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ABSTRACT

Towards the aim of producing transgenic rice with enhanced resistance to one
of its phloem sap-sucking insect pests, the brown planthopper (BPH), two potential
phloem-specific promoters, of the rice sucrose synthase-1 (RSs7) and the cucurbit
phloem protein PP2 genes, were isolated and investigated.

Using a PCR fragment of the maize sucrose synthase-1 (Sh/) gene, genomic
clones containing the RSs/ and RSs2 (rice sucrose synthase-2) genes were isolated
from a genomic library of rice (Oryza sativa L. Japonica) and characterised. A full-
length RSs] gene from one of the genomic clones was sequenced, including 1756 bp of
5'-flanking sequence and 710 bp of 3'-flanking sequence. The gene had an identical
intron-exon structure (16 exons and 15 introns) to the maize Sh/ gene. The RSs! 5'-
flanking region contained a number of promoter-like sequences, including putative cis-
acting elements homologous to those found in several endosperm-specific,
anaerobiosis-inducible, or phloem-specific promoters.

The RSsI promoter region, including 1.9 kb 5'-flanking sequence, the first
intron, the first exon, and the translational start codon, was fused with coding
sequences for B-glucuronidase (GUS) and snowdrop (Galanthus navalis) lectin
(GNA). Tobacco plants were transformed with these chimaeric genes in order to
determine the expression pattern directed by the RSs] promoter. Histochemical and
immunochemical assays demonstrated that the expression of both GUS and GNA was
restricted to phloem cells in various tissues (i.e. stem, root, leaf, petiole) and in
different transformants. In addition, GNA was detected by immunological assay in the
honeydew excreted by peach potato aphids (Myzus persicae), also a phloem sap-
sucking insect, feeding on RSs/-GNA transgenic tobacco plants. This provided direct
evidence that GNA was not only expressed in the phloem tissue, but was also present
in the phloem sap of transgenic tobacco plants. Since GNA has been shown to have
antimetabolic effect against BPH, the RSs/-GNA construct is being used to transform
rice plants by collaborating groups elsewhere.

In order to isolate the phloem protein PP2 gene promoter, the PP2 polypeptide
from 3 months old Cucurbita pepo plants was partially sequenced after in situ cleavage
with cyanogen bromide vapour, giving 75 residues of sequence on two cyanogen
bromide fragments. Using an oligonucleotide probe based on this amino acid
sequence, cDNA clones encoding PP2 were isolated from a C. pepo cDNA library
constructed from mRNA of 3-5 days old seedling hypocotyls. A cDNA clone was
used as probe to screen a C. pepo genomic library, and several genomic clones were
isolated. Restriction mapping showed that these clones contained different genes,
consistent with results from Southern blots of C. pepo genomic DNA probed with PP2
c¢DNA, in which multiple bands were detected in all restriction endonuclease digests.
One of the clones was partially sequenced, and was shown to contain a gene encoding
PP2. A 1.2 kb 5'-flanking region of this clone was fused with a GUS reporter gene,
and this construct was used to transform tobacco. Initial histochemical analysis
showed that this chimaeric gene was not expressed in the putative transgenic plants
examined. Possible reasons for this failure are discussed.
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CHAPTER 1. INTRODUCTION

1.1. Rice production and the rice brown planthopper

Rice (Oryza satival..)is a cultivated genus of the family Oryzeae, Order
Gramineae, the majority of which are grown in standing water. It is a diploid plant
with a haploid nuclear DNA content of about 5.5 x 108 bp (Bennett er. al, 1982;
Walbot and Gallie 1991). Three ecogeographic races of Oryza sativa have evolved;
Indica is the tropical race, Japonica the temperate race, and Javanica, believed to have
evolved in Indonesia, is intermediate between the other two (Chang 1976).

Rice is the primary food crop for more than a third of the world's population (David
1991), second only to wheat in its importance with respect to world total production.
It is now grown on over 148 million hectares, representing more than 10 percent of the
earth's arable land (iRRI 1994). Current global production is about 520 million tons of

unmilled, rough rice
iy (Bonman et al. 1992;
IRRI 1994), or
approximately 57 kg of

4%Lain
America

milled rice per capita,

2%S E Asla

sufficient to provide 20%
Figure 1.1. Regional distribution of world rough rice of the total global human
production in 1988. (Source: IRRI 1994; David 1991)

caloric requirement. Over
90% of all rice is
produced and consumed in Asia (Fig.1.1), home to 59 percent of the world's
population and rice is also becoming increasingly popular in other geographic regions.
As human population growth in the rice growing regions is the fastest, the need

for an increase in rice production is therefore inevitable. Recent projections indicate a

world rice food need of about 758 million tons in 2025, representing 70 percent more

rice than is consumed today (IRRI 1994). Before the 1970's the required increase in

rice production could be achieved largely by expansion of the area used to grow the




crop. However, with fast population growth and diminished opportunities for
expanding rice-growing areas, the growth in rice production has now become mainly
dependent on increased rice yields (David 1991). This increased future demand can
only be met by improvement of rice productivity.

Some of this increased production might be obtained by appropriate insect pest
management, as insect damage is one of the major constraints to rice production.
There are two major reasons for this. Firstly, crop damage due to insect attack is
severe. Early estimates put the loss in rice yield due to insect pests at about 32% in
Asia and 21% in North and Central America (Cramer 1967), and these figures have
been reflected by more recent data, for example, 35-44% general losses from insects
(Pathak and Dhaliwal 1981) and 24% from insects in East and Southeast Asia (Ahrens
et al. 1982). Secondly, changes in production practices, and more intensive rice
cultivation, which are both necessary to achieve increase in production, can worsen
insect pest problems (Norton and Way 1990; Bonman et al. 1992).

More than 100 species of insects infest and feed on rice in different rice-
growing environments, causing varying degrees of crop damage (Saxena and Khan
1989; Pathak and Saxena 1980). Of these, 30 are considered to be economically
important (Norton and Way 1990). Among the most economically important rice
insect pests are the planthoppers (Bonman et al. 1992; Saxena and Khan 1989). These
insects belong to the suborder Homoptera, a group of insects which feed on their host
by sucking sap. Planthoppers attack rice plants at various growth stages, but
preferentially at the reproductive stage of the plants (Norton and Way 1990). Light
infestations by planthoppers reduce tillering, plant height, number of productive tillers
per plant, and general vigour of the crop, and increase the number of unfilled grains.
Heavy infestations can destroy the crop completely by producing the symptom known
as "hopperburn” (Bae and Pathak 1970). Apart from the direct feeding damage,
planthoppers are virus vectors (Fig.1.2), and, together with rice leafthoppers, are
responsible for the transmission of the majority of the presently known virus diseases in

rice (Khush 1977; Saxena and Khan 1989).




Several species of
planthoppers are major rice pests,
including Nilaparvata lugens (Stal)
(brown planthopper), Sogatella

furcifera Horvath (whitebacked

planthopper) and Laodelphax

striatellus Fallen (small brown

planthopper) (Heinrichs 1994).

Figure 1.2. Virus transmission by phloem sap-feeding However, the most destructive of

insects. The insect obtains the food from the phloem
tissue and with it picks up the virus and transmits it to

other plants again by puncturing the phloem (according
to Esau 1956). planthopper (BPH) (Bonman et al.

1992; Gallagher et al. 1994). BPH

rice planthoppers is the brown

became a major rice pest in the early 1970's, coinciding with the wide-scale adoption of
modern high yielding varieties and intensive management practices (Smith 1972;
Nickel 1973; Khush 1977), and currently this planthopper remains a major threat in
several of the largest rice producing countries, such as Cﬁina, Thailand, Vietnam and
Japan (Mochida 1992; Gallagher et al. 1994).

Throughout the year BPH is widely distributed in non-temperate rice growing
regions of South, Southeast, and East Asia, the South Pacific Islands, and Australia
(Dyck and Thomas 1979; Benrey and Lamp 1994), and adult planthoppers migrate into
temperate regions such as Japan and Korea, presumably from mainland China each
summer (Dyck and Thomas 1979; Heinricils 1994). The host plants of BPH are
restricted to cultivated rice and a few wild Oryza species (Sogawa 1976). BPH has a
life cycle of about 25 days (Mochida and Okada 1979) and preferentially infests and
multiplies in the basal part of the host plant (Khush 1977). Its eggs are usually laid
within the tissue, mainly in sheaths but also in leaf blades. BPH has a specialised
feeding behaviour, using its piercing and sucking mouthpart, the stylet, to penetrate the
plant tissues and ingest sap from the phloem (Fig.1.3). During sustained feeding, BPH

excretes large amounts of liquid called honeydew (Sogawa 1976). The stylet




penetration pathway has been shown to be intracellular, and is accompanied by
disruption and degeneration of the plant cell organelles, presumably resulting in cell
death (Spiller 1990). Consequently, BPH feeding behaviour is very damaging to the
host plant. However, damage caused by BPH is mainly due to high intake of phloem
sap and transmission of the stunt
virus diseases. The rate of honeydew
excretion by a single adult BPH is
estimated at 0.5 to 5.0 pl per hour,
and it has been shown that 1000 adult
females feeding on a rice plant

excretes 10 to 15 ml of honeydew per

day (Sogawa 1976). BPH is the

Figure 1.3. The "stylet-sheath” feeding behaviour of
BPH. The feeding process can be divided into two

main beh‘avu?ural ph.'flses - stylet probing anq sucking. stunt virus diseases (Rivera et al.
The probing is done in the parenchyma outside the

vascular bundles through a single point of entry, and LT . .
ceases when the stylet enters the phloem. During the 1966; Ling 1977). Stunt disease is

course a coagulable saliva is secreted along with the the most important virus disease of
stylet penetration to form a tubular lining (the stylet

sheath) to the path taken by the stylets, which remains . i
within the plant tissue after withdrawal of the stylets rice (Khush 1977), and plant age

(according to Sogawa and Cheng 1979). due to the virus disease can be as

vector of grassy stunt and ragged

serious as the direct feeding damage. 'Data on the economic losses due to BPH attack
are scarce, but it was estimated that the total loss in the late 1970's due to BPH and the
grassy stunt disease was at least US$ 300 million (Dyck and Thomas 1979), and losses
for 1990/1991 alone were US$ 30 million in Thailand and Vietnam (Gallagher et al.
1994).

To date, control of BPH has been mainly through the application of insecticides
and use of resistant rice varieties produced by conventional breeding. Other control
methods include biological control and cultural control. Apart from high cost and
potential environmental damage, insecticide use has serious consequences. BPH is

difficult to kill with insecticides. Reasons for this include the failure of sprays to reach

the plant base where the BPH feeds, difficulty in killing eggs inside the plant, presence




of different biotypes of BPH which differ in their susceptibility to insecticides, and
overlapping of different generations of BPH during the season (Heinrichs 1979).
Insecticide application can result in the resurgence of BPH outbreaks. Resurgence, a
significant increase in BPH populations after insecticide treatment, has been widely
observed (Heinrichs 1979; Heinrichs and Mochida 1984; Kenmore et al. 1984; Whalon
et al. 1990), and it has been a major factor contributing to the increase and severity of
‘BPH outbreaks (Heinrichs and Mochida 1984; Whalon et al. 1990; Gallagher et al.
1994). Several factors have been implicated in the causes of insecticide-induced BPH
resurgence (Heinrichs 1979; Heinrichs and Mochida 1984; Gallagher et al. 1994;
Roderick 1994), including a decrease in natural enemy populations due to the toxic
effects of broad spectrum pesticides on parasites and predators, development of
resistance by the BPH to the insecticide through various mechanisms such as
enzymatic degradation by oxidases and esterases, changes in the chemical nature of the
rice plant affecting BPH nutrition, and insecticide stimulation of BPH oviposition,
feeding, or hatching. The destruction of natural enemies and reproductive stimulation
are regarded as of major importance (Heinrichs and Mochida 1984; Gallagher et al.
1994). The degree of resurgence is affected by insecticide management practices, such
as rate, number, method and timing of application (Heinrichs and Mochida 1984;
Roderick 1994). Judicial use of insecticides can reduce planthopper outbreaks and
extend the life of a resistant variety in the field (Gallagher et al. 1994).

Biological control refers to the use of natural enemies to reduce field
population of insects. At least 200 natural enemies have been recorded for BPH (Chiu
1979; Benrey and Lamp 1994), some of which have shown great potential for
controiling pest populations. However, only a limited practical effectiveness has been
demonstrated in the field (Benrey and Lamp 1994).

Cultural control, such as simultaneous cropping with suitable rotation is
another alternative approach (Oka 1979). However, this would need continuous

supervision and legislation, and the wide-scale migration and short life cycle of BPH




(Mochida and Okada 1979) and the fact that most rice is grown in small farms
(Bonman et al. 1992), make cultural control difficult in practice.

The most successful control measure to date for the BPH has been the use of
resistant rice varieties produced by conventional breeding. Transfer of resistance into
high-yielding rice varieties through crossing with resistant lines and wild rices has been
a major research objective in rice growing countries (Saxena and Khan 1989), and the
resultant resistant varieties are now grown widely. Major BPH outbreaks which
occurred throughout Southeast Asia have now been partly alleviated by this control
measure (Norton and Way 1990; Claridge 1990) and in some countries, such as the
Philippines, BPH is currently no longer a major rice pest. However, several potential
problems exist in the conventional breeding. First, BPH is capable of developing' -
resistance-breaking biotypes that can survive on previously resistant varieties (Claridge
and Den Hollander 1980; Roderick 1994), sometimes within a few years of their
release (Pathak and Heinrichs 1982; Gallagher et al. 1994; Hare 1994) or within even
shorter periods (Whalon et al. 1990). Secondly, currently used BPH-resistant varieties
have a rather narrow genetic base (Saxena and Khan 1989), and despite massive
screening programmes, there are only a limited number of genes for BPH resistance
identified (Claridge 1990; Hare 1994). Thirdly, there is a shortage of resistant
breeding lines in some countries or in some rice varieties. In India and Sri Lanka fewer
resistant varieties are available, making this cpntrol measure less successful (Claridge
1990). In Japan, a major rice producer, and where most of the rice grown is Japonica
varieties, no commercially viable BPH-resistant rice cultivar has appeared until now
due to the lack of resistant breeding lines (Mochida 1992). It has been forecast that
BPH will be among the top five of rice insect pests in Japan in 2000 (Mochida 1992).

In conclusion, the brown planthopper is one of the most important pests in
Asia. To date control of BPH has been mainly through the use of pesticides and
resistant rice varieties. However, BPH is capable of adapting to both insecticides and
host plant resistance and control of BPH based solely on the use of pesticides or

resistant varieties will not be effective in the long term. There is thus a need to find a




new control approach. As will be described in the next section, genetic engineering
will bring new tools to insect pest control, and if used wisely, will enable other tools to
be used more effectively. As has been anticipated, effective, long-term, BPH control
could only be achieved by integrated pest management (IPM), a strategy which utilises
a set of different control approaches (Hare 1994). Genetic engineering can potentially
play an important role in an IPM strategy by creating a new type of host plant
resistance and by augmenting other control approaches such as biological control and

chemical control.

1.2. Genetic engineering of insect resistance
The development of a new type of control approach, namely the production of
plants with built-in insect resistance, has become a priority target in recent years for
several reasons. Pest control is a major expense. Currently, the world insecticide sales
are around US$7.5 billion (Gatehouse et al. 1993) and evenAwith this expenditure,
férmers still report crop losses of up to 13% due to insect pests (Gatehouse et al.
1993). Substitutes for pesticides are increasingly being considered environmentally
desirable. Plants with "built-in" pest resistance will leave minimum pesticide residues,
will eliminate problems of spray drift application, will have minimum adverse effect on
beneficial organisms, and will not have problems of limited worker re-entry and
groundwater or stream contamination. A third factor is that "built-in" pest control is
'perhaps the ultimate application strategy. It is convenient for the farmer, will eliminate
the task and cost of field scouting and the choices inherent with timing of application
of pesticides. Finally, plants that carry their own pest defence system would probably
overcome much of the problem of onset of pest resistance, as is common when using
chemical insecticides. Introduction of multigene- or multimechanism-resistance into
the plant, expression of resistance genes in a specific tissue or at a specific
developmental stage, use of antifeedant genes rather than toxin genes, delicate
regulation of gene expression levels to give an optimal balance between resistance and

selection pressure, and the use of genes against particular insects without affecting the




population of their natural enemies (Hilder et al. 1992), could all be used to delay the
onset of pest resistance.

Despite several potential problems with genetic engineering for resistance, such
as the technical difficulty in attaining sufficient level of resistance and the possibility of
resistance development by insects (Boulter 1993), the advantages of using this
technique in conjunction with conventional breeding in developing "built-in" pest
resistance are well-known (Boulter 1993). Genetic engineering can augment
conventional breeding by decreasing the time to produce resistant varieties, and by
widening the potential gene pool available as genes from any source can be used. The
latter can be a crucial factor in breeding resistance to BPH, as oﬁly a limited number of
BPH resistance genes are available for conventional breeding, and some of these genes
have already become ineffective due to the development of resistance-breaking
biotypes by BPH (Hare 1994). Whereas classical breeding programmes have usually
set goals for a single new resistance factor, one of the advantages of genetic
engineering is that it may be possible to engineer crops with several combined new
potent resistance factors, since this technology allows the efficient transfer of several
new genes to the same host crop variety. The relative precision of recombinant DNA
techniques means that it is possible to create delicately regulated expression of insect
resistance genes in plants.

There are three major steps of genetic engineering for insect pest resistance, i.e.
identification of insect resistance genes, transformation and regeneration of plants, and
expression of the intended trait by the new gene. In addition to these, at some stage,
field evaluation of the new plant must be carried out, and, if the plant variety used to
obtain tissue for laboratory manipulations was not from a line that will be desirable
ultimately for the farmers, the genetically engineered seed derived from the research
must be crossed with appropriate breeding stock in order to attain a marketable
product.

One way to identify desired resistance genes is to screen currently available

single gene products using an artificial diet system into which proteins encoded by the




resistance genes are incorporated. An alternative way is to over-express the genes in
systems like tobacco and challenge the plants with the insects to be tested which feed
on them. Both have proven successful, although problems exist in that these systems
sometimes do not reflect the real situation of commercially used plant lines in the field.

The gene that has received the most attention in the genetically engineered
insect resistance area is the gene encoding the crystal toxin (3-endotoxin) produced by
the bacterium Bacillus thuringiensis (Bt) on its sporulation. Bt has been used as a
biopesticide in field spray form for nearly 30 years. In addition, transgenic plants
(tobacco and tomato) expressing the Bt toxin gene, first reported in 1987, showed
substantial resistance to lepidopteran insects (Fischhoff et al. 1987; Vaeck et al. 1987,
Barton et al. 1987). Many more Bt-expressing transgenic crop plants have been
generated since. Some of them, including cotton, maize, tobacco, tomato, potato and
walnut plants expressing engineered Bt genes have been tested in field trials (Kareiva
1993; Boulter 1993), and several of these transgenic plants are expected to be released
commercially in the next few yéars (Horsch 1993).

Although the Bt gene has shown great potential in genetic engineering of insect
resistance, it has some limitations. Bt toxin genes with specificity against a wide
variety of insects have been identified, but to date these have been restricted to
lepidopteran, coleopteran and dipteran insects. Bt genes with toxicity towards sap-
sucking insects (i.e. homopteran insects) have not been identified. The homopteran
insects, which include the rice brown pianthopper, are responsible for a large
proportion of insecticide use worldwide (Fig.1.4). Although a Bt gene against rice
yellow stemborers has been identified and expressed in transgenic rice (Fujimoto et al.
1993), no other Bt genes had been discovered that show adequate toxicity to the
remaining major rice insect pests (Norton and Way 1990). Furthermore, it has been
reported that some strains of insects could develop resistance to Bt (McGoughey 1985;
Stone et al. 1989; McGoughey and Whalon 1992). Therefore, dependence on this
single source of insect resistance genes will not be adequate in engineering resistance

to the wide range of insect pests and in acquiring durable resistance. There are also




technical difficulties in using Bt genes. The bacterial version of Bt genes cannot be

efficiently expressed in plants, and
LEPIDOPTERA

modifications of the genes such as
truncation and changing the genetic
codon usage (Fischhoff et al. 1987,
Perlak et al. 1990) have been

MITES

HOMOPTERA .
necessary, which has proved to be

COLEOPTERA

costly and time-consuming.
Figure 1.4. Insecticide usage by pest insect order. Another group of genes with

(Source: Hilder et al. 1992)

great potential in engineering insect

resistance are those derived from the
plant kingdom. Several types of plant proteins show antimetabolic effects towards
" insects and some of them, such as the proteinase inhibitors, are believed to play a
protective role (Green and Ryan 1972; Ryan 1978; Boulter et al. 1990). Genes
encoding these proteins are therefore being explored for use in genetic engineering of
insect resistance. Several genes, such as CpTlI, encoding a cowpea trypsin inhibitor
(Hilder et al. 1987), and the genes encoding proteinase inhibitor II from tomato and
potato (Johnson et al. 1989), have been successfully expressed in tobacco and the
resultant plants exhibited substantial resistance to insect pests. Many more plant-
derived insect resistance genes have been identified using the artificial diet and/or
model plant systems. These include genes encoding various proteinase inhibitors, .-
amylase inhibitors, lectins, and ribosome inactivating proteins as well as enzymes
lipoxygenases and chitinases (Gatehouse et al. 1992; Hilder et al. 1992; Boulter 1993).
Recently, several plant proteins have been shown to exhibit significant antimetabolic
effects towards some homopteran insects, including BPH, GLH (rice green
leathopper), aphids, and potato leathoppers (Powell et al. 1993; Rahbe and Febvay
1993; Habibi et al. 1993). They are the first proteins found to be effective against

homopterans. Plant-derived resistance genes are usually less toxic than Bt genes, but

they show great potential as control agents for several reasons. They provide a wide
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range of mechanisms of resistance, as exemplified by the discovery of a range of gene
products toxic to BPH (Powell et al. 1993). In contrast to the Bt gene, plant-derived
genes have minimal problems associated with codon usage, mRNA stability, and
protein processing, and they can be readily expressed in transgenic plants (Hilder et al.
1987; Edwards et al. 1991). These genes have evolved in the plant concomitantly with
insects (Boulter et al. 1990), and their resistance is based on various different
mechanisms (Hilder ez al. 1992), so they may be less susceptible to adaptation by
insects and therefore the introduction of different plant-derived resistance genes into
one crop could possibly result in durable resistance (Hilder et al. 1992). Finally, the
low toxicity can be advantageous in some respects. They will pose less damage to
animals and beneficial predator insects, and low lethal effect may be important in
balancing the resistance level and selection pressure. Nevertheless, the level of gene
expression could be enhanced to improve resistance by engineering gene regulation.

A major step in genetic engineering has been plant transformation. To date,
most crop plants can be transformed although wheat transformation is still not routine.
Presently available plant transformation systems include Agrobacterium tumefaciens
Ti-plasmid mediated transformation, electroporation, PEG-mediated transformation,
microinjection, and particle bombardment. The first is the oldest and best established
system and has proven versatile and reliable in transforming dicotyledonous plants such
as tobacco, tomato, potato, petunia and sunflower, and tobacco transformation using
this system has been widely used in the study of new genes and promoters. However,
this system has proven generally inapplicable to transform monocotyledonous plants.
Electroporation and PEG-mediated transformation, both involving the introduction of
DNA into protoplasts and regeneration of transformed cells into whole plants, are the
second most successful transformation techniques used so far. They have been used in
transforming both dicot and monocot plants, and the majority of transgenic
monocotyledonous plants such as rice have been produced uéing these techniques.
However, there are two pﬁncipal limitations to the use of these techniques. Firstly, it

is difficult to produce the viable protoplasts that are critical for later recovery and
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regeneration. Secondly, the transformation in many cases has only been transient.
Therefore, there are still considerable difficulties in routinely using these techniques.
The microinjection technique, which may also require the use of protoplasts, was
initially tried but has been rarely used in plant transformation. Particle bombardment,
which involves coating DNA onto tiny particles and then accelerating them into plant
tissue, is a newly developed plant transformation technique. A major advantage of this
technique appears to be its applicability to a wide range of species and varieties
because it is not dependent on Agrobacterium and it avoids many of the most time-
and labour-intensive parts of tissue culture regeneration. Some plant species have
already been transformed by this technique, and recently, successful transformation of
barley (Wan and Lemaux 1994) and wheat (Vasil et al. 1994), species that are very
difficult to transform using other techniques, has been reported. However, further
development is still needed for this technique. Overall, although plant transformation
techniques have been a constraint in genetic engineering, it appears that, with the
development of currently available techniques, the barriers which have to date
prevented many plant species from being transformed routinely will be overcome in the
near future.

Another major goal in genetic engineering is to achieve desired expressions of
new genes. In the case of genetic engineering of insect resistance, the level, timing,
and localisation of the gene expression are sometimes essential if desired resistance to
target insects is to be attained in transgenic plants. This requires appropriate
promoters along with some other factors such as compatible codon usage. Compared

with the isolation of insect resistance genes, much less effort has been devoted to this

arca.

1.3. Promoters
From the technical viewpoint, genetic engineering requires two immediate
elements: genes which encode desired traits, and promoters that lead to desired

expression of the traits in the target organisms. The term "promoter” referred to here
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represents all the non-translational regulatory DNA sequence which is essential for
controlling a gene's expression. The promoter responsible for the production of the
35S RNA from cauliflower mosaic virus (CaMV) is the most widely used in plant
genetic eﬁgineering. The CaMV 35S promoter has been extensively studied and its
enhancer sequence is found to contain different functional domains which exhibit
combinatorial and synergistic properties (Kay et al. 1987; Benfey et al. 1989; Fang et
al. 1989; Benfey et al. 1990a, 1990b). It is functional in both dicot and monocot
plants, and is a relatively strong promoter in many species. However; the efficiency of
this promoter is generally higher in dicot than in monocot plants (Peterhans et al.
1990; Bhattacharyya-Pakrasi et al. 1993). Histochemical analyses show that the 35S
promoter is relatively coﬁstimﬁve, with certain levels of tissue preference (Jefferson et
al. 1987; Battraw and Hall 1990; Terada and Shimamoto 1990). The expression
directed by 35S promoter is relatively high in leaf tissues, so it is favoured for
expression of proteins with insecticidal activity towards chewing insects. Some other
relatively constitutive promoters have also been studied, including the Agrobacterium
nopaline synthase (nos) and octopine synthase (ocs) promoter (Dekeyser et al. 1989),
the rice light harvesting chlorophyll a/b-binding protein (LHCP) promoter (Tada et al.
1991), and a rice actin promoter (Zhang et al. 1991). All these have the potential for
use in engineering resistance to chewing insects.

For engineering of insect resistance, however, a finely-tuned expression of a
resistance gene might be more desirable. It would be ideal if an insecticidal gene could
be modulated in such a way that it is expressed in response to particular signals, such
as wounding or light, in a particular tissue where the insects attack, or at a particular
developmental stage when the plant is most vulnerable to insect attack. These types of
highly regulated expression has been suggested as one of the potential strategies for
developing durable resistance (Bonman et al. 1992). Such promoters would also be

more desirable than constitutive ones if the latter were shown to result in a yield

penalty.
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One way of obtaining such highly regulatory promoters is to modify already-
available promoters, as demonstrated by Benfey et al. (1990a, 1990b) who constructed
promoters with different tissue specificity by various combinations of the CaMV 358
promoter subdomains. However, to date the main source for such promoters is the
plant itself. Some have already been isolated, such as the wound-inducible (Thornburg
et al. 1987; Keil et al. 1989; Johnson et al. 1990) and the root-specific promoters (Hall
et al. 1993). A major problem with the use of plant-derived promoters is that so far
very little has been known about their regulatory mechanisms. Unlike the 35S
promoter, which appears to function quite consistently in different species, plant-
derived promoters appear to be rather variable between monocot and dicot species or
between homologous and heterologous systems in terms of the level and pattern of
gene expression. On the one hand, many plant promoters can be efficiently expressed
in heterologous species as well as in homologous spécies, and on the other, the
situation can be entirely different. A dicot promoter can lose its whole activity in a
monocot plant (Zheng et al. 1991) or vice versa (Keith and Chua 1986; Ellis et al.
1987); the expression pattern of a monocot promoter can be changed when introduced
into a heterologous monocot plant (Kyozuka et al. 1991); the activity of a dicot
promoter can be much lower than that of a monocot promoter in its homologous
monocot species (Kyozuka et al. 1993). Another factor associated with the efficiency
of a plant-derived promoter is the effect of introns on gene expression. Results from
transient expression have shown that insertion of monocot introns into a transcription
unit can greatly enhance the expression of reporter genes with a variety of promoters
in the protoplasts of various monocot species (Callis et al. 1987; Vasil et al. 1989;
Maas et al. 1991; Hensgens et al. 1993), but insertion of the maize Sh! first intron
inhibits the expression of a reporter gene in the protoplasts of tobacco, a dicot plant
(Maas et al. 1991). A recent report shows that incorporation of the first intron from
the rice actin 1 gene significantly enhanced the activity of a potato inhibitor II gene
promoter in transgenic rice plants without affecting the wound-inducible property of

the promoter (Xu et al. 1993). The mechanism of such enhancement by introns is still
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unknown, although it has been observed that introns act post-transcriptionally (Maas et
al. 1991) and it is suggested that pre-mRNAs containing introns may be shunted
through a procéssing pathway which, as a result of interaction with the spliceosome or
splicing per se, or both, may result in more efficient capping, polyadenylation, or
nucleocytoplasmic transport of these transcripts, thus increasing the level of mature
cytoplasmic mRNA (Walbot and Gallie 1991; Maas et al. 1991). It is also not clear

~ whether introns always have a similar enhancing effect in planta, or whether they exert
an inhibiting effect when introduced into a heterologous dicot plant, since to date most
of the results come from transient expression with monocot species. Stimulatory
effects on gene expression have also been observed with exon sequences (Maas et al.
1991; Maas et al. 1990), and in addition, promoter elements have been identified from
inside the transcription units of some genes, such as the 5S RNA genes of Xenopus
laevis (Geiduschek and Tocchini-Valentini 1988). Furthermore, it is suggested that
the 3' non-coding sequence of a gene may also be important in the normal expression
pattern of a plant-derived promoter (Hall et al. 1993; Larkin et al. 1993).

The complexity of regulatory mechanisms, and the lack of understanding of
them at the present time, make it preferable, in some people's view, to use homologous
rather than heterologous promoters for genetic engineering. Indeed, accumulated data
on transgenic studies appear to show that homologous promoters function rather
consistently and efficiently (ZHang et al. 1991; Hensgens et al. 1993; Tada et al.
1991). A typical example is the rice LHCP promoter (Tada et al. 1991). The spatial
pattern and the light inducible property of the LHCP-GUS (B-glucuronidase) chimaeric
gene in transgenic rice is characteristic of the rice LHCP gene itself, and the expression
level in green tissue of the transgenic plant is 10 times higher than that with the
generally-strong CaMV 35S promoter.

However, in the long term, the incompatibility among different species with
regard to promoér activity may not be a problem. As shown by the example given
above, the dicot potato proteinase inhibitor-II promoter alone can not be efficiently

expressed in rice, but after incorporation of the rice actin intron its activity is enhanced
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to a level comparable to that of the strong actin promoter while still maintaining the
wound-inducible expression pattern (Xu et al. 1993). As more knowledge on gene
regulation is obtained in the future, it will be possible to construct a desired promoter
by modification of those already available promoters.

As far as this particular project is concerned, two factors have to be considered
in choosing promoters. First, the insecticidal gene needs to be efficiently expressed in
rice; secondly and more importantly, the insecticidal product encoded By the gene
should be present in the phloem sieve elements, as BPH is a phloem sap feeder. A
strong and phloem-specific promoter is therefore most desirable. As already
mentioned, confining high-level expression of resistance genes to the tissues of actual
insect attack will not only conserve the metabolic energy and building blocks of plant
cells but may also minimise the selection pressure on insects. Several promoters have
been used in transgenic rice, including the CaMV 358, maize alcohol dehydrogenase
(Adh-1) (Kyozuka et al. 1991), rice actin (Zhang et al. 1991), rice small-subunit
ribulose-1,5-bisphosphate carboxylase (rbcS) (Kyozuka et al. 1993), rice LHCP (Tada
et al. 1991) and maize zein (Dekeyser et al. 1989). Of these, the 35S promoter
appears to give the best and most reliable expression. These promoters, however, do
not have the required specificity for the present project. Although the 35S promoter is
shown to be more active in vascular tissue including the phloem as a whole,
histochemical studies indicate that its activity is low in the particular type of cell
targeted for expression, i.e. the sieve elements in transgenic rice plants (Battraw and
Hall 1990; Terada and Shimamoto 1990). Even if only the expression level rather than
expression pattern is of concern, the 35S promoter is far from being the most suitable.
Several plant-derived promoters have already shown activities in transgenic rice or rice
protoplasts higher than, or equivalent to, the 35S promoter (Marcotte et al. 1988;
Tada et al. 1991; Hensgens et al. 1993). It may therefore be possible to isolate a
highly expressed, and phloem-specific, promoter from the plant. Among the potential
candidates are the sucrose synthase-1 and the phloem protein PP2 gene promoters, as

they are either already shown to direct highly phloem cell-specific expression in
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transgenic plants (in the case of sucrose synthase promoter) or the protein encoded by

the gene is highly abundant specifically in the phloem (in the case of PP2).

