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ABSTRACT.

Most crop species upon which we depend are 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 sait-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 CI 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 H'-ATPase, Na' / H' antiporter
and Cl channel sequences as probes. Some sequence homology to both p-type and v-
type H'-ATPases, and to cle-0 (a voltage gated Cl channel) was found. BHowever,
Northern analysis showed that only in barley was the ¢lc-0 homologue expressed; the

transcript was ~[.4 kb and probably not poly-adenylated.

Attempts to isolate a voltage gated ClI- channel from barley genomic library constructed

in A Dagh I by colony hybridization using clc-0 as probe were unsuccessful.

In 1996 the first plant voltage-gated Cl- channel, ¢lc-nt? was cloned from tobacco using
an RT-PCR approach. A similar strategy was then adopted in this study. Seventesn
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 sugar beet, barley and red beet. The conventional PCR approach used

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

homologues.

RT-PCR was performed on oligo dT- and random primed ¢DNA 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 bvi63, from red beet cell suspension cultures,
were amplified and demonstrated to be authentic plant sequences. These fragments
were then sequenced and this information used (o interrogate the databases using
BLAST searches. The fragment bv600 was identified by BLAST as homologous to an
ATP-dependent protease. Similar comparisons using the bvi60 and bvIG3 sequences
suggested that they are almost identical, but BLAST failed to identify any homologues

Fll




in the databases.

The red beet fragment &vi60 was used to identify a 7 kb sugar beet genomic fragment,
bvFASL.7. This fragment was sequenced and analyzed by a range of computer
programs. The bvFAS1.7 fragment, containing the bv/60 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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CIHAPTER GNE 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 parts 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 sguare km p.a., World
Resources, 1991); the traditional solution has been to abandon land that becomcs low
yielding and develop new regions, but of the 32 % of suitable uncultivated land left, 15
% 1s tropical or temperate forest, and 10 % is grazed. Ploughing these habitats is not
desirable; such a policy will lead to strong political opposition and incvitable conflict.
Perhaps more importanily, such strategy will not provide a long-term selution, but
merely further delay the inevitable crisis. The only practical sotution to this problem is
biotechnological. The IASs have inudvertently 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 resulied in the extension of the
range of these crops and food supplies have increased enormously, but these crops are
now geographically constrained by temperature, raintall, soil composition, etc. The
inherent genetic diversity of these crops, it seems, has been almost exhausted. What is
now required are 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 conciude, we need new high yielding and nutritious crops that can survive in regions
hither-to anexploited by intensive agriculture; they should require minimal levels of input

{fertiliser, pesticide, efc.) 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 21" Century.

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 areas, is soil salinity. Soil salinization is one of man’s
oldest environmental problems. The historical records show that human civilisations
npever remain established in one locality for more than 800 to 2000 years. The major
reason for the decline in many of these civilisations seems 1o have been the destruction of
the land resource (Carter and Dale, 1974). For example, historical records show a shift in
agriculture in the Tigris-Buphrates basin of ancient Mesopotantia 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 approximaiely 65 % in the vield of barley and is congidered to have
played an important role in the decline of the Sumerian civilisation in Mesopotamia
(Ashraf, 1994).

The processes of soil salinization havé 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 106 ha., and it has been estimated that one third of the 230 x 106 ha. currently 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 Ausiralia, 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.

Vast areas of arid and semi-arid regions of the world where crop production is based on

Irrigation, are sutfering 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 variable amounts of salts, and their unconirolled use, has caused

considerable salinization worldwide (Ashraf, 1994).

For example, in Pakistan, soil salinity is one of the most common irrigated 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 quarter of a million hectares of good agricultural land in South Western Australia

have become unproductive due (o 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 arcas 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 t0 5.2

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

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), Caicium 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't, with
carbonate as the major anion) plants face multiple stress factors cansed by a shortage of
potassivm, high pH, impenctrable 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
irrigation (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 scils support a limited
number of plants. Therefore, plants have to adapt to soils which vary spatially,

temporatly 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
comprisc a major environment colonized by various torms 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
occurting in lower salt marsh zones subjected to almost daily inundation by saline water,
to those on uppet marsh areas that are submerged in saline water during high spring and
autumn tides. Upper salt marsh communities are 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) 1s severely limited at concentrations as low as 50 mM NaCl (Gorham, 1992).

Mast crop species upon which we rely for {ood 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 particularly intolerant
of salts being inhibited by NaCl concentrations too low (25-5¢ mM) to produce a

significant water deficit (Lessani and Marschner, 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 (maxiouen




CHAPTER ONE INTRODUCTION

salinity without yield loss) ranges from 6.9 to 8.0 dS m~}, 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, carrot and onion are in the sensitive group where the threshold salinity level is

below 2.0 dS m-1.

1.4 The Deleterious Effect of Salts on Plant Cells

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

toxicity (Na+ and CI-) and disturbance of mincral 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 Nieman, 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 {0 a highly saline

medium will result in rapid and irrecoverable wilting (Gorhan, 1992).

The major response of halophytes and other sali-tolerant planis to high salinity is osmotic
adjustment that can occur due to ion uptake [rom the soil solation 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 1s to take up Nat and CI- ions from the external medium and sequester
them in the vacuole. If the solute potential of the vacuole (wgV3€) can be made more
negative than that of thc surrounding soil, water will flow in and turgor will rise.
However, for the cytoplasm to rehydrate, it is necessary for y®¥! to decrease in parallel to
ye¥aC, and this is achieved by the accumulation of non-toxic compatible solutes {e.g.

glycine betaine, proline, sugars; Flowers et al., 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 are 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 compartmentation (Servano and Gaxiola, 1994).

Therefore, total 1on 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 CI-, SO4%-, HCO™ Na*, Ca*, and Mg2*, whereas K and NO, are
found less often (Ashraf, 1994). High internal salt concentrations are repoited 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 cssential

nutrients (Grattan and Grieve, 1992). In other words, excess Nat, and Cl- may disturb
mineral nutrition by inhibiting the uptake of essential nutrient ions such as potassium,
nitrates, calcium, magnesiwm, and phosphate (Grecnway and Munns, 1980; Lyach and
Lauchh, 1985; Gorhzim, 1992). Moreover, uptake and translocation of K+ and CaZ+ are
greatly reduced by salt stress (Kuiper, 1984).

Halophytes are distinguished from glycophytes by their ability to accumulate ions to high
concentrations, particularly in the leat cells (Flowers, et al., 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.

L.5. Physiological Strategies for Resistance to Salinity.

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

measure of tolerance. These are:-
1. Maintenance of a high cytoplasmic K*/Nat* 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 Kt 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-controiled
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 Al3*, 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 are 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 cspecially important in the transport.of X' from the roots
(Schroeder, ef al, 1994) . The first high-affinity K* transporter gene was recently isolated
by complementation of a K transport deficient yeast with a ¢cDNA library made from
wheat roots growing in low K" (Schroeder ez al, 1994). In situ hybridisation showed
expression of hkr! to be localized in cortical cells of roots and mesophyll cells along the
vascular tissue in leaves (Fig. 1.1). hkil mRNA was expressed in Xenopus oocytes and
the resultant cwrents were initially interpreted as arising from a HYWK*T 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 HKT7

actually functions as an Na"/K* co-transporter (Rublo, ef al, 1995). This result is

unexpected, given the known toxicity of Na™ 1o plants. In support of this controversial

conclusion is the observation that two point mutations in kil were identified that increase
Na" tolerance in hktI-complemented yeast cells relative to yeast cells complemented
wild-type hktl (Rubio, ¢r al,, 1995)., Atomic absorption spectrophotomeiry showed that
Na'-resistant mutants have higher K™:Na' ratios than yeast cells expressing wild-type
hkil (Rubio, et al., 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
Kt channels, allowing potassium to enter along an electrochemmical gradient when
potassivm in the soil is relatively abundant (Smart, er al., 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




cDNA Plant spedies
* AKT1 Arabidopsis thaliana
+ KAT1 Arabidopsis thaliana
® HKT1 Triticum aestivium
A KST1  Solanum tuberosum

Guard cell tA

Root hair «

Ground tissue

Figure. 1.1. The Localization of K* Transporters in Arabidopsis
thaliana.

General anatomy of a dicotyledonous plant, as exemplified by
the model plant Arabidopsis thaliana. The localization of
known plant K * transporters in leaves, stems and roots are
shown.

(From Assman and Haubrick, 1996).
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plant genes encoding K+ channels were reported in 1992, The genes akt! (Sentenac ez ol.,
1992) and katl (Anderson, ¢t al.. 1992) were both cloned from Arabidopsis thaliana

cDNA libraries by complementing yeast mutants lacking endogenous potassium

transporters and screening for growth on a low K" media.

Histochemical analysis of transgenic Arabidopsis plants containing the kat! promoter
fused to the (3-glucoronidase reporter gene has shown that kar is primarily expressed in
guard cells (Nakamura, ef al., 1995; see Figure 1), As the influx of K* into guard cells is
involved in stomatal opening, the expression pattern of kar! suggests that it may represent
the inwaed K*+ channel involved in the control of stomatal apertures (Nakamura, et af.,
1995; Assmann and Haubrick, 1996). Constructs of the atkl promoter and the f-
glucoronidase reporter genes show that this channel is localized to non-vascular tissue of

mature root (Lagarde, ef al., 1996).

In addition to kat/ and aktl, two other plant Kt channel genes have been cloned. The
genes aktZ and akz3 were independently identified by screening of Arabidopsis cDNA and
genomic libraries with kat/ fragments and degenerate oligonucleotides from the

conserved pore region (Ketchum and Slayman, 1996).

The protein KST1 is a major inward rectifying K* channel in Solanum tuberosum and
was identified using karl to screen a ¢cDNA library made from epidermal fragments
(Muller-Rober, et al., 1995). The predicted st/ sequence has an amino acid similarity of
81% with katl and 67% with akrf, Muller-Rober, ef al., 1995 demonstrated that kst was
found to be cxpressed in grecn, coloured, and open flower buds, epidermal fragments,
sink leaves, guard cells and all floral organs (Figure 1). Additionaily, Southern analysis
indicated that kst has two copies in the potato genome (Muller-Rober, et al., 1995).
Patch clamp measurements have identified inward rectifying K* channels capable of
mediating K* uptake. Further, &st! is sensitive to low pH, and when coupled with a H*-
ATPase provide an ideal mechanism for the uptake of Kt into cells (Muller-Rober, et «l.,
1995). In line with the properties of a Kt-selective channel, KST1 cation selectivity was

determined as K+ » Rb* and NHy™ ; Nat and Li* are not transported.

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

elusive. Moadification of sodium influx (essentially 'blocking a leak') may prove morc
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energy efficient that letting sodium in and then pumping it out again, and this may prove

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

Gorham, er al, 1986 demonstrated that under moderately saline conditions hexaploid

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

and young leaves than tetraploid (AABB) wheat, This K : 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 substiiution lines in which B-
genome chromosomes are replaced singly by their D-genome homologues (Gorham et al.,
1987).

Examination of whether differences in the permeability of Na' through K uptake
B ¥ g

channels can account for differences K'/Na® discrimination have been made. Patch-
clamp studies in wheat and other glycophbytes have found little sodium permeation
through voltage-gated potassium channels (Schachitman ef al, 1991; Gassmann and
Schroeder, 1994; Tyerman ez al., 1997). Experiments using whole plants have indicated
that transport of 22Nat to the shoot tissue is reduced in plants containing this
discrimination trait (Gorham, et af., 1990). Ton transport across the plasma membrane of

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

Membrane-potential (Ay) —dependent uptake of Na® and Na'/H* antiport activity by
L4 p p

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

(AABBDD) wheat, Inhibition of Na* influx by Ca™* 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 4 salt-sensitive

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

10
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1981; Hajibagheri, er al, 1989). Also, salt-adapted tobacco cells have enhanced K+
uptake capacity (Watad, et al., 1991).

1.5.1.2. Active Nat Efflux from Ceclls.

« . . -+ . . .
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 al., 1994). Therefore, active extrusion of sodium occurs by either a primary active
Na*-pumping (ATPase?) or a secondary active (Na™/H* antiport?) mechanism coupled to

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

1.5.1.2.1, Primary Active Pumps

Most living cells exclude Na®, and create a Nat-concentration gradient across their cell
membrane. In animal cells, this gradient is geperated by the (Na*, K')-ATPases (Skou,
1988) which plays a role in most active transport mechanisms that are Nat coupled. In
addition, Na'/H" antiporters often function to maintain cell pH homeostasis (Gristein,
1988). In contrast, in evkaryotic cells with walls, the membrane potential is generated by
a H”"-pumpiug ATPase (Serrano, 1985). Consequently, sodium-pumping ATPase are not
widespread in non-animal cells, where sodium exirusion is probably mediated by an
Na*/H* aatiport mechanism (Serrano, 1985 & 1991; Padan, 1992). Therefore, in plant
cells, both an Nat/H* antiport mechanism (Colombo, e al., 1979; Hassidim, et al., 1990)
and a primary sodiom pump coupled to ATP hydrolysis (Cheeseman, 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 K*
23 P g
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uptake. Since then, many reports on the biochemical charvacteristics of this transport

systein failed to establish unambiguously the mechanisims involved (Eddy, 1982).

Although, precise details of the mechanisms for K" and Na* transport in Na'" resistant
plant cells is not available, a model has been established in yeast. Genes encoding the K*

and Na* transport systeins have now been cloned (Gaber, et al., 1988, Haro, ef 4l., 1991,
Ko and Gaber, 1991; Garciadeblas, et al., 1993),

Haro, et al., (1991) demonstrated that Na™ tolerance in yeast showed a large dependence
on enal, a gene encoding a putative Nat-ATPase, and on k7, a gene required for the
expression of high-affinity K" uptake (Gaber, ez al., 1988). Transformation of the acutely
Na*-sensitive S. cerevisize AwrklAenal double mutant with the k] 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 (Faro, ef al., 1993).

The question now is whether homologous genes result in a similar response in salt-

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

constdered 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 atiributed to an enhanced capacity to take up K" (Watad, et al., 1991),
Clearly, identification of the genes and their corresponding protein that code for X' 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 Lit* tolerance in S. cerevisiae

(Garciadeblas, et al., 1993) was cloned by its ability to complement a low Li* efflux yeast

strain for growth on high Li* (Haro ef al., 1991). In addition, a second Na™-ATPase
gene, ena?, has now been isolated from S. cerevisiae (Garciadeblas, er al., 1993). The
putative protein encoded by ena2 differs only in thirteen amino acids from the protein
encoded by enal (Garciadeblas ef al,, 1993). However, enal and ena? arve the first two

genes of a tandem array of four highly homologous genes (enal-ena4) which probably N
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have similar function (Garciadeblas, et al., 1993). However, the major pathway for Na*
efflux in §. cerevisiae appears to be mediated by ENA1, and it has been estimated that the
combination of ENA2, ENA3 and ENA4 accounts for about half of the activity
(Garciadeblas, er al., 1993). Homologues of enal may occur in plants, as suggested by
Cheeseman (1982). Over-expression of enal in 8. cerevisiae was achicved with a
construct of the eral promoter driving the enal structural gene (Benito, 1997). The
phenotype of this transformant was as follows: 5-fold higher content of the ENA1-protein
in plasma membrane; lower Nat and Li* effluxes; slightly higher Nat toleracce and much

higher Li* tolerance (Benito, 1997).

Banuelos et al., (1995) demonstrated the functional expression of enal of S. cerevisiae in
Schizosaccharomyces pombe by transforming the ene/ gene into a sod2::urad deletion
mutant of S. pambe. The ENA1 protein was expressed and surviving colonies recovered
on high Na© media, demonstrating that Na*-ATPases (ENA1) and Na* / H antiporters

(SOD2) pravide an equally efficient mechanism for Na* efflux.

1.5.1.2.1.1, Plasma Membrane ATPase

In cells of higher plant und fungi, the major ion pump in the plasma membrauve is a p-type
H+-ATPase (Serrano, 1985, 1990, 1991; Sussman, 1994). In animal cells the major ion
pump is a Nat/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 " 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 inwardly-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 thc potential energy
conserved in this proton electrochemical gradient (Auy) established by the HY-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).

13
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The basic Function of these H™ 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 DceWitt, 1994). Proton purnps also influence
celtular elongation. When the H+t-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 ave activated at a lower pH, to begin io
break cross-linking between microfibrils. This degradation loosens the cell wall, thereby

allowing the cell to expand because of turgor pressure (Moore, ef al., 1998).

The in vivo activity of the p-type H'-ATPase, as assessed by proton efflux measurement,
seems to increase during osmotic adaptation in carrot (Reuventi er al., 1987) and tobacco
(Watad et af., 1986) cell cultures. However, it has been demonstrated that the halophytic
plant Agriplex 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, e al., 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 genc 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
arc a minimum of seven genomic Lycopersicon Fit-ATPase (Tha) sequences cncoding
plasma membrane in tomato (Ewing and Bennett, 1994), and at least four plasma

membrane H*-ATPase (pma) gene have been identified in iobacco (Boutry, et al. 1989).

Using information from protein sequences, as well as knowledge of a highly conserved
acid sequence found in all p-type II"-ATPases, an oligonucleotide was synthesised and
used to isolate clones encoding J1"-ATPasc from an oat cDNA library (Harper and
Sussman, 1989). The oat clone was then used to screen A. thafiana cDNA and genomic
libraries from which different gene clones were isolated, ahal, ahaZ2 and aha3 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

14
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the aha3 gene product was studied in Arabidopsis by expression of a construct of the aha3
promoter sequence 5° of the B -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 (DeWilt et af., 1991; DeWitt and Sussman, 1995). Histochemical
lIocalization of GUS activity under the light microscope demonstrated that aha-2 is
expressed in root hairs and surface tissnes of the root (Sussman, 1994). Furthermore,
aha9, appears to be restricted to stamens (Michelet, ef al., 1994), and ahal{ to integument

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

H*-ATPase generate the proton-motive force used by sucrosc carriers in the phloem, aha-
2 encodes the one that drives mineral absorpiion from the soil into roots, aha-10 is
involved in the flow of nuirients that nourish the ecmbryo, 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 al., 1990 identified and characterized the first two cDNA clones ((hal and tha2)
from tomato (Lycopercsion esculentum) which probably encode isoforms of plasma
membrane HT-ATPase. Recently, Ewing and Bennett, (1994) identified seven genomic
sequences (designated [hal-lha7) 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 fhal. Three of these genes are expressed
differentially in plant. However, lhal is expressed at similar levels in all tissues
examined, ha2 is most highly expressed in immature and mature leaves and tha4 is most
highly expressed in roots and hypocotyls. In addition, the isoforms lha3, thas, tha6, tha7

are expressed at very low or undetectable levels in all organs examined (Ewing and
Bennett, 1994).

