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ABSTRACT,

Most crop species upon which we depend ai'e glycophytes, which lack the mechanisms 

required to tolerate ion excesses present in high concentration in saline soils. Therefore, 

it is important to understand how salt-resistant plants respond to external salinity. What 

is known is that a number of physiological processes are involved in salt-tolerance and 

each of these processes requires the co-ordinated expression of a number of genes.

One way to identify putative genes encoding Na and Cl" transporters from salt-resistant 

plants is to use an approach involving heterologous probes. Genomic Southern blots of 

barley and sugar beet were performed using a range of IT-ATPase, Na  ̂ / antiporter 

and Cr channel sequences as probes. Some sequence homology to both p-type and v- 

type H^^-ATPases, and to clc-0 (a voltage gated Cl channel) was found. However, 

Northern analysis showed that only in barley was the clc~0 homologue expressed; the 

transcript was -1.4 kb and probably not poly-adenylated.

Attempts to isolate a voltage gated Cl" channel from barley genomic library constructed 

in X Dash II by colony hybridization using clc-0 as probe were unsuccessful.

In 1996 the first plant voltage-gated Cl" channel, clc~ntl was cloned from tobacco using 

an RT-PCR approach. A similar strategy was then adopted in this study. Seventeen 

putative CLC sequences were found in the databases and these were aligned. Three 

regions of consensus were identified that were suitable for designing degenerate PCR 

primers.

Two PCR approaches were used, conventional PCR and RT-PCR, to identify clc 

homologues in sugai* beet, barley and red beet. The conventional PCR approach used 

cDNA libraries and genomic DNA as template, but failed to identify any clc 

homologues.

RT-PCR was performed on oligo dT- and random primed cDNA from root and leaf 

tissues of high-salt-grown plants. A 600 bp fragment, bv600, from sugar beet leaves, 

and two shorter fragments, bvl60 and bvl63, from red beet cell suspension cultures, 

were amplified and demonstrated to be authentic plant sequences. These fragments 

were then sequenced and this information used to interrogate the databases using 

BLAST searches. The fragment bv600 was identified by BLAST as homologous to an 

ATP-dependent protease. Similai* comparisons using the bvl60 and bvl63 sequences 

suggested that they aie almost identical, but BLAST failed to identify any homologues
XII



in the databases.

The red beet fragment bvl 60 was used to identify a 7 kb sugar beet genomic fragment, 

bvFASlJ, This fragment was sequenced and analyzed by a range of computer 

programs. The bvFASL? fragment, containing the bvl60 sequence, probably encodes a 

reverse transcriptase although this is by no means certain. More recent alignments of 

all of the clc sequences, and of the six plant sequences deposited in the databases, 

suggests that better (i.e. less degenerate) primers can now be designed which should 

improve the success of an RT-PCR approach in cloning clc homologues in salt-resistant 

plants.
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CHAPTER ONE INTRODUCTION

1.1. Introduction.

Within the next 50 years the population of the Earth will increase dramatically, but with 

our existing agricultural practices, we will not able to provide adequate nourishment to 

all of these citizens. At present, there are now more malnourished people alive than at 

any other time in human history (United Nations FAO Commission, 1989) unless 

suitable action is taken now, this situation will worsen. The introduction this century of 

Industrial Agricultural Systems (IAS) to paits of the developing world has to some 

extent delayed the impending crisis, but it is well established that these systems are 

neither sustainable in the long-term, nor affordable in developing nations. Currently, 

land is being lost from agriculture at an alarming rate (61,000 square km p.a.. World 

Resources, 1991); the traditional solution has been to abandon land that becomes low 

yielding and develop new regions, but of the 32 % of suitable uncultivated land left, 15 

% is tropical or temperate forest, and 10 % is grazed. Ploughing these habitats is not 

desirable; such a policy will lead to strong political opposition and inevitable conflict. 

Perhaps more importantly, such strategy will not provide a long-term solution, but 

merely further delay the inevitable crisis. The only practical solution to this problem is 

biotechnological. The IASs have inadvertently established an unhealthy dependence on 

5 species, which accounts for >80 % of the calories consumed by humans. The 

ingenuity of plant breeds over the last 100 years has resulted in the extension of the 

range of these crops and food supplies have increased enormously, but these crops are 

now geographically constrained by temperature, rainfall, soil composition, etc. The 

inherent genetic diversity of these crops, it seems, has been almost exhausted. What is 

now required ai‘e crops with a different genetic composition that will produce high yield 

in a regions of low productivity, but this must be achieved using agricultural practises 

that are sustainable.

To conclude, we need new high yielding and nutritious crops that can survive in regions 

hither-to unexploited by intensive agriculture; they should require minimal levels of input 

(fertiliser, pesticide, etc.) and of soil disturbance for cultivation. These plants do not exist
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and there is no prospect that they can be developed by conventional means by the end of 

the next century. In short, plant biotechnology provides the only acceptable solution to 

what is already the greatest challenge of the 2T‘ Century. i
■a
.cy:.
XI

1.2. Importance of Salinity to Agriculture

One of the major causes for the loss of existing agricultural land, and a major constraint 

preventing the development of new aieas, is soil salinity. Soil salinization is one of man’s 

oldest environmental problems. The historical records show that human civilisations 

never remain established in one locality for more than 800 to 2000 years. The major 

reason for the decline in many of these civilisations seems to have been the destruction of 

the land resource (Carter and Dale, 1974). For example, historical records show a shift in 

agriculture in the Tigris-Euphrates basin of ancient Mesopotamia from the cultivation of 

wheat to the more salt-tolerant barley as the fertile but poorly drained soils became 

increasingly saline (Jacobson and Adams, 1958). This was subsequently followed by a 

serious decline of approximately 65 % in the yield of barley and is considered to have 

played an important role in the decline of the Sumerian civilisation in Mesopotamia 

(Ashraf, 1994).

I
The processes of soil salinization have continued relentlessly throughout history and there 

are few countries practising irrigation agriculture today that are not affected. In fact, the 

long term viability of irrigation agriculture has been seriously questioned (Jacobson and 

Adams, 1958). The global extent of saline soils is believed to range between 400 and 950 

x 10  ̂ ha., and it has been estimated that one third of the 230 x 10  ̂ ha. cuiTently under 

irrigation is affected by salinity (Flowers, 1977).

Moreover, the distribution of the 343.5 million ha. of saline soils throughout the world 

was evaluated by Massound (1974), of this, 53.5 million ha was located in Africa, 17.4 

million ha. in Australia, 1.96 million ha. in Mexico and central America, 6.2 million ha. 

in North America, 69.4 million ha. in South America, 91.7 million ha. in North and 

Central Asia, 83.3 million ha. in South Asia, and 20.0 million ha. in South-East Asia.

■y
I

I
Vast ai'eas of arid and semi-aiid regions of the world where crop production is based on 

iiTigation, are suffering from increased soil salinity (Boyko 1966, 1968). In these areas
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salinity occurs mainly as a result of either, accelerated redistribution of salts in the soil 

profile due to high water tables, or the use of insufficient irrigating water to leach salts out 

of soil, such as from canals tube wells, or sea water. Therefore, water from these sources 

which contains vaiiable amounts of salts, and their uncontrolled use, has caused 

considerable salinization worldwide (Ashraf, 1994),

For example, in Pakistan, soil salinity is one of the most common inigated crop stress 

problems, because the climate varies from arid to semi-arid. World-wide, 40,000 ha are 

being lost annually from agriculture due to salinity (Al-khatib, 1993). It is estimated that 

about a quaiter of a million hectaies of good agricultural land in South Westem Australia 

have become unproductive due to soil salinity (Malcolm, 1982).

Salinity problems have caused a continuing degradation of arable land since ancient times, 

in some cases land has been reduced by salinity within a short time. This is certainly true 

in California where irrigated agriculture in most areas is less than 100 years old. 

Nonetheless, of the 8.6 million ha. of arable land in California, 4.5 million acres are now 

affected by salinity, and this damage by salinity is expected to increase from 4.5 to 5.2 

million ha. by the turn of the century. In the San Joaquin valley, which has 4.5 million 

ha. of land under irrigation, in 1984 more than 0.4 million acres were assessed as severely 

affected by salinity (Lewis, 1984). Therefore, it is expected that by the year 2000, a 

further one million ha. could be lost due to salinity.

1.3. Plant Responses and Adaptations to High Salinity,

Soil salinization is a more complex agricultural phenomenon than a simple increase in 

sodium and chloride concentrations (Tanji, 1990). Calcium sulphate and carbonates may 

be present in excessive amounts, together with toxic concentrations of boron or selenium. 

At the same time, some nutrients (particularly phosphorus and nitrogen) may be available 

in such low amounts that they limit growth (Gorham, 1992).

In sodic soils (which have a high cation exchange capacity dominated by Na+, with 

carbonate as the major anion) plants face multiple stress factors caused by a shortage of 

potassium, high pH, impenetrable soil structure and water logging (Gorham, 1992). In 

many saline habitats and agricultural soils there are seasonal variations in salinity caused
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by periodic inundation with sea water and variations in rainfall, evapo-transpiration and 

inigation (Gorham, 1992). Furthermore, salinity levels are rarely uniform, often being 

highest in the surface layers where evaporation occurs. It may also be extremely localised 

with highly saline areas bordering relatively non-saline soils, such soils support a limited 

number of plants. Therefore, plants have to adapt to soils which vary spatially, 

temporally and chemically with respect to salinity and associated stresses (Gorham, 1992).

Salt tolerant plants (halophytes) have adapted to highly saline conditions which at times 

exceed that of sea water (500 mM NaCl), although maximum growth often occurs at 

lower salt concentrations (Ungar, 1991). Oceans and the shallower seas of the world 

comprise a major environment colonized by vaiious forms of plant life. In addition, the 

seashores, salt marshes and salt deserts of the world's arid regions represent habitats 

having green plants with similar adaptations to high salinity (halophytes). Coastal salt- 

marsh plant communities range from an assemblage of highly salt tolerant species 

occuiTing in lower salt marsh zones subjected to almost daily inundation by saline water, 

to those on upper marsh areas that are submerged in saline water during high spring and 

autumn tides. Upper salt marsh communities ai*e more diverse and usually contain salt- 

tolerant ecotypes of a small number of glycophytes, in addition to highly adapted 

halophytic species, which must have a very long evolutionary history of adaptation in 

such habitats (Ashraf, 1994). At the other extreme, the growth of salt sensitive 

glycophytes (plant which grow in non-saline soils where the water is sweet rather than 

saline) is severely limited at concentrations as low as 50 mM NaCl (Gorham, 1992).

Most crop species upon which we rely for food are glycophytes which have no pre-history 

in saline habitats and hence they have no requirement of adaptation to salt. In addition,

most glycophytes have developed in soils with a low Na"  ̂ content, and lack the 

mechanisms required to tolerate the water deficit and the ion excesses prevailing in saline 

soil (Greenway & Munns, 1980). Moreover, many glycophytes are paiticularly intolerant 

of salts being inhibited by NaCl concentrations too low (25-50 mM) to produce a 

significant water deficit (Lessani and Mai'schner, 1978).

Crop species have been categorized by Maas and Hoffman (1977) into four groups on the 

basis of their tolerance: tolerant, moderately tolerant, moderately sensitive and sensitive. 

Barley, cotton, sugar beet are tolerant because their threshold salinity level (maximum
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salinity without yield loss) ranges from 6.9 to 8.0 dS ra“l, whereas wheat, soyabean are 

moderately tolerant, their threshold salinity level ranging from 4.9 to 6.8 dS m"l. 

Moderately sensitive crops include potato, tomato, sugar cane and rice, whereas most fruit 

trees, cari'ot and onion are in the sensitive group where the threshold salinity level is

below 2.0 dS m"l.

1.4 The Deleterious Effect of Salts on Plant Cells

The deleterious effect of salt on plant cells has three components: osmotic stress, ion 

toxicity (Na+ and Cl") and disturbance of mineral ion balance (Ashraf, 1994).

Under saline conditions, the low osmotic potential of salt solutions makes it necessary for 

plants exposed to these media to adjust their osmotic potential, otherwise they would 

experience osmotic desiccation, because water would move osmotically from the cells 

into the soil (Greenway and Munns, 1980; Maas and Nieraan, 1978; and Flowers, et aL, 

1977). Because the growth of cells is primarily correlated with turgor potential, decreased 

turgor is the major cause of inhibition of plant growth under saline conditions (Ashraf,

1994). Therefore, transfer of a salt-sensitive plant from a non saline to a highly saline 

medium will result in rapid and iiTecoverable wilting (Gorham, 1992).

The major response of halophytes and other salt-tolerant plants to high salinity is osmotic 

adjustment that can occur due to ion uptake from the soil solution or by internal synthesis 

of organic solutes. However, to regain turgor , a desiccated plant cell must reverse the 

water potential gradient (outside low) so that water flows back into the cell. This is 

achieved by the accumulation of osmotically active solutes. An energetically cheap way 

of achieving this is to take up Na+ and Cl" ions from the external medium and sequester 

them in the vacuole. If the solute potential of the vacuole (tj/g^^ )̂ can be made more 

negative than that of the suiTounding soil, water will flow in and turgor will rise. 

However, for the cytoplasm to rehydrate, it is necessaiy for to decrease in parallel to 

i|/gvaĉ  and this is achieved by the accumulation of non-toxic compatible solutes (e.g. 

glycine betaine, proline, sugars; Flowers et a l,  1977). By contrast, some glycophytes are 

unable to adapt osmotically under salt stress because of reduced accumulation of ion from
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the external medium. However, these organic compounds ai*e considered as major organic 

osmotica in many higher glycophytes (Ashraf, 1994).

The second problem is that unless the influx of salt is regulated it will rapidly reach toxic 

concentrations within the plant. Although transpiration is reduced by salinity, in some 

cases it is sufficient to saturate the aeral parts of the plant with toxic levels of NaCl within 

a few days unless there is a barrier to the entry of salt (Gorham, 1992). Salt tolerance is 

thus largely a question of maintaining a balance between allowing sufficient salt to enter 

the shoot for osmotic adjustment, and preventing the accumulation of toxic levels within 

the plant (Gorham, 1992). However, the adaptation of plants to NaCl involves metabolic 

reactions (synthesis of organic solutes) and transport phenomena such as ion extrusion at 

the plasma membrane and vacuolar compartraentation (Serrano and Gaxiola, 1994).

Therefore, total ion activity and the relative proportion of ions in the external environment 

have considerable adverse effects on plant growth. Ions that are often found in excess in

saline soils include Cl", S04 "̂, HCO '̂" Na+, Ca^+, and Mg^+, whereas K'*’ and NO^m'e 

found less often (Ashraf, 1994). High internal salt concentrations aie reported to be 

responsible for the reduction in growth and death of salt-sensitive plants (Gorham, 1992). 

Salt may also interfere with the ability of the plants to acquire or assimilate essential 

nutrients (Grattan and Grieve, 1992). In other words, excess Na+, and Cl" may disturb 

mineral nutrition by inhibiting the uptake of essential nutrient ions such as potassium, 

nitrates, calcium, magnesium, and phosphate (Greenway and Munns, 1980; Lynch and 

Lauchli, 1985; Gorham, 1992). Moreover, uptake and translocation of K+ and Ca^+ aie 

greatly reduced by salt stress (Kuiper, 1984).

Halophytes are distinguished from glycophytes by their ability to accumulate ions to high 

concentrations, particularly in the leaf cells (Flowers, et a i, 1977). Therefore, the ability 

of most salt-tolerant species to accumulate high tissue salt concentrations is at least as 

important as the ability to restrict uptake (Gorham, 1992).

Several different physiological mechanisms of tolerance enable higher plants to tolerate 

high level of salts. Salt inclusion and salt exclusion have been recognized in different 

plants in relation to salinity tolerance (Maas and Nieman, 1978). Salt excluders have the 

ability to restrict the uptake of salts into the shoot. This may be due to low rates of salt
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Uptake, active efflux to the soil, or to both (Winter, 1982; Winter and Preston, 1982). By 

contrast, salt includers take up large quantities of salt and store it in the shoot. In this 

case, the high amounts of salts in the cytosol of the plant cells present problems for many 

physiological/biochemical events taking place there. Therefore, all salt includers carry 

out compartmentation of salts into the vacuole and become succulent. Other salt includer 

species possess special glands on their leaf or stem surface to excrete high concentrations 

of salts, for example, the salt bladders of the Atriplex species.

1.5. Physiological Strategies for Resistance to Salinity.

Three key physiological strategies are found in salt-resistant plants that confer some 

measure of tolerance. These are:-

1. Maintenance of a high cytoplasmic K+/Na+ ratio.

2. Maintenance of a low cytoplasmic Cl" concentration.

3. Tolerance and/or avoidance of desiccation (osmoregulation).

1.5.1, Maintenance of High Cytoplasmic K+/Na+ Ratios.

Several separate mechanisms may be involved here. These are as follows.

1.5.1.1. Better Discrimination for K+ Uptake

Cellular K+ uptake plays a major role in plant growth and development (Mengel and 

Kirkby, 1982). Essential physiological functions of K+ fluxes in plant cells include 

enzyme activation, osmoregulation, control of membrane potential, turgor-controlled 

whole-leaf movements such as solar trashing, and opening and closing of stomatal pores. 

Potassium uptake transporters in plant cells interact with several other metals (cation), 

such as Na+ and AP+, that are detrimental to plant growth (Greenway and Munns, 1980).
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Uptake of K**" is mediated by both high-affinity and low-affinity mechanisms. High- 

affinity pathways aie utilized when the extracellular K+ concentration is in the 

micromolar range; low-affinity pathways operate when the extracelluar K+ concentration 

is in the millimolar range (Assmann and Haubrick, 1996).

(a). High-affinity K+-uptake Mechanism.

High-affinity uptake of K+ is especially important in the transport of from the roots 

(Schroeder, et al, 1994). The first high-affinity K"*" transporter gene was recently isolated 

by complementation of a transport deficient yeast with a cDNA library made from

wheat roots growing in low K’*’ (Schroeder et al, 1994). In situ hybridisation showed 

expression of hktl to be localized in cortical cells of roots and mesophyll cells along the 

vascular tissue in leaves (Fig. 1.1). hktl mRNA was expressed in Xenopus oocytes and 

the resultant currents were initially interpreted as arising from a H+/K+ symport 

(Schachtman and Schroeder, 1994). However, a subsequent study by the same group 

indicated that this was a misinterpretation of the data, and provides evidence that HKTl

actually functions as an NaTK'*’ co-transporter (Rubio, et al, 1995). This result is

unexpected, given the known toxicity of Na'*' to plants. In support of this controversial 

conclusion is the observation that two point mutations in hktl were identified that increase

Na"*" tolerance in /i&U-complemented yeast cells relative to yeast cells complemented 

wild-type hktl (Rubio, et al, 1995). Atomic absorption spectrophotometry showed that

Na'*'-resistant mutants have higher K‘**:Na'*’ ratios than yeast cells expressing wild-type 

hktl (Rubio, et a l, 1995). It will be of interest to ascertain whether such mutations can be 

exploited to improve the salinity tolerance of crop species.

(b). Low-affinity K'*"-uptake Mechanism.

The pathway for low-affinity K+ uptake is believed to be provided by inward-rectifying 

K+ channels, allowing potassium to enter along an electrochemical gradient when 

potassium in the soil is relatively abundant (Smart, et a l, 1996). Rectification is a 

property of some ion channels whereby they are open at only some potentials and are 

closed at others, resulting in the passing of current in one direction only. The first two
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plant genes encoding K+ channels were reported in 1992. The genes aktl (Sentenac et a l , 

1992) and katl (Anderson, et a l,  1992) were both cloned from Arabidopsis thaliana 

cDNA libraries by complementing yeast mutants lacking endogenous potassium

transporters and screening for growth on a low media.

Histochemical analysis of transgenic Arabidopsis plants containing the katl promoter 

fused to the |3-glucoronidase reporter gene has shown that katl is primarily expressed in 

guaid cells (Nakamura, et a l, 1995; see Figure 1). As the influx of into guard cells is 

involved in stomata! opening, the expression pattern of katl suggests that it may represent 

the inward K+ channel involved in the control of stomatal apertures (Nakamura, et a l, 

1995; Assmann and Haubiick, 1996). Constructs of the atkl promoter and the p~ 

glucoronidase reporter genes show that this channel is localized to non-vascular tissue of 

mature root (Lagaide, et a l, 1996),

Locating the pathway for sodium influx in higher plants has so fai" proved somewhat 

elusive. Modification of sodium influx (essentially 'blocking a leak') may prove more

In addition to katl and aktl, two other plant K+ channel genes have been cloned. The 

genes aktl and aktS were independently identified by screening of Arabidopsis cDNA and 

genomic libraries with katl fragments and degenerate oligonucleotides from the 

conserved pore region (Ketchum and Slayman, 1996).

The protein KSTl is a major inward rectifying K’*' channel in Solanum tuberosum and 

was identified using katl to screen a cDNA library made from epidermal fragments 

(Muller-Rober, et a l, 1995). The predicted kstl sequence has an amino acid similarity of 

81% with katl and 67% with aktl. Muller-Rober, et a l, 1995 demonstrated that kstl was 

found to be expressed in green, coloured, and open flower buds, epidermal fragments, 

sink leaves, guard cells and all floral organs (Figure 1). Additionally, Southern analysis 

indicated that kstl has two copies in the potato genome (Muller-Rober, et a l, 1995). 

Patch clamp measurements have identified inward rectifying K+ channels capable of 

mediating K+ uptake. Further, kstl is sensitive to low pH, and when coupled with a H+ - 

ATPase provide an ideal mechanism for the uptake of K+ into cells (Muller-Rober, et a l,

1995). In line with the properties of a K+-selective channel, KSTl cation selectivity was 

determined as > Rb+ and NH4+ ; Na+ and Li+ are not transported.

,îS,
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energy efficient that letting sodium in and then pumping it out again, and this may prove 

to be an important strategy for engineering sodium resistance in plants.

Gorham, et a l, 1986 demonstrated that under moderately saline conditions hexaploid 

wheats (AABBDD genome) accumulate less sodium and more potassium in expanding

and young leaves than tetraploid (AABB) wheat. This : Na"̂  discrimination factor has 

been recognized in the D-genome Triticum and a series of investigations has localized the 

trait to the 4D chromosome through the use of chromosome substitution lines in which B- 

genome chromosomes are replaced singly by their D-genome homologues (Gorham et a l,

1987).

Examination of whether differences in the permeability of Na**" through uptake

channels can account for differences K' /̂Na'*' discrimination have been made. Patch- 

clamp studies in wheat and other glycophytes have found little sodium permeation 

through voltage-gated potassium channels (Schachtman et a l, 1991; Gassmann and 

Schroeder, 1994; Tyerman et a l, 1997). Experiments using whole plants have indicated

that transport of ^^Na+ to the shoot tissue is reduced in plants containing this 

discrimination trait (Gorham, et a l,  1990). Ion transport across the plasma membrane of 

root cells is responsible for solute distribution at the whole plant level.

Membrane-potential (A\|/) -dependent uptake of Na”̂ and Na'**/H’‘' antiport activity by 

plasma membrane vesicles were measured in a tetraploid (AABB) and a hexaploid

(AABBDD) wheat. Inhibition of Na"̂  influx by Câ """ was greater in the hexaploid, but 

overall it was concluded that neither of the measured transport processes was responsible 

for the discrimination trait on 4DL (Allen, et al, 1995).

The potassium homeostasis of plant cells seems to be controlled by feedback inhibition of 

the uptake system by intracellular potassium (Glass, 1976.& 1983). This could be caused 

by the highly co-operative binding of K'  ̂ to an intracellular allosteric site of the channel 

which when occupied blocks transport (Glass, 1976). It was reported that the roots of a 

moderate-tolerant tomato species {Lycopersicon cheesmanii) and moderately-tolerant corn 

{Zea mexican) exhibited a higher rate of potassium uptake than the roots of a salt-sensitive 

domestic tomato (L. esculentum) and a salt-sensitive corn variety (Rush and Epstein,

10
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1981; Hajibagheri, et a l, 1989). Also, salt-adapted tobacco cells have enhanced K+ 

uptake capacity (Watad, et al., 1991).

l.S.1.2. Active Na+ Efflux from Cells.

Sodium is relatively abundant, and K’*' relatively scarce, in most natural environments, but 

within the protoplasm of living cells the converse is true. As living cells are not 

completely impermeable to Na+, the low concentration of Na+ in the protoplasm requires 

its continuous extrusion, usually against an electrochemical gradient (Rodriguez-Navarro, 

et a l, 1994). Therefore, active extrusion of sodium occurs by either a primaiy active

Na’’'-pumping (ATPase?) or a secondary active (Na‘‘'/H''' antiport?) mechanism coupled to 

an electrochemical proton gradient (SeiTano and Gaxiola, 1994).

1.5.1.2.1, Primary Active Pumps

Most living cells exclude Na”*", and create a Na'"'-concentration gradient across their cell 

membrane. In animal cells, this gradient is generated by the (Na'^, K'‘')-ATPases (Skou, 

1988) which plays a role in most active transport mechanisms that are Na+ coupled. In 

addition, NaVlT  ̂ antiporters often function to maintain cell pH homeostasis (Gristein,

1988). In contrast, in eukaryotic cells with walls, the membrane potential is generated by

a H'*'-pumping ATPase (Serrano, 1985). Consequently, sodium-pumping ATPase are not 

widespread in non-animal cells, where sodium extrusion is probably mediated by an 

Na+/H"  ̂ antiport mechanism (Senano, 1985 & 1991; Padan, 1992). Therefore, in plant 

cells, both an Na+/H+ antiport mechanism (Colombo, et a l, 1979; Hassidim, et a l, 1990) 

and a primary sodium pump coupled to ATP hydrolysis (Cheesemaii, 1982) have been 

proposed. Evidence for these systems, however, is very indirect and no information exists 

on either the proteins or the genes involved.

In 1954, Edward I. Conway and co-workers demonestrated that yeast cells are capable of 

actively and specifically excluding Na”*", by a system independent of that mediating
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Uptake. Since then, many reports on the biochemical characteristics of this transport 

system failed to establish unambiguously the mechanisms involved (Eddy, 1982).

Although, precise details of the mechanisms for and Na"*" transport in Na~*" resistant

plant cells is not available, a model has been established in yeast. Genes encoding the

and Na'*' transport systems have now been cloned (Gaber, et a l, 1988, Haro, et a l, 1991, 

Ko and Gaber, 1991; Garciadeblas, et a l,  1993). I
Haro, et a l, (1991) demonstrated that Na"̂  tolerance in yeast showed a large dependence

+on enal, a gene encoding a putative Na -ATPase, and on trkl, a gene required for the

expression of high-affinity K"̂  uptake (Gaber, et a l, 1988). Transformation of the acutely 

Na -sensitive S. cerevisiae AtrklAenal double mutant with the trkl and enal genes, 

restored both the discrimination between K'"' and Na"*", and Na”*" efflux capacity indicating 

that these two genes play a crucial role in Na'  ̂resistance (Haro, et a l, 1993).

The question now is whether homologous genes result in a similai* response in salt-
Im.

resistant plants. It seems evident that although many mechanisms (including some not 

considered here) can protect plants from Na stress, the exclusion of Na'’’ from the root,

either by decreasing influx or increasing efflux, would be a very effective mechanism of 

protection (Gorham, 1992). The increased Na -tolerance of a Nicotiana tabaccum cell 

culture line was attributed to an enhanced capacity to take up K’’’ (Watad, et a l,  1991). 

Clearly, identification of the genes and their coiTesponding protein that code for K’’’ and
#

Na’’’ transport could be used in protein engineering programs to reduce the salt sensitivity 

of some plant species.

The enal (pmr2) gene which plays a central role in Na+ and Li+ tolerance in S. cerevisiae 

(Gai'ciadeblas, et a l, 1993) was cloned by its ability to complement a low Li+ efflux yeast
'

strain for growth on high Li^ (Haro et a l, 1991). In addition, a second Na’’’-ATPase 

gene, enal, has now been isolated from S. cerevisiae (Garciadeblas, et a l, 1993). The 

putative protein encoded by enal differs only in thirteen amino acids from the protein 

encoded by enal (Garciadeblas et a l, 1993). However, enal and enal are the first two 

genes of a tandem aiTay of four highly homologous genes {enal~ena4) which probably
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have similar function (Garciadeblas, et al., 1993). However, the major pathway for Na’*’ 

efflux in S. cerevisiae appears to be mediated by ENAl, and it has been estimated that the 

combination of ENA2, EN A3 and EN A4 accounts for about half of the activity 

(Garciadeblas, et al., 1993), Homologues of enal may occur in plants, as suggested by 

Cheeseman (1982). Over-expression of enal in S. cerevisiae was achieved with a 

construct of the enal promoter driving the enal structural gene (Benito, 1997). The 

phenotype of this transformant was as follows: 5-fold higher content of the ENA 1-protein 

in plasma membrane; lower Na'*' and Li*** effluxes; slightly higher Na"*" tolerance and much 

higher Li'*' tolerance (Benito, 1997).

Banuelos et a l, (1995) demonstrated the functional expression of enal of S. cerevisiae in 

Schizosaccharomyces pombe by transforming the enal gene into a sod2::ura4 deletion 

mutant of S. pombe. The ENAl protein was expressed and surviving colonies recovered

on high Na’*' media, demonstrating that Na'^'-ATPases (ENAl) and Na’"' / H’’' antiporters

(SOD2) provide an equally efficient mechanism for Na’*' efflux.

1.5.1.2.1.1, Plasma Membrane ATPase

In cells of higher plant and fungi, the major ion pump in the plasma membrane is a p-type 

H+-ATPase (Serrano, 1985, 1990, 1991; Sussman, 1994). In animal cells the major ion 

pump is a Na'*'/K'*'-ATPase. The plasma membrane has a primary role in the coupling of 

metabolic energy to solute transport across the plant cell membrane (Leonard, 1984) and

the p-type H^ATPase couples the energy released by ATP hydrolysis to the translocation 

of H"** to the cell exterior. Through this activity, the p-type H'*'-ATPase functions to 

establish an inwaidly-directed proton electrochemical gradient across the plasma 

membrane which consists of an acid-exterior (pH gradient) and negative-interior 

membrane electrical potential gradient (Sze, 1985). Coupling of the potential energy 

conserved in this proton electrochemical gradient (Ajin) established by the H"*"-ATPase to 

the energetically ‘uphill’ movement of other solutes is believed to be mediated by other 

secondary transport systems associated with the plasma membrane, which can act as H"*" 

/solute symports, antiports or electrically driven uniports (Leonard, 1984).
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The basic function of these pumps is to energize the plasma membrane to regulate 

intracellular and extracellular pH, drive active nutrient uptake (chemical balance), and 

modulate cell turgor (Serrano, 1989 and De Witt, 1994). Proton pumps also influence 

cellular elongation. When the H+-ATPases in the plasma membrane are stimulated, the 

outward transport of hydrogen ions decreases the pH in the surrounding cell wall; this 

causes certain enzymes in the cell wall, which are activated at a lower pH, to begin to 

break cross-linking between microfibrils. This degradation loosens the cell wall, thereby 

allowing the cell to expand because of turgor pressure (Moore, et a l, 1998).

The in vivo activity of the p-type ATPase, as assessed by proton efflux measurement, 

seems to increase during osmotic adaptation in caiTOt (Reuveni et ah, 1987) and tobacco 

(Watad et a i, 1986) cell cultures. However, it has been demonstrated that the halophytic 

plant Atriplex nummularia, when exposed to high salinity during growth, the in vitro 

activity of the plasma membrane p-type H^-ATPase increases. Apparently, this 

phenomenon does not occur in non halophytic plant (Braun, et a l, 1986).

Several plant genes have now been cloned which encode proteins with structural 

characteristics of p-type cation-translocating ATPase. It has been recognized that there 

was not just one gene and corresponding polypeptide, but rather a multigene family 

(Assmann and Haubrick, 1996). Harper et al., (1994) reported that the Arabidopsis H+- 

ATPase genes family has at least ten members. In addition, a recent study indicates there 

are a minimum of seven genomic Lycopersicon H+-ATPase {lha) sequences encoding 

plasma membrane in tomato (Ewing and Bennett, 1994), and at least four plasma 

membrane H+-ATPase ipma) gene have been identified in tobacco (Boutry, et a l 1989).

Using information from protein sequences, as well as knowledge of a highly conserved

acid sequence found in all p-type H’̂ '-ATPases, an oligonucleotide was synthesised and

used to isolate clones encoding H ’̂ -ATPase from an oat cDNA library (Harper and 

Sussman, 1989). The oat clone was then used to screen A. thaliana cDNA and genomic 

libraiies from which different gene clones were isolated, ahal, aha2 and ahaS for 

Arabidopsis H+-ATPase (Sussman, et al., 1991). It is presumed that different family 

members will have different promoter sequences, allowing expression in a cell-specific, 

tissue-specific or developmental-stage-specific manner (Sussman, 1994). The location of
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the aha3 gene product was studied in Arabidopsis by expression of a construct of the ahaS 

promoter sequence 5’ of the (3 -glucuoronidase (GUS) reporter gene; in this case 

expression of GUS was found to be located on the plasma membrane of companion cells 

of vegetative tissue (DeWitt et al., 1991; DeWitt and Sussman, 1995). Histochemical 

localization of GUS activity under the light microscope demonstrated that aha-2 is 

expressed in root hairs and surface tissues of the root (Sussman, 1994). Furtheimore, 

aha9, appears to be restricted to stamens (Michelet, et al., 1994), and ahalO to integument 

layers of developing seed (Harper, et a l, 1994). In conclusion, it is believed that several

H’’'-ATPase generate the proton-motive force used by sucrose carriers in the phloem, aha- 

2 encodes the one that drives mineral absorption from the soil into roots, aha-10 is 

involved in the flow of nutrients that nourish the embryo, and aha~9 provides the proton- 

motive force involved in anther function (Sussman, 1994).

There are, in addition, two other clones which are much more distantly related to the aha 

gene family (-22% identity to ahal", Huang, et al., 1994), and are, therefore, assigned the 

abbreviations axal and axa2 to signify the possibility that they represent a p-type ATPase 

which transports cations other than protons (Sussman, 1991).

Ewing et a l, 1990 identified and characterized the first two cDNA clones {lhal and lha2) 

from tomato {Ly cop erosion esculentum) which probably encode isoforms of plasma 

membrane H+-ATPase. Recently, Ewing and Bennett, (1994) identified seven genomic 

sequences (designated Ihal-lhaT) that encode isoforms of tomato {Lycopercion 

esculentum) plasma membrane H+-ATPase by screening a genomic library with the highly 

conserved ATP-binding domain of the cDNA lhal. Three of these genes are expressed 

differentially in plant. However, lhal is expressed at similar levels in all tissues 

examined, lha2 is most highly expressed in immature and mature leaves and lha4 is most 

highly expressed in roots and hypocotyls. In addition, the isoforms lha3, lha5, lha6, lha? 

are expressed at very low or undetectable levels in all organs examined (Ewing and 

Bennett, 1994).

Boutry, et al, (1989) reported the isolation and preliminaiy characterization of three 

different clones from a root cDNA library of Nicotiana pliimbaginifolia encoding distinct 

isoforms of H+-ATPases. However, these isoforms were isolated by hybridisation to S. 

cerevisiae H+-ATPase genes (pma', Boutry, et a l, 1989). The largest one (pma2) exhibits
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a homology of 73 % at the amino acid level with a limited protein sequence obtained from 

purified oat plasma membrane H+-ATPase (Schaller and Sussman, 1988), and an 82 % 

similarity with the Arabidopsis thaliana aha genes (Harper, et al., 1989). It is, therefore,

concluded that the N. pliimbaginifolia pma2 gene encodes a plasma membrane H^- 

ATPase (Boutry, et al., 1989). Three members of the pma gene family of p-type H+- 

ATPases have now been isolated from genomic and cDNA libraries of N. plumbaginifolia 

(Perez et al,, 1992). The three genes are between 65 % and 96 % identical at the deduced 

amino acid sequence level, and because of their high similarity, it is most likely that these 

three genes encode H'*'-translocating ATPases with similar function. The three genes are 

expressed in leaf, stem, flower and root tissues, albeit at different levels, according to the

I

1 6

organ and gene (Perez, et al., 1992). A fourth gene pma4 has now been identified with an 

even higher amino sequence identity (95 %-97 %) with the Arabidopsis ahal-3 genes 

(Moriau, et al., 1993) suggesting there may be two pma sub-families. Measured pma4 

transcript levels indicated that this gene is expressed at similar levels in root, stem, leaf, 

and flower tissues (Moriau, et al., 1993), contraiy to the pmal-3 subfamily which display 

organ-specific differential expression (Perez, et al, 1992).

I.5.I.2.I.2. Vacuolar ATPase

In plant cells electrogenic H'*" pumps play a central role in energizing the plasma 

membrane as well as the vacuolar membrane (Sze, 1985). The plasma membrane p-type

H^-ATPase extrudes H"** from the cell, forming a membrane potential (negative inside) 

and a pH (acid outside) gradient. Two distinct electrogenic H+ pumps acidify the vacuolar 

compartment: a H+-ATPase (Rudnick, 1986) and a H'*'-PPase (O'Neill and Spanswick, 

1984). Ion transport across the tonoplast of plant cells play an important role in the 

control of cell homeostasis, cytoplasmic pH regulation, sequestration of toxic ions and 

xenobiotics, regulation of cell turgor, and the storage of amino acids, sugars and CO2 in 

the form of malate, and finally possibly as a source for elevating cytoplasmic calcium 

(Raschke, et a l,  1988). All of these activities are driven by the two primary active H+- 

transport mechanisms present in the vacuolar membrane. These two mechanisms employ 

high energy metabolites to pump protons into the vacuole, establishing a proton

i
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electrochemical potential that provides the driving force for secondary transport of 

numerous ions and metabolites (Barkla and Pantoja, 1996). Plant vacuolar, or v-type H+~ 

ATPases represent a ubiquitous class of proton pumps that ai'e found on a variety of 

cellular organelles including lysosomes, endosoraes, secretory and storage vesicles and

protein storage organelles as well as the tonoplast of higher plants, fungi and yeast (Sze, et 

a l, 1992). On the other hand, the PU-PPase is abundant only in the vacuolar* membranes
.

of plant cells, where it establishes a H*** gradient of similar*, and often greater, magnitude 

than the H'*'-ATPase on the same membrane (Rea, et a l, 1992). However, unlike the v-
I

type H -ATPase, it derives free energy from the hydrolysis of cytoplasmic pyrophosphate 

(PPi) and appears to be present only in plants and phototrophic bacteria (Barkla and 

Pantoja, 1996).

In plant cells accumulating NaCl, the driving force for secondary active Na transport into 

the vacuole is believed to be provided by the PMF (proton motive force) generated across
I 4 -

the tonoplast by the v-type H -ATPase and the v-PPase, and both H pumps may I
therefore, play a fundamental role in energizing Na’̂ '/H'*' antiport activity in cells 

accumulating significant quantities of NaCl (Barkla and Pantoja, 1996). Several groups

have suggested mechanisms for the regulation of v-type H'*'-ATPase and v-PPase. 

Matsumoto and Chung, (1988), suggested that exposure of barley roots to NaCl (200 mM)

induce the synthesis of v-type H^-ATPase subunits, thus accounting for the increased 

transport activity. Bai'kla, et a l, 1995 demonstrated that in the halophytic plant M. 

crystallinum, growth in 400 mM NaCl increases the activity and the level of expression of

the v-type H -ATPase but he found that the activity and the level of expression of the v~ 

PPase enzyme decreased. f '

Plants have been shown to have several isoforms for the different subunit of the v-type

H^-ATPase. In canot, three different genes for 70-KDa catalytic nucleotide-binding 

subunit A have been cloned and sequenced (Zimniak, et a l, 1988; Gogarten, et a l, 1992). 

Four genes encoding the 70-KDa subunit in tobacco have been cloned (Nanda, et a l, 

1992). In Barley, two different clones for the B subunit were identified (Berkelman, et 

a\., 1994). Moreover, Manolson, et a l, (1988) reported the cloning of cDNA encoding 

the plant sequence for the 57-KDa subunit B from Arabidopsis thaliana. However, in
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Arabidopsis thaliana a single copy encoding the v-PPase has been cloned (Sarafian, et a l, 

1992).

1.5.1.2.2, Secondary Active Transport (Na+/H+ antiporters).

Antiporters are secondary transporters, membrane proteins that couple electrochemical 

gradients of ions or organic solutes to drive energetically ‘uphill’ transport of other 

solutes (Padan and Schuldiner, 1994). Furthermore, antiporters play a vital role in all 

living cells. In most bacteria, they are involved in the pH homeostasis of the cytoplasm,

as well as in the extrusion of Na’’' which, at high concentrations, is toxic to the cytoplasm 

(Padan and schuldiner, 1993a).

Moreover, Na’’'/ H’’’ antiporters are ubiquitous membrane transport proteins. They have 

been found in the cytoplasmic membrane of microorganisms and animal cells (Padan and 

Schuldiner, 1993b, 1994). They have also been found in membranes of various 

intracellular organelles, in mitochondria, in plant vacuoles and in the storage granules of 

animal cells (Padan and Schuldiner, 1994).

The driving force for the Na+/H+ antiporter in bacterial cells is an electrochemical 

potential of H+ across the membranes which is established mainly by the function of the 

respiratory chain. The driving force for the antiporter in mammalian cells (usually called 

exchanger) is an electrochemical potential of Na+ which is established by the function of 

Na+, K^-ATPase. The antiporters in Escherichia coli have been studied extensively and 

to date the genes for three cell membrane antiporters have been identified nhaA (Kai*pel, 

et ah, 1988), nhaB (Pinner, e ta l,  1992) and chaA (Ivey, etaL, 1993).

I.5.I.2.2.I. Sodium Efflux in Bacteria

The molecular biology of the Na^/H^ antiporters in prokaryotes was initiated by the study 

of an E. coli mutant which led to the development of a general strategy for the cloning of 

antiporter genes from bacteria by functional complementation (Pinner, et a l, 1992). 

When the E. coli gene nhaA is present in high copy number it confers resistance to host
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C H A P T E R  O N E  I N T R O D U C T I O N  :

'

cells and increases their Na+ZH"** antiport activity in membranes. A AnhaA knock-out 

strain of E. coli was constructed by transposon-raediated inactivation of the endogenous

nhaA gene. The AnhaA mutant was hypersensitive to Na’’" (and Li'’') in the growth media 

and provides an excellent system for cloning bacterial antiporter genes by functional 

complementation (Pinner, et a i, 1992).

A second (AnhaB) E. coli gene coding for a Na’’* / antiporter has now been identified; 

hydropathy analysis indicates the nhaB gene product has 12 putative transmembrane 

helices (Pinner, et a i,  1992). The nhaA gene is regulated by a ly^'R-type regulatory 

protein called NhaR (Rahav-Manor, et a l, 1992), and its transcription is stimulated by 

high Na+ concentrations, and by elevated cytoplasmic pH (Karpel, et a l, 1991). When 

either of the nhaA or nhaB is present at high copy number in the cells, the Na+/H+ 

antiporter activités increase (Goldberg, et a l, 1987; Kai'pel, et a l, 1988 Pinner, et a l, 

1992). It has been postulated that nhaB provides a backup Na+ extrusion system in E. coli 

which is effective when nhaA which is inactive (Pinner, et a l, 1993). The stoichiometry
Iof NHAA is estimated to be 2H+ for every Na'*' (Taglichit, et al 1993), and that of NHAB 

exchange to be 3H+ for 2 Na'*' (Padan and Schuldiner, 1994). However, NHAB differs 

from NHAA by having a higher affinity for the Na'*' ion, and by demonstrating pH 

independence over a broad range of pH (Pinner, et a l, 1992).

The E, coli deletion mutant AnhaA, AnhaB, and the double mutant AnhaAAnhaB, have 

been constructed and are freely available (Pinner, et a l, 1992; Padan and Schuldiner, 

1994). These mutants provide an excellent cloning system for Na'*'/H*'' antiporters from 

other organisms by functional complementation (Padan and Schuldiner, 1994),

A novel gene {nhaC) has been cloned from a DNA library from the alkalinophile Bacillus
'

firmus 0F4, which functionally complements the AnhaAAnhaB mutant strain of E. coli 

(Ivey, et al,. 1991). The nhaC gene confers enhanced Na'*' (Li'*') resistance upon the

mutant and is accompanied by increased Na’̂ '/H’*' antiport activity of the transformant 

(Ivey, et a l. 1991). Little homology between nhaC and nhaA exists suggesting this 

represents a new class of bacterial Na**' /H'*' antiporter. Although, there was no significant 

similarity between the deduced protein products of nhaC and nhaA, there was a small
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region of significant similarity between nhaC gene product and the protein encoded by 

human Na+/H+ antiporter gene cd28 (Sardet, et al,. 1989).

The gene nhaA encoding Na+/H+ antiporter has been cloned from a DNA library of the 

marine bacterium Vibrio alginolytiens which complements the AnhaA mutant strain of 

Escherichia coli (Nakamura, et a l,  1994). Since the Na‘*'/H+ antiporter activity of V. 

alginolyticus observed at alkaline external pH is also electrogenic (Nakamura et al.,

1992), the antiporter of V. alginolyticus is functionally similai* to NHAA. Vibrio 

alginolyticus is halophilic and requires 0.5 M NaCl for optimal growth, therefore, the 

Na+ /H+ antiporter is likely to be constitutively expressed in this marine bacteria 

(Nakamura, et al., 1994). The deduced amino acid sequence of Na+/H+ antiporter has a 

partial similarity with NHAB from E. coli, and NHAC from Bacillus firmus (Nakamura, 

et al., 1994). A second Na+ /H+ antiporter has been found in the marine V. alginolyticus 

and cloned by functional complementation of the double AnhaAAnhaB mutant strain of E. 

coli and named NHABv (Nakamura, at al., 1994).

A gene encoding a Na"*'/H+ antiporter, nhaB, was cloned from V. parahaemolyticiis by 

functional complementation of E. coli cells (Nozaki,gf a l, 1996). The hydropathy profile 

of the resulting predicted protein suggested the presence of 12 membrane-spanning 

domains. The amino acid sequence of NHAB showed high homology with the sequence 

of the NHAB Na'*"/H+ antiporter of E. coli (Pinner, et a l, 1992) and of Haemophilus 

influenzae (Fleischmann, 1995). Furthermore, the NHAB Na+/H+ antiprort system of V. 

parahaemolyticus is similar to that of NHAA of E. coli and V. parahaemolyticiis with 

respect to its pH dependence (active at pH 8.5 but not at pH 7.0), but differs from that of 

the E. coli NHAB system (active at both pH 7.0 and 8.5; Nozaki et a l, 1996). Moreover, 

no significant sequence similaiity was found between NHAB and the NHAA of V. 

parahaemolyticus. Thus, these two systems appear to be unrelated, although their 

function is similar (Nozaki, et a l, 1996).

During the course of studies on these antiporters the gene coding for a third Na+/H+ 

antiporter (NHAD) has been isolated from V. parahaemolyticus (Nozaki, et a l,  1998). It 

has been demonstrated that the activity of this antiporter is pH-dependent with highest 

activity in the range pH 8.5 to 9.0, and no activity at pH below pH 7.5. Thus the NHAA 

and NHAB Na'*'/H'*' antiporters found in Vibrio species have similar pH profiles (Nozaki,
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et a l,  1998), but in contrast V. alginolyticus does not appear to posses a homologue of 

nhaD (Nozaki, e ta l,  1998).

In gram-positive (fermenting anaerobic) bacteria such as Enterococcus hirae, sodium can 

be extruded by two transport mechanisms: a primary Na’’’-ATPase and secondary Na’’’ /H’’’ 

antiport (Kakinuma and Igarashi, 1989). Both systems are viewed to be important in Na+ 

excretion, the Na’*‘/H+antiporter at neutral and acidic pH, and the Na""-ATPase at alkaline 

pH where Ap^ is limiting (Kakinuma, 1987). However, using the double mutant of E.

hirae that is defective in both mechanisms, the napA gene was cloned by 

complementation which codes for a hydrophobic protein of 383 amino acids containing 

12 probable transmembraneous helices (Waser, et a l, 1992). Disruption of the napA gene 

leads to the loss of Na+/H+ exchange activity as measured in whole cells or membrane 

vesicles (Waser, et a i,  1992). Moreover, the NAPA antiporter shows significant 

homology to the K+/H+ antiporter in E. coli (Reizer, et a l, 1992), and only weak 

homology to NHAA and NAHB. The NAPA protein exhibits properties different from

those of the two E. coli Na’’*/H*’’ antiporters encoded by nhaA and nhaB.

1.5.1.2.2,2. Sodium Efflux in Yeast

A new locus (sod2) was identified in S. pombe by expression of an S. pombe library in 

wild type cells, a screening for improved sensitivity to Li’’’ (Jia, et a l 1992). Over- 

expression of sod2 increased Na+ export capacity and conferred Na'*" tolerance to wild 

type cells (Jia, et a l, 1992). The predicted sod2 gene product can be placed in the broader

-

class of transporters which possess 12 hydrophobic transmembrane domains (Jia, et a l,

1992) and show limited similarity to nhaA (Jia, et a l, 1992) and nhaC (Ivey, et a l, 1991). 

Disruption of sod2 yields cells incapable of exporting Na'*', that are hypersensitive to Na"*"

and LP and which grow slowly between pH 3.5 and 7.5 (even in low Na’’’ media). These 

results suggest the role of sod2 in pH homeostasis and in Na'*' extrusion (Jia, et a l, 1992). 

The increasing sensitivity of the mutants with pH is reminiscent of the AnhaA E. coli 

strain (Padan, et a l, 1989; Dibrov, et a l, 1991). The functional expression of the S. 

cerevisiae enal gene in S. pombe Asod2~ mutants restores the Na"*" and Li+ tolerances of
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this strain, suggesting that under certain conditions the two Na"** efflux systems (Na'*'- 

ATPase and Na+ /H+ antiporter) are interchangable (Banuelos, et al., 1995).