1.4. Sucrose synthase and its genes

The enzyme

Sucrose synthase (SS) (UDP-glucose: D-fructose 2-glucosyltransferase, EC
2.4.1.13) was first characterised in wheat germ (Cardini et al. 1955) and later in many
other plant species such as maize (Chourey and Nelson 1976, Chourey 1981,
McCormick et al. 1982), rice (Chan et al. 1990; Elling and Kula 1993), tomato (Sun et
al. 1992) and Vicia faba (Ross and Davies 1992). Whereas in the monocotyledonous
plants examined, such as maize (Chourey and Nelson 1976, Chourey 198 1;
McCormick et al. 1982; Nguyen-Quoc et al. 1990), Sorghum (Chourey et al. 1991b),
sugarcane (Buczynski et al. 1993), and rice (Chén et al. 1990), two or different
isoforms of SS with similar biochemical characteristics have been reported, enzyme
purification indicates only one isozyme in soybean nodules (Morell and Copeland
1985), Phaseolus seedlings (Delmer 1972), Vicia faba cotyledons (Ross and Davies
1992) and wild tomato fruit (Sun et al. 1992‘).4 Both in vitro assay (Cardini et al.
1955) and in vivo analysis (Geigenberger and Stitt 1993) show that SS catalyses a
reversible reaction,

sucrose + UDP « UDPGIc + fructose,
but it is suggested that SS functions mainly in the direction-of sucrose breakdown in
vivo (Avigad 1982; Geigenberger et al. 1993; Misra et al. 1994). The physiological
roles of SS are still not clear, but the enzyme has been implicated in several important
metabolic processes in plants, including starch synthesis (Chourey and Nelson 1976;
Heim et al. 1993; Wang et al. 1993), cell wall synthesis (Chourey et al. 1991a;
Hendrix 1990) and phloem transport of photoassimilate, and it is used as an indicator
of sink strength (Sun ez al. 1992; Wang et al. 1993). All of these are associated with
its basic catalytic role in the breakdown of sucrose in plants. The clearest evidence for

its role in starch synthesis came from the investigations on maize SS. The loss of the
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maize SS1 protein, as in the case of the shrunken (Sh) mutant, resulted-in a sharp
(60%) decrease in starch contént in mature maize kernels (Chourey and Nelson 1976).
Other evidence which shows that the increase in the amount of starch coincides with
the increase in SS activitiy (Heim et al. 1993; Wang et al. 1993) and that products of
the SS-catalysed reaction could be utilised directly in starch synthesis (Wang et al.
1992), also support this hypothesis. Apart from acting as precursors for starch
synthesis, the products from the cleavage of sucrose by SS may also be used for cell
wall synthesis (Hendrix 1990; Maas et al. 1990). SS is present in all plant tissues, but
its activity is found to be present in low quantities in mature green leaves (source

. organ) (Nguyen-Quoc et al. 1990; Buczynski et al. 1993) and higher in sink tissues,
such as endosperm (Chourey and Nelson 1976), fruit (Sun et al. 1992), young
expanding leaves (Nguyen-Quoc et al. 1990; Claussen et al. 1985b; Buczynski et al.
1993), and nodules (Zammit and Copeland 1993; Gordon et al. 1992; Kuster et al.
1993). Furthermore, SS activity is found to be positively correlated with the growth
rate of tomato fruit (Sun et al. 1992; Wang et al. 1993). These tissues are sucrose
utilisation sinks in which hexose-P is obtained from the breakdown of imported
sucrose. Although acid invertase (EC 3.2.1.26) and SS both catalyse the cleavage of
sucrose into hexose, SS is found to be the dominant enzyme in metabolising imported
sucrose, at least in some plants (Sun et al. 1992; Wang et al. 1993). Therefore, SS
activity is regarded by some as an indicator of sink strength (Sun et al. 1992). In
recent years, much interest has been given to the potential role of SS in the transport of
sucrose in phloem. Sucrose is the major transport form of assimilate on its way
through phloem from photosynthetic organs to sink organs. The uptake and transport
of sucrose m the phloem requires energy. It has-been suggested that SS is involved in~
the supply of energy for phloem loading in source tissues (Martin ez al. 1993) and of
energy probably needed along the entire transport route (Geigenberger et al. 1993;
Nolte and Koch 1993b). It has also been suggested that SS may be needed in the
phloem to generate uridine diphosphoglucose (UDPGIc) for callose synthesis in

response to wounding (Geigenberger et al. 1993; Nolte and Koch 1993b). Callose has
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been implicated in the plugging of sieve plates following injury to phloem (Wolf et al.
1991). Another related hypothesis is that SS is required for the maintenance of an
equilibrium between phloem sucrose and its breakdown products (Claussen et al.
1985a, 1985b) and for the maintenance of a descending sucrose gradient considered
favourable for sucrose exit from the phloem (Ho 1988). The involvement of SS in
phloem transport is supported by consistent observations that SS is predominantly
localised in the vascular tissues (Claussen et al. 1985b; Chen and Chourey 1989;
Lowell et al. 1989; Tomlinson et al. 1991; Nolte and Koch 1993b), and by the fact that
SS activities have been detected in the phloem exudate (Lehmann 1973). Recently,
Geigenberger and Stitt (1993) suggested that SS is particularly suitable for cells which
receive sucrose directly from the phloem by showing that SS catalyses a readily
reversible reaction in vivo. Their arguments are that, firstly, the sucrose concentration
in the phloem is similar to the afﬁnity of SS enzyme; and secondly, the high
reversibility of sucrose breakdown reaction catalysed by SS is well suited to allow the
rate of sucrose breakdown in the phloem to respond rapidly to changes in the
metabolic requirement for ATP (source of energy for phloem loading and transport),
and for UDPGiIc during callose production, while constantly maintaining high and
stable level of sucrose in the phloem for transportation requjrement. More recently,
Geigenberger et al. (1993) showed that artificial supply of different sugars (i.e.
glucose, fructose, sucrose). to the cotyledons of germinating castor-bean resulted in
changes in the levels of various carbohydrates and glycolytic metabolites, including
sucrose, fructose, UDPGlc and UDP, the reactants of SS, in the phloem exudate from
cut hypocotyls; but the molar mass action ratio estimated from the measured levels of
these reactants remains very close to the theoretical equilibrium constant (Keg) of the
SS-catalysed reaction. This clearly indicates that SS-catalysed sucrose breakdown

reaction operates in the phloem or the SS is present in the phloem complex.
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The genes

" The genes encoding the sucrose synt!xase enzyme have been extensively studied
in recent years, and many of them have been isolated and sequenced (Werr et al. 1985;
Salanoubat and Belliard 1987; Maraiia et al. 1990; Yu et al. 1992; Wang et al. 1992,
Chopra et al. 1992; Arai et al. 1992; Heim et al. 1993; Martin et al. 1993). These data
show that there are two SS genes in monocotyledonous plants such as maize (Chourey
1981; McCormick et al. 1982), wheat (Marafia et al. 1988a), barley (de llarduya et
al. 1993), and Sorghum (Chourey et al. 1991b). These two genes, generally
designated as Ss/ and Ss2, are located at different loci within the same or different
chromosomes (McCarty et al. 1986; Maraiia et al. 1988a, 1988b; de la Hoz er al.
1992), and the Ss/ sequence is more closely related to the Ss/ sequence from other
species than to the Ss2 sequences from the same species, and vice versa. Based on this
it is suggested that a gene duplication followed by divergent evolution of an ancestral
gene took place prior to the evolutionary separation of these plant species (de larduya
et al. 1993). An exception among the examined monocot species is the rice plant,
from which three different SS cDNAs have been isolated (Wang et al. 1992). From
initial studies on the SS genes from dicot species it is suggésted that only one type of
SS gene is present (Heim et al. 1993). However, the results on which this suggestion
was made were not unambiguous (Chopra et al. 1992; Heim et al. 1993). Recently, a
second SS gene has been isolated from Arabidopsis (Martin et al. 1993); this gene
exhibits higher homology to the maize Sh/ (Ssl) and the potato SS gene (Salanoubat
and Belliard 1987) than to the previously isolated Arabidopsis SS gene (Chopra et al.
1992), which is very similar to the monocot SS genes. This clearly ihdicates that, at
least in some dicot species, two or more SS genes are present.

Both the monocot and the dicot SS genes investigated contain a multi-
intron/exon structure with some variation in the number of introns and exons and
generally with a relatively large first intron (Werr et al. 1985; Yu et al. 1992; Chopra
et al. 1992; Martin et al. 1993). The SS genes from different species contain open

reading frames with similar sizes, ranging from 2406 bp in maize Sh1 gene (Werr et al.
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1985), 2412 bp to 2439 bp in the dicot SS genes studied so far (Salanoubat and
Belliard 1987; Chopra et al. 1992; Arai et al. 1992; Heim et al. 1993; Martin et al.
1993), to 2448 bp in Ss2 of rice (Yu et al. 1992) and barley (de llarduya et al. 1993).
The SS genes in general are subject to regulation by various developmental and
environmental stimuli, such as anaerobiosis, cold, and sugar. The two SS genes in
monocot species are also differentially regulated. Many of the studies on SS gene
expression has been focused on the maize Shl and Sus! (Ss2) genes. The expression
of ‘both genes is dependent on endogenous and environmental factors. As opposed to
Susl, the Shl gene is strongly induced under anaérobic conditions (Rowland et al.
1989). The induction occurs at the transcriptional level (Frommer and Starlinger
1988) and is subject to posttranscriptional regulation, i.e. anaerobic treatment leads to
significant elevations of Sh! transcripts without a concomitant increase in the SS1
protein (Taliercio and Chourey. 1989). Sirnilar regulation is found in the case of
homologous genes in rice (Richard et al. 1991), wheat (Maraiia et al. 1990), potato
(Salanoubat and Belliard 1989), Sorghum (Chourey et al. 1991b), and Arabidopsis
(Martin et al. 1993), However, in Sorghum significant induction by anaerobic
treatment is observed for both Ss/ and Ss2, and in rice and Arabidopsis, the increase in
RNA levels leads to increased SS activity or SS protein concentration. Apart from
anaerobic conditions, the SS genes can be induced by other environmental factors such
as exposure to low temperature (Maraiia et al. 1990; Crespsi et al. 1991; Martin et al.
1993). It has also been found that the level of SS enzyme and mRNA is dependent on
light/dark regime (Springer et al. 1986; Nguyen-Quoc et al. 1990; Maraiia et al. 1990;
Gordon et al. 1993; Misra et al. 1994) and wounding (Claussen et al. 1985a;
Salanoubat and Belliard 1989). Furthermore, SS genes are regulated by carbohydrate
supply. It has been shown that the maize Shl gene expression is repressed by
increasing concentration of .sugars and enhanced under conditions of limited sugar
supply, whereas the Sus/ gene is upregulated by high sugar concentration (Maas et al.
1990; Koch et al. 1992; Nolte and Koch 1993a). Through the use of a Ss2 cDNA

prébe of maize, the rice SS gene expression in embryo is found to be strongly induced

21




by both the hexoses glucose and fructose, and by the disaccharides maltose and
sucrose (Karrer and Rodriguez 1992). The results appear to be more complex for the
dicot SS genes investigated. The Asus/ promoter from Arabidopsis is down-regulated
in transgenic Arabidopsis by high sucrose concentration (Martin et al. 1993), similar to
the Skl gene. However, the transcript levels of the potato (Salanoubat and Belliard
1989) and the Vicia faba (Heim et al. 1993) SS genes increase with increasing sucrose
concentrations, which seems different from the Arabidbpsis Asusl gene. A possible
explanation for this difference is that the potato and Vicia faba SS genes (the only type
of SS genes identified to date in these species) may be more closely related to type-2
SS genes of monocot species with regard to carbohydrate regulation, whereas the
Asusl gene happens to be Ssi type (two SS genes have been isolated from
Arabidopsis, see above). Howe\}er, another experiment on the V. faba SS (Heim et al.
1993) showed that its activity increased concomitantly with decreasing concentrations
of soluble fructose and glucose measured in plant extracts (Heim et al. 1993), which
appears to be contradictory to results for the monocot Ss2 genes. This may be
interpreted by the likely different cellular distribution of fructose and glucose in tissues
from normally grown plants to that in tissues under in vitro treatment (i.e. in the study
of rice and maize Ss2 genes, the tissues were excised from the whole plant and
incubated in culture media containing different concentrations of sugars before being
examined for SS expression). |

The differentiated regulation of SS genes leads to distinct temporal and spatial
expression patterns. Again, the maize genes have been more extensively studied than
others in this respect. Within developing maize kernels, the Sk gene is expressed only
in thé endosperm, whereas Sus/ is found in almost all tissues of the kernel with
expression levels specific for cell type and developmental stage (Heinlein and
Starlinger 1989). Although both of the two SS enzymes are abundant in endosperm
tissue, the Sh/ and Susl expression are spatially and/or temporally separated, and only
SS1 is associated with starch deposition (Chourey et al. 1986; Chen and Chourey

1989). A recent report shows that in sugarcane the SS1 enzyme is present in all tissues
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- examined but SS2 is undetectable in mature internodes and mature green leaves
(Buczynski et al. 1993). In another two reports, the expression of SS genes in mature
leaves (Nolte and Koch 1993b) and young roots (Chen and Chourey 1989) of maize is
found to be predominant in the vascular tissues including the phloem. This is
consistent with recent evidence demonstrating phloem-specific expression of both the
maize Shl promoter and the Arabidopsis Asusl promoter in transgenic tobacco (Yang

and Russell 1990; Martin et al. 1993).

Sucrose synthase promoter

Data from the studies on both SS enzymes and SS genes indicate that SS is
predominantly expressed in the phloem tissue. As mentioned above, the maize Shl
promoter has been shown to direct highly phloem cell-specific expression of a GUS
reporter gene in transgenic tobacco (Yang and Russel 1990). Under its control, GUS
expression is only observed in the sieve elements and companion cells of the vegetative
tissues, including roots, stems, and leaves. Such phloem-specific expression is also
observed in flower and fruit tissues. A more recent report shows that the Arabidopsis
SS gene Asusl promoter also directs a highly phloem;speciﬁc expression in transgenic
tobacco as well as in transgenic Arabidopsis (Martin et al. 1993).

The maize Shl promoter used in Yang and Russel's study (1990) includes a
1347 bp upstream nontranscribed sequence, the first exon, first intron and the
translational start site of the maize Sh/ gene (Werr et al. 1985). The first intron and
first exon appear to be indispensable with regard to expression level. It has been
shown by transient expression that the insertion of the Shi first intron into the
transcription unit can increase reporter gene expression by up to 100-fold when driven
by the CaMV 35S promoter and up to 58 times when driven by intron-less Shl
promoter (Vasil et al. 1989). It has also been shown that both exon 1 and intron 1 of
the maize Sh/ gene individually stimulate expression of reporter genes in the
protoplasts of monocot species including rice if present within the transcription unit

(Maas et al. 1991). Their stimulatory effects are multiplicative and the combination of
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them can result in an enhancement of chimaeric gene expression b)" up to 1000-fold

(Maas et al. 1991). “

1.5. Phloem protein PP2 and its gene
Phloem

The phloem, together with the xylem, constitutes the continuous conducting
system of vascular plant. The xylem functions principally in the conduction of water,
and the phloem of products of photosynthesis from the leaves to places where it can be
utilised.

Phloem tissue contains sieve tubes (in angiosperm) or sieve cells (in
gymnosperm) and unspecialised phloem parenchyma; often thick-walled phloem fibre
cells are present; and in majority of species, specialised parenchyma cells are associated
with the sieve tubes. In angiosperms these are known as companion cells and in
gymnosperms they are termed albuminous cells.

The sieve tube is a longitudinal file of cells, the individual members of which

‘are known as sieve elements. The end walls of the elements are modified to form sieve
plates, which are perforated so a§ to allow the massive rapid flow of nutrient material.
The sieve cells in gymnosperms are not aligned in vertical files, and
intercommunication takes piace through sieve areas in the lateral walls, rarely the end
walls. |

Sieve elements develop from the procambial and cambial cells. During sieve
element development the Golgi bodies, microtubules, and ribosomes disappear after a
period of intensive wall synthesis which results in considerable thickening of the wall.
The nucleus gradually loses its content and usually no trace of it remains when the
sieve tube is mature. Gymnosperms and a few angiosperms retain a very shrunken
necrotic nucleus against the wall throughout the life of the sieve tube. During the
development, the tonoplast, the membrane surrounding the central vacuole, breaks
down and disappears. However, the endoplasmic reticulum, mitochondria, and plastids

all have characteristic structures in the mature sieve tube and are usually found against

24



the walls. Another major aspect of sieve element develbpmerit is the appearance of
slime bodies (P-protein) in young cells followed by dispersal of the P-protein fibrils
which form a meshwork in the lumen 0f the mature sieve tube with a longitudinal
orientation.

The companion cells have dense cytoplasm containing a nucleus, endoplasmic
reticulum, vacuoles, numerous mitochondria, ribosomes, plastids, and Golgi bodies,
and are the only cells to have numerous plasmodesmatal connections to the sieve
elements. The companion cells are derived from the same cambial mother cell as the
sieve element. Each sieve element has one or more companion cells; they usually run
the whole length of their sieve elemént, but not in all species. It is generally considered
that one of the major functions of the companion cell is maintenance of the structures
and osmotic integrity of the sieve elément, which at maturity has neither nucleus nor
ribosome to allow protein synthesis. There are large number of specialised pores
between sieve element and companion cell, suggesting that massive symplastic transfer
of materials between the two cells may occur through them.

The sieve (plate) pore develops by the enlargement of a simple plasmodesma by
a process involving the endoplasmic reticulum and callose. This produces a pore of up
to 50 times the original diameter with a callose lining between the plasmalemma and
the wall. The pore plasmalemma is continuous with the sieve tube plasmalemma on

both side of the pore.

Phloem protein (P-protein)

Phloem cells contain specific proteins, some of which are present in large
quantities and visible with both the light and electron microscopes, while others can be
demonstrated only with chemical methods such as gel electrophoresis. These proteins
are collectively referred to as phloem-specific proteins (Cronshaw and Sabnis 1990).
The term "phloem protein” or "P-protein” was originally used to designate all types of
specific protein components in the phloem (Cronshaw and Esau 1967; Eéau and .

Cronshaw 1967), but later defined to represent the proteinaceous material in the
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phloem which is sufficiently characteristic when observed with the electron microscope -
(Cronshaw 1975). Such cell inclusions have long been observed and are initially
known as slime bodies (Hartig 1854; Wilhelm 1880), but their proteinaceous nature
was confirmed rather later (Esau and Cheadle 1965; Cronshaw and Esau 1968a;
Kleinig et al. 1971). P—protein has been found in all dicotyledonous and many
monocotyledonous species examined, but is absent from the gymnosperms and lower
vascular plants (Cronshaw and Sabﬁis 1990). P-proteins are most abundant in the
sieve elements, but are also found in companion cells and phloem parenchyma cells
(Cronshaw and Esau 1968a, 1968b; Cronshaw 1975). There are several
morphological forms of P-protein. In young, differentiating sieve elements, the P;
proltelin component arising in the cytoplasm is present mainly in the form of tightly
packed aggregates known as P-protein bodies in which P-protein can be amorphous,
tubular, crystalline or filamentous. During the later stages of differentiation of the
sieve element, the P-protein bodies usually disperse and eventually fuse in the
tonoplast-free lumen of the sieve element, and the different forms of P-protein are
generall_y transformed into filaments or fibrils (Cronshaw and Esau 1968a, 1968b;
Kollmann et al, 1970; Cronshaw and Sabnis 1990). Between different species there is

| considerable variation in both the morphology of the P-protein components and the
number of P-protein bodies per cell, as well as in the arrangement of the components in
the P-brotein bodies and in the changes that occur during differentiation (Cronshaw
and Sabnis 1990). Although the sieve tubes allow a relatively free movement of the
photoassimilate, it has been concluded that P-protein is relatively stationary in the sieve
element protoplast and does not move in the assimilate stream (Cronshaw 1975). The
origin of P-protein in the cell is not clear, but it has been observed that the initial
synthesis of P-protein is closely linked to the presence of free helical polysomes and
the formation of P-protein filaments coincides with the disappearance of ribosomes
(Behnke 1974).

Until recently, biochemical studies on phloem-specific proteins were restricted

to those species from which exudate containing proteins in quantities adequate for -
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analysis can be collected. Many species of the family Cucurbitaceae bleed relatively
copiously from cut stems and incisions into the fruit, and the exudate generally
contains a high concentration of proteins (e.g. 20-30 mg/ml) (Walker and Thaine 1971;
Read and Northcote 1983a, 1983b), much higher than from other species (e.g. 0.3-2.2
mg/ml) (Esau and Cronshaw 1967; Kennecke et al. 1971; Hall and Baker 1972; Fisher
et al. 1992). Some of these proteins are components of P-protein filaments within the
sieve element (Kleinig et al. 1971). The cucurbit species are thus particularly suitable
subjects for the study of P-protein.

Numerous proteins have been identified from the phloem exudate of cucurbit
species by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) (Weber et al. 1974;
Sabnis and Hart 1976; Sloan et al. 1976). Marked differences have been observed
among different genera, species, or even among different cultivars of the same species
in terms of numbers, relative quantities and properties of exudate polypeptides and of
their molecular mass and isoelectric point (Sloan et al. 1976; Sabnis and Hart 1976).
There are, however, certain features common to the exudate proteins of most cucurbit
species: the number of major proteins are relatively émall but they comprise most of
the protein content in the exudate; several proteins were of relatively large subunit size
(Mr values of 80-130 kD or more); the major components are highly basic with high
isoelectric point (Sabnis and Hart 1976); upon exposﬁrc to air, the exudate proteins
cross react through disulphide bonds, resulting in the gellation of phloem exudate,
which can be prevented with thiol reagents (Read and Northcote 1983a).

More detailed biochemical studies have been carried out with the Cucurbita
species. These species generally contain two major exudate proteins, designated as
PP1 and PP2, respectively, both found to be structural components of the P-protein
filaments in vivo (Read and Northcote 1983a, 1983b; Smith et al. 1987). The
monomer of PP1 has a Mr of 80 kD by SDS-PAGE and 96 kD by sedimentation-
equilibrium ultracentrifugation (Read and Northcote 1983a, 1983b). This protein is
capable of reconstituting filaments on oxidation and is responsible for the gellation of

the phloem exudate (Kleinig ez al. 1975). PP2 is present as a dimer of Mr of 48 kD
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held together by buried disulphide bridges (Read and Northcote 1983b). Like PP1,
PP2 also precipitates upon oxidation, but it does not form filaments (Kleinig et al.
1975) and is not required for the gellation of the exudate. (Read and Northcote 1983a).
It is assumed that PP2 is incorporated by disulphide bridges into the filaments observed
in vivo (Read and Northcote 1983a). PP2 from Cucurbita normally appears on SDS-
PAGE as a single band, but at high pH (pH 9.2), the PP2 dimer can be resolved into
two bands (Mr of 26.5 kD and 25 kD) of approximately equal intensity (Read and
Northcote 1983b). Similar doublets of PP2 polypeptides were identified at pH 8.8
(normal buffer condition) in Cucumis and Citrullus species (Read and Northcote
1983a). PP2 comprises 13-40% of the exudate proteins (Sabnis and Hart 1978; Read"
and Northcote 1983a), and together with PP1, represents more than 80% of the total
exudate proteins in Cucurbita (Weber et al. 1974).

PP1 and PP2 share striking similarities: they are both highly basic, have similar
amino acid compositions (Walker 1972; Beyenbach et al. 1974; Weber et al. 1974,
Allen 1979; Read and Northcote 1983a), and in some cases show immunological
cross-reactivity (Cronshaw and Sabnis 1990); both have readily oxidised cysteine
residues (Read and Northcote 1983a); their Mr value appears to be in simple ratio
(Read and Northcote 1983a; Beyenbach et al. 1974) and both exhibit nearly identical
band patterns on SDS-PAGE after being treated with cyanogen bromide (Weber et al.
1974).

Since PP1 is assumed to be responsible for exudate gellation and ﬁlamént
formation, it is surprising that is not ubiquitous among the different species of
Cucurbitaceae as examined by SDS-PAGE. Itis a major protein in the Cucurbita
species, but is absent or is a minor protein in species of other genera (Sabnis and Hart
1976; Sloan et al. 1976; Cronshaw and Sabnis 1990). Its native molecular size as
given by different workers is variable, ranging from 80 to 136 kD (Walker 1972;
Beyenbach et al. 1974; Nuske and Eschrich 1976; Sabnis and Hart 1979; Read and
Northcote 1983b), which suggests that the PP1 subunit structure can depend on the

conditions of exudate isolation and of preparation of the protein sample for
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" electrophoresis. On SDS-PAGE, PP1 is usually seen in a region where frequently the
proteins appear to be incompletely dissociated under the experimental conditions
(Beyenbach et al. 1974; Sloan et al. 1976; Cronshaw and Sabnis 1990; Bostwick et al.
1992). It has been speculated that high molecular weight proteins observed on SDS-
PAGE might come from irreversible cross-linking of smaller polypeptides by bridges
others than of the reversible disulphide types (Weber et al. 1974).

PP2 is a lectin specific for oligomers of N-acetylglucosamine (Sabnis and Hart
1978; Allen 1979; Gietl et al. 1979; Read and Northcote 1983b). By contrast to PP1,
PP2-like phloem-specific lectin appears to be ubiquitbus, not only among the cucurbit
species but also among other species. Kauss and Ziegler (1974) first reported lectin
activity in the sieve-tube sap of Robinia pseudoacacia. Similar high lectin activity was
also evident within phloem sap from Cucumis sativus and Cucumis melo. Allen (1979)
then showed that a lectin from Cucurbita pepo exudate strongly interacted with chitin
oligosaccharides. Later a lectin was identified from Cucurbita maxima, which was
shown to be PP2 (Sabnis and Hart 1978; Read and Northcote 1983b).

PP2-like lectins have also been identified from many other plant species. Gietl
et al. (1979) isolated a lectin protein from Robinia pseudoacacia which exhibited a
major band on SDS-PAGE with similar molecular size (25 kD) to the PP2 of cucurbits.

.They also examined the sieve-tube sap of 63 different tree species belonging to 21
families for lectin activity. With the exception of the members of the families
Aceraceae and Oleaceae (in which Cronshaw and Sabnis [1990] suggested that the
hemagglutinafion may have been masked), all analysed species agglutinated trypsinised
rabbit erythrocytes, and the sugar specificity of the 15 species they examined was
similar to that of cucurbit lectin. Recently, Schulz et al. (1989) isolated two phloem-
specific lectins from Pinus sabiniana, a gymnosperm. These lectins are characteristic
of those isolated from angiosperm species mentioned above in that they bind strongly
to N-acetylglucosamine, are sensitive to thiol reagents, and have similar molecular
sizes (23 and 25 kD) to the doublets of cucurbit PP2 polypeptides. More recently, a

lectin was isolated from Sechium edule fruit exudate which also shows marked
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similarities to the cucurbit lectin (Volzari-Hampe et al. 1992). This lectin is a 44-kD
aimer consisting of two identical subunits, constituting high proportion of exudate
protein (9.5%), and exhibits high specificity for N-acetylglucosamine.

‘ Although the phloem-specific lectin appears to be ubiquitous, it exhibits
substantial genus-specificity as determined by immunological methods. The antibody
raised against the PP2 lectin of Cucurbita maxima reacted with sieve tube proteins
from other species of the genus Cucurbita buf showed only limited reaction with other
genera (Smith et al. 1987). Similar results were obtained with other phloem-specific
lectins (Cronshaw and Sabnis 1990).

The cell type-specific localisation of PP2 lectin in Cucurbita maxima was
examined by Smith ez al. (1987) by immunocytochemical methods. The lectin was
found to be restricted to the sieve elements and companion cells.

The physiological and biochemical function of the P-proteih is still unknown.
Several hypotheses on its physiological role have long been proposed, such as
involvement in phloem translocation (Thaine 1969; MacRobbie 1971; Lee 1972;
Weber et al. 1974; Schulz et al. 1989) and providing a structural framework on which
non-translocated phloem components can be anchored (Allen 1979; Sabnis and Hart
1978; Smith et al. 1987). Currently the most favoured proposal is that P-protein plays
a protective role in the plant. The gellation of the P-protein is assumed to act as a
sealing mechanism for wounded sites whereas the carbohydrate-binding lectin
contained in the filaments serves to immobilise invading pathogens to the cross-linked
filaments, thus maintaining sterility (Sabnis and Hart 1978; Allen 1979; Gietl et al.
1979; Read and Northcote 1983b). Early in the 1970's, there was interest in the
possibility that one or more components of P-protein might be related to contractile
proteins such as actin or tubulin, but attempts to find convincing evidence for this
hypothesis were not successful (Sabnis and Hart 1974) although interest in it continues
(Kulikova 1992).

Some other properties on the P-protein were also observed in early studies.

Nucleoside phosphatase and acid phosphatase activity have been demonstrated in
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association with thé P-protein (Gilder and Cronshaw 1974; Esau and Charvat 1975;
Cronshaw 1980). Weber et al. (1974) reported that the P-proteins of Cucurbita
showed in several properties (amino acid compositions, molecular weights of the
smaller components, IEPs, retention on CM-cellulose, antigenic sites) a strong
similarity to proteins extracted from a ribosomal fraction from Cucurbita seedlings, in
particular to a weakly basic subfraction of ribosomal proteins. Based on these results,
they proposed that P-proteins are formed during sieve element maturation by
aggregation and oxidative disulphide cross-linking of pre-existing proteins which, at
least in Cucurbitaceae, are basic and may include ribosomal or ribosome-associated

proteins.

The PP2 gene and its expression

In contrast to the protein biochemistry described above, studies on the P-
protein encoding genes were not done until recently, and so far have been restricted to
the PP2 gene. Sham and Northcote (1987) first reported the isolation of two cDNA
clones encoding the PP2 of Cucurbita maxima. They found that the levels of both the
PP2 mRNA and PP2 protein increased in the first few days of seedling growth. In
older seedlings, however, the protein level remained constant but the mRNA level
decreased dramatically to a very low level. Based on their observations they suggested
that the synthesis of PP2 was subject to both transcriptional and post-transcriptional
regulation.

No sequence data for the cDNA clones used by Sham and Northcote have been
published. The first report containing a deduced PP2 amino acid sequence appeared at
the end of 1992 (Bostwick et al. 1992), and the corresponding cDNA sequence was
published in the middle of the following ‘year (Bostwick et al. 1993). The cDNA was
isolated from Cucurbit.a maxima by screening an expression cDNA library using
polyclonal antibodies raised against the whole exudate of pumpkin phloem. Using this
cDNA clone as a probe, they identified a single mRNA species of about 1 kb in size
from pumpkin seedlings, and they found that PP2 mRNA was localised specifically
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within the companion cells of the phloem tissue (Boétwick et al. 1992). According to
this result they suggested that the PP2 may be synthesised in the companion cells and
subsequently transported into the sieve element vig plasmodesmata. A similar
suggestion was also made by Fisher et al. (1992) after detecting substantial amount of
newly synthesised pfoteins in the nucleus-free sieve elements of wheat. However,
Bostwick et al. (1992) also pointed out the possibility that 15P2 synthesis also occurs in
sieve elements during early stage of cell differentiation. The latter view is supported
by the previous observations that P-protein bodies are formed at early stage of sieve
element differentiation (Cronshaw and Esau 1968a; Behnke 1974).

Apart from the PP2 cDNA, Bostwick et al. (1992) isolated another cDNA
which hybridised to a single mRNA band with molecular size of about 2.5 kb. They
suggested that this was a partial sequence of the PP1 gene. However, no further

sequence data or evidence have been given to confirm this suggestion.

1.6. Specific aim of this project

A research program was started in 1990 in this department sponsored by the
Rockefeller Foundation which aimed at producing transgenic rice with enhanced
resistance to a major insect pest, the rice brown planthopper (BPH). Thé whole
program was divided into three parts: identification of plant-derived proteins with
toxicity to BPH using an artificial diet system, which has led to the discovery of several
proteins with antimetabolic effects towards BPH, including snowdrop (Galanthus
navalis) lectin (GNA) (Powell et al. 1993); isolation of promoters, and construction of
expression vectors for plant transformation using the promoters and the genes that
encode insecticidal proteins; and transformation of rice, which was to be carried out in
other laboratories in the Rockefeller Program. The second part was the subject of this
thesis.

As BPH is a phloem sap feeder, an appropriate promoter was needed which
could direct expression of BPH resistance genes in a way that the gene products would

be present in the phloem sap. As described earlier, the promoters of the sucrose
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synthase gene and the phloem protein PP2 gene of Cucurbita were potentially good
candidates. When this project began, the sucrose synthase promoter from the maize
Shl gene had been shown to direct phloem-specific expression of a reporter gene in
&ansgenic tobacco, and the expression was observed in the sieve elements. Other
evidence available then also suggested that the sucrose synthase promoter could be
phloem-specific. Although the maize Sh/ promoter should function in rice, in this
work the rice sucrose synthase-1 promoter was pursued instead, in the belief that a
homologous promoter might function better. Since the PP2 protein is highly abundant
in the phloem exudate of Cucurbita, it was expected that the promoter might be useful
in dﬁecting high level expression of resistance genes solely in the phloem. It was also
expected that other (protein) sequences necessary (or useful) to target protein to
phloem sap might be found in PP2 genes.

Therefore, the objectives of this project included:

1. Isolation and sequencing of the genomic DNA of the rice sucrose synthase-
1 gene and the Cucurbita pepo PP2 gene;

2. Identification of the promoter sequences;

3. Construction of expressibn vectors using the promoters and, transformation

of tobacco plants with the constructs in order to determine the activity of the

promoters, before they are used by collaborators to transform rice.
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CHAPTER 2. MATERIALS AND METHODS
2.1.  Materials

Bacterial strains (Escherichia coli) and their genotype
DH5a F-, hsdR17 (r"my"), supE44, AlacU169, $80dlacZA M15, hsdR17,

recAl, endAl, gyrA96, thi-1, relAl, A-

HB101  supE44, hsdS20(rg-mg-): recAl3, ara-14, proA2, lacY1, galK2, rpsL20,
xyl-5, mtl-1

IM101 supE, thi, A(lac-proAB), F'[traD36, proAB*: lacl9 , lacZAM15]

KWw251 F-, supE44, supF58, galK2, galT22, metB1, hsdR2, mcrB1, mcrA-,
argA81:Tn10, recD1014

LE392 F-, hsdR514(r .~ ,my "), supE44, supF58, lacY1 or A(lacIZY)6, galK2,

' galT22, merB1, trpR5S5, A-

NMS538 supF, hsdR, trpR, lacY

SOLR eld-(mcrA), A(imcrCB-hsdSMR-mrr)171, sbcC, recB, recl,
umuC::Tn5(kan"), uvrC, lac, gyrA96, relAl, thi-1, endAl, XR, (F' proAB,
lacT9ZAM15], Su- (non-suppressing)

SURE eld-(mcrA), A(mcrCB-hsdSMR-mrr)171, sbcC, recB, rec),
umuC::Tn5(kan"), uvrC, supE44, lac, gyrA96, relAl, thi-1, endAl, [F
proAB, laclYZAM15]

XL1- recAl, endAl, gyrA96, thi-1, hsdR17, supE44, relAl, lac, [F', proAB,

Blue lacI8%ZAMI1S, Tn10(tet’)] '

Chemicals and reagents

Agarose and generally-used chemicals (analytical grade) were obtained from BDH
Chemicals Ltd., Poole, Dorset. Acrylamide, Alumina (Type A-5), ethidium bromide,
DTT (dithiothreitol), BSA (fraction V), CM Sepharose CL.-6B, 3-
aminopropyltriethoxysilane, thioglycolic acid (sodium salt), diethyldithiocarbamic acid
(sodium salt), 3,3'-diaminobenzidine (DAB), Herring sperm DNA, 5-bromo-4-chloro-
3-indolyl glucuronide (X-gluc), NAA, and BAP were purchased from Sigma Chemical
Company Ltd., Poole, Dorset. Antibiotics, DNA electrophoresis markers, X-gal and
IPTG were supplied by NBL (Northumbria Biologicals Ltd.), Cramlington,
Northumberland. M13 mp18 & 19 RF DNA and glycogen were obtained from
Boehringer Mannheim UK Ltd., Lewes, E. Sussex and DH 5o competent cells and
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pUC 19 monomer from Gibco BRL, Life Technologies Ltd., Paisley, Scotland.
Murashige and Skoog (MS) salts was purchased from Flow Laboratories, Irvine,
Scotland. Bacto-agar was supplied by Difco Ltd., W. Molesey, Surrey, Bacto-
tryptone by Becton Dickinson, Cowley Oxon, and OXOID Bacto-yeast extract by
Unipath Ltd., Basingstoke, Hants.. Radiochemicals were purchased from Amersham
International plc., Aylesbury, Bucks.. Film developer (Ilford phenisol) was supplied by
Iiford Ltd., Mobberly, Ches. and fixer (Kodak Uniféx) by Phase Separations Ltd.,
Deeside, Clwyd.. Clontech pBI 101 vector including HB101:pRK3013 and
Agrobacterium tumefaciens LBA 4404 were obtained from Cambridge BioScience,
Cambridge. AGem-12 half-site arms including fill-in reaction buffer and KW 251
bacteria and Packagene packaging extract were supplied by Promega Ltd.,

Southampton.

Antibodies

Maize sucrose synthase polyclonal antibody was kindly provided by Dr. Karen E.
Koch, Horticultural Sciences Department, University of Florida, USA and GNA
(Galanthus nivalis [snowdrop] agglutinin) antibodies were donated by Drs. W.
Peumans and E. van Damme, Catholic University of Leuven, Belgium. The Goat anti-
rabbit IgG (H+L) Horseradish peroxidase conjugate was purchased from Biorad

Laboratories Ltd., Hemel Hempstead, Herts..

Enzymes

Various restriction endonucleases and modifying enzymes were supplied by NBL or
Boehringer Mannheim. Proteinase K, RNase A and DNase 1 were obtained from
Sigma and Taq DNA polymerase and Mung Bean nuclease from Promega.

Equipment
Medicell dialysis tubing and Nescofilm were obtained from BDH and nitrocellulose

membranes (Schleicher & Schuell grade BA-85) from Anderman and Company Ltd.,
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Kingston-Upon Thames, Surry. Whatman membrane filters (0.2 pm pore size) and
3MM paper were purchased from Whatman Labsales Ltd., Maidstone, Kent. Petri
dish was supplied by Bibby Sterilin Ltd., Stone, Staffs.. X-ray films (Fuji-RX) were
obtained from Fuji Photo Film (UK) Ltd., London. X-ray cassettes, ATTO protein gel
and blotting apparatus were purchased from Genetic Research Instrumentation Ltd.,
Dunmow, Essex. DNA synthesiser, DNA sequencer and_PVDF membrane (ProBlott)
were supplied by Applied Biosystems Inc., Warrington, Ches.. Spectrofluorimeter

was purchased from Bairo Atomic Ltd., Essex.

DNA library, kits, and others

A rice genomic library (Clontech) was supplied by Cambridge BioScience, Cambridge
and Stratagene ZAP-cDNA synthesis kit by NBL. Quigen DNA purification kit was
obtained from Hybaid Ltd., Teddington, Middlesex and GENECLEAN kit from
Stratech Scientific, Luton. DNA sequencing kit and oligonuc‘leotide synthesising
reagents were supplied by Applied Biosystems. The GNA coding sequence fragment
was kindly provided by L. Gatehouse and the 355-GNA transgenic tobacco plant by

the Agricultural Genetics Company.

