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ABSTRACT
Sugarcane, a complex polyploid, may theoretically contain up to 12 alleles for a
particular gene at a single locus. The number of alleles and the extent of their
variation is of particular importance due to the potential for the exploitation of genetic
variation through breeding. Also, allelic variation has implications for the manipulation
of

gene

function

phosphofructokinase
sucrose

via

genetic

engineering.

(PFP) is considered

biosynthesis,

which

Pyrophosphate

a key regulatory

dependent

enzyme

may provide a target for genetic

involved

in

manipulation

to

increase sucrose yields in sugarcane. The enzyme is composed of a regulatory
(alpha) and catalytic (beta) protein subunit encoded by the PFP-a and PFP-p genes
respectively. The PFP-p gene, which has been shown to be a single locus gene in
other plant species, was used in this study as a model for allelic variation in
sugarcane.

Two main areas of investigation

involved genomic

and expression

analyses to further characterise the gene. Polymerase Chain Reaction (PCR) using
specific primers previously designed from conserved regions of the PFP-p gene from
different plant sources, were used to amplify across exons 10 to 12 of the sugarcane
PFP-p gene. Two PCR products, designated PFP-81/881250bp and PFP-81/881100bp
respectively,

were obtained from commercial

clones of the fragments

were obtained

cultivars

N19 and N21. Numerous

and sequenced.

International

database

searches confirmed that both amplicons were identifiable as PFP-p. Comparative
sequence

analysis

indicated

that

the

PFP-81/881250bP and

PFP-81/881100bp

fragments were poorly homologous to each other, with higher regions of homology
residing in the putative exon regions (77-78%) compared to the intron regions (3456%).

Although

minor

sequence

variation

was

detected

within

the

amplicon

populations, it was evident that two major variants of the PFP-p gene are present in
sugarcane. Southern hybridisation analysis revealed a simple banding pattern for
PFP-p. Also, there are DNA polymorph isms for the genomic regions corresponding to
the PFP-81/881250bP and PFP-81/881100bPfragments.
that both variants are also present in the ancestral

Previous evidence
sugarcane

indicates

germplasm

and

maintain the same level of heterozygosity. The presence of both gene forms in the
ancestral and commercial germplasm prompts speculation that the two variants may
not segregate. This theory, together with the simple Southern hybridisation

pattern
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obtained for PFP-p, leads to the hypothesis that the two gene forms are at separate
loci

in the

sugarcane

genome,

which

may be closely

linked

on the

same

chromosome. The expression of the variants was investigated during different stages
of sucrose accumulation in the sugarcane culm using a Reverse Transcription (RT)peR approach. A single, identical transcription product was isolated from these and
other selected tissues of the plant. In addition, the same transcript was obtained from
the ancestral species representatives of modern sugarcane, Saccharum officinarum
and Saccharum spontaneum. Sequence comparison of the transcribed product and
the derived exon regions of the two variants implies that the PFP-p gene represented
by the PFP-B 1/B81250bpvariant is being expressed in sugarcane while the gene form
by the PFP-B1/B81100bp amplicon

characterised

is silent. Northern

hybridisation

analysis indicates that PFP-p is differentially expressed at different stages of sucrose
accumulation.

PFP-p expression is higher in the immature culm tissue of sugarcane

and low in the mature culm, which suggests that PFP-p is highly regulated during
maturation.

It is hypothesised that the PFP-p gene underwent duplication and that

one gene form was subject to accumulative mutations evolving into a pseudogene.
On the basis of present results, it can be suggested that future genetic manipulation
of PFP-p
fragment.

should involve the gene variant characterised

by the PFP-B 1/B81250bp
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OPSOMMING
Suikerriet,

'n komplekse poliploïede organisme,

kan teoreties tot 12 allele vir 'n

spesifieke geen by 'n enkele lokus bevat. Die aantal allele en hul mate van variasie
is veral van belang, weens die potensiaal vir die benutting van hierdie genetiese
variasie deur teëling.
geenfunksie

Alleelvariasie

het ook implikasies vir die manipulering van

via genetiese inginieurswese.

Pirofosfaat-afhanklike

fosfofruktokinase

(PFP) is 'n belangrike regulatoriese ensiem vir sukrose biosintese en kan geteiken
word vir genetiese
suikerriet.

manipulasie

met die oog op verhoogde

sukroseproduksie

Die ensiem bestaan uit 'n regulatoriese (alfa) en katalitiese (beta) proteïen

subeenheid wat deur die PFP-a en PFP-~ gene respektiewelik gekodeer word.
PFP-~ geen, wat in ander plantspesies as 'n enkellokusgeen
hierdie studie gebruik as 'n model vir alleelvariasie in suikerriet.

aangedui

te karakteriseer.

Eksons

Die

is, is in

Die twee hoofroetes

van ondersoek wat gevolg is, behels genoom- en uitdrukkingsanalises
verder

in

10 tot 12 van die suikerriet

om die geen

PFP-~ geen

is

geamplifiseer

met behulp van die Polimerase Ketting Reaksie (PKR), bemiddel deur

die

van

gebruik

gekonserveerde

spesifieke

voorvoerders

wat

voorheen

ontwerp

was

vanaf

areas van die PFP-~ geen uit verskillende plantbronne.

Twee PKR

produkte, genoem PFP-B1/B81250bPen PFP-B1/B81100bPrespektiewelik,

is deur die

kommersiële

kultivars

gekonstrueer

en hul DNA basisvolgorde

databasisse

oënskynlike

en

N21

opgelewer.
is bepaal.

het bevestig dat beide amplikons

basisvolgorde
fragmente

N19

analise

het

swak homologie

aangedui

dat

toon, terwyl

Verskeie

fragmentklone

Soektogte

PFP-~ was.

in internasionale

Vergelykende

PFP-B1/B81250bP en
'n hoër mate van

is

DNA

PFP-B1/B81100bP

homologie

in die

ekson areas (77-78%), vergeleke met die intronareas (34-56%) gevind

is. Alhoewel klein basisvolgordeverskille

opgemerk is binne die amplikonpopulasies,

was dit duidelik dat twee hoofvariante van die PFP-~ geen in suikerriet teenwoordig
is. Southern hibridisasie analisie het 'n eenvoudige band patroon vir PFP-~ onthul.
Daar is ook DNA polimorfismes vir die genoomstreke wat met die PFP-B1/B81250bPen
PFP-B1/B81100bPfragmente ooreenstem.
variante ook in die voorvaderlike