Genes more closely related to sod2 have been isolated from the marine yeast 

Zygosaccharomyces rouxii (Watanabe, et al., 1995) and Saccharomyces cerevisiae (Prior, 

et a i, 1996). Cells of the salt-tolerant yeast Z. rouxii maintain a low intracellular level of 

sodium ions (Na"*") even when grown in medium containing high concentrations of NaCl 

(Onishi, 1959). Like plants, the H^-ATPase in the plasma membrane of Z. rouxii 

participates in the extrusion of from cells (Watanabe, et a l, 1991). The H+ gradient 

fonned by its function might be utilized for the uptake of some solutes {e.g. sugar, amino 

acids, etc.,) via secondary active transport mechanisms, as described in S. cerevisiae 

(Eddy, 1982). Therefore, it is possible that the extrusion of Na+ from the cell is also 

coupled to H+ gradients across the plasma membrane. However, in order to clarify the 

relationship between the salt-tolerance of Z. rouxii and the function of Na+/H+ 

antiporters, a gene was isolated from Z. rouxii (Watanabe, et al., 1995) which exhibited 

homology to the Na+ /H+-antiporter gene {sod2) from S. pombe (Jia, et a l, 1992). This 

newly isolated gene (z-sod2) encodes a product of 791 amino acids, which is larger than 

the product encoded by its S. pombe homologue. The expression of z-sod2 was 

constitutive and independent of NaCl-shock. Unlike wild type cells, disruption of z-sod2 

in Z. rouxii severely reduced growth in 3 M NaCl with no effect on the osmotolerance 

(growth in 50% sorbitol), stiongly implicating the gene product in salt-tolerance of Z. 

rouxii (Watanabe, et a l, 1995) . Knock-out mutants, Az-sod2, did not decrease the salt- 

tolerance of Z. rouxii to the level which might be expected in other yeasts (le. Aenal, 

Asod2), suggesting that genes other than z-sod2 might participitate in the salt-tolerance of 

Z. rouxii (Watanabe, e ta l ,  1995).

In S. cerevisiae the ENAl Na’̂ '-ATPase is active mainly at alkaline pH values, and the 

existence of another system, possibly a H+/cation antiporter, operating at acidic pH values 

has been predicted (Ortega and Rodriguez-Navarro, 1986). This hypothesis was partially 

confirmed by the observation that the disruption of all four ena genes did not completely 

eliminate Na'*' and Li'** effluxes. However, the nhal gene encoding a putative Na**" /H**' 

antiporter in S. cet'evisiae was cloned by selection based on increased NaCl tolerance
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(Prior, et a i, 1996). The putative protein is similar to the Na’’" / Hf’’ antiporters from S. 

pombe (SOD2) and Z. rouxii (ZSOD2). Over-expression of nhal increased sodium and 

lithium tolerance mainly at acidic and neutral pH values (partially pH-dependent), whilst 

disruption leads to an increased sensitivity (Prior, et aL, 1996).

Therefore, in yeast ZSOD2 of Z. rouxii and NHAl of S. cerevisiae are closely related to 

sod2 of S, pombe, and in the former two, both are curie al for lithium and sodium tolerance 

(Watanabe, et a i, 1995; Prior, et a l, 1996). Thus, S0D2 may represent a new family of 

eukaryotic Na+/H+ exchangers that use ApH (acidic outside) to export Na+ ions out of the 

cytosol (Dibrov, etal., 1997).

I.5.I.2.2.3. Sodium Efflux in Mammals.

The plasma membrane Na /H antiporter of higher animal eukaryotes is reported to ;

perform the following functions: intracellular pH regulation (Aronson and Boron, 1986), 

regulation of intracellular’ volume, net transepithelial H'*' and Na*" secretion and signal 

transduction (Sardet, et al., 1990). In addition, the exchanger is rapidly activated in

I
response to a variety of external signals (including sperm, growth and factors, hormones; 

Sardet, et al., 1990), and is also involved in an array of processes in the cell cycle (Padan 

and Schuldiner, 1994). The Na+/H+ antiporter, first analyzed in kidney (Murer et al., 

1976), operates in all cells as a major H+-exchanging system driven by the inward 

directed Na*** chemical gradient (Aronson and Boron, 1986; Grinstein, 1988) and is 

inhibited by arailoride (L'Allemain, et al., 1984). Moreover, it is fully active at acidic pH 

(pH 6 and below), and virtually turned off at neutral pH (Sardet, et al. 1989). A human 

gene nhel was cloned by the functional complementing of a mouse fibroblast mutant 

lacking Na**" /H*** exchanger activity with human genomic DNA (Pouyssegur, et al., 1984; 

Franchi, etal., 1986a, 1986b; and Sardet, etal. 1989).

However, the nhe-1 c-DNA clone facilitated the isolation of several isoforms refeiTed to 

as nhe-2, nhe-3, nhe-4 and p-nhe (Tse, et al., 1991), all of which exhibit 45-70 % 

identity to nhe-1 at the amino acid level and possess a similar hydropathy profile. 

However, the putative fourth and sixth transmembrane helices of these forms showed the
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highest degree of conservation. In addition, tissue distribution studies reveal that nhe-1 is 

expressed at varying levels in all tissues examined, whereas nhe-3 is expressed mostly in 

kidney and intestine (Tse, et a l, 1992). Conversely, nhe-4 is most abundant in stomach, 

with intermediate levels found in colon and small intestine, and trace amounts in kidney, 

brain, uterus and skeletal muscle cells (Orlowski, et a l, 1992).

1.5.1.2.2,4. Sodium Efflux in Plants.

Sodium / proton antiporters are postulated to function at the plasma membrane and the

tonoplast of plant cells where they are envisaged to pump Na’*' out of the cytoplasm and 

into either the apoplast or into the vacuole (Mennen, et a l, 1990). In contrast to micro­

organism and animal cells, the presence of a Na+ZH'*' antiporter is not an ubiquitous in 

plant cells (Mennen, et a l, 1990).

Sodium transport is better characterised at the vacuolar membrane than at the plasma 

membrane. Secondary active transport of Na+ into the vacuole via the tonoplast Na VH"** 

antiporter is believed to be energized by the PMF generated by the activity of the v-type 

ATPase andZor the v-PPase. In salt resistant plants, it is viewed that an active 

antiporter functions to sequester Na**" into the vacuole, thereby avoiding toxic levels of 

Na"̂  from accumulating in the cytoplasm (Barkla and Pantoja, 1996). Sodium Z proton 

antiport activity is reported to increase with increasing salt stress (Blumwald and Poole, 

1987; Garbarino and DuPont, 1988 & 1989; DuPont, 1992).

Several studies have provided evidence consistent with the existence of a Na'̂ ’ZH’’’ 

antiporter in the plasma membrane of a wide range of plant cells. Mennen, et a l (1990)

looked for plasma membrane Na^ZH’*' antiport activity in 16 crop species and found four 

(sugar* beet, barley, tomato and wheat) which appeared to operate this mechanism. 

Cooper, et a l (1990) found evidence for activity in a halophyte {Atriplex nummularia) 

and glycophyte plasma membranes. Allen, et a l (1995) measured activity consistent with

a Na'^ZlT antiport in wheat plasma membrane fractions, and similar results were obtained 

with barley whole roots (Ratner and Jacoby, 1986).
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The transport of Na+ from the cytosol, via the tonoplast antiporter, and its accumulation in 

the vacoule of the halophytes and salt-tolerant glycophytes is an important mechanism for 

averting the damaging effects of Na"" on key biochemical processes in the cytosol. In 

certain plants the operation of the Na+/H+ antiporter at the plasma membrane excretes 

Na+ from the cells, and thus acts synergistically with the tonoplast antiporter in 

maintaining the cytoplasmic Na*** concentrations ( Barkla and Blumwald, 1992; Jacoby,

1993).

1.5.2. Maintenance of Low Cytoplasmic Cl” Concentration.

Chloride channels are passive anion transport proteins that are present in plasma 

membranes of most cells and paiticipate in cellular functions such as regulation of cell 

volume and intracelluar pH. In animals, chloride channels are important for trans­

epithelial transport and regulation of excitability of muscle and nerve (Hechenberger, et 

al, 1996).

Chloride is the most abundant anion in plant and animal tissues. Therefore, anion channels 

are often called chloride channels, even though they may be permeable to other anions as 

well. In contrast to cations like sodium and especially calcium, the electrochemical 

gradient of chloride across the animal plasma membrane is close to its electrochemical 

equilibrium. Thus Cl" has no established function as a second messenger, and is only 

rarely involved in electrical excitation (Jentsch and Gunther, 1997). Therefore, the 

opening of Cf channels, like the opening of K"** channels, generally results in a 

stabilization of membrane potential (Betz 1991; Rabow, et al., 1995). While the 

intracellular chloride concentration is close to equilibrium, it can deviate from it by a few 

tens of mV. While there is no firm evidence for an active chloride-transporting ATPase 

in mammalian plasma membranes, several transporters use the energy stored in 

transmembrane gradients of other ions to move chloride against its electrochemical 

gradient (secondary active transport). Most of these transporters will accumulate 

intracellular chloride above its equilibrium level (at a membrane voltage of -60 mV and 

an external chloride concentration of 150 mM, internal chloride would be equilibrium).
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In plants. Cl" has essentially two defined roles. The first role relates to the control of cell 

volume (turgor) and the second to controlling plasma membrane electrical potential 

through controlled release through anion channels. The ability of cells to accumulate Cl" 

underlines both these functions in plants. Consequently, it is important to understand the 

mechanism by which intracellular Cl" levels ai*e regulated and the factors that control Cl" 

accumulation (Tyerman, 1992), If chloride is present in the extracellulai' medium, it is 

normally accumulated to high levels (in excess of 100 mM) in the vacuole. Thus, the ion 

can represent a primary component of the internal osmotic pressure, with corresponding 

importance for the role of Cl" in turgor generation. This role is most marked in 

halophytes, where vacuolar Cl" concentrations of the order 500 mM are not uncommon, 

but holds true also for many glycophytic species (Cram 1976). Nevertheless, in 

glycophytes Cl" is not essentially required as an osmoticum, if Cl" is not present in the 

external medium, organic acids aie sequestered into the vacuole instead (Osmond, 1976 ; 

Van Kirk and Raschke, 1978).

1.5.2.1 Chloride Transport

Chloride transport may occur via channels (Seirano, 1985; Hedrich and Schroeder, 1989) 

or proton co-transport (Serrano, 1985). In the first case, the negative inside membrane 

potential would drive efflux from the cytoplasm, whereas in the second case, the proton 

gradient would drive accumulation. The molecular basis for this reaction is not known 

(Sen'ano, 1994).

Ion channels with anion selectivity are present in the plasma and vacuolai* membranes of 

plants (Tyeiman 1992). Although these channels generally exhibit rather poor selectivity 

for Cl" over other anions such as NO3" and malate (Hedrich and Jeromin, 1992), it is

generally believed that in physiological conditions Cl" comprises the principal ionic 

component of currents passing through these channels when open (Sanders, 1994). In 

glycophytes, the equilibrium potential for Cl" normally lies more than 200 mV positive of 

the resting membrane potential, therefore plasma membrane anion channels are viewed to

catalyse Cl efflux from cells (Sanders, 1994).
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Studies of cellular Cl" release in general, and of anion channels in paiticular, have led to 

elucidation of further roles for Cl" in plant cell biology. It is well established that anion 

channels, principally carrying Cf under most physiological conditions, respond via a Câ  ̂

signal cascade, to osmotic shock (Okazaki and Tazawa, 1990). Further, they are involved 

in volume and turgor regulation in guard cells (Schroeder and Hagiwara, 1989; Schroeder 

and Keller, 1992). The magnitude of the change in cellular Cl" content during stomatal 

closure implies co-ordinated release of Cl" from vacuolar stores. One vacuolar channel 

which is potentially responsible for mediating this release has been identified as a Ca^+- 

activated channel which activates slowly in response to an imposed voltage and exhibits 

weak selectivity between cations and anions (Coyaud, et ah, 1987; Sanders, et ah, 1990).

Also, electrical signalling in plants might well involve the opening of anion channels 

through which a major component of the depolarizing current can flow. Chloride currents 

that flow as a result of the opening of Ca^+-activated anion channel are involved in 

electrical signalling in the sensitive plant Mimosa (Samejima and Sibaoka, 1980), rapid 

movements associated with prey capture in the insectivorous plants Drosera and Dionaea 

(Williams and Pickard, 1972; Hodick and Sievers, 1988), and general wounding reponses 

(Davies, 1987), all of which are thought to involve signalling via action potentials.

Furthermore, chloride release across the plasma membrane also plays an indirect, but 

important role, in cytosolic pH regulation. Cytosolic acidosis in plants is normally 

countered by stimulation of the primary H+-ATPase at the plasma membrane (Kurkdjian 

and Guem, 1989). This enzyme is electrogenic, and the membrane hyperpolaiization that 

could result from the enzyme enhanced activity is potentially counter-productive: the 

elevated electrical driving force on H+ across the plasma membrane would increase H+ 

influx back across the plasma membrane. Therefore this tendency for membrane 

hyperpolarization is off-set by opening of anion channels that facilitate Cl" release (and 

hence membrane depolarization) during cytosolic acidosis (Sanders, 1994). Consequently 

the anion channels appear to open as a result of direct activation by H+, and through a low 

pH-mediated increase in Ca^+ affinity (Sanders, 1994).

In conclusion, there is little doubt that CF plays a number of important physiological roles 

in plant cells, but it can also have a deleterious effect when found at high internal or
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external concentrations. For example, high levels of CF may interfere with the ability of 

plants to acquire or assimilate essential nutrient ions. Chloride is known to affect both the 

uptake and assimilation of nitrate (Gorham, 1992).

I.5.2.2. Classification of Chloride Channels.

Chloride channels are classified into three distinct structural classes (Jentsch, 1997). The 

first class to be discovered (in 1987) include glycine and G ABA receptors (Grenningloh, 

et a i, 1987; Schofield, et a l, 1987), which belong to a super-family of ligand-gated 

receptor channels. The second class may include just one CF channel, CFTR (cystic 

fibrosis transmembrane conductance regulator), which was cloned in 1989 (Riordan, et

al., 1989) which functions as a cyclic AMP-activated CF channel (surprisingly, as it 

belongs to the family of ATP-binding cassette, or ABC, transporters, which generally 

function as ATP-driven transporters). Finally, there is the CLC family of CF channels, 

whose first member was cloned in 1990 (Jentsch, et al., 1990). Members of the CLC 

family function as voltage-gated channels (Jentsch, et al., 1995), and one particular 

member is also activated by cell swelling (Grunder, et al., 1992). The CLC channels are 

all believed to contain 12 membrane spanning domaines (Jentsch and Gunther, 1997).

I.5.2.2.I. The CLC Family of Chloride Channels.

(a). The CLC-0 Family of Voltage-Gated Chloride Channels.

The molecular structure of voltage-gated chloride chamiels was unknown until late 1990 

when the first chloride channel was cloned. A cDNA encoding a voltage-gated chloride 

channel was isolated from Torpedo marmorata electric organ by the transient expression 

of its corresponding in vitro translated mRNA in Xenopus oocytes; the clone was 

identified by an elegant electrophysiological screen (Jentsch, 1990). It encodes a single 

protein subunit, CLC-0, of about 98 kD and is predicted to have 12 membrane-spanning 

domains which are considered to be a hallmark of ion channel and other transport proteins 

(Jentsch, 1990). In vivo, CLC-0 appears to function as a double barrel structure with two 

identical pores which can close and open independently or operate in concert. Therefore,
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the CLC-0 channels are believed to exist as homodimers in their native membranes. This 

channel has been well characterised with respect to its chloride selectivity and voltage- 

dependence.

Since the cloning of the Torpedo electric organ CF channel clc-0, it has become clear that 

it was the first member to be discovered of a large gene family. There are now nine 

different clc genes characterised in mammals (Jentsch, et a i, 1995).

(b). The CLC-1 Family of Voltage-Gated Chloride Channels.

Heterologous probe screening with clc-0 identified the mammalian gene clc-1 which is 

specifically expressed in skeletal muscle (Steinmeyer, et al., 1991). Its protein product is 

functionally similar to clcO in that it has a CF > Br > I selectivity sequence, and its gates 

open with membrane depolarization. The CLC-1 channel appears to stabilise muscle cell 

plasma membrane voltage and to modulate muscle excitability. Inactivation of clc-1 by 

mutation results in myotonia, an inherited muscle disease caused by an electrical hyper­

excitability of the muscle membrane (Steinmeyer, etal., 1991; Koch, e ta l,  1992).

(c). The CLC-2 Family of Voltage-Gated Chloride Channels.

This class of CF channel is ubiquitous in mammals and is activated by cell swelling and 

hyper-polarization. The clc-2 gene was originally cloned from heart and brain cDNA 

libraries (Thyerman, et a l, 1992). Overall protein sequence homology is about 50 % to 

both clc-0 and clc-1 with the highest degree of identity in trans-membrane regions. 

Expression in Xenopus oocytes gave currents which activated very slowly upon strong, a 

physiological hyper-polarization. Its conductivity sequence is CF > Br > I Although 

northern analysis suggested that clc-2 is expressed ubiquitously (Thiemann, et a l, 1992), 

in situ hybridization reveals that clc-2 is expressed differentially in brain tissues (Smith, et 

a l, 1995). The CLC-2 protein has an important cellular function, that of mediating 

volume changes (Jentsch, 1997). It has also been proposed that CLC-2 serves to prevent 

neuronal CF accumulation above equilibrium, thereby modulating the effects of post- 

synapic G ABA receptors (Staley, et a l, 1995).

(d). The CLC-3, CLC-4 & CLC-5 Family of Voltage-Gated Chloride Channels.
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When deficient, this class of Cl~ channels result in the appearance of kidney stones 

(Fisher, et a l, 1994; Steinmeyer et al., 1995). Based on sequence homology alone, the 

CLC-5 class includes CLC-3 (Kawasaki, et al., 1994) and CLC-4 (Van, et al., 1994). 

However, as clc-4 cannot be expressed functionally, and the reported expression of clc-3 

is controversial (Kawasaki, etal., 1994; Van et a l, 1994 and Jentsch, 1995), this grouping 

has not been confirmed by similarity of function. The CLC-5 channels give rise to

chloride currents with the typical CL > F conductivity sequences. However, these 

currents are only detectable at voltage more positive than +20 mV, values that are unlikely 

to occur in vivo (Steinmeyer, et al., 1995; Lioyd,^^ al., 1996).

(e). The CLC-6 and CLC-7 Family of Voltage-Gated Chloride Channels.

Additional mammalian clc genes have been identified but their physiological functions are 

still unknown. These include the kidney-specific clc-k gene {clc-ka and clc-kb in humans; 

Uchida, et a l, 1993; Kieferle, et al., 1994) and the ubiquitously expressed clc-6 and c/c-7 

genes (Brandt and Jentsch, 1995). Unfortunately, like the CLC-3 and CLC-4 classes, no 

suitable expression system has been developed to characterise the biophysical properties 

of these channels (Jentsch, 1995; Kieferle, etal., 1994).

The genome sequencing programs have identified putative prokaryote clc genes (in E. 

coli, Fujita, et al.; 1994; in Synechocystis 6803, www.kazusa.or.jp/cyano); further, a 

single clc homologue has been identified in S. cerevisiae (scclc originally termed gefl) 

which appear to be closely related to the clc-6 and clc-7 family. Since disruption of the 

yeast gene results in sensitivity to low iron levels in the growth medium (Greene, et al.,

1993), scclc is believed to be involved in iron metabolism. An alternative hypothesis is 

that they are members of prokaiyote-like class of channels found in the membranes of 

prokaryotes and cell organelles.

(f). The CLC Family of Chloride Channels in Plants.

In recent years various plant chloride channels have been characterized biophysically, 

both in plasma membranes and in membranes of different organelles. Despite their roles 

in various functions, little is known about the molecular structure of plant chloride 

channels. Recently, using a polymerase chain reaction (PCR) strategy which relied on 

sequence consensus of the animal and yeast clc genes, a putative chloride channel cDNA
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(clc-ntl) has been cloned from tobacco (Lurin, et al., 1996). The CLC-Ntl protein 

displays 24-32 % amino acid identity with animal CLC families. When clc-ntl 

complementary RNA was injected into Xenopus oocytes, it elicited slowly activating 

inwai’d current upon membrane hyper-polarization (more negative than -120 mV). These 

currents were carried mainly by anions, were modulated by extracellular anions, and 

became totally blocked by 10 mM extracellular calcium. It was pointed out by Lurin, et 

al., 1996, that the currents carried by CLC-Ntl in oocytes show regulatory feature that 

suggest localisation to the plasma membrane in planta, as the voltage activation of CLC- 

Ntl in oocytes is closer to the potential of the plant plasma membrane than to that of the 

tonoplast. The CLC-Ntl channel might correspond to either one of the anion channels 

that have been chaiacterised as being activated upon hyperpolarization of the plasma 

membrane or tonoplast (Hedrich and Becker, 1994).

Information stemming from the Arabidopsis genome sequencing program has identified 

four putative clc genes. These have now been cloned using a PCR strategy 

(Hechenberger, et al, 1996). The four genes {atclca, atclcb, atclc-c and atclc-d) are 

homologous to clc-ntl from tobacco (Lurin, et a l, 1996) and aie also closely related to 

the mammalian clc-6 and clc-7 gene families. The atclc transcripts are broadly expressed 

in the plant but show some tissue specificity. The strongest expression of atclc-a, and 

atclc-c transcripts seem to occur in source leaf, whereas atclc-b is most strongly expressed 

in roots; atclc-d is mainly expressed in the fruit. The atclc-a and atclc-b are highly 

homologous to each other (-87 % identity at the perceived amino acid level) and -  50 % 

identical to atclc-c and atclc-d. None of the four cDNAs elicit chloride currents when 

expressed in Xenopus oocytes, either singly or in combination. Only AtCLC-D could 

functionally substitute for the single yeast SCCLC protein, restoring the iron-limited 

growth of a strain disrupted for this gene. It has been suggested that AtCLC-D functions 

as an inti’acellular chloride channel (Hechenberger, et al, 1996).

1.6. Aim of This Study

The aim of this study is to isolate and characterize genes encoding membrane transporters

and channels that may play a central role in conferring resistance to Na’’’ and / or CT in 

salt tolerant plants.
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Initially, in 1995 at the stait of the project, there was insufficient information available in 

the data bases to allow putative plant genes to be identified by (BLAST) seai'ches for 

homology, or by designing PCR primers suitable for cloning purposes. Therefore, it was 

decided to try to identify plant homologues for cation and anion transporters using 

heterologous probes to screen a range of salt-resistant plants.

The plants chosen for study were the salt-resistant crops barley {Hordeum vulgare) and 

sugar beet (Beta vulgaris), and the halophyte (Atriplex mummularia). Genomic libraries 

of these plants were prepared and these, together with existing cDNA libraries, were used 

in Southern screening experiments. Early experiments suggested that the clc-0 probe 

from T. marmorata would be the most fruitful avenue to pursue, and so attention was

focused on characterising plant Cl" channels. However, during this work it became clear 

that the rapidly expanding data bases were accumulating information at such a rate that a 

new strategy based on consensus sequences would be more productive. Therefore, 

sequence alignments of known clc channels were made and degenerate PCR primers 

designed from the emerging consensus sequences. These primers were subsequently used 

in a series of experiments to try to identify clc homologues in salt-resistant plants.
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Figure 1.2. Alignment of 17 Putative CLC-type Chloride Channels.
In May 1996, the GCG programme STRINGSEARCH was used to 
identify Cl channel sequences in the EMBL database. The sequences 
were translated and then aligned using GCG’s PILEUP programme. The 
PILEUP alignment was analysed by PRETTY and the output from this is 
presented. Several of the default paiameters of PILEUP were adjusted to 
derive the best consensus alignment. Only three regions of conserved 
amino acid sequence were identified using this approach which are mai'ked 
in bold face type on the CONSENSUS hne GKIGPxxH (between position 
350 and 360), GVLFxxE (between position 410 and 420) and GEDWIFL 
(between position 240 and 250). Note, not all sequences contained these 
conserved motifs. These consensus sequences were used to design 
degenerate PCR prhners for cloning purposes. The sequence accession 
numbers are as follows: rnmina, x64139: human placenta CLC-2, s77770: 
ocl5652, Chinese hampster CLC-2: Torpedo califomica CLC-0, tcvgcc: 
Torpedo inarmorata CLC-0, tmclchan: human muscle CLC-1, hsclclmcc: 
human muscle CLC-1, hsclclmr: rat skeletal muscle, rrsmcc: rat protein 
kinase A activated Cl“ channel, rrclck2a: human kidney CLC-2, s80315: 
human CLC-5, hsclcii5gn: rat CLC-5; rnclc5: human chloride channel 
protein, hsclcpx: rat CLC-3, rnclc3: human CLC-7, hsclc7mr: rat CLC-7, 
rnclc7mr: S. cerevisiae GEFl, scclcy.
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I   .................          -̂■■■■-

2.1. MATERIALS.

2.1.1. Chemicals.

The chemicals used in this study were obtained from BDH (Poole, Dorset) unless 

indicated otherwise.

21.1.1. DNA Modifying Enzymes,

Unless stated otherwise, all restriction enzymes together with their reaction buffers, were 

purchased from GIBCO-BRL, Paisley, Strathclyde, or Promega Coiporation, USA.

2.1.12. Oligonucleotide Primers,

Primers for PCR were synthesized by Cruachem Ltd, Glasgow. The primers were 

supplied desalted, and were resuspended to the appropriate concentration in water before 

use.

2.I.I.3. Radiochemical.
1

The radiochemical [a~32p] dCTP used in this study was supplied by Amersham 

International (UK).
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2.1.1.4. Bacteria Growth Media (Liquid and Solid).

One percent (w/v) L-broth (1% bacto-tryptone, 0.5% yeast extract (both supplied by 

Difco Laboratories, Michigan, USA) and 1% (w/v) NaCl, pH 7.0) plus the appropriate 

antibiotic was generally used for culturing E, coli. For preparation of competent cells, E. 

coli XL 1-Blue (Stratagene, Cambridge, UK) was cultured in TYN medium (1 % (w/v) 

bacto-tryptone, 1 % (w/v) bacto-yeast extract, 0.5 % (w/v) NaCl) plus the appropriate 

antibiotic. For preparation of E.coli XL 1-Blue MRA(P2) plating cells (Stratagene) L- 

broth was used, supplemented with 0.2 % (w/v) maltose and 10 mM MgSOq. For plating 

out the above bacterial strains, the solid media was prepared by adding 1.5 % (w/v) agai’ 

(Difco) to the media prior to sterilization. Top agar was prepared by adding 0.7 % (w/v) 

agai' to L-broth media supplemented with 10 mM MgS04 and 0.2% (w/v) maltose. Filter- 

sterilised antibiotics, maltose and MgS04 were added after autoclaving when the solution 

had cooled to just below 50°C.

2.1.1.5. Antibiotics, BPTG, and X-Gal.

All antibiotics used were supplied by Sigma Chemical Co. (UK). Ampicillin and 

kanamycin were dissolved in distilled water (50 mg mL"l) and used at a final 

concentration of 50 pg mL‘l, Chloramphenicol was dissolved in ethanol (30 mg mL"^) 

and used at a final concentration of 30 pg mU F All antibiotics were filter sterilized and 

stored in sterile bottles before adding to autoclaved media which had been allowed to cool 

to 50°C.

Isopropyl thiogalactoside (IPTG, Life Technologies, Gaithersburg, USA) was prepared as 

a 0.1 mM stock in distilled H2O and used at a final concentration of 50 pM mU C X-Gal 

(5-bromo-4-chloro-3~indolyl |3-D galactoside; Life Technologies) was made as a 25 mg 

mL"l stock in dimethylformamide and used at a final concentration of 50 pg mL’F
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2.I.I.6. Bacterial Strains, Cloning Vectors and Plasmids.

Plasmids were maintained and amplified in E. coli XL 1-Blue (Stratagene Ltd., 

Cambridge, UK). E. coli XL 1-Blue MRA(P2) (Stratagene) was used to plate X genomic 

libraries. E. coli LE392 was used for the isolation of bacterial genomic DNA, Epicurian 

Coli XL 1-Blue MRF" Kan supercompetent cells (Stratagene) were used as the host strain 

for transformation with PCR-Script Amp SK(+) cloning vector.

The PCR -Script Amp SK (+) cloning vector (Stratagene) was used to clone and maintain 

the blunt end PCR products.

Genomic libraries of barley and sugar beet were prepared in the laboratory by 

construction in X Dash II BamHl vector (Stratagene).

All heterologous probes used in this study are described in Table 1.

2.1.2. General Laboratory Procedures.

2.1.2.1. pH Measurement.

The pH of all solutions other than phenol were measured using a Corning pH meter 220 

and a combination electrode (Jenway, pHM6, UK). The pH of phenol-containing 

solutions was measured using Whatman Narrow Range pH paper pH 6.0-8.0 (Whatman, 

Maidstone, UK).

2.1.2.2. Autoclaving.

Equipment and solutions were sterilized at 121°C and 0.1 MPa pressure for 20 minutes. 

Large batches were sterilized in a Laboratory Thermal Equipment Autoclave 225E. Small 

batches were sterilized in a Tower pressure cooker.
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2.1.2.3. Filtration. i
Heat-labile solutions were sterilized by passing through a sterifll-D GS filter (pore 

diameter 0.22 pm, Millipore Co.) into a sterile receptacle.

i-

• Kï
2.I.2.4. Glassware.

Glassware was sterilized by baking in an oven at 180°C for 12 hours or overnight. I

2.1.2.5. Solutions and Equipment for RNA Work.
'f c

Solutions for RNA work were treated with 0.1 % (v/v) diethyl pyrocarbonate (DEPC, 

Sigma) overnight as described in Sambrook, et aL, (1989). #

2.1.3. Plant Material.

2.I.3.I. Growth and Treatment of Plants,

Seeds of barley {Hordeum vulgare Vai'. Golden Promise), were washed in tap water, and 

then soaked in water for 2 hours. The seeds were germinated in trays containing tap water 

soaked vermiculite (Silvapeii, William Sinclair Horticulture Limited) at 25^C/ 15°C using 

a 14 hr/ 10 hr day/night cycle for 7 days. The germinated seeds were then grown 

hydroponically in 0.5 g L"1 Phostrogen for 14 days.

Seeds of sugar beet {Beta vulgaris var Saxon) supplied by British Sugai' pic were washed 

in tap water for 2 min and then soaked in tap water overnight. The seeds were then 

germinated in trays containing tap water soaked vermiculite (Silvaperl, William Sinclair 1 

Horticulture Limited) at 24°C/15°C using a 14 hr/ 10 hr day/night cycle for 7 days. The 

germinated seeds were grown hydroponically for 5 weeks in half-strength Hoagland’s 

solution which was prepared from 0.51 g L ' KNOj, 0.246 g L ' Ca(NOg)2.4H2O,0.115 g L ‘ #  

NH,H,PO,, 0.245 g L ‘ MgS0,.7H,0, 1.428 mg L ' 0.905 mg V ' MnCl,.4H,0, |
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0,04 mg L ‘C uS0,.5H p, 0.11 mg L ‘ ZnSO,.7H,0, 0.045 mg L" and then

0.00015% of FeS04 and 0.00012 % of NaK-Taitrate were freshly added every 5 days.

Cell suspension cultures of red beet {Beta vulgaris) were supplied by Prof M. Elliot (De 

Montford University, Leicester). Forty mL of cells were grown in 500 mL flasks 

containing 160 mL MSMO media ( IX  Murashige and Skoog salts with minimal organics 

(M6899, Sigma), and 3 % (w/v) sucrose, pH 5.8). Suspension cultures were grown at 

22°C in a 24 hour photoperiod (PPFD 5.0 pmol m’̂  s"l) with constant shaking (140 rpm), 

and sub-cultured every two weeks using 1/5 dilutions.

Sugar beet cell suspension culture {Beta vulgaris var Saxon) was prepared from intact 

plants in the laboratory (Janet Laird, University of Glasgow) and was grown in MSMO 

(M 6899, Sigma) containing 3 % (w/v) sucrose, 2.5 pM 2,4D and 0.5 pM kinetin pH 5.8.

The cultures were grown in continous light (PPFD 5-20 pmol m~  ̂s"*) at 24°C, shaken at 

150 rpm and sub-cultured every 14 days in a laminar flow hood by transferring 10 mL 

into a sterile flask containing 90 mL of sterile medium.

Seeds of Atriplex halimus were obtained from Prof. T. Flowers, University of Sussex. 

The A. halimus cell suspension cultures were prepared in the laboratory (N. Urwin, 

University of Glasgow) and grown in MSMO (M 6899, Sigma) containing 3 % (w/v) 

sucrose, 2.5 pM 2,4D and 0.5 pM kinetin pH 5.8). The culture was grown in continous

light (PPFD 21 pmol m"^ s"l) at 25^3 shaken at 150 rpm, and sub-cultured every 14 days 

in a laminar- flow hood by transfeiTing 20 mL into a sterile flask containing 80 mL of 

sterile medium.

Cell suspension cultures of Arabidopsis thaliana were supplied by Prof. C. Leaver, 

University of Oxford, (May and Leaver, 1993). The suspension culture was grown in 

MSMO (M 6899, Sigma) containing 3 % (w/v) sucrose, 0.5 mg L"  ̂ a-naphthalene acetic 

acid and 0.05 mg L 'l kinetin, pH 5.8. The cultures were grown in continous light (PPFD 

18 pmol m'^ s-1) at 23°C, constantly shaken at 150 rpm, and sub-cultured every seven 

days a laminar* flow hood by transferiing 5 mL into a sterile flask containing 45 mL of 

sterile medium.
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Seeds of Nicotiana tabaccum were supplied by Dr J. Milner (Glasgow University). The 

seeds were surface sterilized by placing them in an envelope made from Whatman No 1 

filter paper. The envelopes were then soaked in 25 % (v/v) sodium hypochlorite 

(purchased from R & J Wood, U.K.) for 30 min. From this point, all manipulations were 

canied out in a sterile flow hood. The envelope was placed in a pot containing sterile 

dFIgO for 2 min to remove any bleach. This was repeated 5 times. The envelope of seeds 

was dried on a petri dish lid in the flow hood for at least 3 h. The seeds were stored in a 

plate sealed with Micropore tape (3 M Health Care, Loughborough, U.K.) until use. The 

surface sterilized seeds were germinated at 25°C in trays containing water soaked sterile 

soil and covered with cling film.

2.1.3.2. Salt Treatment and Harvesting of Plants and Suspension Cultures.

Three-week old hydroponically grown barley plants were treated with 150 mM NaCl for 4 

days. Four-week old hydroponically grown sugar beet plants were treated with 300 mM 

NaCl for 4 days. Red beet and A. halimus cell suspension cultures were adapted from 

non-treated cell suspension cultures by sub-culturing into progressively higher levels of 

NaCl, starting with 100 mM NaCl and increasing to 200 mM and 300 mM. Sugar beet 

cell suspension culture {Beta vulgaris Var Saxon) was maintained in media containing 

200 mM NaCl.

The plants were harvested and quickly frozen in liquid nitrogen prior to use or kept at - 

80°C until required. The suspension cultures were collected by centrifugation for 10 min 

at 700 g. The supernatant was removed and the pellet immediately frozen in liquid 

nitrogen. Samples were then stored at -80°C until required.

2.2. METHODS.

2,2.1. Isolation of Genomic DNA. 

2.2.11. Isolation of Plant Genomic DNA.
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The isolation of high molecular weight (> 25 kb) DNA was canied out according to a 

modified DNA isolation protocol Puregene (1992),

One gram of leaf tissue or cell suspension culture was quickly frozen in liquid nitrogen 

and ground to a fine powder in a pre-chilled mortar and pestle. The frozen powder was 

then transferred with liquid nitrogen into a 30 mL Oak Ridge tube containing 18 mL of 

Lysis buffer (100 mM Tiis-HCl pH 8.0, 20 mM EDTA, 0.5 % (w/v) SDS) before the 

sample thawed. The contents of the tube were mixed gently by inversion, incubated at 

65°C for 60 minutes and allowed to cool to room temperature. Then 0.1 niL of RNase A

(10 mg mL “1) was added to the tube, which was mixed gently, and incubated at 37‘̂ C for 

15 minutes. Six mL of 5 M ammonium acetate was added, the tube was then shaken 

gently and incubated at 0°C for 30 minutes. After incubation, the tube was centrifuged at 

3000 g in a Beckman J2-HS centrifuge, JA-20 rotor for 10 minutes at 4°C. The 

supernatant was filtered through one layer of mira cloth filter into a clean 30 mL Oak 

Ridge centrifuge tube containing 18 mL of iso-propanol and mixed well by inversion. 

The DNA was pelleted by centrifugation at 3000 g for 5 minutes at 4°C and the 

supernatant discarded. The tube was then inverted on paper towels for 10 minutes to 

allow the pellet to dry. After drying the pellet was dissolved in ImL of TE buffer 10 mM 

Tris-HCl (pH 8.0), 1 mM EDTA.

The DNA solution was transferred to an ultracentrifuge tube and 1 g of caesium chloride 

per 1 mL of DNA solution was added then mixed by gentle inversion. One mg mL"l 

ethidium bromide was added to the DNA solution, and left at room temperature for 30 _ 

min to allow the CsCl to dissolve. The tube was then capped and centrifuged at 180,000 g 

for 40 hours at 20°C in a fixed angle rotor (T865.1) of a Sorvall 55B ultracentrifuge. 

After centrifugation, the DNA band was collected with a sterile plastic pipette and placed 

into clean 1.5 mL Eppendoif tubes. Ethidium bromide was removed by adding an equal 

volume of TE saturated Mo-propyl alcohol. The phases were mixed gently, allowed to 

separate and the upper phase removed. The extraction procedure was repeated several 

times until all of the ethidium bromide (pink colour) was removed from the aqueous 

phase.

The aqueous phase was then dialysed against a 1000 X volume of TE buffer (pH 8.0) 

using treated dialysis tubing (Sigma) for 2 hours at 4°C, and then overnight against fresh
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TE buffer (pH 8.0) at 4°C. The dialysis tubing was prepared by boiling for 5 min in the 

presence of 0.1 % (w/v) SDS, and allowed to cool prior to use. The DNA solution was 

transferred from the dialysis tubing into a 1.5 mL Eppendorf tube, the DNA was then 

precipitated by the addition of a one tenth volume of 3 M sodium acetate and two volumes 

of ice-cold ethanol, the mixture was then stored at -20°C for 2 hours. The DNA was 

pelleted in a microfuge at 10,000 g for 3 minutes, washed with 70 % (v/v) ethanol, dried 

and re-dissolved in TE buffer (pH 8.0). The concentration of the DNA solution was 

determined as in Section 2.2.6 and finally stored at 4°C until use.

2.2.1.2. Isolation of Bacterial Genomic DNA.

A single E. coli colony was used to inoculate 5 mL of L-broth medium in a 20 mL Bijou 

tube. The culture was incubated overnight at 37°C with constant shaking at 200 rpm. 

The culture was transferred to a sterile 15 mL centrifuge tube and pelleted at 3000 g for 5 

min at 4°C. The supernatant was decanted and the bacterial pellet re-suspended in 1 mL 

of lysis buffer (50 mM glucose, 25 mM Tris-HCl pH 8.0, 10 mM EDTA) containing 10 

mg mL'^ lysozyme (Sigma). The mixture was transferred to a 1.5 mL Eppendoif tube and 

incubated for 10 min at room temperature. After incubation, 50 pL of 10 % (v/v) SDS 

was added to the tube and mixed gently at this point, the suspension became transparent 

signifying the lysis of bacterial cells. An equal volume of phenol/ chloroform /isD-amyl- 

alcohol (v/v/v, 50:24:1) was added, mixed thoroughly but gently, and spun in a micro­

centrifuge at 10,000 g for 1 min. After centrifugation the upper layer was transferred to a 

clean tube and an equal volume of chloroform: wo-amyl-alcohol (24:1) was added, mixed 

and centrifuged as before. The upper layer containing the DNA was transferred to a clean 

tube. The DNA solution was precipitated by adding a one tenth volume of 3 M sodium 

acetate and two volumes of ice-cold ethanol on ice for 10 min, followed by a short 

centrifugation at 10,000 g for 10 seconds. The supernatant was aspirated from the pellet, 

which was then washed in 50 pL 70 % (v/v) ethanol. The pellet was left to air dry for 10 

min. The resulting DNA pellet was re-suspended in an appropriate volume of TE buffer 

(pH 8.0) and stored at -20°C.
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2.2.2 Isolation of Total RNA from Plant Material.

2.2.2.1. Preparation of Phenol.

Five hundred grams of phenol (detached crystals) was melted at 65°C for 30 min and 0.1 

% (w/w) of 8-hydroxyqiiinoline was added before the phenol had cooled. The warm 

solution was then saturated twice with 300 mL of IM Tris-HCl (pH 8.0) and mixed 

vigorously for 15 minutes. After allowing the solution to settle, the upper phase was then 

removed by aspiration and replaced with an equal volume of 100 mM Tris-HCl (pH 8.0). 

The aspiration of the upper phase was done as before and the pH of the aqueous extract 

was measured. The aspiration and washing with 100 mM Tris-HCl (pH 8.0) was repeated 

until the pH of the aqueous extract was greater than 7.8. The upper phase was then 

replaced with 100 mL of 100 mM Tris-HCl (pH 7.8) and the solution stored in a dark 

bottle at 4°C.

2.2,2.2 Isolation of Total RNA.

One gram of frozen plant tissue or cell suspension culture was ground to a fine powder 

under liquid nitrogen with a mortal' and pestle. The powder was then transferred to a 15 

mL glass Corex tube containing 5 mL of TNT solution [50 mM Tris-HCl (pH 7.8), 10 

mM NaCl and 2 % (w/v) Tris-iTopropylnaphthalene-sulphonic acid] and 5 mL of PCI 

solution (phenol : chloroform; iTo-amyl alcohol, v/v/v, 25 ; 24 ; 1). The solution was 

mixed vigorously by inversion until an emulsion was formed, and then kept on ice. The 

tube was then spun at 1000 g for 10 minutes at 4°C in an MSB Mistral 2L centrifuge 

using an 8 X 50 mL swing out rotor. Following the spin, the upper aqueous phase was 

removed with a sterile pasteur pipette and transferred to a clean 15 mL Corex tube 

containing an equal volume of PCI. The sample was mixed and centrifuged as described 

previously. After centrifugation, the upper aqueous phase was removed to a clean 15 mL 

Corex tube containing an equal volume of chloroform: wo-amyl alcohol (v/v 24:1), mixed 

and centrifuged as before. The aqueous phase containing RNA was transferred to a 15 

mL glass Corex tube and the RNA was precipitated with 2.5 volumes of ice-cold ethanol
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and 0.1 volume 3 M sodium acetate (pH 6.0), mixed and incubated at -20°C for 2-12 

hours.

After precipitation, the RNA was pelleted by centrifugation at 10,000 g for 15 min in a 

Beckman J2-HS centrifuge using JA-20 rotor at 4°C. The supernatant was discarded and 

the pellet washed twice with 80 % (v/v) ice-cold ethanol and re-pelleted after each wash 

by centrifugation as before. The resulting pellet was dried under a vacuum, dissolved in 

appropriate volume of DEPC-treated analar water and stored at -80°C.

The purity and the concentration of the RNA were estimated by measuring the AD at 260 

nm and 280 nm (Section 2.2.6). A high purity RNA preparation was taken as having a 

260/280 nm ratio of 1.8-2.0, The integrity of RNA was examined on a 1.3 % (w/v) 

agai'ose mini-gel.

2,2,2,3 Isolation of Mitochondrial and Chloroplast Total RNA.

Twenty grams of plant tissue were homogenized in 80 mL of organelle isolation buffer 

(300 mM mannitol, 50 mM Tris-HCl, 3 mM EDTA, 0.1 % (w/v) BSA and 1 mM 2- 

mercaptoethanol), using a pre-chilled Waring blender with two 5 second bursts at medium 

speed. The homogenate was filtered through eight layers of sterile muslin and transferred 

to sterile screw capped 250 mL centrifuge bottles. The filtrate was centrifuged at 1000 g 

for 10 minutes at 4°C in a Beckman J2-HS centrifuge (JA-14 rotor) to collect the nuclear 

pellet, which was then discarded and the supernatant transferred to a clean centrifuge 

bottle. The chloroplast pellet was collected by centrifuging the supernatant at 1800 g for 

10 minutes at 4°C, the resultant pellet was kept on ice and the supernatant was transfeiTed 

to a clean centrifuge tube. This supernatant was centrifuged at 10,000 g for 10 minutes at 

4°C and the mitochondrial fraction was collected. The chloroplast and mitochondrial 

pellets were sepaiately re-suspended in 10 mL of ice-cold organelle isolation buffer and 

again collected at 1,800 g and 10,000 g respectively for 15 minutes at 4°C.

The chloroplast and mitochondrial pellets were separately re-suspended in 10 mL of RNA 

extraction buffer and the total RNA was isolated from both organelles (chloroplast and 

mitochondrial) as before (Section 2.2.2.2).
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2.2.2.4 Isolation of Poly (A)+ mRNA.

The isolation of poly (A)+ mRNA from total RNA was carried out using a poly (A) Quik 

mRNA isolation kit produced by Stratagene (1994).

Poly (A) Quik push columns were allowed to stand upright for 5 minutes. The caps of the 

column were removed from both ends, and then the push column was attached to the 

plunger of a 10-mL syringe. The storage buffer was slowly pushed out of the column at a 

rate of ~ 1 drop every 2 seconds (to ensure unifoim column packing). Two hundred pL of 

high-salt buffer (10 mM Tris-HCl (pH 7.5), 1 mM EDTA and 500 mM NaCl) were 

applied to the push column and pushed slowly through the column at the same rate of 1 

drop every 2 seconds. The previous step was repeated with another 200 pL aliquot of 

high-salt buffer. The total RNA sample was heated at 65 °C for 5 minutes, chilled on ice 

and diluted with appropriate amount of 10 X sample buffer (10 mM Tris-HCl (pH 7.5), 1 

mM EDTA and 5 M NaCl) to bring the final concentration to 1 X. The sample was then 

applied to the column and pushed through the column at a rate of -  1 drop every 2 

seconds. The RNA sample eluate was reapplied to the push column and pushed through 

the column at a rate of 1 drop every 2 seconds. Two hundred pL of high-salt buffer were 

applied to the push column and pushed through the column at a rate of 1 drop per second. 

The high-salt wash was repeated with one additional 200 pL aliquot of high-salt buffer. 

The push column was then washed three times using 200 pL aliquots of low-salt buffer 

(10 mM Tris-HCl (pH 7.5), 1 mM EDTA and 100 mM NaCl) and the buffer was pushed 

through the column at a rate of 1 drop every second. The mRNA was eluted using four 

200 pL aliquots of the pre-heated elution buffer (10 mM Tris-HCl (pH 7.5) and 1 mM 

EDTA, heated at 65°C) and pushed through the column into a 1.5 mL sterile Eppendorf. 

tube, at a rate of 1 drop per second.

The mRNA was precipitated with 2.5 volumes of ice-cold 100 % ethanol at -20°C 

overnight. After pelleting the poly (A)+ RNA, the pellet was washed with 70 % (v/v) 

ethanol, dried, resuspended in DEPC-treated water and stored at -80°C.

The concentration and the purity of mRNA was estimated as described in Section 2.2.6.
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2.2.3. Amplification and Preparation of Plasmid DNA.

2.2.31. Preparation of Competent Cells.

Competent cells were prepared using the method described by Sambrook et a l, (1989).

E, coli cultures were grown overnight in 10 mL TYN medium (see Section 2.1.5) at 37°C 

with constant shaking. One hundred mL of fresh TYN medium was inoculated with 5 mL 

of an overnight culture and shaken constantly at 200 rpm, at 37°C until an CD at 550 nm 

of 0.35 was reached. Fifty mL of the suspension was transferred to two sterile 30 mL 

centrifuge tubes. The cells were then pelleted by centrifugation at 2,000 g for 5 min at 

4°C (in a Beckman J2-HS centrifuge using a JA 20 fixed angle rotor) and the supernatant 

decanted. The bacterial pellet was re-suspended in a total volume of 10 mL ice-cold TFB 

1 (100 mM RbCl (Sigma), 50 mM MnCl2 (Sigma), 30 mM potassium acetate, 10 mM 

CaCl2, 15 % (v/v) glycerol, pH 5.8) and kept on ice for 90 min. After incubation, the cell 

suspension was centrifuged as before and resuspended in 2.8 mL ice-cold TFB 2 (10 mM 

MOPS (Sigma), 10 mM RbCl, 75 mM CaCl2, 15 % (v/v) glycerol, pH 7.0). The cells 

were then separated into 0.2 mL aliquots in 1.5 mL Eppendorf tubes, frozen in liquid 

nitrogen and stored at -80“C until use.

2.2.3.2. Transformation.

Two methods were used for transformation of competent cells.

2.2.3.2.l.Transformation of Competent Cells.

Frozen competent cells (prepai’ed as described in Section 2.2.3.1) were thawed on ice. 

Approximately 50 ng of plasmid DNA in a volume of 5-10 pL was added to the 

Eppendoif tube containing 0.2 mL of the competent cells and gently shaken before being 

returned to ice for 20 min. After this period, the cells were heat-shocked at 37°C for 1 

min and returned to ice for a further 2 min. TYN medium (0.8 mL) was added to allow
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expression of the antibiotic resistance encoded on the plasmid. Cells were then pelleted 

by centrifugation at 10,000 g for 30 seconds, the supernatant discai'ded, and the pellet 

resuspended in 0.1 mL TYN medium. One hundred pL of serial 1/10 dilutions of the cell 

suspension were plated on agar containing the appropriate antibiotic. The plates (see 

Section 2.1.5) were allowed to dry and placed at 37°C overnight. As a control, 

transformed cells were plated on agar containing no antibiotic. A second control was also 

performed where competent cells were treated, as above, in the absence of plasmid DNA 

and plated out on antibiotic containing plates.

2.2.3.2.2. Transformation of E, coli XLl-Blue MRF Supercompetent Cells.

Transformation of E. coli XLl-Blue MRF" supercompetent cells (supplied by Stratagene) 

was performed in accordance with the manufacturer’s instructions. Frozen competent cells 

(prepai'ed by Stratagene) were thawed on ice. Forty pL aliquots of competent cells were 

transferred into pre-chilled 15 mL Falcon (polypropylene) tubes. Then 25 mM of p- 

mercaptoethanol was added to the tube and gently swirled before being incubated on ice 

for 10 min. Two pL of the cloning reaction prepared as described in Section 2.2.15.5 was 

added, gently swirled and incubated on ice for 30 min. After this period, the 

transformation reaction was heat-shocked at 42°C for 45 seconds and returned to ice for a 

further 2 min. Then 0.45 mL of SOC medium (2 % (w/v) tryptone, 0.5 % (w/v) yeast 

extract, 0.05 % (w/v) NaCl, 1 mM MgS04, 1 mM MgCU, 0.4 % (w/v) glucose) was 

added to the transformation reaction and the tube was shaken at 37 °C for 1 hour. Fifty, 

100, 150, 190 pL of the transformation reactions were then plated on separate L-broth- 

ampicillin-kanamycin (50 pg/pL) agar plates containing X-gal (50 pM mL"l) and IPTG 

(50 pM mL"l). Fifty pL of the control transformation reaction (transformed cells with 

control insert) were plated onto L-broth-chloramphenicol (30 pg mL“l) agar plate. The 

plates were allowed to dry and placed at 37°C overnight.
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2.2.4 Preparation of Plasmid DNA.

2.2.4.I. Small Scale Preparation of Plasmid DNA.

For this method the Wizard Minipreps DNA Purification System (Promega) was used in 

accordance with the manufacturer's instructions.

A single bacterial colony was used to inoculate 3.0 mL of TYN or L-broth medium, 

supplemented with the appropriate antibiotic, in a 7 mL Bijou tube. The culture was 

grown overnight at 37°C with constant shaking at 200 rpm. One mL of the overnight 

culture was transferred to a 1.5 mL Eppendorf tube and centrifuged at 10,000 g for 5 min 

in a microcentrifuge. The supernatant was disc ai ded and the bacterial pellet resuspended 

by vortexing in 200 pL of cell re-suspension solution (50 mM Tris-HCl (pH 7.5), 10 mM 

EDTA, 100 mg mL"l RNase A). Once fully re-suspended, 200 pL of cell lysis solution 

(200 mM NaOH, 1 % (w/v) SDS) was added and the solution mixed by gentle inversion. 