Commonly used buffers and media

50x TAE (agarose gel-running) buffer ~ P€f liter:
Tris base 242 g

glacial acetic acid 57.1 ml
0.5 MEDTA pH 8.0 100 ml

2% SDS-PAGE sample buffer 100 mM Tris-HCl pH 6.8
_ 2% B-mercaptoethanol

4% SDS
0.2% bromophenol blue
' 20% glycerol

0.1 M 3-(N-morpholino)
propanesulfonic acid (MOPS) pH 7.0
40 mM sodium acetate

5 mM EDTA

5x Formaldehyde agarose gel-running
buffer
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6x Agarose gel-loading buffer

20x SSC

20x SSPE

TE buffer
PBS buffer

Phage buffer

SM phage buffer

Denhardt's solution, 50x

Phenol:chloroform:isoamyl alcohol
(25:24:1)

LB medium

0.25% bromophenol blue
40% (w/v) sucrose

per liter:

NaCl 1753 ¢
Sodium citrate 88.2¢g
pH 7.0

per liter:

NaCl 1753 g
NaH,>PO4.HyO 276¢g
EDTA 748
pH7.4

10 mM Tris-HCI pH 8.0
1 mM EDTA pH 8.0

0.15 M NaCl
0.1 M NaH,PO4-NapHPO4 pH 7.4

20 mM Tris-HCl pH 7.4

100 mM NaCl

10 mM MgSO4

per liter:

NaCl 58¢g
MgS04.7H20 2g
Tris-HCI pH 7.5 50 ml
2% gelatin solution Sml
per liter:

Ficoll S5g
polyvinylpyrrolidone Sg
BSA (fraction V) Sg

Redistilled phenol was extracted
several times with TE buffer (or 0.1 M
Tris-HCI pH7.6) and then 1 part of the
lower, phenol phase mixed with 1 part
of chloroform:isoamyl alcohol (24:1).

per liter:

Bacto-tryptone 10g
Bacto-yeast extract 5g
NaCl 10g

pH7.0
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LB-agar
LB top-agar

TB top-agar

NZY medium

NZY top-agar

2x YT medium

YEB medium

MSO medium (for plant growth)

MSD4x2 medium (for plant growth)

Add 15 g Bacto-agar to 1 liter of
above

Add 0.65 g Bacto-agar to 100 ml of
LB medium

per 100 ml:

Bacto-tryptone 10g
NaCl 05¢g
Bacto-agar 08¢g
per liter:

NZ amine 10g
NaCl 5g
Bacto-yeast extract 5¢g
MgS0O4.7H70 2g
pH7.5 ’ '

Add 0.65 g Bacto-agar to 100 ml of
above

per liter:

Bacto-tryptone 16 g
Bacto-yeast extract 10g
NaCl S5g
pH7.0

per liter:

Bacto-tryptone Sg
Bacto-yeast extract lg
Brain Heart Infusion Sg

1 M MgSO4 2ml
sucrose 5g
per liter: }

MS salts 47¢g
sucrose 30g
pHS.8

Add 8 g Bacto-agar to make plates
MSO medium plus:

NAA 0.1 mg/l
6-BAP 1 mg/l

Add 8 g Bacto-agar to make plates
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Sterilisation of glassware, plasticware, solutions and media
Glassware, plasticware, culture media and most of solutions were sterilised by
autoclaving for 20 min at 120 °C or 15 1b./sq. in.. Solutions which contained
chemicals unstable at.high temperature, such as antibiotics and maltose, were sterilised
by filtration through a 0.2-micron filter.
Plant materials
Growth of rice plant

Seeds of rice plant (Oryza sativa L. cv. Taichung Native 1, kindly supplied by the
International Rice Research Institute, Manila, Philippines), were sowed in loam-based
compost (John Innes Centre, Norwich) in propagation trays which were immersed half
way in water-containing trays. The rice plants were grown in a 25 °C growth room

| with an illumination cycle of 14-hr light and 10-hr dark.
Dark growth of maize seedlings _
Seeds of maize (Sweet Corn, F1 Kodlak, from Samuel Yates Ltd., Ches.) were soaked
in water at room temperature for about 8 hrs and then placed on wet tissue papers in a
plastic box. This box was then sealed from light with aluminium foil and kept in a 25 °
C incubator to allow the seeds to germinate and grow.
Growth of Cucurbita pepo plants
Plants of Cucurbita pepo L. 'Autumn Gold' (pumpkin) were grown from seeds
(Suttons Seeds Ltd., Torquay) in Levington potting compost (Fisons, Loughborough)
under growth room conditions. One day after the hypocotyls emerged, the seedlings
were regarded as 1 day-old. ’

Growth of sterile tobacco plants

Sterile plants used for transformation were kindly provided by Ms. J ﬁlia Bartley. To
grow such plants, seeds of tobacco (Nicotiana tobacum cv. SRI) were sterilised by
treatment with 10% hyperchlorite solution (containing ~1.4% chlorine) in a syringe for
30 min and washed with 3 changes of sterile distilled water, and then transferred onto

MSO plates. The plates were sealed with Nescofilm and incubated in a 25 °C
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incubator with 14-hr photoperiod. After about 10 days the young seedlings were
transferred to Magenta pots containing MSO medium (1 seedlings in each pot) and

allowed to grow in a growth room.

E. coli competent cells

Competent cells of E. coli DH 5o and JM 101 used for transformation were either
commercially obtained from GIBCO BRL or prepared by the one-step preparation
method (Chung et al. 1989). For preparation, E. coli cells were grown to early
exponential phase (0.D.gqq = 0.3-0.4), pelleted by centrifugation at 1000g for 10 min,
and resuspended at one-tenth of their original volume in ice-cold transformation and
stbrage solution (TSS, which consisted of LB broth with 10% (w/v) PEG 6000, 5%
(v/v) dimethyl sulfoxide and 35 mM MgSO4, at a final pH of 6.5). This suspension
was divided into small aliquots, frozen in dry ice/ethanol bath, and stored at -70 °C

before use.

Storage of bacterial strains

Appropriate bacterial culture medium (5 ml) containing certain antibiotics (e.g. 100 b

~ g/ml ampicilin for pUC vector, 50 ug/ml kanamycin for pBI vector) was inoculated
with a single, well-isolated bacterial coiony and shaken at 3? °C overnight. To 0.85 ml
of the bacterial culture in a labelled storage tube, 0.15 ml of sterile glycerol was added
and the tube tightly capped. The culture was gently mixed, frozen in liquid nitrogen

and then stored at -70 °C.

Oligonucleotides

Oligonucleotide synthesis was done by Mr. John S. Gilroy on an Applied Biosystems
model 381 DNA synthesiser, based on solid-phase phosphoramidite chemistry.
Basically, this involves 5 steps, "detritylation”, which removes the dimethoxy trityl
group from the support-bound nucleoside to free thé 5' -OH for reaction; "addition", in

which activated phosphoramidite rapidly reacts with the 5' -OH; "capping", which
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terminates or 'caps' any chains which did not react in the addition step by acetylating
the unreacted 5' -OH; "oxidation", which converts the labile trivalent phosphorous
linkage formed in the addition step to the stable, pentavalent phosphorous linkage of
biologically active DNA; and "deprotection”, in which the phosphate protecting groups
are removed and the chains separated from the solid support, and the base protecting
groups are removed. The synthesised oligonucleotide was purified by ethanol
precipitation and stored at -20 °C either dried or in deionised water. Concentration of

the oligonucleotides was determined spectrophotometrically.
2.2, Methods

2.2.1. Isolation of nucleic acids

Minipreparation of plasmid DNA for routine restriction

Plasmid DNA of pUC18, pUC19 and their recombinants used for endonuclease
restriction was prepared according to the alkaline lysis method described by Maniatis
et al. and Mierendorf and Pfeffer (1987). For each preparation, 5-ml LB-ampicilin
(100 pg/ml) medium was inoculated with a single colony of plasmid-containing E. coli
cells and shaken overnight at 37 °C. The cells were pelleted in an Eppendorf tube and
resuspended by vortexing in 100 pl of ice-cold solution containing 50 mM glucose, 25
mM Tris-HCI (pH 8.0) and 10 mM EDTA (pH 8.0). Then 200 ui of lysis solution (0.2
M NaOH, 1% SDS) was added, and the tube was inverted immediately several times
and placed on ice. After 5-10 min when the suspension had cleared significantly, 150 p
1 of ice-cold potassium acetate (pH 4.8) (prepared by adding 11.5 ml glacial acetic acid
and 28.5 ml water to 60 ml of 5 M potassium acetate) was added, and mixed
immediately by inversion. The tube was placed on ice for 10 min and centrifuged at
10,000g for 5 min. The clear supernatant was transferred to a fresh tube, treated with

RNase A at 0.1 pg/ul at 37 °C for 30 min, and extracted with equal volume of

phenol:chloroform:isoamyl alcohol. To precipitate the DNA, 0.6 volume of
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isopropanol was added to the aqueous phase and mixed thoroughly. After 15 min at
room temperature, the precipitate was pelleted by centrifugation at 10,000g for 10
min. The pellet was washed with 70% ethanol, dried under vacuum and resuspended

in 50-100 pul of TE (pH 8.0) or deionised water.

Minipreparation of plasmid DNA for sequencing

For nucleotide sequencing, plasmid DNA isolated by the alkaline lysis method
described above was further purified by PEG precipitation according to Mierendorf
and Pfeffer (1987). Nucleic acid prepared from 5 ml of overnight cell culture was
dissolved in 48 1 of deionised water and then mixed with 12 pul of 4 M NaCl. Equal
volume (60 1) of 13% polyethylene glycol (MW 8000) (PEG-8000) was added to the
above and the mixture incubated on ice for 20 min, foilowed by centrifugation at
10,000g for 10 min. The supernatant was carefully removed and discarded with a
micropipette tip, and the DNA pellet washed twice with 75% ethanol, dried under

vacuum and resuspended in 10 pl deionised water.

Minipreparation of single-stranded M13 DNA for sequencing

The procedure was a modification of the PEG procedure described by Messing (1983).
An E. coli JM101 culture was prepared by inoculating 5§ ml of LB medium with a
single colony and incubating at 37 °C until O.D.gqq reached 0.3-0.4. Fifty pl of the
cultare was mixed with 5 ml of LB medium in a sterile McCartney bottle. A newly-
grown, well-isolated phage plaque was transferred to the above 5-ml culture using a
sterile toothpick. The bottle was rotated on a wheel in a 37 °C incubation room for 5-
7 hrs. The infected cells were transferred to 1.5-ml Eppendorf tubes and centrifuged at
10,000g for 10 min. The supernatant was stored at 4 °C, and centrifuged again for 10
min at 10,000g immediately prior to use. To a fresh tube 1.25 ml of the clear
supernatant was added and then mixed with 250 pl of 20% PEG-6000 in 2.5 M NaCl.
The tube was left at room temperature for 20 min and then centrifuged at 10,000g for

5 min, and the supernatant was discarded. The tube was spun again and the residual
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fluid removed with pipette tip. The pellet was then resuspended in 200 pl of TE
buffer, and the solution extracted twice with 100 ul of Tris-saturated phenol, once with
200 ul of Tris-saturated chloroform:isoamyl alcohol (24:1) and twice with 200 pl of
water-saturated ether. For each extraction the tube was vortexed for 5 second (phenol
extraction), 15 second (chloroform extraction), or until the cloudiness disappeared
(ether extraction). To the final aqueous phase 20 pl of 3 M sodium acetate (pH 5.2)
and 500 pl of ethanol were added, mixed, and the mixture was left at -20 °C for at
least 1 hr. The singie-stranded DNA was pelleted by centrifugation at 10,000g for 15

min, washed with ice-cold 70% ethanol, dried in vacuum and dissolved in 10 ul TE.

Preparation of phage . DNA

Preparation of phage lysate

Purified phage was re-plated as in "Titration of DNA libraries" section. A single, well-
isolated plaque was picked from the plate by removing a plug of agar containing the
plaque. The plug was expelled into a tube containing 500 pl of SM phage buffer and
the tube kept at room temperature for 40 min or at 4 °C overnight. The whole of this
phage solution Was mixed with 500 pl of overnight host cell cultures (NM 538 or KW
251, prepared as in "Titration of DNA libraries" section), and the suspension incubated
at 37 °C for 20-30 min, which was then used to inoculate 50 ml of prewarmed LB
medium containing 10 mM MgSQOy4. The culture was shaken at 37 °C for about 6.5
hrs, then 250 ul of chloroform was added and the culture was shaken at 37 °C for
further 10 min. The cell debris was eliminated by centrifugation at 4000g for 10 min.

The clear supernatant was stored at 4 °C or used immediately for DNA preparation.

Isolation of A DNA
Lambda DNA was isolated from above phage lysate using the QIAGEN ADNA midi-

preparation kit following the supplier's instruction. Basically, the phage lysate was
treated with DNase and RNase to eliminate the nucleic acid released by the lysed
bacterial cells, and then the phage particles were pelleted with PEG. Phage ADNA was

released from the phage particles by treatment with 2% SDS at 70 °C, and most of the
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proteins -were removed by precipitation with 0.85 M potassium acetate (pH 4.8). The
released DNA was purified by chromatography on a QIAGEN column (QIAGEN-tip
100), concentrated by isopropanol precipitation and dissolved in 200 pl of TE buffer.

Purification of DNA fragments from agarose gel

DNA separated by agarose gel electrophoresis was purified using GENECLEAN II kit.
DNA bands cut'out from the gels were incubated at 50 °C in 3 volumes of the 6 M Nal
solution provided with the kit until the gel slices were melted. The solution was then
mixed by vortexing with 5 Ql of the "glassmilk" supplied and incubated on ice for 10
min. The "glassmilk" was recovered by brief centrifugation, washed four times with
200 pl of the supplied "New Wash" and air dried. DNA was eluted off the "glassmilk"
by incubating the "glassmilk" in 2 changes of deionised water (20 pl totally) at 50 °C

for 3 min and collected by centrifugation at 10,000g for 3 min.

Minipreparation of maize genomic DNA for PCR

Isolation of a small amount of high molecular weight DNA was based on the SDS-
proteinase K method designed for DNA isolation from small amount of fresh tissues
(Draper and Scott 1988). Seven day-old dark-grown maize seedlings Were harvested
and ground into fine powder in a mortar and pestle with the assistance of liquid
nitrogen. About 0.2 g of the frozen powder was transferred into a precooled 1.5-ml
Eppendorf tube, and immediately 0.7 ml of SDS-extraction buffer (100 mM ’E‘ris-HCl
pH 8.5, 100 mM NaCl, 50 mM EDTA and 2% SDS, preheated to 80 °C) was added -
and mixed by gentle inversion of the tube. The tube was kept at 65 °C for 10 min and
then cooled dowh to 37 °C. To the tube 10 ul of proteinase K (10 mg/ml) was added,
" and the mixture was incubated at 37 °C for 1 hr and then extracted twice by gentle
mixing with equal volume of phenol:chloroform:isoamyl alcohol and centrifugation at
10,000g for 2 min. The upper aqueous phase was transferred to a fresh tube and the
DNA precipitated with 0.6 volume of isopropanol at -20 °C for 15 min. The DNA
pellet was washed with 70% ethanol, vacuum-dried and resuspended in 100 pl of 0.1 x
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TE. The sample was treated with RNase A at 0.1 pg/ul at 37 °C for 30 min and

purifiéd by phenol:chloroform extraction and ethanol precipitation.

Isolation of rice and maize genomic DNA for Southern blotting
Maize genomic DNA used for genomic Southern blotting was prepared by a scaled-up
procedure of the SDS-proteinase K method described above. Six grams instead of 0.2
g of maize seedlings was used and the extraction was performed in a 38-ml screw-
capped centrifuge tube.

Rice genomic DNA was isolated by the SDS-proteinase K method (Draper and
Scott 1988) designed for DNA isolation from freeze-dried tissues. Four grams of 4-5
week-old leaves were harvested and freeze-dried, and then pulverised in a mortar and
péstle with assistance of alumina. The powder was transferred into a centrifuge tube
and mixed by gentle inversion with 30 ml of SDS-proteinase K solution (see above
section, with 0.1 mg/ml proteinase K, prewarmed to 37°C). The tube was stored at 37
°C for 1.5 hrs with occasional gentle inversion. The slurry was extracted twice with
phenol:chloroform:isoamyl alcohol, and the upper aqueous phase was mixed with 0.6
volume of isopropanol and left at -20 °C for 1 hr. The DNA precipitate was spooled
out with pipette tips and transferred to Eppendorf tubes containing 70% ethanol. The
tubes were spun at 10,000g for 2 min and the DNA pellets were washed again with
70% ethanol, vacuum-dried, redissolved in 150 il 0.1x TE and treated with RNase A

as above.

Isolation of genomic DNA from Cucurbita pepo

Genomic DNA of Cucurbita pepo (pumpkin) used in construction of genomic library
and Southern blotting was isolated from 3-5 day-old seedlings by CTAB method
according to Draper and Scott (1988) and Rogers and Bendich (1988). About 0.5 g of
freeze-dried pumpkin seedlings was pulverised in a mortar and pestle with as'sista.nce of
alumina. The powder was transferred to a 38-ml centrifuge tube containing 9 ml of 1x

CTARB extraction buffer (50 mM Tris-HCI pH 8.0, 0.7 M NaCl, 10 mM EDTA, 1%
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CTAB [cetyl triethylammonium bromide], 20 mM 2-mercaptoethanol) and gently
dispersed with a sterile glass rod. The slurry was incubated at 56 °C for 20 min with
occasional ?ery gentle inversion of the tube and then mixed with 8 ml of _
chloroform:isoamy! alcohol (24:1) by gently inverting the tube for 10 min. The tube
was centrifuged at 2500g for 6 min and the aquec;us phase transferred with a wide-
bore pipette tip to a fresh tube, and then 1.5 ml of 1x CTAB buffer was added to the
original tube, mixed gently and the tube was centrifuged again. The aqueous phasé
was pooled with the first one, mixed with 1/5 volume of 5% CTAB (5% [w/v] CT AB,
0.35 M Na(l) and extracted again with chloroform:isoamyl alcohol. The DNA in the
aqueous phase was precipitated with equal volume of CTAB precipitation buffer (50
mM Tris-HCI pH 8.0, 10 mM EDTA, 1% [w/v] CTAB) at room temperature for 20
min. The precipitate was pelleted by centrifugation at 2000g fof 7 min and
resuspended in 3.5 ml of high-salt TE (10 mM Tris-HCl pH 8.0, 1 mM EDTA, 1 M
NaCl), and the suspension was centrifuged to eliminate residual undissolved pellets.
To the clear solution two volumes of ethanol was added and the mixture kept
overnight at -20 °C. The DNA was pelleted by centrifugation at 2000g for 4 min,

vacuum-dried, resuspended in 4 ml of 0.1 X TE, and treated with RNase A as above.

Extraction of total Cucurbita pepo RNA _

-Plant tissues (leaves, stems, hypocotyls, cotyledons) were harvested, frozen
immediately in liquid nitrogen and stored at -70 °C before use. Total RNA was
extracted by a modification of the phenol extraction method (de Vries et al. 1988).
Plant materials (4.2 g) were ground into fine powder as above and the frozen powder
was quickly transferred into a precooled centrifuge tube. As the liquid nitrogen
evaporated completely, 8 ml of phenol:RNA extraction buffer (1:1)(preheated in
boiling water) was added and the powder dispersed immediately with a sterile spatula
and with occasional heating of the tube in hot water. The extraction buffer consists of
100 mM LiCl, 1% SDS, 100 mM Tris-NaOH pH 9.0, and 10 mM EDTA. The slurry

was extracted with 4 ml of chloroform:isoamyl alcohol by gently inverting the tube for
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30 min, and the phases were separated by centrifugation at 10,000g for 15 min. The
upper aqueous phase was transferred to a fresh tube and extracted again with
chloroform:isoamy! alcohol for 15 min. To the final aqueous phase 1/3 volume of 8 M
LiCl was added and the mixture left at 4 °C for 20 hrs. The RNA was pelleted by
centrifugation at 4 °C, 10,000g for 25 min, washed once with ice-cold 2 M LiCl and
twice with 80% ethanol, air-dried and redissolved in 100 p 1 of deionised water. The

RNA samples were stored at -70 °C or in liquid nitrogen.

Purification of Poly (A)* RNA

Poly(A)+ RNA used for construction of Cucurbita pepo cDNA library was purified
from 1 mg of the total RNA of 3-5 day-old hypocotyls using the PolyATract mRNA
isolation system III (Promega). The system used a biotinylated oligo (dT) primer to
hybridise in 0.5x SSC to the 3' Poly(A) region of the mRNA species. The hybrids
were captured and washed with 0.1x SSC using streptavidin coupled to paramagnetic
particles and a magnetic separation stand. The mRNA was eluted from the solid phase

by addition of RNase-free deionised water and concentrated by ethanol precipitation..
2.2.2. Cloning and transformation

General subcloning procedure

Restricted DNA fragments were ligated into restricted vector DNA of pUC18, pUC19,
or M13mp18, M13mp19 RF DNA. Vector DNA restricted with single enzymes was
usually dephosphorylated with alkaline phosphatase before use. Ligation reactions
contairﬁng vector and DNA fragments were usually set up in 10-pl volume with 1 unit
of T4 DNA ligase, and incubated overnight at 15 °C. The ligated DNA was used to

- transform E. coli cells and the resulting bacterial colonies or phage plaques were
selected by the blue-white colour test (Maniatis et al. 1989) and verified by restriction

and electrophoretic analysis of mini-preparations of the recombinant DNA.
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Digestion of DNA with restriction endonucleases

Digestion was set up in Eppendorf tubes on ice and carried out for a minimum of 1 hr
at 37 °C or at other required temperatures. Amounts of enzymes used were at least 1
unit per lg of DNA, and the final dilution of enzymes was no less than 10 times that of

the original commercial form. The buffers used were supplied with the enzymes.

Dephosphorylation of vector DNA

Linearised vector DNA restricted with a single enzyme was treated with alkaline
phosphatase at 37 °C for 30 min in 1 mM ZnCly, 1 mM MgCl, and 10 mM Tris-HCl
(pH 8.3) according to Maniatis et al.(1989). The treated DNA was then purified by

phenol:chloroform extraction and ethanol precipitation.

Transformation of E. coli competent cells with plasmid DNA

Competent cells commercially obtained or self-prepared were transformed following
the supplier's instruction or according to Maniatis et al.(1989). The only difference
between them lay in the heat-shock step: 37 °C, 20 seconds for the commercially
obtained DH 5a cells and 42 °C , 90 seconds for the self-prepared cells. For each
transformation, an aliquot of 1-3 il of ligated plasmid was gently mixed with 50 pl of
freshly thawed competent cells and incubated on ice for 30 min. The mixture was
heat-shocked, chilled on ice for 2 min, and then 0.95 ml of LB broth added. The cells
were incubated by shaking at 37 °C for 1 hr to recover and to express the ampicilin
resistance. Aliquots were then spread over LB-ampicilin X-gal plates and incubated

overnight at 37 °C.

Transformation of E. coli competent cells with M13 DNA

M13 DNA transformation followed the same procedure as plasmid DNA
transformation ﬁp to the heat-shock step described above. After heat shock, aliquots
of the transformed cells were quickly mixed with 3 ml of 47 °C molten SOB top-agar

(Maniatis et al. 1989), 200 pul of exponential JM101 cells, 4 pl of IPTG (200 mg/ml)
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and 8 pl of X-gal (100 mg/ml in dimethylformamide), and spread over LB plates. The
plates were placed at room temperature for 10 min to allow the top-agar to harden and

then incubated inverted at 37 °C for overnight.

Cloning of PCR fragment
The PCR products were fractionated by electrophoresis on a 1.8% agarose gel. The

0.3 kb band was isolated from the gel, blunt-ended by treatment with T4 DNA

polymerase and then cloned into the Smal site of pUC 18.

Isolation of maize Sh-1 exon 13 sequence by polymerase chain reaction (PCR)

The following components were mixed up in an 0.5-ml Eppendorf tube: deionised
water, 59 pl; 10x PCR reaction buffer (500 mM KCI, 100 mM Tris-HCI, pH 8.8; 15
mM MgCly and 1% Triton X-100), 10 pl; dNTPs (1.25 mM of each), 16 pl; primer A
(0.16 pg/ul), 7 pl; primer B (0.23 pg/ul), 5 pl; maize genomic DNA (0.5 pg/ul), 2 pl.
The mixture was heated at 94 °C for 5 min, and cooled to 55 °C then 1 pl of Taq DNA
polymerase (2 u/pl) was added, mixed with a pipette and overlaid with 30 pl of mineral
oil. The PCR reaction was performed 32 cycles on a thermocycler (Model PHC-3,
Techne Inc., USA) using the following temperature profile: denaturing, 94 °C, 1 min;
primer annealing, 55 °C, 1.5 min; primer exiension, 72 °C, 3 min. The cycling
concluded with a ﬁnél extension at 72 °C for 6 min. Primer A is a 19-nt sequence 5'-
TTCGTGCTGAAGGACAAGA-3' and primer B a 18-nt oligonucleotide 5'-
CTGCACGAATGCGCCCTT-3".

Blunting of PCR-amplified DNA ends with T4 DNA polymerase
The DNA fragment purified from 100 pl of the PCR reaction was mixed with 2 units

of T4 DNA polymerase in 20 [l of 50 mM Tris-HCI, pH 8.5, 15 mM (NHy4)2SO04, 7
mM MgClp, 0.1 mM EDTA, 10 mM 2-mercaptoethanol and 33 uM of each dNTP and
then incubated at 37 °C for 30 min. The treated DNA was purified by
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phenol:chloroform extraction and ethanol precipitation, and resuspended in 10 pl of

deionised water.

Blunting of 3'-overhang DNA ends with Mung Bean nuclease

DNA (~1 pg) digested with Haell was mixed with 15 units of Mung Bean nuclease in
200 pl of 30 mM NaAc pH 4.6, 50 mM NaCl, 1 mM ZnCl,, and 5% glycerol, and
incubated at 30 °C for 30 min. The reaction mixture was then neutralised with 20 pl of
1 M Tris-HCI pH 8.0 and extracted with phenol:chloroform. The treated DNA was

ethanol precipitated and redissolved in deionised water.
2.2.3. Analysis of DNA and RNA

Agarose gel electrophoresis of DNA

Agarose gel was prepared according to Maniatis et al.(1989). Agarose powder was
weighed, added to certain volume of TAE buffer containing 0.5 pg/ml ethidium

. bromide, and melted in a microwave oven. The gels were cast in the plastic plates
provided with the electrophoresis apparatus or on glass plates. Electrophoresis was
carried out in a Pharmacia GNA-100 mini-gel system, in a NBL medium-size (128 x
149 mm) gel apparatus or on a 185 x 152 mm gel in a self-made tank containing 2
litres of running buffer. DNA samples were mixed at one-sixth of its volume with gel
loading buffer and then slowly loaded into slots of submerged gels. The gels were run
at 1-5 volts per centimetre at room temperature in TAE buffer containing 0.5 pg/ml
ethidium bromide. HindIII-digested or PstI-digested ADNA was used as molecular

weight marker. DNA bands were visualised and photographed with a short-wave UV

transilluminator.

Formaldehyde-agarose gel electrophoresis of RNA

Agarose (0.6 g) was melted in 31 m] of water, cooled to 70 °C in a chemical hood, and

then were added 10 ml of 5x gel running buffer and 9 ml of 37% deionised
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formaldehyde, mixed and poured in a gel former. The gel was allowed to set for a
minimum of 1 hr and pre-electrophoresed at 5 V/cm for 5-20 min. RNA sample was
mixed with 2 l of 5x running buffer, 3.5 pl of formamide, 10 pl of formaldehyde, and
distilled water to make final volume of 20 pl. The mixture was heated at 65 °C for 15
fnin, chilled on ice, spun briefly to deposit all of the fluid, mixed with 2 il of gel-
loading buffer (50% glycerol, 1 mM EDTA pH 8.0, 0.25% bromophenol blue, 0.25%
xylene cyanol FF), and then loaded to the gel. The gel was run in 1X gel-running
buffer at 60-80 V using the Pharmacia GNA-100 electrophoretic apparatus. After
completic;n of electrophoresis, the lanes for viewing were cut out and stained for 5 min

in 5 pg/ml ethidium bromide, destained in several changes of water for 2 hrs or longer,

and visualised and photographed as above.

Alkaline agarose electrophoresis and autoradiography
Alkaline agarose gel electrophoresis was performed to analyse cDNA synthesis quality
via examining the sizes of DNA and the incorporation of radioactive dCTP. Agarose
(0.8 g) was melted in 72 ml of water and then cooled to 55 °C. To the cooled agarose
8 ml of 10x alkaline agarose buffer (0.3 M NaOH, 20 mM EDTA) was added, and this
was swirled to mix and poured immediately to a plastic plate to form a thin (~3 mm
thick) gel. DNA sample with radioactivity was mixed with equal volume of 2x loading
buffer (20% glycerol, 4.8% bromophenol, 25 mM NaOH) and then loaded. The gel
was run at 100 mA in 1x alkaline agarose buffer using the Pharmacia GNA-100
electrophoresis apparatus.

After completion of electrophoresis, the gel was washed with several changes
of water for a period of 40 min, blotted on filter paper to remove excess liquid, sealed

with Clingo-rap film, and exposed to X-ray film at -70 °C overnight.

Determination of insert orientation in M13 transformants
When a DNA fragment with two same restriction ends was cloned into M13 vector, its

orientation with respect to each other in different clones was determined by the
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complimentary or "C" test (Messing 1983). One pl each of single-stranded
recombinant M13 DNA from every two clones to be tested was mixed, together with
11.5 ul TE buffer, 1.5 pl 5 M NaCl, and 5 pl formamide/SDS/dye mix (3% SDS, 0.1%
bromophenol blue, 60% deionised formamide, 25 mM EDTA). The mixture was
incubated at 65 °C for 1 hr, and then electrophoresed on a 0.8% agarose gel. If the
orientation of inserts was opposite to each other, their sequences were complimentary
and hybridised molecules will be formed which had lower mobility on the gél than vice

versa.

Determination of nucleic acid concentration

Nucleic acid concentration was determined spectrophotometrically on a Philips -
.PU8740 UV/Vis scanning spectrophotometer. An O.D. of 1 at 260 nm was assumed
to correspond to 50 pg/ml for double-stranded DNA, 40 pg/ml for single-stranded
DNA and RNA, and 20 pg/ml for single-stranded oligonucleotides. The ratio between
the reading at 260 nm and 280 nm (0.D.60/0.D.280) was used to estimate the purity
of the nucleic acid samples. Pure preparations of DNA and RNA have |
0.D.¢0/0.D.2g( values of 1.8 and 2.0, respectively.

Northern blotting

After completion of electrophoresis, the formaldehyde-agarose gel was soaked in 0.05
N NaOH for 15 min with gentle shaking, rinsed in several changes of distilled water for
a period of 2 hrs, and then soaked in transfer buffer (20x SSC) for 1.5 hrs. RNA was
transferred ﬁom the gel to nitrocellulose membrane following the procedure described

by Maniatis et al. (1989).

Labelli'ng of DNA probe
Restricted DNA fragments used as DNA hybridisation probes were purified from
agarose gel and labelled with o.-32P by the random priming labelling technique

(Feinberg and Vogelstein 1983, 1984). The labelling reaction was carried out at room
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temperature for 2.5 hrs or longer. A typical reaction was set up as follows: HyO, if
needed to 50 pl; OLB (Feinberg and Vogelstein 1984), 10 pl; BSA (10 pg/ul), 2 pl;
DNA, 30-50 ng; [a-32P]dCTP, 5 ul (50 uCi or 10 pmole); the Klenow fragment of E.
coli DNA polymerase I, 2 units. Before being added to the reaction, DNA fragments
were mixed with HO, heated in boiling water for 2 min and chilled on ice. The
reaction was stopped by addition of 1/ 10 volumes of 10% SDS. To purify the labelled
DNA, the reaction was mixed with 1/10 volumes of Dextran blue 100 and then
separated by gel filtration through a 2-ml Sephadex G-50 column (run in 0.15 M NaCl,
10 mM EDTA, 0.1% SDS, 50 mM Tris-HCI, pH 7.5 ). Fractions containing Dextran

" blue (in blue colour) were collected and used for hybridisation.

Labelling of oligonucleotide probe

Synthetic oligonucleotide probes were labelled with 7-32P following the procedure in
Maniatis et al. (1989). About 10 pmoles of oligonucleotide was mixed with 5 ul of [y-
32p] ATP (50 uCi or 10 pmoles) and 4 units of bacteriophage T4 polynucleotide
kinase in 50 mM Tris-HCI (pH 7.6), 10 mM MgCly, 5 mM dithiothreitol, 0.1 mM
spermidine-HCl and 0.1 mM EDTA (pH 8.0). The mixture was incubated at 37 °C for
30 min and stopped by addition of 1/10 volumes of 0.5 M EDTA. The labelled

oligonucleotide was purified by ethanol precipitation (Maniatis et al. 1989).

Hybridisation of Northern blot with degenerate oligonucleotide probe

Total RNAs (50 pg each) from leaves and stems of 20 days old pumpkin plants and
from the cotyledons and hypocotyls of 3-5 days old seedlings were separately loaded
and separated on a formaldehyde-agarose gel (1.2% agarose) and transferred to
nitrocellulose membrane as described above. The filter was prehybridised for 4 hrs and
hybridised for 17 hrs at 40 °C in 25 ml of buffer containing 6x SSC, 2x Denhardt's
solution, 0.25% SDS and 100 pug/ml denatured herring sperm DNA. The end-labelled
oligonucleotide, 5'-GC(C/T)TC(C/T)TT(C/T)TC(C/T)TT(A/G)TT(A/G)TCCAT-3',
was used as hybridisation probe. The filter was washed in 2x SSC, 0.05% SDS for 1
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hr at room temperature, 20 min at 45 °C and 30 min at 48 °C. The blot was exposed

for 1 hr.

Southern hybridisation of rice genomic DNA

Portions of genomic DNA (20 pg) were digested with restriction endonucleases
EcoRI, HindIIl and BamH]I, and the resulting fragments were separated by
electrophoresis on a 0.7% agarose gel. DNA was transferred to nitrocellulose
membrane following the capillary transfer procedure described by Maniatis et al.
(1989). Hybridisation was carried out under the same conditions as for screening of
the genomic libraries, using PCR-amplified maize Sh-1 exon 13 sequence as DNA
probe. After hybridisation, the filter was washed with 2x SSC, 0.05% SDS at42°C
for 1 hr and with 1x SSC, 0.1% SDS at 65 °C for 15 min, and then exposed at -70 °C

with intensifying screen.

Southern h ybridisation of Cucurbita pepo genomic DNA

Portions of genomic DNA were digested with various restriction endonucleases,
separated by electrophoresis on appropriate concentrations of agarose gels, and
trénsferred to nitrocellulose membranes as above. The nitrocellulose filters were
prehybridised for about 4 hrs at 42 °C in 15-25 ml of 6x SSPE, 5x Denhardt's solution,
0.5% SDS, 100 pg/ml denatured herring testes DNA and 50% formamide (Maniatis et
al. 1989). Radioactive probes prepared by random labelling of PP2 cDNA were
heated at 100 °C for 10 min, chilled on ice, and then added to the prehybridisation
solution. Hybridisations were carried out at 42 °C overnight. DNA blots were rinsed
briefly in 2x SSC, 0.5% SDS and then washed with 2x SSC, 0.1% SDS at room
temperature for 15 min, in 0.1x SSC, 0.5% SDS at 37 °C for 30 min, and finally in the
same buffer at 65 °C for 30-45 min. The blots were then exposed at -70 °C.
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Nucleotide sequencing
Automated nucleotide sequencing was carried out by Ms. Julia Bartley on an Applied
Biosystems model 373 A DNA sequencer, based on the dideoxy chain termination

method (Sanger et al. 1977) and PCR, using the Taq Dye Primer Cycle sequencing kit.
2.2.4. Library construction and screening

Constructipn of Cucurbita pepo genomic library

Partial digestion and purification of genomic DNA

Cucurbita pepo genomic DNA was partially digested with Sau3A I enzyme to yield
DNA fragments with average size of approximately 17 kb. Portions (75 ug) of
genomic DNA were mixed with 0.17, 0.15, 0.12 and 0.1 units of Sau3A I,
respectively, in 1x NBL buffer No.2 in 200 pl volume, and incubated at 37 °C for 30
min. The reaction was stopped by adding 10 ul of 0.5 M EDTA (pH 8.0). To remove
small amounts of contaminating carbohydraté, each reaction was mixed with equal
volume of 2x CTAB buffer (see "Isolation of genomic DNA from Cucurbita pepo"
section) and extracted with equal volume of chloroform:isoamyl alcohol. The aqueous
phase was mixed with 1/5 volume of 5% CTAB and extracted again with
chloroform:isoamyl alcohol. The DNA was precipitated with 2 volume of ethanol at
-20 °C for 1 hr, pelleted, air-dried and resuspended in 20 pl distilled water. The DNA
was re-pelleted with 7.5 pl of 10 M NHg4Ac and 55 Wl of ethanol at -20 °C for 1 hr,
washed twice with 75% ethanol, air-dried and dissolved in 15 pl deionised water.
Equal amounts of DNA from each reaction were mixed and used for fill-in reaction.
Cloning of genomic DNA into lambda vector

The partially digested and purified genomic DNA was cloned into the Promega A
GEM-12 Xhol half site arms vector and packaged using Promega Packagene extract
following the supplier's instructions. The Sau3A I digested genomic DNA was
partially filled-in using dATP and dGTP to yield GA-5' sticky ends. The arms of the
lambda vector had been cut out with Xhol, and the ends partially filled-in using dTTP
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and dCTP, leaving TC-5' cohesive ends which is compatible with the genomic DNA
ends. This helps to avoid the religation of arms to stuffer fragment and multiple inserts
of genomic DNA cloned. This also eliminates the process of size fractionation of
Sau3A I digested DNA.

