ.trGGT f TCGGÀAÍÍ C

CTGCÀGCÀTT CÀÀGGGCGCÀ

ÀTTGGTTCÀÀ CÀGTCCCÎCÀ
GÎITG¡C¡TGCÀ ÀTCCCTGCTG
CÎGAÀÀCTGC CCGTEACACT
GCTÀÀCGÀCÀ TGTCCÀÀGGT
GÀÀÀGIÎÀCÀ GCTÀTÎTCTG
ÎCÀCÎÀÀGG'À GTTCCTCCGT
ÀGCÀCATGGÎ TCTTGTTGGÀ
GÀÀGGACATI TTCÀGÎGCÀÀ
ACGCGÎTGGÀ ÀG'À.trGTTTÀC
CTTTGTÀGTÀ CTGTTCCTGG
GATTGGÎCGÀ ITTGCÀtrTTC
TCÀTGTTTGC CTTÀGCCÀTT
ÀGAÀTTGGCT TCGTCGÎCÀT
TGGTCCÀ.åÀC GCCÀCÀ.ÀC'AT

GGCTTÀGGTC CACATGCCAT
GCTÀTGGÎTG GTGCATTTGG
ÀÀcÀ.âÀGACl GÀCGCCGGTT
TTGATCGTCC ÎTGGTÎGTGT
GTÎCCÀG¡ÀÀÎ CCÀÀTG¡GGÀÀ

{.i ( I À :ll rl í.lf; ll ('l iì li' r.litrT' "{l i\lil CCCC

ÀlTGCTG¡G¡CÀ
TÀTGGTCÀCT
TGÀ.AÀCCTGG
GCClTCTGTG
rÀÀ.4ÀTGC¡GIÀ
TTTGTTCA.trl
ÀfGIA,C"i11'{lG(.1

180L
1851
1901
1951
2 001
2 051
2101
2L5L
220L
225L
23 01
2351
240L
245L
2501
2551
2 501
265L
270L
275L
2801
285L

CCGTGGÀGCG
TGGClGGTGG
lrcccTGcAc
CGCTGÀTTlC
GÀCTTÀCT1À
GCCTTGOTCG
GlTGCÀÀGTC
ÀÀGCÀÀÀÀGG
CGCCATGGÀC
CÀTTGCTTTC
TTGGÀTGGÀT
ÀÀGAlTG¡CÀÀ
1TÀCTGGTTC
ÀG¡TTGÀTGGG
ccÀTÀccÀTc
GTACTCATTC
TCGTCGTCCC
GGÀÀTÀlCAG
ÀTlCTTÀTAC
ÀcccTcclGG¡
ÀÀcrlccTcG
GlCÀTTGGÀÀ
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290L
2951
3 001

GAllTGTcGl, GGGÀå.ÈÀCGÀ AGGGG¡IÀGAG GÂÀ.trcTGÎÀG crclÀ¡.r.lÀG
ÀGCÀÀCÀ.ÀGT GGÀÀGGÀCÀG TTCCTCÎGTG AGTTTÎAGAC AAGTTATCAG

3051_

TTAGTATACA CTACAATGCA
GAAAGAGATT GTTTGTTGGT

GTTTGAGTTA ATTTGTGGTA
TTGTTATAAG AAGÀTGGAAT

TTTGGGATTA
AAGCTCTTAT

3101
3151

CTTTTTGTTT
AATCTCAGÄA

GTTTGTTTGG GTAATTAAAC
ATTCTGAGAT TATATAÃAGT

ATTATTACCT
AACCAAAGGA

TACTTCTGCA
GGTTCTTTGG

32OT TTGTCTATCT CTTTÎTATAA

æot ¡nnnctcc¡c AcTAGTTCA 3'

AACATTTCTT GACTCTAA.AA NUUUUUU{,¡U\

sGFP - synthetic Green fluorescent protein

l-
51

101

TCT TGG TGÀ,GCA.AGGG CG.trGGAGCTG TTCÀCCGGG¡G ÎGGÎGCCCAT

CTGGTCoÀGC ÎGGACOGCGTÀ CGÍÀÃÀCOGC CACÀÀGTTCA GrcGTGTCCGG

CGAGGGCGÀG GGCGÀTGCCÀ CCTÀCGGCÀÀ GCTGÀCCCTG AÀGTTCATCT

senee primer ) c¡'Pronr¡s
GCÀCCACCGG qA.à,G¡CTGCCC GTGCCCTGGC CCÀCCCTCGT G¡ÀCCÀCCTTC

ACCÍÀCGGCG TGCÀGTGCTT CAGCCCCTÀC CCCGÀCCtrCÀ TG¡À.trGCÀG¡Ctr

CGÀCÎTCTTC ÀÀGTCCGCCtr TGCCCGÀÀGG CTÀCGTCCÀG GAGCGCÀCCA

TCTTCTÍCÀÀ GGÀCGÀCGGC ÀÀCTÀCÀ.trGÀ CCCGCGCCGÀ G¡C¡TGÀÀGTTC

GÀGG¡GCGÀCÀ CCCTGGTGIAÀ CCGCÀTCGÀG CTGIÀÀGGGCÀ TCGÀCTTCÀÀ

GGÀGGÀCGGC ÀÀCATCCTGC GOC¡\EåÀGCT CGAGTÀCAÀC TÀCAÀCAOCC

ÀCÀÀCGTCTÀ TÀTCAÎGGCC GTACÀÀÍ¡CÀGIÀ ÀGIÀÀCG¡G¡CÀT CAå'GGTGA.AC

TTCAÀGATCC GCCÀCÀ.ÈCÀT CGÀGGACGGC AGCGTGC.ÀGC TCGCCGÀCCÀ

Antisense primer € cFPRsvsrr
CTÀCCÀGCAG ÀÀCÀCCCCCÀ TCGGCGÀCGG CCCCGTGCTG CÎGCCCGACÀ