Next, 200 pL neutralization solution (1.32 M potassium acetate, pH 4.8) was added and 

the solution mixed as before. The tube was centrifuged at 10,000 g for 5 min and the 

supernatant removed to a 1.5 mL Eppendoif tube. One mL of the Wizard Minipreps DNA 

purification resin was added to the solution and gently mixed. Meanwhile, a 3 mL 

disposable syringe was attached to a minicolumn and placed onto a vacuum manifold 

(Promega). The resin/DNA mixture was then transferred to the syringe and a vacuum 

applied to pull the sluiTy into the minicolumn. The vacuum was broken, 2 mL of wash 

solution (200 mM NaCl, 20 mM Tris-HCl pH 7.5, 5 mM EDTA, 95 % (v/v) ethanol) was 

added and the vacuum re-applied. Once the wash solution had passed through, the 

column was left to dry for 30 seconds. The vacuum was broken and the minicolumn 

removed from the syringe and transfeiTed to a 1.5 mL Eppendoif tube. This was 

centrifuged at 10,000 g for 2 min to further dry the resin from the column wash solution. 

The minicolumn was then transfened to a clean 1.5 mL Eppendoif tube, 50 pL of TE 

buffer (pH 7.6) added and then left at room temperature for 1 min. Plasmid DNA was 

eluted by centrifugation at 10,000 g for 20 seconds.
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Z.2.4.2. Preparation of Plasmid DNA Using Qiagen Maxi Plasmid Purification 

System.

The Qiagen Maxi-Plasmid Purification System (Qiagen Ltd., Sussex, UK) was used in 

accordance with the manufacturer's instructions.

A single colony of bacteria containing the plasmid of choice was inoculated in 10 mL of 

L-broth containing the appropriate antibiotic and grown overnight at 3T^C with constant 

shaking. One mL of the overnight culture was inoculated into 100 mL of L-broth 

containing the appropriate antibiotic and incubated at 37*̂ C with constant shaking (200 

rpm) overnight.

The cells were harvested by centrifugation at 2,000 g for 5 minutes in a Beckman J2-HS 

centrifuge (JA-20 rotor) at 4°C. The supernatant was discaided and the pellet re­

suspended in 10 mL of buffer PI (100 pg mL"l RNAse A, 50 mM Tris-HCl (pH 8.0), 10 

mM Na2EDTA. Then the cells were lysed by adding 10 mL of buffer P2 (200 raM 

NaOH, 1% (w/v) SDS) and the solution was gently mixed by inverting the tube several 

times before incubating at room temperature for 5 minutes. Ten mL of P3 buffer (3 M 

potassium acetate pH 5.5) was added to the lysate solution, mixed immediately by gently 

inversion and incubated on ice for 20 minutes. The suspension was removed and 

centrifuged again for 15 minutes to obtain a particle-free clear lysate. Meanwhile, a 

Qiagen column (tip 500) was equilibrated by adding 10 mL of QBT buffer (750 mM 

NaCl, 50 mM MOPS, 15 % ethanol, 0.15 % (v/v) Triton X-100 (pH 7.0)) and the column 

allowed to empty by gravity flow. The supernatant obtained after centrifugation was then 

applied onto a Qiagen column and allowed to enter the resin by gravity flow. The column 

was then washed twice with 30 mL of QC buffer (100 mM NaCl, 50 mM MOPS, 15 % 

(v/v) ethanol, pH 7.0). Plasmid DNA was eluted into a sterile 30 mL centrifuge tube by 

the addition of 15 mL QF buffer (1.25 M NaCl, 50 mM Tris-HCl (pH 8.5), 15 % (v/v) 

ethanol. The DNA was precipitated by adding 0.7 volumes of wo-propanol, the solution 

was mixed and immediately spun at 20,000 g for 30 minutes at 4°C. The supernatant was 

discarded and the DNA pellet washed twice in 70 %(v/v) ice-cold ethanol and centrifuged 

as before. After centrifugation, the supernatant was removed and the pellet air-dried 

before re-dissolving in a suitable volume of TE buffer (10 mM Tris-HCl (pH 8.0), 1 mM
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EDTA), The concentration of DNA solution was determined as described in 2.2.6 and 

stored at -20°C

2.2.5. Nucleic Acid Precipitation.

Nucleic acids were precipitated by either the ethanol or iTo-propanol method.

Nucleic acids were precipitated by the addition of a 1/10 volume of 3 M Na acetate (pH 

5.2) followed either by the addition of two volumes of ice-cold 100 % ethanol or 0.7 

volumes of ice-cold /5D-propanol. DNA precipitation was enhanced by chilling the 

samples at -20°C for at least 20 min before centrifugation at 10,000 g for 3 minutes.

Nucleic acid pellets were washed in 70 % (v/v) ethanol, briefly centrifuged and then air 

dried, and finally resuspended in an appropriate volume of distilled water or TE buffer 

(pH 8.0).

2.2.6. Quantification of DNA and RNA.

An aliquot of nucleic acid solution to be quantified (usually 5 - 1 0  pL) was diluted to 70 

pL with distilled or DEPC-treated water. The absorbance of the nucleic acid containing 

solution was measured scanning at wave lengths between 220 nm and 350 nm using 

distilled water as a blank in a Shimadzu UV-2101 PC scanning spectrophotometer. An 

absorbance at 260 nm (A260) of 1 was taken to indicate the following concentrations :

Form of nucleic acid concentration tug m L ~l)

Double stranded DNA 50

Single stranded DNA and RNA 38

Oligonucleotide 20
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2.2.7. Agarose Gel Electrophoresis.

GIBCO-BRL Life Technologies Ltd, Paisley, U.K. supplied all agai’ose (ultra PURE).

2.2.71. Electrophoresis of DNA.

The appropriate concentration of agai'Ose (0.5-2.0 % (w/v)) was added to an appropriate 

volume of 1 X TBE buffer (90 mM Tris-borate, 2 mM EDTA) or 1 X TAE (40 mM Tris- 

acetate (pH 8.0), 1 mM EDTA) required for the gel being cast. The agarose suspension 

was heated in a microwave oven until all the agarose had completely dissolved. The 

molten agarose solution was allowed to cool to around 60°C at which point 10 mg mL"^ 

ethidium bromide was added to a final concentration of 0.5 pg inL"^. The molten agarose 

solution was then poured into the electrophoresis apparatus and allowed to set for 30 

minutes at room temperature. Enough 1 X TBE or TAE running buffer was added to just 

submerge the gel to a depth of approximately 1-2 mm. The DNA samples to be loaded, 

were mixed with a one-tenth volume of loading dye buffer (50 % (v/v) glycerol, 1 mM 

EDTA (pH 8.0), 0.25 % (w/v) bromophenol blue, 0.25 % (w/v) xylene cyanol FF) heated 

and loaded into the submerged gel. The elecrophoresis was cairied out at 20-100 volts 

(constant voltage) at room temperature until the bromophenol lower band had migrated 

two-thirds of the way down the gel. The gel was visualized under UV light (Spectroline 

transilluminator. Model TC-312A). The gel was photographed using Polaroid film (Type 

665, professional) or with a Bio Gene Image analysis system (Bio Gene Ltd).

2.2.7.2. Non-denaturing Electrophoresis of RNA.

Non-denaturing elecrophoresis of RNA was carried out as in Section 2.4.7.1 for DNA.

2.2.7,3. Denaturing Electrophoresis of RNA.

This method was used for gels that were to be blotted for northern hybridization analysis. 

The appropriate amount of agarose (1.3 % (w/v)) was added to 80 mL of DEPC-treated
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water. The agarose suspension was then heated in a microwave oven until the agarose had 

dissolved. Once the agai'ose solution had cooled to 60°C, 10 mL of 10 X MOPS buffer 

(200 mM MOPS pH 7.0 (Sigma), 50 mM sodium acetate, 10 mM EDTA) and 10 mL of 

formaldehyde (37 % (v/v). Sigma) were added and the gel was mixed by swirling in a 

fume hood prior to pouring into the electrophoresis apparatus. The molten gel was then 

left in the fume hood for 30 minutes to allow the gel to set and then placed into the 

electrophoresis tank and submerged to a depth of 1-2 mm in 1 X MOPS running buffer. 

RNA samples (5-20 pg) were prepared in a solution of 50 % (v/v) formamide (Fluka 

Biochemicals, Gillingham, U.K.), 1 X MOPS, 5.92 % (v/v) formaldehyde and 2 pL of 10 

mg mL'l ethidium bromide in a volume no greater than 50 pL. This solution was heated 

at 65°C for 5 minutes and chilled on ice. A one-fourth volume of loading dye buffer (50 

% (v/v) glycerol, 1 mM EDTA pH 8.0, 0.25 % (w/v) bromophenol blue, 0.25 % (w/v) 

xylene cyanol FF) was added and the RNA samples loaded onto the gel. The gel was run 

at a constant voltage of 80 V at room temperature until the bromophenol blue band (front) 

had migrated two thirds of the distance down the gel. The gel was then visualized under 

UV light.

2.2.7.4. Nucleic Acid Markers.

Nucleic acid markers were run with all samples to size the DNA and RNA that was being 

analysed. For double stranded (ds) DNA fragments, the following markers were used: 

0.075 to 12 kb, 1 kb ladder (Gibco-BRL): 0,568 to 23 kb, Hindlll digested X phage 

(GIBCO-BRL). For analysis of single stranded RNA, the RNA ladder (GIBCO-BRL) 

containing marker bands ranging in size between 0.24-9.5 kb was used.

2.2.8. Digestion of DNA with Restriction Endonucleases.

The DNA to be cut was prepai'ed in the appropriate buffer with 1-20 units of enzyme(s). 

The reactions were incubated at 37°C for 2 to 24 hours as required. All reactions were 

monitored by running an aliquot of the completed reaction mixture on an agarose gel with 

uncut DNA and appropriate DNA markers.
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2.2.9. Isolation of DNA Fragments from Agarose Gels.

For this method the QIAquick Gel Extraction Kit (Qiagen Ltd., Sussex, U.K.) was used in 

accordance with the manufacturer’s instructions. The DNA fragment of interest was 

initially separated from residual DNA fragments by agai’Ose gel elecrophoresis as 

described in 2.2.7.1. The fragment was then excised from the agarose gel with a clean, 

sharp scalpel blade and weighed in a 1.5 mL Eppendoif tube. Three volumes of buffer 

QX were added to 1 volume of gel (100 mg taken as equivalent to 100 pL), incubated at 

50°C for 10 rain and mixed by vortexing the tube every 2-3 min during the incubation. 

After the gel slice had dissolved completely, 1 volume of Ao-propanol was added to the 

sample and mixed. A QIAquick spin column was placed in a 2 mL collection tube, the 

sample applied and then microcentrifuged for 1 min, at 10,000 g. The eluate was 

discarded and the QIAquick column placed back in the collection tube. The column was 

then washed with 0.75 mL of buffer QX, incubated for 2-5 min and re-centrifuged for 1 

min as before. The eluate was again discarded and the QIAquick column centrifuged 

once again for 1 min as before to remove the residual buffer PE. The QIAquick column 

was placed into a clean 1.5 mL microfuge tube and 50 pL of sterile water or 10 mM Tris- 

HCl, pH 8.5 was added to the centre of the QIAquick column to elute the bound DNA. 

The QIAquick column was incubated for 1 min, centrifuged for 1 min as before, and 

stored at -20°C.

2.2.10. Blotting of Nucleic Acids.

2.2.10.1. Southern Blotting.

DNA was sepaiated on agarose gels of appropriate composition as described in Section

2.2.7.1. Essentially, blotting was formed as described in Sambrook, et al, (1989) with 

the following alterations. A wick of Whatman 3 MM paper was placed onto a horizontal 

support, soaked in 400 mM NaOH and each end dipped into a reservoir of 400 mM 

NaOH. The gel was placed on the top of the wick with the well side of the gel (top 

surface) touching it, ensuring that there were no air bubbles between the wick and the gel.
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A  piece of nylon membrane (Hybond~N+, Amersham) was cut to a size 1 mm larger than 

the gel in both dimensions and placed on top of the gel. Any air bubbles between the 

nylon membrane and the gel were removed using a clean plastic pipette. Two pieces of 

Whatman 3 MM paper were cut to the size of the gel, soaked in 400 mM NaOH and

placed on top of the nylon membrane, again ensuring no air bubbles were entrapped . A 

frame of cling film was placed around the gel sandwiched between the lower wick and the 

upper 3 MM paper; this ensured that all rising solution passed from the wick through the 

gel and up into the upper 3 MM paper. A stack of absorbent paper towels was then placed 

on top of the 3 MM paper, (approximately 5 cm in height when compressed). A glass 

plate was placed on the top of the stack of the towels with a 500 g weight on top. The 

blot was left overnight to allow the nucleic acids to transfer to the membrane. Following g  

this, the membrane was marked with a pen to identify the position of the wells. The gel 

and the membrane were examined under UV light to assess the transfer of DNA from the 

gel to the membrane. The membrane was then washed cai'efully in 6 X SSC (3 M NaCl,

300 mM Na3 Citrate) for 2 minutes to remove any adhering agarose, and left to dry at 

room temperature.

2.2.10.2 Northern Blotting.

■

RNA was separated on a denaturing agarose gel as described in 2.2.7.2. The gel was then 

blotted as in 2.2.10.1 by using 20 X SSC as blotting buffer (3 M NaCl, 300 mM tri~ J  

sodium citrate, pH 7.0) and nylon membrane (Hybond-N, Amersham). The RNA was

fixed onto the membrane by baking in an oven at 80°C for 2 hours after wrapping
'■

between two pieces of Whatman 3 MM paper. At this point the transfer of RNA could be 

assessed as the RNA on the membrane was still stained with ethidium bromide, or as 

described in Section 2.2.10.1.

::
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2*2.11. Radiolabelling of DNA. Î

2,2.11.1 Preparation of DNA Probe.
#

The DNA fragment to be labelled was cut out of its host plasmid using the appropriate 

restriction enzyme(s) as described in Section 2,2.8 and purified as described in Section 

2.2.9. The amount of DNA was estimated by running an aliquot of the fragment out on an 

agarose gel as described in Section 2.2.7.1 and comparing it to known amounts of 

/fmJ///-digested DNA standards run out on the same gel.

2.2.11.2 Random Priming of dsDNA.

5 3

The DNA was labelled with [a-^^p] dCTP using the Rediprime DNA labelling kit 

(Amersham International pic, UK) which was used in accordance with the manufacturer’s 

instructions. Approximately 25-50 ng of DNA, prepared as described in Section 2.2.11.1 

was diluted to a volume of 45 pL with sterile water in a 1.5 mL Eppendoif tube. The 

DNA was denatured by heating the sample to 95-100°C in a boiling water bath for 5 

minutes and then briefly micro-centrifuged at 10,000 g for 20 seconds to bring the 

contents to the bottom of the tube. The denatured DNA was added to the labelling mix 

(dATP, dGTP, dTTP, exonuclease-free ‘klenow’ enzyme and random nonamer primers) 

and then mixed by gently flicking the tube until the blue colour of the labelling mix was 

evenly distributed. After brief micro-centrifugation for 20 seconds at 10,000 g, 50 pCi 

(3,000 Ci mmopl) of [a-^^P] dCTP was added to the reaction mixture and mixed gently 

by pipetting up and down. After a brief micro-centrifugation as above, the tube was 

incubated at 37°C for 10 minutes. The reaction was stopped by adding 5 pL of 500 mM 

Nai-EDTA and a further 45 pL of sterile Analai’ water. For use in hybridization analysis 

the DNA was denatured by heating to 95-100°C for 5 minutes. The sample was snap- 

chilled on ice just prior to use. This was carried out after assessing the level of 

incorporation and removal of un-incorporated radionucleotides as described in the 

manufacturer’s instructions.

I
A
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A
2.2.11.3. Generation of Radioactive ssDNA Probes by Asymmetric PCR.

Asymmetric PCR was performed on DNA fragments which had been cloned into plasmid 

vectors. The reactions were performed in a 50 pL volume with the appropriate amount of 

template (-20,000 - 100,000 copies per reaction) and the following ingredients: 200 pM 

dATP, 200 pM dGTP, 200 pM dTTP, 12 pM dCTP, 25 pCi [a-32p] dCTP, 0.5 pM T3 

primer, 0.1 pM T7 primer, 1 X Tag buffer and 2.5 units of Tag DNA polymerase. The 

theimal cycler was programmed as follows: 94°C for 30 seconds followed by 35 cycles of 

94°C for 10 seconds (melting temperature), the appropriate annealing temperatures for 20 

- 120 seconds (as required), 72°C for 120 seconds (extension temperature), followed by 3 

min at 27°C.

2.2.11.4. Separation of Labelled DNA from Unincorporated Radio-nucleotides using 

Spin Columns.

Synthesised oligonucleotides were separated from the un-incorporated nucleotide bases by 

passing through a Sephadex G-50 column equilibrated with TE buffer pH 8.0.

A 1 mL sterile plastic syringe barrel was plugged with sterilized siliconized glass wool 

and filled with Sephadex G-50 previously made by autoclaving the Sephadex G50 

medium (Pharmacia, Milton-Keynes, UK) in a 20-fold volume of TE buffer (10 raM 

Tiis-HCl (pH 8.0), 1 mM EDTA) containing 0.2 % (w/v) Sodium azide (Sigma). The 

column was spun in a 15 mL Corex tube at 700 g for 4 minutes at 20°C in a Beckman TJ- 

6 bench centrifuge; the process was repeated until the column volume was 1 mL. Once 

this column volume was achieved, 100 pL of TE buffer (pH 8.0) was loaded onto the 

column and centrifuged as before. The solution of labelled DNA and unincorporated 

nucleotides were loaded onto the column, and a clean screw-capped Eppendorf tube was 

placed under the column to collect the eluant from the column. The column was then 

centrifuged as before and the DNA solution in the Eppendorf tube was stored at 4°C until 

used.
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2,2,11.5. Measurement of Incorporation of Radionucleotide into DNA Probes.

The level of incorporation of radioactivity into DNA probes was estimated by removing 2 

pL aliquots of the labelled probe solution before and after centrifugation and throughout | |

the Sephadex column procedure described above (Section 2.2.11.4). The 2 pL samples 

were placed into screw-capped Eppendorf tubes containing 0.5 mL distilled water. These | |

were then inserted into separate scintillation vials and the radio-activity counted by 

Cerenkov emission (LKB 1209 Rackbeta scintillation counter). The percentage of 

incorporation could then be determined by comparing the counts of the two radiolabelled 

sample aliquots before and after the centrifugation step (counts after centrifugation x 

100/counts before centrifugation). The specific activity of the labelled probe (cmp 3

incorporated per pg DNA) could then be calculated, given that the amount of 

radiolabelled DNA and percentage incorporation of the radiolabel were known. A typical I  

Rediprime reaction with an incorporation of 60 % yielded a specific activity of 1.7 X 10  ̂

cpm pg"l oligonucleotide.

2.2.12.1. Hybridization Analysis of DNA.

Nylon membranes (prepared as described in Section 2.2.10.1) were pre-hybridized at 

65°C for 4 hours using either sealed plastic bags placed in a shaking water bath, or sealed 

in a plastic box and placed in a shaking water bath (Sambrook, et ai, 1989), or in a

hybridization oven (Techne HB-ID) using borosilicate glass tubes. Enough pre- 3
, .# ■

hybridization solution (5 X SSC, 10 X Denhardt’s solution (0.1 % (w/v) Ficoll 400, 0.1 % te

(w/v) PVP 360, 0.1 % BSA, Sigma), 0.1 % (w/v) SDS, 0.1 % (w/v) Na pyrophosphate, I

100 pg mL"l denatured sonicated salmon sperm DNA (Sigma)) was used to just cover the 

filter(s). The 5 X SSC was prepared by dilution of 20 X SSC (3 M NaCl, 300 mM Na 

citrate, pH 7.4). The radiolabelled DNA probe was denatured by heating at 95-100°C 

for 3-5 minutes and then snap-chilled on ice. The denatured probe was then quickly 

added to the pre-hybridization solution. Care was taken to remove any air bubbles that |

formed on the surface of the membrane. Hybridization was carried out at 50°C overnight
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2.2.12.2. Hybridization Analysis of RNA.

Northern blots were analysed using the method of Sambrook, et aL, (1989). Nylon 

membranes, prepared as described in Section 2.2,10.2 were pre-hybridized at 42°C in a 

shaking water bath by using a sealed plastic bag, plastic box or in a hybridization oven for 

4 hours. Enough pre-hybridization solution (5 X SSC, 50 % formaldehyde (v/v), 5 X 

Denhaidt’s solution, 0.1 % (w/v) SDS, 100 pg mL“l denatured, sonicated salmon sperm 

DNA) was used to just cover the filter(s). The radiolabelled probe was denatured, as 

described above, and added to the pre-hybridization solution. Hybridization was carried 

out at 37°C overnight.

2.2.12.3. Washing Membranes.

After hybridization, the hybridization solution was discarded. The membrane(s) were 

briefly washed twice in 2 X SSC, 0.1 % (w/v) SDS at room temperature (to remove most 

of remaining probe from the membrane). The membranes were then washed twice for 15 

minutes with an excess of the wash solution (1 X SSC, 0.1 % (w/v) SDS) in a shaking 

water bath at 50-55°C. The membranes were then washed at increasing stringency 

depending on the amount of radioactivity bound to the membrane. Details of stringency 

are given in the results Section and the appropriate figure legends. After washing, the 

membrane(s) were wrapped in cling film and autoradiographed at -80°C.

2.2.12.4. Autoradiography.

Membrane(s) to be autoradiographed were wrapped in cling film and exposed to Fuji X- 

ray film (Type RX) in a film cassette with an intensifying screen at -80°C for the 

appropriate length of time.
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2.2.12.5. Stripping Membranes of Bound Radioactive Probes and Blocking Agent.

After hybridization and autoradiography, the bound probe was removed by pouring a 

boiling solution of 0.1 % (w/v) SDS over the membrane(s). The solution was then 

allowed at cool to room temperature (approximately 5 min.), and the process was repeated 

twice. The membrane(s) were then wrapped in cling film and autoradiographed overnight 

to check that the bound probe had been removed. The presence of RNA on the membrane 

after stripping could then detected as described below (Section 2.2.12.6).

2.2.12.6. Staining of Membrane-bound DNA/RNA with Methylene Blue.

This procedure was cai'ried out as described by Sambrook, et al, (1989). The filter 

containing the bound nucleotides (RNA or DNA) was placed in 0.04 % (w/v) methylene 

blue, 200 mM Na acetate (pH 5.2) for 5-10 min. The filter was then washed in distilled 

water until the RNA/DNA could be visualised as a blue colouration on a white 

background. The stain was removed by washing the filter in 20 % (v/v) acetic acid until 

the bands were no longer visible.

2.2.13. Screening Libraries.

2.2.13.1. Preparation of Plating Bacteria.

XL 1-blue MRA(P2) was used as a host strain for plating the genomic libraries. A single 

bacterial colony was picked and used to inoculate 10 mL of L-broth supplemented with 

0.2% maltose (w/v) and 10 mM MgS04. This was grown overnight at 37°C with constant 

shaking. Five mL of this overnight culture was inoculated into 100 mL of L-broth 

containing 0.2% maltose (w/v) and 10 mM MgS04 and incubated as before for 1-2 hours 

or until the culture density at 600 nm was 0.3-0.5 A.D. units. The cells were then 

transfeiTed into two sterile 50 mL Falcon tubes, pelleted by centrifugation for 10 min at 

5000 g and re-suspended into 10 mM MgS04. The suspension was diluted to an OD of 2
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at 600 nm (-1.6 x 10  ̂ cells mL'^) using ice-cold 10 mM MgS04 and stored at 4°C until 

use (the cells can be stored for up to three weeks).

2.2.13.2. Plating Bacteriophage.

Plaque screening (hybridization) techniques were used for the identification of 

recombinant clones of interest from genomic libraries constructed in the X Dash II BamHl 

vector (Stratagene, Ltd Cambridge, UK). Essentially the protocols of Sambrook, et ah, 

(1989) were used.

300 pL aliquots of plating bacteria, were prepared as described in Section 2.2.13.1 and 

dispensed into sterile 15 mL Falcon tubes, to which 50 pL of an appropriate dilution of 

bacteriophage library was added. After the tubes had been mixed, they were incubated at 

37°C for 15 min. After this incubation, 10 ml of 'top agai'' containing 0.2% (w/v) maltose 

and 10 mM MgS04 (42°C) was added to each tube and was briefly mixed and 

immediately poured onto a dry pre-warmed 150 mm diameter plastic petri dish containing 

30 ml of solid LB agar supplemented with 10 mM MgS04 and 0.2% maltose. The plate 

was swirled gently in order to distribute the top agai' evenly over the surface of the plate.

The plates were left to stand on a flat surface for 20 min at room temperature to allow the 

top agar to solidify. Then, the petri dishes were inverted and incubated at 37°C for 12- 

16h until the desired plaque size was achieved (typically 0.5 - 1.0 mm dia.)

2.2.13.3. Plaque Lifts.

The method used was based on that of Benton & Davis (1977). Plates with a diameter of 

150 mm were prepared as outlined in Section 2,2.13.2 and an appropriate number of 

phage (1 X 10  ̂pfu per 150 mm plate) were plated out. Plates were chilled at 4°C for 30- 

60 min to allow the top agar to solidify before plaque lifts were attempted. Meanwhile, 

the appropriate number of nylon membranes (Hybond-N Amersham) were labelled 

individually and marked asymmetrically in three locations with permanent marker to 

allow future plate/membrane re-orientation (see Sambrook, et al, 1989).
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A membrane was laid cai'efully onto each plate from the centre outwards, so that it made 

direct contact with the plaques with no entrapped air bubbles. The positions of the 

reference points on the membrane were recorded onto the plate and after 1 min the first 

membrane was peeled off the plate with a pair of clean, sterile blunt-ended forceps. 

Duplicate lifts were made for each plate, the second membrane was left on each plate for a 

duration of 2 min.

After its removal from the plate, each membrane was placed DNA side up, onto two 

sheets of Whatman 3 MM paper soaked in dénaturation solution (500 mM NaOH, 1.5 M 

NaCl) for 5 min. Then, the membrane were carefully drained of excess solution and 

transferred to two sheets of Whatman 3 MM paper soaked in neutralisation solution (500 

mM Tris-HCl (pH 7.5), 1.5 M NaCl) for a further 5 min. Finally, the membranes were 

rinsed briefly in 2 X SSC and left, DNA side up, on Whatman 3 MM paper to dry. DNA 

was fixed onto the membrane by baking at 80°C for 2h.

2,2.13.4. Selection of Bacteriophage Plaques.

Hybridization analysis of membranes and washing was the same as described for Southern 

blots in Section 2.4.9.1. In cases where the ratio of the background to specific signal was 

high, membranes were washed again at higher stringency (0.1 X SSC, 0.1 % SDS (w/v) at 

65°C for 20 min). Membranes were then wrapped in cling film and autoradiographed at 

80°C.

The pattern of dots produced on the autoradiograph, by hybridization of plaque DNA with 

a probe, was aligned with the coiTesponding positions on the plate with the help of the 

reference marks on the membrane and plate. Plaques of interest were removed from 

initial rounds of screening with the wide end of a sterile pasteur pipette. The agai' plaque 

was transferred to a 1.5 mL Eppendoif tube which contained 1 mL of SM phage buffer 

(50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 8 mM MgSO^) and 50 pL of chloroform, 

vortexed briefly and left at room temperature for 1 h to allow the phage to diffuse out into 

the solution. The phage suspension was titered by plating out a series of phage dilutions 

ranging from 10'^ - 10"̂ . The following equation was used to calculate the titer:
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[Number of plaques X volume of packaging extract (mL)] / Dilution 

= pfu mL'^ original packaging extract.

The process of screening was repeated with a lower plaque density per plate until plaque 

purity was attained. This typically took three to four rounds of screening.

2,2.13.5. Preparation of Plate Lysate Stocks.

An inoculum of 10  ̂pfu was used to produce confluent lysis of a bacterial lawn grown on 

a 150 mm diameter plate. Phage were eluted out of the agai'ose by the addition of 10 mL 

of SM phage buffer to each plate, and then gently shaking the plate at 4°C overnight. The 

bacteriophage suspension was recovered into a sterile 30 mL polypropylene tube and each 

plate was rinsed with a further 3 mL of SM phage buffer. A volume of 5 % (v/v) 

chloroform was added to to each suspension, vortexed and incubated at room temperature 

for 15 min. Bacterial cell debris was removed from the suspension by centrifugation in 

Beckman J2-HS centrifuge, JA-20 rotor at 200 g for 5 min. at 4°C. Then the supernatant 

was transferred to a fresh tube, chloroform was added to 0.3 % (v/v) and the lysate was 

titered. The phage lysates were stored at 4°C.

2.2.13,6. Large-scale Preparation of DNA From Genomic Clones.

Lysed cultures were prepared as outlined in Section 2.2.13.5. Digestion of bacterial 

nucleic acid was achieved by the addition of 1 pg mL'l DNAase (type VIII) and 1 pg mL" 

 ̂ of RNAase (type I-A) (both from Sigma) to the tube containing the lysed culture, 

swirled gently, and incubated for 30 min at room temperature. Solid NaCl was added to 

the culture to a final concentration of 1 M and dissolved by swirling. The culture was 

incubated for 1 h at room temperature and then centiifuged in a Beckman J2-HS 

centrifuge, JA-20 rotor at 11,000 g for 10 minutes at 4°C to bring down cellular debris. 

The supernatant was poured into a fresh flask containing 10 % (w/v) polyethylene glycol 

8000 (PEG 8000), swirled very gently at room temperature until all the PEG 8000 had 

dissolved and then left to stand at 4°C overnight to precipitate the bacteriophage. The
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bacteriophage was harvested by centrifugation at 11,000 g in a Beckman J2-HS 

centrifuge, JA-20 rotor for 10 minutes at 4°C. The supernatant was discai'ded, and the 

precipitate was resuspended gently in 8 mL of SM phage buffer. The tubes were then 

washed with a further 8 mL of phage buffer and both washes combined in a sterile 

centrifuge tube. An equal volume of chloroform was added to the bacteriophage 

suspension, vortexed for 30 seconds, and centrifuged at 3000 g for 15 min at 4°C. The 

aqueous phases which contains the bacteriophage particles were transferred to a fresh 

centrifuge tube and the phage pai'ticles were collected by centrifugation in S or vail OTD 

55B ultracentrifuge at 18,000 g for 2 h at 4°C. The supernatant was poured off, 1-2 mL 

of SM phage buffer were added to the tube and left overnight at 4°C on a shaking - 

rocking platform. The following day the solution containing the phage particles and SM 

buffer was pipetted up and down to ensure that all of the bacteriophage particles had been 

resuspended and then transferred to sterile tube. To this tube, 50 pg mL"  ̂ of proteinase K 

and SDS to a final concentration of 0.5 % (w/v) were added. The contents of the tube 

were mixed by inverting several times, and then incubated at 65°C for 1 h. This process 

removed the protein coat from the bacteriophage DNA. After incubation, the solution 

was cooled to room temperature and extracted twice with equal volume of phenol (pH 

8.0) and once with phenol : chloroform (50 : 50 (v/v)). The aqueous phase was extracted 

once more with an equal volume of chloroform and finally precipitated with 2 volumes of 

ethanol. The resulting DNA pellet was washed with 70 % ethanol, air dried and 

resuspended in 500 pL H2O and the stored at ~20°C until required.

6 1

2,2.14. Reverse Transcription-Polymerase Chain Reaction (RT-PCR),

2.2.14.1. Preparation of First Strand cDNA for use as Template in FOR Reactions.

This reaction was carried out using the Stratagene Reverse Transcription System (RT-

PCR) Kit. Any enzymes and reagents used were supplied with this kit unless otherwise
■ ' •

stated.

Total RNA (5-10 pg) and poly (A)+ mRNA (50- 100 ng) previously prepared as described 

in Sections 2.2.2.2 and 2.2.2.4 respectively, were used separately in a final volume of 38
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pL (adjusted with DEPC-treated water). Three pL of oligo(dT) (100 ng pL"l) were added 

to the reactions and mixed gently. The reactions were incubated at 65°C for 5 min and 

cooled slowly to room temperature (approximately 10 min) to allow the primer to anneal 

to the total RNA or poly (A)+ mRNA. Then 5 pL of 10 X first-strand buffer, 1 pL of 

RNase Block Ribonuclease Inhibitor (40 units pL"l), 2 pL of 100 mM dNTPs (dATP, 

dCTP, dGTP, dTTP) and 1 pL (50 units) of MMLV-RT (Moloney Murine Leukemia 

Reverse Transcriptase) were added in this order to the above reaction tubes. The reactions 

were mixed gently and incubated at 37°C for one hour. Finally, the reactions were heated 

at 90°C for 5 min and then stored on ice. First strand cDNA was also prepared from total 

RNA and poly (A)*** mRNA using the alternative Random Primer method (100 ng pL~ )̂ in 

place of oligo (dT) (conditions as above).

2.2.15. Polymerase Chain Reaction (PCR).

2.2.15.1. PCR Amplification of Nucleic Acid Sequences,

The polymerase chain reaction was used to amplify DNA sequences from the cDNA 

library, genomic DNA and first strand cDNA. In general 0.5-2.5 U of Taq DNA 

polymerase (Promega) per reaction was used in 1 X thermophilic Taq buffer (50 mM 

KCl, 10 mM Tris-HCl, (pH 9.0), 0.1 % Triton X-100, (Promega) with 1-4 mM MgCb, 

200 pM dNTPs (dATP, dCTP, dGTP and dTTP) and 50 pmol of each primer (forward 

and reverse primer). The reactions were performed in a volume of 50 pL in 0.5 mL 

Eppendorf tubes. The same reagents were used for PCR reactions where Pju polymerase 

(Stratagene) was used in place of Taq polymerase. This required 1 X PJii hufÎQr (20 mM 

Tris-HCl (pH 8.0), 2 mM MgCli, 10 mM KCl, 6 mM (NH)2S04, 0.1% Triton X-100, 100 

pg mL‘1 nuclease-free BSA, (Stratagene)). All the reagents were mixed gently, two drops 

of mineral oil (Sigma) were layered on top to reduce evaporation, and the tubes were 

placed in a Grant Autogene PCR thermal cycler.

Typically, the thermal cycler was programmed to denature the samples for 5 min at 94°C 

and then complete 35 cycles. Dénaturation was perfonned at 95°C for 5 min and 

extension at 72°C for 20 - 180 s. The annealing temperature depended on the primers
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being used, and was set initially 5°C below the estimated melting temperature of the 

primer DNA sequence and subsequently adjusted, as required, to achieve optimisation. 

The melting temperature was estimated by using the fonnula Tm=(3 x GC) + (2 x AT)°C 

where GC and AT aie the number of GC or AT base pairs in the primer. The PCR 

products were generally analysed by agarose gel elecrophoresis (Section 2.2.7.1).

2.2.15.2. Purifying the PCR Products.

Two methods were used to purify the PCR product before cloning from excess PCR 

primer and enzyme. The PCR fragments were isolated and purified from the gel by using 

the Qiaquick Gel Extraction Kit (Qiagen, Section 2.2,9), or alternatively by selective 

precipitation (as described by PCR-Script cloning manual, Stratagene).

2.2.15.3. Purifying the PCR Products by Selective Precipitation.

One-tenth of the volume of 10 x STE buffer (1 M NaCl, 200mM Tris-HCl (pH 7.5), 100 

mM EDTA) was added to the PCR products followed by addition of an equal volume of 4 

M ammonium acetate. Then, 2.5 volumes of 100% (v/v) ethanol, equilibrated to room 

temperature, were added. The reaction tube was immediately spun in a microcentrifuge at 

10,000 g for 20 min at room temperature to pellet the DNA and the supernatant was 

carefully removed. The DNA pellet was washed with 200 pL of 70% (v/v) ethanol, spun 

as before for 10 min at room temperature and the ethanol was removed carefully with a 

pipette. The DNA pellet was then dried, resuspended to the original volume using TE 

buffer (10 mM Tris-HCl (pH 7.5), 1 mM EDTA). The concentration of the DNA was 

determined as in Section 2.2.6 and stored at 4°C until use.

2.2.15.4. ‘Polishing’ the Purified PCR Products.

The ends of purified PCR products generated with Taq DNA polymerase were polished 

using the pfu-hased PCR-Script™ cloning protocol (Stratagene, 1997).
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Polishing reactions were prepared by adding the following components in order to a 0.5 

mL microcentrifuge tube. Ten pL of the purified PCR product (0.5-1 pg DNA), 1 pL of 

10 mM dNTP mix (2.5 mM of each, dATP, dCTP, dGTP and dTTP), 1.3 pL of 10 X 

polishing buffer and 1 pL of cloned Pfii DNA polymerase (0.5 U). The polishing reaction 

was gently mixed, layered with 20 pL mineral oil and then incubated for 30 min at 72°C. 

Finally, the polishing reaction was added directly to the ligation reaction or stored at 4°C 

until use.

2.2.15.5. Cloning PCR Products.

Ligation of PCR Product into PCR-Script™ cloning vector.

The PCR products generated using Pfu DNA polymerase could be cloned into a plasmid 

vector PCR-Script™ (SK+) (Stratagene). Ligation was performed according to the 

manufacturer’s instructions.

The ligations were cai'ried out in 0.5 mL microcentrifuge tubes by adding the following 

components: 1 pL of the PCR-Script Amp SK(+) cloning vector (10 ng/pL), 1 pL of PCR- 

Script 10 X reaction buffer, 0.5 pL of 10 mM 'rATP', 2-4 pL of PCR product (40:1 to 

100:1 insert-to-vector ratio) or 4 pL of the control PCR insert, 1 pL of S tf restriction 

enzyme (5 U/pL), 1 pL of T4 DNA ligase and distilled water to a final volume of 10 pL. 

The ligation reaction was mixed gently, and allowed to proceed at room temperature for 

one hour before heating at 65°C for 10 rain . The ligation reaction was stored on ice until 

transformation into Epicurian Coli XL 1-blue MRF" Kan supercompetent cells as 

described in Section 2.2.3.2.2.

2.2.15.6. PCR Amplification of Plasmid Vector Insert

The sizes of DNA inserts in plasmid vectors were estimated using PCR amplification with 

primers that complement the vector multiple cloning site flanking sequences. This 

allowed the estimation of the length of the insert in the plasmid vector. The DNA insert 

was amplified directly from individual bacterial colonies. Individual fresh bacterial
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colonies were picked with the tip of a sterile pasteur pipette and resuspended into 0.5 mL 

microcentrifuge tubes containing 10 pL of sterile water. The tubes were heated at 95°C 

for 5 min to denature the DNA, cooled on ice for another 5 min, and spun briefly in a 

microcentrifuge (10,000 g for 20 seconds). Forty pL of the PCR reaction solution was 

added to each tube in the following order: five pL of 1 X thermophilic Taq buffer 

(Promega), 2 mM MgClz, 100 pM dNTPs (dATP, dCTP, dGTP and dTTP), 0.1 pM of 

oligonucleotide primers (T3 and T7 as these primers flank the site and can be used to 

accurately size the cloned fragments) and 1 unit Taq DNA polymerase (Promega). All the 

reagents were mixed gently, the mixture was layered with two drops of mineral oil 

(Sigma) to reduce evaporation and the tubes were placed in a Hybond OMI Gene PCR 

thermal cycler.

The thermal cycler was programmed to denature the samples for 5 min at 94°C and then 

to complete 35 cycles of 94°C for 1 min (dénaturation), 45-50°C for 1 min (annealing) 

and 72°C for 2 min (extension). At the end of the last cycle the sample was heated at 

72°C for a further 3 min to ensure full extension of the product and then cooled down to 

18°C. PCR products were generally analysed by agarose gel electrophoresis (Section 

2,2.7.1).

2.2.16. DNA Sequencing.

DNA Sequencing of the plasmid insert was performed on a Applied Biosystems Model 

373-Stretch or 377 Automated DNA Sequencer by the Molecular Biology Support Unit, 

IBLS, University of Glasgow. DNA sequencing was performed using the dye terminator 

method with redi-reaction Ampli Taq DNA polymerase.

2.2.17. Computer Analysis of DNA Sequence,

Sequence files in EBI-150 format from the Automated sequencing facility (Section 

2,2.16) were analysed using the Sequence Navigator program and the GCG program. 

Further sequence analysis was performed using a range of programs available at the
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European Bioinformatics Institute (EBI located at www.ebi.ac.uk; CLUSTALW, 

BLAST2 and BLITZ), the National Centre for Biotechnology Information (NCBI located 

at www.ncbi.nih.gov; ENTREZ) or the Human Genome Sequencing Project (HGMP 

located at www.hgmp.mrc.ac.uk; GRAIL, NIX, etc.). Large scale sequencing {Le. primer 

walking) was performed by MGW Biotech.
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CHAPTER THREE HE'ffiROLOGOUS PROBING & COLONY HYBRIDIZATION.

3.1. Genomic Southern Analysis with Heterologous Probes.

A great deal of effort has been expended on trying to understand how salinity affects 

plants and how salt-resistant plants survive high NaCl concentrations. However, 

although lai'ge amounts of information have been gathered, most of these studies have 

been descriptive. Undoubtedly, if the genes responsible for maintaining ionic balance 

in salt-resistant plants could be identified, this area of plant biology would make 

significant progress.

One way of identifying putative genes for H+, Na+ and Cl" transporters from salt resistant 

plants is to use heterologous probes in Southern and Northern blot experiments. 

Although this is now considered to be a some what out-dated approach, it has proved 

successful in the past.

Therefore, genomic Southern and Northern blot experiments were carried out in an 

attempt to identify homologous plant genes for Na+ and Cl" transport from plant cells of 

salt-tolerant crops. A range of probes from different sources were used, these were sod2, 

adk-1, at57, ant (nhoA), and c/c-0 (Table 3.1).

Southern blot analysis was performed using heterologous probes (Table 3.1) hybridized 

to a range of plant genomic DNAs. Genomic DNA was isolated from leaves of barley 

{Hordeum vulgare Var Golden Promise), sugar beet {Beta vulgaris, Var Saxon), 

Phaseolus vulgaris (bean), Arabidopsis thaliana, Schizosaccharomyces pombe and 

Saccharomyces cerevisiae. The genomic DNA was digested individually with restriction 

enzymes EcoRl, BamHl and Hindlll (Section 2.2.8). Appropriate amounts of DNA 

were loaded onto an agarose gel to ensure equivalent amounts of putative target 

sequences; (see Figs 3.1- 3.5 for details) this is important as the genome size range from
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Insert
(gene)

Plasmid 
containing 
the insert

Enzyme 
used to 
excise insert

Insert 
size (Kb)

Activity of 
Insert

Source of Isolation

sod2 psod2 Hindlll 2.3 Na7lT
antipoiter

S. pombe*

adk-1 pRS316 EcoRI 2.8 P-typelT-
ATPase

N. plumbaginifolia*

atS7 pat57 EcoRI 1.9 V-type IT- 
ATPase

A. thaliana*

clc-0 pCDM8 Xbal/Xhol 1.6 Chloride
channel

T. marmorata*

nhaA pKR323 Hindlll
/BamHl

1.8 N a W
antiporter

E. coli KR323*

^Schizosaccharomycespombe source of sod2, supplied by Jia et al„ (1992). 
Arabidopsis thaliana source of at57, supplied by Manolson et al., (1988). 
Nicotiariaplumbaginifolia source of adk-1, supplied by Boutry et al., (1989). 
Totpedo mamiorata source of ClC-0, supplied by Jeutsch et al., (1990). 
Escherichia coli KR323 source of nhaA, supplied by Karpel et al., (1988).

Table 3.1. Probes used to screen barley and sugar beet genomic DNA.
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4 X 10^ bp {E. coli) to 3 X 10  ̂ bp (barley and bean). The digested genomic DNA was 

sepaiated on agarose gels (Section 2.2.7.1) and blotted onto nylon membranes (Section

2.2.10.1). These Southern blots were then used in the hybridization experiments with the 

heterologous probes listed in table 3.1 (Section 2.2.12.1), washed and exposed to X-ray 

film.

3.1,1. Genomic Southern Analysis using p-type H -ATPase Sequences.

Figure 3.1 presents the results from a genomic southern blot of H. vtilgare (barley), B. 

vulgaris (sugar beet), A. thaliana , Phaseolus vulgaris (bean), Schizosaccharomyces 

pombe and Schizosaccharomyces cerevisiae DNA, each cut with the restriction enzymes 

EcoRI, BamHl and Hindlll, and probed with labelled adk-1, a Nicotiana plumbaginifolia 

gene coding for a plasma membrane H+-ATPase (Boutry, et a l, 1989). The blot was 

washed at high stringency (0.1 X SSC at 65°C) and exposed to X-ray film for 3 days.

The results of the hybridization show that there are several strong hybridization bands 

found in B. vulgaris (sugar beet) genomic DNA digested with EcoRI {lam 2, at 1.6, 2.3, 

4, and 10 kb), BamHl (lane 8, at 4, 6.5 and 10 kb) and Hindlll (lane 14, at 1, 2.1, 2.5, 

3.5 and 10 kb). In addition, strong hybridization bands were also observed in all three 

restriction digests of the Phaseolus vulgaris (bean) genome (lanes 3, 9 and 15). The 

genomes of H. vulgare and A. thaliana also appeal* to have sequences homologous to 

adk-1 (lanes 1, 7, 13 for 77. vulgare and lanes 4, 10, 16 for A. thaliana). Saccharomyces 

cerevisiae was found to contain adk-1 homologues (lanes, 6, 12, and 18). In contrast, no 

homologues of adk-1 appear to be present in Schizosaccharomyces pombe (lanes 5,11 

and 17).

3.1.2. Genomic Southern Analysis using v-type H-ATPase Sequences.

Figure 3.2 presents the results from a genomic southern blot of H. vulgare (barley) , B. 

vulgaris (sugar beet), A. thaliana, Phaseolus vulgaris (bean), Schizosaccharomyces pombe
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Figure. 3.1. Genomic Southern Blot Analysis of Plant Genomic 
DNA Hybridized with adk-1 (encoding a p-type 
H-ATPase).

Genomic DNA was isolated from H. vulgare (barley, 
BA), B. vulgaris (sugar beet, SB), Ph. vulgaris (bean, 
BN), A. thaliana (AB), Schizosaccharomyces pombe (SP) 
and Saccharomyces cerevisiae (SC). Ten pg of genomic 
DNA from each plant, (1 pg of A. thaliana) and 200 ng 
from each yeast were individually digested with the 
following restriction enzymes: EcoRI (E) in lanes 1-6, 
BamHl (B) in lanes 7-12 and Hindlll (H) in lanes 13-18. 
The digested DNA was separated in a 1% (w/v) agarose 
gel, hybridized with adk-l and washed at high stringency 
(0.1 X SSC at 65°C) then exposed to X-ray film for 3 days 
at -80°C. The positions of the DNA marker {X Hindlll) are 
indicated.
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Figure. 3.2. Genomic Southern Blot Analysis of Plant Genomic 
DNA Hybridized with atS7 (encoding subunit B, 
of a V-  type H-ATPase).

Genomic DNA was isolated from H. vulgare (barley, BA), 
B. vulgaris (sugar beet, SB), Ph. vulgaris (bean, BN), A. 
thaliana (AB), Schizosaccharomyces pombe (SP) and 
Saccharomyces cerevisiae (SC). Ten pg of genomic DNA 
from each plant, (1 pg of A. thaliana) and 200 ng from each 
yeast were individually digested with the following 
restriction enzymes: EcoRI (E) in lanes 1-6, BamHl (B) in 
lanes 7-12 and Hindlll (H) in lanes 13-18. The digested 
DNA was separated in a 1% (w/v) agarose gel, hybridized 
with at57 and washed at high stringency (0.1 X SSC at 
65°C) then exposed to X-ray film for 3 days at -80°C. The 
positions of the DNA marker (X HidlH) are indicated.
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and Saccharomyces cerevisiae DNA, each cut with the restriction enzymes EcoRI (E), 

BamHl (B) and Hindlll (H), and probed with at57, an Arabidopsis gene coding for 57 

KDa subunit B of vacuolar membrane H"*"-ATPase (Manolson, et a l, 1988). The blot was 

washed at high stringency (0.1 X SSC at 65°C) and exposed to X-ray film overnight. 

Several hybridizing bands were observed. As would be expected, strong hybridization 

was found in all three restriction digests of Arabidopsis genomic DNA (lanes 4, 10, 16), 

but it is not possible to determine with any certainly how many copies of at57 are present 

in the genome. There is also evidence that homologues of at57 are found in the B, 

vulgaris (sugar beet) genome (lane 2 at 3, 4.5 and 9.4 kb and lane 14 at 5 and 10 kb). The 

genomes of Phaseolus vulgaris (lanes 3, 9, and 15) and H. vulgare (lanes 1, 7, and 13) 

appear to have sequences with some weak homology to at57 and this may reflect the fact 

that these two species are more distantly related to Arabidopsis than B. vulgaris. Neither 

Schizosaccharomyces pombe nor Saccharomyces cerevisiae appear to have sequences that 

aie homologous to at57.

3.1.3. Genomic Southern Analysis Using N a A n t i p o r t e r  Sequences from

Schizosaccharomyces pombe.

Figure 3.3 shows the results from a genomic southern blot of H. vulgare (barley) , B. 

vulgaris (sugar beet), A. thaliana, Phaseolus vulgaris (bean), Schizosaccharomyces 

pombe and Saccharomyces cerevisiae DNA, each cut with the restriction enzymes EcoRI 

(E), BamHl (B) and Hindlll (H), and probed with sod2, a Schizosaccharomyces pombe 

gene coding for a Na+/H+ antiporter (Jia, et a l,  1992). The blot was washed at moderate 

stringency (0.5 X SSC at 65^C) and exposed to X-ray film for 3 days. As would be 

expected, hybridization signals were observed in all three restriction digests of 

Schizosaccharomyces pombe genomic DNA (lanes 5, 11, and 17). These results 

suggested the presence of one gene in the Schizosaccharomyces pombe genome. A 

putative homologue to sod2 was also found in H. vulgare (barley), strong hybridization 

was obseiwed in Hindlll genomic DNA fragments (lane 13 at 2.2 kb) in addition to some 

weak hybridization bands (lane 13 at 4.3 kb, 4.7 kb and 5.5 kb). Moreover, the blot 

shows some weak hybridization bands appearing in EcoRI genomic DNA fragments 

(lane 1 at 3.5kb, 5 kb and 6.5 kb) and BamHl fragments (lane 7 at 4, 4.5 and 5 kb). It
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Figure. 3.3. Genomic Southern Blot Analysis of Plant Genomic 
DNA Hybridized with sod2 (encoding a Na+ /H+ 
antiporter).