Boutry, et al, (1989) reported the isolation and preliminary characierization of three
different clones from 4 root cDNA library of Nicotiana plumbaginifolia encoding distinct
isoforms of H*-ATPases. However, these isoforms were isolated by hybridisation to §.

cerevisine HY-ATPase genes (prmu; Boultry, erf al., 1989), The largest one (pma?2) 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. plumbaginifolia 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 cIDNA 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 Ht-translocating ATPases with similar function. The three genes are
expressed in leaf, stem, flower and root tissues, albeit at ditferent levels, according to the
organ and gene (Perez, ef 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-familics. Measured pma4d
transcript levels indicated that this gene is expressed at similar levels in root, stem, leaf,
and flower tissues (Moriau, et al., 1993), contrary to the pmal-3 subfamily which display

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

1.5.1.2.1.2. Vacuolar ATPase

In plant cells electrogenic H't pumps play a ceniral 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: 2 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 CO3 in
the form of malate, and finally possibly as a source for elevating cytoplasmic calcium
(Raschke, e @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
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clectrochemical potential that provides the driving force for secondary transport of
nunterous ions and metabolites (Burkla and Pantoja, 1996). Plant vacuolar, or v-type H*-
ATPases represent a ubiquitous class of proton pumps that are found on a variety of
cellular organelles including lysosomes, endosomes, secretory and storage vesicles and

protein storage organelles as well as the tonoplast of higher plants, fungi and yeast (Sze, et
al., 1992). On the other hand, the H*-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, er al., 1992). However, unlike the v-
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

the tonoplast by the v-type H'-ATPase and the v-PPase, aud both ' pumps may

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. Barkla, et al, 1995 demonsirated 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-

PPasc enzyme decreased.

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

H-ATPase. In carrot, three different genes for 70-KDa catalytic nucleotide-binding
subunit A have been cloned and sequenced (Zimniak, et al., 1988; Gogarten, ¢ al., 1992).

Four genes encoding the 70-KDa subunit in tobacco have been cloned (Nanda, ef al.,

1992). In Barley, two different clones for the B subunit were identificd (Berkelman, et
al., 1994). Moreover, Manolson, ef al., (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 (Sarafiun, ez al.,
1992).

1.5.1.2.2. Secondary Active Transport (Na*t/H* antiporters).

Antiporters are secondary tramsporters, membrane proteins that couple electrochemical
gradients of ions or organic solutes to drive encrgetically ‘uphill” transport of other
solutes (Padan and Schuldiner, 1994). Furthermore, antiporters play a vital role in all

living cells. Tn 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 cytoplasi
(Padan and schuldiner, 1993a).

Moreover, Na'/ HY 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
intracellniar 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 elecirochemical
potential of ¥+ 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 Nat which is established by the function of
Nat, Kt-ATPase. The antiporters in Escherichia coli have been studied extensively and

to date the genes for three cell membrane antiporters have been identified nhaA (Karpel,
et al., 1988), nhaB (Pinner, ¢t al., 1992) and chaA (Ivey, et al., 1993).

1.5.1.2.2.1. 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 al., 1992).

When the E. coli gene nhaA is present in high copy number it confers resistance to host
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cells and increases their Nat/H* antiport activity in membranes. A AnhaA knock-out
strain of E. coli was constructed by transposon-mediated inactivation of the endogenous
nhaA geve. 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, er al., 1992).

A second (AnhaB) E. coli gene coding for a Nat/H* antiporter has now been identified;
hydropathy analysis indicates the rhaB gene product has 12 putative transmembrane
helices (Pinner, er al., 1992). The nhaA gene is regulated by a lysR-type regulatory
protein called NhaR (Rahav-Manor, et al.,, 1992), and its transcription is stimulated by
high Nat* concentrations, and by elevated cytoplasmic pH (Karpel, et af., 1991). When
either of the rhaA or rhaB is present at high copy number in the cells, the Na*/ti*+
aniiporter activites increase {Goldberg, et al., 1987; Karpel, er al., 1988 Pinner, et al.,
1992). Tt has been postulated that rhaB provides a backup Nat extrusion system in E. coli
which is effective when nhaA which is inactive (Pinner, et al., 1993). The stoichiometry
of NHAA is estimaied to be 2H* for every Nat (Taglichit, et af 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 dcmonsirating pH

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

The E. coli deletion mutant ArhaA, AnhaB, and the double mutant ArnhaA AnhaB, bave
been constructed and are [reely available (Pinner, ef al., 1992; Padan and Schuldiner,
1994)., These mutants provide an excellent cloning system for Nat/H* antiporters from

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

A novel gene (rhaC) has been cloned from a DNA library from the alkalinophile Bacillus
Sfirmus OF4, which functionally complements the AnfiaAAnhaB mutant strain of £, coli
(Ivey, er al,. 1991). The nhaC gene confers enhanced Nat (Lit) resistance upon the
mutant and is accompanied by increased Na'/H* antiport activity of the transformant
(Ivey, et al,. 1991). Little homology between nhaC and nhaA exists suggesting this

represcnts a new class of bacterial Nat /H* antiporter. Although, there was no significant

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

human Nat/Ht antiporter gene ¢d28 (Sardet, er al,. 1989),

The gene nhaA encoding Nat/H* antiporter has been cloned from a DNA libwary of the
marine bacterium Vibrio alginolyticus which complements the AnkaA mutant strain of
Escherichia coli (Nakamura, et al., 1994), Since the Na*/H* antiporter activity of V.
alginolyticus  observed at alkaline external pH is also electrogenic (Nakamura er al.,
1992), the antiporter of V. alginolyticus is functionally similar 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, er ol., 1994), The deduced amino acid sequence of Nat/H* antiporter has a
partial similarity with NHAB from E. cofi, and NHAC from Bacillus firmus (Nakanura,
et al., 1994). A second Na* /A* antiporier has been found in the marine V. alginolyticus
and cloned by functional complementation of the double ArhaAAnhaB mutant strain of £.
colf and named NHABv (Nakamura, et al., 1994).

A gene encoding a Na*/H* antiporter, nhaB, was cloncd from V. parahaemolyticus by
functional complementation of E. coli cells (Nozaki,et al., 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 £. coli (Pinner, et al., 1992) and of Haemophilus
influenzae (Fleischmann, 1995), Furthermore, the NHAB Na*/H* antiprort system of V.
parahaemolyticus 1s similar to that of NHAA of £. coli and V. parahaemolyticus 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 al., 1996). Moreover,
no significant sequence similarity was found between NHAB and the NHAA of V.
parahaemolyticus. Thus, these two systems appear to be umrelated, although their

function is similar (Nozaki, ef al., 1996).

During the course of studics on these antiporters the gene coding for a third Nat/EHF
antiporter (NHAD) has been isolated from V. parahaemolyticus (Nozaki, et al., 1998). Tt
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 NHABR Na*/H* antiposters found in Vibrio specics have similar pH profiles (Nozaki,
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et al., 1998), but in contrast V. alginolyticus does not appear to posses a homologue of
nhal} (Nozaki, ef al., 1998).

In gram-positive (ferrenting 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 Nat
excretion, the Na*/H*antiporter at neutral and acidic pH, and the Na™-ATPase at alkaline
pH where Ap.ﬂ 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, ef al., 1992). Disruption of the napA gene

leads to the loss of Nat/Ht exchange activity as measured in whole cells or membrane

vesicles (Waser, er al., 1992). Moreover, the NAPA antiporter shows significant

homology to the K*/H* antiporter in E. coli (Reizer, et al., 1992), and only weak
homology to NHAA and NAIIB. The NAPA protein exhibits properties different from

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

1.5.1.2.2.2. Sodiom Efflux in Yeast

A new locus (s0d2) 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 al 1992). Over-
expression of sodZ increased Nat export capacity and conferred Nat* tolerance to wild
type cells (Jia, et al., 1992). The predicted sod2 gene product can be placed in the broader
class of transporters which possess 12 hydrophobic transmembrane domains (Jia, et al.,
1992) and show limited similarity to nhaA (Jia, et al., 1992) and nhaC (Ivey, ¢t al., 1991),
Disruption of sod? yields cells incapable of exporting Na*, that are hypersensitive to Nat
and Li* 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 Nat extrusion (Jia, et al., 1992).
The increasing sensitivity of the mutants with pH is reminiscent of the AnhaA E. coli

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

cerevisiae enal gene in S. pombe Asod2™ mutants restores the Nat and Lit tolerances of
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this strain, suggesting that under certain conditions the two Nat efflux systems (Na'-

ATPase and Na™ /H* antiporter) are interchangable (Banuelos, ef al., 1995),

Genes more closely related to sedZ have been isolated from the marine yeast
Zygosaccharomyces rouxii (Watanabe, ef al., 1995) and Saccharomyces cerevisiae (Prior,

et at., 1996). Cells of the salt-tolerant yeast Z. rouxii maintain a low intracellular level of
sodium ions (Na*) even when grown in medium confaining high concentrations of NaCl
(Onishi, 1959). Like plants, the H-ATPase in the plasma membrane of Z. rouxii
participates in the extrusion of HB* from cells (Watanabe, ef al., 1991). The H* gradient
formed by its function might be utilized for the uptake of some solutes (e.g. sugar, amino
acids, efc.,) via secondary active transport mechanisms, as described in S. cerevisive
(Bddy, 1982). Therefore, it is possible that the extrusion of Nat from the cell is also

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

relationship between the salt-tolerance of Z. rouxii and the function of Nat/Ht
antiporters, a gene was isolated from Z. rouxii (Watanabe, e al., 1995) which exhibited
homology to the Nat /[Tt-antiporter gene (sod2) from S. pombe (Jia, et ¢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-sod?
in Z. rouxii severely reduced growth in 3 M NaCl with no effect on the osmotolerance
(growth in 50% sorbitol), strongly implicating the gene product in salt-tolerance of Z.
rouxii (Watanabe, et al., 1995) . Knock-out mutants, Az-sod?2, did not decrease the salt-
tolerance of Z. rouxii to the level which might be expected in other yeasts (i.e. Aenal,
Asod2), suggesting that genes other than z-sod2 might participitate in the salt-tolerance of
Z. rouxti (Watanabe, et al., 1995).

In S. cerevisiae the ENA1 Nat-ATPase is active mainly at alkaline pH values, and the
existence of another system, possibly a H*/cation autiporter, 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 compiletety
eliminate Nat and Li* effluxes. However, the nhal gene encoding a putative Nat /Ht

antiporter in §. cerevisiae was cloned by selection based on increased NaCl tolerance
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(Prior, et al., 1996). The putative protein is similar to the Na* 7/ H* antiporters from S.
pombe (SOD2) and Z. rouxii (ZSOD2). Over-expression of rhal increased sodium and
lithium toferance 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 NHA1 of §. cerevisiae are closely related to
sod?2 of S, pombe, and in the former two, both are curical for lithium and sodium tolerance
(Watanabe, et al., 1995; Prior, et al., 1996). Thus, SOD?2 may represent a new family of
cukaryotic Na*/H* exchangers that use ApH (acidic outside) to export Nat ions out of the

cytosol (Dibrov, ef al., 1997).

1.5.1.2.2.3. Sodivm Efflux in Mammals.

The plasma membrane Na*/r antiporter of higher animal eukaryotes is reported to
perform the following functions: intracellular pH regulation (Aronson and Boron, 19806),
regulation of intracellular volume, net transepithelial H* and Nat secretion and signal
transduction (Saxdet, et al., 1990). In addition, the exchanger is rapidly activated in
response to a variety of exiernal signals (including sperm, growth and factors, hormones;
Sardet, et al., 1990), and is also involved in an array of processcs in the cell cyele (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 amiloride (L.’ Allemain, ef al., 1984). Moreover, it is fully active at acidic pH
(pll 6 and below), and virtwally turned off at neutral pH (Sardet, et al. 1989). A hwnean
gene nhel was cloned by the functional complementing of a mouse fibroblast mutant
lacking Nat /H* exchanger activity with human genomic DNA (Pouyssegur, et al., 1984,
Franchi, et al., 1986a, 1986b; and Sardet, e al. 1989).

However, the nhe-1 ¢c-DNA clone facilitated the isolation of several isoforms referred to
as nhe-2, nhe-3, nhe-4 and P-nhe (Tse, er al., 1991), all of which exhibit 45-70 %
identity to mhe-{ 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 rhe-1 is
expressed at varying levels in all tissues examined, whereas nhe-3 is expressed mostly in
kidney and intestine (Tse, et al., 1992). Conversely, nhe-4 is most abundant in stomach,
with intermediate levels found in colon and small intestine, and trace amounts in kidney,

brain, aterus and skeletal muscle cells (Orlowski, ez al., 1992).

1.5.1.2.2.4. Sodium Efflux in Plants.

Sodium / proton antiparters 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, er al., 1990). In contrast to micro-
organism and animal cells, the presence of a Nat/H* antiporter is not an ubiguitous in

plant cells (Mennen, et al., 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#/Ht
antiporter is believed to be energized by the PMF generated by the activity of the v-type
H'-ATPase and/or 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 / 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'/H"
antiporter in the plasma membrane of a widc range of plant cells, Mennen, et al. (1990)
looked for plasma membrane Na*/H* antiport activity in 16 crop species and found four
(sugar beet, barley, tomatc and wheal) which appeared to operate this mechanism,
Cooper, et al. (1990) found evidence for acuvity in a halophyte (Atriplex nummularia)
and glycophyte plasma membranes. Allen, er al. (1995) measured activity consistent with

a Na'/H'" 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 Nat 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 thc plasma membrane excretes
Nat from the cells, and thus acts synergistically with the tonoplast antiporter in

maintaining the cytoplasmic Na't 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 participate in cellular functions such as regulation of ceil
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 chanoels
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
equilibriwm, Thus Cl- has no established function as a second messenger, and is only
rarely involved in clectrical excitation (Jentsch and Gunther, 1997). Therefore, the
opening of Cl' channels, likc 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 deviaie from it by a few
tens of oV, While there is no firm evidence for an active chloride-transporting ATPase
in mammalian plasma membranes, several {ransporters 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 CI-
underlines both these functions in plants. Consequently, it is important to undersiand the
mechanism by which intracellular Cl- Ievels are regulated and the factors that control Cl-
accumulation (Tyerman, 1992). If chloride is present in the extracellular 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 are sequestered into the vacuole instead (Osmond, 1976 ;
Van Kirk and Raschke, 1978).

1.5.2.1 Chloride Transport

Chloride transport may occur via channels (Serrano, 1985; Hedrich and Schroeder, 1989)
or proton co-tcangport (Serrano, 1985). In the first case, the negative inside membiane
potential would drive efffux from the cytoplasm, whereas in the second case, the proton
gradient would drive accumulation. The molecular basis for this reaction is not known
(Serrano, 1994).

[on channels with anion selectivity are present in the plasma and vacuolar membranes of
plants (Tyerman 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 C1° 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 C1 efflux from cells (Sanders, 1904),
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Studies of cellular CI- release in general, and of anion channels in pasticular, have led to
elucidation of further roles for Cl- in plant cell biology. It is well established that anion
channels, principally carrying Cl' under most physiological conditions, respond via a Ca’™
signal cascade, to osmaotic shock (Okazaki and Tazawa, 1990), Further, they are involved
in volume and furgor 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?t-
activated channel which activates slowly in response to an imposed voltage and exhibits

weak selectivity between cations and antons (Coyaud, et al., 1987, Sanders, et al., 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 CaZ*-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 Ht-ATPase at the plasma membrane (Kurkdjian
and Guern, 1989). This enzyme is electrogenic, and the membrane hyperpolarization that
could result from the enzyme enhanced activity is potentially counter-productive: the
clevated 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 C1- release (and
hence membrane depolarization) during cytosolic acidosis (Sanders, 1994). Conseguently
the anion channels appear to open as a result of direct activation by H*, and through a low

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

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

in plant cells, but it can also have a deleierious effect when found at high internal or
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external concentrations. For example, high levels of C1 may interfere with the ability of
plants to acquire or assimilate essential nutrient ions. Chloride 1s known to affect both the

uptake and assimilation of nitrate (Gorham, 1992).

1.5.2.2. 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 GABA receptors (Grenningloh,
et al., 1987; Schofield, et al., 1987), which belong (0 a super-family of ligand-gated
receptor channels. The second class may include just one Cl- channel, CFTR (cystic
fibrosis transmembrane conductance regulator), which was cloned in 1989 (Riordan, ef
al., 1989) which functions as a cyclic AMP-activated Cl* chanmel (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 Cl' channels,
whose first member was cloned in 1990 (Jentsch, et al., 1990). Members of the CLC
family function as voltage-gated channels (Jenisch, e 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,

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

The molecular structure of voltage-gated chloride channels was unknown until late 1990
when the first chloride channel was cloned. A ¢cDNA encoding a voltage-gated chloride
channel was isolated from Torpedo marmoraia electric organ by the transient expression
of its corresponding in vifro 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 vive, CLC-0 appears to function as a double barrel structure with two

identical pores which can close and open independently or operate in concert. Thercfore, - -
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the CL.C-0 channels are behieved 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 Cl- channel clc-0, it has become c¢lear 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, ¢f al., 1995).
{b). The CLC-1 Family of Voltage-Gated Chloride Channels,

Heterologous probe screening with cic-0 identified the mammalian gene cic-7 which is
specifically expressed in skeletal muscle (Steinmeyer, ¢t al., 1991). Its protein product is
functionally similar to clc0 in that it has a Cl- > 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 cle-I by

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

excitability of the muscle membrane (Steinmeyer, ez al., 1991; Koch, et al., 1992).

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

This class of CI' 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, ef al., 1992). Overall protein sequence homology is about 50 % to
both clc-0 and clc-1 with the highest degree of identity in frans-membrane regions.
Expression in Xenopus cocytes gave currents which activated very slowly upon strong, a
physiological hypes-polarization. Its conductivity sequence is Cl- > Br > ¥ Although
northern analysis suggested that cle-2 is expressed ubiquitously (Thiemann, et al., 1992),
in situ hybridization reveals that clc-2 is expressed differentially in brain tissues (Smith, ef
al., 1995). The CLC-2 protein has an important cellular function, that of mediating
volume changes (Tentsch, 1997). Tt has also been proposed that CLC-2 serves to prevent
neuronal Cl~ accumulation above equilibrium, thereby modulating the effects of post-

synapic GABA receptors (Staley, ef al., 1995).