Vorige bewyse het aangetoon

dat beide

suikerriet kiemplasma voorkom en dat dieselfde

vlak van heterosigositeit gehandhaaf word. Die voorkoms van beide geenvorme in
die voorvaderlike

asook

kommersiële

kiemplasmas

stel voor dat hierdie

twee
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variante

miskien nie segregeer

vi

nie. Hierdie teorie, tesame met die eenvoudige

Southern hibridisasiepatroon vir PFP-p, lei tot die hipotese dat die twee geen vorme
by verskillende lokusse in die suikerrietgenoom voorkom, en dat hierdie lokusse nou
gekoppel

mag wees op dieselfde chromosoom. Die uitdrukking van die variante is

ondersoek

gedurende

suikerrietstingel
identiese

verskillende

deur van Trutranskripsie

transkripsie

geïsoleer.

spesieverteenwoordigers

transkrip

sukrose

akkumulasie

(TT)-PKR gebruik te maak.

is

ook

van hedendaagse

spontaneum.

getranskribeerde

van

produk is hieruit en uit ander geselekteerde

Dieselfde

Saccharum

stadia

'n

DNA

verkry

suikerriet,

vanaf

in

die

'n Enkele,

plantweefsels

die

Saccharum

basisvolgordevergelyking

voorouerlike
officinarum

en

tussen

die

produk en die ekson-areas van die twee variante impliseer dat die

PFP-p geen verteenwoordig

deur die PFP-B1/B81250bPvariant uitgedruk word in

suikerriet, terwyl die geen verteenwoordig deur die PFP-B1/B81100bpamplikon stil is.
Northern

hibridisasie

gedurende

onderworpe

PFP-p verskillend

uitgedruk

word

PFP-p uitdrukking is hoër

stamweefsel van suikerriet en laag in die volwasse stam, wat

dat PFP-p hoogs gereguleer

gehipotetiseer

gelei het.

toon aan dat

verskillende stadia van sukrose akkumulasie.

in die onvolwasse
voorstel

analise

word gedurende

maturasie.

Daar word

dat die PFP-p geen duplikasie ondergaan het en dat een geenvorm
was aan akkumulerende mutasies wat deur evolusie tot 'n pseudogeen

Dit word voorgestel, gebaseer op die huidige resultate, dat toekomstige

genetiese manipulasie van die PFP-p geen, die geenvariant gekarakteriseer deur die
PFP- B1/B81250bPfragment moet behels.
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CHAPTER 1
INTRODUCTION

Sucrose is a valuable source of revenue for South Africa, being the country's third most
important agricultural export product (Anonymous, 1996). Approximately 2.3 million tons of
sucrose is produced per season, half of which is exported, yielding a net income of
approximately 1.28 billion rands (Anonymous, 2000). To remain internationally competitive,
new sugarcane varieties combining high yield and high sucrose content with pest and
disease resistance are being continually developed.

Crop improvement

relies on the exploitation of genetic variation between parents. This

variation may be due to genes at different loci or at one locus. Genes at one locus that
differ from each other at one or more mutational sites are alleles (Kahl, 1995). Due to the
mutation, one allele may confer a more favourable

trait in relation to the other. For

example, alleles associated with good breadmaking

quality were identified in the wild

relative of wheat (Saponaro et al., 1995); and in the wild relative of barley, alleles linked to
high ~-amylase activity in the grain were identified (Erkilla et al., 1998). The latter allele is
potentially useful to increase levels of grain ~-amylase activity in malting barley (Erkillá et

al., 1998). Thus, the study of allelic variation is important for crop improvement and may be
identified at the genetic level by determining the degree of homology between individual
gene copies in crop plants. In sugarcane, allelic variation is not well characterised despite
the large genetic base still available in hybrid, commercial sugarcane varieties (Roach and
Daniels, 1987).

One alternative

to conventional

plant breeding is the use of genetic manipulation.

By

changing the level of enzymes involved in carbon allocation by genetic manipulation, the
relative yields of the various storage products can be altered (Blakeley and Dennis, 1993).
In this way, sucrose levels have been increased in transgenic plants (Worrell et al., 1991;
Muller-Rober et al., 1992). One key regulatory enzyme involved in sucrose biosynthesis is
pyrophosphate

dependent

phosphofructokinase

(PFP), which catalyses

the reversible
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conversion of fructose-6-phosphate

to fructose-1,6-bisphosphate

(EC 2.7.1.90) (Dancer

and ap Rees, 1989). PFP is absent from higher animals but has been characterised

in

plant cells and in some protozoans, for example Amoeba (Reeves et al., 1974) and Giardia
lamblia (Rozano et al., 1995). In most plants, the enzyme is a heterotetramer consisting of
two alpha and two beta protein subunits. Kinetic and chemical data have suggested that
the alpha is the regulatory subunit and beta the catalytic subunit (Yan and Tao, 1984;
Botha and Botha, 1991) These subunits are encoded by the alpha (PFP-a) and beta (PFPp) genes respectively. The kinetic properties of PFP from several plant species have been
studied. However, the physiological role of the enzyme remains speculative. In sugarcane,
PFP activity has been shown to be negatively correlated with sucrose content (Whittaker
and Botha, 1999). Sucrose content increases in the older internodes of the sugarcane stalk
(Botha et al., 1996), where PFP activity was also shown to be controlled by the expression
of the p-subunit of the enzyme (Whittaker and Botha, 1999). Due to its relationship to
sucrose,

PFP has been recognised

as a target for genetic manipulation

to increase

sucrose yields in sugarcane.

Commercial sugarcane varieties are interspecific hybrids originating from several species,
particularly the ancestral species Saccharum

officinarum

and Saccharum

spontaneum

(Roach and Daniels, 1987). Due to its ancestry, modern sugarcane varieties are complex
polyploids (AI-Janabi, 1998), a genetic characteristic that contributes to an increase in DNA
content and genetic variation. During evolution, genes duplicated by polyploidy may be
subjected to different fates. The gene may retain its original or similar function, attain a
different function or be differentially regulated (for example in the multigene family), or one
or more copy of the gene may become silenced (Wendel, 2000). Since sugarcane has
chromosome numbers between 100-130 (Lu et al., 1994) and suspected ancestral base
chromosome

numbers of 8 (S. spontaneum)

(Bremer,

1961) or 10 (S. officinarum)

(Sreenivasan

et al., 1987), at one locus there could be up to 12 alleles for a particular

gene. The possibility that two or more alleles exist could have important implications

in

genetic manipulation, where attempts to down-regulate the gene may be negated by the
presence of another allele.
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The aim of this study was to investigate allelic variation in the complex genetic environment
of sugarcane. The PFP-~ gene was selected as a model for allelic variation since it has
been shown to be at a single locus in other species, for example, castor bean (Blakeley et
a/.,

1992). In addition, PFP has been shown to be an important enzyme in sucrose

biosynthesis,
suggested

and can therefore be used in genetic manipulation.