Genomic DNA was isolated from H. vulgare (barley, BA), B. 
vulgaris (sugar beet, SB), Ph. Vulgaris (bean, BN), A. 
thaliana (AB), Schizosaccharomyces pombe (SP) and 
Saccharomyces cerevisiae (SC). Ten pg of genomic DNA 
from each plant, (1 pg of A. thaliana) and 200 ng from each 
yeast were individually digested with the following restriction 
enzymes: EcoRI fE) in lanes 1-6, BamHl (E) in lanes 7-12 and 
Hindlll (H) in lanes 13-18. The digested DNA was separated 
on a 1% (w/v) agarose gel, hybridized with sod2 and washed 
at moderate stringency (0.5 X SSC at 65°C) then exposed to 
X- ray film for 3 days at -80°C. The positions of the DNA 
marker (À Hidlll) are indicated.
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was observed also that B. vulgaris (sugar beet) has strong hybridization bands in EcoRI 

fragments (lane 2 at 4, 5.5 and 6.6 kb) and in Hindlll fragments (lane 14 at 3,4, 4, 5, and 

5.8 kb), but weak hybridization appeai*ed in BamHl fragments (lane 8 at 3.7, 4.4, 6 and 7 

kb). The genome of Saccharomyces cerevisiae appears to have sequences with weak 

homology to sod2 (lanes 6, 11 and 18). Furthermore, the blot shows that there is no 

evidence that Ph, vulgaris (bean) and A. thaliana genomes have sequences that ai*e 

homologous to sod2 (lanes 3, 9 and 15) and (lanes 4, 10 and 16) respectively.

3.1.4. Genomic Southern Analysis using Nâ '/IT' Sequences from E. colL

Figure 3.4 presents a genomic southern blot of H. vulgare (barley), B. vulgaris (sugar 

beet). A, thaliana , Phaseolus vulgaris (bean), Schizosaccharomyces pombe and 

Saccharomyces cerevisiae DNA, each cut with the restriction enzymes EcoRI (E), 

BamHl (B) and Hindlll (H), and hybridized with nhaA, a clone from E, coli coding for a 

Na+/H+ antiporter (Padan, et a l, 1989). The blot was washed at moderate stringency 

(0.5 X SSC at 65°C) and exposed to X-ray film for 3 days. The hybridization resulted in

3.1.5. Genomic Southern Analysis Using Chloride Channel Sequences.
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weak hybridization signals, possibly because the membrane had been challenged and 

stripped several times with other probes. It is concluded that there is some evidence that 

homologues to nhaA ai’e found in H  vulgare (bai’ley) genomic DNA (lane 7 at 4 kb and 

lane 13 at 3,5 kb). The genome of B. vulgaris (sugar beet) shows sequence homology to
' :

nhaA in Hindlll genomic DNA fragments (lane 14 at 4 kb). The genome of Phaseolus 

vulgaris also appeal's to have some sequence homology to nhaA (lanes 3 and 9). Neither 

Saccharomyces cerevisiae nor A. thaliana have sequences that hybridize to nhaA. Figure 

4b shows the result of the control experiment of a genomic southern blot containing E. 

coli genomic DNA digested with EcoRI (E), BamHl (B) and Hindlll (H) and hybridized 

with nhaA. The blot was washed at moderate stringency (0.5 X SSC at 65^C). As 

expected, strong hybridization was observed in all three restriction digests of E. coli 

genomic DNA (Fig 4b lanes 1, 2 and 3).
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Figure. 3.4. Genomic Southern Blot Analysis of Plant Genomic 
DNA Hybridized with nhaA (encoding a Na  ̂/H  ̂
antiporter from E, coli).

(a) Genomic DNA was isolated from H. vulgare (barley, BA), B. 
vulgaris (sugar beet, SB), Ph. vulgaris (bean, BN), A. thaliana 
(AB), Schizosaccharomyces pombe (SP) and Saccharomyces 
cerevisiae (SC). Ten pg of genomic DNA from each plant, (1 pg of
A. Thaliana) and 200 ng from each yeast were individually digested 
with the following restriction enzymes: EcoRI (E) in lanes 1-6, 
BamHl (B) in lanes 7-12 and Hindlll (H) in lanes 13-18. The 
digested DNA was separated in a 1% (w/v) agarose gel, hybridized 
with nhaA and washed at moderate stringency (0.5 X SSC at 65°C) 
then exposed to X- ray film for 3 days at -80“C. (b) Control; 
Southern blot of 50 ng of EcoRI, BamHl and Hindlll digested E. 
coli genomic DNA hybridized and washed with the filter above. The 
positions of the DNA marker (A, Hidlll) are indicated.
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Figure. 3.5. Genomic Southern Blot Analysis of Plant Genomic
DNA Hybridized with clc-0 (encoding a voltage-gated 
chloride channel from Torpedo marmorata).

Genomic DNA was isolated from H. vulgare (barley, BA),
B. vulgaris (sugar beet, SB), Ph. vulgaris (bean, BN), A. 
thaliana (AB), Schizosaccharomyces pombe (SP) and 
Saccharomyces cerevisiae (SC). Ten pg of genomic DNA 
from each plant, (1 pg of A. thaliana) and 200 ng from 
each yeast were individually digested with the following 
restriction enzymes: EcoRI (E) in lanes 1-6, BamHl (B) in 
lanes 7-12 and Hindlll (H) in lanes 13-18. The digested 
DNA was separated in a 1% (w/v) agarose gel, hybridized 
with clc-0 and washed at low stringency (1 X SSC at 50'C) 
then exposed to X- ray film for 3 days at -80°C. The 
positions of the DNA marker (A, HidlH) are indicated.
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Figure 3,5 shows the results from a genomic southern blot of H. vulgare (barley), B. 

vulgaris (sugar beet), A, thaliana, Phaseolus vulgaris (bean), Schizosaccharomyces 

pombe and Saccharomyces cerevisiae DNA, each cut with the restriction enzymes 

EcoRI (E), BamHl (B) and HindlJI, and hybridized with clc-0 from Torpedo 

marmorata, a sequence coding for a voltage-gated chloride channel (Jentsch et al., 1990). 

The blot was washed at low stringency ( IX  SSC at 50°C) and exposed to X-ray film for 

3 days. The blot shows that the genome of B. vulgaris (sugar beet) has sequences that are 

homologous to clc-0. However, hybridization signals were also found in the genomic 

DNA EcoRI fragments (lane 2 at 2, 2.3 kb and larger), BamHl fragments (lane 8 at 1.8, 

2.7, 3.4 and 4.3 kb) and Hindlll genomic DNA fragments (lane 13). In addition, several 

hybridization bands were also observed in all restriction digests of H. vulgare (barley) 

genomic DNA (lane 1 at 1 and 1.5 kb), (lane 7 at 0.5, 1.6 and 2.9 kb) and (lane 13 at 1.5 

and 2 kb). The blot also shows that there is evidence that homologues to clc-0 are found 

in Phaseolus vulgaris and Arabidopsis thaliana genomes (lanes 3, 9 and 15) (lanes 4, 10 

and 16) respectively. The genomes of Schizosaccharomyces pombe and Saccharomyces 

cerevisiae appeal* to have sequence homology to clc-0 (lanes 5, 11 and 17) and (lanes 6,

12 and 18) respectively.

3.2. Northern Analysis with Heterologous Probes.

Southern blot analysis using sod2, adk-1, at57, ant {nhaA) and clc-0 revealed the presence 

of a degree of homology to barley and sugar beet genomic DNA. However, the question 

now aiises, “Ai*e these homologues expressed in the B. vulgaris and H. vulgare?". 

Northern blot analysis was performed to study the expression of these heterologous genes 

{sod2, adk-1, at57, clc-0, and nhaA on H. vulgare (barley) B. vulgaris (sugar beet) total 

RNA.

Ten pg of total RNA was prepared from the roots and leaves of bailey grown under 150 

mM NaCl, sugar beet grown under 300 mM NaCl, and from controls of both plants (0 

mM NaCl, Section 2.2.2.2), RNA was electrophoresed on a 1.3% denaturing agarose gel 

(Section 2.2.8.3), and blotted onto nylon membrane as described in Materials and 

Methods Section 2.2.10.2. These northern blots were then hybridized separately with 

32p-labelled heterologous probes {sod2, adk-1, at57, nhaA and clc-0) (Section 2.2.12.2).
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All the blots were washed at low stringency (1 X SSC at 55"C) and then exposed to X- 

ray film.

Unfortunately, northern blot analysis of total RNA isolated from B. vulgaris (sugai* beet) 

and H. vulgare (barley) and hybridized with sod2, adk-1, at57 and nhaA revealed that 

none of the heterologous sequences identified in genomic Southern blots are expressed. 

However, northern blot analysis using clc-0 as probe (T. marmorata voltage-gated 

chloride channel) suggested that homologues are expressed in the leaf tissues of B, 

vulgaris (grown in 300 mM NaCl), H. vulgare (grown in 150 mM NaCl) and A. hastata 

(grown in 300 mM NaCl). The membrane was washed under moderate stringency (0.5 X 

SSC at 65°C) and exposed to X-ray film overnight. From Figure 3.6a it is cleai* that 

sequences with homology to clc-0 are weakly expressed in sugar beet (lane 1), 

moderately expressed in barley (lane 2) and strongly expressed in the halophyte Atriplex 

(lane 3). Consideration of the fluorescent denaturing agarose gel (Fig. 3.6b, lanes 1, 2 

and 3) from which this blot (Fig. 3.6a) was prepaied, suggested that the signal strength 

can not be accounted for solely by differences in the amount of total RNA loaded. In 

each species a band migrating at approximately 1.4 kb was identified. Surprisingly, no 

clc-0 hybridization was found to poly (A)+ mRNA prepared from these species (see Fig.

3.6a and 3.6b, lanes 4, 5 and 6). The subsequent challenge of the stripped membrane 

with a tubuline probe confirmed that poly (A)+ mRNA was present on this membrane, 

and therefore, it is concluded that the sequences hybridizing to clc-0 (lanes 1-3) are not 

extensively poly-adenylated and therefore were not recovered during the preparation of 

poly (A)+ message by oligo-dT column chromatography. It is conceivable that these 

putative voltage-gated chloride channel sequences are not encoded in the nucleai* genome 

and therefore, not poly-adenylated.

To assess the cellular location of the message that hybridizes to clc-0, a northern ; g
- ;

hybridization of clc-0 to total RNA isolated from the leaves and root tissue of H. vulgare
■'.Uÿ-

(grown under 150 mM NaCl) was undertaken. Total RNA was isolated from different 

organelles of the plant tissues (mitochondria and plastid) and used for northern analysis.

The samples were electrophoresed on a 1.3% denaturing agarose gel, transferred to nylon 

membrane and probed with 32p labelled clc-0. The membrane was washed at moderate 

stringency (0.5 X SSC at 65°C). The northern blot analysis using clc-0 (Fig. 3.7a) 

reveals that it was expressed in samples prepared from root tissue mitochondria (lane 2),
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Figure. 3.6. Northern Blot Analysis of Total and Poly (A)
mRNA Hybridized with clc-0 (encoding a voltage- 
gated chloride channel from Torpedo marmorata).

(a) Total RNA (lanes 1-3) and poly (A )̂  mRNA (lanes 4- 
6) were isolated from leaf tissues of B. vulgaris (grown in 
300 mM NaCl, lanes 1 & 4), H. vulgare (grown in 150 
mM NaCl, lanes 2 & 5) and Atriplex hastata (grown in 300 
mM NaCl, lanes 3 & 6). Ten pg of total RNA and 1 pg of 
poly (A)+ mRNA were separated on a 1.3% (w/v) 
denaturing agarose gel and blotted onto nylon membrane. 
The Northern blot was probed with ^^P-labelled clc-0, 
washed at moderate stringency (0.5 X SSC at 65°C) and 
exposed to X-ray film at -80°C overnight, (b) Denaturing 
gel of total and poly (A)  ̂ mRNA that was blotted onto 
nylon membrane for Northern analysis (a).
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Figure. 3.7. Northern Blot Analysis of Hordeum vulgare
Total RNA Isolated from Different Organelles 
and Tissues and Hybridized with clc-0.

(a) Northern blot analysis of total RNA isolated from leaf 
and root tissues of H. vulgare grown on 150 mM NaCl. 
Ten pg of each sample was electrophoresed in a 1.3% (w/v) 
denaturing agarose gel (figure 3.7b), blotted onto nylon 
membrane and hybridized with clc-0 (encoding Torpedo 
marmorata voltage-gated chloride channel) probe. The blot 
was washed at moderate stringency (0.5 X SSC at 65“C). 
Lane 1 contains total RNA isolated from root plastids: lane
2, contains total RNA isolated from root mitochondria: lane
3, contains total RNA isolated from root cells: lane 4 
contains total RNA isolated from leaf plastids: lane 5 
contains total RNA isolated from leaf mitochondria: lane 6. 
contains RNA isolated from leaf cells, (b) Denaturing gel 
total RNA that was blotted onto nylone membrane.
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and root cells (lane 3); no expression was found in root plastid total RNA (lane 1). 

Expression of clc-0 was also found in total RNA prepai’ed from leaf plastids (lane 4) and 

leaf cells (lane 6), however, no expression band was observed in total RNA extracted

from leaf mitochondria (lane 5). The expression message of clc-0 has a size of 

approximately 1.5 kb. These results suggested that clc-0 expression was found in the 

roots and leaves of H. vulgare. However, the expression in roots was localized in the 

mitochondria (lane 2) and in total RNA from the whole cell (lane 3); in contrast, the 

expression in leaves was found to be localized in the plastid (lane 4). The blot showed 

different levels of expression between root and leaf organelles and that may be due to the 

unequal loading quantity of total RNA in the formaldehyde gel shown in Fig. 3.8b.

3.3. Isolation and Characterization of the Genomic Clone,

3.3.1, Introduction.

Northern blot analysis of clc-0 against barley leaf total RNA (Fig. 3.6a) resulted in a very 

strong signal. However, this message appears to be poorly poly-adenylated. 

Consequently, it is unlikely that conventional screening of a barley cDNA libraiy with 

clc-0 will identify a homologue. For this reason, it was decided to try to identify a clc-0 

homologue from a baiiey genomic library. Thus if the full-length genomic clone could 

be isolated, (it is likely that the entire gene coding for a voltage-gated chloride channel 

from barley genomic library) and hence the full-length putative protein, could be 

identified and analysed. In addition there is another good reason for using a genomic 

library screen. It is well established that in plants, membrane transporters, and in 

paiticulai* ion channels are not highly expressed, thereby making cloning difficult. It can 

be estimated that the amount of message in 10 pg total RNA is about 2.5 % (i.e ~ 300 

ng). It has also been estimated that there aie typically 250,000 message molecules 

expressed at any one time in plant tissues. For a lowly expressed gene (say 0.001 % of 

total message (see Milner, et al., 1995; Golderg, et al., 1978) 300 ng x 1 x 10"*̂  or 0,3 pg 

of target will be available for hybridization, with heterologous probes. This is well 

below the limit of detection. However, for a 1.5 kb gene present as a single copy in a 3 

xlO^ bp genome, a 10 pg genomic sample will contain ~ 5 pg of target.
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3.3.2. Screening of the Barley Genomic Library.

A barley genomic libraiy was constructed in the X Dash II vector (Promega) and was

screened for genomic clones. The library was constructed by ligating genomic DNA
$

from barley {Hordeum vulgare Var Golden Promise) into dephosphorylated Lambda 

Dash II vector aims.The high molecular weight bailey genomic DNA was partially 

digested with the restriction enzyme Sau 3A to produce smaller overlapping fragments. 

The ends on the DNA fragments were compatible with the ends of the vector arms after 

the stuffer fragment had been removed by complete digestion with the restriction enzyme 

BamHL Consequently, the DNA was ligated into the vector arms, packaged and then the 

titer of the library was determined.

The bailey genomic library was screened using clc~0 as a probe. A total of

approximately 3 x 10  ̂ clones were screened (see Section 2.2.13) using a conventional

colony hybridization technique. This was less than the necessary 10  ̂ recombinants 

required to represent 99 % of all DNA sequences in the genome (Clarke and Carbon, 

1976). This is the number of clones usually screened in order to maximise the chances of 

isolating the sequence of interest (Sambrook, et. a l, 1989).

In( l - f )

where is the necessary number of recombinants. 

p  is the desired probability {le. p  = 0.99)

X is the size of the insert (20 kb)

y is the haploid genome size (3.5 x 10  ̂bp)

Therefore, for barley the required number of clones to screen for 99 % chance of 

identifying a single clone is:
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Af = -— t  =-0.8x10®

In total 3 X 10  ̂ plaques were screened from an intended of 1 x 10  ̂ of bailey genomic 

libraiy but no convincing clones were identified.

3.4. Discussion.

This study was undertaken to determine whether genes coding for Na”̂ and Cl'

transporters could be identified by using heterologous probes to barley, sugar beet and A. i

hastata that may confer salt-resistance. Homologues to two H'*’ pumps were used, adk-1 : |

(a Nicotiana pumbaginifolia p-type H’̂ -ATPase) and at57 (an Arabidopsis v-type

ATPase B subunit). In addition, two sequences coding for Na’*"/H‘̂  antiporters were used,
■

nhaA {E. coli) and sod2 (& pombe), and also clc-0, a sequence coding for a voltage-gated

Cl channel (from Torpedo mannorata). The initial strategy was to determine which if 

any of the above probes hybridised to sequences in salt-resistant plants, and then to go on 

to clone the corresponding plant genes and study their expression.

3.4.1. P-Type H'^-ATPase.

Genomic Southern blots (Fig. 3.1) showed that adk-1 (H+ATPase) has some homology 

to sequences in all plants studied but especially in B. vulgaris and H. vulgare. Moreover, 

adk-1 appears to have some homology to sequences in S. cerevisiae. These results are 

not surprising as it is well established that in all plants studied, p-type ATPases have been 

implicated as the primar y pump driving coupled (endergonic) solute transport across the 

plasma membrane (Harper & Sussman, 1988; Serrano, 1989; Goffeau and Slayman, 

1981). However, surprisingly, no S. pombe sequences appear* to have strong homology 

to adk-1 (Fig. 3.1); the reasons for this are not clear*.
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3.4.2. V-Type H" -̂ATPase.

Southern blot analysis using at57 as probe, show hybridization to barley, sugar beet and 

Arabidopsis thaliana genomic DNA (Fig. 3.2). These results suggest each of these plants 

possess a v-type ATPase. Again, this is not a surprising result as it is well established

that v-type ATPases play an important role in establishing a driving force for coupled 

ion and metabolite transport across the tonoplast membrane in all plants studied to date 

(Sze, et a i, 1992). In addition, hybridization of at57 to S. cerevisiae sequences were 

observed (Fig. 3.2) which probably refelect the homologue coding for the yeast C subunit 

160 kDa which has been sequenced (Nelson & Nelson, 1990).

3.4.3, Na'*' /  H'*’ Antiporters.

Genomic Southern blot experiments using a fragment of the S. pombe sod2 gene (Fig. 3) 

suggested that barley, sugar beet and Atriplex may have homologues to this class of

Na'*"/H‘̂  antiporter. Northern blot analysis was then carried out on root and leaf tissues to 

determine whether or not the homologous genomic sequences identified by sod2 

Soutliern blotting were expressed in B. vulgaris, H. vulgare and A. hastata. 

Unfortunately, no transcripts appeared to hybridize to the sod2 probe at even moderately 

low stringency ( I X  SSC, at 55°C, data not presented). The inclusion of control sod2 

DNA sequences blotted onto nylon membrane and included in the hybridization and

washing procedures suggested that the limit of detection by the ^^P probe was ~ 2 pg of 

tai’get. It is concluded that unless sod2 homologue transcripts are present at levels below 

2 pg /1 0  pg total RNA (an estimated abundance of < 0.001 % of transcripts was present), 

these sequences are not expressed in baiiey, sugar beet ox Atriplex.

There is little evidence from genomic Southern blotting experiments that either bai’ley,

sugai* beet or Atriplex contain sequences homologous to the E. coli nhaA class of Na" /̂IT  ̂

antiporter (Fig. 3.4).
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3.4.4. Voltage-gated Cl" Channels.

Southern blot analysis suggested that homologues of clc-0 aie present in the salt-resistant 

plants sugai* beet and bailey (Fig. 3.5). In addition, homologues may also be present in 

A. thaliana, Ph. vulgaris, S. cerevisiae and S. pombe. Since these experiments were 

completed, four putative members of the clc family of genes have been identified in the 

A. thaliana genome (Hechenberger, et al. 1996), and two in the yeast genome database 

(Huang, et al, 1994; Greene, et a l, 1993) although it remains to be established whether

these sequences do indeed represent authentic voltage-gated Cl" channels.

Northern blot experiments using clc-0 as probe, suggested that the homologues in B. 

vulgaris, H. vulgare and A. hastata are expressed (at approximately 5, 50 and 250 pg / 10 

pg total RNA respectively) and were about 1.4 kb in size. Consideration of the 

corresponding fluorescence gel from which this northern blot was prepared (Fig. 3.6 b) 

shows that there was unequal loading of total RNA (lane 1-3), so some adjustments of 

the relative abundancies should be made.

Surprisingly, no hybridization was found when clc-0 was used to challenge poly (A)+ 

mRNA isolated from B. vulgaris (lane 4), H. vulgare (lane 5) or A. hastata suggesting 

that the clc-0 message in these plants is not highly poly-adenylated and was lost during 

the oligo-dT preparation procedure. An alternative explanation for the results presented 

in Fig. 3.6a is that no homologues of clc-0 ai'e expressed in these plants and that the 

probe is binding to the 18S ribosomal band in the total RNA preparations (Fig. 3.6, lanes 

1-3). However, this is unlikely for the following reasons. Firstly, consideration of the 

fluorescence gel (Fig. 3.6b) suggests that lane 3 contained the least 18S RNA whereas the 

corresponding northern blot shows this lane to have the highest signal; given the highly 

conserved nature of 18S RNA, this result is difficult to reconcile if clc-0 did indeed bind 

to the 18S ribosomal fraction. Secondly, 18S ribosomal RNA has a molecular size of 1.9 

kb; careful analysis of the hybridizing band indicated a size of 1.4 kb. Thirdly, when it 

occurs, non-specific ribosomal hybridization tends to give rather diffuse bands; the bands 

presented in lanes 1-3 of Fig. 3.6b are ‘tight’ and characteristic of hybridization to 

authentic message. Finally, BLAST seai'ches of the clc-0 probe sequence failed to pick 

up any ribosomal sequences. As this Northern blot was washed at moderate stringency 

(0.5 X SSC, at 65°C) it is concluded that the hybridization signals presented in Fig. 3.6a
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represent binding between the clc~0 probe and authentic homologous message in these 

three salt-resistant plants.

Attempts to isolate a voltage-gated chloride channel from barley genomic X DASH II 

libraiy by colony hybridization using clc-0 as a probe was unsuccessful. This may in 

pai't be due to the low copy number of the corresponding gene. However, as only 3x10^

out of the intended 10^ clones were screened (for 99 % certainty), it is calculated that 

there was approximately only an 80 % chance of succeeding with this size of screen. 

(Clark and Caihon, 1976).

At this stage (April 1996), Maurel and co-workers reported the molecular

characterization of the first plant voltage-gated Cl" channel (Lurin, et a i, 1996). This 

sequence, clc-ntl was cloned by RT-PCR from N. tabaccum and at that time it seemed 

that similar approach would provide a rapid and relatively safe way of isolating clc 

homologues from salt-resistant plants. For these reasons, that concerning the ambiguity 

of the clc-0 target sequences in barley, and of tlie reported success with an RT-PCR 

approach in N. tabaccum, it was decided tliat a more fruitful way forward would be to 

design degenerate PCR primers and follow the procedures of Lurin, et a l, 1996 The 

details of these RT-PCR experiments are presented in Chapter 4.
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CH4FTEEFDÜR 

F O l CLONING

4.1 A PCR Cloning Approach.

Maurel and co-workers success in cloning the first plant chloride channel by RT-PCR 

(Lurin, et al, 1996) was encouraging and it was decided to adopt a similar approach in 

this study.

In May 1995 a search of the databases identified only 3 clc gene sequences, but these 

provided insufficient information for designing degenerate PCR primers for cloning 

plant homologues. However, in December 1995, a similar search by Maurel and co­

workers identified 7 putative clc gene sequences (C. Maurel, per. comm.), and from this 

information they went on to clone clc-ntl, the first putative voltage-gated chloride 

channel from tobacco (Lurin, et al, 1996). In May 1996, 17 putative clc sequences 

were deposited on the data bases and the corresponding protein translations of these 

sequences were subsequently aligned using the PILEUP routine from GCG 7. Three 

regions of consensus were identified (Fig. 1.2 Chapter 1). Degenerate primers were 

designed to these conserved motifs using a combination of intuition and the PRIMER 

routine in GCG 7. Two forward (FI and F2) and one reverse (Rl) primers were 

designed (see Fig. 4.1) and subsequently used in extensive PCR experiments.

4.1.1. PCR Cloning Using cDNA Libraries as Template.

High salt-grown cDNA libraries had previously been constructed in the laboratory from 

roots of sugar beet (300 mM NaCl) and barley (150 mM NaCl) plants grown 

hydroponically. It was decided first to use these cDNA libraries as template.
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Forward Primer 1 (FI)

5' T
GGWAARGARGGNCCNATGGTNA

Forward Primer 2 (F2)

5’ 3’
ATHGARWSNYTNAYTAYGA

Reverse Primer 1 (Rl)

5' 3’
AARAGMACWCCNCCNANNGG

Figure. 4.1. Nucleotide Sequences of Degenerate Primers Designed 
from Voltage-Gated Cl Channel Consensus Sequences.
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4.1.1.1 Beta vulgaris.

Figure 4,2B presents a photograph of the fluorescent gel of the optimized amplified 

PCR products from the sugai* beet cDNA library using the clc degenerate primers FI 

and Rl.

After optimization of conditions, two PCR fragments close to the expected size range 

(160-300 bp) were identified and named bvl (~350bp) and bv2 (-300bp); see Fig 4.2 B 

(lane 1 and 2). These two fragments were separated by 0.5 % agarose gel (Section

2.2.7.1), then each fragment cut from the gel separately and purified (Section 2.2.9), 

The two fragments were subsequently cloned into PCR-Script™ cloning vector (Section 

2.2.15.5) and transformed into E, coli XL-1 Blue supercompetent cells (Section

2.2.3.2.1).

4.1.1.1.1 Analysis of bvl.

Genomic Southern blots were then performed on sugar beet genomic DNA using bvl as 

probe to confirm that it represents an authentic sugar beet sequence. Figure 4,3 shows 

the results of this genomic Southern analysis; controls of Hordeum vulgare, E. coli and 

S. cerevisiae genomic DNA were also included. Appropriate amounts of genomic DNA 

from each organism was prepared and digested with EcoRl, BamHl and Hindlll 

(Section 2.2.8) and electrophoresed in a 1 % (w/v) agarose gel (see Fig. 4.3). The 

resolved DNA fragments were then blotted onto nylon membrane and hybridized with 

bvl as probe, as described in Materials & Methods (Section 2.2.12.1). The membrane 

was washed initially at low stringency ( I X  SSC at 50°C) and autoradiographed for 3 

days at -80°C.

Very strong hybridization was observed in E. coli genomic DNA (lanes 2 and 10); no 

hybridizing bands were found in E. coli genomic DNA digested with BamHl (lane 6) 

perhaps due to poor recovery of the digested fragments by ethanol precipitation. The 

genome of S. cerevisiae also appeal’s to have sequences homologous to bvl (lanes 1 and 

5). However, the blot provides no evidence for higher plant homologues of bvl (lanes 

3, 4, 7, 8,11 & 12).
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Figure 4.2. Separation of PCR Amplification Products from cDNA 
Libraries of H. vulgare and B. vulgaris using 

Degenerated Primers.

Two degenerate primers FI and Rl were used with Taq DNA 
polymerase in PCR reactions (35 thermal cycles, dénaturation at 94°C 
for 1 min, annealing at 50°C for 1 min, extension at 72”C for 2 min) to 
amplify fragments from H. vulgare (barley) cDNA library (A, lanes 1 
and 2) and B. vulgaris (sugar beet) cDNA library (B, lanes 1 and 2). 
The PCR products were separated in a 2 % (w/v) agarose gel, stained 
with ethidium bromide and visualised under UV light. The PCR 
reactions resulted in one fragment (hvl) of 300 bp from the H. vulgare 
cDNA library (A, lanes 1 and 2,) and two fragments {bvl) and {bv2) of 
350 and 300 bp respectively from B. vulgaris cDNA library (B, lanes 1 
and 2). Lane 3 in each gel represents 1 kb ladder markers.
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mnâlll BamHl EcoRl

V f
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23 kb
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—  6.5 kb

— 4.3 kb
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Figure 4.3. Genomic Southern Analysis of Plant Genomic
DNA Hybridized to the Sugar Beet PCR Amplified 
Fragment bvl.

Genomic DNA was isolated from B. vulgaris (SB), H. vulgare 
(BA), Saccharomyces cerevisiae (Sc.) and E. coli (E). Ten pg of 
each plant genomic DNA, 100 ng of Saccharomyces cerevisiae and 
50 ng of E. coli genomic DNA were each digested individually 
with restriction enzymes Hindlll, Bam and EcoRl. The digested 
samples were electrophoresed in a 1 % (w/v) agarose gel and 
blotted onto nylon membrane. The blot was hybridized with 
labelled bvl probe, washed at low stringency (1 X SSC at 50°C) 
and autoradiographed for 3 days at -80“C.
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Northern blot analysis was carried out to determine whether bvl sequences are 

expressed in sugai’ beet plants. Total RNA prepared from roots and leaves of sugar beet 

and bai’ley plants grown hydroponically in 300 and 150 mM NaCl respectively, and on 

control plants grown without NaCl additions (Section 2.2.2.2). Total RNA was 

prepai’ed from each treatment, and electrophoresed on a 1.3 % (w/v)

agarose/formaldehyde gel (Section 2.2.8.3), and blotted onto nylon membrane (Section

2.2.10.2). The blot was then hybridized with bvl as probe (2.2.12.2), washed at low 

stringency (1 X SSC at 55^C, see Section 2.2.12.3), and autoradiographed at - 80°C for 

4 days. No hybridization of bvl to any sample was observed (data not presented).

The cloned bvl fragment was also sequenced (Section 2.2.16) and the resulting 

translated protein information used to search the TREMBL and protein data bases using 

the BLAST routine from GCG 7 (Fig, 4.4 Section 2.2.17). Neither of the expected 

protein motifs (GKEGPxxH or GVLFxxE) were found at the ends of the fragment 

although some homology to the reverse primer could be observed. The BLAST search 

identified E. coli sequence that was 65 % identical to bvl and which codes for fructose- 

phosphatase (Fig. 4.5).

4.1.1.1.2 Analysis of bv2.

Figure 4.6 shows the results of a genomic Southern analysis of Hordeum vulgare, Beta 

vulgaris, E. coli and S. cerevisiae genomic DNA using bv2 as probe. Appropriate 

amounts of genomic DNA from barley, sugar beet, S. cerevisiae and E. coli were 

digested with EcoRl, BamHl and Hindlll (Section 2.2.8) and electrophoresed in a 1 % 

(w/v) agarose gel (Section 2.2.7.2). The resolved fragments were then blotted onto 

nylon membrane (2.2.10.1) and hybridized with bv2 as probe, as described in Materials 

& Methods (Section 2.2.12.1). The membrane was washed initially at low stringency (1 

X SSC at 50°C) and autoradiographed for 3 days at -80°C.

The genome of S. cerevisiae (lanes 1 and 5) and E. coli (lane 2) appears to have 

sequence homology to bv2. Sugar beet was found to have sequences with some weak 

homology to bv2 (labelled in Fig. 4.6, lane 3 ~ 1.5 kb: lane 7 ~ 6.5 and 3.9 kb: lane 11 

-  2 kb). Barley may also have some weak sequence homology to bv2 but due to the 

high background signal, this result is tenuous (lanes 4, 8 and 12). Washing the filter at

8 1



5 ' ( + )  AAGCACTCCTCCAAGCGGATGGCGTTTCCATATGGCAGCCTATCAAAGCAgACCGGATGC
1  ----------------------------------1--------------------------------1----------------------------------------- i-------------------------------------1-------------------------------------1 h 6 0

{ -)  TTCGTGAGGAGGTTCGCCTACCGCAAAGGTATACCGTCGGATAGTTTCGTcTGGCCTACG

a  K H S S K R M A F P Y G S L S K Q T G C
b  S T P P S Q M R F H M A A Y Q S R P D A -
c  A L L Q A D G V S Ï W Q P I K A D R M P -

CAACGCGGTTGTTCACAATCATGCCGTTCATTGCACGGCAGTTTCCATTCTTAACCGATC
6 1 --------------------------+ ----------------------+ --------------------------+ ------------------------ + -------------------------+ ----------------------- h

GTTGGGCCAACAAGTGTTAGTACGGCAAGTAACGTGCCGTCAAAGGTAAGAATTGGCTAG

a  Q R G C S Q S C R S L H G S F H S * P I
b  N A V V H N H A V H C T A V S  I  L N R S  -
c  T R L F T I M P F I A R Q F P F L T D R -

GATCCCCGCTATTCACTACATGATTGCGGCGGCTGGCGGTAATTCTATTCCTTGCGCGCC
1 2 1 --------   H----------------- 1--------  1---------------------------------- .j----------------- y.

CTAGGGGCGATAAGTGATGTACTAACGCCGCGGACCGCCATTAAGATAAGGAACGCGCGG

a  D P R Y S L H D C G G W R * F Y S L R A
b I P A I H Y M I A A A G G N S I P C A P -
c  S P L F T T * L R R L A V I L F L A R L -

TTATGCGACCTTTGGAACACGCgAACTTTCTGAACATGTTGCGCTGGCTCTCAAAAATCG
1 8 1 ------------------------- + ----------------------+ --------------------------+ -------------------------+ ------------------------ + ----------------------- +

AATACGCTGGAAACCTTGTGCGcTTGAAAGACTTGTACAACGCGACCGAGAGTTTTTAGC

a  L C D L W N T R T F * T C C A G S Q K S
b Y A T P G T R E L S E H V A L A L K N R  -
c M R P L E H A N F L N M L R W L S K I V -

TAAGGCAACTTTGTTACAACATCATGGGCTTACCGCTTGGAGGTGTGGT 3 '
2 4 1 ------------------ + ------------------- + ------------------- 4--------------------+ ---------------------- 2 8 9

ATTCCGTTGAAACAATGTTGTAGTACCCGAATGGCGAACCTCCACACGA

a  * G N F V T T S W A Y R L E V C
b K A T L L Q H H G L T A W R C A
c  R Q L C Y N I M G L P L G G V

Figure.4.4. Sequence Analysis of bvl.
Automated sequencing was performing as described in 
Materials and Methods (Section 2.2.16). The sequence was 
translated in all six reading frames using the map program in 
GCG 7; only the 3 fomard frames are shown. The probable 
reading frame (b) is shown in bold (96 amino acids); this was 
the only reading frame with no stop or nonsense codons. 
However, none of the six reading frames contains the expected 
PGKEGxxxxH (forward) or GVLFxxE (reverse) protein 
sequence (See Figs. 1,2 and 4.1),



R e f e r e n c e :  A l C s c h u l ,  S t e p h e n  F . , W a r r e n  G i s h ,  Webb M i l l e r ,  E u g e n e  W. M y e r s ,
a n d  D a v i d  J .  L ip m a n  ( 1 9 9 0 ) .  B a s i c  l o c a l  a l i g n m e n t  s e a r c h  t o o l .  J .  M o l .  B i o l .  
2 1 5 : 4 0 3 - 1 0 .

Q u e r y = / p e o p l e / p d o m i n y / G e n e s / C h l o r i d e / s b _ . f r a g s / s b l _ t 7 . p e p  
(574  l e t t e r s )

D a t a b a s e  : t r e m b l
2 9 3 , 4 3 3  s e q u e n c e s ;  8 2 , 0 0 3 , 9Î t o t a l  l e t t e r s ,

S e q u e n c e s  p r o d u c i n g  H i g h - s c o r i n g  S e g m e n t  P a i r s :

T R :G 1 S 7 3 6 0 4
T R -.E293135
T R :E 2 9 3 1 3 5
T R :E 2 9 3 1 3 5

! U 3 2 7 4 3 _ 7  FUCULOSE-l-PHOSPHATE ALDOLASE (FU CA ).
Z 8 4 3 9 5 _ 4 6  HYPOTHETICAL 1 3 . 1  KD PROTEIN (F R A G . . .
Z843 9 5_4  6 HYPOTHETICAL 1 3 . 1  KD PROTEIN (F R A G . . .
Z 8 4 3 9 5 _ 4 6  HYPOTHETICAL 1 3 . 1  KD PROTEIN (F R A G . . .

S m a l l e s t
Sum

H ig h P r o b a b i l i t y
S c o r e P(N) N

307 3 . 8 e - 3 B  1
114 3 . 9 e ~ 0 8  1
114 3 . 9 e - 0 8  1
114 3 - 9 e - 0 8  1

> T R :G 1 5 7 3 6 0 4  U 3 2 7 4 3 _ 7  FUCULOSE.-l-PHOSPHATE ALDOLASE (FUCA) .
L e n g t h  -  216

S c o r e  -  307 ( 1 5 2 . 6  b i t s ) .  E x p e c t  = 3 . 8 e - 3 8 ,  P = 3 . 8 e - 3 8  
I d e n t i t i e s  = 5 1 / 8 8  (5 7 % ) ,  P o s i t i v e s  = 6 8 / 8 8  (77%)

Q u e r y ,  99 PPSGWRFHMAAYQSRPDANAWHNHAVHCTAVSILNRSIPAIHYMIAAAGGNSIPCAPYA 158 
P S W+FH++ Y +RP+ANAWHNH + + HC + S IL  + IPAIHYM+A +G + I  PC PYA 

S b j c t :  70 PSSEWQFHLSVYHTRPEANAWHNHSIHCAGLSILEKPIPAIEIYMVAVSGTDHIPCVPYA 129

Q u e r y :  159 TFGTRELSEHVALALKNRKATLLQHHGL 186
TFG+ +L+ +VA +K KA LL HHGL 

S b j c t :  130 TFGSHKLASYVATGIKESKAILLAHHGL 157

Figure 4.5 Blast Output of a bvl Search in the TREMBL Data Base.
The frame b translation of the sugar beet sequence bvl (see Fig. 4.4) was 
used to inteiTogate the TREMBL data base for homology using BLAST 
from GCG 7. Only one sequence, U32743 from . E.coli, showed any 
strong homology.
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V f V f
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1 2 3 4 5 6 7 8 9 10 11 12

—  23 kb

—  9.4 kb

6.5 kb

—  4.3 kb

2.3 kb 
2.0 kb
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Figure 4.6. Genomic Southern Analysis of Plant Genomic 
DNA Using bv2 as Probe.

Genomic DNA was isolated from B, vulgaris (SB), H. vulgare 
(BA), Saccharomyces cerevisiae (Sc.) and E. coli (E). Ten pg of 
plant genomic DNA, 100 ng of Saccharomyces cerevisiae and 50 
ng of E. Coli genomic DNA were each digested individually with 
the restriction enzymes Hindlll, BamHl and EcoRl. The digested 
samples were electrophoresed in a 1 % (w/v) agarose gel and 
blotted onto nylon membrane. The blot was hybridized with 
labelled bv2 probe, washed at low stringency (1 X SSC at 50°C) and 
autoradiographed for 3 days at -80°C.
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high stringency (0.1 X SSC at 65°C) removed all of the hybridizing bands (data not 

presented).

Northern blot analysis was carried out to detennine whether bv2 sequences are 

expressed in plants. Total RNA was prepared from roots and leaves of sugar beet and 

baiiey plants grown hydroponically in 300 and 150 mM NaCl respectively, and from 

control plants grown without NaCl additions (Section 2.2.2.2). Total RNA was 

prepai’ed from each treatment, and electrophoresed in a 1.3 % (w/v) agarose / 

formaldehyde gel (Section 2.2.8.3), and blotted onto nylon membrane (Section

2.2.10.2). The blot was then hybridized with bv2 as probe (2.2.12.2) washed at low 

stringency (1 X SSC at 55'^C, see Section 2.2.12.3) and then autoradiographed at - 80°C 

for 4 days. No hybridization of bv2 to any sample was observed (data not presented).

The cloned bv2 fragment was sequenced (Section 2.2.16), and the probable protein 

translation (frame b) information used to search the TREMBL and protein database, 

using the BLAST routine from GCG 7 (Fig. 4.8; See Section 2.2.17). The BLAST 

seai'ch failed to identify any sequences of strong homology. Again, consideration of 

Fig. 4.7 reveals that neither of the clc conserved protein motifs was present at the ends 

of the bv2 fragment (GKEGPxxH or GVLFxxE) although some homology to the 

primers could be observed.

4.I.I.2. Hordeum vulgare.

Figure 4.2B presents the fluorescent gel of the PCR products amplified from the H. 

vulgare cDNA library using the degenerate forward (FI) and reverse (Rl) primers 

shown in Fig. 4.1. After optimisation of conditions, one PCR fragment within the 

expected size range, hvl (300 bp), was observed (Fig. 4.2A, lanes 1 and 2). This 

fragment was cut from the gel, purified (Section 2.2.9), cloned into PCR-Script™ 

cloning vector (Section 2.2.15.5), and then transformed into E. coli XL-1 Blue 

supercompetent cells (Section 2.2.3.2.1).

Genomic Southern blot was performed on digested genomic DNA using hvl as probe to 

establish that hvl represents an authentic barley sequence. Genomic DNA isolated 

from Beta vulgaris, E. coli and S. cerevisiae were ran as controls. Appropriate amounts

8 2



5 ' ( + )  CACCTCCAAGCGGACCGAATGCTCAGTCGCGTGCATGACACACCTCCTGTGTGGCGGTTT
1 --------------- —I--------------------- 1--------------------- 1---------------------1---------   1---------------------1- 60

( - )  GTGGAGGTTCGCCTGGCTTACGAGTCAGCGCACGTACTGTGTGGAGGACACACCGCCAAA

a  H L Q A D R M L S R V H D T P P V W R F
b T S K R T E C S V A C M T H L L C G G F -
c  P P S G P N A Q S R A * H T 3 C V A V F -

TTACACTAGGAGTTGTGAGAATAGTCTGACTCCCATGCCTTGCACGAGAGTCGGCAGACC

AATGTGATCCTCAACACTCTTATCAGACTGAGGGTACGGAACGTGCTCTCAGCCGTCTGG

a  L H * E L * E * S D S H A L H E S R Q T
b Y T R S C E N S L T P M P C T R V G R P -
c  T L G V V R I V * L P C L A R E S A D R ~

GTTGATCAATCCCGCTGAGAACGGCCCCCACAAGGGTTTCCAGCAAACGCTAGATATCCA
1 2 1 --------------------+ ------------------- + -------------------- + ----------------+ --------------------- +  + 1 8 0

CAACTAGTTAGGGCGACTCTTGCCGGGGGTGTTCCCAAAGGTCGTTTGCGATCTATAGGT

a  V D Q S R ^ E R P P Q G F P A N A R Y P
b l a ï N P A E N G P H K G F Q Q T L D I Q -
c  * S I P L R T A P T R V S S K R * I S S -

GCATGGCCAGCACTTCCTTGGGGTAACGCAGGCCTGCGGTTGCATCGGCAGGGAAGATTG
1 8 1 ----------------------1--------------------- 1---------------------- f----------------1------------------------ H h 2 4 0

CGTACCGGTCGTGAAGGAACCCCATTGCGTCCGGACGCCAACGTAGCCGTCCCTTCTAAC

a  A W P A L P W G N A G L R L H R Q G R L
b H G Q H F L G V T Q A C G C I G R E D C -
c  M A S T S L G * R R P A V A S A G K I A -

CATCCAGCGCAGCCAGTTTGTTAGCGGTGAGAGAAATTGAA 3 '
241  + ------------ + ------------ + ----------+- 281

GTAGGTCGCGTCGGTCAAACAATCGCCACTCTCTTTAACTT

a  H P A Q P V C * R * E K L
b I Q R S Q F V S G E R N *
c  S S A A S L L A V R E I E

Figure.4.7. Sequence Analysis of bv2.
Automated sequencing was performing as described in Materials 
and Methods (Section 2.2.16). The sequence was translated in 
all six reading frames using the map program in GCG 7; only the 
3 foiward frames are shown. The probable reading fr ame (b) is 
shown in bold (92 amino acids); this was the only reading frame 
with no stop or nonsense codons. However, none of the six 
reading frames contains the expected PGKEGxxxxH (forward) 
or GVLFxxE (reverse) protem sequence (See Figs. 1.2 and 4.1).



R e f e r e n c e ;  G i s h ,  W a r r e n  ( 1 9 9 4 - 1 9 9 7 ) .  u n p u b l i s h e d .
A l t s c h u l ,  S t e p h e n  F . ,  W a r r e n  G i s h ,  Webb M i l l e r ,  E u g e n e  W. M y e r s ,  a n d  D a v i d  J .  
L ip m a n  ( 1 9 9 0 ) .  B a s i c  l o c a l  a l i g n m e n t  s e a r c h  t o o l .  J .  M o l .  B i o l .  2 1 5 : 4 0 3 - 1 0 .

Q u e r y =  bv2 o r  SB2 s e q u e n c e  
, 92 l e a s e s ,  C1A956EA c h e c l i s u m .

(92 l e t t e r s )

D a t a b a s e :  s w a l l
2 8 3 , 0 5 2  s e q u e n c e s ;  8 9 , 3 8 1 , 3 1 5  t o t a l  l e t t e r s .

S e a r c h i n g . . . . 1 0 .  . . . 2 0 . . . . 3 0 .  . . . 4 0 .  . . . 5 0 .  . . . 6 0 .  . . . 7 0 .  . . . 8 0

S e q u e n c e s  p r o d u c i n g  H i g h - s c o r i n g  S e g m e n t  P a i r s :

SWALL:0 3 0 8 0 0  O30B00 PM I-LIK E  GENE PRODUCT.
SWALL:G1245813 G 1 2 4 5 8 1 3  CE75=E75A ECDYSTEROID RECEPTOR HO.
SWALL:0 3 6 4 0 3  0 3 6 4 0 3  O R F 5 3 . 1 1 / 9 8
SWALL:Q51195 Q 5 1195  CLASS 1 OUTER MEMBRANE PROTEIN V A R I.
SWALL:Q51216 Q 51216  CLASS 1 OUTER MEMBRANE PROTEIN VARI.

9 0 .  . . . 100% d o n e

S m a l l e s t
Sum

H ig h P r o b a b i l i t y
S c o r e P(N) N

71 0 . 1 7 1
51 0 . 8 9 1
58 0 .  98 1
48 0 .  990 1
48 0 . 9 9 0 1

>SWALL:0 3 0 8 0 0  0 3 0 8 0 0  PM I-L IK E  GENE PRODUCT. 
L e n g t h  = 4 69

S c o r e  = 71 ( 2 5 . 0  b i t s ) .  E x p e c t  = 0 . 1 )  
I d e n t i t i e s  -  2 3 / 5 0  (4 6 % ) ,  P o s i t i v e s  =

P = 0 . 1 7  
2 7 / 5 0  (54%)

Q u e r y :  16 LLCGGFYTRSCENSLTPMPCTRVGRPLINPAENGPHKGFQQTL-DIQGHHF 65
+LCGG TR S T +P V PL+ GPH FQQTL +QG F

S b j c t :  9 ILCGGSGTRLWPTSRTSLPKQFV--PLL GPHSTFQQTLLRLQGPLF 52

>SWALL:G1245813 G 1 2 4 5 8 1 3  CE75=E75A ECDYSTEROID RECEPTOR HOMOLOG. 3 / 9 0  
L e n g t h  = 67

S c o r e  = 51 ( 1 8 . 0  b i t s ) .  E x p e c t  = 2 . 2 ,  P = 0 . 8 9  
I d e n t i t i e s  == 8 / 2 0  (4 0 % ) ,  P o s i t i v e s  = 1 2 / 2 0  (60%)

Q u e r y :  18  CGGFYTRSCENSLTPMPCTR 37
C GF+ RS + + PCT+

S b j c t :  21 CKGFFRRSIQQKIQYRPCTK 40

>SWALL:O36403 0 3 6 4 0 3  O R F 5 3 .
L e n g t h  = 103

S c o r e  :: 58 ( 2 0 . 4  b i t s ) ,  E x p e c t  -  3 . 8 ,  P = 0 . 9 8  
I d e n t i t i e s  = 1 6 / 4 3  (3 7 % ) ,  P o s i t i v e s  = 2 1 / 4 3  (48%)

Q u e r y :  12 CMTHLLCGGFYTRSCENSLTPMPCTRVGRPLINPAEN-GPHKGF 54
C+ LL Y SC + + S TP T P++N N P GF 

S b j c t :  9 CLWVLLIWYSYITSCDSSSTPRAVTH-------PVLNATSNFNPTAGP 49

Figure 4.8 Blast Output of a bv2 Search in the TREMBL Data Base.
The frame b translation of the sugar beet sequence bv2 (see Fig. 4.7) was 
used to interrogate the TREMBL data base for homology using BLAST from 
GCG 7. No sequences of any significant homology were identified.
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Figure 4.9. Genomic Southern Analysis of Plant Genomic 
DNA using hvl as Probe.

Genomic DNA was isolated from B. vulgaris (SB), H. vulgare 
(BA), Saccharomyces cerevisiae (Sc.) and E. coli (E). Lanes 1-3, 
6-8, and 11-13 each contains 10 pg of plant genomic DNA, lanes 4, 
9, and 14 each contains 100 ng of E. coli genomic DNA and lanes 
5 and 10 each contains 10 ng of E. coli genomic DNA. Each 
DNA sample was digested individually with restriction enzymes 
Hindlll, BamHl and EcoRl. The digested samples were 
electrophoresed in a 1 % (w/v) agarose gel and blotted onto nylon 
membrane. The blot was hybridized with labelled hvl probe (a 
PCR amplified fragment from H. vulgare cDNA library), washed 
at low stringency ( I X  SSC at 50”C) and autoradiographed for 3 
days at -80°C.
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of DNA from each organism was digested with EcoRl, BamHl and Hindlll (Section

2,2.8) and electrophoresed in 1 % (w/v) agarose gel (Section 2.2.12). The resolved 

fragments were then blotted onto nylon membrane (2.2.10,1) and hybridized with hvl 

(Section 2.2.12.1) the membrane washed at low stringency ( IX  SSC at 50°C), and then 

autoradiographed for 3 days at -80°C. Figure 4.9 presents the resulting autoradiogram 

and shows a strong hybridizing band in E. coli (lanes 2 and 10). The genome of S. 

cerevisiae also appeal's to have sequences with weak homology to the hvl probe (lanes 

1, 5 and 9). Several hybridizing bands were found in H. vulgare genomic DNA 

digested with the three enzymes (lane 4 ~ 14 kb and ~ 2.3 kb, lane 8, -1.3 kb ~ 1.6 kb 

and -  4 kb and lane 12 -  3 kb and 5 kb). Sugar beet also appeal's to have some 

homology to hvl (lane 3 -  4 kb, lane 7, -  4.5 kb and -  4.2 kb and lane 1 1 - 5  kb). The 

results from the Southern blot suggest that B. vulgaris and H. vulgare have some 

sequence homology to hvl, but when this blot was washed at high stringency (0.1 X 

SSC at 65°C) all hybridizing bands disappeai'ed (data not presented).