Fill-in reaction was set up by mixing 10 pul (13.6 pug) Sau3A I-digested DNA
with 10x buffer containing 10 mM dATP and dGTP (supplied with the vector), 30 pl
deionised water and 5 pl (5 units) of Klenow enzyme. This was incubated at 37 °C for
35 min, and then extracted twice with phenol:chloroform:isoamy! alcohol and twice
with chloroform:isoamyl alcohol. The DNA was precipitated with 0.375 volume of 10
M NH4Ac and 2 volumes of ethanol at -20 °C for 1 hr, pelleted by centrifugation at
1000g for 10 min, washed twice with 75% ethanol, air dried and resuspended in 10 pl
deionised water. The concentration of the DNA was determined by UV
spectrophotometry and made to 0.5 pg/ul for subsequent use.

Two test ligations were carried out using 0.5 g vector DNA each and 0.5, 1
ug of the genomic DNA in 5 ul volume. The mixtures were incubated with 2.5 units
T4 DNA ligase each at 4 °C for 2 days and 1 pl aliquot packaged with 10 pl of the
Packagene extract at 22 °C for 2 hrs. The resulting packaging mixture was diluted to
100 ul with phage buffer and titrated using E. coli KW251 cells.

Scaled-up ligation was then set up with 0.75 g vector DNA and 0.75 pg
genomic DNA in 7.5 pl volume using 3.75 units of T4 DNA ligase, and this was
incubated at 4 °C for 3 days, pooled with the remaining test ligation mixture and
packaged using 2 X 50 pl Packagene extract, diluted and titrated as above. The library

was amplified and stored.

Construction of Cucurbita pepo cDNA library

Cucurbita pepo cDNA library was constructed using Stratagene's ZAP-cDNA
synthesis kit following the supplier's protocol. About 5 pg of poly (A) RNA from 3-5
days old pumpkin hypocotyls was used. Basically, the first strand cDNA was

synthesised using a 50-base linker-primer containing a 18-base poly dT sequence and
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an Xhol site, moloney-murine leukemia virus reverse transcriptase, and a nucleotide
mixture with S-methyl dCTP which makes the first strand cDNA have a methyl group
on each cytosine base and thus protects the cDNA from restriction enzymes used in
subsequent cloning steps. Second strand cDNA synthesis employed RNase H to nick
the RNA bound to the first strand cDNA to produce a multitude of fragments which
serve as primers for DNA polymerase I, and the latter nick translates these RNA
fragments into second strand cDNA. The uneven termini of the double-stranded
c¢DNA were filled-in with T4 DNA polymerase and EcoRI adaptor was then ligated to
the blunt ends. The subsequent Xhol digestion released the EcoRI adaptor and
residual linker primer from 3’ end of the cDNA, thus producing DNA fragments with
EcoRI and Xhol cohesive ends. These DNA fragments were purified on a Sephacryl
spin-column to remove the adaptor, the residual linker-primer and short cDNA species.
The size-fractionated cDNA was then concentrated by ethanol precipitation and ligated
to Uni-ZAP XR vector arms, and the resulting lambda library packaged in Gigapack II
Gold packaging extract and plated on E. coli cell line SURE.

Titration of DNA libraries

A host cell culture of appropriate E. coli strains (LE 392, NM 538, KW 251 for
genomic libraries; SURE for cDNA library) was prepared by inoculating with a single
bacterial colony 10 ml of LB medium supplemented with 0.2% maltose and 0.01 M
MgSO4 and shaking at 37 °C overnight. Alternatively, host cell cultures could be
prepared by inoculating LB medium containing 0.2% maltose and 0.01 M MgSQO4 with
1/10 volume of a overnight cell culture and shaking at 37 °C for about S hrs. The cell
cultures were used directly or first pelleted by centrifugation at 4000g for 10 min at
room temperature and then resuspended in 0.01 M MgSOg4 to give an appropriate cell
density (O.D.g0g=2). Appropriate dilutions of DNA libraries (in bacteriophage A
vectors) were made using SM phage buffer. Aliquots of 100 Ll of each dilution were

mixed with 100 pl of the host cell culture and incubated at 37 °C (or 39 °C for SURE
cells) for 15 to 30 min. For plating, the infected cells were mixed gently but quickly
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with 3 ml molten (47 °C) LB, TB, or NZY top-agar and immediately poured onto LB
or NZY plates (9 cm diameter). The top agar was allowed to harden and then the

plates were incubated inverted at 37 °C overnight. The titers were calculated from the

number of phage plaques on every plate.

Amplification of DNA libraries

Host cell cultures were prepared as above. Aliquots of packaged mixtures or primary
libraries containing about 109 bacteriophages were mixed in a tube with 0.6 ml of the
cell culture (SURE cells for cDNA library; KW251 cells for genomic library) and
incubated at 37 °C for 15 min (cDNA library) or 30 min (genomic library). The
infected cells in each tube were plated as for titration onto a 22 x 22 cm square plate
using 50 m1 LB or TB top agar, and the plates incubated inverted at 37 °C for 6-7 hrs.
After phage growth, the plates were moved to a biological hood, and the top agar was
scraped off tﬁe plates and placed into sterile centrifuge tubes. For the scraped agar of
each plate, 25 ml of SM phage buffer was added and the tubes were kept at 4 °C
overnight. The agar debris was pelleted by centrifugation at 4000g for 10 min and the
supernatant decanted into a fresh sterile tube. Chloroform was added to make a final
concentration of 5% and the amplified libraries were kept at 4 °C. For longer storage,
aliquots of the libraries were supplemented with 7% dimethyl sulphoxide, frozen in dry
ice-ethanol bath and kept at -70 °C.

Screening of genomic libraries

Genomic libraries to be screened were plated as in the "Amplification of DNA
libraries" section. On every 22 x 22 cm square LB plate, about 2 x 105 phages were
plated. The plates were incubated inverted at 37 °C for 6-10 hrs, then stored at 4 °C

overnight. Nitrocellulose filters were prepared according to Slightom and Drong

(1988). The filters (20 x 20 cm) were soaked in distilled water then in 1 M NaCl
solution, and blot-dried with 3MM paper. They were then carefully placed on top of

the chilled plates, marked with a needle and water-resistant ink, and allowed to remain
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in contact with the plaques for about 4 min (or 5 min for replicate filters). The

- membranes were removed carefully from the plate and placed phage side up on a 3MM
paper saturated with denaturing solution (1.5 M NaCl, 0.5 M NaOH) and left for 4
min. The membranes were blotted with a 3MM paper to remove excess moisture, and
then placed phage side up for 4 min on a 3MM paber saturated with neutralisation
solution (1.5 M NaCl, 0.5 M Tris-HCI pH 7.4). The filters were then soaked for 30
second in 3x SSC, blot-dried with 3MM paper and then baked in a 80 °C vacuum oven
for 1 hr.

The filters were incubated at 42 °C for 2-5 hrs in prehybridisation solution (50%
formamide, 5x SSPE, 5x Denhardt's, 0.1% SDS, 100 pg/ml denatured herring testes
DNA). DNA probe labelled with 32p was then added to the prehybridisation solution
and the membranes incubated at 42 °C overnight. After hybridisation, the filters were
washed at 42 °C for 1 hr in 2x SSC, 0.05% SDS, and, if the background was still high,
washed at 60 °C in 1x SSC, 0.1% SDS for about 5 min, then exposed to X-ray film at
-70 °C overnight or lbnger.

After exposure, the films were marked by alignment with the filters. Phage plaques
responsible for hybridisation signals were picked by aligning the films and the original
plates on a light box and removing an agar plug (about 0.5 cm in diameter)
surrounding the area of each hybridisation signal with wide-bore blue tips. Each of the
agar plugs was placed in 1 ml of SM phage buffer and kept at 4 °C overnight.

Phage responsible for the hybridisation signals was purified away from all the
surrounding contaminating phage by a seriés of successive plating and hybridisation as

described for the larger plates, however, on a smaller scale (9-cm plates).

Screening of Cucurbita pepo cDNA library

Plating of the cDNA library (~38,000 plaques) on SURE cells and preparation of
nitrocellulose filters were carried out as described for screening of the genomic
libraries. The nitrocellulose filters containing phage DNA were incubated for 5 hrs at

40 °C in 25 ml of prehybridisation solution (6x SSC, 2x Denhardt's solution, 0.25%
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SDS, 100 pg/ml denatured herring sperm DNA). The end-labelled oligo probe (see
"Hybridisation of Northern blot using degenerate oligonucleotide probe" section) was
heated for 2 min in a boiling water bath, chilled on ice, and then added to the
prehybridisation solution. The filters were incubated for 18 hrs at 40 °C, and then
washed with 4 changes of washing buffer (6x SSC, 0.1% SDS) at room temperature.
The hybridisation was visualised by autoradiography. Plaques corresponding to strong
hybridisation signals were purified by a further round of screening as described for

screening genomic libraries using the same hybridisation and washing conditions.

In vivo self excision of pBluescript from Uni-ZAP XR vector

Positive phages isolated from the Cucurbita pepo cDNA library were subjected to in
vivo self excision to form insert-containing pBluescript phagemids, which were then
used in subcloning and sequencing. This was carried out using the ExAssist helper
phage following the procedure in the Stratagene's ZAP-cDNA synthesis kit. One
hundred pl of phage stock was mixed with 200 pil of overnight, 30 °C-grown E. coli
XL 1-blue cells and 1 ul of ExAssist helper phage, and incubated at 37 °C for 20 min.
The mixture was transferred to 3 ml of 2xX YT medium and incubated at 37 °C for 2.5
hrs with shaking. The E. coli cells were killed by heating at 70 °C for 20 min and
removed by centrifugation at 4000g for 5 min. One pl of the saved supernatant
(containing phagemids) was mixed with 200 pl of overnight, 30 °C-grown E. coli
SOLR cells and incubated at 37 °C for 15 min. Aliquot (100 pl) of the cell culture was
plated on LB-ampicilin (50 pg/ml) plate and incubated overnight at 37 °C.

2.2.5. Protein analysis and histochemical assay
Extraction of proteins from plant tissue for immuno dot blotting

Young leaf tissue (300 mg) was ground with a glass rod in an Eppendorf tube with 200
ul of PBS buffer. The extract was centrifuged at 10,000g for 5 min and the
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supernatant transferred to a fresh tube. The concentration of protein in the supernatant

was determined by Bradford assay (Bradford 1976).

Extraction of proteins from plant tissue forﬂuorometﬁ'c assay

This was carried out as above using extraction buffer (Shaw 1988) containing 50 mM
NaH,POy, 10 mM B-mercaptoethanol, 10 mM EDTA, 0.1% N-laurylsarcosine and
0.1% Triton X-100 (pH 7.0). For every 100 mg of plant tissue 100 pl of the buffer

was used.

Extraction of proteins from plant tissue for Western blotting

About 100 mg of plant tissues was harvested, frozen in an Eppendorf with liquid
nitrogen and ground into fine powder using a glass rod. Before the frozen powder was
thawed, 20 pl of protein extraction buffer (Scott et al. 1988) (10% glycerol, 40 mM
EDTA, 150 mM NaCl, 100 mM Tris-HCI pH 7.5, 3 mg/ml dithiothreitol) was added to
the tube and the suspension homogenised with the glass rod. Plant debris was
removed by centrifugation and the supernatant was transferred to a new tube and

stored at -20 °C.

Collection of phloem exudate of C. pepo

Stems or petioles of C. pepo plants were cut with razor blade, and, to minimise
possible contamination from non-sieve element cells, the cut surfaces were blotted
immediately with filter paper and the first droplet of exudate was discarded. Exudate

was then collected into appropriate buffers for subsequent use.

Dot blotting of proteins

A nitrocellulose membrane was cut to appropriate size, wetted in distilled water and
then assembled in a dot blotting apparatus following the manufacturer's instructions.
Two hundred pl of protein samples (10 pg total protein) was applied to each sample

cells of the blotter and the liquid sucked gently through the nitrocellulose membrane

61




under small vacuum. The cells were washed with 200 pl PBS buffer by sucking the
buffer through the membrane. The apparatus was then dissembled following the
instruction and the nitrocellulose membrane used for immunological detection of
proteins, |

Phloem exudate of pumpkin plants and honeydew from rice brown planthopper
(donated by Dr. Kevin Powell) were blotted using micropipette tips. About 1-2 pl of
samples was applied to nitrocellulose membrane and allowed to dry, and then another
1-2 pl of samples applied to the same spot on the membrane and allowed to dry again.

This was continued until all the sample was blotted.

Preparation of non-denaturing polyacrylamide gel

Clean glass plates were assembled with spacers held in position with fold-back clips
and sealed by applying grease on the spacers or with sealing gasket. The following
components were mixed in order in a flask and then degassed for 1 min:
acrylamide/bisacrylamide (30:0.8%), 6.7 ml; 1 M Tris-HCI pH 8.8, 7.5 ml; distilled
water, 3.5 ml. After degassing, 10 pul of TEMED (NNN'N'-
tetramethylethylenediamine) and 1 ml of 1.5% ammonium persulphate were added,
mixed briefly and the solution was poured between the glass plates leaving enough
space for the comb and stacking gel. The gel was carefully overlaid with distilled
water and left to polymerise at room temperature until a sharp line was seen between
the gel and overlay. The overlaying water was then tipped off and the excess liquid
removed with filter paper. The stacking gel was prepared immediately prior to use
following the same procedure as for separating gel with following components:
acrylamide/bisacrylamide (30:0.8%), 1.25 ml; 1 M Tris-HCI pH 6.8, 1.25 ml; distilled
water, 6.1 ml; TEMED, 2.5 ul; 1.5% ammonium persulphate, 0.5 ml. The gel solution
was filled into the glass plates, well-former (comb) inserted, and allowed to polymerise

for about 15 min.
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Preparation of SDS-polyacrylamide gel
SDS-polyacrylamide gels were prepared following the same procedure as for non-
denaturing gels. The only difference was that both the separating and stacking gels

contained SDS (sodium dodecyl sulphate) at a final concentration of 0.1%.

Polyacrylamide gel electrophoresis of proteins

Comb, bottom spacer and sealing gasket were removed from gel plates, and the sample
wells rinsed with 1x electrophoresis buffer (25 mM Tris-HC], 250 mM glycine, pH 8.3,
plus 0.1% SDS for SDS gel). The gel plates were then mounted in an ATTO AE-6450
mini-gel (8 x 10 cm) electrophoresis apparatus or in a self-made apparatus for larger
gel (15 x 17.5 cm), and the two reservoir tanks were filled with the Tris-glycine buffer.
For non-denaturing gel electrdphoresis, the protein sample described in "Extraction of
proteins from plant tissues for Western blotting” section was mixed with 1 pl of
bromophenol blue solution (0.1% in 25% glycerol) and loaded directly to the gels;
pumpkin phloem exudate (36 ul) was collected into 12 pl of buffer containing 40%
glycerol, 0.2 M Tris-HCI pH 6.8, 5% B-mercaptoethanol and 0.4% bromophenol blue,
and loaded. For SDS gel, protein samples were mixed with equal vblumes of 2x SDS-
PAGE sample buffer and heated at 100 °C for 2-3 min before being loaded to the wells
of the gel. Electrophoresis was carried out at 100 or 200 consté.nt volts for the mini-
gel or larger gel, respectively. The molecular weight marker used consisted of 7
proteins (SDS-7, Sigma): bovine albumin, 66,000; ovalbumin, 45,000; glyceraldehyde-
3-phosphate dehydrogenase, 36,000; carbonic anhydrase, 29,000; trypsinogen (bovine
pancreas), 24,000; trypsin inhibitor (soybean), 20,000; a-lactalbumin, 14,200. After
electrophoresis, the gels were either stained with Coomassie blue or used for Western

blotting.

Staining of proteins on polyacrylamide gel
After electrophoresis, gels were incubated at room temperature with gentle shaking for

5-15 min in staining solution (0.5% Coomassie blue in acetic acid-isopropanol-water,
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1:3:6, v/v/v) and then in several changes of destaining solution (acetic acid-methanol-
water, 10:45:45) for 1-2 hrs. Stained gels were stored in 20% glycerol.

O
Western blotting of SDS polyacrylamide gel
Proteins separated on SDS-polyacrylamide gel were transferred to nitrocellulose
membrane using an ATTO semi-dry electroblotting apparatus. Onto the anode of the
apparatus the following were placed in order: 2 sheets of 3MM paper soaked in 0.3 M
Tris pH 10.4, 20% methanol, 0.1% SDS; 1 sheet of 3MM paper soaked in 25 mM Tris
pH 10.4, 20% methanol, 0.1% SDS; 1 sheet of nitrocellulose membrane (cut to size
and wetted in distilled water); the gel; 1 sheet of 3MM paper soaked in 25 mM Tris,
40 mM 6-amino-N-hexanoic acid pH 9.4, 20% methanol, 0.1% SDS; 1 sheet of
dialysis membrane (wetted in distilled water) and 2 sheets of 3MM paper soaked in 25
mM Tris, 40 mM 6-amino-N-hexanoic acid pH 9.4, 20% methanol, 0.1% SDS. The
cathode was then placed on top of this and the proteins electroblotted at constant
current (~2.5 mA.cm=2) for 1 hr. The efficiency of protein transfer was checked by

staining the gel with Coomassie blue after blotting.

Western blotting of non-denaturing polyacrylamide gel

Proteins were transferred from non-denaturing polyacrylamide gels to nitrocellulose
membrane according to Scott et al. (1988) using the same apparatus as for SDS gel.
After electrophoresis, the gel was equilibrated in'TGM buffer (1 litre contains 3.0 g
Tris-base, 14.4 g glycine and 200 ml methanol) for 30 min at 4 °C. All the filter papers
and nitrocellulose membrane were thoroughly soaked in TGM buffe;, and these and
the gel were then assembled to the blotting apparatus in order: anode; 2 sheets of
3MM paper; 1 sheet of nitrocellulose membrane; the gel; 1 sheet of 3MM paper; 1
sheet of dialysis membrane; 1 sheet of 3MM paper and cathode. Air bubbles trapped -
between layers were rolled out using a large pipette. Electroblotting was performed at

200-250 V for 1 hr.
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Immunological detection of snowdrop lectin (GNA) on nitrocellulose membrane
Nitrocellulose filters from dot and Western blotting were incubated in PBS buffer
containing 5% fat-free milk powder (Marvel) and 0.1% Tween 20 overnight at 4 °C or
at least 1 hr at room temperature to block non-specific protein binding sites. The
filters were rinsed with PBS buffer and treated for 1 hr at room temperature with anti-
GNA antibody at 1:5000 (iiluﬁon in PBS buffer containing 5% fat-free milk powder
and 0.01% Tween 20. The excess antibody was washed off with 4 changes of
antibody dilution buffer at room temperature for a total of 20 min. Goat anti-rabbit
IgG horseradish peroxidase conjugate (Bio-Rad) was used as secondary antibody
(1:3000 dilution, as above) to treat the membrane for 1 hour at room temperature
followed by 4 x 5 min washes in antibody dilution buffer, and a rinse in distilled water.
Enhanced chemiluminescence (ECL) reagents (Amersham) were used to detect the

specifically bound secondary antibody as instructed by the manufacturer.

Immunological detection of sucrose synthase protein on nitrocellulose membrane
The nitrocellulose membranes containing proteins were immersed in PBS buffer
containing 1% BSA at 4 °C overnight to block non-specific binding sites, and then
incubated in 2.28% periodic acid at room temperature for 25 min to deactivate
endogenous peroxidase. The membranes were washed with PBS for 15 min and then

- treated with an_ti—sucrose synthase antibody (1:1000 in PBS-1% BSA) at room
temperature for 1 hr. Free and nonspecifically bound antibody was washed off the
membrane with 6 changes of PBS-0.5% Triton X-100 for 25 min. The blots were then
treated with horseradish peroxidase-conjugated goat anti-rabbit antibody (1:2000 in
PBS-1% BSA) at room temperature for 50 min with shaking, and washed with PBS-
0.5% Triton X-100 as above. The protein-antibody binding was visualised by staining
the blots for 5-10 min in DAB-colbat-hydrogen peroxide solution (freshly made by
dissolving 6 mg of 3,3'-diaminobenzidine-HC] [DAB] in 9.7 ml of 50 mM Tris-HCI pH
7.6, adding to above 0.3 ml of 1 M cobalt chloride and 10 ul of 30% hydrogen

peroxide, and filtering through filter paper).
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Immunochemical localisation of GNA

Plant tissue from RSs/-GNA tobacco plants was cut with a razor blade into 3-5 mm
sections, quickly frozen by CO5, and mounted on a metal block with cryoembedding
medium. The tissue was cut into 5 mm sections on a cryomicrotone. Sections were
placed on slides which had been precoated in 2% 3-aminopropyltriethoxysilane and air
dried. Sections were incubated in 1% hydrogen peroxide in absolute methanol for 15
min at room temperature to quench any endogenous peroxidase activity. The slides
then were rinsed in PBS buffer for 4 X 5 min, and treated with primary and secondary
antibodies as described above, except that DAB was used as substrate to detect the
antigen (see above section). After staining the slides were rinsed with distilled water

and air dried, and mounted for viewing and photography.

Histochemical localisation of GUS expression

Histochemical staining was performed according to the method described by Jefferson
et al. (1987). Fresh sections were hand cut from leaf, petiole and stem of transgenic
tobacco plants. These sections, together with fractions of root, were incubated in a
staining solution, containing 1 mM X-gluc and 50 mM sodium phosphate buffer (pH
7.0) for 12 hrs at 37 °C, then cleared of chlorophyll by incubation in a solution of 5%
formaldehyde, 5% acetic acid and 20% ethanol for 10 minutes, followed by incubation
in 50% and 100% ethanol, 2 minutes each. The sections were mounted on microscope

slides for photography.

Fluorometric assay of GUS expression

Aliquots (10 pl) of protein extracts were transferred to a clean Eppendorf tube and
mixed thoroughly with 190 pul of reaction buffer (Shaw 1988) (prepared by dissolving ‘
2.2 mg of 4-methy] B-D-umbelliferyl glucuronide [MUG] directly in 10 ml of the
protein extraction buffer [see above section], prewarmed to 37 °C). The reaction was

carried out at 37 °C for 40 min (variable) and stopped by addition of 9 volumes of stop
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buffer (0.2 M NapCO3). The amount of reaction products was determined with a
spectroﬂuoriméter, using 365 nm as excitation wavelength and measuring emission at

455 nm.

Immuno-detection of GNA in honeydew produced by aphids

RSs1-GNA transgenic tobacco plants were infested with peach potato aphids (Myzus
persicae) and kept in a controlled environment growth chamber for a week. The small
amount of honeydew produced by these aphids was collected as follows: a 3 cm
diameter petri dish was lined with a moist filter paper, and another 3MM filter paper or
nitrocellulose membrane was taped about 3-5 mm away from the top edge of the
container to ensure a clése contact between the filter and the aphids. Fifty aphids were
gently placed on the filter and a layer of stretched parafilm was used to seal the
container. A portion of young leaf from RSs/-GNA (experimental) or untransformed
(control) plant was placed on the parafilm and sealed by another layer of the same film.
Aphids fed through the parafilm on the leaf and the honeydew produced was absorbed
by the filter or nitrocellulose membrane. The membrane and filter were removed after
24 hrs. The 3MM filters with absorbed honeydew were sprayed briefly with ninhydrin
in 0.2% acetone to detect spots of honeydew by the presence of free amino acids
(Rosen, 1957). The nitrocellulose membranes were treated with primary and
secondary antibodies as described for dot immunoblotting, using ECL reagents to

detect specific binding of the labelled secondary antibody.

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) of phloem proteins

Phloem exudate was collected from stems of 3 months old pumpkin plants and
transferred with a pipette directly into equal volume of 2x SDS-PAGE sample buffer
containing 5% mercaptoethanol. SDS-PAGE was carried out as described above. The
separating gel (12% acrylamide, 15 X 17.5 cm, 0.75 mm or 1.5 mm thick) was allowed
to "cure” for at least 14 hrs prior to use, and was subjected to pre-electrophoresis at

150-200 V for 1 hr. The running buffer was always supplemented With 0.1 mM
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sodium thioglycolate (Hunkapiller et al. 1983; Moos et al. 1988). Before loading, the

exudate sample was heated at 60 °C for 10-20 min. Electrophoresis was conducted at

150-200 V.

Purification of phloem protein PP2 by SDS-PAGE

Phloem protein PP2 separated by SDS-PAGE was purified by electrophoretic elution
using a self-made electroeluter. The eluter consisted of two electrode chambers
electrically connected by a bridge made of two Eppendorf tubes (as elution cells),
bottom cut, sealed with dialysis membrane at the bottom and connected with a plastic
tube filled with elution buffer. After SDS-PAGE, the gel was stained with Coomassie
blue at room temperature for 5 min and destained at 4 °C fof 5 min, and the PP2 band
excised with a razor blade. Electrophoretic elution was performed following the
procedure described by Hunkapiller ez al. (1983). After electroelution, the protein
solution in the elution cell in the anode chamber was transferred to a fresh Eppendorf

tube and freeze-dried.

Electroblotting of phloem proteins to PVDF membrane

For peptide sequencing, proteins separated by SDS-PAGE were electrophoretically
transferred to polyvinylidene fluoride (PVDF) membranes according to LeGendre and
Matsudaira (1989) using the ATTO serrii-dry electroblotting apparatus. The PVDF
membrane was prewetted by brief immersion in 100% methanol (2-3 sec), rinsed with
water and equilibrated in transfer buffer (10 mM CAPS [3-(cyclohexylamino)-1- |
propanesulfonic acid}, 10% methanol, pH 11) for a minimum of 15 min. All the 3MM
paper and dialysis membrane were cut to the same size as the gel and soaked in the
transfer buffer before use. After electrophoresis, the gel was rinsed in the transfer
buffer for 5 min and assembled into the blotting apparatus in following order: anode; 3
sheets of 3MM paper; 1 sheet of ProBlott membrane; the gel; 1 sheet of 3MM paper;
dialysis membrane; 4 sheets of 3MM paper and cathode. Electroblotting was
conducted at 150-200 mA for 1 hr. After blotting, the ProBlott membrane was rinsed
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in distilled water, stained briefly (about 1 min) in 0.1% Coomassie blue R in 50%
methanol, destained with several changes of 50% methanol, 10% acetic acid for about
25 min, rinsed with several changes of distilled water for a period of 15 min, air-dried

and stored at -20 °C.

In situ cleavage of PP2 protein in gel slice or on PVDF membrane with cyanogen
bromide (CNBr) vapour

In situ cleavage of PP2 in gel slices was done by a modification of the procedure by
Zingde et al. (1986). PP2 protein band on SDS gel was cut out with a razor blade and
lyophilised in a small glass container, which was then placed inside a small vacuum
flask containing 1 ml of 50% trifluoroacetic acid and 20 mg of CNBr at its bottom.
The flask was flushed with argon gas, evacuated briefly until the liquid just started to
boil, and then kept sealed in the dark at room temperature for 24 hrs. PP2 blotted on
PVDF membrane was treated with CNBr vapour following the same procedure as for
the lyophilised gel slices.

To separate the cleaved peptides by SDS-PAGE, the CNBr-treated gel slices
was removed from the vacuum flask and lyophilised, and then suspended in several
changes of 1x SDS-PAGE sample buffer until the bromophenol blue dye in the buffer
remained blue. The gel slice was finally suspended in 0.4 ml of the sample buffer,
heated for 10 minutes at 60 °C, loaded directly into the well of a 17% SDS-PAGE slab

gel, overlaid with sample buffer, and electrophoresed as described in previous section.

Elution of proteins from PVDF membrane

The following three methods were recommended by Applied Biosystems, and the first
two were carried out by John Gilroy: (1) PVDF blot was soaked in 75% hexafluoro-2-
propanol for 1 hr at room temperature; (2) PVDF blot was incubated in 20% Hp0 +
75% isopropanol + 5% trifluoroacetic acid for 1 hr at room temperature; (3) the blot
was incubated for 20 min at 100 °C in 62 mM Tris-HCI pH 6.8, 2% Triton X-100, 3%
SDS, 6 M urea, 2% B-mercaptoethanol and 10% glycerol. Proteins in (1) and (2) were
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concentrated by spin-drying, whereas the eluates in (3) were directly loaded to SDS-

polyacrylamide gels for protein separation.
2.2.6. Plant transformation

Construction of expression vectbrs

Using RSs1 promoter

An Nhel fragment, including the 5' flanking region, the first intron and the first 16
nucleotides of coding sequence of the RSs] gene was isolated from clone RSS2.4 (Fig.
3.5) and cloned into the Xbal site of pUC19. The fragment was excised by Sall +
BamHI double digestion, and inserted into pBI101.2 and the resulting plasmid was
designated as pBRSS7. A cDNA sequence encoding LECGNA?2, one of the GNA
isoforms (van Damme et al., 1991a; 1991b) was amplified by PCR from plasmid
pT7T318U, using the primers: (5’ CGGATCCATGGCTAAGGCAAGTCTCCTC 3’;
3’ GAACACTGCCGTTTCATTACTCCATGGC 5°). 'fhe primers were designed in
such a way that the preprotein coding sequence was amplified. The PCR fragment was
cloned into the HinclI site of pUC19 and sequenced to confirm no PCR errors were
present. The fragment was excised by Smal and Pstl digestion, followed by inserting
into a vector derived from pBRSS7 by removing GUS coding sequence with Smal and
Sacl. The Smal and one of the two BamHI sites between the RSs/ promoter and
GNA in the intermediate vector were eliminated by BamHI digestion and subsequent
self-ligation. The resulting vector, containing a chimaeric RSs/-GNA gene, was
designated as pBRSSLT. The constructs were.checked by restriction mapping and
DNA sequencing. |

Using PP2 promoter

A plasmid, pCP1.3B12A containing the 1.3 kb BamHI fragment (from the BamHI site
in the left arm of the AGem-12 vector to the first BamHI site inside the coding
sequence) of the PP2 genomic clone CPP1.3 (Fig. 4.10 and Fig. 4.11) was digested

with Haell (the Haell site is inside the 5' leader sequence of the PP2 gene, as shown in
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Fig. 4.11) and blunt-ended with Mung Bean nuclease, and then digested with HindIII.
The resulting 1.2 kb HindIM/blunt-end fragment was purified and cloned into HindIII +
Hincll double digested pUC19. The insert of the resulting plasmid (pCPM3) was
excised by BamHI digestion and ligated into the BamHI site of pBI101.1. The
orientation of the insert in the vector was determined by EcoRI or Xbal digestion, and
the fusion site between the PP2 promoter and the GUS coding sequence was checked
by nucleotide sequencing using a prirr_xer complementary to the GUS coding sequence
from +32 to +13 bp from the A of the GUS ATG initiation codon. The constructs was

designated as pCPGUS2.

Conjugation of recombinant plasmids into Agrobacterium through triparental
mating

A helper strain of E. coli (HB101:pRK2013) and a bacterial strain containing a
recombinant plasmid (e.g. E. coli IM101:pCPGUS2) were grown overnight at 37 °C
from a single colony in 5 ml of LB-kanainycin (50 pg/ml) and YEB-kanamycin (50 p
g/ml), respectively. Agrobacterial strain A. tumefaciens LBA4404 was grown
overnight at 28 °C from a single colony in 5 ml of YEB-rifampicin (100 pg/ml). One
hundred pl of each of the 3 strains to be mated was pipetted onto one YEB plate and
mixed by spreading. This was repeated to give triparental mating in duplicate. The
plates were incubated overnight at 28 °C. A loop of the cells was femoved from each
plate and streaked onto a YEB plate containing both kanamycin (50 pg/ml) and
rifampicin (100 pg/ml), and the plate incubated at 28 °C until colonies of

transconjugant had grown to substantial size (~3 days).

Transformation of tobacco using leaf disks

Preparation of leaf disks

Sterile young (just fully expanded) tobacco leaves from 3-month old plants grown in
MSO medium were placed on sterile filter papers and cut into 0.5-1 cm squares using a

new sterile scalpel blade. About 12-18 leaf pieces were placed onto each of 20 MSD4
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x2 plates, wilich were then sealed with Nescofilm and incubated at low light intensity
(2000 lux, 16-h photoperiod) for 2 days at 25 °C.

Inoculation

The leaf pieces were dipped into diluted 2-day culture of an appropriate transconjugant
Agrobacterium strain (1:50 dilution with MSO liquid medium) and then returned to
original MSD4x2 plates, which were sealed and incubated as above for 2 days. Three
plates were set up for each strain of Agrobacterium. |

Shoot and callus formation

After the incubation with Agrobacterium, the inoculated leaf pieces were transferred to
the following medium (one set for each strain): 3 plates of MSD4x2 + augmentin (200
pg/ml) + kanamycin (100 pg/ml); 1 plate of MSD4x2 + augmentin (200 pg/ml) (as
control). These plates were sealed and incubated as above and observed periodically
for development of shoots and callus.

Rooting

After 4-6 weeks of incubation, the leaf pieces were removed from the plates and placed
in a Petri dish; the shoots were excised, trimmed leaving the apical bud and 2-3 leaves
with axillary buds, transferred rapidly to rooting medium (MSO + augmentin [200 p

- g/ml] + kanamycin [100 pg/ml]), and incubated at medium light intensity (4000 lux,
16-hr photoperiod).

Re-establishment of cultured plantlets in compost

Rooted shoots were gently removed from medium and the agar sticking to the roots
was washed off. The plantlets were then placed in appropriately sized holes in
compost-filled small plant pots, and the roots covered with compost. The potted
plantlets were first kept in a small plastic growth chamber to avoid desiccation and

then transferred to a normal growth room environment when they became hardened.

72




CHAPTER 3. ISOLATION OF THE RICE SUCROSE
SYNTHASE-1 GENE PROMOTER

3.1. Results

3.1.1. DNA probe

In order to obtain a DNA probe for the isolation of the rice sucrose synthase
genes, polymerase chain reaction (PCR) was carried out to amplify exon 13, the
longest exon sequence of the maize sucrose synthase-1 (S4/) gene. The two primers
for the PCR were a 19-nt (primer A) and an 18-nt (primer B) synthetic
oligonucleotides (see section 2.2.2), corresponding respectively to nucleotides +4264
to +4282 of the non-coding strand and +4564 to +4581 of the coding strand of the
published Skl sequence (Werr er al. 1985). The amplified products (Mr approximately
320 bp) were purified from agarose gel and cloned into Smal site of pUC18, and two
of the resulting clones were sequenced. One product had an identical sequence to the
Shl exon 13, although deletion of a few bases occurred at both the 5'- and 3'-primer
regions (Appendix A), possibly due to the treatment with T4 DNA polymerase. This
clone was designated pSHEX and its DNA insert used as a heterologous probe for

identification of rice sucrose synthase genes.

3.1.2. Southern blot analysis

When a Southern blot of rice genomic DNA was probed with the insert of
pSHEX, at least three hybridisation fragments were detected (Fig. 3.1), suggesting the
presence of a family of three or more different sucrose synthase genes in the rice
genome. One band in every digest (i.e. ~2.2 kb in EcoRI, ~16.8 kb in HindIII and -
6.8 kb in BamHI digests) hybridised more strongly than the others, indicating that one
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member of the gene family was more homologous to the S/ gene or had higher copy

number in the genome.