Preliminary work has

the presence of two variants of the PFP-~ gene in both ancestral

and

commercial sugarcane genotypes (Harvey et a/., 1999).

The first specific objective of this study was to perform genomic analysis on part of the
PFP-~ genic region in order to confirm the presence of variants of the gene, by assessing
sequence differences between the variants, and to gain insight as to whether they are
alleles. Details of this genomic investigation, which was performed on commercial hybrid
sugarcane varieties, are given in Chapter 3. The second main objective of this study was to
identify which
sugarcane

of the variants are expressed

in relation to sucrose

and to determine patterns of expression

accumulation

in both commercial

in

and ancestral

genotypes of sugarcane. Thus, expression of the PFP-~ gene was investigated in a range
of tissues, including the developing stalk of a commercial hybrid variety and in selected
tissues from the ancestral varieties. Chapter 4 deals with the latter expression studies.
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CHAPTER2
LITERATURE REVIEW

2.1 Plant Genomes

2.1.1 The organisation of plant genomes
The term genome describes

the total complement

of DNA in a particular

organelle

(Paterson, 1996). In plants, there exists the mitochondrial genome, the plastid genome and
the nuclear genome (Walbot and Cullis. 1985). The nuclear genome is organised into
chromosomes composed of segments of genomic DNA which are either genic or intergenic
sequences. Within these sequences are repetitive sequences, regulatory sequences and
genes (Flavell and Moore, 1996).

2.1.2 Plant DNA content
There is a great deal of variation in the size of the nuclear genomes of higher plants.
Bennett and Smith (1991) estimate this variation to be over 1500-fold. Angiosperms with
small nuclear genomes, e.g. Arabidopsis,

have a 2G nuclear DNA content of 0.30pg

(145Mbp/ 1G) (where the G value is the size of the unreplicated haploid nuclear genome),
while

some

polyploid

(Arumaganathan

genomes

may

have

11.92pg

(5751

Mbp/

and Earle, 1991). Plant species with small genomes

1G)

of

DNA

exist as fully

functioning flowering plants; thus it is deduced that plant genomes are relatively large in
comparison to the amount of DNA required to specify known functions. For small genomes,
e.g. cotton, it is estimated that 5-10% of the genome encodes specific function while it is
thought that this amount is even less in plants with large genomes, e.g. rye, where the
value is 5% (Flavell, 1980).

2.1.3 Repetitive DNA
DNA-reassociation

kinetic studies have revealed that the extra DNA content in plant

genomes is due to the accumulation of repetitive sequences found within the intergenic
region (Nagl, 1976). Flavell (1980) estimates that the proportions of repetitive DNA may be
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as little as 10% in plants with small genomes (for example Arabidopsis)

and may be as

high as 95% in very large genomes. Reassociation kinetic studies have also indicated the
interspersion patterns of repetitive sequences in relation to low or single copy sequences in
plant genomes (Dean and Schmidt, 1995). In plants with large genomes, shorter stretches
of low-copy sequences are present «2kb) while in plants with small genomes, low-copy
sequences are present in much longer stretches (for example 120kb in Arabidopsis).

Repeated sequences have been characterised as tandem repeats, which include variabIenumber
dispersed

tandem

repeats,

repeated

minisatellite

sequences,

which

DNA, microsatellite
include

DNA and telomeres;

transposable

and

and

retrotransposable

elements (Hulbert et al., 1990). Repetitive sequences undergo rapid evolutionary changes
compared to coding or single copy sequences (Flavell, 1986; Hulbert et al., 1990). These
regions become involved in unequal crossing over, transposition and gene conversion that
may lead to changes in sequence and copy number. Sequence scrambling

may occur

which results in the insertion of short pieces of DNA into new sites in the genome. DNA
segments of one tandem array may become part of other tandem arrays, and parts of one
transposable element may become part of another (Lucas et al., 1992; Moore et al., 1993).
Therefore

plant species with a high proportion of repetitive DNA are predisposed

to

undergoing changes in genome organisation (Flavell, 1986).

2.1.4 Genic sequences
Genic sequences, which are unique and usually single copy (Paterson, 1996), contain the
protein coding genes which are units of a few kilobases (Walbot and Cullis. 1985). Genes
consist of coding regions (exons) and several intervening, non-coding regions (introns) and
regulatory

DNA

sequences

such

as promoters

upstream

and termination

regions

downstream of the gene. The exon regions encode a polypeptide while the intron regions
are spliced out during transcription
genomes is diagrammatically

(Futuyama, 1986). The general organisation

represented in Figure 2.1.

of plant
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Genic Region

Intergenic Region

Terminator

Chromosome

Figure 2.1 Diagram representing the organisation of plant genomes. At the sub-chromosome level there are
segments of DNA which are either genic or intergenic sequences. The intergenic sequences contain
repeated sequences that contribute to the large size of some plant genomes. At the genic level there are
genes consisting of coding (exon) and non-coding (intron) regions, promoter and terminator elements.
(adapted from Futuyama, 1986).

2.1.5 Pseudogenes
In addition to functional genes, there are pseudogenes in plant genomes (Brown, 19a9).
These genes have sufficient homology and the same exon-intron arrangements to indicate
that they have arisen by the duplication of functional genes (Futuyama, 19a6). However,
they contain frame-shift mutations that prevent them from encoding a functional peptide.
The pseudogenes diverge rapidly in sequence, so much so that they may no longer be
recognised in relation to the functional gene (Smith, 19a9). This relates to the "selfish"
genes described by Doolite and Sapienza (19aO). Selfish genes, as the name implies, do
not encode any instruction which can be recognised, but remain in the genome since they
retain the ability to replicate.

The most detailed account of the formation of a pseudogene for a duplicated gene is for
PgiC2 in Clarkia mildrediae (Gottlieb

and Ford,

1997). Of the 23 exons,

1a were

sequenced and nine exons showed indels (insertions or deletions) causing frameshifts and
a stop codon. Some deletions resulted in the loss of exon-intron splice junctions,

and
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insertions were also present. Introns were also degenerate,

containing

a total of 21

insertions, one of which (857bp with a stem-loop structure and direct terminal repeats) was
indicative of a transposable element.