(d). The CLC-3, CLC-4 & CLC-5 Family of Voltage-Gated Chloride Chanuels,

29




CHAPTER ONDB INTRODUCTION

When deficient, this class of Cl- chanoels result in the appearance of kidney stones
(Fisher, et al., 19945 Steinmeyer ef al., 1995)., Based on sequence homology alone, the
CI.C-5 class inclodes CLC-3 (Kawasaki, ei al., 1994) and CLC-4 (Van, et al,, 1994).

However, as clc-4 cannol be expressed functionally, and the reported expression of clc-3
is confroversial (Kawasaki, ef al., 1994; Van et af., 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 ClI- > I conductivity sequences. However, these
currents are only detectable at voltage more positive than +20 mV, values that are unlikely

to occur in vive (Steinmeyer, ¢f al., 1995; Lioyd,ef al., 1996).

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

Additional mammalian cfc genes have been identitied but their physiological functions are

still anknown. These include the kidney-specific cle-k gene (clc-ka and cle-kb in humans;
Uchida, ef al., 1993; Kieferle, e al., 1994) and the ubiquitously expressed cle-6 and clc-7
genes (Brandt and Jentsch, 1995). Unforifunately, like the CLC-3 and CLC-4 classes, no

suitable expression system has been developed to chavacterise the biophysical propeities
of these channels (Jentsch, 1995; Kieferle, ¢z al., 1994).

The genome sequencing programs have identified putative prokaryote cle genes (in E.
coli, Fujita, et al; 1994; in Synechocystis 6803, www.kazusa.or.jp/cyano); fuither, a

single c¢lc homologue has been identified in S. cerevisiae (sccle originally termed gefi)

which appear to be closely related to the cle-6 and cle-7 family. Since disruption of the
yeast gene results in sensitivity to low iron levels in the growth medium {Greene, ef al.,
1993), scele is believed to be involved in iron metabolism. An alternative hypothesis is
that they are members of prokaryoic-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 charucterized biophysicaily,
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 ¢lc genes, a putaiive chloride channel cDNA
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(cle-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
inward current upon membrane hyper-polarization (inore 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, e
al., 1996, that the currents carried by CL.C-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 characterised as being activated upon hyperpolarization of the plasma

membrane or tonoplast (Hedrich and Becker, 1994).

Information stemaming from the Arabidopsis genome sequencing program has identified
four putative clc genes. These have now been cloned using a PCR strategy
(Hechenberger, et ql, 1996). The four genes (atclca, atclch, atcle-c and arclc-d) ave
homologous to cle-nt! from tobacco (Lurin, ez al., 1996) and are also closely related to
the mammalian clc-6 and cle-7 gene families. The afcle transcripts are broadly expressed
in the plant but show some tissue sSpecificity. The strongest expression of atclc-a, and
atcle-¢ transcripts seem to occur in source leaf, whereas atclc-b is most strongly expressed
in roots; atcle-d is mainly expressed in the fruit. The atcle-¢ and aiclc-b are highly
homologous to each other {(~87 % identity at the perceived amino acid level} and ~ 50 %
identical to atclc-c and aicle-d. None of the four cDNAs elicit chloride currents when
expressed in Xenopus oocytes, either singly or in combination. Only AtCLC-D couid
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 intracellular chloride channel (Hechenberger, et al., 1996).

1.6. Aim of This Study

The aim of this study is o i1solate and characterize genes encoding membrane transporiers

and channels that may play a central role in conferring resistance to Na© and / or CY in

salt tolerant plants.
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Initially, in 19935 at the start of the project, there was insufficient information available in
the data bases to allow putative plant genes to be identified by (BLAST) searches for
homology, or by designing PCR primers suitable for cloning purposes. Therefore, it was
decided to try to identify plant homeologues for cation and anion transporiers 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 (Ariplex mummularia). Genomic libraries
of these plants were prepared and these, together with existing cDNA libraries, were used
in Southern screening experiments, Farly experiments suggested that the c¢le-0 probe

from 7. 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 bascs were accumulating information at such a rate that a
new strategy based on consensus sequences would be more productive. Therefore,
sequence alignments of known cic channels were made and degenerate PCR primers
designed from the emerging consensus sequences. These primers were subseqguently used

in a series of experiments to try to identify c/e homologues in salt-resistant plants,
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Figore 1.2, Alignment of 17 Putative CLC-type Chloride Channels.

In May 1996, the GCG programme STRINGSEARCH was used to
identify CI' channel sequences in the EMBL database. The sequences
were translated and then aligned wsing GCG’s PILEUP programme. The
PILEUP alignment was anatysed by PRETTY and the output from this is
presented. Several of the default parameters of PILEUP were adjusted to
derive the best consensus alignment. Only three regions of conserved
amwno acid sequence were identified using this approach which are marked
in bold face type on the CONSENSUS line GKIGPxxH (between position
350 and 360), GVLFxxE (between position 410 and 420) and GEDWIFL
{between position 240 and 250). Note, not all sequences contained thesc
conserved motifs.  These consensus sequences were used to design
degenerate PCR primers for cloning purposes. The sequence accession
nambers are as follows: rnmroa, x64139: human placenta CLC-2, s77770:
ac15652, chinese hampster CLC-2: Torpedo californica CLC-0, tcvgee:
Torpedo marmorate CLC-0, timelchan: human muscle CLC-1, hsclelmee:
human muscle CLC-1, hsclclme: rat skeletal muscle, rrsince: rat protein
kinase A activated CI' channel, rrelek?a: human kidney CLC-2, $80315:
human CLC-5, hsclenSgn: rat CLC-5; rocleS: human chloride channel
protein, hsclepx: rat CLC-3, rucle3: human CLC-7, hscle7mr: rat CLC-7,
rncle7mr: S. cerevisiae GEFR1, scekey.,
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2.1. MATERIALS.

2.1.1. Chemicals.

The chemicals vsed in this study were obtained from BDH (Poole, Dorset) unless

indicated otherwise.

2.1.1.1. DNA Modifying Enzymes.

Unless stated otherwise, all restriction enzymes together with their reaction buffers, were

purchased from GIBCO-BRL, Paisley, Strathclyde, or Promega Corporation, USA.

2.1.1.2. Oligonucleotide Primers.

Primers for PCR were synthesized by Cruachem Lid, Glasgow. The primers were
supplied desalted, and were resuspended to the appropriate concentration in water before

use.

2.1.1.3. Radiochemical.

The radiochemical [o—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 XL1-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 (.2 % (w/v) maltosc and 10 mM MgSO4. For plating
out the above bacterial strains, the solid media was prepared by adding 1.5 % (w/v) agar
{Difeo) to the media prior to sterilization. Top agar was prepared by adding 0.7 % (w/v)
agar to L-broth media supplemented with 10 mM MgSOy4 and 0.2% (w/v) maltose. Filicr-
stetilised antibiotics, maltose and MgSO4 were added after autoclaving when the solutinﬁ

had cooled to just below 50°C.
2.1.1.5. Antibiotics, IPTG, 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 ug mL-l. Chloramphenicol was dissolved in ethanol (30 mg mL-1)
and used at a final concentration of 30 pg mL-!. All antibiotics were filter sterilized and

stored in sterile boitles 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 distiled H2O and used at a final conceniration of 50 uM mL-}. X-Gal
(5-bromo-4-chloro-3-indolyl B-D galactoside; Life Technologies) was made as a 25 mg

mL-1 stock in dimethylformamide and used at a final concentration of 50 pg mL-1.

34




CHAPTER TWO MATERIALS & METHODS

2.1.1.6. Bacterial Strains, Cloning Vectors and Plasmids.

Plasmids were maintained and amplified in E. coli XLI-Blue (Stratagene Litd.,
Cambridge, UK). E. coli XL1-Blue MRA(P2) (Stratagene) was used to plate A genomic
libraries. E. coli LE392 was used for the isolation of bacterial genomic DNA, Epicurian
Coli X1.1-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 A Dash IF BamH1 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, pHMG6, UK). The pH of phenol-confaining
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 0.1MPa pressure for 20 minutes.
Large batches were sterilized in a Laboratory Thermal Equipment Autoclave 225E. Small

batches were sterilized in a Tower pressure cooker.

35




CHAPTER TWO MATERIALS & METHODS

2.1.2.3. Filtration.

Heat-labile solutions were sterilized by passing through a sterifil-D GS filter (pore

diameter (.22 um, Millipore Co.) into a sterile receptacle.

2.1.2.4. Glassware.

Glassware was sterilized by baking in an oven at 180°C for 12 hours or overnight.

2.1.2.5. Solutions and Equipment for RNA Work.

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.
2.1.3.1. Growth and Treatment of Plants.

Sceds of barlcy (Hordeur vulgare Var., 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 (Silvaperl, 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 (Bera vulgaris var Saxon) supplied by British Sugar 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
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™ KNO,, 0.246 g L* Ca(NO,),.4H,0,0.115 g L*
NHH,PO,, 0.245 g L MgS0,.7H,0, 1.428 mg L' H,BO,, 0.905 mg L" MunCl,.4H,0, -
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0.04 mg L*CuS0,.5H,0, 0.11 mg L ZnSO,.7H,0, 0.045 mg L" H,Mo0, H,0, and then
0.00015% of FeSO, and 0.00012 % of NaK-Tartrate 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. fiasks
containing 160 mL MSMO media (1 X Murashige and Skoog salts with minimal organics
(M6899, Sigma), and 3 % (w/v) sucrose, pH 5.8). Suspension cultwres were grown at
22°C in a 24 hour photoperiod (PPFD 5.0 umol m-2 s-1) with constant shaking (140 rpm),

and sub-cultured every two weeks using 1/5 dilutions.

Sugar beet cell suspension culture (Beta vuligaris 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 uM 2,4D and 0.5 uM kinetin pH 5.8.
The cultures were grown in continous light (PPFD 5-20 pmol m-2 s-1) 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 medinm.

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 MSEMO (M 6899, Sigma) containing 3 % (w/v)
sucrose, 2.5 uM 2,4D and 0.5 uM kinetin pH 5.8). The culture was grown in continous
light (PPFD 21 pmol m-2 s-1) at 25°C shaken at 150 rpm, and sub-cultured every 14 days
in a laminar flow hood by transterring 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) sucrosc, 0.5 mg I.-l o-naphthalene acetic
acid and 0.05 mg L-! kinetin, pIf 5.8. The cultures were grown in contincas light (PPFD
18 pmol mZ s-1) at 23°C, constantly shaken at 150 rpm, and sub-cultured every seven

days a laminar flow hood by transferring 5 mL into a sterile flask containing 45 mL of

sterile medium.
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Seeds of Nicotiana tabaccum were supplied by Dr Y 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
carried out in a sterile flow hood. The envelope was placed in a pot containing sterile
dH,O 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 sierile

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
Na(l for 4 days. Red beet and A. Aalimus 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 nse or kept at -
80°C until required, The suspension culinres were collected by centrifugation for 10 min
at 700 g. The supcrnatant was removed and the pellet immediately frozen in liguid

nitrogen. Samples were then stored at -80°C until required.

2.2. MEETHODS.
2.2.1. Isolation of Genomic DNA.

2.2.1.1. Isclation of Plant Genomic DNA.
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The isolation of high molecular weight (> 25 kb) DNA was carried 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 pestie. The frozen powder was
then transferred with liquid nitrogen into a 30 ml, Oak Ridge tube containing 18 mL of
Lysis buffer (100 mM Tris-HC1 pH 8.0, 20 mM EDTA, 0.5 % {(w/v) SDS) betore 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 mL 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
geutly and incabated 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 filier into a clean 30 ml Oak
Ridge centritfuge 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 Tmi, of TE bufter 1¢} mM
Tris-HC1 (pH 8.0), 1 mM EDTA.

The DNA solution was transferred to an ultracentrifuge tube and 1 g of cacsium chloride
per 1 mL of DNA solution was added then mixed by gentle inversion. One mg mL-! .
cthidium 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 ceatrifugation, the DNA band was collected with a sterile plastic pipette and placed |
into clean 1.5 mL Eppendorf tubes. Ethidium bromide was removed by adding an equal
volume of TE saturated iso-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 agueous

phase.

The aqueous phase was then dialysed against a 1000 X volume of TE bulfer (pti 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 Eppendoif tube, the DNA was then
precipitated by the addition of 4 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 finaliy 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 rc-suspended in 1 mL
of lysis buffer (50 mM glucose, 25 mM Tris-HCI pH 8.0, 10 mM EDTA) containing 10
mg mL} lysozyme (Sigma). The mixture was transferred to a 1.5 mL Eppendorf tube and
incubated for 10 min at room temperature., After incubation, 50 ul. 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 fise-amyl-
alcohol (v/v/v, 50:24:1) was added. mixed thoroughly but gently, and spun in a micro-
cenirifuge at 10,000 g for 1 min, After centrifugation the upper layer was transferred to a
clean tube and an equal volume of chloroform: iso-amyl-alcohol (24:1) was added, mixed
and centrifuged as before. The upper layer containing the DNA was translerred to a clean
tube, The DNA solution was precipitated by adding a one tenth voliime of 3 M sodium
acetate and two volumes of ice-cold ethanol an 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 Ieft 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 prams of phenol (detached crystals) was melted at 65°C for 30 min and 0.1
% (wiw) of 8-hydroxyquinoline was added before the phenol had cooled. The warm
solution was then saturated twice with 300 ml of IM Tris-HCI (pH 8.0) and mixed
vigorously for 15 minutes. After allowing the solution to setile, 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-HC1 (pH 8.0) was repeated
until the pH of the aqueous extract was greater than 7.8. The upper phase was (hen
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 1o a fine powder
under liquid nitrogen with a mortar and pestle. The powder was then transferred to a 15
ml. glass Corex tube containing 5 mL of TNT solution [S0 mM Tris-HCIL (pH 7.8), 10
mM NaCl and 2 % (w/v) Tris-isopropylnaphthalene-sulphonic acid] and 5 mL of PCI
solution {phenol : chloroform: iso-amyl alcchol, v/v/v, 25 1 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 MSE Mistral 2L centrifuge
using an 8 X 50 mL swing out rotor. Following the spin, the upper aqueous phasc was
removed with a sierile pasteur pipette and transferred to a clean 15 mL Corex tube
containing an equal volume of PCI. The sample was mixed and centriluged as described
previously, After centrifugation, the upper aqueous phase was removed to a clean 15 mL
Corex tube containing an equal volume of chloroform: is¢-amyl alcohol (viv 24:1), mixed
and centrifuged as before. ‘Ihe agueous phase containming RNA was transferved 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-ireated 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)

agarose mini-gel.

2.2.2.3 Isolation of Mitochondrial and Chloroplast Total RNA.

Twenty grams of plant tissue were homogenized in 80 mL of organclle isolation buffer
(300 mM mannitol, 50 mM ‘I'1is-HC], 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
spead. The homogenate was filtered through eight layers of sterile muskin and transferied
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 ihe nuclear
pellet, which was then discarded and the supernatant transferred to a clean centrifuge
bottle. The chloroplast pellet was collecied by centrifuging the supernatant at 1800 g for
10 minutes at 4°C, the resultant pellet was kept on ice and the supernatant was transferred
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 separately 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)T 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 1(-mL syringe. The storage buffer was slowly pushed out of the column at a
rate of ~ 1 drop every 2 seconds (to ensure uniform column packing). Two hundred uk. of
high-salt buffer (10 mM Tris-HC1 (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-sait 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-HC1 (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 deop every 2 seconds. Two hundred pL of high-salt buffer were
applied to the push column and pushed through the colurn at a rate of | drop per second.
The high-salt wash was repeated with one additional 200 pL aliquot of high-salt buffer.

‘I'he push column was then washed three times using 200 pl. aliquots of low-salt butfer

(10 mM Tris-HC1 (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 cluted using four
200 pL aliquots of the pre-heated elution buffer (10 mM Tris-HCI (pH 7.5) and I 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.
2.2.3.1. Preparation of Competent Cells.
Competent cells were prepared using the method described by Sambrook e¢f af., (1989).

E, coli cultures were grown overnight in 10 mL TYN medium (see Section 2.1.5) ai 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 uatil an OD at 550 nm
of .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 RbCI (Sigma), 50 mM MnClz (Sigma), 30 mM potassium acetate, 10 mM
CaCly, 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 RbOCL, 75 mM CaClp, 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 competeni cells.

2.2.3.2.1.Transformation of Competent Cells,

FHrozen competent cells (prepared 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
Eppendorf 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 |

min and returned o ice for a further 2 min. TYN medium (0.8 mL) was added to allow
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expression of the anfibiotic resistance encoded on the plasmid. Cells were then pelleted
by centrifugation at 10,000 g for 30 seconds, the supernatant discarded, and the pellet
resuspended in 0.1 mL TYN mediom. 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 XL1-Blue MRE" Supercompetent Cells.

Transformation of E. coli XL.I-Blue MRF" supercompetent cells (supplied by Stratagene)
was perforraed in accordance with the manufacturer’s instructions. Frozen competent cells
(prepared by Stratagene) were thawed on ice. Forty L. aliquots of competent cells were
transferred into pre-chilled 15 mL Falcon (polypropylene) tubes. Then 25 mM of -
mercaptoethanol was added to the tube and gently swicled before being incubated on ice
for 10 min. Two ul. 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
exiract, 0.05 % (w/v) NaCl, 1 mM MgSO4, 1 mM MgCly, 0.4 % (wiv) glucose) was
added to the transformation reaction and the tube was shaken at 37°C for 1 hour. Fifty,

100, 150, 190 uL of the transformation reactions were then plated on separate I.-broth-
ampicillin-kanamycin (50 pg/pl) agar plates containing X-gal (50 pM mL.-!) and IPTG
(50 uM mL-1), Fifty uL of the control transformation rcaction (transformed cells with

control insert) were plated onto L-broth-chloramphenicol (30 ug mL-1) 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.
2.2.4.1. Small Scale Preparation of Plasmid DNA.

For this method the Wizard Minipreps DNA Purification System (Promcega) 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 cullure 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 ceatrifuged at 10,000 g for 5 min
in a microcentrifuge. The supernatant was discarded and the bacterial pellet resuspended
by vortexing in 200 uL of cell re-suspension solution (50 mM Tris-HCI (pH 7.5), 10 mM
EDTA, 100 mg mL-! RNase A). Once fully re-suspended, 200 ul. of cell lysis solution
(200 mM NaOH, | % (wfv) 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 § min and the
supernatant removed to a 1.5 mL Eppendorf 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 slurry into the minicolumn. The vacuum was broken, 2 ml. of wash
solution (200 mM Na(l, 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 transferred to a 1.5 mL Dppendorf 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 transferred to a clean 1.5 mL Eppendort tube, 50 ul. 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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2.2.4.2. Preparation of Plasmid DNA Using Qiagen Maxi Plasmid Purification
System.