3.1.3. Isolation and preliminary characterisation of rice sucrose synthase

genomic clones

The DNA insert of pSHEX was used to screen a AEMBL3 librar)II
(commercially available from Clontech), which was constructed from genomic DNA of
dark-grown seedlings of rice Oryza sativa L. Japonica. Out of 6.8 X 109 phage
plaques (approximately 3.4 X 103 recombinants) ten were hybridised positively to the
probe, of which eight were purified by two rounds of rescreening. The eight clones,
designated as RSS1.1, RSS1.2, RS§S1.3, RSS2.1, RS§S2.2, RSS2.4, RSS2.5, and
RSS4.1, were analysed with restriction endonucleases Sall, EcoRI and BamHI, and the

resulting rough restriction maps (Fig. 3.2) showed that they could be divided into two
| groups. One group comprised of three clones (RSS1.2, RSS2.1 and RSS2.5), in which
no BamHI site was found in the DNA inserts, and every insert gave a 4.7 kb
EcoRI/Sall fragment which was hybridised to the pSHEX probe (Fig. 3.3). The other
group, comprising the remaining 5 clones (in which RSS4.1 had an identical restriction
map as RSS1.3), was characterised by having several BamHI and EcoRlI sites in the
inserts and giving several EcoRI-digested fragments with identical sizes (e.g. 2.5, 2.1,
1.7 and 0.9 kb), of which the 2.1 kb fragment was hybridised with the probe. The only
differences among the members in each group lies in the different length or orientation
of the inserts in the A vector, or in the covering of different regions of the genes, thus
each of the two groups should represent a single but different gene.

The two clones, RSS2.1 and RSS2.4, representing the two different groups and
most likely containing full-length sucrose synthase genes, judging by the positions of
the hybridisation fragments (4.7 kb EcoRI/Sall and 2.1 kb EcoRI/EcoRI) in their
. inserts, were further analysed by restriction mapping and partial DNA sequencing. A
0.7 kb Pstl/Pstl fragment, within the 2.1 kb EcoRI/EcoRI sequence of RSS2.4; and a
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RSS1.1 (13.2 kb)
3! 5

S1B1 B1 E1 E1 E1 E1 B1 E1 E1  E1 S1

- S1E1 E1l B1 E1 E1 E1 E1 B1 B1 E1 B1S1

S1 E1 E1l E1 E1l B1 E1E1 S

S1E1  El E1 B1ET E1 E1T E1 B1B1 S1

RSS1.2 (10.7 kb)
5' 31

S1 E1 S1 S1

RSS2.1 (13.1 kb)
51

S1 8 g El S1 S1

RSS2.5 (14.0 kb)
3‘ 5!

S1 S1 E1 S1

Figure 3.2. Restriction enzyme maps of the rice sucrose synthase genomic clones. E1
= EcoRI, Bl =BamHI, S1 = Sall. The Sall sites at the two ends of the inserts come
from the AEMBL3 cloning vector. The arrows indicate the uncertain locations of the
EcoRlI sites.
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1.0 kb Sacl-digested fragment, within the 4.7 kb EcoRI/Sall sequence of RSS2.1 (Fig.
3.4), were subcloned into a M13 vector and sequenced. The resulting secjuence
revealed that both fragments contained open reading frames corresponding to exon
sequences (i.e. exons 13 and 14 for the 0.7 kb Pstl fragment and exons 10, 11 and 12
for the other) of the Shl gene. These partial coding sequences exhibited high
homology to their counterparts in the Sh/ gene in both nucleotide sequence (83.6%
between RSS2.4 and Shl, 77.2% between RSS2.1 and Shl ) and deduced amino acid
sequence (92.2% between RSS2.4 and Shl, 84.7% between RSS2.1 and Shl),
confirming that both RSS2.4 and RSS2.1 were sucrose synthase genes. The 2.1 kb
EcoRI/EcoRI and the 6.8 kb BamHI/BamHI hybridisation bands of RSS2.4 in Fig. 3.3
correspond to the major hybridisation bands on the Southern blot (see Fig. 3.1). This
and its high sequence homology with the maize Sh/ gene indicated that RSS2.4 was
the sucrose synthase 1 gene (RSs/). The partial sequence of RSS2.1 were later found
to be identical to that of the recently published rice sucrose synthase-2 gene (RSs2)
(Yu et al. 1992).

The orientations of the rice sucrose synthase genes in RSS2.4 and RSS2.1 were
determined by sequencing the 0.35 kb Pstl/EcoRI fragment of RSS2.4 and the 0.35 kb
Sacl/BglIl fragment of RSS2.1 (Fig. 3.4), which contained coding sequences
corresponding to exon 15 and exon 14 of the Shl (or RSs2) gene, respectively. Based
on the locations of these two fragments in the DNA inserts and the structure of the
published maize Sh/ and RSs2 genes, it was estimated that the DNA insert of RSS2.4
extended far enough in both upstream and downstream region to contain a full-length
gene including a full-length promoter, whereas RSS2.1 and the other two clones of its

group were of insufficient length to include a full-length promoter.

3.1.4. Sequence of the rice sucrose synthase-1 gene
A detailed restriction map of RSS2.4 was generated (Fig. 3.5¢) by subcloning
and restriction digestion of the large restriction fragments (i.e. the 7.0 kb

BamHI/BamH]I, 5.7 kb Sall/BamH]I, 2.1 kb EcoRI/EcoRI fragment, see Fig. 3.2) and
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Figure 3.4. Restriction enzyme maps of the 4.7 kb EcoRI/Sall fragment of RSS2.1
(A) and the 2.1 kb EcoRI/EcoRI fragment of RSS2.4 (B).
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Figure 3.5. Restriction enzyme maps of the rice sucrose synthase genomic clone
RSS2.4 (a and c), strategy used for sequencing (d), and structure of the RSs/ gene (b).
The exons are shown by solid boxes and the introns by empty ones. The size of the
exons and introns is given above the drawing. The arrows in (d) indicate the

sequencing direction.
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by computer analysis of the partial sequences obtained earlier. The 8.2 kb region
between the EcoRI and Sacl sites shown in Fig. 3.5a was digested with various
restriction endonucleases in order to generate small or overlapping fragments, which
were then subcloned into pUC or M13 vectors and sequenced (Fig. 5d). Using this
sequencing strategy, 85% of the nucleotide sequences were determined from both
DNA strands, whereas the remaining 15% were sequenced more than once from the

same DNA strand. The full sequence is shown in Fig. 3.6.

3.1.5. Structure of RSs! transcription unit

Alignment of the RSs/ and maize Shl sequences (Werr et al. 1985) shows that
the RSs! gene has the same number of exons (Fig. 3.5b) as the maize Skl gene, adding
up to an open reading frame (ORF) of 2424 bp or 808 amino acids which predicts a
molecular weight for the protein of 92.1 kD. All the exons, except for exons 1, 2 and
16, are identical in size to their counterparts in the maize Shl gene. Exon 1 of RSs/ is
39 bp long, 13 bp smaller in size than that of S41, but the 12 bp sequence (-3
GAGAAACCCTCC +9) around its §' region and the 9 bp sequence (+32
ACCATTGGG +40) in the 3' region are identical to the sequénces of the same regions
(i.e. -3 to +9 and +44 to +52) in Shl, assuring the identification of the transcription
start site. The first ATG inside the exons is found in exon 2, 55 bp downstream of the
transcription start. The sequence surrounding this translation initiation codon (5'-
AGTCATGGC) are well conserved between RSs/ and Shl, and matches six of nine
nucleotides from the consensus sequence for plant genes (5'-AACAATGGC-3")
(Lutcke et al., 1987).

A potential polyadenylation signal sequence (AATAAA) is located 159 bp
downstream of the translation stop codon TAA. The position of the putative
polyadenylation site shown in Fig. 3.6 is established from the sequence identity around

the region to the Skl gene, which gives rise to a 245 bp-long exon 16 with a 200 bp

non-translated sequence.
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TGAATGACAGAATTCAGAGCCTTCGTGGGCTCCARTCATCCCTTAGAAAGGCAGAAGAATATCTGATGGGCATTCCTCAAGACACGCCCTACTCGGAGTTCAACCACAGGTGATTACTTT
L NDRIQQ SLRGULO QS S L RIEKAETEYVYTLMGTIUZPGQDTUPYSETFNH RCommmmmeome

ATTATTTCTCCTTATCATATAGCCCATGTTATACTACTGCAAATGGAATAATTCCTTACAATGTGATTCATGATTTGAATACAGGT TCCARGAGC TCGGTT TGGAGAAGGGTTGGGGTGA
IvVs-6 > F Q EL GL E KGWGD

CTGTGCAAAGCGTGTGCTTGACACCATCCACTTGCTTCTTGACCT TCTTGAGGCCCCTGATCCGGCCAACTTGGAGAAGTTCCTTGGAACTATTCCAATGATGTTCAATGTTGTTATCCT
C A KRVLDTTIHULLIULDUILULEA AZPUDUPA ANTILEI KT FULGTTIUZPMMTFNVUVUVTIHL

GTCTCCGCATGGATACTTTGCCCAATCCAATGTGTTGGGATACCCTGATACTGGTGGTCAGGTAGAGCTTTTTAACAAAT TTTCCCCTTATATACAGTACT TCARATATTTCTAGTTTTG
S PHGYFAOQSNVTLILGYTPDTGG Q< Vs-7

ACCTGTTATTCTGTTGTTTGCAGGT TGTGTACATTTTGGACCAAGTCCGCGCTTTGGAGAATGAGATGCTTTTGAGGATCAAGCAGCAAGGCCTTGATATCACACCTAARGATCCTCATTG
>V vV ¥ I L D Q VR ALENTEMLTULRTIIKZ Q@QGLDTITU?PI KTITLTIC

TATGTTCAAGATGTTGGTCTTGAATGTTTCAAGT TTTAAACACT TCTCAGTGCGAAT TG TAGAGTAACGTGCGGACATCAT T TTACT TGATGCAGGTAACCAGGCTGT TGCC TGATGCTG
Ivs-8 >V T R L L P D A

TTGGTACTACATGCGGCCAGCGTGTGGAGAAGGTTATTGGAACTGAGCACACTGACATTCTTCGTGT TCCATTCAGGAGTGAGAATGGTATCCTCCGCAAGTGGATCTCCCGTTTTGATG
VG6TTTCGA QRVEI KVYVIGTEU HRTDTIULIRVZPTFIRSENSGTITLUZRIEKUWISURTFTD

TCTGGCCATTCCTGGARACATACACTGAGGTAAATGGTTTATCTGACAACGTCCTTCAGAGCTGAGCACAAACCATGAATTCTGAGAGCTCATCTTTTTTTTTTTGGT TGCAGGATGTTG
V WPFULETYT EKX IVs-9 >D Vv

C}\AACGAAATTATGAGGGAAATGCAAGCCAAACCTGATCTCATCATTGGCAATTACAGTGATGGAAACCTTGTTGCCACTCTGCTGGCTCACAAATTAGGAGTTACCCAGG"I‘ATGTTTGG
A NEIMPREMOQOQAIKZ PDTILTITIGNYS D GNULVATTILTLA AU HI KT LGV T QC<K=eemee

TTGTAAACCACTCCTTTAAATATTTCTTTCATTAAGTCAATTACTTATGATTTCTCTTCTACATGGATACAGTGTACCATTGCTCATGCCTTGGAGAAAACCAAATACCCCAACTCAGAC
Ivs-10 >C T I A HALEI KT KYUPNSD

ATATACTTGGACAAGTTTGACAGCCAGTACCACTTCTCATGCCAATTCACTGCTGATCT TATCGCCATGAATCACACTGATT TCATCATCACCAGTACAT TCCAAGAAATTGCTGGAAGG
I YLD K F D S QY HVF S CQVFTA ADIULTIA AMN®SNUBHETDT FTITITSTTZFAQETIAR ASG S

TAAAATTTTCTAAAGAGCAGTAGAATATIGCTGCGTTGTGCCAACACCTAAACGGGTATCTGATGTTTGTTTCCTCTGTTTCT TCAGCAAGGACACTGTGGGGCAGTATGAATCACACAT
IvVs-1i1 > KD TV G QY E S HI
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The RSsl gene has a large intron 1, and 14 other introns with a size range of 82
to 411 bp (Fig. 3.5b), similar to the maize Sh/ gene, with the exception of intron 12,
which is of 339 bp in length, much longer than intron 12 (134 bp) of the ShJ gene.
The borders between exons and introns (Table 3.1) are in full agreement with the GT-
AG rule (Breathnach and Chambon, 1981). The 9 bp sequence at the donor site and
the 16 bp sequence at the acceptor site also agree well with the consensus sequences of
plant intron splice junctions, (C/A)AG:GTAAGT and
TTT(T/Pu)TT(T/Pu)(T/Pu)(T/Pu)(T/Pu)TGCAG:G (Brown, 1986), respectively.

Table 3.1. Exon/intron boundaries of RSs/

5' Splice junction Introns 3' Splice junctions
T G G: GTATG T 1 AACCTTTCTTTG CALG T
T A G G T GAAG 2 T ATCACTGCTA ATG GG CALG: G
C A G G T AAAT 3 CTTGACTGTATGTAG: G
A C A G T ABAGT 4 G TTTTTCTTAD MR ATCA ALG C
AC G G I AAGC 5 AATTTTCTATTA ATCAG: A
C A G G T GATT 6 ATGATTTGAA ATA ACALG: G
C AG GTAGAG 7 T ?TCcTGTTGTTT G CALTEG G
AT T GTATGT 8 T TTTACTTGATG G CAQ AG: G
G A G G T AARAT 9 T TTTTTTOGGTTGTC CALG: G
C A G GTATG T 10 T CTACATGGA ATA ATCA ALZG T
A A G G TAGARAA 11 CccCTCTGTTTOCTTCALZG €
¢ A A G T GAGT 12 T TTAATGTTCTGC AG: G
C A G T ATAT 13 AAAATTOGTTTTTTALG: C
G A A G T ATGTT 14 AT TTGGACTTGTTC CAG: G
€T G: G T AAG T 15 ¢ TTTGTTOGA AR ATTCT CA ALG G
G 2111 150 3 1 8 2 101132 26301700 159
A 4 103 0 0 129 6 1 5 414 4110371 40150 1
C 7 2 0 00 0 0 0 1 3 2 2313 2302011300 3
T 2 2 1 0 150 5 1 11 6 9 117 7 9 106 9 6 133 2 0 0 2
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3.1.6. The 5'-flanking region

A 1756 bp region upstream of the transcription start site was sequenced.
Putative TATA and CAAT boxes are located at positions -85 and -28 respectively
(Fig. 3.6), a common distanc'e in eukaryotic genes. The TATA box is flanked by GC-
rich sequences, typical of other promoters, and the 21-nt sequence around it is nearly
identical to the TATA box region in the maize Shl gene (Table 3.2). Five directly
repeated sequences (RP) are present at several positions, including the 48-bp long
repeats at -1032 and -979 (RP2, Fig. 3.6). The 5' upstream region also contains four
potential hairpin loop-forming sequences (HL). These palindromes, especially the
three at positions -429 (HL2), -350 (HL3) and -189 (HL4), share a similar 10-nt
sequence, which is analogous to the 10-bp direct palindrome sequences found in maize
zein gene -300 element and almost identical to the sequences present in two 13-bp
direct repeats found in the 5'-flanking region of the gene encoding a rice endosperm-
specific ADPglucose pyrophosphorylase subunit (Anderson et al. 1991) (Fig. 3.7). A
17-bp sequence of RSs/ is similar to a sequence near the TATA box of the CaMV 35S
promoter (Odell et al. 1988):

RSsl -104 GAAAGGCCCTACCACTA -88
CaMV 35S -46 GCAAGACCCTTCCTCTA -30.

HL2 -419 ATATATATTT -410
HL3 -340 -C-------- -331
HL4 -186 -C===-G--- =177
M-zein -331 -C-C~--G-G- =322
M-zein ~352 -C-C----G- =343
R~AGPP -628 mem—e—ea A-—- =619
R-AGPP -53] @ ~e—m—m———— -522

Figure 3.7. Homologies of the 10-nt sequences inside the
palindromes of RSs/ 5'-flanking region with those found in the
maize zein (M-zein) gene -300 region and in the two direct
repeats of the 5'-flanking region of a rice endosperm-specific
ADPglucose pyrophosphorylase gene (R-AGPP). The zein
sequence between -331 to -322 is part of a consensus sequence of
all zein genes and of a 22-bp nuclear factor-binding sequence
(Maier et al. 1987).
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Another two pbtential regulatory sequences are found at positions -1011 and +9
(inside exon1), which are homologous to one of the two core sequences essential for
anaerobic induction of maize alcohol dehydrogenase 1 gene (Adhl) (Walker et al.

1987). A similar sequence is also present in the maize Sh/ gene (Fig. 3.8).

Adhl -114 CCGTGGITITTGCTTITGCC -99
Adh2 -119 ---A-CC-=-T=---C-- -104
Shi -837 - --A-~--- - - G---TG -822
RSsl1 -1011 - -A -~ - - - - - T--GCAA -996
Shl +20 -AT~--AC=-~=-- -~ - T +36
RSsl +9 - AT-C-=-===~- C-T- +24

Figure 3.8. Homologies of sequences in the 5'-flanking regions of Sh/ and RSs/
with one of the 2 core sequences essential for anaerobic induction in maize alcohol
dehydrogenase gene (Adh) promoters (Walker et al. 1987). Clustered point
mutation experiments show that this core sequence is more important than the other.
Mutation of this core sequence abolishes all expression, whereas mutation of the
other reduces anaerobic expression to the level observed under aerobic conditions.
Positions of the point mutations which abolish whole expression are underlined.

A comparison of the RSs! and the Sh] promoters was made using a computer
program (DNA Strider), and the major homologous sequences found are summarised
in Table 3.2. Sequences homologous to them reported from several other phloem-
specific promoters are also included, i.e. the promoter region of the Agrobacterium
rhizogenes Ri plasmid ORF12 gene (rolC) (Slightom 1986; Sugaya et al. 1989), the
major promoter region for the transcription of the genome of rice tungro bacilliform
virus (RTBV) (Qu e? al. 1991; Bhattacharyya-Pakrasi et al. 1993), and the 2' promoter
in the TR-DNA of Agrobacterium tumefacieﬁs (TR2") (Velten et al. 1984; Saito et al.
1991).
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Table 3.2. Major homologous sequences between the RSs/ and maize Sh/ (MSh1) 5'-flanking
regions. DNA sequences analogous to these sequences from several reported phloem-specific
promoters, rolC (the promoter region of the Agrobacterium rhizogenes Ri plasmid ORF12 gene),
RTBY (the major promoter region for the transcription of the genome of rice tungro bacilliform
virus), and TR2' (the 2' promoter in the TR-DNA of Agrobacterium tumefaciens), are also included.
The TATA boxes in RSs/ and Sh/ are underlined.

RSsl -31 CAACTIAITTATITGGTCCTTCT -12
MShl -33 CGTCIATTTATTGGTCCCTCT -13
RSsl -482 GCCGGAATATGCTAATAGGAT -462
MShl -235 GCCAGCATATGCTAATTGGAT -215
rolC -61  GCTCCAATACGCTAAGAG -44
RSsl -145 AATAATTTGGGGTTATCCATTGC -123
MShl -152 TAATTTGGCATTATCCATTGC -132
RTBV -342 AAGAATTTGGGTTT -328
RSsl -874 TTTTCTGAAAGACCTATGTTTC -853
MShil -730 TTTTCTGAGAGACCCATGTTTC -711
RSsl -1266 TTTGTTCTTGTTTGGAAC -1249
MShl -1035 TCTGTTCTTGTTTGGAGC -1018
RSsl -971  AGAGCATAAAAGAATTAC -954
MShl -449 AGAGCTCAAAAGAATTAC -432
RSsl -1322 CTTTTTCTTTTTTACC -1307
MShl -420 CTTTTTCTTTTCTTCC -405
RSsl -1246 ACGGAATGCCCGATGC -1230
MShl -1002 CGGCACGCCCGATGC -088
TRZ'  -83~-73 ACGGAATGCGCG -72~-62

3.1.7. Sequence comparison with other plant species

The predicted amino acid sequence of RSs/ was compared with nine other
published sequences of sucrose synthase enzymes, and the percentages of identical
residues for all binary comparisons are summarised in Table 3.3. These data show that
the RSs1 sequence is more closely related to the Ss1 sequences from other species
(>93%) than to the Ss2 sequence from the same species (80.7%) and vice versa, in a
similar manner as previously described for other Ss1 and Ss2 enzymes (Sanchez de la
Hoz et al. 1992; de llarduya et al. 1993). Sucrose synthase sequences from dicot

species are about equidistant to the monocot Ss1 (66-75%) and Ss2 (64-74%).
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Table 3.3. Homologies of the predicted amino acid sequences among sucrose synthases
from different plant species. MSh1=maize Shl (Werr et al. 1985), BSs1= barley Ssl
(Sanchez de la Hoz er al. 1992), BSs2= barley Ss2 (de Ilarduya et al. 1993), MbSs= the
only type of Ss described so far for mung bean (Arai et al. 1992), ASus and ASsA= two
different Ss in Arabidopsis (Martin et al. 1993; Chopra et al. 1992), PtSs= the only type
of Ss reported so far for potato (Salanoubat and Belliard 1987), VfSs= the only type of Ss

described so far for Vicia faba (Heim et al. 1993).

MShl | BSsl | RSs2 | BSs2 | MbSs | ASus | ASsA | PtSs | VfSs
RSsl 1943 933 807 796 748 716 668 73.8 739
MShl | ---- 93.1 791 784 766 134 664 751 751
BSsl | - - 789 784 747 715 660 733 737
RSs2 | ---- - --- 88 790 705 657 13.8 744
BSs2 | ---- ---- —~- - 740 703 637 727 728
MbSs | ---- ——en - mes eme- 81.1 658 815 943
ASus | ---- - -—-- - --- - 64.6 784 819
ASsA | ---- ——-- cmmm e e -—-- ---e 659 649
PtSs | ---- — semmemeeamem e — --- 808

Alignment of the predicted amino acid sequences reveals that differences between the

proteins are not equally distributed. Regions of low homology are mainly located in

the N- and C-termini of the proteins (Fig. 3.9).

3.1.8. Base composition

Similarly to other eukaryotic genes, the introns of RSs!/ are more AT-rich

(76.3-58.4%) than the exons (37.5-45.5%) but both the introns and the exons in the

upstream region of the gene are more GC-rich than the downstream ones. Unlike

maize Shl gene whose exons 13, 14 and 15 are significantly more GC-rich (Werr et al.

1985), no large deviation in G+C content is observed for RSs/ exons.
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Figure 3.9. Comparison of the predicted amino acid sequences of RSs1 and sucrose
synthases from different species. Identical amino acids are given as dashes and

deletions indicated by asterisks.
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3.2. Discussion

Two classes of sucrose synthase genomic clones have been identified, which
correspond to two non-allelic genes in rice, RSsl and RSs2, respectively. However, in
rice three different sucrose synthase cDNAs have been reported (Wang et al. 1992)
and the Southern blot in Fig. 3.1, which detected more than three DNA fragments, also
suggests the presence of three or more sucrose synthase genes. The failure to identify
a type 3 sucrose synthase gene (RSs3) from the eight genomic clones may be
coincidental, or may be due to the much higher homology between RSs3 and RSs2
(90% in deduced amino acid sequence) than between RSs3 and RSs! (76%) (Wang et
al. 1992) that may lead to homogeneity of the restriction endonuclease sites (i.e. Sall
and EcoRI in Fig. 3.2) in RSs2 and RSs3 genomic DNA.

A DNA fragment of the genomic clone RSS2.4, encoding RSs1, was fully
sequenced, and the gene organisation established by alignment with the maize Sh/
gene. Isolation of RSsl, rather than of RSs2 or RSs3, was the target of this project,
since the promoter of its counterpart in maize, the Shl gene, has been shown to direct
phloem-specific expression in transgenic tobacco (Yang and Russell, 1990). The
sequenced RSS2.4 fragment is 8248 bp in length and contains 1756 bp of 5'-flanking
sequence and 710 bp of 3'-flanking sequence. The predicted amino acid sequence of
RSsl is more homologous to those of other cereal Ss/ genes than to that of RSs2,
supporting the view that a duplication followed by divergent evolution of an ancestral
gene took place prior to the evolutionary branching-out between rice and other
‘monocot species (de Ilarduya et al. 1993). The equidistance of all the dicot sucrose
synthase proteins compared with both Ss1 and Ss2 of cereals argues for the presence
of a single SS gene, at least in some dicot species, as suggested by some workers
(Chopra et al. 1992; Heim et al. 1993). The RSs! gene predicts six extra amino acids
than maize Sh! gene at the C-terminus (Fig. 3.9). The same extra amino acid residues

also occur at the C-termini of other reported monocot SS proteins, including the wheat
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Ss2 type (de Ilarduya et al. 1993), implying that maize Sh/ may have lost six amino
acids-coding capacity during its evolution. -

Comparison of RSs/ with Shl shows that the location of introns and exons is
highly conserved. Both RSs! and Shl have a long first intron, located upstream of the
translation start. The first intron of the Shl gene has been shown to be involved in the
regulation of gene expression with enhancing effect (Vasil et al. 1989; Maas et al.
1990). Although exonl is a non-translated sequence, it remains substantially
éonserve’d between RSsl and Shi, suggesting that exon1 of RSs/ may also be
important in gene regulation as observed for that of Sh/ (Maas et al. 1991).

Besides usual features of promoter regions, such as the TATA box, CAAT box
and five direct repeats, several features of the 5'-flanking region of RSs/ deserve
attention. The three palindrome sequences at positions -429 (HL2), -350 (HL3), and
-189 (HLA) contain a region homologous to the 10-bp palindrome sequence in maize
zein gene promoter -300 region and almost identical to parts of the two direct repeats
found in the 5' region of a rice endosperm-specific ADPglucose pyrophosphorylase
gene (AGPP) (Anderson et al. Vl 991) (Fig. 3.7). The maize zein gene sequence,
ACACATGTGT, is within a 22-nt specific binding-site for a nuclear factor from maize
endosperm, which has been determined by filter binding, gel retardation, and DNase I
footprinting assays (Maier et al. 1987). It is also part of the 15-bp sequence conserved
in all zein genes (Brown et al. 1986), which overlaps the -300 box described for cereal
storage proteins (Forde et al. 1985). Furthermore, a 43-bp region containing this 10-
nt sequence has been demonstrated, using both in vitro and in vivo techniques, to have
enhancing effect on CaMV 35S promoter-driven gene expression, and this enhancing
effect is endosperm-specific and orientation- and position-dependent (Quayle and Feix
1992). The homology of the RSs! palindrome sequences to the zein gene and the
AGPP sequences suggests that they may play a role in the regulation of RSs/
expression, possibly an endosperm-specific type of expression. Although not solely
expressed in the endosperm, as in the case of maize zein genes, maize Shl is

preferentially expressed in the endosperm of the immature kernel (Chourey 1981).
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However, computer analysis found no significantly homologous sequences in
the Shl promoter to these palindrome regions of RSsl. Instead, it identified several
highly homologous sequences in other regions (Table 3.2). The 21-bp sequence at
position -143 of RSsI may be a potential regulatory element. It is located at a similar
position to its homologous sequence in Sh] gene with respect to the transcription start
site, and it contains the sequence TGGG, which is one of the five tandem repeats in
Shl promoter (Werr et al. 1985) and occurs at more than one position within a small
region of RSs! promoter, i.e. -164, -155, -138, and -42. An analogous sequence is
found in one of the reported phloem-specific promoters, RTBV (Table 3.2). Another
sequence of RSs! at position -482 (Table 3.2) may also be important, since its
homologous sequence in Sk/ is within the nuclear protein-binding region (-235 to
transcription start) of the Shl gene that has been demonstrated by gel retardation and
footprinting experiments (Springer et al. 1990). It is also homologous to a sequence at
position -61 in the phloem-specific 7o/C promoter. The rolC sequence is within a |
region shown by deletion experiment to be necessary for the phloem-specific
expression of rolC promoter in transgenic tobacco (Sugaya and Uchimiya 1992).
Besides the RTBV and rolC promoters, the RSs! 5'-flanking region is also compared
with another reported phloem-specific promoter, TR2', but no common sequence to all
of them has been found.

Another two sequences at positions -1011 and +9 (inside exon 1) are also
poténtially important. They are highly homologous to one of the two core sequences
in maize alcohol dehydrogenase 1 gene (Adhl) promoter (Fig. 3.8), demonstrated by
base substitution experiments to be essential for anaerobic induction of Adhl and for
background expression under aerobic conditions (Walker et al. 1987). The maize Shl
promoter also contains such sequences at similar positions. Since both RSs/ and Shl
are subject to anaerobic induction (Taliercio and Chourey 1989; Richard ez al. 1991),
these sequences may be also involved in gene regulation by anaerobic treatment. The
presence of a regulatory cis-clement in exonl of RSs] and Sh/ is likely, since apart

from the enhancing effect of the Sh/ first exon on gene expression observed by Maas
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et al. (1991), a deletion experiment has shown that a 20 bp sequence immediately
downstream of the Shl TATA box plus 42 bp of the untranslated exonl1 (including the
- +9 sequence) is sufficient to reproduce the expression profile and activity of the full
Shl promoter in maize suspension protoplasts (Maas et al. 1990). The presence of
promoter-like elements inside a transcription unit has been reported for other genes
(Geiduschek and Tocchini-Valentini 1988).
Sucrose synthase 1 genes are subject to down-regulation by sugars (Koch et al.
1992; Nolte and Koch 1993a; Maas et al. 1990). However, the DNA sequences
common to the promoters of several sugar-repressed plant genes including Sh/ (Karrer
and Rodriguez 1992) is not present in either the 5'-flanking region or the first exon of
the RSs! gene. Through the analysis of promoter deletions, Maas et al. (1990)
identified a 26 bp region (-20 to +6) in the maize Shl gene which they found
responded negatively to high sucrose concentrations and positively to cell wall
regener_ation ina trénsient expression system, suggesting the presence of sugar- or/and
cell wall synthesis-responsive cis-elements within this 26 bp sequence. The potential
importance of this region is supported by the high sequence similarity between RSs/
and Shl (Fig. 3.10), which also suggests that RSs/ may contain similar sugar- or/and

cell wall synthesis-responsive elements around this region.

RSsl -20 GGTCCTTCIGGA-ICTCGGAGAAACCCTCC +9
Shl -21 GGTCCCTCTCCCGICCCAGAGAAACCCTCC +9

Figure 3.10. Comparison of sequences near the transcription start sites
immediately downstream of the TATA boxes in RSs! and Shl. Highly
conserved regions are underlined.

The RSs] sequence obtained includes 1756 bp 5'-flanking sequence, longer
than in the maize Sh/ promoter (1347 bp) used by Yang and Russell (1990) to direct
phloem cell-specific gene expression in transgenic tobacco, so it should contain all the

necessary regulatory information required for phloem-specific activity.
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In summary, the rice sucrose synthase 1 (RSs7) gene has been isolated and fully
sequenced, and a full-length promoter identified. The structure of RSs/, including the
location and number of introns and exons, is similar to that of the Sh/ gene. The RSs!/
5'-flanking region contains sequences homologous to those found in several
endosperm-specific, anaerobiosis-inducible, or phloem-specific promoters, but whether
these sequences are involved in gene regulation is as yet undetermined. Sucrose
synthase has been interesting to plant physiologists as it plays a potential role in several
important metabolic processes in plants, including starch synthesis (Chourey and
Nelson 1976; Heim et al. 1993; Wang et al. 1993), cell wall synthesis (Hendrix 1990;
Chourey et al. 1991a) and phloem transport of photoassimilate (Nolte and Koch
1993b; Geigenberger et al. 1'993). However, the most detailed studies on both the SS
enzymes and genes are still restricted to maize. Therefore, besides the potential
usefulness of the prorﬁoter sequence, the rice sucrose synthase genes isolated in this

work can be used for the study of SS gene expression in rice plants.
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CHAPTER 4. ISOLATION OF PHLOEM PROTEIN
PP2 PROMOTER

4.1. Results

4.1.1. Sequencing of PP2 protein
No sequence data on either the PP2 protein or genes were available in the
literature, so the isolation of the PP2 gene promoter was initiated by sequencing the
protein. The PP2 protein polypeptide was purified by SDS-PAGE of phloem exudate
from 3 months old Cucurbita pepo L. "Autumn Gold" plants, after initial experiments
had shown that conventional protein purification techniques were hindered by gelling
of the protein on contact with air, and that SDS-PAGE was consequently the quickest
and most efficient method of obtaining small amounts of pure material. A typical
separation is shown in Fig. 4.1. The SDS-PAGE pattern of the exudate proteins was
similar to those previously reported for Cucurbita species with PP2 as a major protein
at 22-26 kD (Sabnis and Hart 1978; Read and Northcote 1983a; Cronshaw and Sabnis
. 1990). As shown in Fig. 4.1, the exudate protein was apparently not fully dissociated
under the conditions for sample treatment (100 °C 4 min or 60 °C 10-20 min), similar
to the results in many previous reports (Sloan et al. 1976; Cronshaw and Sabnis 1990;
Bostwick et al. 1992). The presence and intensities of the prominent bands at about
45 kD and 66 kD seen in Fig. 4.1 are variable in different reports (Sloan et al. 1976;

Cronshaw and Sabnis 1990) and dependent on experimental conditions (e.g.

concentrations of B-mercaptoethanol) (Sloan et al. 1976; Read and Northcote 1983b),
suggesting that they are all cross-linking products containing the PP2 polypeptide.
The mqlecular weights of the two prominent bands at about 45 kD were similar to
those of PP2 dimers of Cucurbita maxima (40 kD and 48 kD) (Read and Northcote
1983b).

Initial attempts to directly sequence the 24 kD PP2 polypeptide, either purified

by electrophoretic elution from a polyacrylamide gel, or blotted onto polyvinylidene

97







fluoride (PVDF) membrane were unsuccessful, because the N-terminus of the protein
was totally blocked to Edman degradation. No amino acid residues were obtained in
amounts above background, demonstrating that the purified PP2 polypeptide was not
contaminated with other sequenceable polypeptides. The PP2 polypeptide blotted
onto PVDF membrane could be efficiently cleaved with cyanogen bromide (CNBr)
vapour, generating two sequenceable peptides, which gave 18 residues of mixed
sequence data after 9 sequencing cycles (Table 4.1). Since the chemical cleavage of a
protein by CNBr occurs at methionine residues, this result suggested that there were
two methionine residues in the PP2 polypeptide (unless two different PP2 polypeptides
were present), consistent with estimation from previously reported amino acid
compositions of PP2 (Weber et al. 1974; Allen 1979). Elution of these cleaved
peptides from the membrane, and separation by SDS-PAGE or HPLC on a reverse-
phase column was not successful, due to low recovery (less than 10%, according to
analysis of amino acid residues by the automated sequencer), making it difficult to
distinguish sequence data from backgfound. In situ cleavage of PP2 in gel slices by

CNBr vapour proved a successful technique; the cleaved polypeptides

Table 4.1. Mixed amino acid sequence of unseparated CNBr-cleaved PP2

on PVDF membrane

Sequencing cycles 1 2 |3 4 |5 |6 |7 8 |9
Amino acid residues | D N |K E K A R

in each cycle L |s [P N[V [v]Yy |[E |V

produced were séparated by a second SDS-PAGE step and blotted onto PVDF
membrane (Fig. 4.2). Two peptides, of about 14 kD and 15 kD, were obtained, and
both were successfully sequenced; the sequences obtained are shown in Fig. 4.3. The
first nine residues at the N-termini of these two peptides were consistent with the
mixed sequence data given in Table 4.1. The expected thir_d peptide, corresponding to
the blocked N-terminus, was not seen as a band on SDS-PAGE after CNBr cleavage,

suggesting that it has a low molecular weight. The predicted amino acid sequence of
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15 kd peptide:

1 10 20 30
D-N-K-E-K-E-A-R-E-K-L-G=-G-E-V-K-L-G-H-X-L-D-V-I-L-K-N-A-D-V-

31 40
A-L-X-Y-P-S-F-L-K-L-Y-D-

14 kd peptide:

1 ‘ 10 20 30
L-S-P-N-V-V-Y-E~-V-A-L-Q-V-Q-L-N~-S-R-A-S-G-W-N-A-P-L=-N-I-E-L-

31
K-K-P-D-G-

Figure 4.3. N-terminal amino acid sequences of purified peptides producéd by CNBr-

cleavage of PP2 polypeptide. X = uncertain residue.