Pseudogenes have also been characterised in the lectin gene family of Ricinus communis
(castor bean) (Treagar and Roberts, 1992). The presence of two and three frameshift
mutations in two isolated clones respectively, and the lack of transcripts homologous to the
putative lectin gene in the third clone, are indicative of pseudogenes. Other authors have
suggested the presence of pseudogenes based on the observation of an absence of cDNA
transcripts despite the appearance of genomic sequences for a particular gene (observed
by Southern hybridisation). This has been described in the a-glucosidase gene from barley
(Tibbot and Skadsen, 1996) and the gene for the catalytic subunit of serine/threonine
protein phosphatases of Nicotiana tabacum (Suh et aI., 1998).

Numerous pseudogenes have been characterised in the uridylate rich small nuclear RNA
(Usn RNA) genes in plants. Kiss and Solymosy (1993) described the presence of four
tandem repeat elements in the 3' flanking region of the LeU3 gene flanked by five direct
repeats. Kiss et al. (1989), in screening

a tomato genomic

library for LeU1 genes,

encountered a pseudogene which was truncated at its 3' end and lacked the sequences
necessary for transcription at the 5' flanking region. In potato, three Usn RNA pseudogenes
with a defective promoter or coding region were also isolated (Vaux et aI., 1992).

2.1.6 Multigene families
Genes may be spaced out randomly along a DNA molecule or grouped

into distinct

clusters. In certain instances, the clusters are made up of genes that contain related units
of biological information, i.e. the multigene family. It is estimated that there are 20 000 30 000 different

gene families

in higher plant genomes

(Flavell and Moore,

1996).

Members of multigene families share high sequence homology with each other and may be
scattered on one or more chromosomes. It is hypothesised that the members of the gene
family arose from a common ancestral gene by a series of duplications,

and possibly

relocation, followed by events that may have altered the sequences of the genes resulting
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in specialisation of the genes (Raven et aI., 1986; Brown, 1989). Multigene families may be
simple multigene families (all the genes are exactly the same), complex multigene families
(the members are all different but expressed at the same time) or complex differentially
expressed multigene families (the members are different and expressed at different times)
(Brown, 1989).

Multi-gene families can encode genes with related functions, but in cases where the
function is the same, differential regulation ensures that distinct genes are activated in
response to different environmental and other stimuli. Chernys and Zeevaart (2000)
characterised a 9-cis-epoxycarotenoid dioxygenase gene family in avocado, involved in the
regulation of abscisic acid (ABA) biosynthesis. They found that two of the genes were
strongly induced as the fruit ripened while the other gene was constitutively expressed in
the fruit during fruit ripening as well as in leaves. The three genes were differentially
expressed under conditions of water stress. Individual members of the Arabidopsis thaliana
ribulose-1,5-bisphosphate carboxylase/ oxygenase small subunit gene family were
differentially regulated by light of different qualities, which suggested that individual
members of the family may be subjected to a variety of differing regulatory mechanisms
(Dedonar et aI., 1993). The maize invertase gene family was found to group into two
classes with contrasting sugar responses. The two classes showed differential organ and
developmental expression (Xu et aI., 1996). The alternative oxidase of the soybean inner
mitochondrial membrane is encoded by a multigene family with three known members, the
genes of which were also differentially expressed in a tissue-dependent manner (Finnegan
etaI., 1997).

There are varying degrees of homology between members of multigene families, which
may indicate the likely role of the gene in the plant. For example, in the three genes
isolated by Chernys and Zeevaart (2000), Pa NCED3 is 67% identical to Pa NCED1 while
Pa NCED2 is 30% identical to Pa NCED1 at the deduced amino acid level. One of the
genes, Pa NCED2, was found to be unlikely to be involved in ABA biosynthesis. In the 143-3 protein gene family in Arabidopsis thaliana, the 10 members of the family maintain their
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distinctiveness

at the N- and C- terminal ends, which suggests that they may encode for

different functions (Wu et aI., 1997).

2.1.7 Alleles
Alleles are different forms of the same gene occupying the same locus on a particular
chromosome
(Fincham,

(Kahl, 1995). Alleles arise by abrupt and usually stably inherited mutation

1983). Mutations

may develop due to insertions,

deletions,

substitutions,

transpositions, translocations, duplications and inversions at one or few nucleotides of the
gene sequence (Raven et aI., 1986). Thus, variations within plant genomes may evolve
over generations if the mutation is not detrimental or lethal.

The use of allelic variation in crop improvement
From the earliest food growers to modern plant breeders, the variation within wild plant
species has been exploited in order to improve crop yields, and increase resistance to
disease and adverse conditions (Simmonds, 1979; Nilan, 1981). In plants such as barley
and peas, as well as maize and wheat, loci controlling phenotypes with much variability
have been revealed. Under modern breeding, most crop plants have become genetically
uniform. However, genetic variation is particularly important in an inbreeding species for
the production of new varieties (van der Have, 1979). Therefore, allelic variation within
species is potentially useful for the improvement of crops. For example, good bread making
quality was found to be associated with three alleles at the Gli-A 1m locus of Triticum
monococcum, a wild relative of modern wheat (Saponara et aI., 1995). This locus can be
introduced

into modern wheat cultivars by crossing. The p-amy1 allele from the wild

ancestor of cultivated barley was linked to high p-amylase activity in the grain. Use of this
allele in the modern barley breeding program is potentially useful to increase levels of grain
p-amylase activity in malting barley (Erkilla et aI., 1998). Law et al. (1998) detected allelic
variation in the genes of group 1 chromosome for ear emergence time in Chinese Spring
wheat. The authors suggest that within spring barleys there are subgroups of alleles with
different degrees of vernalisation sensitivity controlling ear emergence time, and giving rise
to some of the genetic variation, which they observed. Powell et al. (1985) recognised that
allelic variation at the Gp ert locus in spring barley makes a large contribution

to the
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variation for thousand grain weight, main stem height and single plant height. Allelic
variation at these loci is invaluable to the improvement of barley crops. Alleles that express
a graminicide-tolerant

acetyl-CoA

carboxylase

gene for tolerance

to the sethoxydim

herbicide have been described in maize (Gengenbach et ai., 1999). Mutants expressing
high levels of graminicide-tolerant

acetyl-CoA carboxylase

have been identified. Thus

these alleles may be used to improve the tolerance of maize to the sethoxydim herbicide.