The Qiagen Maxi-Plasmid Purification System (Qiagen Lid., 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 37°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 hatvested by centrifugation at 2,000 g for 5 minutes in a Beckman J2-HS
centrifuge (JA-20 rotor) at 4°C. The supernatant was discarded and the pellet re-
suspended in 10 mL of buffer P1 (100 pg mL-! RNAse A, 50 mM Tris-HCl (pH 8.0), 10
mM NagEDTA. Then the cells were lysed by adding 10 mL of buffer P2 (200 mM
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 bufter (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, .15 % (v/v) Triton X-100 (pH 7.0)) and the column
allowed to empty by gravity flow. The supernaiant obtained affer centrifogation 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 %
(vfv) ethanol, pH 7.0). Plasmid DNA was cluted into a sterile 30 mL cenirifuge tube by
the addition of 15 mL QF buoffer (1.25 M NaCl, 50 mM Tris-HCH (pH 8.5), 15 % (v/v)
ethanol. The DNA was precipitated by adding 0.7 volumes of iso-propanol, the solution
was mixed and immediately spun at 20,000 g for 30 minutes at 4°C. The superpatant 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-dricd

before re-dissolving in a suitable volume of TE buffer (10 mM Tris-HCl (pH 8.0), 1 mM

47




CHAPTER TWO MATERIALS & METHODS

EDTA). The concentration of DNA solution was determined as described in 2.2.6 and
stored at -20°C

2.2.5. Nuclcic Acid Precipitation.
Nucleic acids were precipitated by either the ethanol or iso-propanol method.

Nucleic acids were precipitated by the addition of a 1/10 volume of 3 M Na acetate (pld
5.2) followed either by the addition of iwo volumes of ice-cold 100 % ethanol or 0.7
volumes of ice-cold iso-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 - 10 pL) was diluted to 70
ubl. with distilled or DEPC-treated water. The absorbance of the nucleic acid containing
solution was measured scanning at wave lengths between 220 nin and 350 nm using
distilled water as a blank in a Shimadzu UV-2131 PC scanning spectrophotometer. An

absorbance at 260 nm (Asg0) of 1 was taken to indicate the following concentrations :

Form of nucleic acid concentration (ug_mL-1)
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 Lid, Paisley, U.K. supplicd all agarosc (ultra PURE).

2.2.7.1. Electrophoresis of DNA.

‘The appropriate concentration of agarose (0.5-2.0 % (w/v)) was added to an appropriate
volume of | X TBI: buffer (90 mM Tris-borate, 2 mM EDTA) or 1 X TAE (40 mM Tris-
acetate (pI 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 poiat 10 mg mi.-!

ethidium bromide was added to a final concentration of 0.5 ug mi-l. The molien 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 carried out at 20-100 volis
(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
transiltuminator, Model TC-312A). The gel was photographed using Polaroid film (Type

605, professional) or with a Bio Gene lmage 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 amounnt 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 2 microwave oven until the agarose had
dissolved. Once the agarose solution had cooled to 60°C, 10 mL of 10 X MOPS buffer
(200 mM MOPS pH 7.0 (Sigma), S0 mM sodium acetate, 10 mM EDTA) and 10 mL of
formaldehyde (37 % (viv), 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
feft 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 ig) 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 mk-! 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 butfer (S0
% (v/v) glycerol, 1 mM EDTA pH 8.0, (.25 % (w/v) bromophenol blue, 0.25 % (w/v)
xylene cyanol FI') was added and the RNA samples loaded onto the gel. The gel was ran
at a constant voltage of 80 V at room temperature uatil 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 sizc 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 A phage
(GIBCO-BRL). For analysis of single stranded RNA, the RNA ladder (GIBCO-BRL)

containing marker bands ranging in sizc between 0.24-9.5 kb was used.

2.2.8. Digestion of DNA with Restriction Endonucleases.

The DNA to be cut was prcpared 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
maonitored 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 [ragment of interest was
initially separated from residual IDNA fragments by agarose 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 Eppendorf tube. Three volumes of buffer
QX were added to 1 volume of gel (100 mg taken as equivalent to 100 uL), incubated at
50°C for 10 min and mixed by vortexing the tube every 2-3 min during the incubation.
After the gel slice had dissolved completely, 1 volume of ise-propanol was added to the
sample and mixed. A QIAquick spin column was placed in # 2 mL collection tube, the
sample applied and then microcentrifuged for ! min, at 10,000 g. lThe 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 ecentrifuged
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-
HCI, 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 separated on agarosc gels of appropriate composition as described in Section .
2.2.7.1. Essentially, blotting was formed as described in Sambrook, ef al.,, (1989) with
the following alterations. A wick of Whatman 3 MM paper was placed onto a horizoatal |
support, soaked in 400 mM NaOH and each end dipped into a reservoir of 400 mM
NaQOFH. The gel was placed on the top of the wick with the well side of the gel (top

sarface) 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 -3

blot was left overnight to allow the nucleic acids to transfer to the membrane. Following
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 o assess the transfer of DNA from the
gel to the membrane. The membrane was then washed carefully in 6 X SSC (3 M NaCl,
300 mM Nag 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 -
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.,
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 enzyine(s) as described in Section 2.2.8 and purified as described in Section
2.2.9. The amount of DNA was estimated by ranaing 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

HindIl-digested DNA standards run out on the same gel.

2.2.11.2 Random Priming of dsDNA.

The DNA was labelled with [—32P] 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 Eppendorf 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 mmol-1) of [a~32P] 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
Nap-EDTA and a further 45 pl. of sterile Analar water. For use in hybridization analysis,
the DNA was denatured by heating to 95-100°C for § 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.
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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 uM
dATP, 200 uM dGTP, 200 pM dTTP, 12 M dCTP, 25 pCi [a~32P] dCTPR, 0.5 uM '£3
primer, 0.1 uM T7 primer, 1 X Tag buffer and 2.5 units of Zug DNA polymerasc. The
thermal cycler was programmed as follows: 94°C for 30 seconds followed by 35 cycles of
94°C for 1{(} 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-nucteotides 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 &.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 mM
T1is-HCl (pH 8.0), | mM EDTA) containing 0.2 % (w/v) Sodiam azide (Sigma). The
column was spun in a 15 mL Corex tube at 700 g for 4 minnies 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 unincorporaied :
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 NA Probes.

The level of incorporation of radicactivity 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 und after the centrifugation step (counts after centrifugation x
100/counts before centrifugation). The specific activity of the labelled probe (cmp
incorporated per ug DNA) could then be calculated, given that the amount of
radiolabelled DNA and percentage incorporation of the radiolabel were known. A typical
Rediprime reaction with an incorporation of 60 % yielded a specific activity of 1.7 X 10%

¢cpm pg-) oligonucleotide.

2.2.12. Hybridization Analysis.

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, er al, 1989), or in a
hybridization oven (Techne HB-ID) using borosilicate glass tubes. Enough pre-
hybridization solution (5 X SSC, 10 X Denhardt’s solution (0.1 % (w/v) Ficoll 400, 0.1 %
(wiv) PYP 360, 0.1 % BSA, Sigma), 0.1 % (wfv) SDS, 0.1 % (w/v) Na pyrophosphate,
100 pg mL-1 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 88C (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. Encugh pre-hybridization solution (5 X SSC. 50 % formaldehyde (v/v), 5 X
Denhardt’s solution, 0.1 % (w/v) SDS, 100 g mL-1 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 temperatare (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 strinpgency
are given in the results Seclion 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 fitm 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 carried out as described by Sambrook, er 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 visnalised as a blue colouration on a white
background. The stain was retnoved by washing the filter in 20 % (v/v) acetic acid untit

the bands were no longer visible.

2.2.13. Screening Libraries.
2.2.13.1. Preparation of Plating Bacteria.

XL1-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 MgSOy4. 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 MgSO4 and incubated as before for 1-2 hours
or until the culture density at 600 nm was 0.3-0.5 A.DD. units. The cells were then
transferred into two sterile 5¢ mI. Falcon tubes, pelleted by centrifugation for 10 min at

5000 g and re-suspended into 10 M MgSQO4. The suspension was diluted 0 an OD of 2
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at 600 nm (~1.6 x 109 cells mL-1) using ice-cold 10 mM MgSQ4 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 constincted in the A Dash I BamH1
vector (Stratagene, Lid Cambridge, UK). Esseatially the protocols of Sambrook, ef al.,
(1989) were used.

300 uL aliquots of plating bacteria, were prepared as described in Section 2.2.13.1 and
dispensed into sierile 15 mL Falcon tubes, to which 50 ul. of an appropriate dilution of
bacteriophage library was added. After the tubes had been mixed, they were incubated at
37°Cfor 15 min. After this incubation, 10 mi of top agar’ containing 0.2% (wfv) maltose
and 10 mM MgSOy4 (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 MgS0O4 and 0.2% maitose. The plate

was swirled gently in order to distribute the top agar evenly over the surtace 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 109 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 plague lifis were attempted. Meanwhile,
the appropriate nomber of nylon membranes (Hybond-N Amersham) were labelled
individually and marked asymmetrically in three locations with permanent marker to

allow futurc plate/membrane re-oricntation (see Sambrook, er al., 1989).
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A membrane was laid carefully 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 | 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 twe
sheets of Whatman 3 MM paper sosked in denaturation 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-HCI (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 Zh.

2.2.13.4. Selection of Bacteriophage Plaques.

Hybridization analysis of membranes and washing was the same as described for Southera
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 ithe autoradiograph, by hybridization of plague DNA with
a probe, was aligned with the corresponding 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 agar plaque
was tragsferred to a 1.5 ml. Eppendorf tube which contained 1 mL of SM phage buffer
(50 mM Tris-HCI (pH 7.5), 100 mM NaCl, § mM MgSO,) and 50 L of chloroform,
vortexed briefly and left at room temperature for 1 4 to allow the phage to diffuse out into

the solation. The phage suspension was titered by plating out a series of phage dilutions

ranging from 10%- 107, The following cquation was used to calculate the titer:
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[(Number of plagques 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 103 pfu was used to produce confluent lysis of a bacterial lawn grown on
a 150 mm diameter plate. Phage were eluted out of the agarose 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)
chleroform 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-! DNAase (type VIIT) and | pg mi-
1 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 cenwrifuged 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 discarded, 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 particles were collected by centrifugation in Sorvall OTD
55B ultracentrifuge at 18,000 g for 2 h at 4°C. The supernatant was poured off, 1-2 L
of SM phage buffer were added to the tube and Ieft 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
cesuspended and then transferred 1o sterile tube. To this tube, 50 pug 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 phasc was extracted
once more with an equal volume of chloroform and tinally precipitated with 2 volumes of
ethanol. The resulting DNA pellet was washed with 70 % ethanol, air dried and
resuspended in 500 pl. HaO and the stored at -20°C until required.

2.2.14. Reverse Transcription-Polymerase Chain Reaction (RT-PCR).

2.2.14.1, Preparation of First Strand ¢cDNA for use as Template in PCR Reactions.

This reaction was carried out using the Stratagene Reverse Transcription System (RT-

PCR) Kit. Any enzymes and reagents used were supplicd 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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1L (adjusted with DEPC-treated water). Three pL of oligo(dT) (100 ng uL-1) 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 puL of 10 X first-strand buffer, 1 pl of
RNase Block Ribonuclease Inhibitor (40 units ul-1), 2 pL of 100 mM dNTPs (dATP,
dCTP, dGTP, dT'IP) and 1 pl. (50 wvnits) 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-1) 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 sequeuces from the cDNA
library, genomic DNA and first strand cDNA. In general 0.5-2.5 U of Tag DNA
polymerase (Promega) per reaction was used in 1 X thermophilic Tag buffer (50 mM
KCl, 10 mM Tris-HCI, (pH 9.0), 0.1 % Triton X-100, (Promega) with 1-4 mM MgCly,
200 uM dNTPs (dATP, dCTP, dGTP and dTTP) and 50 pmol of cach primer (forward
and reverse primer). The reactions were performed in a volume of 50 pL in 0.5 mi
Eppendorf tubes. The same reagents were used for PCR reactions where Pfiz polymerase
(Stratagene) was used in place of Tag polymerase. This required 1 X Pfu_buffer (20 mM
Tris-HCI (pH 8.0), 2 mM MgClz, 10 mM KCI, 6 mM (NH)2S04, 0.1% Triton X-100, 100
ug 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. Denaturation was performed 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 formula Tip=(3 x GC) + (2 x AT)°C
where GC and AT are 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 P'recipitation.

One-tenth of the volume of 10 x STE buffer (1 M NaCl, 200mM ‘Iris-HCI (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
carcfully 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
bufter (10 mM Tris-HCI (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 Tag DNA polymerase were polished
using the pfic-based 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 uL 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 Pfir DNA polymerase (0.5 U). The polishing reaction
was gently mixed, layered with 20 ulL mineral 0il 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. Cloping 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 carried out in 0.5 mL microcentrifuge tubes by adding the following
components: 1 L of the PCR-Script Amp SK(+) cloning vector (10 ng/uL), T 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 S7f restriction
enzyme (5 U/ul), 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 min . The ligation reaction was stored on ice until
transformation into Epicurian Colt XLI-biue MRF Kan supercompetent cells as
described in Scetion 2.2.3.2.2,

2.2.15.6. PCR Amplification of Piasmid 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 mi.
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 Tag buifer
(Promega), 2 mM MgClp, 100 uM dNTPs (dATP, dCTP, dGTP and dTTP), 0.1 uM of
oligonucleotide primers (I3 and T7 as these primers flank the site and can be used to
accurately size the cloned fragments) and 1 unit Tag 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 programined to denature the samples for 5 min ar 94°C and then
to complete 35 cycles of 94°C for 1 min (denaturation), 45-50°C for 1 min (amnealing)
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
2.27.1).

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 Tag 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 loL:ated al 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; GRAITL, N1X, err.). Large scale sequencing (i.e. primer

walking) was performed by MGW Biotech.
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CHAPTER THREE HETEROLOGOUS 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 large 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 heterclogous probes in Southern and Northern blot experiments.
Although this is now considered to be a some what ont-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 Nat and CI- transport from plant cells of
salt-tolerant crops. A range of probes from different sources were used, these were sod2,
adk-1, at57, ant (nhaA), and cic-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 vuligaris, Var Saxon),
Phaseolus vulgaris (bean), Arabidopsis thaliana, Schizosaccharomyces pombe and
Saccharomyces cerevisiae. The genomic DNA was digested individually with restriction
enzymes FieoR1, BamH] and Hindlll (Section 2.2.8)., Appropriatc 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

67



Tosert Plasmid Enzyme Insert Activity of Source of Tsolation
{gene) containing § used to size (Kb) | Insert
the insert | excise insert

sod? psod2 Hindil! 2.3 Na'/{* S. pombe™
antiporter

adk-1 pRS316 EcoRI 2.8 P-type H'- N. plumbaginifolia*
ATPase

at57 pat57 EcoRl 1.9 V-iype H'- | A, thaliana*
ATPase

cle-0 pCDMS Xbal/Xho! 1.6 Chloride 1. marmorata™
channel

rhaA pKR323 Hindill 1.8 Na'/H* E. coli KR323%

/BamiH! antiporter

wSchizusaccharonyces pombe sonrce of sed?, supplied by Tia ef al,, (1992).
Arabidepsis thationa sougee of at57, supplied by Manolson et al., (1988).
Wicatiana plumbaginifolia source of adk-1, supplicd by Boutey et al., (1989).
Torpedo marmorara source of CIC-0, supplied Uy Tenisch ez al., (1990).
FEscherichia coli KKR323 source of whad, snpplied by Kampel et @i, (1988).

Table 3.1. Probes used to screen barley and sugar beet genomic DNA.
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4 x 100 bp (E. coli) to 3 x 109 bp (barley and bean). The digested genomic DNA was
separated on agarose gels (Section 2.2.7.1) and blotted onto nylon membraunes (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 Scquences.

Figure 3.1 presents the results from a genomic southern blot of A. vulgare (barley}, B.
vulgaris (sugar beet), A. thaliana , Phaseolus vulgaris (bean), Schizosaccharomyces
pombe and Schizosaccharomyces cerevisive DNA, each cut with the restriction enzymes
EcoRl, BamH]1 and HindIll, and probed with labelled adk-1, a Nicotiana plumbaginifolia
gene coding for a plasma membrane HT-ATPase (Boutry, et «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(lane 2, at 1.6, 2.3,
4, and 10 kb), BamH 1 (lane 8, at 4, 6.5 and 10 kb) and HindIII (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 appear to have sequences homologous to
adk-1 (lanes 1, 7, 13 for H. vulgare and lanes 4, 10, 16 for A. thaliana). Saccharomyces
cerevisiae was tound to contain adk-71 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. Genomie 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,
BamHI (B) in lanes 7-12 and HindIII (H) in lanes 13-18.
The digested DNA was separated in a 1% (w/v) agarose
gel, hybridized with adk-/ 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 (A HindlIII) are
indicated.
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Figure. 3.2. Genomic Southern Blot Analysis of Plant Genomic
DNA Hybridized with at57 (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), 4.
thaliana (AB), Schizosaccharomyces pombe (SP) and
Saccharomyces cerevisiae (SC). Ten ng 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: EcoRl (E) in lanes 1-6, BamHI (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 (A HidlIll) are indicated.
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and Saccharomyces cerevisiae DNA, each cut with the restriction enzymes EcoRI (E),
BamHI1 (B) and HindIII (H), and probed with at57, an Arabidopsis gene coding for 57
KDa subunit B of vacuolar membrane H*-ATPase (Manolson, et al,, 1988). The blot was
washed at high stringency (0.1 ¥ 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 deiermine 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
getnomes of Phaseolus vilgaris (lanes 3, 9, and 15) and H. vulgare (lanes I, 7, and 13)
appear to have sequences with some weak homology to ¢£57 and this may reflect the fact
that these two species are more distantly related to Arabidopsis than B. vulgaris. Neithet
Schizosaccharomyces pombe nor Saccharomyces cerevisiae appear 10 have sequences that

are homologous to at37.

3.1.3. Genomic Southern Apnalysis Using Na'/f1" Antiporter Sequences from

Schizosaccharomyces pombe.