PP2 (Fig. 4.5, next section), from cDNA clones, suggests that this third peptide is a
single methionine residue. A 28 kD band on the PVDF blot was uncleaved PP2. Fig.
4.2 shows that there are other faint high-molecular-weight bands on the PVDF blot,
which must represent oligomers of PP2 or cleaved PP2 polypepﬁdes, since the PP2
monomers had been separated from other proteins by being excised out of a gel before
being treated with CNBr. Interestingly, the pattern of these high-molecular-weight
bands in Fig. 4.2 was similar to that of crude phloem exudate proteins shown in Fig.
4.1, especially when the latter were separated and blotted under the same conditions as
the cleaved peptides. Other workers also found that purified PP2 could be oxidised to
polymeric material (Read and Northcote 1983b).

4.1.2. Isolation of cDNA clones and nucleotide sequencing

Total RNAs isolated from different tissues of Cucurbita pepo were examined
by Northern blotting using a fully degenerate oligonucleotide probe, 5'-
GC(C/TTC(C/T)TT(C/T)TC(C/T)TT(A/G)TT(A/G)TCCAT-3', corresponding to
amino acids 1-7, and the implied methionine residue before amino acid 1, of the 15 kD
CNBr fragment of PP2 (Fig. 4.3). The result shown in Fig. 4.4 indicated that 3-5 days
old hypocotyls of Cucurbita pepo contained the highest level of PP2 mRNA,
consistent with the result for C. maxima (Sham and Northcote 1987). Poly(A)* RNA
was therefore isolated from 1 mg of total RNA extracted from 3-5 days old hypocotyls
and used as a template for cDNA synthesis. A library containing 9 X 109 independent
clones in the lambda phage vector ZAP II was obtained using one-twelfth of the
resulting double-stranded cDNA. Approximately 38,000 recombinants of this primary
AZAP cDNA library were screened using the same oligonucleotide probe (see above),
and approximately 150 plaques (0.4%) gave strong hybridisation signals.

After plaque purification, 12 positive clones were subjected to in vivo excision
to form insert-containing pBluescript phagemids. Seven of the 12 clones had similar

size of inserts (~900 bp), and two of them, p9A and p11A, were fully sequenced; they
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AAAAAAGAAAGCGCTATAATGGACAACAAAGAGAAGGAAGCGAGAGAGAAATTAGGAGGA 60
M D N K E K E A R E K L G G 14

GAAGTGAAGCTTGGTCATTGCTTGGATGTTATTTTGAAGAATGCTGACGTAGCACTGCAC 120
E v K L ¢ H € LDV I L K N A D V A L H 34

TATCCCTCCTTCCTTAAGCTTTATGACCAACTTGTTGCTGGGATCCTCTTGAACAAGGGA 180
Y P S F L K L ¥ D Q L VvV A G I L L N K G 54

GCTATAAAGTACATCTTTGATAAGAAGTTAAACAGCCATTGGTACTTTATATTTGCGAGA 240
A I K Y I F D K K L N S HW Y F I F A R 74

GCTCTCTCAATCGCCTGGATTGAAGATAAAAGATACTGGAAATGGGGATCCTGTGGCAAT 300
AL S I A W I E DI KU RYWI KWG S C G N 94

AGCGAAGTTGCAGAACTTATTGAAGTATCTTGGCTGAACATTCGTGGAAAGATCAATGAG 360
S E v A E L I E V 8§ W L N I R G K I N E 114

TCTATGCTCTCACCAAATGTTGTGTATGAAGTAGCACTTCAGGTACAGCTAAATAGTAGA 420
s M IS P N VvV VvV Y E V A L O V O L N S R 134

GCCTCCGGGTGGAATGCTCCTTTGAACATCGAATTGAAGAAGCCAGATGGGAGCAAGATA 480
A S g W N A P L N I P L K K P D G S K I 154

GTGCGCCAGGAATGCCTGTTGGGGAAGCCACAAAACCAGTGGTTTGAGATTGTTGTTGAG 540
vV R Q E C L L G K P Q N Q W F E I V V E 174

TTCAAGGTAGGTAACCATGGCTGTGGAAGTAGTGGCGAGATCGAGTTTTCCTTTTTTGAA 600
F K v G N H G CG S S G E I £EF S F F E 194

CATGGAGGGCATTGGAAGAGAGGGCTGCTCGTGAAAGGTGTTCGGATTGGAGCAAAGGGA 660
H G G H W XK R G L L V K GV R I G AIK G 214

TGTGGTTGCTCATGATCAAAATAGTCTTGGTGTACACAATCTCTCTTTCTCAAACTCARAA 720
c G € s *

GTACACTTATTTTGATGTTGAGGAACGAGAGTTTGTGTTATAATCAAATATGAAAGAATG 780

‘TACTAGTATGAAACAAIAAATAATAGACCTTTTGCTTACGGGCAAGAAGGTTAAGTTTT(A)n

Figure 4.5. Nucleotide sequence of the PP2 cDNA, with the deduced amino acid
sequence for the PP2 polypeptide. Amino acid sequence regions covered by PP2
CNBr peptide sequences (Fig. 3) are underlined. A potential polyadenylation signal
sequence in the cDNA is also underlined. The stop codon is marked by an asterisk.
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contained identical coding and non-coding sequence with similar extent of §' extension
(Fig. 4.5). Another clone, which contained a larger insert (2.2 kb; p27A), was also
sequenced. The insert in this clone contained the entire PP2 ¢cDNA (identical in
sequence to the inserts of p9A and p11A) fused with a partial cDNA sequence, which
was identified on the basis of sequence homology to entries in the EMBL database as
encoding endo-f3-1,4-glucanase precursor (Appendix D). Another two of the 12
clones, containing 1.5 kb (p4A) and 1.9 kb (p30A) inserts respectively, were also
investigated; their partial sequences (Appendix D) in the 5' regions did not encode the
PP2 protein and matched no entries in the EMBL sequgnce database. The strong
hybridisation of these two clones to the oligo probe might be due to presence of
homologous sequences to the probe, or to presence of a fused PP2 cDNA fragment as
in p27A.

The nucleotide sequences of the PP2 cDNA clones contain a region (bases 19-
41) exactly complementary to one of the oligonucleotides in the degenerate probe.
About 840 bases of sequence were determined, plus a poly(A) tail of variable length;
the predicted mRNA size is thus in agreement with the species observed on the
Northern blot (Fig. 4.6). A polyadenylation signal sequeﬁce is present 45 bases 5’ to
the poly(A) tail in all the clones sequenced. The first ATG in the sequence has been
assumed to be the start codon, and then predicts a correci amino acid sequence; this
assumption is based on the similar 5' extensions of the three sequences determined,
which suggest that the cDNAs are near full-length. Results from CNBr cleavage of
PP2 make it unlikely that the coding sequence could extend significantly further in the
5’ direction, although the nucleotide sequence determined does not rule this possibility

out.

The deduced amino acid sequence in the cDNAs is of 218 amino acid residues,
and predicts a polypeptide of molecular mass 24,550, in agreement with the observed
size of the PP2 polypeptide (24 kD). The predicted sequence contains regions
identical to the sequences determined for the CNBr fragments of PP2 (Fig. 4.3); the N-

terminal region of the 15 kD fragment follows the methionine residue at position 1, and
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the N-terminal region of the 14 kD fragment follows the methionine residue at p;)siﬁon
116. There are two undetermined residues in the former sequence; one is predicted to
be cyéteine, which would not have been determined as the cysteine residues were not
carboxymethylated; the other is predicted to be histidine, which is consistent with the
result obtained at this position, although the trace from the .sequencer is not clear
enough to allow the residue to be unambiguously designated as histidine. The
predicted molecular masses of the fragments are 13,277 and 11,159 respectively; these
fragments are smaller than the sizes determined by SDS-PAGE, but calibration of the
gels is not reliable in this fnolecular weight range. No other methionine residues are
present in the sequence, and the N-terminal methionine residue must thus be blocked in
the mature protein. Comparison of the 15 kD peptide sequence with the deduced
amino acid sequencé suggests that this is the initial methionine residue. The
correspondence 'of the sequence predicted by the cDNAs and the sequences
determined for the CNBr fragments of PP2 establish that these cDNAs contain the
coding sequence of a PP2 gene.

The insert from p11A was used as a probe on a Northern blot of ‘total seedling
hypocotyl RNA. As shown in Fig. 4.6, p11A hybridised to a single mRNA band of
. Approximately 0.9 kb, and the PP2 mRNAs were abundant in the young hypocotyls,
which agrees with previous measurements of the mRNA encoding PP2 (Sham and

Northcote 1987; Bostwick et al. 1992).

4.1.3. Sequence comparison

The predicted amino acid composition of the PP2 protein is in good agreement
with that determined by other workers (Table 4.2), being rich in glycine (10.1%),
leucine (10.6%), glutamic acid/glutamine (10.6%), aspartic acid/asparagine (9.2%),
and lysine (9.6%), with no threonine present, and six cysteine residues per polypeptide.
- Overall, the PP2 polypeptide is of basic property (Fig. 4.7), consistent with a previous
report that the isoelectric point for the PP2 of C. maxima was pH 10.2-10.4 (Weber et
al. 1974). When the PP2 sequence was run against the GenBank and EMBL
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databases, no nucleotide or protein sequences with significant homology (e.g. >52%)
was found, except for the PP2 sequence of C. maxima (Bostwick and Thompson
1993). The 654 bp PP2-coding sequence in p11A (or p9A, p27A) shares 95.7%
identity with that of C. maxima. The 3' non-coding regions, however, have very little
homology between them. The deduced amino acid sequence for the PP2 protein
differs from that of Bostwick et al. (1992) at nine positions (Table 4.3), and all but two
(residues 67 and 96) of the changes in amino acid residue are produced by singlé base
changes. In codon usage of the PP2 cDNA, A and T are preferred over G and C
compared with the PP2 cDNA of C. maxima, as among the 28 base substitutions in the
coding .region, nine C—T and seven G—A transitions occur in contrast to one T—-C
and two A—G changes. The other two entries with the Best scores of sequence match
to the PP2 cDNA in the EMBL database are the genes encoding translation elongation
factor 3 from Candida albicans and the gene encoding an yeast ubiquitin-specific
processing protease (UBP3). The elongation factor 3 genes exhibit 52.1% (Myers et
al. 1992) or 49% (DiDomenica et al. 1992) nucleotide identifies to the PP2 cDNA
 within two approximately 900 bp coding regions. The sequence identity between the
PP2 cDNA and a 890 bp region of UBP3 coding sequence (Baker et al. 1992) is
51.7%. However, there is no substantial homology at protein level between PP2 and
the other two genes.

The predicted sequence of PP2 does not contain sequence with significant
homology to the chitin-binding domains found in chitinases and chitin-binding lectins
such as wheat germ agglutinin and nettle lectin (Beintema and Peumans 1992).
However, PP2 shares a sequence, KWGSCG with the wheat germ agglutinin isolectins
(Smith and Raikhel 1989) and a root-specific lectin from barley (Lerner and Raikhel
1989). This sequence is the longest match of PP2 to the entries in the EMBL protein

sequence database.
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Table 4.2. Predicted PP2 amino acid compositions (mol %) of C. pepo
and C. maxima and previously published biochemical quantitations

Aminoacid | pll1A  Bostwicket Allen1979 Weber et
al. 1992 al. 1974
Ala 60 173 6.6 7.5
Arg 37 3.7 3.8 3.5
Asp 32 41 9.9 11.1*
Asn 60 6.0
Cys 28 2.8 2.7 2.0
Glu 78 13 104%%  102%
Gln 2.8 32
Gly 101 10.1 11.0 10.2
His 28 2.3 2.1 2.4
Ile 69 69 6.6 53
Leu 106  10.1 10.4 10.1
Lys 96 96 8.8 9.7
Met 09 09 1.1 1.0
Phe 4.1 4.1 3.8 4.0
Pro |23 1.8 2.2 3.6
Ser 69 64 6.6 5.6
Thr 00 00 0.0 2.9
Trp 3.7 3.7 2.2 2.6
Tyr 28 28 3.3 2.7
Val 7.3 6.9 8.2 5.2

* and ** Combined values for Asp plus Asn and Glu plus GIn

Table 4.3. Amino acid substitutions between PP2 and the published sequence.

Positions 64 67 94 96 107 119 155 191 218

pl1A L H N E N P V S S
Bostwicketal.1992 [N N D N D Q A A A
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4.1.4. Southern blotting of genomic DNA

Genomic DNA from Cucurbita pepo was restricted with various enzymes,
separated by gel electrophoresis, blotted, and probed with the PP2 cDNA (insert from
clone pl11A). Results are shown in Fig. 4.8. The hybridisation pattern obtained
suggested that PP2 was encoded by a gene family with a relatively large number of
members (within the approximate range 7-15, comparing the intensities of
hybridisation to gene copy equivalents run on the same gel). Digestion with HindIIl
gave a major band of 4.0 kb, with fainter bands at Approximately 5.0 kb and 3.1 kb.
Kpnl, BamHI and Xbal gave 5-10 hybridising fragments, at intensities corresponding
to approximately single and multiple copies. With longer exposure, a small band (~200
bp) can be seen in the BamHI-digest (picture not included), indicating that there are

BamHI sites within the coding region, consistent with the PP2 cDNA sequence.

4.1.5. Isolation and characterisation of PP2 genomic DNA

A genomic library containing 3.6 X 105 recombinants was constructed by
cloning partially digested (with Sau3Al) and partially filled-in genomic DNA of C.
pepo into the Promega AGEM-12 Xhol half-site arms vector. An important
modification on the cloning procedure, which led to a significant increase in ligation
efficiency, was the removal of residual carbohydrates from the genomic DNA by
CTAB precipitation following partial digestion. Approximately 4.4 X 105 plaques of
an amplified library was screened using the PP2 cDNA clone pl11A as a probe, and
about 56 strong hybridisations were obtained. The high population of positive plaques
was consistent to the result of Southern analysis (Fig. 4.8) which shows that the PP2
gene belongs to a multi-member family. Four of the clones, arbitrarily selected and
designated CPP1 .2, CPP1.3, CPP2.1 and CPP2.3, were purified and analySed.
Preliminary results from restriction endonuclease digestion and DNA hybridisations
indicated that these four clones were different from each other with regard to the
patterns of their restriction fragments, making it unlikely that the high population of

positive clones in the genomic library is the result of uneven amplification due to
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preferential growth of some particular phages. Only CPP1.3 gave a 4.0 kb HindIlI and
a ~200 bp BamHI fragments hybridised to the PP2 cDNA (lanes B, G and L; Fig. 4.9).
Based on the PP2 cDNA sequence which contains two BamHI sites (125 bp apart) and
the Southern blot where the 4.0 kb HindIII fragment was the major hybridisation band,
CPP1.3 was most likely the expected PP2 genomic clone and therefore further
characterised. CPP1.2 gave a large hybridisation fragment and a small band at 1.4 kb
(lane A) (similar in size to the 1.3 kb BamHI fragment of CPP1.3), but it did not
contain the expected ~200 bp BamHI fragment (lane K), indicating that there was only
one BamHI site inside the PP2 gene sequence. CPP1.2 also lacked the expected 4.0

- kb HindIII fragment (léne D). This result along with other restriction endonuciease
analysis (results not included) suggests that CPP1.2 is a different member of the PP2
gene family.

A putative restriction map of CPP1.3 is drawn based on restriction
endonuclease digestion and the PP2 cDNA sequence (Fig. 4.10). The 1.3 kb BamHI
and the 4.0 kb HindIII fragments were subcloned and partially sequenced. The partial
sequence shown in Fig. 4.11 contains an open reading frame nearly identical to the
corresponding sequence of the PP2 cDNA, confirming that CPP1.3 was a PP2
genomic clone. The putative translation start codon ATG is the only one in frame
within the contiguously sequenced 265 bp upstream region. There are two intervening
sequences, 101 bp and 87 bp in length, respectively, which are consistent with the GT-
AG rule of introns. The same number of introns was also reported for the PP2
genomic DNA from C. maxima (Bostwick et al. 1993). The exact transcription start
site is pot determined, but the similar extension in the 5' primer region of all the three
PP2 cDNA clones sequenced, as shown in Fig. 4.5, suggests that this site should not
be far away from the adenosine 18 bp upstream of the ATG codon. It is therefore of
little likelihood that an intron is present upstream of the translation start site as in the
case of rice sucrose synthase-1 gene (RSs/). The partial coding sequence of the
genomic clone contains three different nucleotides to the correspohding cDNA

sequence, and one of the variations results in an amino acid substitution (from a leucine
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Figure 4.10. Restriction enzyme map of the PP2 genomic clone CPP1.3.
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GATCTTTCTATTTAACTTTAAAAAAGTATCAAAAATCACATTGTCAGAAAAAAAACAAAAAATCTTAATA
TCTGATCAACTTTTATAAATTTTTAAGACTAAATTTATTAAAAGTAGGTTTGTTGAAAAATCGATAGTCT
AAATAAAACTTAAGTGTTCGAATATGAATAAATAAATGTGATTAATGTACAATATCGACGGATAAATAAT
TATAGGAAAAAAATTATAACTTTCAAAAAAATAACGGTTCTAATTTTATCTTTTTCATATGTCAAATAGG
TTTTTTATTTAATATATATTT........ ATATATATTTTTCCTGATTTTAAAATTTAAATTAAAAAGAA
TATATCAAAAAGAAGAGATTATTATGGAAGCTTAAAAAATTCCTTGCTTTTGTATAAAATAGTTAAAAAA

ATTAAAAATTAAAAAAATAAAAAAGTGAAAATAACAAATGTGCATGACTTAGGTTCAAAATGTTGTAGCA

% %k & k k& kK Kk Kk Kk kkkk

AAGGAGGéGTIAIAIAIATATCCATTCTTCCCTCTCACATTAACTCATATCTAAGTTCAGTTCATKAAAA
TATA box

_ Haell HindIII
AGAAAGCGCTATAATGGACAACAAAGAGAAAGAAGCGAGAGAGAAATTAGGAGGAGAAGTGAAGCTTGGT
M'"D N K E K E A R E KL G G E V K L G
Hind I

CATTGCTTGGATGTTATTTTGAAGAATGCTGACGTAGCGCTGCACTATCCCTCCTTCGTTAAGCTTTATG
H C L DV I L K NADVAULHY P S F ¥ K L Y

BamHI
ACCAACTTGTTGCTGGGATCCTCTTGAACAAGGGAGCTATAGTAAGTGCAACTATATATATATATATNNN
D Q L V A G I L L N K G A I <-=——————tmmmmmmmmmemm
NCNNCCAACTTCACCTTTGTATATCATAAACATATTAAATCAAAATATTTGCTTTCTTTTCTTTTTACGT
AGAAGTACATCTTTGATAAGAAGTTAAACAGCCATTGGTACTTTATATT TGCGAGAGCTCTCTCAATCGC
->K Y I F D K K L N S H W Y F I F A R A L S I A

BamHI
CTGGATTGAAGATAAAAGATACTGGAAATGGGGATCCTGGTATAATTTT TAACTAATTTCTCAACGAAAA
W I E D K R Y W K W G S§ CL-—=——mmmmmmmmmmeeeeee e

AAAATGATAAAAAGTTGATTTCTTGATCACTCACTCGGGCGTCTAAAAACT TGCAGTGGCAATAGCGAAG
—————————————————————— INV-2---————=-——-c--——eece-eeeeo> G N S E

TTGCAGAACTTATTGAAGTATCTTGGCTGAACATTCGTGGAAAGATCAATGAGTCTATGCTCTCACCARAA
vV A E L I E VvV S W L NI R G K I NE S M L S P N

Figure 4.11. Partial nucleotide sequence and deduced amino acid sequence of PP2
genomic clone CPP1.3. The putative TATA box, the translation start ATG, the
HindIII and BamHI sites present in the cDNA sequence, and the Haell site used in
cloning the promoter, are underlined. The asterisks mark the palindrome sequence.
The three nucleotides and one amino acid residue different from those of the cDNA
sequence are double-underlined. The nucleotide corresponding to the first adenosine
of the cDNA sequence is marked by a bold asterisk. The dashed lines indicate the

unsequenced regions.

116




to a valine) at position 39. However, the rest of the reading frame and the 18 bp
sequence before the ATG is identical to the corresponding sequence in the PP2 cDNA.
The partial upstream séquence of CPP1.3 is highly AT-rich (79%), a common
feature of the 5'-flanking region of a gene, which suggests that this region is devoid of
other protein-encoding genes. A TATA box-like sequence flanked by two GC-rich
regions is located 73 bp upstream of the translation start codon ATG. It is also a part

of a 16-nt palindrome sequence. However, no CAAT or GGGCGG boxes are found

near this region.

4.2. Discussion

The determination of a significant proportion of the total amino acid sequence
of the PP2 protein (75 out of 218 amino acid residues) through sequencing of CNBr
fragments has allowed the identity of the PP2 cDNA to be unambiguously assigned;
there are no differences between the predicted and determined amino acid sequences.
PP2 does not have a precursor with a cleavable signal peptide, and retains its initial
methionine residue in the mature protein. It is not unusual that the initial methionine is
retained in mature proteins. A plant chloroplast ribosomal protein S16 and its
counterpart in E. coli both contain the initial methionine residue although it is not
blocked in the mature broteins (Schmidt et al. 1992). The nature of the blockage at
the N-terminus that prevents direct sequencing of PP2 remains uncertain; N-terminal
acetylation is the most likely possibility, as many cytosolic proteins are modified in this
way, putatively to increase their in vivo lifetime By interfering with the ubiquitin-
mediated degradation system (Mayer et al. 1989). Treatment of the blotted PP2
polypeptide with pyroglutamate aminopeptidase did not result in a detectable N-
terminal residue being produced, in agreement with these conclusions. The abundance
of PP2 mRNA in Cucurbita pepo seedling hypocotyls, and its low level in older plant
tissues, as detected by an oligonucleotide hybridisation experiment (Fig. 4.4) (in

agreement with results of Sham and Northcote [1987]), suggests that PP2 synthesis
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declines as tissue development proceeds. Under these conditions, the abundance of
PP2 in the phloem would require that this protein was long-lived.

The predicted amino acid sequence for the PP2 protein differs from that given
by Bostwick et al. (1992) at nine positions (Table 4.3). It is not clear whether these
differences represent genuine differences in the sequence of PP2 between different
species of Cucurbita, or inherent heterogeneity in the sequence of PP2, due to the
presence of multiple expressed genes, with differing coding sequences, in all Cucurbita
species. Read and Northcote (1983a, 1983b) found that the structure of PP2 protein
was a disulphide-linked dimer, which was resolved into a doublet of monomer bands
(26,500 and 25,000 respectively) by SDS-PAGE under alkaline conditions (pH 9.5). '
While this would account for the sequence differences observed between the present
study and that of Bostwick et al. (1992), it would predict that the two polypeptides
deduced from cDNA sequences should contain different numbers of amino acids,
which is not the case. However, since PP2 is modified at its N-terminus (or possibly at
some other positions), the occurrence of the double monomer bands could possibly be
due to partial release of the modifying group(s) caused by the alkaline condition of the
SDS-gel rather than the presence of two different peptides. One such example is the
E. coli ribosomal protein L7/L12. These two proteins are identical in sequence except
that L7 possesses an N-terminal acetyl group (Terhorst and Méller 1973), but they
show different electrophoretic mobility on both SDS- and urea-containing
polyacrylamide gel (Moller et al. 1972). Possible presence of intramolecular
disulphide bridges in the PP2 monomer and their partial breakdown under certain
conditions may also lead to different mobility on the gel. A supportive evidence for
this is the observation that oxidation of denatured PP2 monomers gave a third band on
SDS-PAGE at Mr of 20,000, which moved to the original Mr of 26,000 on reduction
(Read and Northcote 1983b). Furthermore, the high similarities in amino acid
compositions of PP2 between the predicted and the biocherﬁically measured make it
unlikely the presence of a PP2 polypeptide with significant differences to the predicted

ones in molecular size or primary structure. The presence of a relatively large gene
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family encoding PP2, as suggested by results from Southern blot analysis and from
isolation and preliminary characterisation of the PP2 genomic clones, does, however,
give the potential for considerable sequence variation in this protein, although the
failure to observe sequence variation in the determined amino acid residues of PP2, and
the predicted amino acid sequences in the cDNA clones examined, is unexpected.

Since the results reported here show that the C. pepo genome contains a
multigene family potentially encoding PP2, the observation that the sequences of the
three cDNA clones encoding PP2 were identical is also unexpected. It is possible that
this has happened by chance, and that a number of different cDNA sequences are
present; alternatively, it may be due to sequence homogenisation in the genes encoding
PP2, or may indicate that although many genes potentially encoding PP2 are present,
only one is active. The latter view is supported by the results on mammalian ribosomal
protein genes which have been found to be present in multiple copies (Dudov and
Perry 1984; Wagner and Perry 1985; Batra et al. 1991; Suzuki and Wool 1993; ).
However, only one gene in each case has been found to be functional and the other
members are assumed to be processed pseudogenes (Dudov and Perry 1984; Wagner
and Perry 1985)..

Partial sequencing of a PP2 genomic clone reveals the presence of genes
potentially encoding a different PP2 protein to that predicted by the cDNA sequence.
It is unlikely that the sequence differences between the cDNA and the genomic DNA
arise from random mistakes of the reverse transcriptase (during cDNA synthesis) or
the Taq DNA polymerase (during nucleotide sequencing), because the three cDNA
clones gave an identical sequence and the genomic DNA had been sequenced twice
around the region. Despite these variations, the high sequence identity between the
genomic DNA and the cDNA, pal;cicularly in the 5' non-coding region, suggests that
this genomic clone represents an active gene. The presence of introns is also an
indication that the gene is active. In the case of mouse ribosomal protein genes
mentioned above, the only highly active member is an intron-containing gene, while the

rest of the approximately 16 members contain no intron (Dudov and Perry 1984). The
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failure to identify a corresponding cDNA or PP2 polypeptide may be a result of lower
expression of this particular member which leads to under-representation of its mRNA
species or the proteins, or may be due to a differentiated expression at a specific
developmental stage or in particular tissues different to those from which the PP2
mRNA or protein was isolated. However, the possibility of CPP1.3 being a
pseudogene can not be ruled out. As discussed earlier, the protein sequencing and
cDNA characterisation strongly suggest the presence of a single type of PP2
polypeptide. The substituted amino acid residue at position 39 is conserved between
the PP2 protein of the species used here (C. pepo) and that of C. maxima (Bostwick et
al. 1992), a different species, so it would be expected that PP2 proteins of the same
family in the same species are also conserved at this position. Fully sequencing the
genomic clone, including the 3' noncoding region, may reveal strong evidences, but
deactivation of a gene may be a result of promoter silencing or heavy methylation. In
this case, the acﬁvity of the gene can possibly be determined by expressing the
promoter in a transient expression system or in transgenic plants.

The function of P-proteins is still a subject of speculation. Currently the most
favoured hypothesis is that these proteins are involved in plant defence mechanisms,
e.g. sealing of wounds and trapping of invading pathogens (Read and Northcote
1983b; Smith et al. 1987). However this hypothesis lacks supportive evidence.
Expression of plant defence-related genes, such as the proteinase inhibitor genes
(Graham et al. 1986), the peroxidase gené (Mohan et al. 1993) and the B-1,3-
glucanase gene (Simmons et al. 1992), is generally subject to certain delicate
regulations, e.g. wound-inducible, elicitor-inducible and infection-inducible. There has
been no report indicating that P-protein génes are under similar regulations. The long-
lasting and high concentration of P-proteins in the sieve elements of Cucurbita,
particularly of mature fruits (Read and Northcote 1983a), seems unnecessary and
uneconomical. Current studies on molecular biology of plant defence have not
identified P-proteins as defence-related proteins. The suggestion of P-proteins anti-

invasive role is based mainly on the previously observed chitin-binding lectin activity of
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PP2 (Sabnis and Hart 1978; Allen 1979; Read and Northcote 1983b). However, the
predicted sequence of PP2 does not contain sequence with significant homology to the
chitin-binding domain found in chitinases and chitin-binding lectins such as wheat germ
agglutinin and nettle lectin (Beintema and Peumans 1992). The sharing of a six-amino-
acid sequence (KWGSCG) by PP2 and several other plant lectins, and the presence of
six half-cystine residues potentially forming disulphide bridges that are essential for the
function of some lectins (Beintema and Peumans 1992), though, do suggest that PP2
may have similar sugar specificities to other defence related lectins.

Although no significant sequence homology has been found between PP2 and
the ribosomal proteins, comparison of them reveals striking resemblance at both
protein and gene level. Weber et al. (1974) found that P-protein shared many
biochemical and immunological similarities with ribosomal proteins. Some other
properties of P-proteins, such as the presence of phosphatase activity (Cronshaw 1980)
and the formation of stable dimers through interchain disulphide bonds (Read and
Northcote 1983b), are also similar to those of ribosomal proteins. As discussed
earlier, the PP2 is represented by a multigene family which might contain one or only a
few functional members and possibly some pseudogenes, similar to the mammalian
ribosomal protein genes. Recent investigations on plant ribosomal protein. gene
structure and expression showed that these genes are preferentially expfessed in young
and proliferating tissues rather than in old and expanded tissues (Lebrun and Freyssinet
1991; Marty and Meyer 1992; Boham-Smith et al. 1992; Joanin et al. 1993; Gao et al.
1993), and generally present in a small multigene family (Lebrun and Freyssinet 1991;
Bonham-Smith et al. 1992; Joanin et al. 1993; Sanwan et al. 1993; Gao et al. 1993).
The PP2 mRNA level was high in hypocotyls of 3-5 days old Cucurbita pepo seedlings
but almost undetectable in the stems and leaves of 3 months old plants when probed
with the degenerate oligonucleotide probe, which is similar to the plant ribosomal gene
(Marty and Meyer 1992). Sham and Northcote (1987) reported that the toﬁl PP2
mRNA level increased in the first 4 days of seedling growth but decreased to lower

level in older seedlings, resembling Joanin ef al.'s observation (1993) that the maize
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cytoplasmic ribosomal protein S13 mRNA level in germinating seeds reached a
maximum level after 4 days incubation.

From the proceeding discussion it seems that P-proteins are closely related to
ribosomal proteins. It has long been observed that the origin of P-proteins was closely
linked to the presence of helical free polysomes and the formation of P-protein
filaments coincided with the disappearance of ribosomes (Behnke 1974). However,
the significance of this remains unknown. Weber et al. (1974) suggest that P-proteins
are not specifically synthesised during phloem differentiation but are aggregation of a
related class of pre-existing, relatively stable, cross-linked proteins, possibly containing
ribosomal or ribosome-related proteins. This view does not necessarily imply that P-
proteins are intracellular debris without a function in translocation (Weber et al. 1974).
The isolation of PP2 cDNA and genomic clones will be very useful in elucidating the
function of P-proteins. A

The 5’-ﬂanking sequence in the PP2 genomic clone CPP1.3 is about 1.3 kb in
length. Usually this is enough to contain necesséry cis-elements for normal expression

of a gene. A promoter of the PP2 gene has thus been isolated.
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CHAPTER 5. DETERMINATION OF PROMOTER
ACTIVITIES IN TRANSGENIC PLANTS

5.1. Results

5.1.1. Construct assembly

Constructs containing translational fusions between the RSs/ promoter (containing
approximately 1.8 kb of 5' flanking sequence, the transcription start site, the first
intron, the translation start codon and the first 5 amino acids encoded by RSs/) and the
coding sequences of GUS and GNA were assembled by restriction and ligation of |
appropriate fragments. Constructs were checked by sequencing to ensure that the
reading frame had been preserved. Sequences across the fusion regions of RSs/-GUS
and RSs1-GNA are shown in Fig. 5.1a and 5.1b.

The fusion site in the PP2 promoter-GUS construct (pCPGUS2), as shown in

Fig. 5.1c, is inside the transcribed but non-translated region of the PP2 gene (Fig.
4.11). Mung Bean nuclease treatment has resulted in deletion of a few bases
(GAAAGCGC) around the Haell site (Fig. 4.11), so in total ten nucleotides of the 5'
‘leader sequence immediately upstream of the ATG codon in the PP2 gene were absent
in the construct, but 31 extra nucleotides had arisen from the cloning vectors between
the fusion site and the translation start ATG of the GUS gene. There was no second

ATG codon inside this region, so the GUS open reading frame was not affected.

5.1.2. Tissue-specific expression of RSsI-GUS chimaeric gene

After transformation of tobacco leaf discs with Agrobacterium tumefaciens, containing
the RSs1-GUS chimaeric gene construct, twenty four putatively transformed plants
were regenerated from kanamycin resistant calli. Thirteen plants were assayed by
histochemical staining with X-gluc four weeks after potting. In transverse sections of

stem, the internal and external phloem tissue along both sides of the xylem were
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Figure 5.1. Structure of chimaeric gene constructs used in tobacco transformation;
restriction sites relevant for cloning are included. (a) pBRSS7. (b) pBRSSLT. (c)
pCPGUS2. RB, T-DNA right border; LB, T-DNA left border; KanR, kanamycin
resistance cassette consisting of the neomycin phosphotransferase II (NPTII) gene
fused to nopaline synthase promoter (Nos-Pro) and terminator (NOS-ter or NOS);
RSs1, rice sucrose synthase-1 promoter including 5' flanking region, transcription start
site, the first intron and translation start codon; GUS, B-glucuronidase coding
sequence; GNA, snowdrop lectin coding sequence. The sequences shown are the
fusion regions between the RSs/ promoter and GUS, and GNA, and between the PP2

promoter and GUS.
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(a) pBRSS7

— 3089bp — —1870 bp—

RB Sall BamH| Smai Sstl LB
— KanR I }54 GUS___F{NOS F—
ATG ATG
m GAT CCC CGG GTA GGT CAG TCC CCT

(b) pBRSSLT

— 3089bp —i F474 bpt

RB Sall BamH! Xbai LB
— KanR 1—‘—{ RSsi ‘ : GNA —i NOS —
GCT GCC AAG CTA GAG GAT CCT CTA GAG TCC GGT TCC
(c) pCPGUS2
Smal )
BamH!1 | EcoRlI Xbal BamHI

\

Pstl Sphl
P ‘ .

Nos-Pro HNPTII (Kan R) H Nos-ter — '

s 1 1 1T T 1 pBI101
HindlII Sphl Pstl Sall Xbal BamHI Smal

Sequence around PP2 promoter/GUS fusion site:

BamHI
TCATAAAAAA GACTCTAGAGGATCCCCGGGTGGTCAGTCCCTT ATG TTA...

From PP2 promoter -l From pUC and pBI vector
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intensely stained, whereas epidermis, cortex, xylem and pith tissue of the stem
remained unstained (Fig. 5.2a). This phloem specific expression pattern was also
observed in petioles although the picture was not as‘clear (Fig. 5.2¢). In leaf the
specificity of GUS activity was illustrated by the vein reticulum and midrib which was
blue after X-gluc staining (Fig. 5.2b). It is clear that only part of the midrib was
stained which corresponds to phloem tissue, whereas other tissues including xylem,
mesophyll and epidermis remained unstained. Expression of GUS in roots of
transgenic plants was consistent with the pattern shown by stem and leaf, i.e. only
phloem tissue was stained blue (Fig. 5.2¢).

Plants transformed with a chimaeric gene construct containing the cauliflower
mosaic virus (CaMV) 358 promoter fused to GUS (35S-GUS) were used as a positive
control. In contrast to the tissue-specific expression directed by the RSsl promoter,
GUS activity in the 355-GUS transgenic plants was detected in epidermis, cortex,
phloem, xylem, pith tissue, and mesophyll cells as well as in the trichome (Fig. 5.2d),
though the most intensely stained tissues were phloem and xylem. This is the
expression pattern expected from the constitutive CaMV 35S promoter (Odell et al.,
1985). When untransformed plant tissue was incubated in the staining solution under
the same conditions, no blue staining was observed in any tissue of the plant. Seeds
from the selfed R plants (primary transformants) were germinated, and the seedlings
were grown in a greenhouse. In order to examine the transmission of the chimaeric
RSs1-GUS gene, eight plants from two different primary transformants, pPBRSS7.4 and
pBRSS7.7, were assayed for GUS expression. GUS activity was only observed in six
plants. The patterns of histochemical staining for GUS activity in transverse sections
of stem, petiole, leaf and root from R plants (grown from self-fertilised seeds of Ry
plants) were identical to those of the Rq plants. These results demonstrated that

chimaeric RSs/-GUS gene was stably inherited to R plants.
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Figure 5.2. Histochemical localisation of GUS expression in RSs/-GUS plants (é, b,
¢, €) and 355-GUS plant (d). (a) Transverse section of stem.f (b) Transverse section
of leaf blade. (c) Root. (d) Transverse section of stem of 355-GUS plant. (¢)
Transverse section of petiole. Co, cortex; E, epidermis; EP, external phloem; IP,
internal phloem; M, midrib; Pi, pith; T, trichome; X, xylem. Bars=100 pm.
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5.1.3. Dot immuno-blot and immuno-localisation of GNA in transgenic plants
Transgenic tobacco plants containing the chimaeric RSs/-GNA gene (pBRSSLT, Fig.
5.1b) were produced. Five énd four samples from Rq and Ry plants, respectively,
were assayed for GNA expression by dot immuno-blotting using anti-GNA antibody as
a probe. GNA was detected in both R( and Ry plants, but no positive signal was
observed in the same samples treated under similar conditions with the primary
antibody omitted, nor in the untransformed plants. The resulting blot was scanned
using a densitometer to quantify the relative expression level of RSs/-GNA in different
transformants, in comparison with the expression level of 355-GNA. The results are

.shown in Table 5.1. The relatively low expression level of GNA directed by RSs/

| promoter (0.02-0.4 of the level given by the 35S promoter) is related to the low

abundance of phloem cells in different parts of the plants, and does not reflect an

inherently low activity of this promoter.