ÀCCACTÀCCÎ GÀGCÀCCCÀG TCCGCCCTGÀ GCÀ.AÀGACCC CÈÀCGÀGAÀG

CGCC¡ÀTCtrC.A TGGTCCTGCT GGAGTÍCGTG ÀCCGCCGCCG G¡GÀTCÀCTCT

CGGC'ATGGÀC GAGCTGÎÀCÀ ÀGT ATAT C

151
20L
25L
301
351
401
451
501

551
601
651
701
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Appendix 5: ANOVA'S for results presented in Chapter 4.

Abbreviations: Df = degrees of freedom; Sum Sq = Sum squared; Mean Sq = Mean Sum Squared

Paft 1: Results from experiments analysing P efficiency between seven barley cultivars'

ANOVA results for g Root Dry weight per plant.

ANOVA results for g Shoot Dry weight per plant.

0.037391.4583939Residuals

0.4270.3191.2260.045830.54994'12Cultivar x Phosphate

0.1610.12122.0720.825371.650752Phosphate

0.2470.18410.8560.405942.435656Cultivar

6.8400.255770.511542Rep

LSD

(P=0.01)

LSD

(P=0.05)
F valueMean SqSum SqDfTrait

0.00270.1M639Residuals

0.1140.0854.0060.01070.128912Cultivar x Phosphate

0.0430.032172.9140.46360.92742Phosphate

0.0660.04917.4960.04690.28156Cultivar

11.9980.03220.06442Rep

LSD

(P=0.01)

LSD

(P=0.05)
F valueMean SqSum SqDfTrait
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ANOVA rêsults for concentration of P mg ln roots per plant.

ANOVA results for concentratlon of P mg in shoots per plant.

ANOVA results forTotal P mg per plant.

0.07432.972039Residuals

0.6020.4504.2480.31563.787412Cultivar x Phosphate

0.2280.,l70139.30510,350420.70072Phosphate

0.3480.26025.5851.901011 .40606Cultivar

5,1180.38030.76052Rep

LSD

(P=0.01)

LSD

(P=0.05)
F valueMean SqSum SqIlfTrait

0.317612.703139Residuals

1.240.9305.5121.750621.007412Cultivar x Phosphate

0.4700.351319.896101.5919203.1U2Phosphate

0.7180.53711 6643.704122.2248bCultivar

3.421.09322.18642Rep

LSD

(P=0.01)

LSD

(P=0.05)
F valueMean SqSum SqDfTrait

0.542321.690040Residuals

1.6261.2155.6383.057236.686012Cultivar x Phosphate

0.6150.459319.305173.1432346.28652Phosphate

0.9390.70119.77310.721764.33036Cultivar

5.0412.73365.46722Rep

LSD

(P=0.01)

LSD

(P=0.05)
F valueMean SqSum SqDfTrait
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ANOVA results for proportion of P in shoot per plant.

ANOVA results for specific uptake of P in root per plant.

18.4902739.608038Residuals

9.4947.0924.18577.3774928.529112Cultivar x Phosphate

3.5882.681285.8655285.693510571.38706Cultivar

5.4814.0954.85689.7963538.77762Phosphate

1.07319.831339.66262Rep

LSD

(P=0.01)

LSD

(P=0.05)
F valueMean SqSum SqDfTrait

8.311,/324.262038Residuals

6.3664.7ffi0.4073.38/'240.610612Cultivar x Phosphate

2.4061.79873.260609.11571218.23146Cultivar

3.6762.7461.56212.984377.90592Phosphate

4.ffi238.761277.52232Rep

LSD

(P=0.01)

LSD

(P=0.05)
F valueMean SqSum SqDfTrait
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11916799141Residuals

0.65057877510Cultivar: Mycorrhiza : Phosphate: Day

5.454265032495Mycorrhiza: Phosphate :Day

1.0675127127210Cultiva r:Phosphate:Day

1.5707187187110Cultivar:Myconhiza :Day

4.08954879742Cultivar:Myoorrh iza:P hosphate

1.791421310675Phosphate:Day

5.71568134M5Mycorrhiza:Day

17.3619206820681Myærrhiza:Phosphate

2.6276313313010Cultivar:Day

0.131116312Cultivar:Phosphate

0.8311991982Cultivar:Mycorrhiza

1.96292U4682Rep

118,040514063703165Day

33.2553396239621Phosphate

351.091241829418291Myoonhiza

7.379587917582Cultivar

F valueMean SqSum SqDfTrait

Paft 2: Results from experiments analysing the rate of colonisation of three barley cultivars by two AM

tungi.
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