Figure 3.3 shows the results from a genomic southern biot of H. vuigare (barley) , B,
vulgaris (sugar beet), A. thaliana, Phaseolus vulgaris (bean), Schizosaccharomyces
pombe and Saccharomyces cerevisiae DNA, each cut with the restriction enzymes EcoR1{
(E), BamH1 (B) and HindllI (H), and probed with sod2, a Schizosaccharomyces pombe
gene coding for a Nat/H*t antiporter (Jia, ef al., 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 A. vulgare (barley), strong hybridization
was obsetrved in HindlIT genomic DNA fragments (lane 13 at 2.2 kb) in addition 1o some
weak hybridization bands (lanc 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 Bam# 1 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 4. thaliana) and 200 ng from each
yeast were individually digested with the following restriction
enzymes: EcoRI (E) in lanes 1-6, BamHI (B) in lanes 7-12 and
HindIll (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 (A HidIll) are indicated.
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was observed also that B. vulgaris (sugar beet) has strong hybridization bands in EcoRl
fragments (lane 2 at 4, 5.5 and 6.6 kb) and in Hindllf fragments (lane 14 at 3.4, 4, 5, and
5.8 kb), but weak hybridization appeared in BamH1 fragments (lanc 8 at 3.7, 4.4, 6 and 7
kb). The genome of Saccharomyces cerevisiae appears to have sequences with weak
homology to sod2 (lancs 6, 11 and 18). Forthermore, the blot shows that there is no
evidence that Ph. vulgaris (bean) and A. thaliana genomes have sequences that are

homologous 10 sod? (lanes 3, 9 and 15) and (lanes 4, 10 and 16) respectively.

3.1.4. Genomic Southern Analysis using Na/H" Sequences from E. coli.

Figure 3.4 presents a genomic southern blot of H. vuigare (barley), B. vulgaris (sugar
beet), A. thaliang , Phaseolus vulgaris (bean), Schizosaccharomyces pombe and
Saccharomyces cerevisiae DNA, each cut with the restriction enzymes EcoRI (E),
BamH1 (B) and HindlIT (I1), and hybridized with rnhaA, a clone from E. coli coding for a
Nat/H* antiporter (Padan, et al., 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
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 ate found in H. vulgare (barley) genomic DNA (lane 7 at 4 kb and
lane 13 at 3.5 kb). The genome of B. vulgaris (sugar beet) shows scquence homology o
rnhaA in Hindf{II genomic DNA fragments (lane 14 at 4 kb). The genome of Phaseolus
vulgaris also appears to have some sequence homology to nhad (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 genoimic southern blot containing £,
coli genomic DNA digested with EcoR1 (E), BamHI (B) and HindIII () and hybridized
with nhoA. 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. cofi
genomic DNA (I'ig 4b lanes 1, 2 and 3).

3.1.5. Genomic Southern Analysis Using Chloride Channel Sequences.
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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: EcoRl (E) in lanes 1-6,
BamHI (B) in lanes 7-12 and HindlIl (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 EcoRl, BamHI and Hindlll digested E.
coli genomic DNA hybridized and washed with the filter above. The
positions of the DNA marker (A HidlIl) 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 4. thaliana) and 200 ng from
each yeast were individually digested with the following
restriction enzymes: EcoRI (E) in lanes 1-6, BamHI (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 HidIll) 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 cerevisine DNA, cach cut with the resiriction enzymes
EcoR1 (E), BamHl (B} and Hindlll, and hybridized with cle-0 from Yorpedo
marmoraia, a sequence coding for a voltage-gated chloride channel (Jentsch er al., 1990).
The blot was washed at low stringency (1 X 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 scquences that are
homologous to cic-. However, hybridization signals were also found in the genomic
DNA EcoRI fragments (lane 2 at 2, 2.3 kb and larger), BamHI fragments (lane 8 at 1.8,
2.7, 3.4 and 4.3 kb) and HindIII genomic DNA fragments (lane 13). In addition, several
hybridization bands were also observed in all restriction digests of H. vuigare (barley)
genomic DNA (lane 1 at 1 and 1.5 kb), (lane 7 at Q.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 cle-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 appear 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 arises, “Are these homologues expressed in the B. vulgaris and H. vulgare?".
Northern blot analysis was performed to study the expression of these heterologous genes

(s0d2, adk-1, at57, clc-0, and rnhaA on H. vulgare (barley) B. vulgaris (sugar beet) total
RNA.

Ten pg of total RNA was prepared from the roots and leaves of barley grown under 150
mM NaCl, sugar beet grown under 300 mM NaCl, and from controls of both plants (¢ |
mM NaCl, Section 2.2.2.2). RNA was electrophoresed on a 1.3% denaturing agarose get
(Section 2.2.8.3), and blotted onto nylon membranc 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 cle-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 (sugar beel)
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 cle-0 as probe (. marmoraia voltage-gated
chloride channel) suggested that homologues are expressed in the leaf tissues of B.
vulgaris (grown in 300 mM Na(’l), H. vulgare (grown in 150 mM NaCl) and A. hastara
(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 clear that
sequences with homaology to cle-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 prepared, 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 Subscqucnt 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 cle-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 enceded in the nuclear genome

and therefore, not poly-adenylated.

To assess the cellular location of the message that hybridizes to clc-0, a northern
hybridization of clc-0 to total RNA isclated from the leaves and root tissue of K. vulgare
(grown nnder 150 mM NaCl) was underiaken. 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 1o nylon

membrane and probed with 32P labelled clc-0. The membrane was washed at moderate i

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),




(a)

(b)

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 3*2P-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).



(a)

(b)

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 ug of each sample was electrophoresed in a 1.3% (w/v)
denaturing agarose gel (figure 3.7b), blotted onto nylon
membrane and hybridized with cle-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 cle-0 was also found in total RNA prepared from leaf plastids (lane 4) and
leaf cells {lanc 6), however, no expression band was observed in total RNA extracted
from leaf mitochondiia (tane 5). ‘Yhe expression message of cle-0 has a size of
approxtmately 1.5 kb, These results suggested that cle-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 (Jane 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.
2.3.1. Introductios.

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 library with
cle-0 will identify a homologue. For this reason, it was decided to try to identify a cic-0
homologue from a batley genomic library, Thus if the full-length genomic clone couid
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 genomnic
library screen. It is well established that in plants, membrane transporters, and in
particular ion channels are not highly expressed, thereby making cloning difficult. It can
be estimated that the amount of message in 10 pug total RNA is about 2.5 % (i.e ~ 300
ng). It has also been estimated that there are typically 250,000 message molecules
expressed at any one time in plant tissues. For a lowly expressed gene (suy 0.001 % of
total message (see Milner, et al., 1995; Golderg, et al., 1978) 300 ng x 1 x 106 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

x109 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 batley genomic library was constructed in the A Dash II vector (Promega) and was |
screened for genomic clones. The library was constructed by ligating genomic DNA
from barley (Hordewm vulgare Var Golden Promise) into dephosphorylated JLambra
Dash 1I vector arms.The high molecular weight barley genomic DNA was partially
digested with the restriction enzyme Sau 34 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 barley genomic library was screened using clec-0 as a probe. A total of

approximately 3 x 103 clones were screened (see Section 2.2.13) using a conventional |

colony hybridization technique, This was less than the necessary 106 recombinants

required to represent 99 % of all DNA sequences in the genome (Clatke 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 al., 1989).

v (- p)
In(1—%)

where N is the necessary number of recombinants.
p is the desired probability (i.e. p = 0.99)

x i8 the size of the insert (20 kb)

y i8 the haploid genome size (3.5 x 10° bp)

Therefore, lor barley the requited number of clones to screen for 99 % chance of

identifying a single clone is:
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N=ﬂ(li%;9l—-093- = ~0.8 x 10°
In(l-355)

In total 3 x 109 plagues were screened from an intended of 1 x 100 of barley genomic

library but no convincing clones were identified,

3.4, Discussion.

This study was undertaken to determine whether genes coding for H', Na© and CI’

transporters could be identified by using heterologous probes to barley, sugar beet and A.
hastata that may confer salt-resistance. Homologues to two H™ pumps were used, adk-1
(a Nicoriana pumbaginifolia p-type H+—ATPasc) and ar57 (an Arabidopsis v-type 1

ATPase B subunit). In addition, two sequences coding for Na*/IT™ antiporters were usex,

nhaA (E. coliy and sod2 (S. pombe), and also ¢lc-0, a sequence coding for a voltage-gated

Cl channel (from Torpedo marmoraia). 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 -A'TPase.

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 I, vulgare. Moreover,
adk-1 appears to have some homology to sequences in S, cerevisiae. These resulis are
not surprising as it is well established that in all plants studied, p-type ATPases have been
implicated as the primary pump driving coupled (endergonic) solute transport across the
plasma membrane (Harper & Sussman, 1988; Serrano, 1989; Goffean and Slayman,
1981). However, surprisingly, no S. pombe sequences appear to have strong homology

10 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 H"-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 al., 1992). In addition, hybridization of at37 t0 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)

suggesied that barley, sugar beet and Afriplex 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 sed2
Southern blotting were expressed in B. vulgaris, H. vulgare and A. hastata.
Unfortunalely, no transcripts appeared to hybridize to the sod?2 probe at even moderately
low stringency (T X 8S8C, at 55°C, data not presented). The inclusion of control sod?2
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 - ':‘
target. Itis concluded that unless sod2 homologue transcripts are present at levels below
2 pg / 10 ug total RNA (an estimated abundance of < 0.001 % of transcripts was present),

these sequences are not expressed in barley, sugar beet or Atriplex.

There is little evidence from genomic Southern blotting experiments that either barley,

sugar beet or Arriplex contain sequences homotogous to the E. coli nhaA class of Nat/a”
antiporter (Fig. 3.4).
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3.4.4. Voltage-gated CI' Channels.

Southern blot analysis suggested that homologues of cle-0 are present in the salt-resistant
plants sugar beet and barley (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 cic 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 al., 1993) although it remains 1o be established whether

these sequences do indeed represent authentic voltage-gated Cl° channels.

Northern blot experiments using c¢lc-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
ug total RNA respectively) and were about 1.4 kb in size. Consideration of the
corresponding fluorescence gel from which this northern blot wus prepared (Fig. 3.6 b)
shows that there was unequal loading of total RNA (lane 1-3), so some adjusiments of

the relative abundancics 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-dI preparation procedure. An alternative explanation for the results presented
in Fig. 3.6a is that no homologues of cle-0 are expressed in these planis 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 lanc 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 185 RNA, this result is difficult (o reconcile if ¢/c-0 did indeed bind-
to the 188 ribosomal fraction. Secondly, 188 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 searches of the cle-0 probe sequence failed to pick
up any ribosomal sequences. As this Northern biot was washed at moderate stringency

(0.5 X SS8C, at 65°C) it is concluded that the hybridization signals presented in IMig. 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 A DASH 1I
library by colony hybridization using clc-0 a8 a probe was unsuccessful. This may in

part be due to the low copy number of the corresponding gene. However, as only 3 x 105

out of the intended 106 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 Carbon, 1976).

At this stage (April 1996), Mawel and co-workers reported the molecular

characterization of the first plant voltage-gated Cl' channel (Lurin, er al., 1996). This
sequence, clc-ntl was cloned by RT-PCR from N. rgbaccum 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 the reported success with an RT-PCR
approach in N. tabaccum, it was decided that a more fruitful way forward would be to
design degenerate PCR primers and follow the procedures of L.urin, et al., 1996 The

details of these RT-PCR experiments are presented in Chapter 4.

78




CHAPTER 4 PCR 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 {rom this
information they went on to clone cle-nii, the first putative voltage-gated chloride
channel from tobacco (Lurin, er al, 1996). Tn May 1996, 17 putative clc sequences
were deposiled 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 consensns were identified (Fig. 1.2 Chapter 1). Degenerate primers were
designed to these conserved motifs using a combination of intvition and the PRIMER
routing in GCG 7. Two forward (F1 and F2) and one reverse (R1) primers were

designed (see Fig. 4.1) and subscquently 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.




Forward Primer 1 (F1)

5 3
GGWAARGARGGNCCNATGGTNA

Forward Primer 2 (F2)

5 3’
ATHGARWSNYTNAYTAYGA

Reverse Primer 1 (R1)
5 3’
AARAGMACWCCNCCNANNGG

Figure. 4.1. Nucleotide Segquences of Degenerate Primers Designed
from Voltage-Gated CI'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 sugar bect cDNA library using the cl¢ degenerate primers ¥l
and R1.

After optimization of conditions, two PCR fragments close to the expected size range
(160-300 bp) were identified and named bvi (~350bp) and Hv2 (~300bp); see Fig 4.2 B
(lane 1 and 2). These iwo 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 F. celi XL-1 Blue supercompetent cells (Section
2.2.3.2.1),

4.1.1.1.1 Analysis of br1.

Genomic Southern blots were then performed on sugar beet genomic DNA using bvi 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. cerevisiage genomic DNA were also included. Appropriate araounts of genomic DNA
from each organism was prepared and digested with EcoRI, BamHI and Hindill
(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 (1 X SSC at 50°C) and autoradiographed for 3
days at -80°C.

Very sirong hybridization was observed in £, coli genomic DNA (lanes 2 and 10); no
hybridizing bands were found in E. coli genomic DNA digested with BamHI (lane 6)
perhaps due to poor recovery of the digested fragments by ethanol precipitation. The
genome of S. cerevisiae also appears to have sequences homologous to bv7 (lanes 1 and
5). However, the blot provides no evidence for higher plant homologues of bvi (lanes
3,4,7,8, 11 & 12).

&0
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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 F1 and R1 were used with 7ag DNA
polymerase in PCR reactions (35 thermal cycles, denaturation 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 I
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 (hv/) of 300 bp from the H. vulgare
c¢DNA library (A, lanes 1 and 2,) and two fragments (bv/) 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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Figure 4.3. Genomic Southern Analysis of Plant Genomic
DNA Hybridized to the Sugar Beet PCR Amplified
Fragment bvli.

Genomic DNA was isolated from B. vulgaris (SB), H. vulgare
(BA), Saccharomyces cerevisiae (Sc.) and E. coli (E). Ten ug 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 HindIIl, Bam and EcoRI. The digested
samples were electrophoresed in a 1 % (w/v) agarose gel and
blotted onto nylon membrane. The blot was hybridized with
labelled bvI probe, washed at low stringency (I 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 vl sequences are
expressed in sugar beet plants. Total RNA prcparcd from roots and leaves of sugar beet
and barley plants grown hydroponically in 300 and 150 mM NaCl respectively, and on
confrol plants grown without NaCl additions (Section 2.2.2.2). Total RNA was
prepared from each ftreatment, and electrophoresed on a 1.3 % (wiv)
agarose/formaldehyde gel (Section 2.2.8.3), and Dblotted onto nylon membyrane (Section
2.2.10.2). The blot was then hybridized with &vl 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 v/ 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 scarch the TREMBL and protein data bases using
the BLAST routine fram GCG 7 (Fig. 4.4 Section 2.2.17), Neither of the expected
protein motifs (GKEGPxxH or GVLExxE) 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, I'. coli and S. cerevisiae genomic DNA using bv2 as probe. Appropriate
amounts of genomic DNA from barley, sugar beet, S. cerevisiae and F. coli were
digested with EcoR1, BamH1 and HindIll (Section 2,2.8) and electrophoresed ina 1 %
(wfv) 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 8§8C at 50°C) and autoradiographed for 3 days at -80°C,

The genome of S. cerevisiae (lanes | and 5) and E. coli (lane 2) appears to have
sequence homology to bv2. Sugar beet was found te have sequences with some weak
homology to »v2 (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
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Figure.4.4. Sequence Analysis of bvi,

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 forward frames are shown. The probable
reading frame (b) is shown in beld {96 amino acids); this was
the only reading frame with no stop or nonsense codons.
However, none of the six reading fiames contains the expected
PGKEGxxxxH (forward) or GVLFxxE (reverse) protein
sequence (Sce Figs. 1.2 and 4.1),




Reference: Albschil, Stephen F., Warrsen Gish, Webb Miller, Eugene W. Myersg,
and David J. Lipwman (1990). Baslc locel alignment search tool. J. Mel. Riok.
215:403-190.

Query= /peopla/pdaminy/Genes/Chloride/sh_frags/sbl_t7.pep
{574 letters)

Detabagze:  Creinbl
293,433 seguencas; 82,003,986 total letters.

Smallest
Sun
High Precbasilicy
Sequences producing High-scoring Scgment Pairs: gcare PN} H
TR:G1573604 | U32743_7 FUCULOSE-.-FHOSPHATE ALDOLASE (FUCA). 307 3.8e-23 1
TR:E293135 | ¥B4395_435 HYPOTGELICAL 13.) KD PROTEIN (FRAG... 114 3. 89e-08 1
TR:E293135 | 284295 45 HYPOTRETICAL 123.1 K PROYEIN (FRAGQ... 114 3.9e-08 1
TR:F293135 | ZRLIG%_45 HYPOTHETICAL 13.1 KD PROTEIN (FRAG... 114 2.9e-08 1
>TR:3IE73604 U32743_ 7 PUCULOSE: 1 PHOSPHATE ALDOLASE (FUCA) .
Lengzh = 213
Score = 307 (152.6 biis), Expect = 3.8 38, P = 3.8%e-38
Identicies = S1/88 (37%), Pogitives = GB/R] (77%)
Query: 99 PPRSCWRFHMAAYOSRPDANAVVHNEBAVACTAVSILNRSI PALHYMIABAGGNSIPCAPYA 158
D & WaTl++ Y +DRP1ANAVVINE+ +EIC  +S8IL + IPATHYM+& +G + IPC PYA
Sldect: 70 POSEWQFHLEVY FPRPEANAVVHNHSTHCAGLSILEKPTPATHYMYVAVSGTRHI PCVPYA 129

Query: 159 TFCTRELSEIVALALKNRKAPLLQHHGL 186
TFC+ +L+ FYA  +K KA LL {HGL
Shick: 130 TFCSHALASYVATGIKESRAILLAHHGL 157

Figure 4.5 Blast Qutput of a bv! Search in the TREMBL Data Base.
The frame b translation of the sugar beet sequence bvl (see Fig. 4.4) was
used to interrogate the TREMBL data base for homology using BLAST
from GCG 7.  Only one sequence, 132743 from . E.coli, showed any
strong homology.
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Figure 4.6. Genomic Southern Analysis of Plant Genomic
DNA Using bv2 as Probe.

Genomic DNA was isolated from B. wvulgaris (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, BamHI and EcoRI. 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 determine whether Av2 sequences are
expressed in plants. Total RNA was prepared from roots and leaves of sugar beet and
barley 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
preparcd 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 /2 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 sumple 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
search 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.

4.1.1.2, Hordewm vulgare.