Table 5.1. The expression level of RSs/-GNA relative to 35S-GNA in transgenic plants,
measured by densitometric scanning of protein dot-blots probed with anti-GNA antiserum. The
first five accessions were primary transformants with chimaeric gene RSs/-GNA,; the following
four were R transgenic plants with the same construct; 15GNA79 was transformed with the
358-GNA construct.

: Densitometer ,

Accession reading (peak Relative level of

area, AU*mm)/ GNA

mg leaf protein
pBRSSLT1 0.053 0.02
pBRSSLT2 0.362 0.16
pBRSSLT3 0.928 0.40
pBRSSLTS5 0.522 0.23
pBRSSLT7 0.600 -0.26
pBRSSLT2.3 0.373 0.16
pBRSSLT2.4 - 0.199 0.09
pBRSSLT7.3 0.394 0.17
pBRSSLT7.4 0.165 0.07
15GNA79 2.297 1.00
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Figure 5.3. Immuno-localisation of GNA protein in RSs/-GNA plant (a-c).
Untransformed plant (d) was included as control. (a) Transverse section of stem. (b)
High magnification of the phloem tissue. (c) A similar section to (a) without primary
antibody treatment. (d) Transverse section of stem from an untransformed plant. CC,
companion cell; SE, sieve element; also see Figure 5.2 legend. Bars=30 um
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Three RSs1-GNA R plants were assayed by immunolocalisation using anti-
GNA antibodies, to detect the site of GNA protein accumulation. Untransformed
bbacco plants, as coﬁtrols, were assayed under the same conditions. The in situ
immunochemical staining results show that in RSs/-GNA plants, GNA was only
detected in phloem tissues (Fig. 5.3a), similar to the results obtained for expression of
RSs1-GUS. However, the higher resolution possible with immunolocalisation allowed
the GNA to be localised to sieve elements, companion cells and phloem parenchyma,
and not in any other types of tissue and cell (Fig. 5.3b ). No specific binding was seen
when the primary antibody was omitted from the treatment of a stem section of an
. R8s1-GNA plant (Fig. 5.3c). When the same treatment and conditions were applied to
sections of untransformed plant no staining was observed (Fig. 5.3d). These results
demonstrate that the speciﬁcity of RSs] promoter in RSsl-GNA plants remains the
same as in RSs/-GUS plants, and, as expected, is independent of the gene which it

directs.

5.14. 'Immuno-detecti'on of GNA in honeydew excreted by aphids
Peach-potato aphids were allowed to feed on a RSsI-GNA plant and an untransformed
plant. The amount of honeydew produced by these aphids is very smail and cannot be
measured or collected directly, as it does not form droplets, but instead forms a moist
;:oating over the rear of the aphid's body. The honeydew was thus collected by
absorption onto filter papers and nitrocellulose membranes in contact with the aphids.
The filter papers were stained with ninhydrin, visualising drops of honeydew as small

| purple spots (Fig. 5.4a and b), due to the presence of free amino acids derived from the
sap. The device set up to collect the honeydew was thus successful. A difference in
the amount of honeydew produced by aphids feeding on RSs/-GNA and |
untransformed plants was evident from the number of stained spots; less honeydew
was pr&uced by the aphids on the RSs/-GNA plant, indicating that GNA has an effect

on aphids. The nitrocellulose membranes with absorbed honeydew were treated with
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Figure 5.4. Immuno-detection of GNA protein in honeydew. (a-b) 3MM discs with
absorbed honeydew produced by peach potato aphids feeding on a RSs/-GNA plant
(a) and an untransformed plant (b), sprayed with ninhydrin. (c-d) Nitrocellulose discs
with absorbed honeydew produced by aphids feeding on RSs/-GNA plant (c) and an
untransformed plant (d), treated with anti-GNA antibody followed by HRP secondary
antibody.
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anti-GNA antibody. Honeydew produced by aphids fed on the RSs/-GNA transgenic
plant reacted with the antibody, giving small black spots after ECL detection of bound
antibody, corresponding to the drops of the honeydew, whereas honeydew from aphids
fed on an untransformed plant produced no signal (Fig. 5.4c and d). Results from
these experiments demonstrated that GNA was passed out in the honeydew by insects
fed on plants containing the RSsI-GNA chimaeric gene, and provide direct evidence of
the presence of GNA in phloem sap. Therefore, the RSs] promoter directed phloem-

specific expression of GNA in such a way that the protein was present in the sap.

5.1.5. Activity of PP2 promoter

Tobacco leaf disk transformation with the PP2-GUS construct (Fig. 5.1¢) produced 33
independent plants with kanamycin resistance. Seven of these plants were assayed
fluorometrically for GUS expression, and only one plant showed fluorescence
approximately 3 times that of the control plant (non-transformed tobacco) but about
130 times lower than that of a 35S-GUS plant. However, histochemical analysis of a
young leaf and petiole of this plant showed no blue staining in phloem or in other
tissues. The reason for this was undetermined, but since this plant was the only one
among the examined showing phenotypic abnormality (i.e. it stopped normal growth
and appeared to start flowering one week after being moved to soil) when tissues were
collected for GUS assay, the fluorescence detected might be due to a higher
endogenous background than in other normal plants. Petioles and leaves of another 7

plants were also analysed histochemically, but again no stain was observed.

5.2. Discussion

5.2.1. RSsI promoter
The results described above demonstrate that the RSs] promoter is active and phloem-
cell specific, and that the expression pattern of GUS and GNA directed by the RSs!

promoter in transgenic tobacco plants was similar to the expression of GUS directed
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by the maize Sh] promoter (Yang and Russell, 1990) and the Arabidopsis sucrose
synthase gene Asus! promoter (Martin et al. 1993). At high magnification, Yang and
Russell (1990) observed that GUS was only expressed in sieve elements and
companion cells in transgenic tobacco. By in situ immunolocalisation the GNA protein
was shown to be present in sieve ¢lements and companion cells, demonstrating that the
protein accumulates in these cells, and is not degraded so rapidly that its steady-state
level is undetectable. The expression pattern of the sucrose synthase promoters in
transgenic plants is consistent with the widespread observations that sucrose synthase
is associated With vascular bundles or phloem tissues (Claussen et al. 1985b;
Tomlinson et al. 1991; Nolte and Koch 1993b; Geigenberger et al. 1993; Wang et al.
1994), supporting the hypotheses for the physiological significance of this enzyme in
phloem (Nolte and Koch 1993b; Geigenberger et al. 1993). The phloem-specific
expression of all the three sucrose synthase promoters examined seems to suggest that
the phloem specificity is an intrinsic property of the sucrose synthase genes.

The constructs used in this work cc;ntained the first untranslated intron of the
RSsl gene, which, by analogy to its maize homologue, would be expected to enhance
expression of the gene in monocots (Vasil et al. 1989; Maas et al. 1991). However,
this intron has a lower A/T content than is typical for dicot introns, and may therefore
be spliced inefficiently in transgenic tobacco (Goodaﬁ and Filipowicz, 1991). If this is
the case, the expression detected from the RSs! promoter in this work may not
represent its maximum potential in a dicot system. The combination of exon 1 and
intron 1 of the maize sucrose synthase gene Shl (as in the present RSs/ promoter
constructs) had little effect on gene expression in tobacco protoplasts, and, without a
full-length exon 1, the S/ intron 1 reduced expression by more than 10-fold (Maas et
al., 1991). The first intron of RSsl] contaiﬂs a number of start codons, but no open
reading frame extending outside the intron; there is thus no possibility of protein
products other than that predicted being detected. The observed expression of both
enzymatically active GUS and immunologically reactive GNA suggests that correct

intron processing, to at least some extent, does occur. The Arabidopsis Asusl
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promoter does not contain introns, and yet like the RSs/ and Skl promoters it directs
phloem-specific expression of GUS in both transéenic tobacco and transgenic
Arabidopsis plants (Martin et al. 1993). This suggests that the cis-clement(s)
conferring the phloem specificity of the RSs/ and Shl promoters is (are) not located in
the first introns.

The detection of GNA in honeydew produced by aphids feeding on an RSs!-
GNA transgenic plant provides direct evidence that GNA is not only expressed in
phloem tissue, but more importantly, is also present in phloem sap. Furthermore, it
| suggests that some GNA, at least, remains relatively intact after passing through the
insect gut. In a similar experiment, sucrose synthase was detected in the honeydew
excreted by the brown planthopper feeding on rice plants (Fig. 5.5b). The presence of
sucrose synthase in phloem sap was also demonstrated by Western blotting which
detected a specific high-rholecular-weight protein band in the phloem exudate of C.
pepo‘ using maize SS antibodies (Fig. 5.5a). Because mature sieve elements lack both
a nucleus and ribosomes (Cronshaw 1981), they are incapable of protein synthesis.
AThe presence of GNA in phloem sap may thus require the transport of the protein from
adjacent nucleate cells, i.e. the companion cells. Plasmodesmatal transport of proteins
. between sieve elements and companion cells has been suggested by Fisher ef al. (1992)
after clearly demonstrating the presence of newly synthesised proteins in phloem
exudates of wheat. A similar hypbthesis was made by Bostwick e? al. when they found
that mRNA encoding the phloem protein PP2 was localised in the companion cells of
pumpkin hypocotyls. Eisher et al. (1992) observed that the sieve tube-companion cell
movement via plasmodesmata appeared to be protein specific and not based simply on
passive molecular sieving. If this is the case, some sort of recognition factor, e.g. a
speciﬁc_ protein domain, must be involved. The translational fusion made in
constructing the RSs/-GUS and RSs/-GNA chimaceric genes is unlikely to add new
targeting information to the GNA.protein, since although thirteen extra amino acids
were attached at the N-termini of the proteins, only six of these come from sucrose

synthase. Whether the GNA polypetide contains its own targeting information remains
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to be elucidated. Nonetheless, since the GNA polypeptide is relatively small (~15 kD),
a passive flow through plasmodesmata is not unlikely. In Fisher et al.'s report (1992),
the majority of the exudate proteins with molecular size smaller than 36 kD were
labelled with [33S]-methionine, indicating that a large number of newly synthesised
proteins can pass through the intercellular barrier between companion cells and sieve
elements. The GNA protein detected in phloem sap may alternatively be pre-existing
proteins originally synthesised in young, developing sieve elements. However, long-
lasting presence of soluble proteins in the translocation stream of mature sieve
elements v;'iihout continual supplementation seems less likely, and, such proteins, like
the P-proteins (which do not appear to be mobile or soluble components in the
translocation stream [Cronshaw 1975]), would need to be highly stable to survive the
degenerating procéss accompanying the maturation of sieve elements. Furthermore,
the ongoing involvement of sucrose synthase in phloem translocation requires the
continual presence of active enzymes.

The GNA concentration in the phloem sap of transgenic plants was not
determined due to the difficulty in collecting phloem exudate from tobacco plants.
From the fact that protein concentrations in exudates from non-cucurbit species are
generally low (approximately 0.3-2.2 mg/ml) (Hall and Baker 1972; Esau and
Cronshaw 1967; Kennecke et ql. 1971; Fisher et al. 1992) it would be expected that
the concentration of a specific protein, such as the sucrose synthase, will not be high.
However, it is possible that a phloem function-associated protein in its active form is
bound to, or sequestered in, certain subcellular sites of sieve elements or adjacent cells,
which is thus separated from the translocation stream, and the protein detected in the
exudate is an inactive form replaced by newly synthesised ones. If this is the case, a
foreign protein unrelated to a phloem function may enter the translocation stream
immediately after being synthesised, making it relatively abundant in the phloem sap.
Since phloem exudate is shown to be basically free of proteolytic enzymes (Fisher et
al. 1992), a relatively high steady-state level of a foreign protein can thus be attained.

However, the concentration and composition of proteins in phloem exudate remain
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basically constant with time (Becker et al. 1971; Fisher et al. 1992) despite their
continual synthesis, suggesting that protein turn-over occurs in the sieve tube. As
suggested by Fisher et al. (1992), these proteins are continually removed from the
soluble protein pool in the sieve element via plasmodesmata. If this process is non-
selective for different proteins, the concentration of a specific protein can only reach a
certain level in the phloem sap, which will be dependent on the rate of its synthesis in
the companion cells. If, instead, selective removal or proteolysis is involved in
regulating the concentrations of these soluble proteins, possibly a way can then be
found to increase the steady-state level of a foreign protein in phloem sap.

In order to control homopteran insects such as BPH using transgenic plants, an
insecticidal gene must first be expressed in phloem tissue, and then the gene product
must be transferred to, or be present in, the phloem sap to ensure some effect on the
insects. The results described above suggest that the RSs/ promoter should prove
useful in satisfying the first of these requirements, although some modification of the
promoter may be necessary to optimise expression in a target plant. GNA has been
found to be insecticidal against BPH, so the RSs/-GNA construct can be directly used
in transforming rice plants. The presence of GNA in the honeydew of a homopteran
insect feeding on the transgenic plant clearly indicates that the insecticidal protein can
be ingested by the insect, which thus satisfies the second requirement mentioned

above.

5.2.2. The PP2 promoter

Although the fluorometric analysis showed above-background GUS activity in one of
the seven plants examined, the histochemical assay, which detected no GUS activity in
any of the plants examined, appears to suggest that the chimaeric PP2 promoter-GUS

' gene was not expressed in transgenic tobacco, at least at the protein level. Several
possible reasons for this failure can be suggested. The PP2 gene family contains
multiple copies of genes, and the genomic DNA from which the promoter was isolated

may be a pseudogene with a non-functional promoter. This is possible given the fact
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that the sequence of the genomic clone is not identical to that of the cDNA clones.
Another possibility is that the PP2 gene is strictly species-specific and its expression
highly regulated, and the tobacco plant is not suitable for its expression. The lack of P-
proteins in gymnosperms and in some monocotyledonous plants such as wheat
(Cronshaw 1981), and the genus-specificity of the PP2 protein in immunological cross-
reaction observed by some workers (Smith et al. 1987; Cronshaw and Sabnis 1990),
argue for this possibility. It is also possible that the GUS coding sequence is
transcribed undér the PP2 promoter, but due to the lack of the 10-nt 5' leader sequence
in the PP2 cDNA and the addition of extra nucleotides between the promoter and the
translation start ATG, the transcript can not be recognised by protein translation
factors for such a phloem-specific translation as that of an inherent PP2 gene. The P-
proteins are stable in the sieve element, possibly due to the formation of cross-linked,
insoluble products immediately after their synthesis or due to specific subcellular
localisation of the P-protein bodies. Sham and Northcote (1989) observed that as the
level of PP2-mRNA synthesis was decreased at later stage of C. maxima seedling
growth, the proportion of PP2 in the total amount of protein synthesised remains
constant. This suggests that there is possibly little breakdown of the PP2 already
synthesised and present in the sieve elements. If this is the case, a foreign protein
without such a high stability as PP2 may not reach a detectable level even if it is
synthesised in the phloem. Although PP2 mRNA has been shown to be localised in the
companion cells of young cucurbit hypocotyls (Bostwick ez al. 1992) and has been
detected in other plant organs as well (Dannenhoffer et al. 1993), the subcellular site
of its translation may be different from that of other phloem-specific genes like RSs/
and its gene product may be immediately exposed to the degeneration process of the
sieve element éfter synthesis. Substantial expression of a foreign gene may therefore
be obtained by translatién_ally fusing its coding sequence downstream with a PP2
coding sequence, since such a transcript will retain the 5' leader sequence of the PP2
mRNA and the resulting protein can be possibly anchored to the P-protein bodies via

the PP2 polypeptide section avoiding its proteolytic degradation. The PP2 polypeptide
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may contain certain type of recognition signals for subcellular localisation or for

transport of the protein into phloem sap after its synthesis.
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CHAPTER 6. GENERAL DISCUSSION AND
FUTURE PROSPECTS

This Rockefeller Rice Biotechnology Program based at the University of Durham has
as its aim the production of transgenic rice with enhanced resistance to the rice brown
planthopper (BPH), a phloem sap-sucking insect. Towards this aim, two promoters,
of rice RSs/ and a cucurbit PP2 gene, have been isolated and tested in transgenic
tobacco plants. The RSs] promoter directs phloem-specific expression of both a
repdrter gene (B-glucuronidase, GUS) and a BPH resistance gene (Galanthus nivalis
agglutinin, GNA) in transgenic tobacco. Most imponaﬁtly, the insecticidal protein
produced under this promoter can be delivered directly into phloem sap and shown to
be ingested by aphids (Myzus persicae), also a sap-sucking homopteran insect. Ina
parallel experiment carried out in the Rockefeller program in this laboratory, GNA has
been identified as the most toxic protein towards BPH among several plant-derived
proteins tested using an artificial diet system (Powell ét al. 1993). The RSs1-GNA
construct is accordingly being used to transform rice plants by collaborating groups
elsewhere in the Rockefeller program.

Whether an insecticidal effect can be achieved when the GNA protein is
expressed in rice is yet to be proven, but the key to this will be a steady level of GNA
expression in the phloem sap of rice. As discussed in the last chapter, the RSs/
promoter may have not reached its maximum potential in transgenic tobacco, and yet
transgenic plants containing the RSs/-GNA construct showed some antimetabolic
effect to the aphids feeding on them (i.é. the aphids feeding on RSs/-GNA plants
excreted substantially less honeydew than those feeding on nontransformed plants, as
shown in Fig. 5.4). It is reasonable to expect an equivalent or higher expression of this
chimaeric gene in transgenic rice as rice is the homologous system with regard to the
promoter. In Powell et al.'s report (1993), the GNA concentration used in the
-bioassay against BPH was 0.1% [w/v], but a later report indicate that as low as 0.02%

[w/v] (equivalent to 0.2 mg/ml) GNA in the artificial diet can have substantial
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antimetabolic éffect on this insect (Powell et al. 1994, submitted). As already
discussed, a foreign protein expressed under the RSs/ promoter may or may not be
able to reach high level in phloem sap, but considering the general concentration of
total exudate proteins in non-cucurbit species (0.3-2.2 mg/ml), such levels are not
unachievable. The sucrose synthase gene is expressed in rice through most of its
growth stages (Chan ez al. 1990). Such a lasting presence of GNA in transgenic rice
will ensure persistent ingestion of this toxic protein by BPH throughout its life cycle.
The level of GNA required in transgenic plants to attain an antimetabolic effect may be
lower than that observed in bioassays, since the bioassay employs an optimal diet.
The expression level and pattern of a promoter in a transgenic homologous
plant usually reflect the intrinsic properties of its corresponding gene, as in the case of
the rice actin promoter (Zhang et al. 1991) and the rice light harvesting chlorophyll
a/b-binding protein gene promoter (Tada et al. 1991). A recent report shows that in
sugarcane, the SS1 protein is more abundant in stem than in leaf and oth_e; tissues
(Buczynski et al. 1993). A similar pattern of GNA expression would be desirable, as
BPH preferentially feeds and multiplies in the basal part of the plant (Khush 1977).
Total resistance to BPH is most desirable, but partial resistance may be
sufficient when used in an IPM (integrated pest management) progfam, utilising a
combination of different practices such as biological, cultural, physical and chemical
control measures. A major factor contributing to BPH outbreaks is the excessive use
of wide-spectrum chemical pesticides which can damage the populatibns of natural
predators and parasites, and can lead to the development of insecticide resistance in the
pest insect (Gallogher et al. 1994; Heinrichs 1994). Plants with a certain level of
inherent resistance to BPH can possibly keep the BPH field population at a
controllable level through its natural enemies while minimising the use of chemical
pesticides, which in turn can foster these natural enemies on the host plant. An
additional benefit of using such plants would be a reduction in virus transmission by
BPH, as this insect is a virus vector of two major rice dwarf viruses (Rivera et al.

1966; Ling 1977; Hare 1994). Reduced feeding, short feeding time and lower mobility
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of the insect will certainly reduce the chance of transmitting the‘ stunt viruses, which
are transmitted in a persistent manner (i.e. circulative and usually propagative) and
require a relatively long insect feeding time (Walkey 1985).

The RSs] promoter used here has a size of approximately 3.1 kb, including
approximately 1.9 kb of the 5'-flanking region, the first exon, first intron and the
translation star site of RSs/. Such a relatively long promoter may have adverse effects
on rice transformation due to possible homologous recombination and the potential
difficulty in inserting a large DNA fragment into the rice genome. More studies might
therefore be needed to define the promoter and identify the cis-elements essential for
its normal expression in order to optimise the size of the promoter used for making
expression vectors.

Unfortunately, the PP2 promoter isolated in this work has not been expressed
in transgenic tobacco to date. Since PP2 is highly abundant in the phloem exudate of
cucurbit species, it is expected that its promoter is phloem-specific and the products of
gene expression under this promoter can be delivered directly into phloem sap.
Therefore, it is worthwhile to carry out more investigations on the PP2 gene in order
to elucidate reasons for the failure in expressing the promoter in transgenic tobacco or
to identify an active PP2 promoter, if the available one is from a pseudogene. It may
be necessary to sequence the 3' non-coding region of the genomic clone CPP1.3, since
this region is usually less conserved and therefore the difference between a genomic
DNA and a cDNA species, or between different members of a gene family can be more
readily revealed through comparison of the sequences in this region. The C. pepo
genomic library and the PP2 cDNA and genomic clones obtained in this work can be
used to isoléte other members of the PP2 gene family. However, even if an active PP2
promoter can be obtained or the available one can be made to function in transgenic
tobacco, other problems may occur, such as that an active PP2 promoter may fail to
function properly and effectively in rice (a monocot). In this case, it may be necessary

to isolate a gene homologous to that encoding PP2 from rice itself using the PP2 gene

as a heterologous probe.
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Besides the sucrose synthase and the PP2 promoters, several other promoters
have been reported to be phloem-specific, such as the major promoter region for the
transcription of rice tungro bacilliform virus (Bhattacharyya-Pakrasi et al. 1993), a
combination of CaMV 35S enhancer subdomains (4xB2 + A) (Benfey et al. 1990b),
and the promoter of the ORF12 gene (rolC) of the Ri plasmid (Sugaya et al. 1989;
Sugaya and Uchimiya 1992). These reports lack defined histochemical results to show
the cell-type specificity of the expression in phloem, but these promoters are potential
alternatives to the RSs! or PP2 promoters. The 5' flanking regions of some other
genes, such as that encoding the sucrose transporter (Riesmeier et al. 1993), may also
be suitable candidates.

However, as mentioned earlier, the mature sieve element is incapable of protein
synthesis and there may be an upper limit for the concentration of a specific protein in
phloem sap regardless of the promoter used. If no promoter can express GNA at a
level in the phloem sap which gives resistance to BPH, it would be necessary to
identify a new BPH resistance gene with higher toxicity than GNA. Alternatively a
gene pyfamiding strategy can be adopted where more than one BPH resistance gene
with different insecticidal mechanisms are introduced into a single plant genotype to
produce an additive or synergistic effect against the insect. In any case this strategy
: would be desirable, since with various mechanisms, it would be more difficult for a
pest to overcome several resistance genes in the host than to overcome a single
resistance gene. An example of this additive effect is transgenic tobacco expressing
two insecticidal genes, the cowpea trypsin inhibitor gene (CpTI) and a pea lectin gene,
which exhibits higher resistance to tobacco budworm than transgenic tobacco
expressing the respective single genes (Boulter et al. 1990).

Apart from BPH, many other insects belong to the suborder Homoptera, such
as aphids, whiteflies, planthoppers and leafhoppers, all of which mainly feed on phloem
sap. Crop damage is caused by these insects in a number of ways (Hilder et al. 1992).
Extraction of sap deprives the plant of nutrients and water, leading to loss of vigour

and wilting. Phytotoxic substances present in the saliva of some species, and
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mechanical blockage of the phloem by feeding, may result in distortion and necrosis of
foliage and in blindness or shrunken kernels in grain crops. Injury caused by insertion
"of the mouthparts leaves lesions through which plant pathogens may enter. Production
of copious honéydew may allow sooty moulds to develop leading to reduction in leaf
area for photosynthesis, and its stickiness may interfere with the harvesting of cereals
and cotton. Some of the most serious damage caused by these pests is indirect, due to
their role as vectors of plant viruses. The strategy used here to genetically engineer
BPH-resistance, if successful, may be applied in attempts to control all of these insect
pests. |
Another area in which phloem-specific promoters can be useful is the control of
plant virus diseases. Plant viruses cause major losses in crop production in almost
every sector of agriculture. Unlike insects and other plant pathogens such as fungi and
bacteria, there are presently only very limited means for the protection of plants that
are susceptible to infection by a particular virus strain. Phloem tissues are the major
target for virus infection. Many viruses such as those transmitted by some homopteran
insects are phloem limited, and even for those non-phloem limited mosaic viruses, their
long-distance systemic infection is also through the phloem (Esau 1956; Leisner and
Turgeon 1993). Genetic engineering of virus resistance in plants has recently become
a major research interest, and several strategies have been used, such as to engineer
plants to express an anti-virus antibody gene (Tavladoraki et al. 1993) or to express a
virus-derived gene such as a coat protein gene (Powell Abel ez al. 1986), a satellite
RNA gene (Gerlach et al. 1987), a RNA replicase gene (Golemboski et al. 1990;
Donson et al. 1993), a defective virus movement protein gene (Malyshenko et al.
1993), an antisense gene (Kawchuk et al. 1991; Powell Abel et al. 1989), or a
ribozyme gene (Edington et al. 1994). A phloem-specific promoter could be very
useful in these strategies.
In conclusion, the initial objectives of this research project have largely been
achieved, i.e. the isolation and characterisation of the RSs/ and a PP2 genes,

identification of their promoter sequences and determination of these promoter
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activities in transgenic tobacco, and the c;onstruction of an expression vector using the
RSs1 promoter for rice transformation. The practical significance of this research,
however, is yet to be proven. Previous experiences from BPH management indicate
that dependence of any single approach will probably be ineffective in the long term.
The futhre of BPH management will continue to depend to some extent on the use of
conventional control methods, including biological control, host plant resistance,
cultural manipulations, or even chemical control. A common consensus on the role of
genetic engineering is that it will not replace these conventional approaches but bring
new tools to assist insect pest control. The strategy adopted here, if proven, will
provide an efficient way of creating a new type of host plant resistance for the control

of not only BPH but probably also other phloem sap-sucking insect pests or plant

viruses.
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APPENDIX

Appendix A. Nucleotide sequence of PCR-amplified maize Sh-1 gene exon 13
(pSHEX). The nucleotide T and the 15 nucleotides GGCGCATTCGTGCAG were
lost from the 5' and 3' primer regions, respectively. The remaining nucleotides of the

primers are underlined.

TC GTG CTG AAG GAC AAG AAG AAG CCG ATC ATC TTC TCG ATG GCG
5' primer (primer A)

CGT CTC.GAC CGC GTG AAG AAC ATG ACA GGC CTG GTC GAG ATG TAC
GGC AAG AAC GCG CGC CTG AGG GAG CTG GCG AAC CTC GTG ATC GTT
GCC GGT GAC CAC GGC AAG GAG TCC AAG GAC AGG GAG GAG CAG GCG
GAG TTC AAG AAG ATG TAC AGC CTC ATC GAC GAG TAC AAG TTG AAG

GGC CAT ATC CGG TGG ATC TCG GCG CAG ATG AAC CGT GTC CGC AAC

GGG GAG CTG TAC CGC TAC ATT TGC GAT ACC AAG
3' primer (primer B)

Appendix B. Molecular size (bp) of ADNA markers
Hindlll-digested . DNA, consisting 7 DNA fragments:

23130
9416
6682
4361
2322
2027
564

Pstl-digested . DNA, consisting of 29 DNA fragments:

11501 2459 1093 264 150
5077 2443 805 247 94
4749 2140 514 216 87
4507 1986 468 211 72
2838 1700 448 200 15
2556 1159 339 164
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Appendix C. Amino acids and codons

Amino acid

Alanine
Arginine
Aspartate
Asparagine
Cysteine
Glutamate
Glutamine
Glycine
Histidine
Isoleucine
Leucine
Lysine
Methionine

Phenylalanine

Proline
Serine
Threonine
Tryptophan
Tyrosine
Valine

Stop;
Amber
Ochre
Umber

Three letter code

Ala
Arg
Asp
Asn
Cys
Glu
. Gln
Gly
His
Ile
Leu
Lys
Met
Phe

Ser
Thr
Trp
Tyr
Val

Och

Single letter code

<K gHLUITMZACO~ZOOMAZU® >

Codons

GCA/C/G/T
AGA/G, CGA/C/G/T
GAC/T

AAC/T

TGC/T

GAA/G

CAA/G
GGA/C/G/T

CAC/T

ATA/C/T
CTA/C/G/T, TTA/G
AAA/G

ATG

TTC/T

CCA/C/G/T
TCA/C/G/T, AGT/C
ACA/C/G/T

TGG

TAC/T

GTA/C/G/T

TAG
TAA
TGA

Umb
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Appendix D. cDNA clones p27A, p4A and p30A isolated from Cucurbita pepo.

Structure of p27A:

endo-beta-glucanase precursor. partial

c¢DNA cione p27A

1Oy X!

44 X l
T EE S = (in pBLUESCRIPT)
—_ -
S e .
p27ABSY — o

p27ASX10

Restncuon map oif PP2 ¢DNA clone p27A and sequencing strategy, The arrows indicate the
scquencing directions: the dashed lines represent unsequenced regions: p27ABS9 and
p27ASX10 are names of subclones. The EcoRI and Xhol sites are cloning sites tor the cDNA
library construction.

Partial DNA sequence of p4A near the EcoRI cloning site:

TITTTTTTTTTCATCAATCAACTCTATATTCCACTAAATCAAAAGAATTTCT
CATGTATTACAAACTAAGAAAACAAAGAGAAAAAAAGAGAGAGGAAAACG
AAACAACAAAAGAATCAGAATACTGTTCATCTCCTGTTAGATCCAAGGCCT
TCCGACTCCATCGACGGGGAAGAAGAGGGAGAAGAAATGCCAGAACCAGA
AGCAGCAGCCATAGCCAAGCAGCCCTCAATCC

Partial sequence of p30A near the EcoRI cloning site:

GGAGAATGTTTTCTTGATCAATGTACTTGCATGAATCATGTAAGAAAACAG
AATTTTAAATTTTGTATTTTTAACATTCTGGATTATTAAACAATTGATGTTA
TGACTGTGGAACAAAAAAAAAAAAAAAAAAAAAAAAAAAAAA
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Abstract

Using a fragment of the maize sucrose synthase gene Sh-/ as probe, the rice genome was shown to
contain at least three genes encoding sucrose synthase. One of these genes was isolated from a genomic
library, and its full sequence, including 1.7 kb of 5’ flanking sequence and 0.9 kb of 3’ flanking sequence,
is reported. The new rice gene, designated RSsl, is highly homologous to maize Sh-I (approx. 94%,
identity in derived amino acid sequence), and contains an identical intron-exon structure (16 exons and
15 introns). Both RSs! and maize Sh-I show similar sequence homologies to a second rice sucrose
synthase gene described recently (designated RSs2, Yu etal (1992) Plant Mol Biol 18: 139-142),
although both the rice genes predict an extra 6 amino acids at the C-terminus of the protein when
compared to the maize gene. The RSs! 5’ flanking sequence contains a number of promoter-like
sequences, including putative protein-binding regions similar to maize zein genes.

A ZEMBLS3 library (commercially available from
Clontech Laboratories) of rice (Oryza sativa L.
Japonica) genomic DNA was screened for su-
crose synthase genes, using an exon 13 fragment
of the maize sucrose synthase Sh-I gene [1], syn-
thesized by polymerase chain reaction (PCR), as
a heterologous probe. Eight positive plaques were
identified, and, after plaque purification, DNA
was prepared from the clones. The eight genomic
clones could be divided into two classes, appar-
ently representing two different regions of
genomic DNA, on the basis of restriction map-
ping and Southern hybridization. Analysis by
partial sequencing showed that one of the two
classes contained a sucrose synthase gene with
high sequence homology to the maize S4-I gene,
while the other class contained a gene with much

lower homology to Sh-1, but which was almost
completely identical in sequence to the recently
published rice sucrose synthase gene RSs2 [5].
The genes in these clones were thus characterized
as RSsl and RSs2, respectively. When a South-
ern blot of rice genomic DNA was hybridized
with the maize Sh-I exon 13 probe (Fig. 1), at
least three fragments were detected in restriction
digests, suggesting the presence of further homol-
ogous genes in the rice genome. Two sucrose syn-
thase isozymes have been identified in maize
[2, 3] and sorghum [4].