A wide genetic base is available for commercial sugarcane in the form of wild related
species. In Taiwan, a related sugarcane species was crossed with commercial sugarcane
and it was shown that the hybrid produced high yields and retained resistance to disease
(La and Shang, 1968). However, attempts to increase the genetic diversity of breeding
lines have been of little consequence

since there is still sufficient genetic variation in

existing commercial sugarcane breeding pools for crop improvement (Roach and Daniels,
1987). This genetic variation, which has been based on phenotypic differences between
different sugarcane

varieties,

has been exploited by plant breeding to produce new

sugarcane varieties which are resistant to diseases (downy mildew, Fiji, leaf blight, leaf
scald, mosaic virus, rataan stunting, rust, smut and yellow spot) (Lew, 1987) and pests
(rats and borers) (Lew, 1987), stress (drainage, drought, fertility, herbicide, salinity and
temperature)

(Lew, 1987), as well as varieties which have improved growth and high

sucrose yields (Lew, 1987).

2.1.8 Polyploidy
Polyploids are a type of heteroploid containing three or more genomes (Da Silva and
Sobral,

1995).

allopolyploidisation

Autopolyploidy

involves

the

doubling

of

a

single

genome,

while

involves the merger of two, often highly differentiated genomes into a

common nucleus (Wendel, 2000). Thus polyploids have multiple copies of chromosomes
containing the same genetic information, i.e. each gene is present in multiple copies. In this
way, polyploidy contributes to a large part of the genetic variation in plant DNA content (Da
Silva and Sobral, 1995). Approximately

47-52% of all angiosperm species and 70% of

grass species are polyploid (Grant, 1981; Paterson,

1996). Most of the economically

important crops are polyploid and contain two or more distantly related genomes that have
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co-evolved.

Examples of these crops are cotton, wheat, soybean, tobacco

and rape

(Paterson, 1993).

Chromosome pairing between homologous chromosomes during meiosis can lead to many
chromosome

combinations

when genes are present in multiple copies. In addition to

homologous pairing, homoeologous pairing between genetically equivalent chromosomes
from distinct species may occur in plant species derived from the hybridization of different
species (Da Silva and Sobral, 1995).

Soltis et al. (1992) and AI-Janabi et al. (1994) suggest that the evolution and speciation of
polypi aids may be difficult to ascertain since the interspecific boundaries of some polyploid
plant species are unclear due to the possibility of hybridisation and chromosome doubling.
Soltis and Soltis (1993) describe the evolution of polyploids as an ongoing and dynamic
process in plants. According to Wendel (2000), some plant species are not obvious
polyploids, since over time a polyploid genome could evolve rapidly so that the number of
genes expressed could be reduced to a level that is representative of the diploid ancestor
(Grant, 1981). After polyploidisation, genomes may continue to evolve and sequences may
be subjected to elimination or modification (Wendel, 2000).

The evolutionary fate of duplicated sequences varies widely among taxa and among the
various components of the genome (Wendel, 2000). Duplicate genes may have long-term
maintenance of similar or identical functions. Genes derived by polyploidy

may persist

since mutations in one gene copy may lead to negative interactions with the products of
other essential genes (Wendel, 2000).

According to Wendel (2000), persistence of duplicate genes does not necessarily imply the
retention of identical protein function or expression rather, functional diversification

may

simply be difficult to recognise. Duplication leads to relaxation of selection on one gene
copy, allowing divergence
function.

These

changes

between the duplicated
in function

genes and the acquisition

may confer quite significant

adaptations.

functional divergence is apparent in members of plant multigene families.

of new
Such
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The other possible outcome of gene duplication is gene silencing, which is the loss or
inactivation of the gene. Mutations in coding and regulatory regions may lead to differences
in protein

expression

(permanent

silencing)

or function
(Wendel,

(diversification)

as well as pseudogene

2000). Transposable

elements

formation

may be one of the

causative agents of gene silencing. For example, non-functional nitrate reductase genes in
tobacco were shown to be caused by insertion of a retrotransposon (Grandbastien,

1992).

Marshall et al. (1994) propose that over evolutionary time, genes that have been silenced
as a consequence

of point mutations

in coding and regulatory

sequences

may be

resurrected, that is, their functions restored by back mutations or gene conversion with a
functional homologue.

Interactions between duplicated sequences and protein products may occur. In addition to
changes operating at the level of gene expression, the genes themselves might interact via
recombination,

gene conversion or other mechanisms.

that expression

levels are positively correlated

In polyploids it is often observed

with gene copy number

(Roose and

Gottlieb, 1980), whereas in some cases 'dosage compensation' is observed in that overall
expression levels are maintained despite copy number increases (Birchler and Newton,
1981; Guo et ai., 1996).

Thus there is genetic variability within polyploids which may be partially responsible for
their evolutionary

success

(Soltis et ai., 1992). However,

their associated

genomic

complexity often confounds genetic studies.

2.1.9Isozymes
Isozymes are multiple forms of an enzyme which catalyse the same reaction (Kahl, 1995).
During evolution, changes in the coding regions of the genome may occur that either result
in the loss of the protein product, or allow the function of the protein product to be
maintained (Tanksley and Pichersky, 1988). If selection favours the maintenance

of the

protein product, isozymes may result. In some cases, the isozymes may have very similar
kinetic and physical properties, for example phosphoglyceromutase,
exchange chromatography,

recognised

by ion

in the developing endosperm of Ricinus communis (Botha and
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Dennis,

1986).

However,

isozymes

differ

in their

physico-chemical

properties

and

regulation (Kahl, 1995).

In maize endosperm, the two isozymes of sucrose synthase were found to be critical: one
plays the dominant role in providing the substrates for cellulose biosynthesis

while the

other isozyme is required for generating precursors for starch biosynthesis (Chourey et al.,
1998). Isozymes may be expressed in a tissue-specific manner. Biles and Martyn (1993)
showed

that peroxidase,

tissue-specific

polyphenoloxidase

and shikimate

dehydrogenase

displayed

isozymes in watermelon seedlings. In horseradish, the genes for isozymes

of peroxidase were found to be subject to organ-specific expression and were functional
despite the 10-44% difference in nucleotide homology between the genes (Kawaoka et al.,
1992).

Maize Alcohol Dehydrogenase (ADH) is an isozyme that is encoded by two genes, which
display a high degree of homology to each other at the amino acid and nucleotide level
(82% and 87% respectively) (Dennis et al., 1984, 1985). Most plants have duplicate ADH
genes which

suggests

that both genes are required

for ADH activity,

however

in

Arabidopsis, one active gene is sufficient to maintain ADH activity.