Figure 4.2B presents the fluorescent gel of the PCR products amplified from the H.
vitlgare CONA library using the degencrate forward (Fl) and reverse (R1) primers
shown in Fig. 4.1. After optimisation of conditions, one PCR fragment within the
expected size range, Avi (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 2.2.13.5), 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 hv] as probe to
establish that Av/ represents an authentic bailey sequence, Genomic DNA isolated

from Beta vulgaris, E. coli and S. cerevisiae were ran as controls. Appropriate amounts
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CACCTCCAAGCGGACCGRAATGCTCAGTCGCGTCCATGACACACCTCCTETGTGGLGEI'TT
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Figure.4.7. Sequence Analysis of by2,

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 forward frames are shown. 'The probable reading frame (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 cxpected PGKEGxxxxH (forward)
or GVLFxxE (reverse) protein sequence (See Iigs. 1.2 and 4.1).
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Reference: Gisli, Warren (1994-19971. uanpublished.
Altschul, Stephen F., Warren Gisl, Welblb Millz2r, Eugsne W. Myers, and David J.
Bipuzn (13%90) . Bacic local aligoment search Zool. J. Mol. Biol. 215:403-10.

Querv= kv2 or SB2 sagquence
, 92 lhases, TiIAQLGEA checksum.
{92 letrers)

Databaze: gwall
Z83,052 seguencees; 89,381,315 total letters.

Searching.....0....20.,,.30,,,.40,...50,,..,60,,..70....8C....90....100% dane
smallest
Su

Bigh Probability
Suguences procucing High-ccoring Segment Palrs: Score DP(N) N
SWALL: QACE0D C30800 PHMI-LIKE CSENE PRODUCT. 71 C¢.17 1
SWALL:Gl24%813 GLl2458.3 CEVS5-E75A ECDYSTERQID RECEDPTOR HO. .. 51 C.89 1
SWALIL: 036403 0364035 CRFE3. 1.L/98 58 (.98 1
SWALL: (051195 Q51195 CLASS 1 QUTEE MEMERANE PROTEIN VARI... 43 0.99C i
SWALL: 051216 Q51216 CLASE 1 OUTER MEMZRANE PROTEIN VARI... 48 0.99¢C 1

»>SWALL: 030800 030800 PMI-LIKE GEKE PRODUCT.
Length - 4489

Qcore - 71 (Z25.0 2ils), Expecc - 0.19, P = 0.3
Tdentilies = 23/50 t46%), Positives — 27/50 (54%)

uery: 16 LLCGGFYTRSCENSLTPMEC TRVGRPLINPAENGPHKGFQAQTL-DIQGHEF €5
FLOTG TR ST PV Pl GPH  TQQTL  +QG F
shick: 9 TLCGGSGTRIMPTERTSLPRQEV = PEm e s = GPHSTFOCTLLRLQGPLF G2

SSWATTGL245813 351245813 CE75=E7EA ECCYSTEROZD RECEPTCR HOMOILOG. 3/98
Length - 67

Score = K1 {18.0 bita), Expect = 2.2, P = 0.8%
Identities = B/20 {40%}, Pogitives . 12/20 [60%)

Quary: 18 COGFYTRECENSLTPMPCTR 37
C GF+ R85 4+ 1 ECT+
Shijcn: 21 CKGFFRRSIQQKRIDYRFCTK 40

FSWALL:036403 026403 ORFL3.
Lengtii = 102

Score = 58 (20.4 kits), Dxp=zct - 3.8, P - 0.98
Identities = 16/43 (37%), Pogilbives = 2L/43 (48%)
Duery: 1Z CMTILLCGGFY'IRESCENSLTPHMPCTRVGRPLINTAEN-GPIRGI 54
C+  LL ¥ B8C=+3 TP T P++N N P GF
Sbhict: 9 CLWVELIWYSYTTSCRDESSTPRAVI'E - «PYLNATSNFNPTAGE 42

Itigure 4.8 Blast Output of a b2 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 [or 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 Avl 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, BamHI] and EcoRI. The digested samples were
electrophoresed in a 1 % (w/v) agarose gel and blotted onto nylon
membrane. The blot was hybridized with labelled AvI probe (a
PCR amplified fragment from H. vulgare cDNA library), washed
at low stringency (1 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 EcoRI, BamHI and HindIII (Section
2.2.8) and electrophoresed in 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 kv
(Section 2.2.12.1) the membrane washed at low stringency (1 X 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 appears to have sequences with weak homology to the 4vZ probe (lanes
I, 5 and 9). Several hybridizing bands were found in A. 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 appecars to have some
homology to vl (lane 3 ~ 4 kb, lane 7, ~ 4.5 kb and ~ 4.2 kb and lane 11 ~ 5 kb). 'The
results from the Southern blot suggest that B. vilgaris and I1. vulgare have some
sequence homology to zvi, but when this blot was washed at high stringency (0.1 X
SSC at 65°C) all hybridizing bands disappeared (data not presented).

To establish whether or not the Avi 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 ~v7 as probe, and washed at low stringency (1 X
SSC at 55°C). No hybridizing bands were observed in any of the samples (data not
presented).