To establish whether or not the hvl fragment is part of an expressed barley gene, 

northern blot analysis was carried out on total RNA prepared from the roots and leaves 

of Hordeum vulgare (barley) plants grown hydroponically in 150 mM NaCl; in 

addition, total RNA from sugar beet plants grown in 300 mM NaCl was included, as 

were samples prepared from low-salt grown controls of both plants, and also from E. 

coli (Section 2.2.2.2). Samples of total RNA were electrophoresed in a 1.3 % (w/v) 

agarose denaturing gel (Section 2.2.8.3), blotted onto nylon membrane (Section

2.2.10.2), hybridized overnight with hvl as probe, and washed at low stringency ( I X  

SSC at 55°C). No hybridizing bands were observed in any of the samples (data not 

presented).

The cloned fragment hvl was sequenced (Fig. 4.10; Section 2.2.16) and the probable 

translated protein sequence (frame f) used to search the databases using the BLAST 

routine from GCG 7 (Section 2.2.17). Neither of the expected primer amino acid 

sequences were observed at the end of the fragment (GKEGPxxH or GVLFxxE, see Fig 

1.2 and 4.1) although nucleic acid homology to the reverse primer was found at both 

ends. The corresponding BLAST search of the protein database suggested that hvl is 

identical to an E, coli hypothetical protein (Fig. 4.11).
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5 '  ( + ) AAGAGCAcTCCTCCAAGCGGCAGcGTctAGAcGGGTTTcACCCACCGCCtGATTATcGTA
1  +  +  +  +  +  + 60

( - )  TTCTCGTgAGGAGGTTCGCCGTCgCAgaTCTgCCCAAAgTGGGTGGCGGaCTAATAgCAT

S C E E L R C R R S P N * G G G S * R
L V G G I i P L T * V P K V W R R I I T

L A S R W A A A D L R T E G V A Q N D Y

TcCATATCCCGTTGCCGCCCAGcTAAGcGTAcTcAATGAGCCGGaGGTcGAGGCACCTGC

AgGTATAGGGCAACGGCGGGTCgATTCgCATgAgTTACTCGGCCtCCAgCTCCGTGGACG

I W I G N G G L * A Y E I L R L D L C R
D M D R Q R G A L R V * H A P P R P V Q -

G Y G T A A W S L T S L S G S T S A G A -

TAGCCAAcTcTcTTTAGcTGGTcGcGTcTTTTTCCCGTTTTCCGACCAGCGATCCATATG
1 2 1  +  +  +  +■ +  + 180

ATCGGTTgAgAgAAATCgACCAgCgCAgAAAAAGGGCAAAAGGCTGGTCGCTAGGTATAC

S A L E R * S T A D K E R K G V L S G Y  
* G V R K L Q D R R K G T K R G A I W I -  

L W S E K A P R T K K G N E  S W R D M H -

AAAGcTACCGCCCCATACCTGCCAcGCCAGTGGTGCACCGAcGCCGCGCCCCCGGcTAAA

TTTCgATGGCGGGGTATGGACGGTgCGGTCACCACGTGGCTgCGGCGCGGGGGCCgATTT

S L * R G M G A V G T T C R R R A G P *  
F A V A G Y R G R W H H V S A A G G A L -  

F S  G G W V Q W A L P A G V G R G R S  F -

cAGcTTATTGACCCGCTTGGAGGAGT

gTCgAATAACTGGGCGAACCTCCTCA

V A * Q G A Q L L -  
C S I S G S P P T -  

L K N V R K S  S

Figure.4.10. Sequence Analysis of hvl.
Automated sequencing was performing as described m 
Materials and Methods (Section 2.2.16). The nucleic acid 
sequence was translated in all six reading frames using the 
map program from GCG 7. The probable reading frame (f) is 
shown in bold (88 amino acids); as this was the only reading 
frame without stop or nonsense codons. However, neither of 
the expected primer amino acid sequences were observed 
(See Figs. 1.2 and 4.1).

'
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R e f e r e n c e :  G i s h ,  W a r r e n  ( 1 9 9 4 - 1 9 9 7 )  . u n p u b l i s h e d .
A l t s c h u l ,  S t e p h e n  F . ,  W a r r e n  G i s h ,  Webb M i l l e r ,  E u g e n e  W. M y e r s ,  a n d  D a v i d  J .  
L ip m a n  ( 1 9 9 0 ) .  B a s i c  l o c a l  a l i g n m e n t  s e a r c h  C o o l .  J .  M o l .  B i o l .  2 1 5 : 4 0 3 - 1 0 .

Q u e r y =  HVl f r a m e  f  
, 89 b a s e s ,  68860FCC c h e c J t s u m .

(89 l e t t e r s )

D a t a b a s e :  s w a l l
2 8 3 , 0 5 2  s e q u e n c e s ;  8 9 , 3 8 1 , 3 1 5  t o t a l  l e t t e r s .

S e a r c h i n g . . . . 1 0 . . . . 2 0 . . . . 3 0 . . . . 4 0 . . . . 5 0 . . . . 6 0 . . . . 7 0 . . . . 8 0

S e q u e n c e s  p r o d u c i n g  H i g h - s c o r i n g  S e g m e n t  P a i r s ;

SWALL:YAGX_ECOLI P 7 7 8 0 2  HYPOTHETICAL 9 1 . 2  KD PROTEIN IN I . . .
SWALL:0 0 6 2 0 6  0 0 6 2 0 6  HYPOTHETICAL 5 9 . 7  KD PROTEIN. 1 1 / 9 8
SWALL:0 0 6 3 0 4  0 0 6 3 0 4  SIMILARTO G P 1A L 0 0 9 1 9 8 1MTV004_5 M Y . . .
SWALL:0 1 5 1 9 7  0 1 5 1 9 7  EPH-FAMILY PROTEIN. 1 1 / 9 8
SWALL:Q14526 Q 1 4526  H IC -1  GENE FRAGMENT. 1 1 / 9 8

9 0 ------ 100% d o n e

S m a l l e s t
Sum

H i g h P r o b a b i l i t y
S c o r e P(N) N

405 6 . O e -3 7 1
85 0 . 0 0 7 7 1
74 0 . 5 4 1
68 0 . 6 2 1
65 0 . 6 3 1

>SWALL:YAGX_ECOLI P 7 7 8 0 2  HYPOTHETICAL 9 1 . 2  KD PROTEIN IN INTF-EAEH INTERGENIC 
REGION PRECURSOR. 1 1 / 9 7  
L e n g t h  = 841

S c o r e  = 405 ( 1 4 2 . 6  b i t s ) ,  E x p e c t  ^ 6 . O e - 3 7 ,  P = 6 . O e -3 7  
I d e n t i t i e s  = 7 6 / 7 9  (9 6 % ) ,  P o s i t i v e s  = 7 8 / 7 9  (98%)

Q u e r y

S b j c t

Q u e r y

S b j c t

2 SKRVNKLFSRGRGVGAPLAAWQVWGGSFHMDRWSENGKKTRPAKESWLAGASTSGSLSTL 61 
++RVNKLFSRGRGVGAPLA WQVWGGSFHMDRWSENGKKTRPAKESWLAGASTSGSLSTL 

345 TQRVNKLFSRGRGVGAPLA-WQVWGGSFHMDRWSENGKKTRPAKESWLAGASTSGSLSTL 403

62 SWAATGYGYDNQAVGETRL 80 
SWAATGYGYDNQAVGETRL 

404 SWAATGYGYDNQAVGETRL 422

>SWALL:006206 0 0 6 2 0 6  HYPOTHETICAL 5 9 . 7  KD PROTEIN. 1 1 / 9 8  
L e n g t h  = 58 0

S c o r e  = 85 ( 2 9 . 9  b i t s ) , E x p e c t  = 0 . 0 0 7 7 ,  P = 0 . 0 0 7 7  
I d e n t i t i e s  = 2 8 / 8 8  (3 1 % ) ,  P o s i t i v e s  = 4 0 / 8 8  (45%)

Q u e r y

S b j c t

Q u e r y

s b j c t

7 KLFSRGRGVGAPLAAWQVWGG SFHMDRWSENGKKTRPAKESWLAGAS TSGSLST SO
+ +F+ G G+G LAA W G H S T A  ++W AS T +

14 RIFA-GAGLGPMLAAASAWDGLAEELHAAAGSFASVTTGLAGDAWHGPASLAMTRAASPY 72

61 LSWAATGYGYDNQAVGETRLDAAAWRSAL 89 
+ W T G QA G+ RL A+A+ + L 

73 VGWLNTAAGQAAQAAGQARLAASAFEATL 101

:

Figure 4.11 Blast Output of a hvl Search in the TREMBL Data Base.
The frame f translation of the sugar beet sequence hvl (see Fig. 4.10) was 
used to interrogate the TREMBL data base for homology using BLAST from 
GCG 7. The high ‘High Score’ value of 405 to an E. coli sequence suggests 
that hvl is probably a bacterial gene cloned from E. coli genomic template 
which contaminated the barley cDNA librai'y.

I



CHAPTER 4 PCR CLONING

4.1.2. PCR Cloning Using Genomic DNA as Template.

In view of the difficulties encountered when attempting to amplify clc sequences from 

plant cDNA libraries, it was decided to repeat the experiments using genomic DNA as 

template.

4.1.2.1 Beta vulgaris.

The degenerate forward (FI) and reverse (Rl) primers shown in Fig. 4.1 were used with 

genomic DNA from B. vulgaris (red beet) cell suspension cultures and after 

optimization, the resulting PCR products were resolved by agarose gel electrophoresis 

(Fig. 4.12). Two products were observed, bv3 (250 bp) and bv4 (300 bp); see Fig. 4.12. 

Both the bv3 and bv4 fragments were cloned into the PCR-Script''''^ cloning vector 

(Section 2.2.15.5), and then transformed into E. coli XL-1 Blue supercompetent cells 

(Section 2.2.3.2.1).

4.1.2.1.x. Analysis of bv3.

To confirm that bv3 represents an authentic Beta vulgaris genomic DNA sequence, 

genomic Southern blot experiments were performed using bv3 as probe. Figure 4.13 

presents the autoradiogram from appropriate amounts of genomic DNA (sugar beet, red 

beet, barley and E.coli) digested with EcoRl, BamHl and HindUJ (Section 2.2.8) and 

electrophoresed on a 1 % (w/v) agai'ose gel (Section 2.2.1.2). The gel was blotted onto 

nylon membrane (2.2.10.1) and hybridized with bv3 as probe. The membrane was 

washed at moderate stringency (0.5 X SSC at 65‘"C) and autoradiographed for 3 days at 

-80°C. Several hybridization bands are observed. As expected, strong hybridization 

bands were found in B. vulgaris (red beet) genomic DNA digested with BamHl (lane 7 

-  1.5 kb) and EcoRl (lane 12 -  3.5 kb) but only weak hybridization was found in 

Hindlll restriction digest of B. vulgaris (red beet) genomic DNA (lane 2 - 2  kb). There 

is also evidence that homologues to bv3 are found in the sugar beet genome (lane 6 -  

1.5 kb; lane 11 -  3.2 kb; again, only weak homology to bv3 was found in the Hindlll 

genomic DNA digest, lane 1 - 2  kb). These results are not unexpected, as red beet and

8 4



300 pb —^  
250 pb

Figure 4.12. Fluorescent Gel of R. vulgaris FCR
Amplified Fragments bv3 (250 bp) and bv4 
(300 bp).

Two degenerate primers FI and Rl were used with Pfu DNA 
polymerase in the PCR reactions to amplify fragments from 
genomic DNA isolated from a B. vulgaris (red beet) cell 
suspension culture. The PCR reaction proceeded through 35 
cycles (dénaturation at 94°C for 1 min, annealing at 50°C for 1 
min, and extension at 72°C for 2 min). PCR products were then 
resolved in a 2 % (w/v) agarose gel, stained with ethidium 
bromide and visualized under UV light. The PCR reactions 
produced two fragments {bvS) and {bv4) with sizes of 250 and 
300 bp (lanes 1 and 2) respectively. Lanes 3 and 4 represent the 
molecular weight markers X Hindlll and 1 kb ladder 
respectively.



Hindlll BamHl EcoRl

f  i  i   ̂f  ï
SB RB BA E E SB RB BA E E SB RB BA E

1 2 3 4 5 6 7 8 9 10 11 12 13 14

  23 kb

9.4 kb
6.5 kb

4.3 kb

2.3 kb 
2.0 kb

  0.5 kb

Figure 4.13. Genomic Southern Analysis of Plant Genomic DNA 
Using hv3 as Probe.

Genomic DNA was isolated from B. vulgaris (sugar beet, SB), 
B. vulgaris (red beet, RB) cell suspension culture, H. vulgare 
(barley, BA) and E. coli (E). Lanes 1-3, 6-8, and 11-13 each 
contains 10 pg of plant genomic DNA, lanes 4, 9, and 14 each 
contains 100 ng of E. coli genomic DNA and lanes 5 and 10 
each contains 10 ng of E. coli genomic DNA. Each DNA 
sample was digested individually using Hindlll, BamHl and 
EcoRl. The DNA samples were electrophoresed in a 1 % (w/v) 
agarose gel and blotted onto nylon membrane. The blot was 
probed with labelled bv3 (250 bp), a PCR fragment of genomic 
DNA isolated from B. vulgaris (red beet) suspension culture, 
washed at moderate stringency (0.5 X SSC at 65“C) and 
autoradiographed at - 80°C for 3 days.



4.1.2.1.2, Analysis of bv4.

CHAPTER 4 PCR CLONING

'Î
sugar beet are both varieties of the species Beta vulgaris. Finally, the genome of E. coli 

also appears to have strong sequence homology to bv3 (lane 9, 10 ~3 kb; and lane 14 ~4 

kb).

INorthern blot analysis was then earned out to confirm whether or not bv3 sequences are 

expressed in B. vulgaris. Total RNA and poly (A)  ̂ mRNA was isolated from the 

following high-salt treated samples: sugai* beet leaves and roots grown in 300 mM 

NaCl: red beet cell suspension cultures grown in 200 mM NaCl: barley leaves and roots 

grown in 150 mM NaCl. Samples of total RNA and poly (A)^ mRNA were 

electrophoresed in a 1.3 % (w/v) agai'ose/formaldehyde gel and the resolved RNA 

fragments blotted onto nylon membrane. The blot was hybridized with bv3 as probe, 

washed at low stringency ( I X  SSC at 55°C) and autoradiographed for 4 days. No 

evidence was found of bv3 expression in total RNA or poly (A)"" mRNA isolated from 

any of these samples (data not presented).

Figure 4.14 presents the autoradiogram from a genomic Southern analysis of sugar beet, 

red beet, barley and E. coli. The experiment was undertaken to confiim whether or not 

bv4 represented an authentic red beet sequence. Appropriate amounts of genomic DNA 

from each organism was prepared and digested with EcoRl, BamHl or Hindlll (Section

2.2.8) and electrophoresed in a 1 % (w/v) agai'ose gel (Section 2.2.1.2). The resolved 

fragments were then blotted onto nylon membrane (2,2.10.1) and hybridized with bv4 

as probe (Section 2.2.12.1). The membrane was then washed at moderate stringency 

(0.5 X SSC at 65°C) and autoradiographed for 3 days at -80°C. The resulting 

autoradiogram provided no evidence of sequence homology to bv4 in either sugar beet, 

red beet or barley although some homology to sequences in E. coli were apparent (lanes 

4, 8, 9 and 14).

The expression of bv4 was examined by northern blot analysis. Total RNA and poly 

(A)"̂  mRNA was isolated from the following salt-stressed samples: sugar beet leaves 

and roots grown in 300 mM NaCl: red beet cell suspension culture grown in 200 mM 

NaCl: barley leaves and roots grown in 150 mM NaCl. The blot was washed at low

:i|

=1
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HindlII BamHl EcoRl

SB RB BA E E SB RB BA E E SB RB BA E 

1 2 3 4  5 6 7 8  9 10 11 12 13 14

4.3 kb

23 kb

  9.4 kb

6.5 kb

2.3 kb  
2 .0  kb

Figure 4.14. Genomic Southern Analysis of Plant Genomic DNA 
using bv4 as Probe.

Genomic DNA was isolated from B, vulgaris (sugar beet, SB), B. 
vulgaris (RB) cell suspension culture, H. vulgare (BA) and E. coli 
(E). Lanes 1-3, 6-8, and 11-13 each contains 10 pg of plant 
genomic DNA, lanes 4, 9 and 14 each contains 100 ng of E, coli 
genomic DNA and lanes 5 and 10 each contains 10 ng of E. coli 
genomic DNA. Each DNA sample was digested individually with 
Hindlll, BamHl and EcoRl. The DNA samples were 
electrophoresed in a 1 % (w/v) agarose gel and blotted onto nylon 
membrane. The blot was probed with labelled bv4 (300 bp) a PCR 
fragment of genomic DNA isolated from B. vulgaris (red beet) cell 
suspension culture, washed at moderate stringency (0.5 X SSC at 
65”C) and autoradiographed at - 80°C for 3 days.
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CHAPTER 4 PCR CLONING

Stringency ( IX  SSC at 55°C). No evidence for the expression of hv4 was found in any 

of the samples (data not presented).

■ É '

i

4,2. RT-PCR Cloning Approach.
.

The failure to amplify any authentic plant clc homologues using cDNA libraries or 

genomic DNA as template was disappointing and so it was decided to try a RT~PCR 

approach. RT-PCR was performed on the following tissues: leaves of 300 mM NaCl- 

grown sterile sugar beet plants, roots of 300 mM NaCl-grown sterile sugar beet plants, 

leaves of 150 mM NaCl-grown sterile barley plants, roots of 150 mM NaCl-grown 

sterile barley plants and cells from a sterile red beet suspension culture containing 200 

mM NaCl. Both oligo dT and random primer first strand cDNA synthesis methods 

were used on each of the above preparations. After first strand synthesis, both F l/R l 

and F2/R1 primer pairs were used on each of the cDNA samples (i.e. 20 experiments).

4.2.1 RT-PCR using Oligo dX Primer First Strand Synthesis.

I-%

Several bands were generated from the different preparations. However, the F l/R l
‘ j

primer pair failed to generate any fragments of the expected size (150-300 bp) although

some laiger products were observed. In contrast, after optimization, the F2/R1 primer 

pair (see Fig. 4.1) resulted in the amplification of a single PCR fragment from leaf 

tissues with a size of approximately 600 bp (Fig. 4.15, lanes 1 and 2), exactly as 

predicted from the consensus of aligned CLC sequences (Fig. 1.2). No PCR fragments 

were produced from the F2/R1 PCR reactions using root RNA as template (Fig. 4.15, 

lanes 4 and 5) or from red beet or bailey prepai'ations. However, when the F2 primer 

was used on its own with sugar beet leaf poly (A)  ̂ raRNA as template, an unexpected 

600 bp fragment was amplified (lane 3). This suggests that the F2 consensus sequence 

on the sense strand has homologous sequences on the nonsense strand 600 bases 

downstream.

8 6



Figure 4.15. Agarose Gel of RT-PCR Amplified Fragment 
from Sugar Beet using clc Degenerate Primers.

RT-PCR was performed on the first strand cDNA prepared 
from high-salt-grown sugar beet plants. Poly (A)+ mRNA 
was prepared from leaf and root tissues. The first strand 
cDNA was then prepared using MMLV reverse transcriptase 
and oligo (dT) primer. The resulting cDNAs of sugar beet 
were amplified through 35 thermal cycles using F2, Rl, and 
taq DNA polymerase with the corresponding buffers. The 
PCR products were analysed in a 1 % (w/v) agarose gel and 
stained with ethidium bromide. The gel contains the PCR 
products amplified from leaf tissue (lanes 1 and 2) and from 
root tissue (lanes 5 and 6). Lane 3 contains the PCR product 
when the F2 primer only was used with leaf and root cDNA 
as template. Molecular weight markers (A, Hindlll and 1 kb 
ladder) are in lanes 7 and 8 respectively.
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sDespite this concern, the resultant 600 bp fragment (bv600) was cloned into PCR- 

Script"^  ̂cloning vector (Section 2.2.15.5), and transformed into the host E, coli strain 

XL-1 blue MRF (Section 2.2.3.2.1) for further analysis.

Genomic Southern blot analysis was performed to confirm whether or not bv600 

represented an authentic B, vulgaris sequence. Figure 4.16 presents the autoradiogram 

from a blot of sugar beet, red beet, barley and E. coli genomic DNA. Appropriate 

amounts of genomic DNA from each organism were digested with either EcoRl, 

BamHl or Hindlll (Section 2.2.8), electrophoresed in a 1 % (w/v) agai’ose gel (Section

2.2.7.2), blotted onto nylon membrane (Section 2.2.10.1) and hybridized with bv600 as 

probe (Section 2.2.12.1). The membrane was washed at moderate stringency (0.5 X 

SSC at 65°C) and exposed to photographic film for 2 days at ~80°C. The experiment 

confirmed that homologues to bv600 are present in both the sugar beet and red beet 

genomes with almost identical patterns observed in corresponding lanes (cf. lanes 1 & 2 

-  3 kb: lanes 6 & 7 ~ 11 kb: lanes 11 & 12 ~ 3 kb and ~ 2 kb). Neither H. vulgare nor 

E. coli appear to have sequences that are homologous to bv600.

The expression of bv600 was analysed by northern hybridization. Figure 4.17(A) 

presents the autoradiogram from a northern blot made from the denaturing agarose gel 

shown in Fig. 4.17B. Total RNA and poly (A)+ mRNA was prepared from leaf and 

root tissues of high-salt-grown (300 mM NaCl) sugar beet plants, and from high-salt 

grown (200 mM NaCl) cell suspension cultures of red beet (Sections 2.2.2.2 and 2.2.2.4

f;

"j:
respectively). Total RNA (10 pg) and poly (A)  ̂mRNA (Ipg) samples were separated 

on 1,3 % agaiose denaturing gel (Section 2.2.8.3) and the resolved fragments (Fig. 4.17
'

B) blotted onto nylon membrane (Section 2.2.10.2). The blot was then hybridized with 

labelled bv600 and washed at low stringency (1 X SSC at 55°C, see Section 2.2.12.3) 

and autoradiographed at -80°C for 5 days. Hybridization to a band of about 1.4 kbp 

was observed in sugai- beet leaf (lane 1) and root (lane 2) total RNA; similarly, a 

hybridizing band of about 1.4 kbp was found in a red beet cell suspension total RNA 

(lane 3). The 16S ribosomal band from plastids also migrates at approximately 1.4 kbp 

on agaiose gels and so poly (A)  ̂mRNA was prepared from each of these samples and 

electrophoresed (Fig. 4.17A & B, lanes 4-6). Hybridizing bands at about 1.4 kbp were 

found from sugar' beet leaf (lane 4) and red beet suspension cells (lane 6). No signal 

was detected in sugar beet roots (lane 5).
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HindlII BamHl EcoRl

SB RB BA E E SB RB BA E E SB RB BA E

1 2 3 4 5 6 7 8 9 10 11 12 13 14

  23 kb

  9.4 kb

6.5 kb

  4.3 kb

  2.3 kb
  2.0 kb

Figure 4.16. Genomic Southern Aanalysis of Plant Genomic 
DNA using bv600 as Probe.

Genomic DNA was isolated from sugar beet (SB), red beet (RB) 
cell suspension culture, barley (BA) and E. co//(E). Lanes 1-3, 
6-8, and 11-13 each contains 10 pg of plant genomic DNA, lanes 
4, 9 and 14 each contains 100 ng of E. coli genomic DNA and 
lanes 5 and 10 each contains 10 ng of E. coli genomic DNA. 
Each DNA sample was digested individually with Hindlll, 
BamHl and EcoRl. The DNA samples were electrophoresed in 
a 1 % (w/v) agarose gel and blotted onto nylon membrane. The 
blot was probed with labelled bv600 a RT-PCR fragment of B. 
vulgaris (sugar beet) leaf tissue, washed at moderate stringency 
(0.5 X SSC at 65°C) and autoradiographed at - 80“C for 2 days.



3 4

1 2 3

B

Figure 4.17. Northern Blot Analysis of bvôOO Expression 
in B. vulgaris.

(A) Ten pg of total RNA (1-3) and 1 pg of poly (A)+ mRNA 
(4-6) were isolated from leaf (lanes 1 and 4 respectively) and 
root (lanes 2 and 5 respectively) tissues of high-salt-grown 
sugar beet and from high-salt- grown red beet cell suspension 
culture (lanes 3 and 6 respectively). The samples were 
electrophoresed in a 1.3 % (w/v) agarose gel containing 
formaldehyde shown in (B), blotted onto a nylon membrane 
and probed with radiolabelled bv600. The membrane was 
washed at low stringency (1 X SSC at 55°C) and 
autoradiographed for 5 days at -80”C.



CHAFIER 4 PCR CLONING

The bv600 fragment was sequenced in both directions and the resulting nucleic acid 

inforaciation analysed by the MAP programme in GCG 7 to determine the correct 

reading frame. Figure 4.18 presents the corresponding MAP output and shows stop or 

nonsense codons present in each of the 3 forwai'd and 3 reverse reading frames. 

Clearly, this should not occur in RT-PCR cloned fragments and so sequencing errors 

were suspected; consideration of the raw sequencing data did not resolve these potential 

errors. However, despite these errors, the nucleic acid sequence data was used to 

inteiTogate the EMBL database using the BLAST routine from GCG 7. Good 

homology (Fig. 4.19 >6 % identity) was found to tomato cDNAs encoding proteases, 

and this implies that the bv600 sequence does not represent a ClC homologue. This 

contention is supported by translation from each of the reading frames containing the 

GKEGPxxH conserved motif (see Fig. 1.2 and 4.18).

4.2.2 RT-PCR using Random Primer First Strand cDNA Synthesis.

For two reasons, the oligo dT primer RT-PCR strategy used in Section 4.2.1, can be 

unsatisfactory and therefore, it was decided to use an alternative random primer 

method. First, the efficiency of first strand cDNA synthesis decreases markedly with 

increasing distance from the 3’ poly (A)"' sequences used in the oligo dT method; the clc 

consensus sequences identified in Section 4.2 (Fig. 4.1) occur at the 5’ end of the clc 

homologues. Second, there is some evidence from heterologous probing experiments 

using the T. marnwrata clc-0 sequence as probe, that plant homologues may not be 

extensively poly-adenylated (Section 3.4.4).

RT-PCR was performed on samples prepared from high-salt grown (200 mM NaCl) red 

beet cell suspension cultures. Total RNA was prepared (Materials and Methods, 

Section 2,2.2.2) and MMLV (Moloney Murine Leukemia Virus) reverse transcriptase 

and random primers (Section 2.2.14) were used to produce first strand cDNA.

Figure 4.20 presents a photograph of a 1% (w/v) agarose gel used to separate the F l/R l 

products of RT-PCR. Two PCR products were resolved with approximate sizes of 190 

and 250 bp, very close to the predicted size from the consensus sequences from aligned 

clc genes (Fig. 1.2),



ATTGAATGTCTAgATTACGAACCAATTGGTCCTGCTTTGAATTTCTACATTTTTAGCACA
1 -------------+ ------------- + ------------+ ------------- + ------------ +  + 60

TAACTTACAGATcTAATGCTTGGTTAACCAGGACGAAACTTAAAGATGTAAAAATCGTGT

a  l E C L D Y E P I G P A L N F Y I F S T
b  L N V * I T N Q L V L L * I S T F L A Q -
c  * M S R L R T N W S C F E F L H F * H R -

1 ------------ + ------------- + ------------+ ------------- + ------------ +  + 60
d  Q I D L N R V L Q D Q K S N R C K * C
e  S H R S * S G I P G A K F K * M K L V -
f  N F T * I V F W N T R S Q I E V N K A C -

ggACCATATCTATATAAAATTCAgATGaACAAATCCAAGCACAAACAAACATACTATGGA
6 1 ----------- + ------------ + -----------+ ------------ +----------- +  + 1 20

CCTGGTATAGATATATTTTAAGTcTACtTGTTTAGGTTCGTGTTTGTTTGTATGATACCT

a  G P Y L Y K I Q M N K S K H K Q T Y Y G
b  D H I Y I K F R * T N P S T N K H T M E -
C T I S I * N S D E Q I Q A Q T N I L W N -

51  ^  ̂^ _ „ _ „  ---------- 1--------------------- -̂-------------------- -i---------------------4- 1 2 0
d  L V M D I Y F E S S C I W A C V F M S H
e  P G Y R Y L I * I F L D L C L C V Y * P -
f  S W I * I F N L H V F G L V F L C V I S -

ATTCAAACTTCACCAGTAGgCAGGCGTGCTCGTCTACACAGTGATAACCTCTGGTAACGT
1 2 1 --------------------------------------  1--------------------- 1---------------------4---------------------4---------------------4* 1 8 0

TAAGTTTGAAGTGGTCATCcGTCCGCACGAGCAGATGTGTCACTATTGGAGACCATTGCA

a  I Q T S P V G R R A R L H S D N L W * R
b  F K L H Q * A G V L V Y T V I T S G N V -
C S N F T S R Q A C S S T Q * * P L V T S -

1 2 1 ------------------- 4--------------------- 4------------------- 4--------------------- + ------------------- 4- 4- 1 8 0
d  F E F K V L L C A H E D V C H Y G R T V
e  I * V E G T P L R A R R C L S L R Q Y R -
f  N L S * W Y A P T S T * V T I V E P L T -

CTCGGGAGGTGCACCACTGCTACCATTGAGGACgATgACATTTCCTTCAgAATCAACATC
1 8 1 --------------------4----------------------4------------------- 4----------------------4-------------------- 4- 4- 2 4 0

GAGCCCTCCACGTGGTGACGATGGTAACTCCTGcTAcTGTAAAGGAAGTcTTAGTTGTAG

a  L G R C T T A T I E D D D I S F R I N I
b  S G G A P L L P L R T M T F P S E S T S -
C R E V H H C Y H * G R - * H F L Q N Q H P -

d  D R S T C W Q * W Q P R H C K R * F * C
e  R P L H V V A V M S S S S M E K L I L M -
f  E P P A G S S G N L V I V N G E S D V D -

CACAATTACTGAGTCGCCCTCTTTGATTTCCCTTGCAAGCATCTTCTCAGCCATGCTGTC

GTGTTAATGACTCAGCGGGAGAAACTAAAGGGAACGTTCGTAGAAGAGTCGGTACGACAG

a  H N Y * V A L F D F P C K H L L S H A V
b  T I T E S P S L I S L A S I F S A M L S -
C Q L L S R P L * F P L Q A S S Q P C C L -

d  G C N S L R G R Q N G K C A D E * G H Q
e  W L * Q T A R K S K G Q L C R R L W A T -
f  V I V S D G E K I E R A L M K E A M S D -

TTCCAgAAGTCTCATAATAGCTCTTCTCAATGGCCTAGCACCATAACTTGGGTTGTAGCC

AAGGTcTTCAGAGTATTATCGAGAAGAGTTACCGGATCGTGGTATTGAACCCAACATCGG

a  F Q K S H N S S S Q W P S T I T W V V A
b  S R S L I I A L L N G L A P * L G L * P -
C P E V S * * L F S M A * H H N L G C S L -

d R G S T E Y Y S K E I A * C W L K P Q L
e  K W F D * L L E E * H G L V M V Q T T A -
f  E L L R M I A R R L P R A G Y S P N Y G -

TTCATCCACCACCCTATCTCTGAACCTCTCTGTTACTTGAAGTTCAATATCCTTGTTCTT

AAGTAGGTGGTGGGATAGAGACTTGGAGAGACAATGAACTTCAAGTTATAGGAACAAGAA

a  F I H H P I S E P L C Y L K F N I L V L
b  S S T T L S L N L S V T * S S I S L F F -
C H P P P Y L * T S L L L E V Q Y P C S S -

d  R * G G G * R Q V E R N S S T * Y G Q E
e  K M W W G I E S G R Q * K F N L I R T R “
f  E D V V R D R F R E T V Q L E I D K N K -

CONTINUED/



CAGCCTCTCAAACAaTTCCTTCAACATAATATCGGCAATTTCCTTGACCTCCAGCTTGGT

GTCGGAGAGTTTGTtAAGGAAGTTGTATTATAGCCGTTAAAGGAACTGGAGGTCGAACCA

Q P L K Q P L Q H N I G N F L D L Q L G  
S L S N N S F N I I S A I S L T S S L V -  

A S Q T I  P S T *  Y R Q F P *  P P A W L -

E A E * V I G E V Y Y R C N G Q G G A Q
* G R L C N R * C L I P L K R S R W S P -

L R E F L E K L M I D A I E K V E L K T -

TAGCTGCCTAAACACAATCATCTCATCTAATCTGTTCAAgAACTCaGGCCTGAAgTaCTG
481  ----------------- + ------------------ + ------------------ + --------------------------------- 4-------------------4- ----------------------------------4- 540

ATCGACGGATTTGTGTTAGTAGAGTAGATTAGACAAGTTcTTGAGtCCGGACTTcAtGAC

* L P K H N H L I * S V Q E L R P E V L  
S C L N T I I S S N L F K N S G L K Y C -  

A A * T Q S S H L I C S R T Q A *  S T A -
481 -+ 540

N A A * V C D D * R I Q E L V * A Q L V
* S G L C L * R M * D T * S S L G S T S

L Q R F V I M E D L R Î S T L F E P R F Y Q

541

541

CTTCAGCTCCTCgGTCACGAAGGTTTTAATTCgGTTGGTAACTGCTGTCCTTtttGTtgT
-+ 500

GAAGTCGAGGAGcCAGTGCTTCCAAAATTAAGcCAACCATTGACGACAGGAAaaaCAacA

L Q L L G H E G F N S V G N C C P F C C
F S S S V T K V L I R L V T A V L F V V

S A P R S R R F * F G W * L L S F L L *
■4- 600

A E A G R D R L N * N P Q Y S S D K K N  
S * S R P * S P K L E T P L Q Q G K Q Q -  

K L E E T V F T K  I  R N T V A T R K T T -

agTCCagCCTTTCTTAT
6 0 1 ------------------- 4"--------------- 617

tCAGGtCGGAAAGAATA

S P A F L
V Q P F L

S S L S Y
6 0 1 ------------------- 4 --------------- 617

Y D L R E * -
L G A K R I  -

T W G K K

Figure 4.18 Sequence Analysis of bv600.
Automated sequencing was performed on the sugar- beet sequence bv 600 
generated using RT-PCR and the F2 / Rl primer pair (see Fig. 4.1). The 
nucleic acid sequence was translated in all 6 reading frames using the 
MAP program from GCG 7. Due to the apperance of stop or nonsense 
codons in all 6 reading frames, it is not possible to determine the 
conesponding protein sequence. However, homology to the F2 (position 
1) and R l (position 617) primers can be seen.



R e f e r e n c e :  G i s h ,  W a r r e n  ( 1 9 9 4 - 1 9 9 7 ) .  u n p u b l i s h e d .
A l t s c h u l ,  S t e p h e n  P . ,  W a r r e n  G i s h ,  Webb M i l l e r ,  E u g e n e  W. M y e r s ,  a n d  D a v i d  J .  
L ip m a n  ( 1 9 9 0 ) .  B a s i c  l o c a l  a l i g n m e n t  s e a r c h  t o o l .  J .  M o l .  B i o l . 2 1 5 : 4 0 3 - 1 0 .

N o t i c e :  t h i s  p r o g r a m  a n d  i t s  d e f a u l t  p a r a m e t e r  s e t t i n g s  a r e  o p t i m i z e d  t o  f i n d
n e a r l y  i d e n t i c a l  s e q u e n c e s  r a p i d l y .  To i d e n t i f y  w e a k  s i m i l a r i t i e s  e n c o d e d  i n  
n u c l e i c  a c i d ,  u s e  BLASTX, TBLASTN o r  TBLASTX.

Q u e r y =  S u g a r  b e e t  f r a g m e n t  -  6 00  b p  
, 617 b a s e s ,  E341EDCB c h e c k s u m .

(617  l e t t e r s )

D a t a b a s e :  e m b l
8 8 4 , 4 1 9  s e q u e n c e s ;  1 , 2 2 4 , 3 4 3 ,  

S e a r c h i n g . . . .  10 . . . .  20  . . . .  30 . . . .  40 . . . .  50.
8 t o t a l  l e t t e r s .
. 6 0 .  . . . 7 0 . . . . 8 0 . . . . 9 0 . . . . 1 0 0 %  d o n e

S m a l l e s t
Sum

S e q u e n c e s  p r o d u c i n g  H i g h - s c o r i n g  S e g m e n t  P a i r s :

EM„PL:LECD4A 
EM_PL: LECD4B 
EM_PL:PSPCLP 
EM„PL:BNCLPA 
EM _PL:A F022909  
EM_HTG:AB017063 
EM_PL:AF053 562 
EM_PL:0SYK4 
EM_BA:SS16134 
EM_BA:SSSLRB 
EM_BA:CJY13333

M32 603 T o m a to  A T P - d e p e n d e n t  p r o t e a s e  ( C D . . 
M32 604 T o m a to  A T P - d e p e n d e n t  p r o t e a s e  ( C D . . 
L 0 9 5 4 7  P i s u m  s a t i v u m  ( c l o n e  pCLp) n u c l e a . . 
X 7 5 3 2 8  B . n a p u s  ( T o p a s )  c l p A  mRNA. 7 / 9 4  
A f 0 2 2 9 0 9  A r a b i d o p s i s  t h a l i a n a  C lp C  mRNA,. .  
A b017  063 A r a b i d o p s i s  t h a l i a n a  g e n o m i c  D N . . 
A f 0 5 3 5 6 2  M e s e m b r y a n th e m u m  c r y s t a l l i n u m  A . . 
D2 9 692  R i c e  mRNA, p a r t i a l  h o m o l o g o u s  t o  . . 
U 16134  S y n e c h o c o c c u s  s p .  C l p  p r o t e a s e  p u . .  
D 6 4 0 0 0  S y n e c h o c y s t i s  s p .  PCC6803 c o m p l e t . .  
Y 13333  C a m p y l o b a c t e r  j e j u n i  c l p B  g e n e .  4 / 9 8

4 / 9 2  
L e n g t h  = 542 9

M in u s  S t r a n d  H SPs:

S c o r e  -  1 456  ( 2 1 8 . 5  b i t s ) ,  E x p e c t  = 6 . 8 e - 5 9 ,  P = 6 . 8 e - 5 9  
I d e n t i t i e s  = 4 0 8 / 5 3 1  ( 7 6 %) ,  P o s i t i v e s  = 4 0 8 / 5 3 1  ( 76%) ,  S t r a n d

H ig h P r o b a b i l i t y
S c o r e P(N) N

1 4 5 6 6 . 8 e - 5 9 1
1362 1 . 3 e - 5 4 1
1 3 2 7 2 . 5 e - 5 3 1
1 3 0 6 1 . 5 e - 5 2 1
128 1 2 . 4 0 - 5 1 1
1 2 9 0 3 . 9 e - 5 1 1
102 3 5 . 7 e - 4 0 1

753 1 . 4 8 - 2 7 1
684 5 . 6 e - 2 4 1
623 5 . 3 e - 2 1 1
372 9 . 4 e - 1 0 1

a e ,  c o m p l e t e  c d s .

M in u s  /  P l u s

Q u e r y : 607

S b j c t : 4 857

Q u e r y  : 547

S b j  c t : 4 9 1 6

Q u e r y ; 488

S b j c t : 4 9 7 5

Q u e r y : 428

S b j c t : 5035

Q u e r y  : 368

S b j c t : 5095

Q u e r y ; 308

S b j c t ; 5 155

CT GA T AC A AAGGA AG AGTTAC AACCG AT AA A CTT GTGAC GAGGA

G TGAA CAGTACTTCAGGCC GAGTT TT AACAGATT GA TGAGATGATTGT TT

G CAGCT AC AAG TGGAGGT AAGGA ATTGCCGATAT ATG T AAGGA T TTTG

GAGG TGAAGAA AAGGA AT GAACT CAAGT ACAGAGAGGTT AGAGATAGGGT G

T GATGAAGG TA AACCCAAG TATGG GCTAG CCATTGAG AGAGCTATTATGAGAC

T CT GA GA AG ATGGC GAGAAGATGCTTGCA G GA ATCAAAGA GG GA TCAG

i

Figure 4,19 Blast Output of a bv600 Search in the EMBL Data Base,
Part of the BLAST output from the bv600 nucleotide sequence interrogation 
on the EMBL data base. Good homology was found at the DNA level (76% 
identity) to tomato CD4A ATP-dependent protease.



250 bp 
190 bp

Figure 4.20. Agarose Gel of RT-PCR Product from 
B. vulgaris Cell Suspension Culture.

Two degenerate primers FI and Rl were used with Taq DNA 
polymerase in the PCR reactions, to amplify sequences from first 
strand cDNA made from total RNA isolated from red beet cell 
suspension culture. The PCR products were separated in a 2 % (w/v) 
agarose gel, stained with ethidium bromide and visualised under UV 
light. The PCR reactions resulted in two fragments which have 
apparent sizes of 190 bp and 250 bp (lane 1), these two fragments are 
referred to as bvl60 and bvl63 respectively. The molecular weight 
marker (1 kb ladder) is in lane 2.
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The two fragments produced from the RT-PCR reaction were separated (Section 

2.2.7.1) and purified from the gel (Section 2.2.9), cloned into PCR-Script™ cloning 

vector (Section 2.2.15.5), and then transformed into E. coli XL-1 Blue supercompetent 

cells (Section 2.2.3.2.1). The two clones were hereafter designated as bvl60 and bvl63.

Genomic Southern blots were peifonned to confinn whether or not sequences 

homologous to bvl60 and bvl63 are found in the B. vulgaris genome. Figure 4.21 

presents the result of a genomic Southern analysis on sugar beet, red beet, barley and E. 

coli. Appropriate amounts of genomic DNA from each organism was digested with 

either EcoRl, BamHl or Hindlll (Section 2.2.8), electrophoresed on a 1 % (w/v) 

agarose gel (Section 2.2.7.2), blotted onto nylon membrane (Section 2.2.10.1) and 

probed with bvl60 as probe. The membrane was subsequently washed at moderate 

stringency (0.1 X SSC at 65°C) and exposed to autoradiographic film overnight at - 

80°C. Several hybridizing bands were observed. Strong hybridization of bvl60 to 

genomic DNA from both sugai' beet and red beet was found regardless of the restriction 

enzyme used (lanes 1 & 2, -1.5 and ~2 kb: lanes 6 & 7, 4 and 10 kb: lanes 11 & 12 -2- 

7 kb fragments). No hybridizing bands were found in the bailey or E. coli genomic 

samples.

In order to confirm that bvl60 sequences are expressed in B. vulgaris, northern blot 

analysis was performed. Total RNA was isolated from a range of high and low-salt 

grown cells and electrophoresed in a 1.3 % (w/v) agai'ose/formaldehyde gel, blotted 

onto a nylon membrane and hybridized with bvl60 as probe. The membrane was then 

washed at high stringency ( I X  SSC at 65°C) and autoradiographed for 3 days. 

Initially, signal strength was poor and so the experiment was repeated, as before except 

that the bvl60 probe was synthesised using asymmetric PCR (primed from the T3 and 

the T7 vector sequences) in an attempt to improve sensitivity (see Section 2.2.11.3.).

Figure 4.22A presents a photograph of the resulting autoradiogram prepai'ed from the 

denaturing agarose gel shown in Fig. 4.22B. The northern blot shows a hybridizing 

band of approximately 1 kb in total RNA prepai*ed from high-salt grown sugar beet and 

barley leaves (lanes 2 & 4 respectively), but not from the corresponding root tissues 

(lanes 3 & 5 respectively), A similar pattern was observed from low-salt grown sugar 

beet and barley leaves (lanes 9 & 11), but not from their roots (lanes 10 & 12). Control

8 9



HindlII BamHl EcoRl

SB RB BA E E SB RB BA E E SB RB BA E

1 2 3 4 5 6 7 8 9 10 11 12 13 14

w *

t.

—  23 kb

—  9.4 kb

—  6.5 kb

—  4.3 kb

2.3 kb 
2.0 kb

Figure 4.21. Southern Blet Analysis of Plant Genomic DNA 
using bvléO as Probe.

Genomic DNA was isolated from sugar beet (SB), red beet cell 
suspension culture (RB), barley (BA) and E. coli (E). Lanes 1- 
3, 6-8, and 11-13 each contains 10 pg of plant genomic DNA, 
lanes 4, 9, and 14 each contains 100 ng of E. coli genomic DNA 
and lanes 5 and 10 each contains 10 ng of E. coli genomic DNA. 
Each DNA sample was digested individually with Hindlll, 
BamHl and EcoRl. The DNA samples were electrophoresed in 
a 1 % (w/v) agarose gel and blotted onto nylon membrane. The 
blot was probed with labelled bvl60 (160 bp), washed at high 
stringency (0.1 X SSC at 65°C) and autoradiographed at -80C 
overnight.



High salt stressed

1 2 3 4 5 6

Low salt stressed

10 11 12

1 2 3 4 5 6 7 8 9 10 11 12

B

Figure 4.22. Northern Blot Analysis of Plant Total RNA 
Hybridized with bvl60.

Total RNA was isolated from the following salt-stressed 
plant tissues: 200 mM NaCl-grown red beet cell suspension 
culture (lane 1); 300 mM NaCl-grown sugar beet leaf (lane 2) 
and root tissues (lane 3): 150 mM NaCl-grown barley leaf 
(lane 4) and root tissues (lane 5) and 300 mM NaCl -grown 
A. halimus cell suspension culture (lane 6). From low salt- 
stressed:(control) N. tabaccum (lane 7), red beet cell 
suspension culture (lane 8), sugar beet leaf (lane 9) and root 
tissues (lane 10), barley leaf (lane 11) and root tissues (lane 
12). The Total RNA samples were electrophoresed in a 1.3 
% (w/v) agarose gel containing formaldehyde shown in (B), 
blotted onto a nylon membrane and hybridized with 
radiolabelled bvl60 (RT-PCR amplified fragment of red 
beet cell suspension culture). The membrane was washed at 
high stringency (0.1 X SSC at 65°C) and autoradiographed 
for 3 days at -80°C.
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(low-salt-grown) N. tabaccum leaf tissue also appeared to contain bvlôO-ïûiQ sequences 

(lane 7), although the halophyte A. halimus does not (lane 6).

The cloned red beet fragments bvl60 and bvl63 were sequenced (Section 2.2.16) and 

found to have actual sizes of 160 and 163 bp respectively. The nucleic acid sequence of 

bvl60 and bvl63 were translated in all 6 reading frames using the MAP program from 

GCG 7 (Figs. 4.23 & 4.24 respectively). The two deduced sequences were found to be 

> 95% identical at the amino acid level. Two possible open reading frames exist for 

bvl60 (Fig. 4.23, frames b & d) as only these contained no stop or nonsense codons; for 

the same reason, frames c and d are the only possible reading frames for bvl63 (Fig. 

4.24). However, in both cases, the reverse strand translation (frame d) gave the 

expected GKEGPxxH peptide motif (see Fig. 1.2), suggesting that this was the correct 

reading frame. None-the-less, both the forwai'd and reverse reading frame translations 

of bvl60 and bvl63 (b & d in Fig. 4.23, and c & d in Fig. 4.24) were used in BLAST 

homology searches. Figure 4.25 presents pait of the BLAST output using bvl60 frame 

b (forward, i.e. KGQWYT etc.,) as the query sequence, and some weak, local 

homology was to mammalian blood proteins; similar results were obtained when the 

bvl63 frame b sequence was used. Figure 4.26 presents part of the BLAST output 

when bvl60 frame d (reverse, i.e. GKEGPMV etc.,} was used as the query sequence. 

Again, some weak localized homology was found to several classes of protein, 

including an Arabidopsis putative reverse transcriptase.

4.3. Discussion.

Essentially, two PCR approaches have been used in this study to identify and clone 

plant clc genes, conventional PCR and RT-PCR. An alignment of 17 clc genes 

identified three regions of conserved protein sequence that were suitable for designing 

PCR primers. Consequently, two forward (FI & F2) and one reverse (Rl) primer were 

synthesized and subsequently used (see Figs. 1.2 & 4.1). Two of these primers, FI and 

R l, ai'e similar (but not identical) to those used by Maurel and co-workers to isolate clc- 

ntl (Lurin, et al, 1996).

9 0



5 ' ( + )  GAAgGGCCAATGGTACACAATGGAAGCCACCAAAATAGAATGGATGATTATGAGCTTCGT
1 — — — — - i— ' " — — h I— ^ ^ ^  H ' 4- 60

( - )  CTTcCCGGTTACCATGTGTTACCTTCGGTGGTTTTATCTTACCTACTAATACTCGAAGCA

a E G P M V H N G S H Q N R M D D Y E L R
b K G Q W Y T M E A T K I E W M I M S P V -
c  R A N G T Q W K P P K * N G * L * A S S -

1--  4---------------------+ -------------------- H--------------------- 1---------------------- -t--------------------- h 60
d F P W H Y V I S A V L I S H I I I L K T -
e  P G I T C L P L W W F L I S S * S S R -
f  L A L P V C H F G G F Y F P H N H A E

CGACTGCGAAAGTGGACTGTGGTTCCAgATAGCTATCTTGTTTGAgATTATGTCTAgTAg
6 1 --------------------------+ ----------------------- + ------------------------- + --------------------------+ ------------------------- ^ --------------------------+ 120

GCTGACGCTTTCACCTGACACCAAGGTcTATCGATAGAACAAACTcTAATACAGATcATc

a  R L R K W T V V P D S Y L V * D Y V * *
b D C E S G L W F Q I A I L F E I M S S R -
C T A K V D C G S R *  L S C L R L C L V E -

6 1  I-------------------------i----------------------------4--------------------------- 1--------------------------- 4-------------------------- 1- 1 2 0

d S Q S L P S H N W I A I K  . N S I I D L L -
e  R S R F H V T T G S L * R T Q S * T * Y -
f  D V A F T S Q P E L Y S D Q K L N H R T

AGGTGTGAAGTGCTGTACCATCGGCCCTTCTTTACCGGG 3 '
1 2 1  --------------1------------+ ------------ + --------------1 5 9

TCCACACTTCACGACATGGTAGCCGGGAAGAAATGGCCC

a R C E V L Y H R P F F T G
b G V K C C T I G P S L P
G V * S A V P S A L L Y R

1 2 1 --------------------------------------+ ------------------------------------ 4- ------------------------------------- 4 - -------------------------------------------1 5 9
d  P T F H Q V M P G E K G P -
e  L H S T S Y W R G K K V P -
f  S T H L A T G D A R R * R

Figure 4.23. Sequence Analysis of bvlôO,
Automated sequencing was carried out as described in Materials 
& Methods (Section 2.2.16). The resulting nucleic acid 
sequence was translated in all 6 reading frames using the MAP 
program in GCG 7. Only frames b and d contained no stop or 
nonsense codons, but frame d contains the expected PGKEGP 
motif (reading backwai'ds from position 159).