Isozymes may be encoded by gene variants at one locus (alleles) or by genes found at
different

loci.

photosynthesis

The

phosphoenolpyruvate

carboxylase

isozyme

involved

in

C4

in maize is allelic (Hudspeth and Grula, 1989). Comparison of the alleles

showed 26 nucleotide differences, three of which produced amino acid substitutions,
were silent substitutions

22

in the coding region, and one occurred in the 3' untranslated

region.

2.1 .10 Conserved gene sequences
Most organisms
instructions

share very significant similarities

in DNA since genes which encode

essential to the survival of an organism are likely to remain similar over

evolutionary history (Paterson, 1996). Mutations or changes in such basic instructions may
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be fatal to the organism. This conservation of genes across species affords the opportunity
to use sequence information from one organism and apply it to another.

2.2 Sugarcane

2.2.1 The origin of sugarcane
Sugarcane,

a domesticated

crop, has been cultivated due to its high sucrose content.

Present day varieties are interspecific
characterised

hybrids of the genus Saccharum.

This genus,

by a high degree of polyploidy, belongs to the family Gramineae,

Andropogoneae
interbreeding

(Stevenson,
genera

1965).

Erianthus

Saccharum,

(section

together

Ripidium),

with

the

Miscanthus

closely

(section

tribe

related
Diantra),

Sclerostachya and Narenga make up the Saccharum complex (Daniels and Roach, 1987).
This complex

has been implicated

in the origin of sugarcane;

however,

the actual

contribution of these genera to sugarcane is uncertain due to their high and variable ploidy
levels (0' Hont et al., 1996).

The history of sugarcane, as reviewed by Roach and Daniels (1987), elucidates the genetic
constitution

of the commercial

crop. Until the end of the 19th century, the principally

cultivated canes were Saccharum officinarum, together with S. barberi and S. sinense
(Bremer, 1961). S. sinense and S. barberi are two groups thought to be derived from the
natural hybridisations

between S. spontaneum

and S. officinarum

(Bremer,

1961). S.

officinarum is characterised by its large size and good sucrose quality in comparison with
other Saccharum

species. The outbreak of disease prompted hybridisation

involving S.

officinarum and the wild S. spontaneum (Stevenson, 1965). Although its sugar content was
low, S. spontaneum was a favourable species due to its vegetative vigor and a high degree
of resistance to abiotic stress, disease and parasites (Sreenivasan

et al., 1987). The

progenies from this hybridisation were repeatedly backcrossed with S. officinarum (noble
cane), a process
(Stevenson,

referred to as nobilisation,

1965).

According

to

Bremer

to reduce the effect of the wild parent
(1961),

nobilisation

is characterised

by

asymmetric chromosome transmission. Lu et al. (1994) have identified that in hybridization
between S. officinarum (2n=80) and S. spontaneum clones (2n=40-128), the F1 hybrid
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obtains 2n=80 chromosomes from the noble female parent and n=20-64 from the wild male
parent. Backcrosses with S. officinarum result in 2n+n transmission of chromosomes but
from the second backcross, chromosomal transmission becomes normal. A consequence
of this is that modern cultivated varieties have chromosome numbers between 100 and
130. Five to ten percent of this chromosome

number comes from S. spontaneum.

However, it has been suggested that the major part of the diversity between cultivars is due
to the S. spontaneum fraction of the genome (Lu et a/., 1994).

Both S. spontaneum and S. officina rum are thought to have autopolyploid origin (0' Hont et
a/., 1996). From an evolutionary perspective, autopolyploidy is synonymous with polysomic
inheritance (Da Silva and Sobral, 1995). Soltis and Soltis (1993) regard polysomy as a
potential source of genetic attributes such as enzyme multiplicity, increased heterozygosity,
and increased allelic diversity.

2.2.2 The genetic complexity of sugarcane
Sugarcane cultivars have ploidy levels that may be difficult to ascertain since the number of
chromosomes per cell of the same plant may sometimes vary (referred to as chromosomal
mosaicism) (Burner and Legendre, 1994). In addition, sugarcane genomes have extensive
chromosome

duplication (Grivet et a/., 1996) and a large quantity of DNA per haploid

complement

(Dean and Schmidt,

sugarcane

1995). The implication

of the polyploid

nature of

is that there are multiple copies of genes, although these genes are not

necessarily identical and a variable number of copies of the gene could be expressed. This
genetic complexity makes sugarcane a difficult system in which to perform genetic studies
and complicates attempts to improve the crop systematically.

Genetic engineering, which is an alternative approach to conventional
improve crops, may be difficult in sugarcane.

Attempts

plant breeding to

to increase expression

of a

particular gene may be confounded by the presence of more than one copy of the gene
and unexpected

gene silencing

may occur. In addition,

attempts

to eliminate

gene

expression may be negated by the expression of another, non-identical copy of the same
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gene. All the gene copies would have to be identified and characterised

before gene

expression could be eliminated.

In commercial sugarcane cultivars, there could be up to 12 alleles for a particular gene at
one locus since sugarcane has chromosome numbers between 100-130 (Lu et aI., 1994)
and ancestral base chromosome numbers of 8 (S. spontaneum) or 10 (S. officinarum)
(Bremer, 1961; Sreenivasan et aI., 1987). Allelic variation is best established by targeting a
single or low copy gene. The PFP-p gene, which is related to sucrose metabolism and has
been shown to be a single copy gene in castor bean (Blakeley et al., 1992), may be at a
single locus in sugarcane. Therefore, PFP-p is a good candidate gene for the study of
allelic variation in sugarcane.

2.3 Pyrophosphate

dependent

phosphofructokinase

(PFP)

PFP (EC 2.7.1.90) is an enzyme, with no known isozymes, that catalyses the reversible
conversion

of fructose-6-phosphate

(Fru-6-P) to fructose-1,6-bisphosphate

(Fru-1,6-P2)

using inorganic phosphate (PPi) as the phosphoryl donor. Phosphofructokinase
catalyses

this reaction,

however ATP is the phosphoryl

(PFK) also

donor and the reaction

irreversible (Blakeley et al., 1992). These reactions are represented in figure 2.2.

I.

SUCROSE

l

I.~\nvertase
~eutral

Sucrose synthase
UDP-glucose + Fructose
~~PPi

Glucose

UTP ....