The cloned fragment /vl 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 Tig
1.2 and 4.1) although nucleic acid homology to the reverse primer was found at both
ends. The coryesponding BLAST search of the protein database suggested that hv? is
identical to an . coli hypothetical protein (Fig. 4.11).
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ARGAGCACTCCICCAAGCGGCAGCET et AGACEGGTTTCACCCACCGCCECATTATCGTA
————————————— e e e e e i e e e e e
TTCTCETGAGEAGGTTCGCCGICgCAgaTCTgCCCAARYTGEETGGCCGACTARTAYCAT
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CAGCTTALTTGACUCGCITGGAGGAGT 3!

~~~~~~~~~ b 266
gTCgARTARCTGCEGCGAACCTCCICA
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Figure.4.10. Sequence Analysis of fzv1.

Automated sequencing was performing as described in
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 () is
shown in bold (88 amnino 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).




Reference: Gigh, Warren (1994-1297). unpubiiched.
alrechul, stephen F., Waryen 3ish, Welhb Killer, Rugene W. Myers, aand Davidé J.
Lipman (19901, Baslc local alignirent search tool. J. Mel. Biol. 215:403-10.

Query= HV1 frame f
. 89 bhages, G&840FCC checksum.
{89 letters:
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283,052 sequences; 8%,381,315 total lelters.
Searching....10¢....20....30....d¢....5%0,.,,560,...70....80....90....100% done
Shillest
Su
High Probability
sequences producing High-seoring Segment Palra: Scere BN N
SWALL:YAGH_ECOLI P77802 HYPOTHLTICAL 21.2 K PROTEINM I¥ Z... 405 35.ue-37 1
SWALL: 006206 006206 HYPOTHETICAL ©9.7 KD PROTEIN. 11,98 85 Q.00 1
SWALL: 006304 006204 SIMLILARED GR|ALOQSIDBINTVO0L_S MY. .. 74000.54 1
SWALL:015%197% 015197 EPH-FAMILY DPROTEIN. 21/98 68 J0.12 1
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Length = 841
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shijct - 14 RIFA-GAGLGPMLAAASAWDGLAELELUAAAGSFASVTTCLAGDAWHSPASLAMTRIASPY /2
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0T G QA G+ RL A+As+ ¢ 1,
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Figure 4,11 Blast Output of a ~vi 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 scquence suggests
that Av! is probably a bacterial gene cloned from E. coli genomic template
which contaminated the bailcy cDNA library.
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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 (F1) and reverse (R1) primers shown in Fig, 4.1 were vsed with
genomic DNA from B. wulgaris (red bect) cell snspension 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 transtormed into E. coli XL-1 Blue supercompetent cells
(Section 2.2.3.2.1).

4.1.2.1.1. 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, batley and E.coli) digested with EcoRlI, BamHI and HindHI (Section 2,2.8) and
electrophorcsed on a 1 % (w/v) agarose gel (Section 2.2.7.2). The gel was blotted onto
nylon membrane (2.2.10.1) and hybridized with »v3 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 BamH 1 (lane 7
~ 1.5 kb) and EcoRI (lane 12 ~ 3.5 kb) but only weak hybridization was found in
HindlIlf yvestriction digest of B. vulgaris (red beet) genomic DNA (lane 2 ~ 2 kb). There
is also evidence that homologues to &v3 are found in the sugar beet genome (lane 6 ~
1.5 kb; Jane 11 ~ 3.2 kb; again, only weak homology to hv3 was found in the HindliI

genomic DNA digest, lane 1 ~ 2 kb), These results are not unexpected, as red beet and
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Figure 4.12. Fluorescent Gel of B. vulgaris PCR
Amplified Fragments bv3 (250 bp) and bv4
(300 bp).

Two degenerate primers F1 and R1 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 (denaturation 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 (bv3) and (bv4) with sizes of 250 and
300 bp (lanes 1 and 2) respectively. Lanes 3 and 4 represent the
molecular weight markers A HindIll and 1 kb ladder
respectively.
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Figure 4.13. Genomic Southern Analysis of Plant Genomic DNA

Using bv3 as Probe.

Genomic DNA was isolated from B. vulgaris (sugar beet, SB),
B. vulgaris (red beet, RB) cell suspension culture, H. vuigare
(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 HindIll, BamHI] and
EcoRI. 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.
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sugar beet are both varieties of the species Beta vulgaris. Finally, the genome of E. coli
also appears to have strong sequence homology to &v3 (lane 9, 10 ~3 kb; and lane 14 ~4
kb).

Northern blot analysis was then carried out to confirm whether or not Hv3 sequences are
expressed in B. vulgaris. Total RNA and poly (A)" mRNA was isolated from the
following high-salt treated samples: sugar 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) agarose/formaldehyde gel and the resolved RNA
fragments blotied onto nylon membrane. The blot was hybridized with bv3 as probe,
washed at low stringency (1 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).

4.1.2.1.2. Analysis of bv4.,

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 confirm whether or not
bv4 represented an authentic red beet sequence. Appropriate amounts of genomic DNA
from each organism was prepared and digested with EcoR1, BamH1 or HindHT (Section
2.2.8) and electrophoresed in a 1 % (w/v) agarose gel (Section 2.2.7.2). The resolved
frapments 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 L. 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: batlcy Jeaves and roots grown in 150 mM NaCl. The blot was washed at low
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Figure 4.14. Genomic Southern Analysis of Plant Genomic DNA
using hv4 as Probe.

Genomic DNA was isolated from B. vulgaris (sugar beet, SB), B.
vulgaris (RB) cell suspension culture, H vulgare (BA) and E. coli
(B). Lanes 1-3, 6-8, and 11-13 each contains {0 pg of plant
genomic DNA, lanes 4, 9 and 14 cach contains 100 ng of £, coli
genomic DNA and lanes 5 and 10 each contains 10 ng of . coli
genomic DNA. Each DNA sample was digested individually with
Hindill, BamI] and EcoRl. The DNA samples were
electrophoresed in a 1 % (w/v) agarose gel and biotted onto nylon
membrane. The blot was probed with labelled 5v4 (300 bp) a PCR
fragment of genomic DNA isolated frora B. vuigaris (red beet) celt
sugpension culture, washed at moderate stringency (0.5 X SSC at
65'C) and autoradiographed at - 80°C for 3 days.
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stringency (1 X SSC at 55°C). No evidence for the expression of 2v4 was foond in any

of the samples (data not presented).

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 perforined on the following tissues: leaves of 300 mM NaCl-
grown sterile sugar beet plants, roots of 3({) 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 F1/R1

and F2/R1 primer patrs were used on each of the cDNA samples (i.2. 20 experiments).

4.2.1 RT-PCR wnsing Oligo dT Primer First Strand Synthesis.

Several bands were generated from the different preparations. However, the F1/R1
primer pair failed to generate any fragments of the expected size (150-300 bp) although
some larger products were observed. In contrast, after optimization, the F2/R1 primer
pair (see Fig. 4.1) resunlted 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 barley preparations. However, when the F2 primer
was uscd on its own with sugar beet leaf poly (A)' mRNA as template, an unexpected
600 bp fragment was amplified (lane 3). This suggesis that the F2 consensus sequence

on the sense strand has homologous sequences on the nonsense strand 600 bases

downstream.
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Figure 4.15. Agarose Gel of RT-PCR Amplified Fragment
from Sugar Beet using cl/c 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 MMLYV reverse transcriptase
and oligo (dT) primer. The resulting cDNAs of sugar beet
were amplified through 35 thermal cycles using F2, R1, and
tag 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 HindlIl and 1 kb
ladder) are in lanes 7 and 8 respectively.
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Despite 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 8. 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 EcoRI,
BamH1 or HindlIlI (Section 2.2.8), electrophoresed in a 1 % (w/v) agarose gel (Scction
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 (¢f. lanes 1 & 2
~3kb: 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 Zv600.

The expression of hvO00 was analysed by northern hybridization. Figure 4.17(A)
presenis the autoradiogram from a northern blot made from the denaturing agarose gel
shown in Fig. 4.17B. Total RNA and poly (AY* 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
respectively). Total RNA (10 ug) and poly (A)" mRNA (Ipg) samples were separated
on 1.3 % agarose 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 &v600 and washed at low stringency (I X SSC at 55°C, see Section 2.2.12.3)
and autoradiographed at -80°C for 5 days. IHybridization to a band of about 1.4 kbp
was observed in sugar 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 agarose 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 cclls (lane 6). No signal

was detected in sugar beet roots (lane 5).
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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. 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 HindlII],
BamH|1 and EcoRI. 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.




Figure 4.17. Northern Blot Analysis of bv600 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 5v600. The membrane was
washed at low stringency (I X SSC at 55°C) and
autoradiographed for 5 days at -80°C.
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The bv600 fragment was sequenced in both directions and the resulting nucleic acid
information analysed by the MAP programme in GCG 7 1o determine the correct
reading frame. Figure 4.18 presents the coiresponding MAP output and shows stop or
nonsense codons present in each of the 3 forward and 3 reverse reading frames.
Cleatly, this should not occur in RT-PCR cloned fragments and so sequencing errors
were suspected; consideration of the raw sequencing data did not vesolve these potential
criors.  However, despite these ecrors, the nucleic acid sequence data was used to
interrogate 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 hv60)0 sequence does not represent a CIC 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 eDNA 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 {0 wse an alternative random primer
method. First, the efficiency of first strand ¢DNA synthesis decreases markedly with
increasing distance from the 3’ poly {A)" sequences used in the oligo d'I' method; the cle
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 heterclogous probing experiments
using the 7. marmorata 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 MMLYV (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 FI/R1
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).
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Figure 4.18 Sequence Analysis of bv600.

Automated sequencing was performed on the sugar beet sequence by 600
generated using RT-PCR and the F2 / R1 primer pair (see Tiig. 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 rcading frames, it is not possible to determine the
corresponding protein sequence. However, homology to the B2 (position
1) and R1 (position 617) primers can be seen.
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Figure 4.19 Blast Output of a hy600 Search in the EMBL Data Base.

Part of the BLAST output from the &v600) nucleotide sequence interrogation
on the EMBI. data base. Good homology was found at the DNA level (76%
dentity) to tomato CD4A ATP-dependent protease.
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Figure 4.20. Agarose Gel of RT-PCR Product from
B. vulgaris Cell Suspension Culture.

Two degenerate primers F1 and R1 were used with 7ag 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 bvI60 and bvi63 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 inte 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 byvI60 and bvi63.

Genomic Southern blots were performed to confirm whether or not sequences
homologous to Avi60 and bvi63 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 £.
coli. Appropriate amounts of genomic DNA from each organism was digested with
either EcoR1, BamH! or Hindlll (Section 2.2.8), electrophoresed on a I % (w/y)
agarose gel (Section 2.2.7.2), blotted onto nylon membrane (Section 2.2.10.1) and
probed with bv160 as probe. The membrane was subsequently washed at maderate
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 bvI60 to
genomic DNA from both sugar beet and red beet was found regardiess 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 barley or E. coli genomic

samples,

In order to confirm that AvI6G0 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) agarose/formaldehyde gel, blotted
onto a nylon membrane and hybridized with &vi60 as probe. The membrane was then
washed at high stringency (I X SSC at 65°C) and autoradiographed for 3 days.
Imitiafly, signal strength was poor and so the expertment. was repeated, as before except
that the bvi60 probe was synthesised using asymumetric 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 prepared from the
denaturing agarose gel shown in Fig. 4.22ZB. The northern blot shows a hybridizing
band of approximately 1 kb in total RNA prepared from high-salt grown sugar beet and
barley leaves (lanes 2 & 4 respectively), but not from the corresponding toot tissues
(lanes 3 & 5 respectively). A similar patiern was observed from low-salt grown sugar
beat and barley leaves (lanes 9 & 11}, but not from their roots (fanes 10 & 12). Contiol
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Figure 4.21. Southern Blot Analysis of Plant Genomic DNA
using bv160 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,
BamH]1 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 bv/60 (160 bp), washed at high
stringency (0.1 X SSC at 65°C) and autoradiographed at -80C
overnight.
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Figure 4.22. Northern Blot Analysis of Plant Total RNA
Hybridized with bvi60.

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 bv160 (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 byv]60-like sequences

(lane 7), although the halophyte A. halimus does not (lane 6).

The cloned red beet fragments bvI60 and bvi63 weie sequenced (Section 2.2.16) and
found to have actual stzes of 160 and 163 bp respectively, The nucleic acid sequence of
ovi60 and bvi63 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 amwino acid level. Two possible open reading frames exist for
bvi60 (Fig. 4.23, frames b & d) as only these contained no stop or nonsense codons; for
the same reason, frames ¢ and d are the only possible reading frames for bvl63 (Fig.
4.24). However, in both cases, the reverse strand iranslation (frame d) gave the
expected GKEGPxxII peptide motif (see [ig. 1.2), suggesting that this was the correct
reading frame. None-the-less, both the forward and reverse reading frame translations
of bvl160 and bvi63 (b & d in Fig. 4.23, and ¢ & d in Fig. 4.24) were used in BLLAST
homology searches. Figure 4.25 presents part of the BLAST output using bvI60 frame
b (forward, ie. KGQWYT ezc,) 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 bv{60 frame d (reverse, i.e. GKEGPMYV efc.,) 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 i1n 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. Consequeantly, two forward (F1 & F2) and one reverse (R1) primer were
synthesized and subsequently used (scc Figs. 1.2 & 4.1). Two of these primers, F1 and
R1, are similar (but not identical) to those uscd by Maurel and co-workers to isolate cle-
ntl (Lurin, et al., 1996).
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Figure 4.23. Sequence Analysis of H1160.

Automated sequencing was carricd 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 backwards from position 159),
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Figure 4.24. Sequence Analysis of bv163.

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 ¢ and d contained no
stop or nonsense codons, but frame d contains the expected
PGKEGP motif (reading backwards from position 163).
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Figure 4.25 Blast Outpot of a byI60 Seavch in the EMBL Data Base.

Part of the BLAST output from the bvI60 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.
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Figure 4.26 Blast Quiput of a by160 Search in the EMBL Data Base.

Part of the BLAST output from the bvI60 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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4.3.1. Conventional PCR Appreach

Initially, attempts were made to use F1 / Rl and F2 / R1 primer pairs to generate PCR
products from high-salt-grown batley and sugar beet ¢cDNA libraries that had been
generated in our laboratory. The F2 / R1 primer pait failed to amplify any fragments
from either the sugar beet or barley cDNA libraries. However, the F1/ R1 primer pair
generated two fragments from the sugar beet library, bvl (289 bp) and bv2 (281 bp),
and a single product, AvI (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. eoli. The three fragments were
sequenced and BLAST homology searches performed on cach. Strong homology was
found to bvl (Fig. 4.5) and Avi (Fig. 4.11), but there appears to be no kaown 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 byl was
probably generated from E. coli and not sugar beet template., Similacly, Avl was almost
identical to an E. celi 91.2 kDa hypothetical protein of unknown function, possibly a

chloride channel; more analysis of the sequence is required to clarity this point.

Clearly, there appears to be sufficient amounts of . coli (host cell) DNA. present in onr
barley (and possibly our sugar beet) library to thwart atiempts to clone cle 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
F1/R1 primer pair; the F2/R1 primer pair failed to generate any product, No products
were generated using either primer pair when barley 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 »v3 and bvd were generated
from sterile cell culturcs of red beet, E. coli appears to have homologous sequences to

both fragments. Further, in the case of bv4, no homologous plant sequences were

91




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 performed 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 d'1’ and random primer

first strand cPDNA synthesis methods were used on each of the above prepacations.

No PCR preducts of the expected size (150-300 bp) were generated from any of the
samples when the F1/RI primer pair was vsed with oligo dT-synthesised cDNA.
However, when the F2/R1 primer pair was used, a single product of the expecied size,
bv600 (600 bp) was generated from leaf tissue of 300 mM NaCl-grown sugar beet
plants. Genomic Southern analysis confirmed that &v600 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 &v600 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
electrophotetograms could nol fesolve these discrepancics; clearly bv600 requires re-
sequencing before ils primary structure can be confirmed. Not withstanding these
sequencing errors, the nucleic acid sequence was used in a BLASTN search of the
EMBL database. Disappointingly, it appears that 5v600 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 F1/R1 primer pair generaied several products with a range of sizes.
However, the red beet cell culture sample generated two bands (hvi60 & bvi63) of the
expected size (150-300 bp) and these were chosen for further study. Genomic Southern
analysis demonstrated clearly that bv/60 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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appears 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 bvI60 and bvi63 were sequenced and found to he >95% identical at the amino
acid level; two reading frames were feasible but BLASTP searches of the TREMBL
and SWISSPRO'|" 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 GVLES! motifs shows no consensus between
the 17 CLC homologues presented in Fig. 1.2, apart from 4 conserved SI and semi-~
conserved 161 17L. Despite the fact that salt appears to down-regulate bvIG0
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 bvI60 sequence

0 identify a full-length clone from B. vulgaris.
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5.1 Introduction.

I[dentification of the fragments byvI60 and hv163 by RT-PCR from high-salt grown red
beet suspension cells provided several strategics for identifying full-length clones of
putative CI' channel genes, These strategies include cDNA library screening using
bvl60 as probe, genomic library screening using bvl6() as probe, and a PCR approach
using bvl60 sequences as primers for identifying 5° and 3" ends, ie. RACE (rapid
amplification of cDNA ends).

Due to time covstraints on the duration of this project, it was decided to use a genomic
library screening strategy as considerable experience had already becn gained with this
approach (see Section 4.22), and a good quality sugar beet genomic library was already
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 (bvI60) is not
highly expressed in roots, see Fig. 4.17, Section 4.22),

5.2 Screening the Sugar Beet Genomic Library with bvi60 as Probe.

It was felt that the similarity between the two B. vuigaris varieties (sugar beel and red
beet), and their similar Southern analysis patterns using bvI60 as probe (sec Fig. 4.21,
Section 4.22), warranted the use of the red beet bv60 fragment as a probe for screening

the existing sugar beet A-DASH II genoric library.

5.2.1 Direct Sequencing from the Genomic Library using PCR,

As the sequence of HvI60 was known, it is possible to obtain §' and 3’ sequence

information flanking bvI60 using the PCR. The rationale of this approach is that in
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some A-DASH II clones the bvi60 sequence may lie close o 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 bvi60 (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 #vI60
(see Fig, 5.1) and forward (I¥) and reverse (R) oligonucleotides synthesised. Four PCR
reactions were run using the following primer pair combinations: F + T3 F + T7. R +
T3: R + T7. These combinations should allow PCR products to form, regardless of
insert orientation, as long as the HpvI60 internal primer sequence i8 < 3 kb trom either

one or the other end of the 20 kb insert.

Mauny attempts were made to oplimize 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 '1I'7 (lane 2) primer, an identical pattern of fragments
was obtaincd, 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 fragment was obtained, here two major products of less than 300 bp were

generated.

Further PCR experiments were conducted where each of the four primers were used on
their own, These confirmed that each of the bvI60 internal primers were capable of
generating the above mentioned products on their own (data not presented). These
findings suggest that within 1.5 kb of the bvi60 complementary sequences there are
several inverted sequences that are homologous to the bvI60 internal primer sites (F &

R). The possibility that these are identical inverted repeats can not be ruled out.

Alternatively, it is conceivable that the bv160 sequence does not lie within 3 kb of the
end of any of the 20 kb inserts in the A-DASH II library. Therefore, the PCR products
shown in Flg 5.2 might have arisen 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 1o
proceed with a different approach, conventional genomic library screening using byl60

as probe.
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Figure 5.1. Sequence bv160 Showing Internal Primer Sites.
The bvi60 sequence was analysed by the PRIME programine
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 A-DASH sugar beet library to
generate 5' and 3' sequences that flank bv/60 .
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Figure 5.2. PCR Amlification of Sugar beet A- DNA Clone Ends
using bvI160 Sequences.

An internal sequence in the red beet bvI60 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.
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5.2.2 Conventional A-Library Screening Using bvI60 as Probe,

Fresh phage was prepared from the sugar beet A-DASH II library and about 15,000
plaques generated on each of 20 150 mm diameter plates. The plaques were then
transferred onto duplicate nylon membrane filters (i.e. duplicate plaque lifis, sec Scction
2.13.3), *P-labelled bvI60 probe was prepared using the Amersham RediPrime kit and
this was then used to screen the filters at low stringency (1 X SSC, 55°C). Therefore, a
tatal of about 300,000 clones were screened which corresponds to a probability of p =
0.82 (see Section 3.3,2) that at least ome of the clones contains the bvi60
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. bvIG0) 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 HvI60 could detect target sequence down to a limit of 1-2 pg which
corresponds to about 30 1078 mol (1 107 g / [660 g x 160 bp]), which is comparable to
the manufacturer’s stated sensitivity. However, each plaque is estimated to contain
~10° phage particles (Sambrook et al, 1989), and therefore, a positive plaque
containing an insert with the bv/60 sequence would contain only about 175 fg (~ 1.7 10

18 mol) of target 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 bvi60 probe. The rationale here is to make the probe using either
an excess of either the forward (IF) or reverse (R) primer in F /R primed PCR reactions
using Hvi60 as template. This approach should generate an excess of single-stranded
probe that can only hybridize to target sequence on the plague 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 bv160 /

target DNA hybridizations. It had been observed previously that the 1.6 kb Torpedo
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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). Thercfore, it was decided to
ligate bvl160 to clc-0 to give a 1.8 kb chimera and to use this as a probe, After high
stringency washing, only the £vI60 part of the chimera should bind to authentic &vi60
target sequence on the filter, hut the increased label incorporated into non-hybridizing
the ¢lc-0 fragment should increase signal strength. Preliminary tests with dilutions of
the bv160 sequence spotted onto nylon membrane suggested thai the 2v160 / cle-0 probe
could detect target DNA down to below 100 fg,

A second library screen was performed using the bvI60 / 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 (0.1x 88C, 65°C), and the filters were then avtoradiographed
(see Section 2.11). Thirteen 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 filicrs
were subsequently baked to fix the DNA onto the membrane, and then hybridized with
the Av160 / cle-0 chimera probe, washed at high stringency and autoradiographed, as
described above. A third (and where pecessary a fourth) screen was performed on these
plagues to ensure that each contained only one clone, Of the original 5 ‘positive’
plagues selected, Southern blotting suggested that only two were true positives, and
hereafter these are referred to as bvFAST and bvFAS2.

5.2.3 Analysis of the A-DASH bvFAS and brFAS2 Genomic Clones,

The genomic clones hvFASI and bvFAS2 were digested with a range of restriction
enzymes and then subjected to Southern analysis using bvI60) / cle-0 as probe. Figure
5.3 presents the resulting ethidium bromide stained fluorcsceat agarose gel (A) and the
corresponding Southern blot (B) of hvFAS! and bvFAS2. The difference in the resulting
pattern in the Southern analysis (Fig. 5.3 B) suggests that bvFAS! (lanes 1-6) and
byFAS2 (lanes 7-12) represent different genomic clones. Restriction enzyme digests
with Xbal (lanes 1 and 7, ~8 kb), EcoR/ (lanes 2 und 8, ~ 4 kb) and Bam&! (lanes 3
and 9, ~ 9 kb), produce tragments that hybridize strongly to bvi60 / clc-0. However,
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Figure 5.3. Southern Analysis of Sugar beet A-DNA Clones bvFASI
and bvFAS2.

A. DNA was prepared from isolated A-DNA Phage (bvFAS! lane 1-6 and
bvFAS2 lane 7-12) and digested with Xbal (lane 1 and 7), EcoR! (lane 2
and 8) and BamHI (lane 3 and 9). Double digests were also performed:
Xbal/EcoRI (lane 4 and 11), Xbal/BamHI(lane 5 and 10) and
EcoR1/BamH]1: (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 A HindIIl markers (lane
14) are shown.

B. An autoradiograph of the Southern blot of the same gel (A) hybridized
with bv160/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 their similarity in size to the 9 kb vectbr arm, the Xbal and BamHI fragments
were considered unsuitable for sub-cloning. Double digests of bvFASI and bvFAS2
suggested that the Xbal / BamH! combination produced a strongly hyhridizing
tragment of ~7 kb (lanes 5 and 10}, that could easily be separated from the vector arms
(9 and 20 kb). Therefore, byFASIT and bvFASZ were subsequently digested with either
EcoR1 alone, or with Xbal and BamiH ! in combination, (0 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 (DH5q) were transformed with the ligated vector
(Sections 2.2.3.2.1) and plated out. Positive clones were identified by antibiotic
resistance and B-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 bvi60 / cle-0 chimera as probe. The resulting sub-clones are hereafter referred to as

bvFASI.7 and HvFAS2.7 (~7 kb fragment inserts), and byFASI. 4 and hvFAS2.4 (~4 kb

fragment inserts).

The Southern analysis of these four sub-clones shows that bvis0 / cle-0 hybridized
strongly to the HyFASI7 and hvFAS2.7 (Fig. 5.4 A, Janes 1 & 2). Only weak
hybridization was found between bvFAST.4 and the byi60 / 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.

‘I'herefore, to confirm the specificity of the above hybridizations to the target bvi6¢