5 ' { + )  TAAAGAGGGACCAATGGTGCACAATGGAAGCCACCAAAATAGAATGGATGATTATGAGCT

( - )  ATTTCTCCCTGGTTACCACGTGTTACCTTCGGTGGTTTTATCTTACCTACTAATACTCGA

* R G T N G A Q W K P P K * N G * L * A
K E G P M V H N G S H Q N R M D D Y E L -

K R D Q W C T M E A T K I E W M I M S F -

F L S W H H V I S A V L I S H I I I L
L S P G I T C L P L W W F L I S S * S S -

L P V L P A C H F G G F Y F P H N H A -

TCGTCgACTGCGAAAGTGGACTGTGGTTCCAgATAGCTATCTTGTTTGAgATTATGTCTA

AGCAGcTGACGCTTTCACCTGACACCAAGGTcTATCGATAGAACAAACTcTAATACAGAT

S S T A K V D C G S R * L S C L R L C L  
R R L R K W T V V P D S Y L V * D Y V *  - 

V D C E S G L W F Q I A I L F E I M S S -

K T S Q S L P S H E f W I A I K N S l I D
R R S R F H V T T G S L *  R T Q S  * T * - 

E D V A F T S Q P E L Y S D Q K L N H R -

GTAgAGGTGTGAAGTGCTGCACCATCGGGCCTTCTTTACCGGG

CATcTCCACACTTCACGACGTGGTAGCCCGGAAGAAATGGCCC

V E V * S A A P S G L L Y R
* R C E V L H H R A F F T G

R G V K C C T I G P S L P

L L P T F H Q V M P G E K G P -
Y L H S T S C W R A K K V P -

T S T H L A A G D P R R * R

3 '

Figure 4.24. Sequence Analysis of bvl63.
Automated sequencing was caiiied out as described in 
Materials & Methods (Section 2.2.16). The resulting nucleic 
acid sequence was translated in all 6 reading frames using the 
MAP program in GCG 7. Only frames c and d contained no 
stop or nonsense codons, but frame d contains the expected 
PGKEGP motif (reading backwards from position 163).



R e f e r e n c e :  G i s h ,  W a r r e n  ( 1 9 9 4 - 1 9 9 7 ) .  u n p u b l i s h e d .

A l t s c h u l ,  S t e p h e n  F . ,  W a r r e n  G i s h ,  Webb M i l l e r ,  E u g e n e  W. M y e r s ,  a n d  D a v i d  J .

L ip m a n  ( 1 9 9 0 ) .  B a s i c  l o c a l  a l i g n m e n t  s e a r c h  t o o l .  J .  M o l ,  B i o l .  2 1 5 : 4 0 3 - 1 0 .

Q u e r y =  BV160 FRAME B 
, 52 b a s e s ,  3C 9 4 8 4 E F  ch e c )c s u m .

(52  l e t t e r s )

D a t a b a s e :  s w a l l
2 8 4 , 0 6 4  s e q u e n c e s , -  8 9 , 7 6 8 , 1 6 5  t o t a l  l e t t e r s .

S e a r c h i n g . . . . 1 0  . . . . 2 0  . . . . 3 0 . . . . 4 0 . . . . 5 0 . . . . 6 0 . . . . 7 0 . . . . 8 0 . . . . 9 0 .  . . 100% d o n e

s m a l l e s t
Sum

H i g h P r o b a b i l i t y
S e q u e n c e s  p r o d u c i n g  H igh - s c o r i n g  S e g m e n t  P a i r s : S c o r e P(N) N

SWALL:046871 0 4 6 8 7 1 HLA-DQB1*06X (FRAGMENT). 6 / 9 8 69 0 .  071 1
SWALL:0 1 9 7 2 4 0 1 9 7 2 4 HUM MHC CLASS I I  HLA-DR-BETA-1 C H . . 60 0 . 22 1
SWALL;Q61369 Q 61369 ALPHA-1 TYPE I I I  COLLAGEN (FRAGME.. 43 0 . 2 3 2
SWALL:Q29826 Q29826 DMA, DMB, H L A -Z l ,  I P P 2 ,  LMP2, T A P . . 65 0 . 3 2 1
SWALL;HB2X HUMAN P 0 5 5 3 8 HLA CLASS I I  HISTOCOMPATIBILITY A. . 65 0 . 3 3 1
SWALL;Q29877 Q29877 MHC CLASS I I  (FRAGMENT). 1 1 / 9 8 64 0 . 3 3 1
SWALL:Q30 084 0 3 0 0 8 4 MHC CLASS I I  HLA-DQ-BETA-l (FRAGM.. 64 0 . 3 3 1
SWALL:0 1 9 7 6 4 0 1 9 7 6 4 HUMAN MHC CLASS I I  HLA-DQ (FRAGME.. 64 0 . 3 7 1
SWALL:Q30093 Q30093 MHC CLASS I I  DQ-BETA ASSOCIATED W , . 64 0 . 3 9 1
SWALL:Q29884 Q 29884 HUMAN LEUKOCYTE ANTIGEN-DQ BETA C . . 64 0 . 3 9 1

>SWALL:0 4 6 8 7 1  0 4 6 8 7 1  HLA-DQB1*06X (FRAGMENT). 6 / 9 8  

L e n g t h  -  183

S c o r e  -  69 ( 2 4 . 3  b i t s ) .  E x p e c t  = 0 . 0 7 4 ,  P = 0 . 0 7 1

I d e n t i t i e s  = 1 8 / 5 3  (3 3 % ) ,  P o s i t i v e s  = 3 0 / 5 3  (56%)

Q u e r y :  1 KGQWYTNEATKIAWMIMSFVDCESGLW-FQIAILFEIMSSRG-VKCCTIG-PSL 51
K QW+ N■̂  + A ++ + + +G W FQI ++ E l  RG -H C + PSL

S b j c t :  123 KVQWFRNDQEETAGWSTSL-IRNGDWTFQILVMLEITPQRGDIYTCQVEHPSL 175

>SWALL:0 1 9 7 2 4  0 1 9 7 2 4  HUM MHC CLASS I I  HLA-DR-BETA-1 CHAIN (FRAGMENT). 1 1 / 9 8  
L e n g t h  = 83

S c o r e  = 60 ( 2 1 . 1  b i t s ) .  E x p e c t  = 0 . 2 5 ,  P -  0 . 2 2  
I d e n t i t i e s  -  1 7 / 5 3  (3 2 % ) ,  P o s i t i v e s  = 3 0 / 5 3  (56%)

Q u e r y :  1 KGQWYTNEATKIAWMIMSFVDCESGLW-FQIAILFEIMSSRG-VKCCTIG-PSL 51
K +W+ N-t + A ++ -K + + G W  FQI ++ E-t- RG V C + PSL

S b j c t :  26 KVRWFRNDQEETAGWSTPL-IRNGDWTFQILVMLEMTPQRGDVYTCHVEHPSL 7 8

Figure 4.25 Blast Output of a bvl60 Search in the EMBL Data Base.

Part of the BLAST output from the bvl60 protein sequence deduced from 
frame b (see Fig. 4.23) interrogation on the EMBL database. Some weak 
homology was found (33% identity, 53% similarity) to mammalian blood 
serum proteins.



R e f e r e n c e :  G i s h ,  W a r r e n  ( 1 9 9 4 - 1 9 9 7 ) .  u n p u b l i s h e d .
A l t s c h u l ,  S t e p h e n  F . ,  W a r r e n  G i s h ,  Webb M i l l e r ,  E u g e n e  W. M y e r s ,  a n d  D a v i d  J .  
L ip m a n  ( 1 9 9 0 ) .  B a s i c  l o c a l  a l i g n m e n t  s e a r c h  t o o l .  J .  M o l .  B i o l .  2 1 5 : 4 0 3 - 1 0 .

Q u e r y =  BV160 FRAME D 
, 53 b a s e s ,  26C 2B 75F  c h e c k s u m .

(53 l e t t e r s )

D a t a b a s e  ; s w a l l
2 8 4 , 0 6 4  s e q u e n c e s ;  8 9 , 7 6 8 , 1 6 5  t o t a l  l e t t e r s .

S e a r c h i n g . . . .  1 0 . . . . 2 0 , . . . 3 0 . . . . 4 0 . . . . 5 0 . . . . 6 0 . . . . 7 0 . . . . 8 0 . . . . . 9 0 . . . . 100% d o n e

S m a l l e s t
Sum

H i g h P r o b a b i l i t y
S e q u e n c e s  p r o d u c i n g  H i g h - s c o r i n g  S e g m e n t  P a i r s : S c o r e P(N) N

SWALL:Q50095 Q 5 0095  U1740AK. 1 1 / 9 6 58 0 . 4 1  1
SWALL:G3461840 G 3 4 6 1 8 4 0  PUTATIVE REVERSE TRANSCRIPTASE------ 72 0 . 4 4  1
SW ALL:015218 0 1 5 2 1 8  G-PROTEIN COUPLED RECEPTOR. 1 1 / 9 8 62 0 . 7 7  1
SWALL:G3738337 G 3 7 3 8 3 3 7  PUTATIVE REVERSE T R A N S C R IP T A S E .. . , 66 0 . 8 6  1
SWALL:G1839579 G 1B 39579  VACUOLAR INVERTASE 2 ,  G I N 2 . 3 / 9 8 40 0 , 9 4  3
SWALL:Q87 929 Q 8 7929  GLYCOPROTEIN 120  (FRAGMENT). 1 1 / 9 8 50 0 . 9 4  1

>SWALL:Q50095 Q5Û095 U1740AK. 1 1 / 9 6  
L e n g t h  = 122

S c o r e  = 58 ( 2 0 . 4  b i t s ) ,  E x p e c t  = 0 . 5 2 ,  P -  0 . 4 1  
I d e n t i t i e s  = 1 5 / 4 4  (3 4 % ) ,  P o s i t i v e s  = 2 4 / 4 4  (54%)

Q u e r y :  8 VQHFTPLLDIISNKIAIWNHSPLSQSTKLIIIHSILVASI-VYHW 51
V Hr P LD+I N +W SPL ++ + +LV + + HW 

S b j c t :  3 VYHY-PELDLIVNAPTVWT-SPLLPTSDKLADRYLLVTGLPLAHW 45

>SWALL:G3461840 G 3 4 6 1 8 4 0  PUTATIVE REVERSE TRANSCRIPTASE. 1 0 / 9 8  
L e n g t h  = 1 5 2 9

S c o r e  = 72 ( 2 5 . 3  b i t s ) .  E x p e c t  = 0 . 5 7 ,  P = 0 . 4 4  
I d e n t i t i e s  -  1 3 / 4 1  (3 1 % ) ,  P o s i t i v e s  = 2 6 / 4 1  (63%)

Q u e r y :  11 FTPLLDIISNKIAIWNHSPLSQSTKLIIIHSILVASIVYHW 51
++PL++ + KI+ W LS + +L +++S++V S I  W 

S b j c t :  1083  YSPLIEAVKTKISSWTARSLSYAGRLALLNSVIV-SIANFW 1 122

>SWALL:0 1 5 2 1 8  0 1 5 2 1 8  G-PROTEIN COUPLED RECEPTOR. 1 1 / 9 8  
L e n g t h  = 404

S c o r e  = 6 2  ( 2 1 . 8  b i t s ) .  E x p e c t  = 1 . 5 ,  
I d e n t i t i e s  = 1 3 / 4 1  (3 1 % ) ,  P o s i t i v e s  =

P = 0 . 7 7  
2 7 / 4 1  (65%)

Q u e r y :  8 VQHFTPLLDIISNKIAIWNHSPLSQSTKLIIIHSILVASIV 48
+ ++T LLD+ ++ ++ H LSQSTK +++ ++ +A V 

S b j c t :  26  IHNWTELLDLFNHTLSEC-HVELSQSTKRWLFALYLAMFV 65 I

Figure 4.26 Blast Output of a bvl60  Search in the EMBL Data Base.

Pai’t of the BLAST output from the bvl60 protein sequence deduced from 
frame d (see Fig. 4.23) interrogation of the EMBL data base. Some local 
weak homology was found (34% identity, 54% similarity) to putative 
Arabidopsis reverse transcriptases.
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CHAPTER 4 PCR CLONING

4.3*1. Conventional PCR Approach

Initially, attempts were made to use F l / R l  and F2 / R l primer pairs to generate PCR 

products from high-salt-grown barley and sugar beet cDNA libraries that had been 

generated in our laboratory. The F2 / R l primer pair failed to amplify any fragments 

from either the sugar beet or bailey cDNA libraries. However, the FI / Rl primer pair 

generated two fragments from the sugar beet library, bvl (289 bp) and bv2 (281 bp), 

and a single product, hvl (266 bp) from the barley library. These three fragments were 

cloned but subsequent genomic Southern analysis (Figs. 4.3, 4.6 & 4.9) suggested that 

these sequences might have originated from E. coli. The three fragments were 

sequenced and BLAST homology searches performed on each. Strong homology was 

found to bvl (Fig. 4.5) and hvl (Fig. 4.11), but there appears to be no known proteins 

with strong homology to bv2. However, the proteins with the highest similarity to bvl 

(score of >300) was an E. coli fructose -1-phosphate aldolase and therefore bvl was 

probably generated from E. coli and not sugar beet template. Similarly, hvl was almost 

identical to an E. coli 91.2 kDa hypothetical protein of unknown function, possibly a 

chloride channel; more analysis of the sequence is required to clarify this point.

Clearly, there appears to be sufficient amounts of E. coli (host cell) DNA present in our 

barley (and possibly our sugar beet) library to thwart attempts to clone clc homologues 

by PCR. For this reason, it was decided to use freshly prepared genomic DNA as 

template, as this should be free from contaminating sequences. This approach seemed 

sensible given the generally acknowledged low abundance of ion channel transcripts in 

plant cells and the availability of sugar beet and barley genomic libraries in our 

laboratory.

Two fragments from B. vulgaris genomic DNA were amplified, bv3 and bv4 using the 

F l/R l primer pair; the F2/R1 primer pair failed to generate any product. No products 

were generated using either primer pair when bariey genomic DNA was used as 

template. Genomic Southern and northern blot analysis of bv3 and bv4 was undertaken 

but the results caused concern. It appears that although bv3 and bv4 were generated 

from sterile cell cultures of red beet, E. coli appear s to have homologous sequences to 

both fragments. Further, in the case of bv4, no homologous plant sequences were
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CHAPTER 4 PCR CLONING

identified (Fig. 4.14). These results were extremely worrying, and therefore it was 

decided not to proceed with this approach.

4.3.2 RT-PCR Approach.

RT-PCR was perfonned on the following tissues: leaves of 300 mM NaCl-grown sugar 

beet plants, roots of 300 mM NaCl-grown sugar beet plants, leaves of 150 mM NaCl- 

grown barley plants, roots of 150 mM NaCl-grown barley plants and cells from a red 

beet suspension culture containing 200 mM NaCl. Both oligo dT and random primer 

first strand cDNA synthesis methods were used on each of the above preparations.

No PCR products of the expected size (150-300 bp) were generated from any of the 

samples when the F l/R l primer pair was used with oligo dT-synthesised cDNA. 

However, when the F2/R1 primer pair was used, a single product of the expected size, 

hv600 (600 bp) was generated from leaf tissue of 300 mM NaCl-grown sugar beet 

plants. Genomic Southern analysis confirmed that bv600 is an authentic B. vulgaris 

sequence with homologues present in both red beet and sugar beet (Fig. 4.16). 

Northern analysis confirmed the expression of bv600 primarily in the leaf of sugar beet; 

the transcript size was 1.4 kb. The bv600 DNA fragment was sequenced but it's 

corresponding protein sequence could not be determined as stop or nonsense codons 

were present in each reading frame (Fig. 4.18). Presumably, sequencing or 'base-call' 

errors account for these anomalies. However, consideration of the sequencing 

electrophoretograms could not resolve these discrepancies; clearly bv600 requires re­

sequencing before its primary structure can be confirmed. Not withstanding these 

sequencing eiTors, the nucleic acid sequence was used in a BLASTN search of the 

EMBL database. Disappointingly, it appears that bv600 codes for an ATP-dependent 

protease (Fig. 4.19), and as such, was not worth persuing.

When used with cDNA synthesized with random primers from barley sugar" beet and 

red beet tissues, the F l/R l primer pair generated several products with a range of sizes. 

However, the red beet cell culture sample generated two bands {bvl 60 & bvl63) of the 

expected size (150-300 bp) and these were chosen for further study. Genomic Southern 

analysis demonstrated clearly that bvl60 is an authentic B, vulgaris sequence (Fig. 4.21) 

which is expressed primarily in leaf tissue of several plants, although its expression
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CHAPTER 4 PCR CLONING

appeal's to be down regulated in response to high NaCl; curiously, no expression was 

detected in samples from red beet cells, the source of the fragment.

Both bvl60 and bvl63 were sequenced and found to be >95% identical at the amino 

acid level; two reading frames were feasible but BLAST? searches of the TREMBL 

and SWISSPROT databases using both translations failed to identify any proteins with 

significant homology (Fig. 4.25 & 4.26). Careful consideration of the peptide sequence 

between the conserved GKEGPxxH and GVLFSI motifs shows no consensus between 

the 17 CLC homologues presented in Fig. 1.2, apart from a conserved 8H and serai- 

conserved 16L 17L. Despite the fact that salt appears to down-regulate bvl60 

expression, the presence of 9H and two I residues at positions 17 and 18 was 

encouraging. Although tenuous, it was decided to proceed, and use the bvl60 sequence 

to identify a full-length clone from B. vulgaris.

9 3
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5.1 Introduction.

Identification of the fragments bvl 60 and bvl63 by RT-PCR from high-salt grown red 

beet suspension cells provided several strategies for identifying full-length clones of 

putative Cl channel genes. These strategies include cDNA library screening using 

bvl60 as probe, genomic librai'y screening using bvl60 as probe, and a PCR approach 

using bvl60 sequences as primers for identifying 5’ and 3’ ends, i.e. RACE (rapid 

amplification of cDNA ends).

Due to time constraints on the duration of this project, it was decided to use a genomic 

library screening strategy as considerable experience had akeady been gained with this 

approach (see Section 4.22), and a good quality sugar beet genomic librai'y was akeady 

available in the host laboratory. In contrast, no experience had been gained with RACE, 

and the available sugar beet cDNA library was prepared from root tissues (bvl60) is not 

highly expressed in roots, see Fig. 4.17, Section 4.22).

5.2 Screening the Sugar Beet Genomic Library with b v l60 as Probe.

It was felt that the simdai'ity between the two B. vulgaris varieties (sugar beet and red 

beet), and thek similar Southern analysis patterns using hvl60 as probe (see Fig. 4.21, 

Section 4.22), warranted the use of the red beet bvl60 fragment as a probe for screening 

the existing sugar' beet 2.-DASH II genomic library.

5.2.1 Direct Sequencing from the Genomic Library using PCR.

As the sequence of bvl60 was known, it is possible to obtain 5’ and 3’ sequence 

information flanking bvl 60 using the PCR. The rationale of this approach is that in
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CHAPTER 5 ISOLATION & CHARACTERIZATION OF GENOMIC CLONES

some ?i-DASH II clones the bvl60 sequence may lie close to the vector’s T3 or T7 site 

that flank the 20 kb insert. Therefore, if suitable forward and reverse primer regions can 

be identified in bvl60 (i.e. internal sites), it may be possible to use a combination of 

these along with T3 or T7 primers to generate PCR products that can be used in 

sequencing reactions.

The PRIME program from GCG 7 was used to identify suitable primer sites in bvl60 

(see Fig. 5.1) and forward (F) and reverse (R) oligonucleotides synthesised. Four PCR 

reactions were run using the following primer pan combinations: F + T3: F + T7: R + 

T3: R + T7. These combinations should allow PCR products to form, regai'dless of 

insert orientation, as long as the bvl60 internal primer sequence is < 3 kb from either 

one or the other end of the 20 kb insert.

Many attempts were made to optimize these reactions and Figure 5.2 presents the results 

from one of these experiments. Surprisingly, when the internal forward primer (F) was 

used with either the T3 (lane 1) or T7 (lane 2) primer, an identical pattern of fragments 

was obtained, with a major product observed at approximately 1.5 kb. When the 

internal reverse primer (R) was used either with the T3 (lane 3) or T7 (lane 4) primer, 

Ikb fi'agment was obtained, here two major products of less than 300 bp were 

generated.

Further PCR experiments were conducted where each of the four piimers were used on 

their own. These confirmed that each of the bvl60 internal primers were capable of 

generating the above mentioned products on then own (data not presented). These 

findings suggest that within 1.5 kb of the bvl60  complementary sequences there are 

several inverted sequences that aie homologous to the bvl60  internal primer sites (F & 

R), The possibility that these are identical inverted repeats can not be ruled out.

Alternatively, it is conceivable that the bvl60 sequence does not he within 3 kb of the 

end of any of the 20 kb inserts in the 1-DASH II hbrary. Therefore, the PCR products 

shown in Fig. 5.2 might have aiisen from other loci in the sugar beet genome where 

homologous inverted sequences are found (Fig. 5.2).

The results from these experiments were disappointing, and therefore it was decided to 

proceed with a different approach, conventional genomic librai'y screening using bvl60 

as probe.

9 5



5 ' ( + )  GAAgGGCCAATGGTACACAATGGAAGCCACCAAAATAGAATGGATGATTATGAGCTTCGT

( - )  CTTcCCGGTTACCATGTGTTACCTTCGGTGGTTTTATCTTACCTACTAATACTCGAAGCA

Forward
CGAGTGCGAAA.QTGGAGTGTGGTTCCAqATAGCTATCTTGTTTGAqATTATGTCTAqTAq

6 1 ------------------------------ 1--------------------------------4---------------------------------1-------------------------------- 1-------------------------------- 1   h 1 2 0

GCTGACGCTTTCACCTGAGACGAAGGTcTATCGATAGAACAAACTcTAATACAGATcATc

^—  Reverse
AGGTGTGAAGTGCTGTACCATCGGCCCTTCTTTACCGGG

TCCACACTTCACGACATGGTAGCCGGGAAGAAATGGCCC

Figure 5.1. Sequence bvl60  Showing Internal Primer Sites.
The hvl60 sequence was analysed by the PRIME programme 
from GCG 7. The best primer sequences identified by PRIME 
(shown in bold / underline) in the forward and reverse 
direction were synthesisied and these oligonucleotides used in 
PCR experiments with the 1-DASH sugar beet librai'y to 
generate 5' and 3' sequences that flank bvl 6 0 .
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  3.0 kb

2.0 kb 
1.6 kb

1.0 kb

0.5 kb 
0.4 kb

Figure 5.2. PCR Amlification of Sugar beet À- DNA Clone Ends 
using bvl60 Sequences.

An internal sequence in the red beet bvl60 fragment was 
identified by GCG 7’s PRIME programe as suitable PCR primer 
site. Forward and reverse primers were synthesised (see Fig. 5.1) 
as internal primer site. Each internal primer was then used in 
combination with primers compatible with either T3 or T7 
sequence which flank the vector multiple cloning site. Pfu DNA 
polymerase was used in the PCR reaction during 35 thermal 
cycles (54°C, 72°C and 94°C). The PCR products were analysed 
by a 1 % (w/v) agarose gel electrophoresis, stained with ethidium 
bromide and visualised under the UV light. The PCR products 
were loaded on the gel as follows: forward and T3 primer (lane
1): forward and T7 primer (lane 2): reverse and T3 primer (lane 
3): reverse and T7 primer (lane 4). Five controls were set for the 
PCR reaction (lanes 5-9). These were complete reaction with the 
followin primersg: lane 5, T3 primer alone: lane 6, T7 primer 
alone: lane 7, reverse primer alone: lane 8, forward primer alone: 
lane 9 no primer addition. Lane 10, 1 kb ladder molecular 
weight markers.



CHAPTER 5 ISOLATION & CHARACTERIZATION OF GENOMIC CLONES

i
5.2,2 Conventional ^Library Screening Using bvl60 as Probe.

Fresh phage was prepared from the sugar beet 1-DASH II library and about 15,000 

plaques generated on each of 20 150 mm diameter plates. The plaques were then 

transfeiTed onto duplicate nylon membrane filters {Le. dupHcate plaque lifts, see Section 

2.13.3). ^^P-labelled bvl60 probe was prepared using the Amersham RediPrime kit and 

this was then used to screen the filters at low stringency ( IX  SSC, 55°C). Therefore, a 

total of about 300,000 clones were screened which corresponds to a probability o f p = 

0.82 (see Section 3.3.2) that at least one of the clones contains the bvl60 

complementary sequence. However, no positives were identified from this screen. 

Controls were run with all hybridization reactions which included dilutions of target 

sequence {i.e. bvl60) spotted directly onto strips of test nylon membrane which were 

hybridized and washed in parallel with the plaque filters. From these controls, it was 

estimated that bvl60 could detect target sequence down to a hmit of 1-2 pg which 

corTesponds to about 30 10"̂  ̂mol (1 10"̂  ̂g / [660 g x 160 bp]), which is comparable to

a

i

t
■aHS::

the manufacturer’s stated sensitivity. However, each plaque is estimated to contain 

-10^ phage particles (Sambrook et a l, 1989), and therefore, a positive plaque 

containing an insert with the bvl60 sequence would contain only about 175 fg (~ 1.7 10' 

mol) of tar get sequence, well below the experimentally determined detection limit.

It was decided to try to improve the sensitivity of the hybridization using asymmetric 

PCR to generate the bvl60 probe. The rationale here is to make the probe using either 

an excess of either the forward (F) or reverse (R) primer in F /R primed PCR reactions 

using bvl60 as template. This approach should generate an excess of single-stranded 

probe that can only hybridize to target sequence on the plaque filters (see Section 2.15). 

However, despite exhaustive attempts, tests showed that only modest improvements in 

sensitivity were achieved (~ 0.5 pg detection limit). Further, generation of probe using 

just the forward or reverse primer and either the Klenow fragment or Pfu as the 

polymerase (as opposed to Tag) did not give a significant improvement in the sensitivity 

of hybridization (data not presented). The reasons for this failure are not clear.

Consequently, an alternative approach was used to improve the sensitivity of the bvl60 / 

target DNA hybridizations. It had been observed previously that the 1.6 kb Torpedo
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CHAPTER 5 ISOLATION & CHARACTERIZATION OF GENOMIC CLONES

marmorata clc-0 sequence did not hybridize to sugar beet genomic DNA when washed 

at high stringency (0.1 x SSC, 65°C; see Section 3.2), Therefore, it was decided to 

ligate bvl60 to clc-0 to give a 1.8 kb chimera and to use this as a probe. After high 

stitngency washing, only the bvl60 part of the chimera should bind to authentic bvl60 

target sequence on the filter, but the increased label incorporated into non-hybridizing 

the clc-0 fragment should increase signal strength. Preliminary tests with dilutions of 

the bvl60 sequence spotted onto nylon membrane suggested that the bv 160 /  clc-0 probe 

could detect target DNA down to below 100 fg.

,s

l i

I

A second library screen was performed using the bvlÔO /  clc-0 chimera as probe. 

Duplicate plaque lifts were made from 25 150 mm diameter plates, each containing 

approximately 15,000 plaques. These filters were then hybridized with probe and 

washed at high stringency (O.lx SSC, 65°C), and the filters were then autoradiographed 

(see Section 2.11). Thhteen putative positive plaques were identified, and five were 

selected for further analysis. Each of the 5 ‘positives’ was plated out at lower density 

(ca. 200 plaques / 65 mm diameter plate), and duplicate filter lifts taken. The filters 

were subsequently baked to fix the DNA onto the membrane, and then hybridized with 

the bvl60 /  clc-0 chimera probe, washed at high stringency and autoradiographed, as 

described above. A third (and where necessary a fourth) screen was performed on these 

plaques to ensure that each contained only one clone. Of the original 5 ‘positive’ 

plaques selected. Southern blotting suggested that only two were true positives, and 

hereafter these are referred to as bvFASl and bvFAS2.

5.2.3 Analysis of the 1-DASH bvFASI and bvFAS2 Genomic Clones.

The genomic clones bvFASI and bvFASI were digested with a range of restriction 

enzymes and then subjected to Southern analysis using bvlôO /  clc-0 as probe. Figure

5.3 presents the resulting ethidium bromide stained fluorescent agarose gel (A) and the 

coixesponding Southern blot (B) of bvFASI and bvFASl. The difference in the resulting 

pattern in the Southern analysis (Fig. 5.3 B) suggests that bvFASI (lanes 1-6) and 

bvFASI (lanes 7-12) represent different genomic clones. Restriction enzyme digests 

with Xbal (lanes 1 and 7, -8  kb), EcoRl (lanes 2 and 8 , - 4  kb) and BamHl (lanes 3 

and 9 , - 9  kb), produce fragments that hybridize strongly to bvlôO /  clc-0. However,

i

I
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—  23 kb

  9.4 kb

—  6.5 kb

—  4.3 kb

B 23 kb

9.4 kb

# «■ 6.5 kb 
4.3 kb
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2.0 kb

Figure 5.3. Southern Analysis of Sugar beet 1-DNA Clones bvFASI 
and bvFAS2.

A. DNA was prepared from isolated 1-DNA Phage (bvFASl lane 1-6 and 
bvFAS2 lane 7-12) and digested with Xbal (lane 1 and 7), EcoRl (lane 2 
and 8) and BamHI (lane 3 and 9). Double digests were also performed: 
Xbal!EcoRl (lane 4 and 11), XballBamHl{\anQ 5 and 10) and 
EcoRl/BamHl: (lane 6 and 12). Two pg of each sample was separated in a 
0.5 % (w/v) agarose gel, stained with ethidium bromide and visualized 
under the UV light. One kb ladder (lane 13) and X Hindlll markers (lane 
14) are shown.
B. An autoradiograph of the Southern blot of the same gel (A) hybridized 
with bvl60/clc-0. The membrane was washed at high stringency (0.1 X 
SSC at 65“C) and autoradiographed at -80°C overnight.
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due to theii- similarity in size to the 9 kb vector arm, the Xbal and BamHl fragments 

were considered unsuitable for sub-cloning. Double digests of bvFASl and bvFASI 

suggested that the Xbal /  BamHl combination produced a strongly hybridizing 

fr agment of ~7 kb (lanes 5 and 10), that could easily be sepai*ated from the vector arras 

(9 and 20 kb). Therefore, bvFASl and bvFASl were subsequently digested with either 

EcoRl alone, or with Xbal and BamHl in combination, to generate fragments of -4  kb 

and ~7 kb respectively, and fragments resolved in a 1% (w/v) agarose gel. The 

resulting bands were excised from the gel, purified (Section 2.15,2) and then sub-cloned 

into pBluescript II SK (+/-) ™ vector previously digested with the appropriate enzymes 

(Section 2.2.15.5). Host cells (DH5a) were transformed with the ligated vector 

(Sections 2.2.3.2.1) and plated out. Positive clones were identified by antibiotic 

resistance and (3-galactosidase (blue / white colour ) selection (Section 2.2.3.2.1), and 

subsequently confirmed by colony PCR (Section 2.2.15.6) and Southern analysis using 

the bvl60 /  clc-0 chimera as probe. The resulting sub-clones are hereafter referred to as 

bvFASl,7 and bvF A SlJ  (-7 kb fragment inserts), and bvFASl A  and bvFASl A  (~4 kb 

fragment inserts).

The Southern analysis of these four sub-clones shows that bvl60 /  clc-0 hybridized 

strongly to the bvFASl.7 and bvFASl.7 (Fig. 5.4 A, lanes 1 & 2). Only weak 

hybridization was found between bvFASl.4 and the bvl60 /  clc-0 chimera probe (Fig. 

5.4 A, lane 3), but bvFAS2.4 did not hybridize at all (Fig. 5.4 A, lane 4). Although the 

Southern blot shown in Fig. 5.4 A was washed at high stringency (0.1 X SSC, 65°C), 

some hybridization at 3 kb was observed which presumably is vector sequence.

Therefore, to confirm the specificity of the above hybridizations to the target bvl60 

sequence, the label was washed off the filter shown in Fig. 5.4 A (Section 2.2.12.5), and 

then re-hybridized with bvl60 as probe. This filter was subsequently washed at high 

stringency (0.1 x SSC, 65"̂ C) and autoradiographed. Strong signals were obtained that 

confirmed the presence of bvl60 sequences in the bvFASl.7 and bvFASl.7 sub-clones 

(Fig. 5.4 B, lanes 1 & 2). However, again, only a weak signal at -4  kb was observed in 

bvFASl.4 (Fig. 5.4 B, lane 3), and no signal was observed in bvFAS2.4 (lane 4). The 

presence of the weak signals observed at -  3 kb (assumed above to be vector) were 

greatly reduced.
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Figure 5.4. Southern Analysis of Sub-clones bvFASl and FAS2.

The EcoRl fragment (4 kb) and Xbal/BamHl fragment (7 kb) were 
subcloned into pBlue-Script SK (+/-) and transformed to E. coli. The 
cloned plasmid were isolated and digested with Xbal/BamHl{\me 1 and
2) to produce 7 kb fragment and with EcoRl{lanQ 3 and 4) to produce 4 
kb fragment. The digested DNA (25 ng) was separated in a 1 % (w/v) 
agarose gel, and blotted onto nylon membrane. Blot A was hybridized 
with bvl60/clc-0 and blot B with bvl60. In both cases, high stringency 
washing was performed (0.1 X SSC at 65°C
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From the Southern analysis of these sub-clones it is concluded that bvFASl.7 and 

bvFAS2.7 probably represent identical 7 kb fragments of the sugai* beet genome. 

Therefore it was decided to sequence the entire bvFASl.7 sub-clone in an attempt to 

identify the corresponding full-length gene which strongly hybridized to bvl60.

5.3 Sequence Analysis of the Sugar Beet Sub-Clone bvFASl. 7,

Due to time constraints on the duration of this project, it was decided not to attempt 

further sub-cloning of bvFASl. 7 but to use a ‘primer walking’ sequencing strategy to 

characterize the putative Cl' channel gene. The rationale of this method is to generate 

600-800 bp fragments for sequencing by extending inwards from the insert ends using 

the vector’s T3 (5’) and T7 (3’) primer sites. After sequencing each of the resulting 600 

-  800 bp products, new primers can be designed that ‘walk’ further into the middle of 

the insert; the process is repeated until the 5’ and 3’ 'walks' overlap in the middle of the 

insert. Although it was feasible to peiform this at Glasgow University, time constraints 

on the duration of this study necessitated the work was undertaken commercially. 

Therefore, purified vector {^bvFASl.7) was dispatched to MWG-Biotech (Ebersberg, 

Germany) for sequencing by primer walking.

The full sequence of bvFASl.7 is presented in Fig. A1 (see Appendix) along with the 

contig map of the overlapping fragments. The insert was 7751 bp in length and required 

overlapping fragments to obtain the full sequence.

5.3.1 Sequence Analysis of bvFASl. 7.

The bvFASl.7 clone was first analysed to establish where the bvl60 complementary 

sequences were located. This region was found to be between position 2431 and 2587 

(see Fig. A l, see Appendix). Absolute matches between the complementary bvl60  and 

bvFASl.7 sequences aie shown in bold type, discrepancies are shown in normal face 

type. As might be expected, the ends of bvl60, which are deteimined by the sequence 

of the degenerate piimers used to amplify the fi'agment (underlined in Fig. A l, see 

Appendix), ai*e not exact matches of the corresponding bvFASl. 7 sequence, although 

there is a near-perfect match between these two primer regions. The few 

inconsistencies that are apparent between the primer regions may be due to either bvlôO
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CHAPTER 5 ISOLATION & CHARACTERIZATION OF GENOMIC CLONES

or bvF ASlJ  sequencing errors; however, cai*eful consideration of the tliree original 

sequencing electrophoretograms (forward and reverse strand of bvl60 and forward 

strand of bvFASl. 7) did not resolve these discrepancies (data not presented). 

Alternatively, the discrepancies may be due to genuine varietal differences between 

bvl60 (red beet clone) and bvFASl. 7 (sugar beet clone).

The entire bvFASl.7 genomic clone was analysed further using the NIX series of 

computer programmes available at the MRC’s Human Genome Mapping Project site 

(Section 2.2,17). The fhst analysis performed was a scan of the entire sequence by the 

REPE ATM AS KER programme which looks for, and then masks from subsequent 

analysis, any repetitive sequences. However, no repetitive sequences were found in 

bvFASl.7. Next, programmes were run to identify any known vector 

(BLAST/VECTOR), tRNA (t-RNASCAN-SE), or E. coli (BLAST/ECOLI) sequences 

that might occur in bvFASl. 7\ again, none was found.

The remaining analysis can be considered to have four component paits, viz. looking for 

putative promoter sites (CATT and TATA boxes), looking for putative 3’ 

polyadenylation signals, looking for intron/exon borders to establish ORFs, and finally 

performing BLAST searches in the databases. There are several programmes available 

at the HGMP site that can perform each of the four tasks, but the rationale behind NIX 

is to provide facilities for finding consensus between the different programmes. 

Therefore, several programmes were run to analyse both the (+) and (-) strand of 

bvFASl.7 for each features (promoter sites, poly A sites and ORFs) so that where 

consensus was reached, some measure of confidence can be attributed.

5.3.2 Analysis of bvFASl. 7 for Promoter Sites.

Four programmes were run to search for putative promoter sites, FGENE’s ‘Promoter’, 

GENESCAN’s ‘Promoter’, TSSW’s ‘Promotor’ and GRAIL’s ‘PoHI Promoter’. The 

putative promoter sites identified by each of these programmes are shown as green 

triangles in Fig. 5,5. Three putative promoter sites were identified on the (+) strand but 

no consensus was reached by these programmes, and therefore confidence in any of the 

three is not high. Four putative promoter sites were identified on the (-) strand, but only
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Figure 5.5. Graphical Output of the Computer Analysis of bvFASL7.
The nucleic acid sequence of the sugar beet genomic fragment bvFASl. 7 
was analysed by a series of programmes (NIX) at the MRC's HGMP site. 
The graphical output has been simplified to demonstrated only features of 
interest (see text for full details). Shown across the centre in green is the 
Sequence line, a representation of bvFASl. 7 (base 1 to 7690). Features 
appearing above the Sequence line correspond to the (+) strand, and those 
below the (-) strand. The region of bvFASl. 7 that hybridised to the probe 
bvl60 is shown as a blue box in the Annotation line. The following colour 
code is used to identify features: putative promoter sites, green triangles: 
putative poly A sites, red triangles: putative exons, purple/magenta/blue 
boxes: putative ORFs, green boxes. The more intense the shades of these 
colours, the stronger the prediction.
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one was identified by more than one programme and so, again, confidence is not 

particulai'ly high.

5.3.3 Analysis of bvFASl. 7 for Poly A Signal Sites.

Four programmes were used to identify putative poly A sites on the (+) and (-) strand of 

hvFASl.7. These were GRAIL’s ‘PolyA’, FGENE’s ‘PolyA’, GENESCAN’s ‘PolyA’ 

and POLY AH. Possible poly A signal sites are shown as red or orange triangles. Four 

putative sites were identified on the (+) strand but only one site (at 3800) was identified 

by more than one programme (Fig. 5.5). Four sites were also identified on the (-) strand 

and two of these (at position 3000 and 4700) were identified by both GRAIL’s ‘PolyA’ 

and POLYAH (Fig. 5.5).

5.3.4 Analysis of bvFASl. 7 for Exons.

Nine different programmes were run to establish putative intron / exon boaiders. These 

were FGENE(S), GENESCAN, GENEFINDER, GRAIL’s, GAP2’, GRAIL's ‘Exon’, 

GENEMASK, M2EF, HEXON and FEX. Consideration of the analysis of the (+) 

strand shows a number of small exons (purple or blue bats), some of which are 

identified by several of the programmes. Consideration of the (-) strand also shows a 

number of somewhat longer putative ORFs, and in some regions consensus was reached 

by four of the nine programmes (Fig. 5.5).

5.3.5 Analysis of bvFASl. 7 by BLAST2.

The entire bvFASl. 7 sequence was used as a query sequence to seaich the EMBL, EST, 

SWISSPROT and TREMBL databases at the European Bioinformatics Institute (EBI) 

web site in Cambridge (Section 2.2.17). BLAST2 faded to find any strong similarities 

when either the (+) or (-) strand of bvFASl. 7 was used to inteiTOgate the EMBL or EST 

databases (E-value of <1 10'^°, score of < 50). Some good local matches were found
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CHAPTER 5 ISOLATION & CHARACTERIZATION OF GENOMIC CLONES

but generally these extended for only a few bases, and most of the 'hits' were to human 

sequences of unknown function (data not presented).

When the bvFASl.7 (+) strand was used by BLAST2 to interrogate the SWISSPROT 

database, no homologues were identified (Fig. 5.5). However, when the TREMBL 

database was interrogated, one region of low homology was identified (at position ca. 

7600). The BLAST2 output from this search identified a retrotransposon GAG (A188) 

with an E-value of 7 10'̂  ̂ (27% identical over a 120 amino acid region).

In contrast, when the bvFASl.7 (-) strand was used by BLAST2 to interrogate the 

SWISSPROT and TREMBL databases, some good homology was found (Fig. 5.5). 

Figure 5.6 presents the fnst few lines of the conesponding output from the BLAST2 

bvFASl.7 I TREMBL database search. Several plant sequences were identified with 

comparatively good E-values (>3 10^^ to 1 10'^° )̂, and these are normally considered to 

be good matches. However, what is disappointing is that none is a putative chloride 

channel. Most are matches to putative plant reverse transcriptases although single 

matches to a protein of unassigned function (F21J9.2, from Arabidopsis) and to a 

putative zinc finger protein was found (022260, between position 2745 and 3931, also 

from Arabidopsis). Several low score matches to bvFASl.7 (-) were found in the 

SWISSPROT database, which include a mouse retrovnus-related polyprotein (E-value 3 

10'^ )̂ and a human reverse transcriptase (E-value 5 10'^^), but these do not overlap with 

the expressed bvl60 sequence cloned by RT-PCR.

5.4 Discussion.

The identification of the bvl60 red beet fragment by RT-PCR was quite encouraging 

(see Chapter 4). The sequence was exactly the size predicted from a voltage gated Cl' 

channel, and contained the conserved H and the semi-conserved (EV/L) dyad motifs at 

at approximately the correct positions. Further, it is expressed in sugar beet leaves. 

This chapter describes the experiments that were conducted to isolate a full-length clone 

containing the bvl60 sequence.

For several reasons, it was decided to try to identify a full-length clone by screening a 

sugar beet 1-DASH II library that had been prepared in the host laboratory. Initial
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A .
BLASTX 2 . 0 . 5  [ M a y - 5 - 1 9 9 8  !

R e f e r e n c e :  A l t s c h u l ,  S t e p h e n  F . ,  T h o m a s  L . M a d d e n ,  A l e j a n d r o  A. S c h a f f e r ,  
J i n g h u i  Z h a n g ,  Z h e n g  Z h a n g ,  Webb M i l l e r ,  a n d  D a v i d  J .  L ip m a n  ( 1 9 9 7 ) ,  
" G a p p e d  BLAST a n d  P S I-B L A S T : a  new  g e n e r a t i o n  o f  p r o t e i n  d a t a b a s e  s e a r c h  
p r o g r a m s " .  N u c l e i c  A c i d s  R e s .  2 5 : 3 3 8 9 - 3 4 0 2 .

Q u e r y =  BV_SAL_, 7 767 b a s e s ,  DCA37A2 6 c h e c k s u m .
( 7 7 6 4  l e t t e r s )

D a t a b a s e :  t r e m b l
2 2 8 , 4 9 3  s e q u e n c e s ;  6 2 , 4 6 7 , 8 6 4  t o t a l  l e t t e r s

S e a r c h i n g ...................................................................................................................   d o n e

S c o r e
S e q u e n c e s  p r o d u c i n g  s i g n i f i c a n t  a l i g n m e n t s : ( b i t s ) V a l u e N

i T R : 0 2 2 1 4 8  0 2 2 1 4 8  PUTATIVE REVERSE TRANSCRIPTASE. 176 e - 1 0 6 9
2 T R : 0 4 8 8 2 5  0 4 8 8 2 5  PUTATIVE T A L - l - L I K E  REVERSE TRANSCRIPTASE . 158 8 e - 8 3 10
3 T R ;G 9 7 6 2 7 S  G 9 7 6 2 7 8  REVERSE TRANSCRIPTASE. 155 l e - 8 2 9
i TR: 0 0 4 4 4 2  0 0 4 4 4 2  F 2 U 9 . 2  (FRAGMENT). 149 2 e - 7 7 5

T R : 0 2 2 2 2 0  0 2 2 2 2 0  PUTATIVE ZINC-FINGER PROTEIN. 153 l e - 6 9 6
1 T R :G 3 3 7 7 S 2 4  G 3 3 7 7 8 2 4  T 2 4 H 2 4 .1 7  PROTEIN. 128 3 e - 5 5 6

T R : 0 2 3 4 1 0  0 2 3 4 1 0  STRONG HOMOLOGY TO REVERSE TRANSCRIPTASE. 92 2 e - 5 3 6
I T R : 0 6 4 6 1 2  0 6 4 6 1 2  PUTATIVE REVERSE TRANSCRIPTASE. 92 l e - 5 2 9

B.
BLASTX 2 . 0 . 5  [ M a y - 5 - 1 9 9 8 :

R e f e r e n c e :  A l t s c h u l ,  S t e p h e n  P . ,  T h o m a s  L .  M a d d e n ,  A l e j a n d r o  A. S c h a f f e r ,  
J i n g h u i  Z h a n g ,  Z h e n g  Z h a n g ,  Webb M i l l e r ,  a n d  D a v i d  J .  L ip m a n  ( 1 9 9 7 ) ,  
"G a p p e d  BLAST a n d  P S I-B L A S T : a  new  g e n e r a t i o n  o f  p r o t e i n  d a t a b a s e  s e a r c h  
p r o g r a m s " .  N u c l e i c  A c i d s  R e s .  2 5 : 3 3 8 9 - 3 4 0 2 .

Q u e r y =  BV„SAL„, 7 7 6 7  b a s e s ,  DCA37A26 c h e c k s u m .
( 7 7 6 4  l e t t e r s )

D a t a b a s e :  s w i s s p r o t
7 7 , 1 4 3  s e q u e n c e s ;  2 7 , 9 4 4 , 0 1 9  t o t a l  l e t t e r s

S e a r c h i n g ................................................................................    d o n e

S e q u e n c e s  p r o d u c i n g  s i g n i f i c a n t  a l i g n m e n t s :

SW:LIN1 NYCCO P 0854(  
SW:YMH5 CAEEL 
gW:.PQ21..NM VI

9 SW:Y2R2 DROME P 1 6 4 2 5  HYPOTHETICAL 11 5  KD PROTEIN IN  TYPE I  ,
10  SW-.P023 POPJA Q 0 5 1 1 8  RETROVIRUS-RELATED POL POLY PROTEIN (RE

S c o r e

SW:P0L2 MOUSE P 1 1 3 6 9  RETROVIRUS-RELATED POL POLYPROTEIN ( R E . . .  
SW:YTX2 XENLA P 1 4 3 8 1  TRANSPOSON TXl HYPOTHETICAL 149  KD P R O . . .
SW;LIN1 HUMAN P 0 8 5 4 7  L IN E -1  REVERSE TRANSCRIPTASE HOMOLOG.

L IN E -1  REVERSE TRANSCRIPTASE HOMOLOG. 
P 3 4 4 7 2  HYPOTHETICAL 13 6 . 3  KD PROTEIN F 5 8 A 4 .5  . 
0 0 3 2 7 8  RETROVIRUS-RELATED POL POLYPROTEIN (RE, 

SW :P022 POPJA QÛ3274 RETROVIRUS-RELATED POL POLYPROTEIN (RE.
SW:P0L2 HUMAN P12 895 RETROVIRUS-RELATED POL POLYPROTEIN (PR.

0
E

V a l u e N

49 3 e - 2 2 6
53 7 e - 2 0 5
35 5 e - 1 7 5
40 l e - 1 5 4
46 7 e - 0 8 3
33 2 e - 0 5 4
32 3 e - 0 5 3
29 3 e - 0 5 3
28 0 .  001 4
35 0 . 0 0 3 2

Figure 5.6 BLAST2 Output of TREMBL and Swissprot Database Interrogation 
with bvFASl. 7 (-) Strand Sequence.
The (-) sense strand nucleic acid sequence of bvFAS 1.7 wa.s used to 
inteiTOgate the TREMBL (A) and SWISSPROT (B) databases. Only the 
first few (most significant) lines from each output are presented.
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attempts to clone by 'walking' tlii’ough the 5' and 3' ends of the gene using a combination 

of internal bvl60 primers and vector T3 / T7 sites failed, presumably because the bvl60 

sequence does not lie within -  3kb of either end of any of the cloned 20 kb inserts. 

This approach was also hampered by the presence of other repetitive / inverted 

sequences that allowed mispriming of both the forward and reverse internal primers 

(Fig. 5.2).

Consequently, a conventional A,-library screen was performed on the sugar beet genomic 

library using bvl60 as probe. This approach failed to identify any positive clones in a 3 

. 10  ̂clone screen. At this point it was realised that due to the small size of bvl60, and 

the amount of purified phage present in a plaque, any true positives were below the limit 

of detection by this labelled probe. Asymmetric PCR was then used to try to 

increase signal strength, but preliminaiy tests showed only a modest improvement in 

sensitivity was obtained, the hybridizations were still not sensitive enough to detect true 

positives. The reasons for this are uncleai’ but may be attributable to the fact that the 

kinetics of re-association between small {i.e. 160 bp) + and - strand probe molecules is 

much slower than might be predicted, and therefore +/- strand re-annealing during 

hybridization is not a significant. If this is the case, bvl60 probe generated by 

asymmetric PCR (or liboprobes) would not be expected to significantly improve the 

detection limit m hybridizations to dsDNA,

It was decided to try to produce a chimera probe that consisted of the bvl60 sequence 

for tai'geting, ligated to a lai'ge non-hybridizing ^^P-labelled sequence that increases the 

signal strength. Studies in Chapter 3 suggested that the Torpedo marmorata clc-0 

sequence might be suitable. It is 1.6 kb in length and does not hybridize to sugar beet 

genomic DNA when washed at high strmgency. The chimera probe was found to 

improve the hmit of detection by at least an order of magnitude (~ 1 . 10'̂  ̂ mol of the 

160 bp tai'get). A subsequent hbrary screen using the bvl60 /  clc-0 chimera as probe 

identified several putative 'positive' plaques, and after secondary and tertiary screens 

two clones {bvFASl and bvFASl) were identified. Two 7 kb sub-clones were prepared 

from these {bvFASl.7 and bvFAS2.7) which hybridized strongly to bvl60, and one of 

these {bvFASl. 7) was sequenced using a 'primer-walk' strategy, and this sequence was 

then analysed for gene structures.
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The bvFASl. 7 fragment was 7751 bp long. Computer analyses of the (+) strand did not 

identify any strong candidate promoter regions; the only possible site was 

approximately 2500 bp 5' of the bvl60 sequence. A reasonably good poly A signal site 

was located at position ca. 3800 that might be located at the 3' untranslated end of the 

WfdO-containing gene. BLAST2 did not identify any good homologues to the (+) 

strand when it was used to interrogate the EMBL or SwissProt databases. However, 

BLAST2 produced a low score match to a mouse retrotransposon sequence (A188) 

when the TREMBL database was inteiTogated but this was located at the far 3' end (+ 

strand) of the bvFASl. 7 clone and did not overlap the bvl60 sequence (at position 2431 

- 2587). A suit of programmes designed to identify exons produced little consensus, 

and they identified many small putative exon sequences. Presumably, if there are 

structural genes encoded on the bvFASl.7 (+) strand then (apart from the A188 protein) 

they contain many introns and have no homology to any known sequence.