UDPGPPase
'UTP .,.,..."
UDP .Dsglucose-l-phosphate
Phosphoglucomutase
Dsglucose-ê-pqosphate
Hexose phosphate isomerase
PFK

/ ....
Hexokinase

l
+ ,_.,.40o=-,,-----,
ATP ~
+A>PPii
-+ FBPase Fru-o-P
i PFP +~
IFru-1.6-P2
--,
l
Triose-phosphate

ADP

D

Figure 2.2 Diagram representing part of the sucrolytic sequence of reactions in the cytosol (modified from
Plaxton, 1996). The reaction catalysed by PFP is highlighted.

is
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PFP was first isolated in the eukaryote Entamoeba histolytica (Reeves et al., 1974) and
subsequently in the prokaryote Propionibacterium shermanii by 'Q Brien et al. (1975). PFP
is absent from animal cells, but high activity has been discovered in plant cells and since its
discovery in pineapple leaves (Carnal and Black, 1979), the enzyme has been investigated
and characterised in a variety of plant tissues. Carnal and Black (1983) showed that PFP is
present in most photosynthetic organisms by investigating the activity of the enzyme in a
photosynthetic bacterium (Rhodospirillum rubrum), in the algae (Charophytes), and among
both lower and higher plant species. Enzyme kinetic studies reveal that in many plant
tissues, PFP activity is either equal to or exceeds that of PFK (Carnal and Black, 1979;
Kowalczyk et al., 1984; Macdonald and Preiss, 1986; Stitt, 1990).

2.3.1 Molecular forms of PFP
In most plants, PFP is a heterotetramer composed of alpha (a) and beta (P) subunits with
molecular masses of 65-67kDa and 60kDa, respectively. In wheat seedlings, Van and Tao
(1984) have isolated two forms of PFP. The larger form appears to be a tetra mer
composed

of two subunits of 67kDa (a) and 60kDa (P) with a molecular

structure

consisting of a2P2. The smaller form of PFP is a dimer of 60kDa. The composition of PFP in
potato tuber is a2P2 (Kruger and Dennis, 1987). According to Botha et al. (1988), the PFP
proteins from bean, cucumber and potato contain both the PFP protein subunits associated
with plant PFP. Cheng and Tao (1990) detected a 60kDa PFP protein from mung bean
which contains both the a and P-like proteins. Similarly, PFP purified from carrot roots have
a novel subunit composition in that only the P subunit is present (Wong et al., 1988). It has
also been shown that only the P subunit is present in some tissues of Citrillus lanatus
(Botha and Botha, 1991). However in the cotyledons of this plant, PFP is present in the
different isoforms which include the a and P subunits. Three forms of PFP have been
purified from green and red tomato fruit (Wong et al., 1990). The first form contains the
typical a and P subunits, the second form a P- doublet subunit, while the third appears to
contain a P-singlet subunit.

Carlisle et al. (1990) have shown that PFP a and P subunits are related, with approximately
40% of the amino acid residues being identical. However, the two subunits have been
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shown to be immunologically distinct in potato tuber (Kruger and Dennis, 1987), wheat
germ and lettuce leaves (Cheng and Tao, 1990).

Various lines of evidence exist to support the theory that the a and P subunits are the
regulatory and catalytic subunits, respectively. Based on kinetic data, Van and Tao (1984)
proposed that the smaller form of PFP in wheat seedlings, which contains only the P
subunit, is the catalytic subunit of the larger form. Carlisle et al. (1990) compared the
nucleotide and derived nucleotide sequences of cDNA clones of the a and P subunits of
PFP from potato tubers, with that of the known PFK enzyme from E. coli. The regions of
homology between both types of clones and the PFK sequence from E. coli were residues
that are involved in the binding of Fru-6-P/ Fru-1,6-P2 in the E. coli PFK. The conservation
of the catalytic residue (aspartic acid -175) in the PFP-P subunit with that of the residues
involved in the catalytic activity of E. coli PFK implies that PFP-P retains the catalytic
activity and is therefore the catalytic subunit. Due to the substitution of the aspartic acid
residue in the a subunit with an asparagine, this subunit has been proposed to play a
regulatory rather than a catalytic role. Cheng and Tao (1990) showed that the a subunit of
PFP was more susceptible to trypsin digestion than the P and that PFP cleaved by trypsin
retained most of its stimulated activity. Based on these results the a subunit is considered
to function as a regulatory protein. Further evidence was provided by the study by Botha
and Botha (1993), who demonstrated that the application of the growth substances kinetin
and etherel to isolated cotyledons of C. lanatus caused an increase in total PFP activity by
an induction of the P subunit. Levels of the a subunit were unaffected byetherel

but

decreased by kinetin. The correlation provided evidence that the P subunit is the catalytic
moiety of the enzyme.

2.3.2 Proposed roles of PFP
In most plant tissues PFP is highly stimulated by Fru-2,6-P2. Examples of this relationship
have been shown in mung bean seedlings (Sabularse and Anderson, 1981), potato tubers
(Van Schafingten et al., 1982), spinach leaves (Cseke et al., 1982), pea seeds ryvu et al.,
1983), castor bean endosperm (Kombrink et al., 1984), wheat seedlings (Yan and Tao,
1984), black gram seeds (Ashihara and Stupavaska, 1984), pineapple (Carnal and Black,
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1979), cucumber seeds (Botha et al., 1986) and soybean cells (Macdonald and Preiss,
1986). PFP of green tomato fruit, as in other starch storing tissues, shows a marked
increase in affinity for Fru-6-P substrate on activation by Fru-2,6-P2, however the enzyme
from sugar storing tissues (red tomato fruit) shows either little change or a decrease in
affinity for the Fru-6-P substrate (Wong et ai., 1990). The authors suggest that the kinetic
properties of the enzyme enable the tissue to store sucrose.

The role of PFP in plant tissues is uncertain (Botha and Botha, 1993). However, since PFP
catalyses a reaction that is readily reversible and observed to be close in equilibrium in vivo
(Stitt, 1990), it could theoretically function in the glycolytic or gluconeogenic direction. Stitt
(1989) proposes that the properties of PFP may provide a way of modifying fluxes in
response to external factors or when large amounts of carbon are being moved between
starch, sucrose and organic acids. Based on observations

that PFP activity is high in

tissues engaged in biosynthetic activity, Dennis and Greyson (1987) propose that PFP
plays a role of a biosynthetic

enzyme to equilibrate

pools of hexose and pentose

phosphate. Stitt (1989) proposes that the properties of PFP enable the enzyme to operate
as a PPi-stat, which is engaged by rising Fru-2,6-P2 and! or falling Pi. Dancer and ap Rees
(1989) hold the view that PFP maintains the cytosolic concentration of PPi according to the
supply and demand of PPi. Dennis and Greyson (1987) propose that PFP provides carbon
skeletons during periods of high biosynthetic activity. The function of PFP has also been
viewed as an adenylate bypass for glycolysis when phosphate levels are low (Duff et al.,
1989).