One of the clones in the RSs! class was fully
investigated by restriction mapping, subcloning
and sequencing. This clone, designated ARSS2.4,
contains a full-length gene (Fig. 2). The 2.1kb
EcoRI/Eco RI and 7.0 kb Bam HI/Bam HI frag-






CTCCTTCATTTTCAGTGCARATGTGCAATGCTGAT TAGAGT TTGCAGATGCTGTTTGGTTTAGTTTAGATGTGGCAT TTTGTTAGTGGTTTCT TTGATGARARAATTCTTGGCTATGATAA

AGTTTGCTTTCTGAATATATGAATAGTGGCCATGGTTCAAGAAACTCCAGT TAGGTGGGATARTTTATGGTGATTCTGGGCGCAATTCGGGGAAATTTTTTTTGGCGAGAATCTTATCAT

TGAGATAAAGAGGGCAAGAATATCAACAGACTTTTAATCTTAATAAARAGCACTCTTAGCGTAAGAGCARAGCATTGCAATCTCGTGTGACAAGAACGT TTCTTTTTCTCCATCTTTTTC

TTTTTTACCAAAAAATGAGTGTTGCCAACTGCTGCACCTTCTTAGGCCGGTTTGT TCTTGT TTGGAACGCACGGAATGCCCGATGCAAAAAAAAAARAGAAATGCTGTTAACAAATCACT
GTCCTGACACGGCTAATTAGGTGGTAATTTGGTGCATCTGCAAAGAAGCAACAGATGCTTTCTTTCACTGAAAGCATATTTGCATGATTTCTTGTTTCTGCTTGTCCTCTCTCTGATGCT

GACTGTATTCCACTCTGCGCTGTARTGCCATGTTAGTGATTAATATGTTCARAAGAGCATAAAAGAATTGCCAAT TGGATGTTAGAGAT TACTGTGTTGTTCAAAAGAGCATAAAAGAAT
Direct Repeat Direct

TACCAATTTGATGGTAGATGTTACTAGCACCACCTTGGTGT TTCCCCATGGTTTTCTGCAATTCTGCCCATGATCTTTCTGCTTT TCTGARAGACCTATGT TTCAGAGGTCAAGCTTCTG
Repeat

GAAGGTTATTAGGAGGGATGAGTCGTCATTTTGTCTGTGGGCCCCACTAGTCAGTGTCAATAGTTGTAAAGGGTAGAAATTTTCTTGCTGT TTTTCTTGGARACAATTTCATTGCGCCTG
ATCTGATGGTCGGTCTGGTAATCAAATCACCAGATCCTGAAATCCACCAAATCAAACCGTGAGATTT TTGCAGAGGCARRACAAGAAAAGCATCTGCTTTATTTCTCTCTTGCTTTCTTT
TCATCCCCAACCAGTCCTTTTTTCTTCTGTTTATTTGTAGAAGTCTACCACCTGCAGTCTATTATTCTACAGAGAAAAAGATTGAAGCTTTTTTTCTCCAAAGCTGACAATGGTGCCGGC
ATATGCTAARTAGGATACTCCCTTCGTCTAGGAAARAACCAARCCCACTACAATTTIGAATATATATTTATTCAGATTTGTTATGCTTCCTACTCCTTCTCAGGTATGGTGAGATATTTCAT

AGTATAATGAATTTGGACATATATTTGTCCAAATTCATCGCATTATGARATGTCTCGTTCGATCTATGTTGTTATATTATAGACGGAGATAGTAGAT TCGGTTATTTTTGGACAGAGAAA
PL-2

GTACTCGCCTGTGCTAGTGACATGATTAGTGACACCATCAGATTAAARAAACATATGTT TTGATTARAARARTGGGGAATTTGGGGGGAGCAATAATTTGGGGTTATCCATTGCTGTTTC
PI-

ATCATGTCAGCTGAAAGGCCCTACCACTAAACCAATATCTGTACTATTCTACCACCTATCAGAATTCAGAGCAL1bbbbl111bLAACTATTTA11uuzuh11lehATCTCGGAGAAAC
CRAT BOX _ TATA BOX

CCTCCATTCGTTTGCTCGTCTCTGACCACCATTGGGTATGTTGCTTCCATTGCCAAACTGTTCCCTTTTACCCATAGGCTGATTGATCT TGGCTGTGTGATTTTTTGCTTGGGTTTTTGA
<

GCTGATTCAGCGGCGCTTGCAGCCTCTTGATCGTGGTCTTGGCTCGCCCAT TTCTTGCGATTCTTTGGT GGGTCGTCAGCTGAATCT TGCAGGAGTT TTTGCTGACATGTTCTTGGGTTT

ACTGCTTTCGGTARATCTGAACCAAGAGGGGGH 11lleLLbLAGTTTAblbbbl11ACTATGAGCGGATTCGGGGTTTCGAGGAAAACCGGCAAAAAACCTCAAATCCTCGACCTTTAG

TTTTGCTGCCACGTTGCTCCGCCCCATTGCAGAGTTCTTTT TGCCCCCAAATTTTTTTTTACTTGGTGCAGTAAGAATCGCGCCTCAGTGATT TTCTCGACTCGTAGTCCGTTGATACTG

TGTCTTGCTTATCACTTGTTCTGCTTAATCTTTTTTGCTTCCTGAGGAATGTCTTGGTGCCTGTCGGTGGATGGCGAACCAAAAATGAAGGGT TTTT TTTTTT TGAACTGAGAARRATCT

TTGGGTTTTTGGTTGGATTCTTTCATGGAGTCGCGACCTTCCGTATTCTTCTCTITGATCTCCCCGCTTGCGGATTCATAATATTCGGAACTTCATGT TGGCTCTGCTTAATCTGTAGCC

AAATCTTCATATCTCCAGGGATCTTTCGCTCTGTCCTATCGGATTTAGGAATTAGGATCTAACTGGTGCTAATACTARAAGGCGTAATT TGGAACCATGCCATTATAAT TTTGCARAGTTTG

AGATATGCCATCGGTATCTCARTGATACTTACTARARCCCAACAAATCCATTTGATAAAGCTGGTTCTTTTATCCCTTTGAAAACATTGTCAGAGTATATTGGTTCAGGTTGATTTATTT

TGAATCAGTACTCGCACTCTGCTTCGTARACCATAGATGCT TTCAGTTGTGTAGATGAAACAGCTGT TTTTAGTTATGT TTTGATCTTCCAATGCTTTTGTGTGATGTTATTAGTGTTGA

TTTAGCATGGCTTTCCTGTTCAGAGATAGTCTTGCAATGCTTAGTGATGGCTGTTGACTAATTATTCTTGTGCAAGTGAGTGGTTTTGGTACGTGTTGCTAAGTGTAACCTTTCTTTGCA

GTTCCTGAAATTGAGTCATGGCTGCCAAGCTAGCTCGCCTCCACAGTCTCCGCGAACGCCTCGGTGCCACCTTCTCGTCTCATCCCAATGAGTTGATTGCACTCTTCTCTAGGTGAAGAT
A A KLARILUHSULREIZRILSGATT F S S HPNZEU LTI ATLTF S8 RC--———

CTCAATATAATATCTTGTGTCTTCTTGGAACCTGCTACTAATTGTTTTGAGTTTTCAATGATT TTATCCATACAGTTGGTTAGTTCTTAGTCAACCCAGATGT GAAACGATAACATGTTA

GTATGTTACAAATTCTTAGCTGACAAGGTTATGCATCTCTTTAGT TT TAATGATGGTATCTATAATAATCTGTGATGAGCTCTARCATT TTTGTCTTGAGTCATGAATCTTAGATGATGT
IVs-2

TGARATATTGTTTGT TCATAGCTAGATTAAGTACAGATCATGTGGTCTTAARAATARGAAGTAAAAATCAGGTTTATGTGGTAGTGCCATTAACATAGT TCAGCCGCAGAAAGGATGTGA

GATCTAAGCATTGGTTCTATTTCTTAAATATCACTCTATGCAGGTATGT TAACCAGGGAARGGGAATGCTCCAGCGTCACCAGCTGCTTGCGGAGTTCGATGCCTTGATCGAAGCTGACA
N QG K GMUILOQRUHOQLULAETFDA ATLTITEA ATD

AAGAGAAATATGCTCCCTTTGAAGACATTCTCCGGGCTGCTCAGGTAAATTTGGCAATGAGCCAGGATGGTTATGATAGTCAACTCAAAGTCAAATACCAGTCTTTCTAACTTACTTCCT
K E K Y A P F EDTI L RAA QK IVs-3

TGACTGTATGTAGGAAGCCATTGTGCTGCCGCCCTGGGT TGCACTGGCCATCAGGCCAAGGCCTGCTGTCTGGGACTACATTCGGGTGAATGTAAGTGAGT TGGCAGTGGAAGAGCTGAG
------------ >E A I V L P P WV A LATIWZRUPRUPGV WDYTIRVNVSETLA AUVETETLS

TGTTTCTGAGTACTTGGCATTCAAGGAACAGCTTGTTGATGGACAGTAAGTACCAGAACGACGATTTGCAGATTATAACTGAAGCAAAATAACAGTGACTGAATTTTACTTCTGTTTTTC
vV s E Y L A F KE QL V D G H< IVs-4

TTAAACAGCACCAACAGCAACTTTGTTCTTGAGCTTGATTTTGAGCCCTTCAATGCCTCCTTCCCGCGCCCGTCCATGTCCAAGTCCATCGGARATGGGGTGCAGTTCCTTAACCGTCAC
--=> T N § NF VL EVLDVFEUPFWNA AST FUPIRPSMS K S5 I GNJGV QF L NRH

CTGTCGTCCAAGTTGTTCCAGGACAAGGAGAGCCTCTACCCCTTGCTGAACTTCCTGAAAGCCCATAACCACAAGGGCACGGTARGCTTCCAATTTGTGGAACATACCARATGCTTTTAT
L S S KL F QD KZES LY ?PLULVNTVFULZE KA AHNH <

ACTAGATGTTTTTTCTTGTGTGAATTGCTTTAAATGT TAGTCCTTTAGAAACCCACT TGACATTCTCTGTAAGTTCCACCARATGACGGGATCCGAATTTTCTATTACAGACAATGATGC
IVs-5 >T M M
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TGAATGACAGAATTCAGAGCCTTCGTGGGCTCCAATCATCCCTTAGAAAGGCAGAAGAATATCTGATGGGCATTCCTCAAGACACGCCCTACTCGGAGTTCAACCACAGGTGATTACTTT
L ND R I Q $ L R L ¢ 8 s L RKAEEYT LMGTIU®PQDTU?PY S EF N H R<o-m---em-

ATTATTTCTCCTTATCATATAGCCCATGTTATACTACTGCAAATGGAATAATTCCTTACAATGTGATTCATGATTTGAATACAGGTTCCAAGAbLlLbblllbhAGAAbhbllbbbble
> F Q E L 6 LE K G W 6 D

CTGTGCAAAGCGTGTGCTTGACACCATCCACTTGCTTCTTGACCTTCTTGAGGCCCCTGATCCGGCCARCTTGGAGAAGTTCCTTGGAACTATTCCAATGATGTTCAATGTTGTTATCCT
¢C A KRV L DPTTIHILULULDLLEA APU DU PA ANTLEI KT FIULSGTTIUPMMT ENUVVITL

GTCTCCGCATGGATACTTTGCCCAATCCAATGTGTTGGGATACCCTGATACTGGTGGTCAGGTAGAGCTTTTTAACAAATTTTCCCCTTATATACAGTACTTCAAATATTTCTAGTTTTG
s P Q VLGY P D'T G G Q< Ivs-7

ACCTGTTATTCTGTTGTTTGCAGGTTGTGTACATTTTGGACCAAGTCCGCGCT TTGGAGAATGAGATGCTTTTGAGGAT CAAGCAGCAAGGCCTTGATATCACACCTAAGATCCTCATTG
>V VY I L D Q VRALENTEMMILTILA RTIIEKU GQ®QQSGLODITOU®P?ZE KTIIULTIEC

TATGTTCAAGATGTTGGTCTTGAATGTTTCAAGTTTTAAACACTTCTCAGTGCGAATTGTAGAGTAACGTGCGGACATGATTTTACTTGATGCAGGTAACCAGGCTGTTGCCTGATGCTG
Vs T R L L P D A

TTGGTACTACATGCGGCCAGCGTGTGGAGAAGGTTATTGGARCTGAGCACACTGACATTCTTCGTGT TCCATTCAGGAGTGAGRATGGTATCCTCCGCAAGTGGATCTCCCGTTTTGATG
vV 6T TCGQR RV EIKWVIGTEHTDTIULU RV ?PFIRSENGTIT LRIEKWTI

TCTGGCCATTCCTGGAAACATACACTGAGGTAAATGGTTTATCTGACAACGTCCTTCAGAGCTGAGCACAAACCATGAATTCTGAGAGCTCATCTTTTTTTTTTTGGTTGCAGGATGTTG
VvV WP FLETUYT ECX Ivs- >D V

CAAACGAAATTATGAGGGAAATGCARGCCAAACCTGATCTCATCATTGGCAATTACAGTGATGGAAACCTTGTTGCCACTCTGCTGGCTCACAAATTAGGAGT TACCCAGGTATGTTTGG
AN E I MREMOQA AT KT PDILTITIGNYSsSDGNTULVATILILAHRIE KT LGV T Q<==c--

TTGTAAACCACTCCTTTAAATAT TTCTTTCATTAAGTCAATTACTTATGATTTCTCTTCTACATGGATACAGTGTACCATTGCTCATGCCTTGGAGARAACCARRTACCCCAACTCAGAC
Ivs-10 >C T I A H A L E KT K Y P N 5D

ATATACTTGGACAAGTTTGACAGCCAGTACCACTTCTCATGCCAATTCACTGCTGATCTTATCGCCATGAARTCACACTGATTTCATCATCACCAGTACATTCCAAGAAATTGCTGGAAGG
I YL D KF D S QY HF s CQF TADIU LTI AMNHBETUDT FITITSTT FQEIAG S<

TAAAATTTTCTAARGAGCAGTAGAATATTGCTGCCTTGTGCCAACACCTAARCGGGTATCTGATCTTTGTTTCCTCTGTTTCTTCAGCAAGGACACTGTGGGGCAGTATGAATCACACAT
Ivs-11 > KD T V G Q Y E s H I

TGCATTCACCCTTCCTGGGCTTTACCGAGTTGTGCATGGCATAGATGTTTT TGATCCCAAGTTCAACATTGTCTCTCCTGGAGCTGACATGAGTGTCTACTTCCCGTACACCGAGGCTGA
A P T L P 6L Y RV V HGIDVFDUZP KV FNTI VS P GADMSVYF P Y TEA ATD

CARGAGGCTCACTECTTTCCACCCTGARATT GAGGAGCTTCTCTACAGTGARGTCGAGAACGATGARCACAAGTGAGTACTGAACTGCTGGTTCCGTCCCTGT TATTCACCTACCATGTA
K R L T A F HPEIEZETLULY S EV ENUDE H

ACAARTAATTARACACTGATTTGTGTGTTTGGTCTAGCTTTGGCTCTTCAGTCTACTAAGTGCCATGCACTAGAACTTTGTAGAT TTGAACTGCAATTCTTAATTTTCTCACTCCTTAGT
Ivs-12

AGACCACAATAATAATTATTGTGTCTGACCCAGCTAGTTTACAATAGTGACTTCAATGCTTGTTTTTTCCCCTTGAACAAT TGTT TACTTTCTAGCAGTGGAGTTTGGCATCTARACTTG

AATACACGCTGTTCTTTTTTGTGTATAAAATGTTTATTTAATGTTCTGCAGGT TTGTATTGAAGGACAAGAACAAGCCAATCATCTTCTCCATGGCTCGTCTTGACCGAGTGAAGAACAT
> L K D K N K P I I F S MARTULTDI RVYKINM

GACAGGTCTGGTTGAGATGTATGGTAAGAATGCACATCTCAGGGATT TGGCARACCTTGTGATTGTTTGTGGTGACCACGGCAATCAGTCCARGGACAGGGAGGAGCAGGCTGAGTTCAA
T 6 L VEMY G KNAMHILRDILANILVYVYTIUVCGDUHGNU QS KDIRETEQATETF K

GAAGATGTACGGTCTCATTGACCAGTACAAGTTGAAGGGGCATATCCGCTGGATCTCAGCTCAGATGAACCGTGTTCGTAACGGGGAGT TGTACCGATACATT TGTGACACCAAGGGAGT
K MY 6L I D QY KL KGHTIU RWISAOQMNZPRYRNGETLYR®RYTITCDTZKGV

CTTTGTCCAGGTATATACATACGCTGTCATATTCTACTGCTATATTTCTATTCTGAGCTTCCAGTAGCARATGATTTCTACTATT TGTAAAGAACAGCCTTGTGCTTGAGACTAAAACTG
F V 0« Vs-13

CTTTTARRATTGTTTTTTAGCCTGCATTCTATGAAGCGTTTGEGTCTGACTGTCATCGAAGCCATGACATGTGGTTTGCCAACARTCGCAACATGCCATGGTGGCCCTGCTGAGATTATTG
------------------- >P A F Y EA F 6L T VI EAMTTCGULUZPTTIATTCHGG P ATETI

TTGATGGGGTGTCTGGTCTGCACATTGATCCTTACCACAGTGACAAGGCTGCTGATATCTTGGTCAACTTCTT TGAGAAGTGCAAGCAGGATTCAACCTACTGGGACAATATT TCACAGG
vV be6GV S 6L HTIDUPVYHSD KA AADTITULVNTFTFTETZEKTCIEKU QD STYWUDNTISQ

GAGGTCTGCAGAGGATTTACGAGAAGTATGTAT TTCATGATCTGCAAATATATAACATTTTTTTTTTACGATTGACATATAACTGTAGAAATCATGTGTCCAATCTATATTGATCCTACA
G G L Q R I Y E K< Ivs-14

AATTTGGACTTGTCAGGTACACCTGGAAGCTGTACTCTGAGAGGCTGATGACCTTGACTGGTGTATACGGATTCTGGAAGTACGTAAGCAACCTTGAGAGGCGCGAGACTCGCCGTTACA
-=> Y T W K L ¥ § E R L M T L TGV Y G F W XK Y V S N L E R R

TTGAGATGTTCTATGCTCTGARATACCGCAGCCTGGTAAGT TACTCTCGCTGTTCARCAGCTTGT TARTTTCAGTATTATTGCACTGAGCATATCTCTGAATTCTGT TGCTACATTTCTT
I EMF Y AL K Y R § L¢« IVs~15

TGTTGAATCCAGGCCAGCGCCGTCCCATTGGCTGTCGATGGAGAGAGCACATCCAAGTAATGGAGGGGARAATATGCATCT TCAGCAGGAGARGCCGTCAGCTGCATTCGAATTTGATAA
----------- >A S AV P L AV D G E S T S K

TTTTCTGTAGTTGTCATTTGGCATCCATGTTTGCCATGGATGTGTACTATGTCTAAGGTTTCAGTACTTTTGCGAGATT TTGGGCAGTGCTTGCCTCARAATAAACGCCGGTTCCTGGTGT
PolyA

TTATCGTTCAGAATTCAATGCAATGTTTTATTGCCGCGCTTCCTCAATCTGTCATGTTGAATGACCACTCCCTAGTGCCCTACTGTTAAAAAAGGTTGGTTCARAGCCATGGATGAACCC
A

AACATTTTTGTTACCTTGTTCTTTTCAGAATTTCCTTAAGAGT TGTGATAGTAGGCCCAGTGCGACCARARTGTTGGGT TCCTTGAGTTTTCAGTATARAATT TC TGATAT TARATGCAG
ATCTTGGCTCAGTACAGAGTCTTGCAAACCATGTGGTTGCATCTTTTCTACTGCTGTAGTAGATGAAACTGARGATACTACTTATTACTCTTTAGACAAAGTTTCATCATATTCCCAARA
TCTTGGTCTAGGATTGGGAGACATCAAGAAGATATAAACTTCACACTCAGGCCCTGTTTGGCAACCCTGAATAATTTTCTTTTGTGTAATGCAAATGCACCTGTAAATTTGGGTGACCCA
AAGATGCCAGT;AAATATAAATCCCATGTAGCCAAACTGTTTGTTAGAAGAACTAGAACACTCAGTAGAGGTTTTAGCTAATTACAGTTCATTGCTGATCAAGGTTGCATCAGACATAGA
AGTCAGACCGAAACATCAATTTGGAGCTATAATACAAAATTCGATAAACCAATACGAAATTCAAATAAAATAACATTGTTCATCAAAATTTCTGGCCAGAACCATCCAAGAGCAGTTGTA
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Abstract

Direct N-terminal amino acid sequencing of the phloem protein 2 (PP2) from 3-month old Cucurbita pepo
L. (pumpkin), purified by SDS-PAGE and blotted onto PVDF membrane, showed that the protein had
a blocked N-terminus. However, after in situ cleavage of the polypeptide in a gel slice by cyanogen
bromide, 75 residues of sequence on two cyanogen bromide fragments were determined. An oligonucle-
otide probe based on this amino acid sequence was used to screen a cDNA library, constructed from
mRNA of 3-5-day old seedling hypocotyls, in AZAP II. A cDNA clone (p11A) predicted an amino acid
sequence of 218 residues, in full agreement with the sequences determined for two CNBr fragments of
PP2, and suggests that the N-terminus of the protein is a blocked methionine residue which is cleaved
off by CNBr. Two additional cDNA clones were sequenced but no heterogeneity in the PP2 sequence
was found. The deduced amino acid sequence of C. pepo differs in nine residues from the recently
published sequence of Cucurbita maxima (Bostwick et al., Plant Cell 4 (1992) 1539-1548). Southern blot
showed that PP2 is encoded by a gene family with a relatively large number of members (estimated as
7-15 per haploid genome).

Introduction

The presence of proteins in the phloem sap of
plants has been known for many years [8];
phloem protein concentrations are generally low,
of the order of 0.3-2.2 mg/ml [ 12, 17, 20], but are
much higher in Cucurbita spp., where concentra-
tions as high as 110 mg/ml have been reported

[13]. The cucurbits are thus particularly suitable
subjects for the study of both phloem proteins
and their encoding genes.

Besides a number of enzymes, such as sucrose
synthase [20, 25] and peroxidases [13], the ph-
loem sap contains a small number of proteins
present in relatively large amount. In the cucur-
bits, these have been classified into two families,

The nucleotide sequence data reported will appear in the EMBL, GenBank and DDBJ Nucleotide Sequence Databases under

the accession number Z22647
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designated PP1 and PP2, and are collectively re-
ferred to as P-proteins [12, 33]. The smaller of
the P-proteins, PP2, is a chitin-binding lectin with
a subunit molecular weight of ca. 25000 [1, 15,
34, 35]. On exposure of phloem exudate to air, it
forms a gel (with PP1) by oxidative cross-linking
of cysteine residues, and is thus assumed to act
as a sealing mechanism for wound sites [ 34, 42].
Other functions have been suggested for this pro-
tein, such as involvement in translocation [23, 26,
38, 45, 47], providing a structural framework on
which untranslocated phloem components can be
anchored [1, 35, 42], or as a defence against
pathogens (on the basis of the carbohydrate-
binding specificity) [1, 15, 34, 35].

Although characterization of the PP2 lectin at
the protein level has been carried out [1, 15, 34,
35], no directly determined protein sequence data
have been reported. Sequence data from cDNA
species or genomic clones encoding PP2 are also
unavailable. The cloning of a cDNA encoding a
cucurbit P-protein ¢cDNA, assumed to be PP2,
was reported several years ago [39], but no se-
quence data were given. The mRNA from which
this cDNA was derived was reported to be most
abundant in young seedlings. In a more recent
paper, the deduced amino acid sequence for cu-
curbit PP2 was given as part of a paper demon-
strating the phloem-specific expression of its en-
coding gene [6]; however, once again, no
sequence data for either cDNA or genomic clones
was given. The present paper reports the sequence
of a full-length ¢cDNA encoding the PP2 lectin
protein, identified on the basis of partial sequence
data obtained from purified PP2 polypeptide, and
gives preliminary characterization of the corre-
sponding mRNA species and genes. After sub-
mission of this paper, the sequence of a cDNA
encoding PP2 from Cucurbita maxima was pub-
lished [7].

Materials and methods

Growth of plants

Plants of Cucurbita pepo L. cv. Autumn Gold
(pumpkin) were grown from seeds (Suttons

Seeds, Torquay, UK) in Levington potting com-
post (Fisons, Loughborough, UK) under growth
room conditions (25 °C, 70-80% RH, 14-hour
photoperiod). One day after the hypocotyls
emerged, the seedlings were regarded as 1 day
old.

SDS-polyacrylamide gel electrophoresis (SDS-
PAGE)

Phloem exudate was collected by cutting the stems
of 3-month old plants and transferring the exu-
date with a pipette directly into an equal volume
of 2x SDS-PAGE sample buffer [21] containing
5% mercaptoethanol. SDS-PAGE was carried
out according to Moos et al. [32] and Hunkapiller
et al. [18). The separating gel (129, acrylamide),
prepared according to Laemmli [21], was allowed
to ‘cure’ for at least 14 h prior to use, and was
subjected to pre-electrophoresis at 150-200 V for
1 h. The running buffer was always supplemented
with 0.1 mM sodium thioglycolate. Before load-
ing, the exudate sample was heated at 60 °C for
10-20 min. Electrophoresis was conducted at
150-200 V.

In situ cleavage of PP2 protein in gel slice with cy-
anogen bromide (CNBr) vapour

This was done by a modification of the procedure
by Zingde et al. [48]. After completion of the
electrophoresis, the SDS-polyacrylamide gel was
stained for 5 min in 0.5%, Coomassie blue in ace-
tic acid isopropanol water (1:3:6, v/v/v) and
destained briefly in 509, methanol and 109
acetic acid until the protein bands were just vis-
ible. The band corresponding to PP2 was cut
out and lyophilized in a small glass container,
which was then placed inside a small vacuum
flask containing 1 ml of 509, trifluoroacetic acid
and 20 mg of cyanogen bromide at its bottom.
The flask was flushed with argon gas, evacuated
briefly until the liquid just started to boil, and then
kept sealed in the dark at room temperature for
24 h.




Electroblotting and sequencing of the cleaved PP2
peptides

The gel slice treated with CNBr vapour was re-
moved from the vacuum flask and lyophilized,
and then suspended in several changes of SDS-
PAGE sample buffer [21] until the bromophenol
blue dye in the buffer remained blue. The gel slice
was finally suspended in 0.4 ml of the sample
buffer, heated for 10 min at 60 °C, loaded directly
into the well of a 17%, SDS-PAGE slab gel, over-
laid with sample buffer, and electrophoresed as
above.

Electroblotting was conducted according to
LeGendre and Matsudaira [24] using a semi-dry
electroblotting apparatus (ATTO Corporation,
Japan). The polyvinylidene fluoride (PVDF)
membranes used were ProBlott from Applied
Biosystems. The blotting proceeded for 1h at
200 mA constant current. After blotting, the
membrane was briefly stained (about 1 min) in
0.1% Coomassie blue in 509, methanol and
destained for about 15 min as described above,
washed with three changes of distilled water for
a period of 15 min and air-dried. The membrane
can be stored at —20 °C at this stage. Stained
peptide bands were excised with a razor blade
and directly sequenced on an Applied Biosystems
Gas Phase Sequencer (model 470A) by sequen-
tial Edman degradation.

Isolation of poly(A)+ RNA and construction of
c¢DNA library

Total RNA was extracted from 3- to 5-day
old hypocotyls by the method described by de
Vries eral. [9]. Poly(A)"™ RNA was purified
from 1 mg of the total RNA using the PolyATract
mRNA isolation System III (Promega). Synthe-
sis of double-strand ¢cDNA from the poly(A)*
RNA and subsequent cloning into the Uni-
ZAP XR vector were carried out by using the
ZAP-cDNA synthesis kit (Stratagene). The
resulting recombinant DNA was packaged with
the Gigapack II Gold packaging extract (Strat-
agene).

161
Screening the library
A degenerate oligonucleotide, 5'-GC(C/T)TC(C/

TTT(C/TTC(C/TYTT(A/G)TT(A/G)TCCAT-
3’ complementary to the DNA coding sequence

' predicted by amino acid sequence MDNKEKEA

of the 15 kDa CNBr fragment of PP2 (Fig. 3),
was synthesized on an Applied Biosystems model
381A DNA synthesizer. This oligonucleotide was
end-labelled with [y->P]ATP [27] and used as
probe for the screening. Ca. 38 000 plaques of the
library grown in SURE Escherichia coli host cells
were screened. The nitrocellulose membranes,
prepared according to Slightom and Drong [41],
were incubated for 5h at 40 °C in 25mi of
prehybridization  buffer (6x SSC  [27],
2 x Denhardt’s solution [27], 0.25% SDS,
100 pg/ml denatured herring sperm DNA). The
end-labelled oligo probe was heated for 2 min in
a boiling water bath, chilled on ice, and then added
into the prehybridization solution. The mem-
branes were incubated for 18 h at 40 °C. After
hybridization, the membranes were washed with
four changes of washing buffer (6 x SSC, 0.19,
SDS) at room temperature for a period of 40 min.
The hybridization was visualized by autoradiog-
raphy. Plaques corresponding to strong hybrid-
ization signals were purified by a further round of
screening under the same hybridization and
washing conditions.

Nucleotide sequencing

The purified positive phages were subjected to
in vivo excision to form insert-containing pBlue-
script phagemids. This was carried out using the
ExAssist helper phage according to the procedure
in the Stratagene’s ZAP-cDNA synthesis kit
manual. The resulting phagemids were first analy-
sed by restriction endonuclease digestion. Se-
lected clones were further analysed by DNA se-
quencing. Plasmid DNA was used as template for
sequencing by dideoxy chain termination method
[36] on an Applied Biosystems model 370A DNA
sequencer, using the Taq Dye Primer Cycle se-
quencing kit (Applied Biosystems). The reported
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Cucurbita pepo, and used as a template for cDNA
synthesis. A library containing 9 x 10° indepen-
dent clones in the lambda phage vector ZAP 11
was obtained using one-twelfth of the resulting
dscDNA. Ca. 38000 recombinants of this pri-
mary AZAP cDNA library were screened with a
fully degenerate oligonucleotide probe corre-
sponding to amino acids 1-7, and the implied
methionine residue before amino acid 1, of the
15 kDa CNBr fragment of PP2. Ca. 150 plaques
(0.4%,) gave strong hybridization signals.

After plaque purification, positive clones were
subjected to invivo excision to form insert-
containing pBluescript phagemids. Two clones,
p9A and pllA, were fully sequenced; they con-
tained identical coding and non-coding sequence

(Fig. 4). Another clone, which contained a larger
insert (2.2 kb; p27A), was also sequenced. The
insert in this clone contained the entire PP2
cDNA (identical in sequence to the inserts of p9A
and pl1A) fused with a partial cDNA sequence,
which was identified on the basis of sequence
homology to entries in the EMBL database as
encoding endo-f-1,4-glucanase precursor (data
not presented). .

The nucleotide sequences of the PP2 ¢cDNA
clones contain a region (bases 19-41) exactly
complementary to one of the oligonucleotides in
the degenerate probe. About 840 bases of
sequence were determined, plus a poly(A) tail of
variable length; the predicted mRNA size is thus
in agreement with the species observed on the

AAAAAAGAAAGCGCTATAATGGACAACAAAGAGAAGGAAGCGAGAGAGAAATTAGGAGGA 60
M D N K E K E A R E K L 6 G 14
GAAGTGAAGCTTGGTCATTGCTTGGATGT TATTTTGAAGAATGCTGACGTAGCACTGCAC 120
E VKL GH CL D V I L K NA D V A L H 34
TATCCCTCCTTCCTTAAGCTTTATGACCAACTTGTTGCTGGGATCCTCTTGAACAAGGGA 180
Y P § F L KL YD QL V A G I L L N K G 54
GCTATAAAGTACATCTTTGATAAGAAGTTAAACAGCCATTGGTACTTTATATTTGCGAGA 240
A I K Y I F D K XK L N S H W Y F I F A R 74
GCTCTCTCAATCGCCTGGATTGAAGATAAAAGATACTGGAAATGGGGATCCTGTGGCAAT 300
A L s I A W I E D K R Y W K W G S C G N 94
AGCGAAGTTGCAGAACTTATTGAAGTATCTTGGCTGAACATTCGTGGAAAGATCAATGAG 360
s EV A E L I EV S WL NI RG K I N E 114
TCTATGCTCTCACCAAATGTTGTGTATGAAGTAGCACTTCAGGTACAGCTAAATAGTAGA 420
S M L S P NV VY EV AL Q V gL N 8 R 134
GCCTCCGGGTGGAATGCTCCTTTGAACATCGAATTGAAGAAGCCAGATGGGAGCAAGATA 480
A S G W NAUPULNTETILZX K P D G S K I 154
GTGCGCCAGGAATGCCTGTTGGGGAARGCCACARAACCAGTGGTTTGAGATTGTTGTTGAG 540
VR Q E CL L G K P QNOQWF ETI V V E 174
TTCAAGGTAGGTAACCATGGCTGTGGAAGTAGTGGCGAGATCGAGTTTTCCTTTTTTGAA 600
F K V 6 NH 6 C G S s G E I EF S8 F F E 194
CATGGAGGGCATTGGAAGAGAGGGCTGCTCGTGAAAGGT GTTCGGATTGGAGCARAGGGA 660
H G G H W XK R G L L V K GV RTI GAIKG 214
TGTGGTTGCTCATGATCAAAATAGTCTTGGTGTACACAATCTCTCTTTCTCAAACTCARA 720
c 6 ¢ s *
GTACACTTATTTTGATGTTGAGGAACGAGAGTTTGTGTTATAATCARATATGAAAGAATG 780

TACTAGTATGAAACAATAAATAATAGACCT TTTGCTTACGGGCAAGAAGGTTAAGTTTT (A)

Fig. 4. Nucleotide sequence and deduced amino acid sequence of PP2 cDNA. Sequences were determined from clone p11A. Amino
acid sequence regions covered by PP2 CNBr peptide sequences (Fig. 3) are underlined. A potential polyadenylation signal sequence
in the cDNA is also underlined. The asterisk marks the stop codon.
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Fig. 5. Northern blots of total pumpkin RNA. Total RNA
(40 pg) from hypocotyls of 3 to 5 day-old pumpkin seedlings
was separated on a formaldehyde-agarose gel (1.2%, agarose),
transferred onto a nitrocellulose membrane and hybridized
with 32P-labelled cDNA insert of the PP2 cDNA clone pl1A.
The blot was exposed for 4 h.

northern blot (Fig. 5). A polyadenylation signal
sequence is present 45 bases 5 to the poly(A) tail
in all the clones sequenced. The first ATG in the
sequence has been assumed to be the start codon,
and then predicts a correct amino acid sequence
{(q.v.); this assumption is based on the identity of
the three sequences determined, which suggest
that the cDNAs are full-length. Results from
CNBr cleavage of PP2 make it unlikely that the
coding sequence could extend significantly further
in the 5' direction, although the nucleotide se-
quence determined does not rule this possibility
out.

The deduced amino acid sequence in the
¢DNAs is of 218 amino acid residues, and pre-
dicts a polypeptide of molecular mass 24 550, in
agreement with the observed size of the PP2
polypeptide (24 kDa). The predicted sequence
contains regions identical to the sequences deter-
mined for the CNBr fragments of PP2 (Fig. 3);
the N-terminal region of the 15 kDa fragment fol-
lows the methionine residue at position 1, and the
N-terminal region of the 14 kDa fragment follows
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the methionine residue at position 116. There are
two undetermined residues in the former se-
quence; one is predicted to be cysteine, which
would not have been determined as the cysteine
residues were not carboxymethylated; the other is
predicted to be histidine, which is consistent with
the result obtained at this position, although the
trace from the sequencer is not clear enough to
allow the residue to be unambiguously designated
as histidine. The predicted molecular masses of
the fragments are 13277 and 11159 respectively;
these fragments are smaller than the sizes deter-
mined by SDS-PAGE, but calibration of the gels
is not reliable in this molecular weight range. No
other methionine residues are present in the se-
quence, and the N-terminal methionine residue
must thus be blocked in the mature protein. Com-
parison of the 15 kDa peptide sequence with the
deduced amino acid sequence suggests that this
is the mitial methionine residue. The correspon-
dence of the sequence predicted by the cDNAs
and the sequences determined for the CNBr frag-
ments of PP2 establish that these cDNAs contain
the coding sequence of a PP2 gene.

The insert from pl11A was used as a probe on
a northern blot of total seedling hypocotyl RNA.
As shown in Fig. 5, hybridization to a single
mRNA band of ca. 0.9 kb was observed.

Southern blotting of genomic DNA

Genomic DNA from Cucurbita pepo was re-
stricted with various enzymes, separated by gel
electrophoresis, blotted, and probed with the PP2
cDNA (insert from clone pllA). Results are
shown in Fig. 6. The hybridization pattern ob-
tained suggested that PP2 was encoded by a gene
family with a relatively large number of members
(within the approximate range 7-15, comparing
the intensities of hybridization to gene copy
equivalents run on the same gel). Digestion with
Hind II1 gave a major band of 3.8 kb, with
fainter bands at ca. 5.0 kb and 3.1 kb. Kpn |,
Bam HI and Xbal gave 5-10 hybridizing frag-
ments, at intensities corresponding to approx.
single and multiple copies. With longer exposure,
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Although no significant sequence homology has
been found between PP2 and the ribosomal pro-
teins, comparison of them reveals striking resem-
blance at both protein and gene level. Weber ef al.
[47] found that P-protein shared many biochemi-
cal and immunological similarities with ribosomal
proteins. As discussed earlier in this paper, the
PP2 is represented by a multigene family which
might contain one or only a few functional mem-
bers and possibly some pseudogenes, similar to
the mammalian ribosomal protein genes. Recent
investigations on plant ribosomal protein gene
structure and expression showed that these genes
are preferentially expressed in young and prolif-
erating tissues rather than in old and expanded
tissues [5, 19, 22, 28], and generally present in a
small multigene family [5, 19, 22]. The PP2
mRNA level was high in hypocotyls of 3-5 day
old Cucurbita pepo seedlings but almost undetect-
able in the stems and leaves of 3-month old plants
when probed with the degenerate oligonucleotide
probe (data not shown), which is similar to the
plant ribosomal gene {28]. Sham and Northcote
[39] reported that the total PP2 mRNA level in-
creased in the first 4 days of seedling growth but
decreased to lower level in older seedlings, resem-
bling Joanin etal’s observation [19] that the
maize cytoplasmic ribosomal protein $13 mRNA
level in germinating seeds reached a maximum
level after 4 days of incubation.

From the above discussion it seems that
P-proteins are closely related to ribosomal pro-
teins. It has long been observed that the origin of
P-proteins was closely linked to the presence of
helical free polysomes and the formation of
P-protein filaments coincided with the disappear-
ance of ribosomes [3]. However, the significance
of this remains unknown. Weber et al. [47] sug-
gest that P-proteins are not specially synthesized
during phloem differentiation but are aggregation
of a related class of pre-existing, relatively stable,
cross-linked proteins. This view does not neces-
sarily imply that P-proteins are intracellular de-
bris without a function in translocation [47]. The
function of P-proteins could possibly be eluci-
dated by expression of sense or anti-sense PP2
gene in transgenic plants.
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