In contrast, more putative structural features were identified on the bvFASl. 7 (-) strand. 

Three possible promoter sites were identified 5' of the bvl60 sequence (at ca. 5800, 

3100 and 2700, labelled according to the (+) strand), although, as no consensus was 

achieved by the four promoter identification programmes, little confidence can be 

attached to any of these sites. Two putative poly A signal sites were identified 3' of the 

bvl60 sequence on the bvFASl.7 (-) strand (at ca. 2000 and 3000, (+) strand labelled 

positions), but again, as no consensus was achieved between the four poly A site 

identification programmes, confidence in either is low. Several programmes were run 

to identify exons. The results from these (9) programmes was disappointing as no 

strong consensus was achieved particulaily around the bvl60 sequence region (2431- 

25870, (+) strand labelled positions). Only one programme, GRAIL's 'Exon', predicted 

that the bvl60 sequence may form part of a transcript, and yet as bvl60 was isolated by 

RT-PCR, and hybridizes to transcripts in northern blots (Fig. 4.22), it clearly is 

expressed. BLAST2 interrogations of the EMBL database failed to identify any 

sequences with long stretches of homology to bvFASl.7 (-) although when the 

TREMBL and SwissProt databases were searched some good matches were reported. 

The output from the SwissProt search identified a list of umelated proteias from a wide 

range of organisms that include mouse, bacteria and C. elegans. However, the region of 

the bvFASl.7 (-) strand that shows homology to SwissProt entries does not overlap with 

the bvl60 sequence. The BLAST2 output from the TREMBL database contained a long
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list of putative plant (Arabidopsis) proteins, and the identified homology did span the 

bvl60 sequence in bvFASl.7 (see Fig. 5.5). Some sequences produced what are 

considered to be very good BLAST scores (>100; e-values of < 1 . 10"̂ °), but careful 

consideration of the alignments with bvFASl. 7 (-) shows very few regions where exact 

matches are made over 5-10 amino acids. Instead, there appear to be many runs of 3-5 

amino acids where there is good identity or similarity, interspersed with runs of 

seemingly unrelated sequence, i.e. there are good 'global' but poor 'local' sequence 

alignments. It could be ai'gued proteins that peiform identical or similar tasks in 

different plant families would have the opposite general structure. Regions of close 

homology reflecting conserved sites (catalytic sites, points of contact with other 

holoenzyme sub-units, co-factor binding sites, etc.,), would be interspersed with long 

regions where homology is poor (i.e. the non-conserved, protein 'scaffolding').

Taken on balance, the bvl60 sequence probably forms pait of an expressed sugai* beet 

reverse transcriptase although the uncertainties associated with the location of clear 

promoter and poly A sites, and with the definition of exon / intron boarders, does give 

cause for concern. What is certain is that there is no evidence that bvFASl.7 contains 

sequence that codes for a voltage-gated Cl' channel. The region of bvFASl,7 that 

contains the bvl60  sequence does not appeal' to contain the conserved CIC GKEGPxxH 

or GVLFxxEE motifs used to design the degenerate PCR primers that resulted in 

cloning bvl60.
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Most crop species upon which we rely for food are glycophytes, which lack the 

mechanisms required to tolerate the water deficit and ion excesses prevailing in saline 

sod (Greenway and Munns, 1980), Therefore, it is of interest to understand how salt- 

resistant plants respond to external salinity. What is known is that a number of 

physiological processes are involved in salt-resistance and each of these processes 

involves the co-ordinate expression of a number of genes. To engineer crops that can 

produce high yields when exposed to saline conditions, we need to identify and 

characterize these genes. This project was focused upon identifying and chaiacterizing 

genes involved in ion transport that may confer salt-resistance on crop plants.

One way of identifying a putative gene for H^, Na"̂  and Cl" transporters from salt- 

resistant plants is to use an approach involving heterologous probes. Therefore, 

genomic Southern and Northern blot experiments were carried out on barley and sugai- 

beet tissues using a range of probes from different sources. These probes were adk-1, 

at57, sod2, nhaA and clc-0 (Table 3.1). The genomic Southern blots suggested sugar 

beet and barley have sequences with good homology to adk-1, a Nicotiana 

plumbaginifolia p-type H^-ATPase; (Boutry et al, 1989), and to at57, an Arabidopsis v- 

type H^-ATPase B subunit (Manolson et a l, 1988). A fragment of clc-0 (Torpedo 

marmorata voltage-gated Cl" channel; Jentsch, et a l, 1990) was also found to have 

some homology to barley and sugar beet genomic DNA. Northern blot analysis 

suggested that clc-0 homologues are expressed in barley; the message does not appear 

to be poly-adenylated, and has a size of 1,4 kb. These results from these experiments 

with clc-0 were encouraging and it was decided to pursue this line of investigation.

Attempts to isolate a voltage-gated chloride channel fi'om a barley genomic X DASH II 

library by colony hybridization using clc-0 as probe were unsuccessful. Approximately 

3 ,10^ out of an intended 1 .10^ clones (99.9%) were screened giving an ca. 82 % 

chance of detecting the clc-0 homolog (Clark and Carbon, 1976), This failure may be 

due to the detection hmit of this heterologous probe (for a single copy 1.4 kb gene,
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which corresponds to -1.5 pg of target per plaque, and this is probably below the limit 

of detection for a heterologous probe).

At this stage, Maurel and co-workers reported the cloning of the first plant voltage- 

gated chloride channel (Lurin et a l, 1996) by using an RT-PCR approach. However, 

uncertainties associated with the identity of the clc-0 target sequence in barley, and in 

addition, with the success of Maurel and co-workers in cloning by RT-PCR clc-ntl from 

N. tabaccum, it was decided to foUow a similar approach.

By May 1996, seventeen putative clc sequences were deposited in the databases, ten 

more than were available to Maurel and co-workers when they began theii' studies in 

December 1995. The corresponding protein translations of these sequences were 

subsequently aligned using the PILEUP programme from the GCG 7 computer package. 

Three regions of consensus were identified (Fig. 1.2) that were suitable for designing 

PCR primers. Consequently, two forward primers (FI and F2), and one reverse (Rl) 

primer were synthesized and used in two PCR approaches to identify and clone plant clc 

genes; these were conventional PCR and RT-PCR.

Initially, F l/R l and F2/R1 primer pans were used to generate PCR product fiom high- 

salt-grown bailey and sugar beet cDNA hbraiies. The F2/R1 prhner pan failed to 

amplify any fragments from either library. In contrast, the F l/R l primer pah generated 

two fragments from the sugar beet library, bvl and bv2, and one fragment from bai'ley 

libraiy hvl. Southern analysis (Fig. 4.3, 4,6, and 4.9) suggested that these sequences 

were probably primed fi'om the librai'y host cell (E. coli) template. BLAST homology 

seai'ches suggested that none of the three fr agments have homology to the clc family. 

Clearly there appears to be a sufficient amount of E. coli (host ceU) DNA in the barley 

and sugar beet libraiies to allow priming with FI and R l. These findings provide a 

strong lesson, wherever possible, use freshly prepared DNA as PCR template, and avoid 

the use of genomic or cDNA libraiies.

The F2/R1 primer pah failed to generate any PCR product when red beet genomic DNA 

was used as template. However, two fragments, bv3 and bv4, were generated using the 

F l/R l primer pah. Although bv3 and bv4 were generated from a sterile cell culture of
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red beet, BLAST seai'ches using the corresponding bv3 and bv4 sequences suggested 

that bacterial fragments had been generated. Therefore, it was decided not to continue 

with this approach but to use RT-PCR.

RT-PCR was performed on leaves and root tissue of high-salt-grown sugai* beet and 

barley, and on red beet cells in suspension cultures. Both oligo dT and random primer 

fii'st strand cDNA synthesis methods were used on the above tissues. No PCR products 

of the expected size (150-300 bp) were generated from any of the samples when the 

F l/R l primer paii* was used with oligo dT-synthesized cDNA. In contrast, a single 

fragment of the expected bv600 (600 bp) was produced when F2/R1 primer paii* was 

used with this template. Genomic Southern and Northern blot analysis suggested that 

bv600 is an authentic B. vulgaris sequence that is expressed primarily in the leaf tissues 

of sugar beet (message size approximately 1.4 kb). However, BLAST searches of 

EMBL database indicated that bv600 encodes an ATP-dependent protease and has no 

discernable homology to the clc family of voltage-gated chloride channels. At this 

point, upon consideration of the above results, no further work on bv600 was 

undertaken.

The random primer method was used to generate cDNA from bailey (roots and leaves), 

sugai* beet (root and leaves) and red beet cell suspension cultures. PCR amplification 

using the F l/R l prhner pah* generated several fragments, but only two (bvl60 and 

bvl63) fr om the red beet cell culture cDNA produced fragments of the expected size. 

Genomic Southern analysis revealed that bvl60 is an authentic B. vulgaris sequence 

(Fig. 4.21) which is expressed in leaf tissue of several plants, although its expression 

appears to be higher in low-salt-treated plants. No expression of the bvl60-Bk& 

sequences was found in red beet cells; this result was unexpected as red beet cells were 

the original source of the fi*agment.

The bvl60 and bvl63 fragments were found to have >95 % sequence identity at the 

amino acid level. The BLAST searches of the TREMBL and SWISSPROT databases 

failed to identify any proteins with significant homology to bvl60 or bvl63 (Fig. 4.25 

and 4.26). Consideration of the peptide sequence between the two conserved (primer)
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CHAPTER SIX GENERAL DISCUSSION

motifs GKEGPxxH and GVLFSI, shows little consensus between the 17 clc 

homologues (Fig. 1.2) although bvl60 contains the conserved H and semi-conserved 

(L/I/V) dyad amino acids motifs at the correct positions (see Fig. 1.2). Northern 

analysis suggested that bvl60 is expressed mostly in leaf tissue but is suppressed by 

high external NaCl concentrations (Fig. 4.22A). On the basis of these fmdings, it was 

decided to proceed and isolate a full-length clone of the gene by screening a sugar beet 

genomic library using bvl60 as a probe.

Two methods were used for screening the sugar beet genomic library. The first was a 

PCR ‘primer walking’ method. Internal bvl60 primers (forward and reverse) were 

identified and oligonucleotides synthesized. Combinations of the internal primers and 

primers complementary to the vector’s T3/T7 sites were used in an attempt to amplify 

the 5' and 3' ends of the bvl60 gene using the PCR, However, this approach failed, 

presumably because the neither of the internal primer sequences lie within ~3 kb of 

either end of any of the cloned 20 kb inserts in the sugar beet X DASH II library. 

Further, control PCR reactions showed that either of the internal primers was capable of 

generating products on theii' own without the T3 or T7 complementary primers. These 

findings suggest that the full-length bvl60 gene may contain repetitive/invert sequences 

(Fig. 5.2), and so a conventional library screen was used.

A conventional colony screening method failed to identify any positive clones in the 

sugar beet X DASH II genomic library when bvl60 was used as a probe. Control 

experiments with bvl60 and calculations of target abundance in plaques suggested that 

with this probe, authentic ‘positives’ could not be detected as then* signal would be 

below the limit of resolution. Asymmetric PCR was used to try to increase the 

sensitivity of the bvl60 probe but only modest improvements were found. There is no 

cleai’ explanation for this observation, but for many short probes, this is not unusual (Dr 

Edi Cecchini, University of Glasgow, per. comm.). The sensitivity of the hybridization 

was improved by producing a chimera probe consisting of the target sequence (bvl60) 

ligated to a sequence that did not when washed at high stringency (a 1.6 kb fragment of 

the T. marmorata clc-0 gene). Using this probe, two positive clones bvFASl And 

bvFAS2 were identified. Sub-clones were made from these X DASH II clones and one 7
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kb fragment that hybridized strongly to the bvl60 chimera probe, bvFASL7, was 

sequenced.

Extensive sequence analysis proved to be disappointing. BLAST searches of the 

TREMBL and SWISSPROT data bases suggested that within the region of bvFASl.7 

that contains the bvl60 sequence, some good global homology exists to several putative 

plant proteins (reverse transcriptases, zinc fingers, etc.,) although, for several reasons, 

confidence in these predictions is not high. Most wonying were the failure of four 

programmes designed to identify eukaiyote promoter regions to settle on any consensus 

TATA or CATT box sites 5’ of the bvl60 sequence (+ or -  strand). Secondly, no 

concensus poly A initiation sites (A AT AAA) were identified 3’ of the bvl 60 sequence 

by four programmes routinely used to locate the 3’ end of eukaryote genes. These 

observations can be reconciled if the promoter and poly A sites of the corresponding 

gene lie outside of the bvFASl.7 sequence {i.e. the pre-mRNA is greater than 7 kb). 

However, perhaps more worrying still is the lack of consensus between the 9 

programmes that were used to identify intron / exon boundaries, the 5’ 

(C/A)AGGT(A/G)AG and the 3’ (T/C)nN(C/T)AGG motifs. Very little consensus was 

found here, and therefore, without a clear indication of where the open reading frames 

ai'e located, the validity of the BLAST seai'ches of the TREMBL database should be 

treated with caution. There are currently over 27,000 putative reverse transcriptase 

sequences lodged in the GeneBank database, and yet the number of known retro-vii'uses 

falls fai' short of this number. It is also well established that the databases report some 

extremely tenuous associations between sequences, and therefore, function is often 

incorrectly assigned to groups of related proteins. For instance, a sequence has been 

identified in Arabidopsis which has been tagged as a putative Na"'" / H^ antiporter. 

However, BLAST 2 and BLITZ interrogations of all of the databases with this 

sequences failed to identify any Na"̂  / H^ antiporters although many other homologous 

sequences are identified. Further, structural analysis of the putative protein suggests 

that it contains no membrane-spanning a-helices, and therefore, it is unlikely to be 

involved in membrane transport. Unfortunately, since if  s putative function has been 

assigned, other sequences with homology to it (and it alone) have now also been tagged

no
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as putative Na^ / antiporters (Dr P Dominy, per. comm). Clearly, with so much 

sequence information appealing in the databases, any early errors of assigned function 

to a sequence will result in compounding errors as new homologous sequences are 

deposited.

What is now requhed is a confu'ination of the bvl60  gene sequence. With hind-site, it 

would have been more prudent to have attempted to clone the full-length bvl60 gene 

from mRNA, and then the protein sequence would be known with certainty. It is 

recommended that such a strategy should be used if the identity of the bvl60 sequence 

is to be confirmed. However, as the expression of the bvl60 sequence appears to be 

mainly in the leaf, and suppressed by high NaCl concentrations, what ever it encodes, 

its is unlikely to play a significant role in Cl' transport hi salt-resistant plant cells.

In September 1998, a new search of the databases for putative chloride channels was 

undertaken. Over 80 putative chloride channels aie now hsted. One observation that 

had been noted was that PILEUP sometimes produced poor alignments for no apparent 

reason. Often, mis-aligned sequences can be spotted with the eye, and these ahnost 

invariably appeai'ed in the sequences neai* the bottom of the output Ust and is 

presumably a reflection on the inability of PILEUP to cope well with more that seven or 

eight sequences. For tliis reason, the 17 clc sequences used in the original PILEUP 

alignments were analysed by CLUSTALW which also produces aUgnments. The output 

from this CLUSTALW analysis is presented in its entfrety Fig. A2 (see Appendix). 

What is most noticeable from Fig. A2 is that although the tlii'ee conserved motifs 

identified by PILEUP are aligned, several other regions of similarity / identity are also 

marked which PILEUP failed to note. For instance there is a GSGIPExxK motif 

(between position 200 and 220), and a PGxYAxxGAAA motif (between positions 570 

and 585) that would make suitable PCR primers. Further experiments using degenerate 

oligonucleotides complementary to these sequences could be used in combination with 

the FI, F2 and Rl primers described in Chapter 4.

There ai*e now six putative plant clc gene sequences deposited in the databases 

(September, 1998). Four of these have been identified from the Arabidopsis genome
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sequencing programme, another has been identified from potato, and of course the 

tobacco clc-ntl sequence. A CLUSTALW alignment of these six putative plant gene 

products shows excellent homology between the species and this provides a good basis 

for caiTying forwai'd this project on cloning plant clc genes. Figure A3 (see Appendix) 

presents this alignment. It is recommended that a RT-PCR approach using this 

information should be used to identify Cl" channels in salt-resistant plants.

The 17 putative clc sequences (encoded for chloride channels) that were used in the 

original PILEUP alignments, and the six putative plant clc gene sequences deposited in 

the databases, were aligned and analysed by CLUSTALW. The output of the 

CLUATALW analysis, and the corresponding phylogram, are presented in Fig. A4 and 

Fig. A5 respectivly (see Appendix), what is most noticeable from Fig. A4 is that the 

two conseiwed motifs (GKEGPxxH and GVLFxxE), which were used to design the 

forwai'd (FI) and reverse (Rl) primers, were again identified (between 260 and 320 

positions), but these was not the only region of conservation. Unfortunately, the motif 

that was used for designing the degenerate forward (F2) primer is not found in the 

CLUSTALW alignment (Fig. A4). Several other regions of similarity with excellent 

homology are marked, for examples PxAxGSGxP (between position 200 and 220), 

PGxYAxxGAAA (between position 600 and 620) and PxGxFxP ((between position 540 

and 560).

Figure A5 shows a phylogram of the six cloned plant putative clc sequences along with 

those from other phyla. It is clear that the plant sequences ai'e closely related to each 

other and to the mammalian clc-1 class.

It is now likely that conceived regions identified in plant high lighted clc sequences by 

CLUSTAW, can be used to design PCR primers that will allow clc homologous to be 

cloned fr om salt-resistant plants.

It is recommended that this information should now be used to move this project 

forward.
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Figure A l, Sequence of Sugar Beet Genomic Clone bvFASlJ
The sub-clone bvFASl.7 isolated from a sugar beet X-DASH H genomic 
librai’y was ligated into pBluescript SK (+/-) and sequenced using the 
'primer walking' method (MWG Biotech). Nine contig. fragments were 
requii’ed to cover the full clone (775 Ibp). The region of homology to 
bvl60, the probe used to isolate bvFASl. 7 is shown (position 2430 to 2589); 
bases shown here in bold are identical to bvl60. The underlined sequences 
con-espond to the primer-binding regions.
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1) SAL_U 5 0 0  GTTCATTAAAGAATCAAATTACTAATATCATAAACCAATGGTCTAAATAA 5 5 0
C o n s e n s  5 0 1 --------------------- I -------------------- [ -------------------- I -------------------- I  I 5 5 0

1) SAL„U 5 5 0  TTCAACTTGAATTTTGAATATTTAATTAGGTCTTTGATAAGAAAAAGAAA 60 0
C o n s e n s  5 5 1  — -------------- I -------------------- I -------------------- I -------------------- i  I 6 0 0

1) SAL_U 6 00 TACACGTTTTAAAGGTGAAAAAGTAATAATAAGACAATCAAATATACACG 6 5 0
C o n s e n s  6 0 1 -------------------I --------------------I-------------------- 1-------------------- I  [ 6 50

1) SAL_U 6 5 0  TGTCAATTTGCAAGATATTAATTACAAATGAATATGATCGATTTGATTAA 70  0
C o n s e n s  6 5 1 --------------------- I --------------------I --------------------- I -------------------- I  I 7 0 0

1) SAL„U 7 0 0  ACTTCATCATGCAAAAAACCGAGTTTTAAACTTATGGCACTGTAATATGC 75  0
C o n s e n s  7 0 1 --------------------- I --------------------I ---------------------I-------------------- I I 7 5 0

1) SAL_U 7 5 0  ACTGTGTTTCAATTGAGATTGAGATTTCGAGATTGTGTTGAATTTTTTTT 8 0 0
C o n s e n s  7 5 1 ----------------------I --------------------I -------------------- I -------------------- I  I 8 0 0

1) SAL„U 8 00 TTGACATCTAATCAACGTACAATAGAATTTAAACGTTAGTAAACCTATTG 8 5 0
C o n s e n s  8 0 1 --------------I------------- [-------------- I------------- I-------------- I 8 5 0

2) SA LIW I 1 GGACTTGAGCCCAATGG 17
1) SAL_U 8 5 0  TTCCTCTACCTAATGCTATCGTATGAGCCTGCTGGACTTGAGCCCAATGG 90 0

C o n s e n s  8 5 1 ---------------------1--------------------I --------------------- 1-------------------- 1--------------------- 1 90 0

2) SA LIW I 17 ACCTTCAAAATGCGACACCATTGGAGAGTGCCCGCTTCTTCCCGAATATC 67
1) SAL_U 9 00 ACCTTCAAAATGCGACACCATTGGAGAGTGCCCGCTTCTTCCCGAATATC 95 0

C o n s e n s  9 0 1 ---------------------I -------------------- I --------------------- I -------------------- I --------------------- I 95 0

2) SA LIW I 67 CTTCAGTGTATGGTGAATAGTTATATCTGCATGCGTTTGATGTCTTAGGA 1 1 7
1) SAL_U 9 5 0  CTTCAGTGTATGGTGAATAGTTATATCTGCATGCGTTTGATGTCTTAGGA 1 0 0 0

C o n s e n s  9 5 1 ---------------------I--------------------I--------------------- I --------------------I--------------------- I 1 0 0 0

2 ) SA LIW I 1 1 7  ATTGGACCAGGTCCACTGAGTCCATGATAAGGAGAATTTTTGAGAAATTT 1 6 7
1) SAL_U 10  0 0 ATTGGACCAGGTCCACTGAGTCCATGATAAGGAGA 1 0 3 5

C o n s e n s  1 0 0 1 ---------------------- I --------------------I--------------------I-------------------- I --------------------- I 1 0 5 0

2 ) SA LIW I 1 6 7  GTTGTGCGAGCCCATCTGATAGCCGAGAGACATGCCGCTGCTTCTGTTTG 2 1 7
C o n s e n s  1 0 5 1 ---------------------- I --------------------I --------------------1-------------------- I --------------------- ! 1 1 0 0

2) SA LIW I 2 1 7  TAGAGCTGAAGCCGGATACAAAAATGATCCTTGACAACCAAGAGGTTGCC 2 6 7
C o n s e n s  1 1 0 1  ---------------------I --------------------- I -------------------- j -------------------I  I 1 1 5 0

2) SA LIW I 2 67 CATGCTGTAGTGCTACCCAAGCAGCTCCTCCAAACCCAGAATTTTTTTCC 3 1 7
C o n s e n s  1 1 5 1 ---------------------- I --------------------I--------------------1-------------------I  I 1 2 0 0

2) SA LIW I 3 1 7  CAAGAGCCATCTATCTGGATAATGATGTCCGGTGTATCGTTTTCCGATTG 3 67
C o n s e n s  1 2 0 1 ---------------------- I --------------------I-------------------I -------------------- I  I 1 2 5 0

2) SA LIW I 3 67 CCCAAGGCTGGTGAAAATAAAGCCCGGTGGAGAATCATAGTTGGGCGCCG 4 1 7
C o n s e n s  1 2 5 1 ---------------------- I--------------------I-------------------I -------------------- \    | 1 3 0 0

2) SA LIW I 4 1 7  GAGGAGGGATTATCGTCGGAGAGTCATTCGCGATGAAGCGTGAATGATGT 4 6 7
C o n s e n s  1 3 0 1 ---------------------- I --------------------I -------------------I -------------------- I  I 1 3 5 0



2) SA LIW I 4 6 7  TGTTCGCCTTCTCTTATATAGGTTCTTAAAACCTGTGTTGTGGCCCTCAC 5 1 7
C o n s e n s  1 3 5 1 -------------------I -------------------- I------------- [------------- I | 1 4 0 0

2) SA LIW I 5 1 7  CTTGCGGAATATTTGCGCGTTCCTTGCCTTCCAGATAGCCCACAGAGTAC 5 6 7
C o n s e n s  1 4 0 1 -------------------1--------------------1-------------------- | -------------------- 1 | 1 4 5 0

2 ) SA LIW I 5 67 CGATAAACTGCGGTAAAGATATTTTCCAAACCAAAATTTTAGCCATTGTG 6 17
C o n s e n s  1 4 5 1 --------------------- 1--------------------i --------------------- | -------------------- | --------------------- I 1 5 0 0

2 )  SA LIW I 6 1 7  CAAGCGGTAACTCCGGTTGATGGTGGGAATGGATTTGGAGATCATTTCCT 66 7
C o n s e n s  1 5 0 1 ---------------------I-------------------- I --------------------- | -------------------- I--------------------- j 1 5 5 0

2} SA LIW I 6 67 TCCCAAGCCTCAGTAGCAAGGGGGCAATTTCTGAAGATGTGTTGGTCATC 7 1 7
C o n s e n s  1 5 5 1 -------------------I -------------------- I -------------------- | -------------------- I  I 1 6 0 0

2} SA LIW I 7 1 7  GTCGTTGTCATGCAAACAAGTTTGACATTGGTTAGCAGTCGAAACCCCTC 7 67
C o n s e n s  1 6 0 1 ------------------ | -------------------- | -------------------- | -------------------- [  [ 1 5 5 0

2} SA LIW I 7 67 GTTGGAGGAGATTAGAAGATGTGGCCAAACAATTGTGCCATATTTTCCAC 8 1 7
C o n s e n s  1 6 5 1 -------------------I-------------------- 1-------------------- | -------------------- I | 1 7 0 0

3 )  PBVW3 1 GTCTC 5
2) SA LIW I 8 1 7  TTTGACATGATGTTCAATCCTCAGAGTTGCCGAAAGAAGTTCGATGTCTC 8 67

C o n s e n s  1 7 0 1 ------------------ 1-------------------- | -------------------- I-------------------- I I 1 7 5 0

3) PBVW3 5 TGGAATTGTCATGCTGCTGATTTTTTTTGCTGGTGTTGTAACAATAACCC 55
2) SA LIW I 8 67 TGGAATTGTCATGCTGCTGATTTTTTTTQCTGGTGTTGTAACAATAACCC 9 1 7

C o n s e n s  1 7 5 1 -------------------1-------------------- I -------------------- 1-------------------- 1 ! 1 8 0 0
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2 2 0 1  -------------------I -------------------- I --------------------- I -------------------- I --------------------- 1 2 2 5 0

5 0 5  TTTCATTAGTAGCGCTTTATT7\AAGCAACCAATATTACGGATTCCAAGAC 55 5  
2 2 5 1  -------------------I -------------------- I -------------------- I ---------------------1 I 2 3 0 0

5 5 5  CACCCTGACCACGCGGTTTGATGTAACAACTCCTTTCTTTCCAGTGAATA 6 0 5  
2 3 0 1  -------------------I ---------------------I -------------------- I -------------------- I  I 2 3 5 0

6 05 CGTTTCAGGAGATTGTTTTTCCAGAAGAAGCGTGCCAACATCGCATCCAA 65 5  
2 3 5 1  -------------------I --------------------- I -------------------- I -------------------- I  I 2 4 0 0

6 5 5  CTTATTGGTTATAGTAACTGGAATCGGAAAAATGQACAAGTQQTTCACAA 7 0 5 
2 4 0 1  -------------------I ---------------------I -------------------- I -------------------- I  I 2 4 5 0

7 05 TGGAAGCTACCAAAATGGAATTAATGATTATGAQCTTGGTCGATTGCGAA 7 5 5
2 4 5 1  -------------------I --------------------- I -------------------- I -------------------- I  I 2 5 0 0

7 55 AGAAGACCGTGGTTCCAGTTAGGTATCTTGTTTGAGA'TTATGTCTAGTAG 8 0 5
2 5 0 1  -------------------I --------------------- I -------------------- I -------------------- I  I 2 5 5 0

8 05 AGGTGTGAAGTGCTGAACCTTCGGAGCCTGAATGTCAATTGATGATCCCA 85 5
2 5 5 1  -------------------I --------------------- I -------------------- I -------------------- i  I 2 6 0 0

1 CATTTCTATAG 11
8 5 5  GATACGTGCCGAGCGATGGTTTGTCTGTCATCTGAAGAGCATTTCTATAG 9 0 5

2 6 0 1  -------------------I ---------------------1-------------------- I -------------------- I  I 2 6 5 0

11 GTGAGTCGTTGATCTGAACTAATATTCGGGCTGAACTTTACACATGATTT 61
9 0 5  GTGAGTCGTTGATCTGAACTAATATTCGGGCTGAACTTTACACATGATTT 9 5 5

2 6 5 1  -------------------I ---------------------I -------------------- I-------------------- I  I 2 7 0 0

61  ATGCCGATTAATCATCTGTCTCGAGACACACAAAATCTTGTTACTATTAT 1 1 1  
9 5 5  ATGCCGATTAATCATCTGTCTCGAGACACACAAAATCTTGTTACTATTAT 1 0 0  5 

2 7 0 1  -------------------I ---------------------I -------------------- I -------------------- I  I 2 7 5 0

1 1 1  GCTAACTGCATTACATGCTTCTTCAGATGCCCGAAAGAAGAATAGGGCAT 1 6 1
10 05 GCTAACTGCATTACATGCTTCTTCAGATGCCCGAAAGAAGAATAGGGCAT 1 0 5 5
2 7 5 1  -------------------I ---------------------I -------------------- I -------------------- I  I 2 8 0 0

1 6 1  CATCTGCAAAAAAGAGGTGAGATATTGTCGGACCTTGTTTTCCGATCTTT 2 1 1  
10 55 CATCTGCAAAAAAGAGGTGAGATATTGTCGGACCTTGTTTTCCGA 1 1 0  0
2 8 0 1  -------------------I --------------------- I -------------------- I -------------------- I  I 2 8 5 0

2 1 1  ATACCCTGAAATAGTCTTAGATCCGTGGCCAACGTAGTCATTCGAGAGAG 2 6 1  
2 8 5 1  -------------------I --------------------- ! -------------------- I -------------------- I  I 2 9 0 0

2 61 AATATCCATACAAAAGAGAAATAGATATGGCGACTGTGGATCTCCCTGCC 3 1 1  
2 9 0 1  -------------------I -------------------- I -------------------- I -------------------- I  I 2 9 5 0

3 1 1  TCAATCCACATTGTGGGGGTAAAGGATGGCGTCGCCACCCCATTCACCAT 3 61 
2 9 5 1  -------------------I -------------------- I --------------------- I -------------------- I  I 3 0 0 0

3 61 AACCCTATACGAAACTGTTTCAATACATTGTTGAATGAGCGGTAACCAAT 4 1 1  
3 0 0 1  -------------------I -------------------- I --------------------- I -------------------- I  I 3 0 5 0



3 81_W 5
C o n s e n s

4) 3 81_W 5 
C o n s e n s

4 ) 381_W 5 
C o n s e n s

4) 3 81_W 5 
C o n s e n s

4) 381_W 5 
C o n s e n s

4) 381„W 5 
C o n s e n s

4) 381_W 5 
C o n s e n s

4 ) 381_W 5 
C o n s e n s

5 ) 381W 10 
4 ) 381„W 5 

C o n s e n s

5) 381W 10 
4) 3 81_W 5 

C o n s e n s

5) 381W 10 
4) 381_W 5 

C o n s e n s

5) 381W 10 
4) 381_W 5 

C o n s e n s

5) 381W 10 
C o n s e n s

5) 381W 10 
C o n s e n s

5) 381W1Û 
C o n s e n s

5) 381W 10 
C o n s e n s

381W 10
C o n s e n s

4 1 1  AGGCGGGGAACCCATAGGCCGCTAGAACCTTTAGGATGAAATCCCATCTA 4 6 1
3 0 5 1  -------------------I ---------------------I ------------------- I -------------------- I  I 3 1 0 0

4 61 ACTCGGTCATAAGCTTTATTCATATCTAATTTCAATGCTGTCAGGTGGCG 5 1 1  
3 1 0 1 -------------------1---------------------I -------------------- ! -------------------- 1 1 3 1 5 0

5 1 1  AGTTCCCGAGCGTTGTTTATTAATTATATGAGTCAACTCTTGAGAAATCA 5 6 1  
3 1 5 1 -------------------I ---------------------I ---------------------I -------------------- I --------------------- I 3 2 0 0

5 6 1  AGATGTTATCCTCCATATGCCGCCCCGATACGAAAGAATTTTGGTATTCA 6 1 1  
3 2 0 1  ------------------ I ---------------------I --------------------I -------------------- I  I 3 2 5 0

6 1 1  TCTATTAGTCCTGGTAGAAGAGGCTTCATCCTGTTGACCATACATTTTGC 6 6 1  
3 2 5 1  -------------------I ---------------------I ------------------- I -------------------- I  I 3 3 0 0

6 6 1  AATACACTTATAAACAACGTTACAGAGGCTTATTGGACGAAACTGACTTA 7 1 1  
3 3 0 1  -------------------I ---------------------I-------------------- I --------------------- I -------------------- I 3 3 5 0

7 1 1  CCTCTTCCGGGGGTGTAACTTTCGGGATTAGGACCAACAATGTTTTGTTC 7 6 1  
3 3 5 1  -------------------I -------------------- I-------------------- I --------------------- I -------------------- ! 3 4 0 0

7 6 1  CATTCTCTCAGGATATGCCÀGTATAGAAAGAACGTTTAATTGCTTGAATG 8 1 1  
3 4 0 1  -------------------I ---------------------I --------------------i -------------------- 1 I 3 4 5 0

1 TGCTGGGAC 9
8 1 1  ACTGAGGGCCCGATATATTCCCAGTGGATTTGATAGGATTCTGCTGGGAC 8 6 1

3 4 5 1  ------------------ I ---------------------1--------------------1-------------------- I  1 3 5 0 0

9 ACCGTCCAGCCCTGGTGATTTCCCATGAGCGATGTCGAAGATCGCGTGTT 59
8 6 1  ACCGTCCAGCCCTGGTGATTTCCCATGAGCGATGTCGAAGATCGCGTGTT 9 1 1

3 5 0 1  -------------------i ---------------------! --------------------- I ------------------- I---------------------- 1 3 5 5 0

59  TGATTTCCTGGTCCGTTATTGGGGAAATCAATCTCAGCGAATCGCTAGAC 10 9
9 1 1  TGATTTCCTGGTCCGTTATTGGGGAAATCAATCTCAGCGAATCGCTAGAC 9 6 1

3 5 5 1  -------------------! ---------------------! ---------------------1------------------- 1---------------------- 1 3 6 0 0

1 0 9  GAAATACGAGGTAAGTTAAGCTCCCGAAGCACTAAGTCGATTTCTTCCCA 1 5 9
9 61 GAAATACGAGGTAAGTTAAGCTCCCGAAGCACTAAGTCG 10 00

3 6 0 1  -------------------1---------------------1------------------- i -------------------- I 1 3 6 5 0

1 5 9  ACTTTGACTGTTGTCCATGAGATTGTCGTGTGAAGCTTGGTAAAGATTTC 2 09 
3 6 5 1  -------------------I---------------------1------------------- I -------------------- I I 3 7 0 0

2 09 TAAAGTATGTTTGGATCAATTGGCCGATATCGTCGCTACTATCAACCCAC 2 59 
3 7 0 1  -------------------I ---------------------1------------------- I -------------------- I I 3 7 5 0

2 59 TCTCCAGCGGGGTTTCGAAGCATGTAGACGAAATTTCGCTGCTTCTTTTG 3 09 
3 7 5 1  -------------------1---------------------I ---------------------I -------------------- I  I 3 8 0 0

3 09 TCGTAGTCTATTGAATAAAATTTTTGAGGGAATGTCCCCTAGCTGCAGAT 3 59 
3 8 0 1  -------------------I ---------------------I------------------- I ---------------------1--------------------- I 3 8 5 0

3 59 GCCTATCTTTGATCCTTTGTTGCCAGTAGGTTAAAGCTAGCGTCGTCGCT 4 0 9  
3 8 5 1  -------------------I---------------------I ---------------------I-------------------- 1--------------------- I 3 9 0 0



5) 381W 10
C o n s e n s

6) VSAL1W7 
5) 3B1W10 

C o n s e n s

6) VSAL1W7 
5) 381W 10 

C o n s e n s

6) VSAL1W7 
5) 381W 10 

C o n s e n s

6) VSAL1W7 
5) 381W 10 

C o n s e n s

6) VSAL1W7 
5) 381W 10 

C o n s e n s

5) VSAL1W7 
C o n s e n s

6) VSAL1W7 
C o n s e n s

6) VSAL1W7 
C o n s e n s

6) VSAL1W7
C o n s e n s

5) VSAL1W7 
C o n s e n s

6) VSAL1W7 
C o n s e n s

6) VSAL1W7 
C o n s e n s

6) VSAL1W7 
C o n s e n s

6) VSAL1W7 
C o n s e n s

6) VSAL1W7 
C o n s e n s

6) VSAL1W7
C o n s e n s

4 09 TCATTCATTATTGAACGATGATTGAGGACTAACGAGACTCCTTAAGTAAT 4 5 9 
3 9 0 1  -------------------I -------------------- I -------------------- 1-------------------- I  I 3 9 5 0

■1050 TTGGTTACTTGATGTTGTAATTCACTAAACACCGTTCTCCA - 1 0 0 9
4 59 TGTCTGAACTTGGTTACTTGATGTTGTAATTCACTAAACACCGTTCTCCA 5 0 9  

3 9 5 1   r. ^ ^ ^   { = — = I = = = = = | = = = = = ===:= | | 4 0 0 0

-1 0 0 9  ATTGATTACCCAAAAAGATCTTTTATCTAGGCACCAAGCTTTGAGCCGCT - 9 5 9  
5 0 9  ATTGATTACCCAAAAAGATCTTTTATCTAGGCACCAAGCTTTGAGCCGCT 55 9  

4 0 0 1  = = = = = ==== I = = = := = = = == I = = = = = = = = = I = = = | = = = | 4 0 5 0

- 9 5 9  TACGAATTAAATCCAGTTTCCTAGTCATACAATACATGGCCGATCCCCCA - 9 0 9
5 59 TACGAATTAAATCCAGTTTCCTAGTCATACAATACATGGCCGATCCCCCA 6 0 9  

4 0 5 1  = = = = = = = = = I = = = = = = = = = j = = = = === = = I = = = = = = = = = I = = = = = = = = = I 4 1 0 0

- 9 0 9  ATATGTATCATCCAGATTTCAAGAATAATAGCTATAACCTCTGGTGTCTC - 8 5 9  
6 0 9  ATATGTATCATCCAGATTTCAAGAATAATAGCTATAACCTCTGGTGTCTC 6 5 9

- 8 5 9  AAACACCAATTTTCGATCTGÀTACGGCCGAAGAGGTTTAGTTGACCGAGG - 8 0 9  
6 5 9  AAACACCAATTTTCGATCTGATACGGCCGAAGAGGTTTAG 6 9 9

4 1 5 1  = == ==  = = = = 1= = = = = = = = =1=  = = = = = = = =1= = = = = = = = = I  I 4 2 0 0

- 8  09 TGCAGTTTGGAGCCAAATAGGAGCATGGTCAGATTGAATGATAGGA7VAGT - 7 5 9  
4 2 0 1  -------------------I ---------------------i --------------------- i -------------------- I--------------------- I 4 2 5 0

- 7 5 9  TCTGAAGGATGGTCAACGGGAATTCGTCCAACCATTCCTGAGAGGCGTAA - 7 0 9  
4 2 5 1  -------------------I ---------------------I --------------------- I -------------------- I --------------------- I 4 3 0 0

- 7 0 9  GCTCTATCCAGTCGTTCCATTATAAGTTCTCAATCACTCCTATTATTTGT - 6 5 9  
4 3 0 1  -------------------I ----------------------I -------------------I -------------------- 1 1 4 3 5 0

- 6  59 CCAAGTATAGCGAGGGCCATAGAAAGGTATATCTCTTAACTGAAGGTTGT - 6  09 
4 3 5 1  -------------------I ----------------------I -------------------[ -------------------- I  I 4 4 0 0

- 6 0 9  GTTTCCATGAAGTGAAGTCTTCCCATCCCCTAATTAGCGAAGCACCCCCT - 5 5 9  
4 4 0 1  -------------------I ----------------------I -------------------1-------------------- I  I 4 4 5 0

- 5  59 ATTTTTTCCGAATATGCATCCACCTGGTTGATATCACCGATGATTAAATA - 5 0 9  
4 4 5 1  -------------------I ----------------------I ------------------- t -------------------- I  I 4 5 0 0

- 5  09 ATTTGTGTAGTGTTGCAAGAGGTGGGCCAACTCTTCCCATAATGCTGGCC - 4 5 9  
4 5 0 1  -------------------I --------------------- I ------------------- I -------------------- I  I 4 5 5 0

- 4 5 9  TGTGTTCAACTTGAGATTCACCATACAAGAAAAGGCAATGCCAGATCTTC - 4 0 9  
4 5 5 1  -------------------I -------------------- 1-------------------- 1-------------------- I  I 4 6 0 0

- 4  09 CCATTAAGAGCAGTTATTTTACAGAAAATAAATCTCCTAGATTGATCAAC - 3 5 9  
4 6 0 1  -------------------I -------------------- I -------------------- I -------------------- I  I 4 6 5 0

-3  59 TACATCCACAGCAAACGGCCCCCAAAAAAAAATCGCTAGGCCACCCCTTG - 3 0 9  
4 6 5 1  --------------------------------I ----------------------------------I ---------------------------------- I ------------------------------------ I  t 4 7 0 0

- 3 0 9  TATCTACAGCATCCACCCCACAAAACGAAGAGGGACAAGTTGATCTAAGT - 2 5 9  
4 7 0 1  -------------------I -------------------- 1-------------------- I -------------------- [  1 4 7 5 0

■i»..

■
11-
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5) VSAL1W7 - 2  59 ACATTAACTACTTTATTTACATTAGTTTTAGTCTCCTGCAGAAACAAAAA - 2  09 
C o n s e n s  4 7 5 1  -------------------1-------------------- 1-------------------- | -------------------- I  | 4 8 0 0

6) VSAL1W7 - 2  09 AATTGGATGATAACTCGAGATGAGTCATCTGAGGTATGGAATTGTCGGAC - 1 5 9
C o n s e n s  4 8 0 1  -------------------I --------------------I -------------------- I -------------------- I  I 4 8 5 0

7 ) 3 81_W6 - 1 0 3  5 ATTCATGAT - 1 0 2  6
6) VSAL1W7 - 1 5 9  TACTTGAGTCATTTTAGTCCTCGACAATTCCATGCAAGGACATTCATGAT - 1 0 9

C o n s e n s  4 8 5 1  -------------------I -------------------- I -------------------- 1-------------------- I  j 4 9 0 0

7) 381_W 6 - 1 0 2 6  GACTTTGGTGGTTCATGAGAGTCAACCACTTCCCTAATGTTACTTTCCTG - 9 7  6
6) VSAL1W7 - 1 0 9  GACTTTGGTGGTTCATGAGAGTCAACCACTTCCCTAATGTTACTTTCCTG - 5 9

C o n s e n s  4 9 0 1  -------------------- I ---------------------I --------------------- I -------------------- I --------------------- | 4 9 5 0

7) 381_W 6 - 9 7 6  TGCTTTTCCTACTGCCAAACTCAGCTGGAATACCATTTCATTAACCACAT - 9 2 6
6) VSAL1W7 - 5 9  TGCTTTTCCTACTGCCAAACTCAGCTGGAATACCATTTCATTAACCACAT - 9

C o n s e n s  4 9 5 1  -------------------- I ---------------------I --------------------- | -------------------- I --------------------- | 5 0 0 0

7) 3 81_W 6 - 9 2 6  TCTCAAATTCGTTTGTCGTAACCTGAGCTTGAGCCATATCACGATCAGTT - 8 7  5
6) VSAL1W7 - 9  TCTCAAATT - 1

C o n s e n s  5 0 0 1  -------------------I -------------------- I -------------------- I -------------------- I  I 5 0 5 0

7) 3 81_W 6 - 8 7 6  GGTGAGACGGATTTCTTCTTCAACCTATTCCATTGAGAAATCTATTGTGG - 8 2  6
C o n s e n s  5 0 5 1  --------------------I --------------------- I ----------------------1----------------------I I 5 1 0 0

7 ) 3 81_W6 - 8 2  6 AGGTGACGTAGCTGCTGCCCGTATATTTTCTTTTTGTAATGTGATGTTAC - 7 7  6
C o n s e n s  5 1 0 1 --------------------- i --------------------- I -------------------I -------------------- I  I 5 15  0

7 ) 3 81_W 6 - 7 7 6  CATCTGGTATAACCCCAAATGTCGTGGCCATATCTACATCTGTGATAGCT - 7 2  6
C o n s e n s  5 1 5 1 --------------------- I ---------------------I -------------------I -------------------- I  1 5 2 0 0

7) 381_W 6 - 7 2  6 TTGCTCCTCATGGGCGTTTCATTTGGACCCCTAGGAATAGTGAAATCGCC - 6 7 6
C o n s e n s  5 2 0 1  -------------------I --------------------- I -------------------- I -------------------- I  j 5 2 5 0

7 ) 381_W 6 - 6 7 6  CTTGGCGTCCCACTCCTCCATTCTTCTTTTGTGGCGTTTGATTCGAGCCT - 6 2  6
C o n s e n s  5 2 5 1  -------------------I -------------------- I -------------------- 1-------------------- 1 | 5 3 0 0

7) 381„W 6 - 6 2 6  GGAACTCGTCACCTCCAAATTTGAAATATGTGTCTAGCGACTGACTCTTG - 5 7 6
C o n s e n s  5 3 0 1  ---------------------- 1-----------------------I -------------------- I ----------------------I 1 5 3 5 0

7) 381_W 6 - 5 7 6  GAACATCTCGTCATCTTTTTCCCATGAACATGGATGCTGAAACAGGTAGG - 5 2  6
C o n s e n s  5 3 5 1  ---------------------I --------------------- I ------------------- I -------------------- I  1 5 4 0 0

7) 3 81_W 6 - 5 2 6  CCTAGCACTATGCTTCTCAAGTTTACCTCGTCTTGACTGTTCTGAGCATT - 4 7  6
C o n s e n s  5 4 0 1  ---------------------I --------------------I -------------------- I --------------------- I  I 5 4 5 0

7) 3 81„W 6 - 4  75 ATTTGCTGAAGATGAAACAAGATCATCATTAATCTGCAGAATATCAAGAG - 4 2 6
C o n s e n s  5 4 5 1  ---------------------I -------------------- I -------------------- I --------------------- I  I 5 5 0 0

7) 3 81_W 6 - 4 2 6  GAGACGTTGGTGAATAACGCTCCTCCGAACATCCATTAGAATTCTCCTCT - 3 7  6
C o n s e n s  5 5 0 1  ---------------------I --------------------I -------------------- | --------------------- t --------------------- I 5 5 5 0

7 )  3 81_W 6 - 3  76 CCATAAATACTTCGATGTTCCTACAACAGGGGGTTAAGAAAATCTGTAAA - 3 2  6
C o n s e n s  5 5 5 1  ---------------------I -------------------- I -------------------- I --------------------- 1--------------------- | 5 6 0 0



7) 3 81„W 6 - 3  2 6 GGGTGGAGGAGATATGCGAAATCGACTATTAATAATTTGCGAAATGTTAC - 2 7  6
C o n s e n s  5 6 0 1  -------------------I -------------------- I -------------------- I ---------------------I  I 5 6 5 0

7) 381_W 6 - 2  76  GAAGCTCATCTGGTTCGTTGCTGGAGTTAGAGAGAGGATGATTTTGTGGA - 2 2 6
C o n s e n s  5 6 5 1  -------------------- [ ---------------------I -------------------- I -------------------- I  I 5 7 0 0

7) 381„W 6 - 2 2 6  TGCAGTCTAATATCTAGGTAACCATGCAAATCATTGAGGGCCTGCTCTTG - 1 7  6
C o n s e n s  5 7 0 1  -------------------- I ---------------------I -------------------- I -------------------- I  I 5 7 5 0

8) PBVW4 - 1 0  5 0 TCTTGTGGCCCAGGAGGTA - 1 0 4 1
7) 3 81_W 6 - 1 7 6  CGCCCTATCAACCCAGTTACTCGGCCCAGCTTCTTGTGGCCCAGGAGGTA - 1 2  6

C o n s e n s  5 7 5 1  -------------------I -------------------- I -------------------- I ---------------------|  1 5 8 0 0

8) PBVW4 - 1 0  41 CAATTGGCCGTCCTTGAGCTACCAGATTTTCAAGAGAGTTTCTTTGATCA - 9 9 1
7) 3 81_W 6 - 1 2 6  CAATTGGCCGTCCTTGAGCTACCAGATTTTCAAGAGAGTTTCTTTGATCA - 7 6

C o n s e n s  5 8 0 1  -------------------I -------------------- I -------------------- I ---------------------|  I 5 8 5 0

8) PBVW4 - 9 9 1  TAAGTTTGTTCTATGAATGGAGGGTTTGGGCTAGCTGGCCTAGTATGACC - 9 4 1
7) 381„W 6 - 7 6  TAAGTTTGTTCTATGAATGGAGGGTTTGGGCTAGCTGGCCTAGTATGACC - 2 6

C o n s e n s  5 8 5 1  -------------------I -------------------- I -------------------- I ---------------------1 I 5 9 0 0

8 ) PBVW4 - 9 4 1  GAAAGATCCACACAAGTGTCACGCTATTTAAGCTTGTTGTAGCCTAAAAA - 8 9 1
7 ) 3 81_W 6 - 2 6  GAAAGATCCACACAAGTGTCACGCTA - 1

C o n s e n s  5 9 0 1  -------------------I -------------------- I -------------------- I ---------------------I  1 5 9 5 0

8) PBVW4 - 8 9 1  TCAACGGCTACCCTTATGGCACATGGCACTATCTCAGCCCTACATGTGCA - 8 4 1
C o n s e n s  5 9 5 1  ---------------------i --------------------- I ------------------- I ---------------------I ----------------------| 6 0 0 0

8) PBVW4 - 8 4 1  TTCGCCTATGCAAAGAAAAGTACAAAGGCCTGCAGGTTCTTTGGGCTAAA - 7 9 1
C o n s e n s  6 0 0 1  ---------------------I --------------------- I ------------------- I ---------------------I --------------------- | 6 0 5 0

8) PBVW4 - 7 9 1  GTACATTTTTCTGAGAAAAAGGTGTACTGAAAAGCTCCCTTATGGCCCTG - 7 4 1
C o n s e n s  6 0 5 1  ---------------------I -------------------- I --------------------- I --------------------[ --------------------- 1 6 1 0 0

8) PBVW4 - 7 4 1  AAATTGTACTTAGGCCCAATGAAGTAAAGCCTGATTAAGCTAAAGGGTAA - 6 9 1
C o n s e n s  6 1 0 1 --------------------- I -------------------- I ---------------------1--------------------I --------------------- | 6 1 5 0

8 ) PBVW4 - 6 9 1  AATGTACTGACCAATCAGCGTTTGCCACGTGTCTTGATATTATTGCTCAG - 6 4 1
C o n s e n s  6 1 5 1 -------------------1-------------------- I -------------------- I --------------------- I  1 6 2 0 0

8) P B W 4  - 6 4 1  CCAATCAGATGCTCCCAAATTAGGGTGACATCAAGGTACATCAGTCATTT - 5 9 1
C o n s e n s  6 2 0 1  -------------------I -------------------- I -------------------- I ---------------------I  I 6 2 5 0

8) PBVW4 - 5 9 1  CAAACAATATAAATACTCCTTGAAATCAGGAGAAAGGTACGTTTTTCAGA - 5 4 1
C o n s e n s  6 2 5 1  -------------------- I ---------------------I --------------------- I ------------------- I ---------------------- I 6 3 0 0

8) PBVW4 - 5 4 1  GCATAGTATTGTTATTCTGCCATAAATTCTCTCTCTCTCTCTACTTTCTC - 4 9 1
C o n s e n s  6 3 0 1  -------------------- I ---------------------I --------------------- I ------------------- | ---------------------- | 6 3 5 0

8) PBVW4 - 4  91 TCTCTAAAAGTTCCTTCATAGCCCTGATATCTGACTTAAGCATCGGAGGG - 4 4 1
C o n s e n s  6 3 5 1  -------------------- I ---------------------I --------------------- I ------------------- | ---------------------- 1 6 4 0 0

8) PBVW4 - 4  41 GGAAATACCACCCAAACCTCCACGGTGGGTCCCTTTTTGCAGGTTGCTGG - 3 9 1
C o n s e n s  6 4 0 1  -------------------- I ---------------------I --------------------- I ------------------- | ---------------------- | 6 4 5 0

..f t.