sequence, the label was washed off the filter shown in Fig. 5.4 A (Section 2.2.12.5), and
then re-hybridized with pvi60 as probe. This filier was subsequently washed at high
stringency (0.1 x S5C, 65°C) and autoradiographed. Strong signals werc obtained that
confirmed the presence of bvI60 sequences in the pyFASI.7 and bvFAS2.7 sub-clones
(Fig. 5.4 B, lanes 1 & 2). However, again, only a weak signal at ~4 kb was observed in
bvFASI.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 (asspmed above to be veclor) were

greatly reduced.
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Figure 5.4. Southern Analysis of Sub-clones bvFASI and FAS2.

The EcoRl fragment (4 kb) and Xbal/BamHI fragment (7 kb) were
subcloned into pBlue-Script SK (+/-) and transformed to E. coli. The
cloned plasmid were isolated and digested with Xbal/BamHI(lane 1 and
2) to produce 7 kb fragment and with EcoR/(lane 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 bv160/cle-0 and blot B with bv/60. In both cases, high stringency
washing was performed (0.1 X SSC at 65°C
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I'rom the Southern analysis of thesc sub-clones it is concluded that HvFASI.7 and
bvFAS2.7 probably represent identical 7 kb fragments of the sugar beet genome.
Therefore it was decided to sequence the entire HvFAS].7 sub-clone in an attempt (o

identify the corresponding full-length gene which strongly hybridized to bvi60.
5.3 Scquence Analysis of the Sugar Beet Sub-Clone #vFAS1.7.

Due to time constraints on the duration of this project, it was decided not to attempt
turther sub-cloning of bvFASI.7 but t0 use a ‘primer walking’ sequencing strategy to
characterize the putative CI' 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 (57) and T7 (3°) primer sites. After sequencing each of the resuliing 600
— 800 bp products, new primers can be designed that ‘walk’ further into the middle of
the insert; the process is repeated until the 57 and 3” 'walks’ overlap in the middle of the
insert. Although it was feasible to perform this at Glasgow University, time constraints
on the duration of this study necessitated the work was undertaken commercially.
Thervefore, purified vector (pbvFASI.7) was dispatched to MWG-Biotech (Ebersberg,

Germany) for sequencing by primer walking,

The full sequence of bvFASL.7 is presented in Fig. Al (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 byFAS1.7,

The bvFASI.7 clone was first analysed to esiablish where the bvi60 complementary
sequences were located. This region was found to be between position 2431 and 2587
(see Fig. Al, see Appendix). Absolute maiches between the complementary bvi60 and
bvFAS1.7 sequences are shown in bold type, discrepancies are shown in normal face
type. As might be expected, the ends of bvi60, which are determined by the sequence
of the degenerate primers used 1o amplify the fragment (underlined in Fig. Al, see
Appendix), are not exact matches of the corresponding &vFASI.7 sequence, although
there is a near-perfect match Dbetween these two primer regions. The few

inconsistencies that are apparent between the primer regions may be due to either bvi60
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or bvFASI.7 sequencing errors; however, caretul consideration of the three original
scquencing electrophoretograms {(tforward and reverse strand of bvi60 and forward
strand of bhvFASI7) did not resolve these discrepancies (data not presented).
Alternatively, the discrepancies may be due to genuine varietal differences between
bvl60 (red beet clone) and vFAST. 7 (sugar beet clone).

The entire bvFASI.7 genomic clone was analysed further nsing the NIX series of
computer programmes available at the MRC’s Human Genome Mapping Project site
(Section 2.2.17), The first analysis performed was a scan of the entire sequence by the
REPEATMASKER programme which locks for, and then masks from subsequent
analysis, any repetitive sequences. However, no repetitive sequences were found in
bvFASL7. Next, programmes were ron to identify any known vector
(BLAST/VECTOR), iRNA (t-RNASCAN-SE), or E. coli (BLAST/ECOLL) sequences

that might occur in bvFASI.7; again, nonc was found.

The remaining analysis can be considered to have four component parts, 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 HOMP 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 t0 analyse both the (+) and (-) strand of
bvFAS1.7 for each features (promoter sites, poly A sites and ORFEs) so that where

consensus was reached, some measure of confidence can be attributed.

5.3.2 Analysis of bvFAS1.7 for Promoter Sites.

Four programmes were run to search for putative promoter sites, FGENE’s ‘Promoter’,
GENESCAN’s ‘Promwoter’, TSSW’s ‘Promotor’ and GRAIL’s ‘Polll Promoter’. The
putative promoter sites identified by each of these programmes ate shown as green
triangles in Fig. 5.5. Three putative promoier sites were identified on the (+) strand but
no consensus was reached by these programmes, and thercfore 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 bvFAS1.7.

The nucleic acid sequence of the sugar beet genomic fragment bvFASI.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 bvFAS].7 (base 1 to 7690). Features
appearing above the Sequence line correspond to the (+) strand, and those
below the (-) strand. The region of bvFAS/.7 that hybridised to the probe
bv160 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

particularly h{gh.

5.3.3 Analysis of bvFAS1.7 for Poly A Signal Sites.

Fowr programmes were used to identify putative poly A sites on the (+) and (-) strand of
bvFAS1.7. These were GRAIL’S ‘PolyA’, FGENE’s ‘PolyA’, GENESCAN’s ‘PolyA’
and POLYAH. Possible poly A signal sites are shown as ted 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 POLY ATl (Fig. 5.5).

5.3.4 Analysis of byFFAS1.7 for Exons.

Nine different programmes were run to establish putative intron / exon boarders. 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 bars), 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 congensus was reached

by four of the nine programmes (Fig. 5.5).

5.3.5 Analysis of bvFASI.7 by BLAST2.

The entire hvFAS1.7 sequence was used as a query sequence to search the EMBL, EST,
SWISSPROT and TREMBL databases at the European Bioinformatics Instituie (EBI)
web site in Cambridge (Section 2.2.17). BILAST?2 failed to find any strong similarities
when ¢ithet the (+) or (-) strand of bvFASI.7 was vsed to interrogate the EMBL or EST

databascs (E-value of <1 107°°, score of < 50). Some good local matches were found
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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 bvFASI.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 BLAST?2 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 bvFAS1.7 (-) strand was used by BLASTZ2 to interrogate the
SWISSPROT and TREMBIL. databases, some good homology was found (Fig. 5.5).
Figure 5.6 presents the first few lines of the corresponding output from the BLAST2
bvFASI.7 / TREMBI. database search. Several plant sequences were identified with
comparatively good B-values (>3 107 to 1 107%), and these are normally considered to
be good matches. However, what is disappointing i8 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 bvFASL7 (-) were found in the
SWISSPROT database, which include a mouse retrovirus-related polyprotein (E-value 3
10y and a human reverse transcriptase (E-value 5 10™7), but these do not overlap with

the expressed bvl60 sequence cloned by RT-PCR.

5.4 Discussion,

The identification of the bvi60 red beet fragment by RT-PCR was quite encouraging
(see Chapter 4). The sequence was exactly the size predicted from a voltage gated CT
channel, and containcd the conserved H and the semi-conserved (I/V/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 Hvi60 sequence,

For several reasons, it was decided to try to identify a full-length clone by screening a

sugar beet A-DASH 1I library that had been prepared in the host laboratory, Initial
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Jinghui Zhang, 2Zheng Zhang, Wewsb #iller, and David J. Lipman (1997),
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Figure 5.6 BLAST2 Output of TREMBL and Swissprot Database Intervogation
with AvFAS1.7 () Strand Sequence.
The (-) sense strand nucleic acid sequence of bvFAS], 7 was used to
interrogate the TREMBL (A) and SWISSPROT (B) databases. Only the
tirst few {most significant) lines from each output are presented.
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attempts Lo clone by 'walking' through the 5" and 3' ends of the gene using a combination
of internal &v160 primers and vector T3 / T7 sites failed, presumably because the bvi50
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
(Gig. 5.2).

Consequently, a conventional A-library screen was performed on the sugar beet genomic
library using bvI60 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 bvi60, and
the amount of purified phage present in a plaque, any true positives were below the limit
of detection by this **P-labelled probe. Asymmetric PCR was then used to try to
increase signal strength, but preliminary tests showed only a modest improvement in
sensitivity was obtained, the hybridizations were still not sensitive enough to detect true
positives. The rcasons for this are unclear 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. I this is the case, bvi60 probe generated by
asymmetric PCR (or riboprobes) would not be expected to significantly improve the

detection limit in hybridizations to dsDNA,

It was decided 1o try to produce a chimera probe that consisted of the bvi60 sequence
for targeting, ligated to a large non-hybridizing **P-labelled sequence that increases the
signal strength. Studies in Chapter 3 sugpested that the Torpedo marmorata cle-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 stringency. The chimera probe was found to
improve the limit of detection by at least an order of magnitude (~ 1 . 10™'® mol of the
160 bp target). A subsequent library screen using the bvI60 / clc-0 chimera as probe
identified several putative 'positive’ plaques, and after secondary and tertiary screens
two clones (bvFASI and bvFAS2) were identified. Two 7 kb sub-clones were prepared
from these (bvFAS1.7 and bvFAS2.7) which hybridized strongly to bvi60, and one of
these (bvFAS1.7) was sequenced using a ‘primer-walk' strategy, and this sequence was

then analysed for gene structures.
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The bvFASI.7 frapment was 7751 bp long. Computer analyses of the (+) strand did not
identify amy strong candidate promoter tegions; the only possible site was
approximately 2500 bp 5’ of the #v160 sequence. A reasonably good poly A signal site
was located at position ce. 3800 that might be located at the 3' untranslated end of the
bviGO-containing gene. BLAST2 did not identify any good homeologues to the {(+)
strand when it was vsed to interrogate the EMBL or SwissProt databases. However,
BLAST?2 produced a low score match to a mousc retrotransposon sequence (A188)
when the TREMBL databasc was interrogated but this was located at the far 3' end (+
strand) of the bvFAS1.7 clone and did not overlap the &v60 sequence (at position 2431
- 2587). A suit of programmes designed to identify exons produced little consensus,
and they identified many small putative ecxon sequences. Presumably, if there are
structural genes encoded on the bvFASL.7 (4) strand then (apart from the AI88 protein)

they contain many introns and have no homology to any known sequence.

In contrast, more putative stiuclural features were identified on the bvFASI.7 (-) strand.
Three possible promoier sites were identified 5' of the bvi60 sequence (at ca. 5800,
3100 and 2700, labelled according to the (+) strand), although, as no consensus was
achieved by the four promoter identification progranumes, little confidence can be
attached to any of these sites. T'wo putative poly A signal sites were identified 3' of the
bvl60 sequence on the bvFASI.7 () strand (at ca. 2000 and 3000, (+) strand labelled
positions), but again, as no consensus was achicved between the four poly A site
identification programmes, confidence in either is low. Several programmes were run
to identify exons. The resulis from these (9) programmes was disappointing a8 no
strong consensus was achieved particularly avround the bvI60 sequence region (2431
25870, (+) strand labelled positions). Only one programme, GRAIL's Exon', predicted
that the bvi60 sequence may form part of a transcript, and yet as bvi60 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 Jong streiches of homology to bvFAS/.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 unrelated proteins from a wide
range of organisms that include mouse, bacteria and C, elegans. Tlowever, the region of
the bvFASI.7 (-) strand that shows homology to SwissProt entries does not overlap with
the bvi60 sequence. The BLAST2 outpug from the TREMBL database contained a long
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list of putative plant {Arabidopsis) proteins, and the identified homology did span the
bvi160 sequence in bvFASI.7 (see Fig. 5.5). Some sequences produced what are
considered to be verv good BLAST scores (>100; e-values of < 1 . 107, but careful
congideration of the alignments with bvFASL.7 () shows very few regions where exact
matches are made over 5-10 amino acids, Tastead, there appear to be many runs of 3-3
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 argued proteins that perform identical or similar tasks in
different plant families would have the opposite gencral structure. Regions of close
homelogy reflecting comserved sites (catalytic sites, points of contact with other
holoenzyme sub-units, co-factor binding sites, eic.,), would be interspersed with long

regions where homology is poor (.. the non-conserved, protein ‘scaffolding’).

Taken on balance, the bvi60 sequence probably forms part of an expressed sugar 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 cvidence that bvFASI. 7 contains
sequence that codes for a voltage-gated CI' channel. The region of bvFAS/.7 that
contains the &v160 sequence does not appear to contain the conserved CIC GKEGPxxH
or GVIL.FxxEE motifs used to design the degenerate PCR primers that resulted in
cloning bvi60.
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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 jon excesses prevailing in saline
soil (Greenway and Munns, 1980). Therefore, it is of interest to vnderstand how salk-
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 cxpression 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 characterizing

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 sugar
beet tissues using a range of probes from different sources. These probes were adk-7,
at57, sod2, nhaA and cle-0 (Table 3.1). The genomic Southern blots suggested sugar
beet amd barley have sequences with good homology to adk-1, a Nicotiona
plumbaginifolia p-type H'-ATPase; (Boutry et al., 1989), and to at37, an Arabidopsis v-
type H"-ATPase B subunit (Manolson ef al., 1988). A fragment of clc-0 (Torpedo
marmorata voltage-gated Cl” channel; Jentsch, et al., 1990) was also found to have
some homology to barley and sugar beet genomic DNA. Northern blot analysis
suggested that cle-0 homologues are expressed in barley; the message does nof appear
to be poly-adenylated, and has a size of 1.4 kb. These results from thesc cxperiments

with clc-0 were encouraging and it was decided to pursue this line of investigation.

Attempts to isolate a voltage-gated chloride channel from a barley genomic A 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 cle-0 homolog (Clark and Carbon, 1976). This failure may be

due to the detection limit 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, Mauorel and co-workers reported the cloning of the first plant voltage-
gated chloride channel (Lurin er al., 1996) by using an RT-PCR approach. However,
uncertaintics associated with the identity of the cic-0 target sequence in barley, and in
addition, with the success of Maurel and co-workers in cloning by RT-PCR clc-nt! from

N. tabaccum, it was decided to follow a similar approach.

By May 1996, seventeen putative cle sequences were deposited in the databases, ten
more than were available to Maurel and co-workers when they began their studies in
December 1995. ‘The corresponding protein translations of thesc 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 (F1 and F2), and one reverse (R1)
primer were synthesized and used in two PCR approaches to identify and clone plant cle
genes; these were conventional PCR and RT-PCR.

Initialty, FI/R1 and F2/R1 primer pairs wese used to generate PCR product fiom high-
salt-grown barley and sugar beet cDNA libraries. The F2/R1 primer pair failed o
amplify any fragments from either library. In contrast, the F1/R1 primer pair generated
two fragments from the sugar beet library, &v7 and bv2, and one fragment from barley
library hv!. Southern analysis (Fig. 4.3, 4.6, and 4.9) suggested that these sequences
were probably primed from the lbrary host cell (E. coli) template. BLAST homology
searches suggested that none of the three fragments have homology to the cle family.
Clearly there appears to be a sufficient amount of E. coli (hast cell) DNA in the barley
and sugar beet libraries to allow priming with F1 and R1. These findings provide a
strong lesson, wherever possible, use freshly prepared DNA as PCR template, and avoid

the use of genomic or cIDNA libraries.

The F2/R1 primer pair failed to generate any PCR product when red beet genomic DNA
was used as template. However, two fragments, &v3 and hv4, were generated nsing the

FL/R1 primer pair. Although bv3 and bv4 were generated from a sterile cell culture of
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red beet, BLAST searches 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 sugar beet and
barley, and on red beet cells in suspension cultures. Both oligo dT and random primer
first strand cDNA synthesis methods were used on the above tissues. No PCR products
of the expected sice (150-300 bp) were generated from any of the samples when the
F1/R1 primer pair was used with oligo dT-synthesized cDNA. In contrast, a single
fragment of the expected Hv600 (600 bp) was produced when F2/R1 primer pair was
used with this template. Genomic Southern and Northern blot analysis suggested that
hv600 is an anthentic B. vulgaris sequence that is expressed primarily in the leaf tissues
of sugar beet (message size approximatelyl.4 kb). However, BLAST searches of
EMBL database indicated that bv6i}0) encodes an A'lP-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 600 was

underiaken.

The random primer method was wsed to generate cDNA from barley (roots and leaves),
sugar beet (root and leaves) and red beet cell suspension cultures. PCR amplification
using the F1/R1 primer pair generated several fragments, but only two (bvl60 and
hv163) from the red beet cell culture cDNA produced fragments of the expected size.
Genomic Southern analysis revealed that ov160 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 bvi60-like
sequences was found in red beet cells; this result was unexpected as red beet cells were

the original source of the fragment.

The bvi60 and bvie3 fragments were found to have >95 % sequence identity at the
amino acid level. The BLAST scarches of the TREMBL and SWISSPROT databases
failed to identify any proteins with significant homology to bvi60 or bvi63 (Fig. 4.25

and 4.26). Consideration of the peptide sequence between the two conserved (primer)
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motifs GKEGPxxH and GVLESI, shows little consensus between the 17 cle
homologues (Fig. 1.2) although bvIG0 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 by/60 is expressed mostly in leaf tissue but is suppressed by
high external NaCl concentrations (Fig. 4.22A). On the basis of these tindings, it was
decided to proceed and isolate a full-length clone of the gene by screening a sugar beet

genomic library using bvI60 as a probe.

Two methods werc used for screening the sugar beet genomic library. The first was a
PCR ‘primer walking’” method. Internal bvi60 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 bv160 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 A DASH LI library.
Further, control PCR reactions showed that either of the internal primers was capable of
generating products on their own without the T3 or T7 complementary primers. These
findings suggest that the full-length bv/60 gene may contain repetitive/invert sequences

(Fig. 5.2), and so a conventional library screen was nsed.

A conventional colony screening method failed to identify any positive clones in the
sugar beet A DASH II genomic library when byI60 was used as a probe. Control
experiments with bv760 and calculations of target abundance in plaques suggested that
with this probe, autheatic ‘positives’ could not be detected as their signal would be
below the limit of resolution. Asymmetric PCR was used to try to increase the
sensitivity of the bvi60 probe but only modest improvements were found. There is no
clear 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 (bvI60)
ligated to a sequence that did not when washed at high stringency (a 1.6 kb fragment of
the T. marmoraia clc-0 gene). Using this probe, two positive clones bvFFASI And

brIfAS2 were identified. Sub-clones were made from these A, DASH 11 clones and one 7
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kb fragment that hybridized strongly to the bvI60 chimera probe, bvFASI7, 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 bvi60 sequence, some good global homology exists to several putative
plant proteins (reverse transcriptases, zinc fingeis, etc.,) although, for several reasons,
confidence in these predictions is not high. Most worrying were the failure of four
proprammes designed to identify eukaryote promoter regions to settle on any consensus
TATA or CATT box sites 57 of the bvi60 sequence {+ or — sirand). Secondly, no
concensus poly A initiation sites (AATAAA) were identified 3° of the bv/60 sequence
by four programmes routinely used to locate the 3" end of evkaryote genes. These
observations can be reconciled if the promoter and poly A sites of the corresponding
gene lie outside of the byFASI.7 sequence (ie. the pre-mRNA is greatce than 7 kb).
However, perhaps more worrying still is the lack of consensus between the ©
programmes that were used to identify intron / exon boundaries, the 5’
(C/A)AGGT(A/G)AG and the 3’ (T/C),N(C/TY)AGG motifs. Very little consensus was
found here, and therefore, without a clear indication of where the open reading frames
are located, the validity of the BLAST searches of the TREMBL database should be
treated with caution. 'There are currently over 27,000 putative reverse (ranscriptase
sequences lodged in the GeneBank database, and vet the number of known retro-viruses
falls far short of this number. 1t is also well established that the databases report some
extremely tenuons associations between sequences, and therefore, [unction 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 BILITZ interrogations of all of the databases with this
sequences failed to identify any Na* / 1" antiporters although many other homologous
sequences are identified. Further, structural analysis of the putative protein suggests
that it contains no membranc-spanning o-helices, and therefore, it is unlikely to be
involved in membrane transport. Unfortunately, since it’s putative function has been

assigned, other sequences with homology to it (and it alone) have now also been tagged
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as putative Na* / H* antiporters (Dr P Dominy, per. comm), Clearly, with so much
sequence information appearing in the databases, any early errvors of assigned function
to a sequence will result in compounding errors as new homologous sequences are
deposited.

What is now required is a confirmation of the bvi60 gene sequence. With hind-site, it
would have been more prudent to have atiempted to clone the full-length pv760 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 bv160 sequence
is to be confirmed. However, as the expression of the bvl60 sequence appears to be
mainly in the leaf, ahd suppressed by high NaCl concentrations, what ever it encodes,

its is unlikely to play a significant role in C1 transport in salt-resistant plant cells.

In September 1998, a new search of the databases for pututive chloride channels was
undertaken. Over 80 putative chloride channels are now listed. One observation that
had been noted was that PILEUP sometimes produced poor alignments for no apparent
reason. Often, mis-aligned sequences can be spotied with the eye, and these almost
invariably appeared in the sequences near the bottom of the output list and is
presumably a reflection on the inability of PILEUP to cope well with more that seven or
eight sequences. For this reason, the 17 cle sequences used in the original PILEUP
alignments were anatysed by CLUSTALW which also produces alignments. Uhe output
from this CLUSTALW analysis is presented in its entirety Fig. A2 (see Appendix).
What is most noticeable trom Fig. A2 is that although the three conserved motifs
identified by PILEUP arc aligned, several other regions of similarity / identity are also
marked which PILEUP failed to note. For instance there is a GSGIPExxK motit
(between position 200 and 220}, and a PGxYAxxGAAA motif (between positions 570
and 585) that would make suitable PCR primers. Further experiments vsing degenerate
oligonucleotides complementary to these sequences could be used in combination with

the K1, F2 and R1 primers described in Chapter 4.

There are now six putative plant clc gene sequences deposited in the databases

(September, 1998). TFour 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 cle-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 carrying forward 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 o identify CI' channels in salt-resistant plants.

The 17 pwative clc sequences (encoded for chloride channels) that were used in the
original PILEUP alignments, and the six putative plani cle 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 conserved motifs (GKEGPxxH and GVLExXE), which were used to design the
forward (F1) and veverse (R1) 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 ulignment (Fig. A4). Several other regions of similarity with excellent
homology are marked, for examples PxAxGSGxP (between position 200 and 220),
PGxY AxxGAAA (between position 600 and 620) and PxGxI'xP ((between position 540
and 560).

Figure A5 shows a phylogram of the six cloned plant putative clc sequences along with
those from other phyla. Tt is clear that the plant sequences are closely related to each

other and to the mammalian cfc-7 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 cle homologous to be

cloned from salt-resistant plants,

It is recommended that this information should now be used to move this project

forward.
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Figure Al. Sequence of Sugar Beet Genomic Clone byFAS1.7

The sub-clone bvFASL7 isolated from a sugar beet A-DASH I genomic
library was ligated into pBluescript SK (+/-) and sequenced using the
primer walking' method (MWG Biotech). Nine contig, fragments were
required to cover the full clove (7751bp). The region of homology to
bvi60, the probe used to isolate bvFASI.7 is shown (position 2430 to 2589);
bases shown here in bold arve identical to bv/60. The underlined sequences
correspond to the primer-binding regions,
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Figure A.2. CLUSTALW Alignment of 17 Putative CLC-type Chloride Channels.

In Septcmber 1998, the CLUSTALW programme at the EMBL
European Bicinformatics 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: mmmrna, x64139: human placenta
CLC-2, s77770: oc15652, chinese hampster CLC-2: Torpedo
californica CLC-0, tevgee: Teorpedo marmorata CLC-(, tmclchan:
human muscle CLC-1, hsclelmee: human muscle CLC-1, hsclelmr; rat
skeletal muscle, rrsmec: rat protein kinase A activated CI channel,
rreick2a: human kidney CLC-2, s80315: human CLC-3, hsclenSgn: rat
CLC-5; rocle5: human chloride channel protein, hsclepx: rat CLC-3,
rncle3: human CLC-7, hscle7mr: rat CLC-7, rocle7mr: S. cerevisiae
GEFI, sccley.
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Figure A.3. CLUSTALW Alignment of 6 Putative Plani CLC-type CI" Channels.
The sequences of six putative plant voltage-gated Cl channels are
deposited in the database. The translations 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-Nel: St_STCLCI,
Solanum tuberosum StCLCLAL_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 CI' Channels.

The sequences of animals and plants voltage-gated Cl channels are
deposited in the databases. 'The translations of these sequences were
aligned using the CLUSTALW programe at the EMBIL European
Bioinformatics Institute, Cambridge. The sequence names are as
follows: 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-k1.
Rabit CLC, Buman placenta CLC, T. califoria, T. marmorata, Rat.
Muscle CLC, Human muscle CLC, Human CLC-1, 5. cerevisiae GEF1,
NtCLC NT1 (Nicotiana tabaccum) St STCLCI, (Solanum uberosum),
At CLC a-d (Arabidopsis thaliana CLC-a, CLC-b, CLC-¢ and CLC-d).
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Figure A.5. Phylogram of CLC-type C1" Channels.

The putative clc sequences voltage-gated CI” channels are deposited in the
databases. The translations of these sequences were aligned using the
CLUSTALW programe at the EMBL Ewvropean Bicinformatics 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-k1, Rabit CLC, Human placenta CLC, 7. califoria, T. marmorata, Rat.
Muscle CLC, Fluman muscle CLC, Human CLC-1, S. cerevisiae GEF1, Nt
CLC-NT1 (Nicotiana tabaccurnt) St STCLCL, (Solanum tuberosum), Al
CLC a-d (Arabidopsis thaliana CLC-a, CLC-b, C1.C-¢ and CLC-d).
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