PBVW4
C o n s e n s

- 3 9 1  TCAGAGGTTTGCACCGAGATCCGAGCCAATCATTGTTGCACAAGTCTCCA - 3 4 1  
6 4 5 1  -------------------I -------------------- I -------------------- i -------------------- I --------------------- i 6 5 0 0

PBVW4
C o n s e n s

- 3  41  AATTAAGAATCTAAGGTTGGGAGTTATTGTATTAGTTTACTAGTTTCGTA - 2 9 1  
6 5 0 1  -------------------I --------------------I -------------------- I -------------------- 1--------------------- 1 6 5 5 0

PBVW4
C o n s e n s

- 2  91 CTACGTAACATTTGGCGCCGTCTGTGGGGAGACGCAACAATGÀCGGATTG - 2 4 1  
6 5 5 1  -------------------I -------------------- 1-------------------- I -------------------- I--------------------- I 6 6 0 0

PBVW4
C o n s e n s

- 2  41  TCATTCATTGAATGTCGCAAGGAACATAAGTTTTAGAGTTCAAGTGGAAG - 1 9 1  
6 6 0 1  -------------------I -------------------- I -------------------- I -------------------- I--------------------- I 6 6 5 0

SAL_REV - 1 0 7 5  CAGTGGACGGGACAGAGGCCATGCT - 1 0 5 0
PBVW4 - 1 9 1  ACACTGTGAATGACGAGAGGCCACCCAGTGGACGGGACAGAGGCCATGCT - 1 4 1
C o n s e n s  6 6 5 1  -------------------i -------------------- i -------------------- I -------------------- I  i 6 7 0 0

SAL_REV - 1 0  50 GCCGTCCATCTGGAGGGTAGGACTGTGACCCCAGTCATTCAGGAAAACCT - 1 0 0 0
PBVW4 - 1 4 1  GCCGTCCATCTGGAGGGTAGGACTGTGACCCCAGTCATTCAGGAAAACCT - 9 1
C o n s e n s  6 7 0 1  -------------------I -------------------- I -------------------- ! -------------------- 1 1 6 7 5 0

SAL_REV - 1 0  00 TGATCATCCAATGACAGCTGGTCACTTGGAGAATGTCTTAAATGATTTCC - 9 5  0
PBVW4 - 9 1  TGATCATCCAATGACAGCTGGTCACTTGGAGAATGTCTTAAATGATTTCC - 4 1
C o n s e n s  6 7 5 1  -------------------- I ---------------------I --------------------- 1-------------------- I--------------------- I 6 8 0 0

SAL„REV - 9 5 0  AGGCCAGAATGGCCGCTGTCATGGAAGAGCAGATTAAGAACAATATGTTG - 9 0  0
PBVW4 - 4 1  AGGCCAGAATGGCCGCTGTCATGGAAGAGCAGATTAAGAAC - 1
C o n s e n s  6 8 0 1  -------------------- I ---------------------I --------------------- I -------------------- I --------------------- I 6 8 5 0

SAL_REV
C o n s e n s

- 9 0 0  TTCTTTCAGCTAAGTCCAGGAGGAGAGGCAGCAGAGCCACTCAAAGGGAG - 8 5 0  
6 8 5 1  -------------------I ------------------ —-I -------------------- I -------------------- I --------------------- ] 5 9 0 0

SAL„REV
C o n s e n s

- 8  50  ATCCAAAGAGGGTCGTCCAGGGACTAGCCGGCCACCTCGGCCAGAGTTGA - 8 0 0  
6 9 0 1  -------------------I -------------------- I -------------------- 1-------------------- I--------------------- I 6 9 5 0

SAL_REV
C o n s e n s

- 8  00 CCAGGCCGCTTTCCAAGGGGAAGGGGCCAGCTGTTAGTGACTCTAGGAGG - 7 5 0  
6 9 5 1  -------------------I -------------------- [ -------------------- I -------------------- I--------------------- I 7 0 0 0

SAL_REV
C o n s e n s

- 7 5 0  AAGATGGACTGGAGGTTGGTAGTCCGTCCAGGAGACAATATTCCCCCTAC - 7 0 0  
7 0 0 1  -------------------j -------------------- I -------------------- I -------------------- I --------------------- I 7 0 5 0

SAL_REV
C o n s e n s

- 7  00 CGGCCACAAAATGGAAACTGATGCTAGGGAATATCTGGAAGCCAAAAGAG - 6 5 0  
7 0 5 1  -------------------I -------------------- I -------------------- I ---------------------! I 7 1 0 0

SAL_REV
C o n s e n s

- 6 5 0  CGGCAGCCCAACAGCGTTCGGCCTCTGGTTCTACTCCTTATATGAAGGAT - 6 0 0  
7 1 0 1 -------------------I -------------------- I -------------------- I -------------------- I  I 7 1 5 0

SAL_REV
C o n s e n s

- 6  00  CTGTTAGTAAAGCTCCCGTCCAGAACAGTAGGGAGAAGTCATGGACCTTC - 5 5 0  
7 1 5 1 -------------------1-------------------- I -------------------- I -------------------- I --------------------- I 7 2 0 0

SAL„REV
C o n s e n s

- 5 5 0  GGCTTTTCAGCCAAGGCAAGAAAAAACAGTTCTGCAGCCAATGGTGTACA - 5 0 0  
7 2 0 1  -------------------1-------------------- 1-------------------- I -------------------- I  I 7 2 5 0

SAL_REV
C o n s e n s

- 5 0 0  GGCGTCAAGCCTTAGCTAACACCTCTTCTAATCCGGTACTAAAGGAGTAT - 4 5 0  
7 2 5 1  -------------------I -------------------- I -------------------- I -------------------- I  I 7 3 0 0



9) SAL„REV
C o n s e n s

9) SAL_REV 
C o n s e n s

9 ) SAL_REV 
C o n s e n s

9) SAL_REV 
C o n s e n s

9) SAL„REV 
C o n s e n s

9) SAL_REV 
C o n s e n s

9 ) SAL_REV 
C o n s e n s

9 ) SAL_REV 
C o n s e n s

9 ) SAL_REV 
C o n s e n s

9) SAL_REV 
C o n s e n s

- 4 5 0  CGCCGGGAGCACATACCCATTGAGGGTCAGGTTGAGGCACTTCAGATAAA - 4 0 0  
7 3 0 1  -------------------I -------------------- I -------------------- I -------------------- 1 [ 7 3 5 0

- 4  0 0 TTGGCCAACTCCTTTCTCGGTCAGAATTATGGAGTCCCCTCCTTTCCCAA - 3  5 0 
7 3 5 1  -------------------I -------------------- I --------------------- 1-------------------- I --------------------- I 7 4 0 0

- 3  50 AGGTTAAGCTCCCGACCATCGAGCCTTTCGATGGAACAACAGATCCAGAC - 3 0 0  
7 4 0 1  -------------------I ---------------------I -------------------- I -------------------- I --------------------- I 7 4 5 0

- 3 0 0  GATCATCTATCAGCCTATAAGCATCAGATGTATGTCCAGGGGGTGGACGA - 2 5 0  
7 4 5 1  -------------------I -------------------- I --------------------I ---------------------I I 7 5 0 0

- 2 5 0  TGCTACTTGGTGTAAGAATTTCCCAGCTACGTTGAAGGGAGTAGCTCAGA - 2 0 0  
7 5 0 1  ------------------- I --------------------I -------------------- I -------------------- I  I 7 5 5 0

- 2 0 0  AATGGTTTAACAATTTGTCGCCTAACTCAGTGAACAATTTCACTGAGCTC - 1 5 0  
7 5 5 1  -------------------I ----------------------I -------------------- 1-------------------- I --------------------- I 7 6 0 0

- 1 5 0  AGTATCCTGTTCACTAGTCACTTTGTGGCTAATCGTCAAGAACAAAAAAC - 1 0  0 
7 6 0 1  -------------------I --------------------- I -------------------- I -------------------- I--------------------- I 7 6 5 0

- 1 0 0  AAGCATGGACTTGGGTAAGGTGATTCAGGGTCCTAAAGAGGCCTTGAGAG - 5 0  
7 6 5 1  -------------------I --------------------- I -------------------I -------------------- I  I 7 7 0 0

- 5 0  GTTATGTGAAGGGATTCAATGCTAGAGCGGCCGCCACCGCGGTGGAGCTC 0
7 7 0 1  -------------------1--------------------- i -------------------I -------------------- I  1 7 7 5 0

0 -1 
7 7 5 1  . ---------------- [ ---------. --------- 1-------------------- I -------------------- 1 1 7 8 0 0



Figure A.2. CLUSTALW Alignment of 17 Putative CLC-type Chloride Channels.
In September 1998, the CLUSTALW programme at the EMBL 
European Bioinformatics Institute, Cambridge was used to align the 
same 17 CLC protein sequences aligned by GCG’s PILEUP programme 
(see Fig. 1.2). Several more regions of conserved sequence were 
identified, over and above those identified by PILEUP. The sequence 
accession numbers are as follows: rnmina, x64139: human placenta 
CLC-2, s77770: oc 15652, Chinese hampster CLC-2: Torpedo 
califomica CLC-0, tcvgcc: Torpedo marmorata CLC-0, tmclchan; 
human muscle CLC-1, hsclclmcc: human muscle CLC-1, hsclclmr: rat 
skeletal muscle, iTsmcc: rat protein kinase A activated Cl channel, 
rrclck2a: human kidney CLC-2, s80315: human CLC-5, hsclcnSgn: rat 
CLC-5; rnclc5: human chloride channel protein, hsclcpx: rat CLC-3, 
rnclc3: human CLC-7, hsclc7mr: rat CLC-7, rnclc7mr: S. cerevisiae 
GEFl, scclcy.
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Figure A 3. CLUSTALW Alignment of 6 Putative Plant CLC-type CI Channels.
The sequences of six putative plant voltage-gated Cl" channels are 
deposited in the database. The ti'anslations of these six sequences were 
aligned using the CLUSTALW programe at the EMBL European 
Bioinformatics Institute, Cambridge. The sequence abbreviations are as 
follows: Nt_CLC~NTl, Nicotiana tabaccum clc-Ntl: St_STCLCl, 
Solarium tuberosum StCLCl :At_CLC a-d, Arabidopsis thaliana CLC~a, 
CLC~b, CLC-c and CLC~d.
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Figure A.4. CLUSTALW Alignment of Putative CLC-type Cl Channels.
The sequences of animals and plants voltage-gated Cf channels are 
deposited in the databases. The translations of these sequences were 
aligned using the CLUSTALW programe at the EMBL European 
Bioinformatics Institute, Cambridge. The sequence names aie as 
foUows: Human CLC-7, Rat CLC-7, Human CLC-5, Ratm CLC-5, 
Human CLC-3, Rat CLC-3, Human CLC~k2, Rat CLC-k2, Rat CLC-kl, 
Rabit CLC, Human placenta CLC, T, califoria, T. marmorata. Rat. 
Muscle CLC, Human muscle CLC, Human CLC-1, S. cerevisiae GEFl, 
NtCLC NTl {Nicotiana tabaccum) St STCLCl, {Solanum tuberosum), 
At CLC a-d {Arabidopsis thaliana CLC^a, CLC-b, CLC-c and CLC-d).
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Figure A.5. Phylogram of CLC-type Cl Channels.
The putative d e  sequences voltage-gated CF channels are deposited in the 
databases. The translations of these sequences were aligned using the 
CLUSTALW programe at the EMBL European Bioinformatics Institute, 
Cambridge. The phylogram of theses sequence was done to represent the 
molecular bases of evolution for the putative gene encoding chloride 
channels in the following: Human CLC-7, Rat CLC-7, Human CLC-5, Rat 
CLC-5, Human CLC-3, Rat CLC-3, Human CLC-k2, Rat CLC-k2, Rat 
CLC-kl, Rabit CLC, Human placenta CLC, T. califoria, T. marmorata. Rat. 
Muscle CLC, Human muscle CLC, Human CLC-1, S. cerevisiae GEFl, Nt 
CLC-NTl {Nicotiana tabaccum) St STCLCl, {Solanum tuberosum). At 
CLC a-d {Arabidopsis thaliana CLC-a, CLC-b, CLC-c and CLC-d).



s.cerevisiae 

Human CLC-7 

Rat CLC-7 

Arabidopsis CLC-d 

Arabidopsis CLC-c 

Potato STCLC-1 

Tobacco CLC-NT1 

Arabidopsis CLC-b 

Arabidopsis CLC-a 

Arabidopsis CLC 

Human CLC-K2 

Rat CLC-k1 

Rat CLC-2 

Rabit CLC-2 

Human placenta CLC 

T.caiifornica 

I .  marmorata 

Rat muscle CLC-1 

Rat muscle 

Human muscle CLC-1 

Human CLC-1 

Rat CLC-5 

Human CLC-5 

Rat CLC-3 

Human CLC-3

I



APPENDIX REFERENCES

Abel, G. H., and Mackenzie, A. J. (1964). Salt tolerance of soyabean varieties (Glycine 
max (L.) Merril) during germination and later growth. Crop ScL, 4: 157.

Akamura, T., Koraano, Y., Itaoya, E., Tsukamoto, K., Tsuchiya, T. and Unemoto,T. 
(1994). Cloning and sequencing of a Na+/H+ antiporter gene from the marine 
bacterium Vibrio alginolyticus. Biophy. Acta., 1190: 465-468.

Al-Awqati, Q. (1995). Chloride channels of intracellulai" organelles. Curr. Opin. Cell, 
Biol, 7: 504-508.

Al-Khatib, M., McNeilly, T., and Collins, J. C. (1993). The potential of selection and 
breeding for improved salt tolerance in lucerene {Mediago sativa L.). Euphytica, 
65; 43.

Allen, G. J., Wyn Jones, R. G. and Leigh, R. A. (1995). Sodium transport measured in 
plasma membrane vesicles isolated from wheat genotypes with differing K+/Na+ 
discrimination traits. Plant. Cell Environ., 18: 105-115.

Anderson, J. A., Huprikar, S. S., Kochian, L. V., Lucas, W. J. and Gaber, R. F. (1992). 
Functional expression of a probable Arabidopsis thaliana potassium channel in 
Saccharomyces cerevisiae. Proc. Natl Acad. ScL USA., 89: 3736-3774.

Arnoson, P. S., and Boron, W. F., eds. (1986). Na+/H+ exchange, Intracellular, pH and 
cell function. Current, Topics in Membranes and Transport, Vol 26, New York: 
Academic Press.

Ashraf, M. (1994). Breeding for salinity tolerance in plants. Crit. Riv. In Plant Science, 
31: 17-42.

Ashraf, M., Bokhari, M. H. and Kaiim, F. (1988). Salinity effects on some 
cultivaiVlines of mash (Vigna mungo (L.) Hepper) at two growth stages. 
Biologica, 34: 81.

Assmann, S. M., and Haubrick, L. (1996). Transport proteins of the plant plasma 
membrane. Curr. Opin.: Cell B iol, 8: 458-467.

Banuelos, M. A., Quintero, F. J. and Rodrigues-NavaiTo, A. (1995). Functional 
expression of the ENA 1 (PMR2)-ATPase of Saccharomyces cerevisiae in 
Saccharomyces pombe. Biochim. Biophys. Acta., 129: 233-23^.

Barkla, B. J. and Blumwaid, H. (1991). Identification of a 170 kDa protein associated 
with the vacuolar Na+/H"  ̂antiport of Beta vulgaris. Proc. Natl Acad. Set USA., 
88: 11177-11181.

Barkla, B. J. and Blumwaid, E. (1992). In Research Photosynthesis, Vol. IV, 219-226. 
Kluwer, Dordrecht.



APPENDIX REFERENCES

Barkla, B. J., and Pantoja, O. (1996). Physiology of ion transport across the tonoplast 
of higher plants. Anniu Rev. Plant, Physiol. Plant Mol. Biol., 47: 159-184.

Barkla, B, J., Zingarelli, L., Blumwald, E., Smith, J. A. C. (1995). Tonoplast Na+/H+ 
antiport activity and its energization by the vacuolar H+~ATPase in the halophytic 
plant Mesembryanthemum crystallinum L. Plant Physiol., 109: 549-556.

Baumann, P., Furniss, A. L., Lee, J. V. (1984). Bergery's manual of systematic 
bacteriology, (Kreig, N. R., ed.), Vol 1, pp 518-538. Williams and Wilkins, 
Baltimore, M. D.

Benito, B., Quintero, F. J. and Rodriguez-NavaiTo, A. (1997). Over-expression of the 
sodium ATPase of Saccharomyces cerevisiae: conditions for phosphorylation 
from ATP and Pi. Biochim. Biophys. Acta., 1328: 214-225.

Benton, W. D. and Davis, R. W. (1977). Screening X gt recombinant clones by 
hybridization to single plaques in situ. Science, 196: 180-182.

Berkelman, T., Houtchens K. A., DuPont, F. M. (1994), Two cDNA clones encoding 
isoforms of the B sub-unit of the vacuolar ATPase from barley roots. Plant 
Physiol, 104: 287-288.

Bernstein , L. (1975). Effect of salinity and sodicity on plant growth. Ann. Rev. 
Phytopathol, 13: 295.

Betz, H. (1991). Glycine receptors: heterogeneous and widespread in the mammalian 
brain. Trends Neurosci., 14: 458-461.

Binzel, M. A., Hess, F. D., Bressan, R. A. and Hasegawa, P. M. (1988). Intracellular 
compai'tmentation of ions in salt adapted tobacco cells. Plant Physiol, 84: 607- 
614.

Birnboim, H. C. (1983) A rapid alkaline extraction method for the isolation of plasmid 
DNA. Meth. Enzymol, 100: 243-255.

Birnboim, H. C. and Doly, J. (1979). A rapid alkaline extraction procedure for 
screening recombinant plasmid DNA. Nucl Acids Res., 7: 1513-1522.

Blumwald, E. and Poole, R. J. (1987). Salt tolerance in suspension culture of sugar 
beet. Induction of Na"** /H+ antiport activity at the tonoplast by growth in salt. 
Plant Physiol, 83: 884-887.

Boursier, P., Lynch, J., Lauchli, A. and Epstein, E. (1987). Chloride partitioning in 
leaves of salt-stressed sorghum, maize, wheat and barley. Aust. J. Plant Physiol, 
14: 463-473.

Boutry, M., Michelet, B. and Goffeau, A. (1989). Molecular cloning of a family of 
plant genes encoding a protein homologous to plasma membrane H+-translocating 
ATPases. Biochim. Biophys. Res. Commun, (by Acad. Press, Inc)., 162: (2). 
567-574.

Bowman, B. J. and Bowman, E. J. (1986). H"**-ATPases from mitochondria, plasma 
membrane and vacuoles of fungal cells. J. Memb. Biol, 94: 83-67.



APPENDIX REFERENCES

Bowman, E. J., Mandala, S., Taiz,L. and Bowman B. J. (1986). Structure studied of the 
vacuolar membrane ATPase from Neurospora crassa and comparison with the 
tonoplast membrane ATPase from Zea mays. Proc. Natl. Acad. Sci. U.S.A., 
83; 48-52.

Boyko, H. (1966). 'Salinity and aridity. New approaches to old problems'. (Dr W. 
Junk, Pub: The Hague.).

Boyko, H. (1968). 'Saline irrigation for agriculture and forestry'. (Dr W. Junk, Pub: 
The Hague.).

Brandt, S., and Jentsch, T. J. (1995). ClC-6 and C/C-7 are two novel broadly 
expressed members of the C/C chloride Family. FEES. Lett. 377: 15-20.

Braun, Y., Hassidim, M., Lerner, H. and Reinhold, L.(1986). Studies on H+- 
translocating ATPase in plant of varying resistance to salinity .1. salinity during 
growth modulates the proton pump in the halophyte Atriplex nummularia. Plant 
Physiol, 81: 1050-1056.

Bremberger, C., Luttge, U. (1992). Dynamics of tonoplast proton pump and other 
tonoplast proteins of Mesembryanthemum crystallinum L. During the induction 
of crassulacean acid metabolism. Planta., 188: 575-580.

Britten, C. J., Turner, J. C. and Rea, P. A., (1989). Identification and purification of 
substrate-binding sub-unit of higher plant H^-translocating inorganic 
pyrophosphatase. FEES Lett., 256: 200-206.

Cao, Y., Ward, J. M., Kelly, W. B., Ichida, A. M., Gaber, R. F., Anderson, J. A., 
Uozumi, N., Schroeder, J. I., Crawford, N. M. (1995). Multiple gene tissue 
specificity and expression-dependent modulation contribute to the function 
diversity of potassium channels in Arabidopsis thaliana. Plant Physiol, 190: 
1093-1106.

Carter, V. G., and Dale, T. (1974) Topsoil and civilization. University Of Oklahoma 
Press. Norman.

Cheeseman, J. M. (1982). Pump leak sodium fluxes in low salt corn roots. J. Membr. 
Biol, 70:157-164.

Christiansen, M. B. (1982). World envh’onmental limitations to food and fiber culture. 
In: Breeding Plant for Less Favourite Environments Christiansen. M, B. and 
Lewis, C. F., Eds., pp 1., John Wiley & Sons, New York.

Clarke, L., and Caibon, J. (1976). Acolony bank containing synthetic col el hybrid 
plasmid representitive of the entire E. coU genome Cell 9: 91-99.

Colombo, R., Bonelli, A. and Lado, P. (1979). Promoting effect of fusicoccin on Na+ 
efflux in barley roots: evidence for a Na+/H+ antiport. Plant Cell Environ., 2: 
281-285.

Conway, E. J., Ryan, H. and Carton, E (1954). Active transport of sodium ions from 
the yeast cell. Biochem. J., 58: 88-127.



APPENDIX REFERENCES

Cooper, S., Lemer, H. R., and Reinhold, L. (1991). Plant physiol, 79: 1212-1220.
Coyaud, L., Kurkdjian, A., Kado, R., and Hedrich, R. (1987). Ion channels and ATP- 

driven pumps involved in ion transport across the tonoplast of sugai* beet 
vacuoles. Biochim.. Biophys. Acta., 902: 263-268.

Cram, W. J. (1976). Negative feedback regulation in plant cells. In: Encyclopedia of 
Plant Physiology, Luttge, U., and Pitman, M. G. (eds). New Series Vol. IIA, 
284-316, Springer, Berlin, Heidelberg, New York.

Cramer, G. R., Lynch, J., Lauchli, A. and Epstein, E. (1987) Influx of Na+, K+, and 
Ca^+ into roots of salt-stressed cotton seedlings. Effects of supplemental Ca^+. 
Plant Physiol, 83: 510-516.

Crowe, J. H., Crowe, L. M., Caipenter, J. P., Ruodolph, A. S., Wistrom, C. A., Spargo,
B. I., and Anchordoguy, T. J. (1988). Interactions of sugar with membranes. 
Biochem. Biophys, Acta., 947: 367-384.

Dainty, J. (1968). The structure and possible function of the vacuole. In: plant cell 
organelles. Pridham, J. B. (ed)., 40-46., Acad Press, London.

Davies, E. (1987). Action potentials as multifunctional signals in plants: a unifying 
hypothesis to explain apparently dispaiate wound response. Plant Cell Environ., 
10: 623-631.

DeWitt, N. D., Haiper, J. F. and Sussman, R. M. (1991). Evidence for a plasma 
membrane proton pump in phloem cells of higher plants. Plant J. 1: 121-128.

DeWitt, N. D. (1994). Epitope tagging reporter gene studies, identify an Arabidopsis 
plasma membrane proton pump specific for phloem companion cells. PhD 
dissertation. (Madison, W: University o f Wisconsin).

DeWitt, N. D. and Sussman, R. M. (1995). Immunocytological location of an epitipe- 
tagged plasma membrane proton pump (H'^-ATPase) in phloem companion cells. 
The Plant Cell, 7: 2053-2067.

Dibrov, P. A. (1991). The role of sodium ion transport in E. coli energetics. Biochim.. 
Biophys. Acta., 1056: 209-224.

Dibrov, P. A., Smith, J. J., Young, P. G. and Fliegel, L (1997). Identification and 
localization of the sod2 gene product in fussion yeast. FEBS. Lett., 405: 119-124.

DuPont, F. M. (1992). Salt-induced changes in ion transport: regulation of primary 
pumps and secondary transports. In: Transport and receptor proteins of plant 
membranes. (Cook, D. T. and Clarkson D. T., eds). 91-100, New York: Pleum 
Press.

Eckholm, E. P. (1975). Salting the eaith, environ., 17-19.
Eddy, A. A. (1981). Mechanisms of solute transport in selected Eukaryotic 

microorganisms. Adv. Microbial Physiol, 23: 1-78.
Epstein, E. (1966). Dual Pattern of ion absorption in plant cells and by plants. Nature. 

212: 1324-1327.

I



APPENDIX REFERENCES

Epstein, E., Rains, D. W, and Elzam, O. E. (1963). Resolution of dual mechanisms of 
potassium absorption by barly roots, Proc. Natl. Acad. Sci. USA. 49: 684-692.

Ewing N. N. and Bennett, A. B. (1994). Assessment of the number and expression of 
p-type H+-ATPase genes in tomato. Plant Physiol., 106: 547-557.

Ewing N. N., Wimraers, L. E., Meyer, D. J., Chetelate, R. T., and Bennett, A. B. 
(1990). Molecular cloning of tomato plasma membrane ATPase. Plant 
Physiol.,94: 1874-1881.

Fisher,M. S. E., Black, G. C. M., Lloyd, S. E., Hatchwell, E., Wrong, O., Thakker, R. 
V, and Croig, I. W. (1994). Isolation and partial characterization of a chloride 
channel gene which is expressed in kidney and is a candidate for Dent’s disease 
(an x-linked hereditary nephrolithiasis). Hum. Mol. Genet., 3: 2053-2059.

Fleischmann, R. D., Adams, D. E., White, O., Clayton, R. E., Kirkness, E. F., 
Kerlavage, A. R., Bult, C. J., Tomb, J. F., Dougherty, B. A., Merrick, J. M., 
McKenney, K.,Sotton, G., Fitzhugh, W., Fields, C., Gocayne, J. D., Scott. J., 
Shirley, R., Liu, L. I., Glodek, A. and Kelley, J. M. (1995). Whole genome 
random sequencing and assembly of Haemophilus influenzae Rd. Science, 269: 
496-512.

Flowers, T. J. and Yeo, A. R. (1988). Ion relations of salt tolerance. Ini Solute 
Transport in Plant Cells and Tissues. (Baker D. A. and Hall, J. L., eds.), 392-416, 
New York: Longman.

Flowers, T. J., Troke, P. F.and Yeo, A. R. (1977). The mechanism of salt tolerance in 
halophytes. Ann. Rev. Plant Physiol., 28: 89-121.

Franchi, A., Cragoe, E. J. Jr., and Pouyssegur, J. (1986b). Isolation and properties of 
fibroblast mutants over-expressing an altered Na" /̂H+ antiporter. J. Biol. Chem., 
261: 1461-14620,

Franchi, A., Perruca-Lostanen, D., and Pouyssegur, J. (1986a). Functional expression 
of a transfected Na"̂  /H+ antiporter human gene into antiporter-deficient mouse L 
cells. Proc, Natl. Acad. Sci. USA, 83: 9388-9392.

Fujita, N., Mori, H., Yura, T., and Ishihama, A. (1994). System sequencing of the 
Escherichia coli genome: analysis of the 2.4-4.1 min (110,917-193,643 bp) 
region. Nucl. Acids. Res. 9: 1637-1639.

Gaber, R. F., Styles, C. A. and Fink, G. R. (1988). trkl encoded plasma membrane 
protein required for high-affinity potassium transport in Saccharomyces 
cerevisiae. Mol, Cell. Biol., 8: 2848-2859.

Garbanino, J .and DuPont, F. M. (1988). NaCl induces a Na'^/H'^ antiporter in 
tonoplast vesicles from barley roots. Plant Physiol, 86: 231-236.

Gai'baiino, J. E. and DuPont, F. M. (1989). Rapid induction of Na+/H+ exchange 
activity in bailey root tonoplast. Plant Physiol, 89: 1-4.



APPENDIX REFERENCES

Garciadeblas, B., Rubio, P., Quintero, F. J., Banuelous, M. A., Haro, R. and Rodrigues- 
NavaiTO. A. (1993). Differential expression of two gene encoding an isoform of 
the ATPase involved in sodium efflux in Saccharomyces cerevisiae. Mol. Gen. 
Genet, 236: 363-368.

Gassmann, W., and Schroeder, J. I., (1994). Inward-rectifying K+ channels in root 
hairs of whea. Plant Physiol, 105: 1399-1408.

Glass, A. D. M. (1976). Regulation of potassium absorption in barley roots. An 
allosteric model. Plant Physiol, 58: 33-37.

Glass, A. D. M. (1983). Regulation of ion transport. Ann. Rev. Plant Physiol, 34: 
311-326.

Gogarten, J. P., Fichmann, J., Braun, Y., Morgan, L., Styles, P, et a l (1992). The use 
of anti-sense inRNA to inhibit the tonoplast H+-ATPase in carrot Plant Cell, 4: 
851-864.

Goldberg, B. G., Arbel, T., Chen, J., Karpel, R., Mackie, G. A., Schuldiner, S., and 
Padan, E. (1987). Characterization of Na+/H+ antiporter gene of E. coll Proc. 
Natl Acad. Set USA., 84: 2615-2619.

Goldberg, Hoschek, G., and Kamalay, J. C. (1978). Sequence complexity of nuclear 
and polysomal RNA in leaves of the tobacco plant. Cell, 14: 123-130.

Gorham, J. (1992). Salt tolerance of plants. Set Prog. Oxf., 76: 273-285.
Gorham, J. (1992). Stress tolerance and mechanisms behind tolerance in baiiey. In: 

Proceedings of VI International Bailey Genetics Symposium (L. Munck, ed.), 
1035-1049. Munksgaard, Copenhagen. /►S'RV 87-16-19601-5.

Gorham, J., Forster, B. P., Budrewicz, E., Wyn Jones, R. G., Miller, T. E., and Law, C. 
N, (1986). Salt Tolerance in the Triticeae: Solute accumulation and distribution 
in an amphidiploid derived from Triticum aestivum cv cinese spring and 
Thinopyrus bessarahicum. J. Exp. B o t,y7 :  1435-1449.

Gorham, J., Haidy, C., Wyn Jones, R.G., Joppa, L. R. and Law, C. N. (1987). 
Chromosomal location of a K+/Na+ discrimination character in the D genome of 
wheat. Theor. Appl. Genet, 74: 584-588.

Gorham, J., Wyn Jones, R. G. and Bristol, A. (1990). Partial characterization of the 
trait for enhanced K/Na discrimination in the D genome of wheat. Planta., 180: 
590-597.

Gorham, J.,Wyn Jones, R. G. and McDonnell, E. (1985). Some mechanisms of salt 
tolerance in crop plants. Plant Soil, 89: 15-40.

Grattan, S. R. and Grieve, C. M. (1992). Mineral element acquisition and growth 
response of plants growth in saline environments. Agrl Ecosyst Sl Environ., 38: 
275-300.

Greene, J. R., Brown, N. H., Didomenico, B. J., Kaplan, J., and Eide, D. J. (1993). 
The GFEl gene of Saccharomyces cerevisiae encodes an integral membrane



APPENDIX REFERENCES

protein; mutation in which have effects on respiration and iron-limited growth. 
Mol Gen Genet., 241: 542-553.

Greenway, H. (1965). Plant response to saline substrates, VII. In: Growth and Ion 
Uptake Throughout Plant Development in Two Varieties of Hordeum. vulgare. J. 
Biol. Set, 18: 763.

Greenway, H. and Munns, R. (1980). Mechanism of salt tolerance in non-halophytes. 
Ann. Rev. Plant Physiol., 31: 149-190.

Greenway, H. and Osmond, C. B. (1972). Salt responses of enzyme species differing 
in salt tolerance. Plant Physiol, 49: 256-259.

Grenningloh, G., Rienitz, A., Schmitt, B., Methfessel, C., Zensen, M., Beyreuther, K., 
Gundelfinger, E., and Betz, H. (1987). The strychnine-binding subunit of the 
glycine receptor shows homology with nicotinic acetylcholine receptors. Nature., 
328: 215-220.

Gristein, S. (ed.), (1988). Na**'/H+ exchange, (Boca Raton, Florida: CRC Press).
Gronwald, J. W., Suhayda, C. G., Tal, M. and Shannon, M. C. (1990). Reduction in 

plasma membrane ATPase activity of tomato root by salt stress. Plant, S c i ., 66: 
145-153.

Grunder, S., Thiemann, A., Pusch, M., and Jentsch, T. J. (1992). Regions involved in 
the opening of clc-2 chloride channel by voltage and cell volume. Nature., 360: 
759-763.

Hahnenberger, K. M., Jia, Z., Young, P. G. (1996). Function expression of the 
Schizosaccharomyces pmbe Na' IJAJ antiporter gene, sod2 in Saccharomyces 
cerevisiae. Proc. Natl. Acad. Sci. USA. 93: 5031-5036.

Flajibagheri, M. A., Yeo, A. R., Flowers, T. J. and Collins, J. C. (1989). Salinity 
resistance in Zea mays: fluxes of potassium, sodium and chloride, cytoplasmic 
concentration and microsomal membrane lipids. Plant Cell Environ., 12: 753- 
757.

Hama, H., Shimamoto, T., Tsuda, M., and Tsuchiya, T. (1987). Properties of a Na+ 
coupled serine-threonine transport system in E. coll Biochem. Biophys. Acta., 
905: 231-239.

Haro, R., Banuelos, M. A., Quintero, F. J., Rubio, F. and Rodriguez-Navarro, A.
(1993). Genetic basis of sodium tolerance in yeast. A model for plants. Physiol 
Plant, 89: 868-874.

Haro, R., Gai'ciadeblas, B., and Rodriguez-NavaiTO, A. (1991). A novel p-type 
ATPase from yeast involved in sodium transport. FEBS Lett., 291: 189-191.

Harper, J. F., Manney, L., Sussman, M. R. (1994). The plasma membrane H+-ATPase 
gene family in Arabidopsis: genomic sequence of AHAIO which is expressed 
primai’ily in developing seeds. Mol Gen. Genet., 244: 572-587.



APPENDIX REFERENCES

Haiper, J. F., Manney, L.and Sussman, M. (1994). Evidence for at least ten plasma 
membrane H+-ATPase genes in Arabidopsis and complete genomic sequence of 
AHAIO which is expressed primaiily in developing seeds., M ol Gen. Genet. 244: 
572-287.

Harper, J. F., Surowy, T. K. and Sussman, M. R. (1989). Molecular cloning and 
sequence of cDNA encoding the plasma membrane proton pump (ATPase) of 
Arabidopsis thaliana. Proc. Natl Acad. Sci. USA.,S6i 1234-1238.

Hassidim, M., Braun, Y., Lerner, H. R. and Reinhold, L. (1990). Na+/ H+ and K+/H+ 
antiport in root membrane vesicles isolated from the halophyte Atriplex and the 
glycophyte cotton. Plant Physiol, 94: 1795-1801.

Hechnberger, M., Schwappach, B., Fischer, W. N., Frommer, W. B., Jentsch, T. J., 
and Steinmeyer, K. (1996). A family of putative chloride channels from 
Aiabidopsis and functional complementation of yeast atrain with a clc gene 
disruption. J. Biol Chem., 271 (52): 33632-33638.

Hedrich, R. and Becker, D. (1994). Green Circuits: The potential of plant specific ion 
channels. Plant Mol. Biol, 26: 1637-1650.

Hedrich, R, and Schroeder, J. I. (1989), The physiology of ion channel and 
electi'ogenic pumps in higher plants. Ann. Rev. Plant Physiol Plant M ol Biol, 
40: 539-569.

Hedrich, R., and Jeromin, A. (1992). A new scheme of symbiosis: ligand- and voltage- 
gated anion channels in plants and animals. Phil Trans. Royal Soc. Lond. B., 
338: 31-38.

Hodick, D. and Sievers, A. (1988). The action potential of Dionaea muscipula Ellis. 
Planta, 174: 8-18.

Houlne, G., and Boutry, M, (1994). Identification of an Arabidopsis thaliana gene 
encoding a plasmid membrane H+-ATPase whose expression is restricted to 
anther tissues. Plant J., 5: 311-317.

Huang, C. X. and Van Steveninck, R. F. M. (1989). Maintenance of low Cl"- 
concentrations in mesophyll cells of leaf blades of baiiey seedlings exposed to salt 
stress. Plant Physiol, 99: 1440-1443.

Huang, L., Berkelman, T., Franklin and A. E., Hoffman, N. E. (1994). 
Characterization of a gene encoding a Ca^+-ATPase-like protein in the plastid 
envelope. Proc. Natl Acad. Set USA.

Ivey, D. M., Guffanti, A. A., Bossewich, J. S., Padan, E, and Kurlwich, T, A. (1991). 
Moleculai' cloning and sequencing of a gene from Alkaliphilic Bacillus firmus 
OF4 that functionally complements an Escherichia coli strain carrying a deletion 
in the NhaA Na+/H+ antiporter gene. J. Biol Chem., 266 (34): 23483-23489.

Ivey, D. M., Guffanti, A. A., Zemsky, J., Pinner, E., Karpel, R., Padan, E., Schuldiner, 
S., and Kurlwich, T, A. (1993). Cloning and characterization of putative



APPENDIX REFERENCES

Ca^+/H+ antiporter gene from E. coli upon functional complementation of 
Na+/H+ antiporter-deficient strains by the over-expressed gene. J. Biol. Chem., 
268: 11296-11303.

Jacobson, T. and Adams, R. M. (1958). Salt and silt in ancient Mesopotamian 
agriculture. Science., 128: 1251-1258.

Jacoby, B. (1964). Function of bean roots and stems in sodium retention. Plant 
Physiol, 39: 445.

Jacoby, B. (1993). Handbook of plant and crop stress. Vol. 1 (Pessaraki, M., ed.), 
Marcel Dekker. New York.

Jentsch, J. T. and Gunther, W. (1997). Chloride channels: An emerging molecular 
picture. Rev. BioEssays., 19 (2): 117-126.

Jentsch, J. T., Gunther, W., Punsch, M.,and Schwappa, B. (1995). Properties of 
voltage-gated chlorides of the clc gene family, J. Physiol, 428: 19S-25S.

Jentsch, J. T., Steinmeyer, K. and Schwarz. G. (1990). Primary structure of Torpedo 
marmorata chloride channel isolated by expression cloning in Xenopus oocytes. 
Nature, 348: 510-514.

Jia, Z. P., McCullough, N., Martel, R., Hemmingsen, S., and Young, P. G. (1992). 
Gene amplification at a locus encoding a putative Na+/H'*’ antiporter confers 
sodium and lithium tolerance in fission yeast. EMBO 7., 11: (4) 1631-1640.

Kakinuma, Y. (1987). Sodium /proton antiporter in Streptococcus faecalis. J. 
Bacteriol, 169: 3886-3890.

Kakinuma, Y., and Igarashi, K. (1989). Sodium-translocating adenosine triphosphate 
in Streptococcus faecalis. J. Bioenerg. Biomembr., 21: 679-692.

Karpel, R., Alon, T., Glaser, G., Schuldiner, S., and Padan, E. (1991). Expression of 
sodium proton antiporter (NHaA) in E. coli is induced by Na+ and Li+ ions. J. 
Biol Chem., 266: 21753-21759.

Karpel, R., Olami, Y.,Taglicht, D., Schuldiner, S.and Padan, E. (1988) Sequencing of 
the gene ant which effects the Na+/H+ antiporter activity in Escherichia coli. J. 
Boil Œgm., 263 (21): 10408-10414.

Kawasaki, M., Uchida, S., Monkawa, T., Miyawaki, A., Mlkoshba, K., Maruno, F., and 
Sasaki, S. (1994). Cloning and expression of a protein kinase C regulated 
chloride channel abundantly expressed in rat brain neuronal cells. Neuron, 12: 
597-604.

Ketchum, K. A., Slayman, C. W., (1996). Isolation of an ion channel gene from 
Arabidopsis thaliana using the H5 signature sequence from voltage-dependent K+ 
channels. FEBS Lett., 19-29.

Kiefeiie, S., Fong, P., Bens, M., Vandewalle, A., and Jensch, T. J. (1994). Two 
highly homologous members of the ClC chloride channel family in both rat and 
human kidney. Proc. Natl. Acad. Sci t/5A., 91: 6943-6947.



APPENDIX REFERENCES

Klionsky, D. J., Herman, P. K. and Emr, S. D. (1990). The fungal vacuole: 
composition, function, and biogenesis. Microbiol Rev., 54: 266-292.

Ko, C. H. and Gaber, R. F. (1991). TRKl and TRK2 encode structurally related K+ 
transporters in Saccharomyces cerevisiae. Mol. Cell. Biol., 11: 4266-4273.

Koch, M. C., Steinmeyer, K., Lorenz, C., Ricker, K., Wolf, P., Otto, M., Zoll, B., 
Lehmann-Hom, F., Grzeschik, K. H., and Jentsch, T. J. (1992), The skeletal 
muscle chloride channel in dominant and recessive human myotonia. Science, 
257: 797-800.

Kramer, D., Lauchi, A., Yeo, A. R. and Gullash, J. (1977). Transfer cells in roots of 
Phaseolus coccineus: ultrastructure and possible function in exclusion of sodium 
from the shoot. Ann. Bot., 14: 1031.

Kuiper, P. J. C. (1984). Functioning of plant cell membranes under saline conditions: 
membrane lipid composition and ATPases, in salinity tolerance in plants. Ini 
Strategies for Crop Improvment, (Staples, R. C. and Toenniessen, G. H., eds.), pp 
77, John Wiley & Sons. New York. 11.

Kurkdjian, A., and Guern, J. (1989). Intracellular pH measurement and importance in 
cell activity. Ann. Rev. Plant, Physiol, Plant Mol. Biol., 40: 271-303.

Lagarde, D., Basset, M., Lepetit, M., Conejero, G., Gaymard, F., Astruc, S., Grignon,
C. (1996). Tissue-specific expression of Arabidopsis katl gene is consistent with 
a role in K+ nutrition. Plant J. 9: 195-203.

Lai, S., Watson, J. C., Hansen, J. N., Sze, H. (1991). Molecular cloning and 
sequencing of cDNA encoding the proteolipid subunit of the vacuolar* H+-ATPase 
from a higher plant. J. Biol. Chem., 266 (24): 16078-16084.

Laimins, L. A., Rhonds, D. B. and Epstrin, W. (1981).Osmotic control of Kdp operon 
expression in Escherichia coli. Proc. Natl. Acad. Sci. USA, 78: 464-468.

L’Allemain, G., Franchi, A., Cragoe, E, Jr. and Pouyssegur, J. (1984). Blockage of the 
Na /H+ antiport abolishes growth factor-induced DNA synthesis in fibroblasts. J. 
Biol. CAem., 259: 4313-4319.

Lattaye, P. A. and Epstein, E. (1971). Calcium and salt toleration by bean plants. 
Physiol. Plant, 25: 213.

Lauchli, A. (1984). Salt exclusion: an adaptation of legumes for crops and pastures 
under saline conditions, in salinity tolerance in plants. Ini Strategies For Crop 
Improvement,. (Staples, R. C. and Toenniessen, G. H ed.), John Wiley & Sons, 
New York. 171.

Leonard, R. T. (1984). Membrane-associated ATPase and nutrient absorption by roots. 
In: Advances In Plant Nutrition. (Tinker, P. B., Lauch, A. eds.), 1: 209-240. 
Praeger Scientific, New York.



APPENDIX REFERENCES

Lessani, H. and Mai’schner, H. (1978). Relation between salt tolerance and long 
distance transport of sodium and chloride in various crop species. Aust J. Plant 
Physiol, 5: 27.

Levitt, J. (1980). Responses of plants to environmental stresses. 2: 2nd ed., Academic, 
press, New York.

Lewis, L. N. A vital resource in danger. Calif. Agrl, 38: 2.
Lloyd, S. E., Pearce, S. H. S., Fisher, S. E., Steinmeyer, K., Schwappach, B., 

Scheinman, S, J., Harding, B., and Bolino, A. (1996). A common molecular 
basis for three inherited kidney stone diseases. Nature, 379: 445-449.

Lurin, C., Geelen, D., Barbier-Brygoo, H., Guern, J., and Maurel, C. (1996). Cloning 
and functional expression of a plant voltage-dependent chloride channel. The 
Plant Cell 8: 701-711.

Lynch, J. and Lauchli, A. (1985). Salt stress disturbs the calcium nutrition of barley 
(Hordeum vulgare L.). New Phytol, 99: 345-354.

Maas, E. V, and Hoffman, G. J. (1977). Crop salt tolerance-cuixent assessment. J. 
Irrig. Dranage Div. Am. Soc. Civ. Eng., 103-115.

Maas, E, V. (1987). Salt tolerance of plants In: CRC Hand Book o f Plant Sciences In 
Agriculture., 2: 57-75 (ed. B. R. Christie). CRC Press, Boca Raton.

Maas, E. V. and Nieman, R, H. (1978). Physiology of plant tolerance to salinity: In: 
Crop Tolerance to Sub-optimal Land Conditions, ASS, SSSA, Madison, WI; a 
Special Piibl, 32: 277.

Malcolm, C. V. (1982). Wheat belt salinity. A Rev. o f The Salt Land Problem In South 
Western Australia. WA-Dep. Agric. Tech. Bui, 52: 65.

Manolson, M. F., Percy, J. M. Apps. D. K., Xie. S., Stone, D. K. and Pool, R. J. (1987). 
Proceedings of the membrane protein symposium (Goheen. S. C., ed),, 427-434, 
Bio-Rad, Richmond, C. A.

Manolson. M. F., Quellette, B. F. F., Filion, M. and Pool, R. J. (1988). cDNA sequence 
and homologies of the “57~kDa” nucleotide-binding subunit of the vacuolar 
ATPase from Arabidopsis., J. Biol Chem., 263: (34). 17987-17994.

Maiiie, E. and Ballaiin-Denti, A. (1985). The proton pumps of the plasmalemma and 
the tonoplast of higher plants. J. Bioenerg. Biomembr., 17: 1-21.

Massoud, F. I. (1974). Salinity and alkalinity as soil degradation hazards. FAOAJNDP 
expert consultation on soil degradation, FAO, Rome., 21.

Matsumoto, H. and Chug, G. C. (1988). Increase in proton-transport activity of 
tonoplast as an adaptive response of barley root to NaCl stress. Plant Cell 
Physiol, 29(1): 1133-1140.

McCue, K. F. and Hanson, A. D. (1990). Drought and salt tolerance: towards 
understanding and application. Trends BiotechnoL, 8: 358-362.



APPENDIX REFERENCES

Mellman, I., Fuchs, R. and Helenius, A. (1986). Acidification of the endocytic and 
exocytic pathways. Ann. Rev. Biochem., 55: 663-700.

Mengel, K, and Kirkby E. A. (1982). Principles of plant nutrition. Worblaufen-bern, 
Switzerland: International Potash Institute., 655.

Mennen, H., Jacob, B. and Marschner, H. (1990). Is sodium proton antiporter 
ubiquitous in plant cells ? J. Plant Physiol 137: 180-183.

Michelet, B., Lukaszewicz, M., Dupriez. V. and Boutry, M. (1994). A plant plasma 
membrane proton-ATPase gene is regulated by development and environment, 
and shows signs of a translational regulation. Plant Cell, 6: 1375-1389.

Milner, J. J., Cecchini, E., Dominy, P. J. (1995). A kinetic model for subtractive 
hybridization. Nucl Acids Res. 32 (1):176-187.

Moore, R., Clai'k, W. D. and Vodopich, D. S., (ed). (1998). Membranes and membrane 
transport. In\ Botany., pp 3-19, G McGraw-Hill Companies Inc., USA.

Moran, N. (1990). The role of ion channels in osmotic volume changes in Samanea 
motor cells by patch-clamp methods. In: The Pulvinus: Motor Organ for Leaf 
Movement, 142-59. (Satter, R. L., Gorton, H. L. and Vogelman, T. C. Ed). 
Rockville, MD: Am. Soc, Plant Physiol

Mouriau, L., Bogaerts, B., Jonniaux, JL., Boutry, M..(1993). Identification and 
characterization of a second plasma membrane H+-ATPase gene subfamily in 
Nicotiana plumbaginifolia. Plant M ol Biol, 21: 955-963.

Muller-Rober, B., Ellenberg, J., Provart, N., Willmitzer, L., Busch, H., Becker, D., 
Dietrich, P., Hoth, S. and Hedrich, R. (1995). Cloning and Electrophysiological 
Analysis of KSTl. An inward rectifying K+ channel expressed in potato. The 
EMBOJ., 14 (11): 2409-2416.

Murer, H., Hopfer, U., and Kinne, R. (1976). Sodium /proton antiporter in brush 
border membranes vesicles isolated from small intestine and kidney. Biochem. J., 
155: 597-604.

Nakamura, R. L., McKendeer, W. L. Jr., Hirsch, R. E., Sedbrook, J. C., Gaber R. F. and 
Sussman M. R. (1995). Expression of m  Arabidopsis potassium channel gene in 
guai’d cells. Plant Physiol, 109: 371-374.

Nakamura, T., Kawasaki, S., and Unemoto, T. 1992). Roles of K+ and Na"̂  in pH 
homeostasis and growth of the marine bacterium Vibrio alginolyticus. J. Gen. 
Microbiol, 183: 1271-1276.

Nakamura, T., Komano, Y., Itaya,E., Tsukamoto, K., Tsuchiya, T., and Unemoto, T.
(1994), Cloning and sequencing of an NaVĤ " antiporter gene from the marine 
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