2.3.3 Sugarcane PFP
Whittaker

(1997) reported differences

of PFP activity within the developing

stalk and

between a selection of varieties, which implies that PFP in sugarcane is in part modulated
by coarse regulation of transcriptional

and! or translational factors.

Whittaker and Botha

(1997) showed that in the internodes of sugarcane culm, there is an increase in PPi and a
decrease in Fru-2,6-P2 levels, so much so that it could lead to a very significant decline in
the activity of PFP. From the range of calculated values for the PFP catalysed reaction in
the glycolytic direction, it was concluded that the PFP catalysed reaction is in equilibrium at
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all stages in the sugarcane culm. Botha et al. (1996) noted that sucrose increased from the
young to the older internodes in sugarcane, and Whittaker (1997) observed that high levels
of PFP activity remained in sugarcane internodes after growth had ceased.

Whittaker and Botha (1997) measured the activity pattern of PFP in the top 10 internodes
of different sugarcane varieties in order to determine the relationship between PFP,
sucrose accumulation and fibre content.

PFP activity was shown to increase from

internode 3 (maturing culm) reaching highest activity in internodes 6 and 7, and
subsequently declining to internode 10 (mature culm).

PFP activity was negatively

correlated with sucrose content and positively correlated with fiber content across four
commercial varieties and in 72 clones of an F1 population PFP was found to co-segregate
with fibre and sucrose content. In a further study of PFP activity in sugarcane internodes
with maximum rates of sucrose accumulation (between internodes 6 and 8) across
varieties with known differences in sucrose content, PFP activity was shown to be inversely
correlated with sucrose content and positively related to respiration (Whittaker and Botha,
1999). In addition, the latter study suggested that levels of PFP activity in sugarcane are
controlled by the expression of the

P subunit of the protein.

2.3.4 PFP genetic studies
PFP has been characterised by genetic analysis in relatively few plant species. In potato,
cDNA clones for the a and

P

subunits were isolated by screening the potato tuber

expression library with affinity purified antibodies (Carlisle et al., 1990). Differential
expression levels of the two subunit genes were observed in potato tuber, leaf and sprout
tissues. The results revealed a single transcript of 2.3kb for the a subunit and 2.1kb for the

P

subunit. In each case, the size of the mRNA obtained was close to that predicted from

the cDNA sequence and the deduced amino acid sequences of each subunit cDNA clone
were predicted to produce peptides with molecular weights in close proximity to those
determined by electrophoresis. This evidence suggested that the cDNA clones obtained for
each subunit were full-length.
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In a subsequent study by Blakeley et al. (1992), near full-length cDNA clones for each
subunit were isolated and sequenced from a cDNA expression library derived from
developing castor seed endosperm. The cDNA clones from potato tuber and castor bean
were 90% identical in the derived amino acid residues for the respective subunits. The
results of Blakeley et al. (1992) indicated a single mRNA of approximately 2kb for each
subunit, in both developing and germinating castor seeds. As shown by Carlisle et al.
(1990), it was observed that expression of the PFP genes is tissue specific. Blakeley et al.
(1992) observed a discrepancy between the appearance of mRNA and polypeptide for the
u and P subunits of PFP in germinating castor seed endosperm, and the presence of
mRNAs in the absence of protein in cotyledon tissue. This implied that regulation of
expression is post-transcriptional. In addition, there is transcriptional and tissue-specific
regulation of expression of both subunits. Southern blot analysis of the castor genomic
DNA suggests that there is a single gene for each PFP subunit. The results of Southern
blot analysis of potato PFP indicates that the gene may be encoded by a multigene family
or the results may be due to the polyploid nature of the plant (Blakeley et ai., 1992). In a
subsequent study, Todd et ai., (1995) isolated a full length PFP-P cDNA clone from the
castor bean cDNA library using part of the clone obtained previously.

Available PFP-j3 sequence data

Sequence data obtained from genetic studies have been entered into international
databases, which can be accessed through the World Wide Web, for example GenBank.
These provide a resource for discovering similarities between uncharacterised sequences
with those that have known sequence identity. The full length PFP-u and P genes from
Ricinus communis

sequences

from

Amycolaptopsis

and from Solanum tuberosum; together with the PFP gene cDNA
bacteria

(Thermoproteus

tenax,

Dicotyoglomus

thermophilum,

methanolica), and the full-length PFP-P gene sequence from citrus (citrus

x pereaïsï; are available on the GenBank database. PFP Expressed Sequence Tags
(ESTs) from Arabidopsis,
esculentum

Oryza sativa

(rice), Zea mays (maize) and Lycopersicon

(tomato) are also available on the database.
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Groenewald (1998) obtained an incomplete sugarcane PFP-P cDNA clone from the mature
culm library and used it to screen a sugarcane genomic library. In this study, the first five
exons and 1 747bp of the 5' flanking region of the PFP-P gene from sugarcane were
sequenced.

Variants of the PFP-p gene in sugarcane

Recent work on sugarcane PFP has indicated the presence of two possible variants of the
PFP-P gene (Harvey, 1998). Polymerase Chain Reaction (PCR) analysis of genomic DNA
and library screening of two cDNA libraries constructed from the leafroll and mature stalk
showed the presence of two fragments (1250bp and 1100bp) in a commercial variety (N21)
and representatives of the ancestral species (Saccharum officinarum and Saccharum
spontaneum).

Since the fragments were present in both the ancestral species and the

commercial variety, it was concluded that the evolution of the two variants occurred before
the evolution of the ancestral species. International database searches revealed that both
the fragments were significantly homologous to the PFP-P gene, however sequence
analysis indicated that the 1250bp and 1100bp fragment populations were 77-78%
homologous in the exon regions and 48-59% homologous in the intron regions. Sequence
comparison of the derived exon regions of the 1250bp fragment from N21 with the PFP-P
cDNA clone isolated from the leafroll cDNA library, shows a 94% similarity. In contrast,
sequence comparison of the cDNA clone with the putative exon regions of the 1100bp
fragment shows a 67% similarity. From this evidence, Harvey (1998) inferred that the
variant characterised by the 1250bp fragment is expressed in sugarcane leafroll.

If genes are present in multiple copies and these copies vary with respect to each other,
attempts to remove the gene by genetic engineering would require specific antisense
constructs of each gene copy.

2.4 Genetic manipulation of metabolic pathways

The relative quantity of carbohydrates, lipids, and proteins which are accumulated in a
variety of plant storage organs, determines the utility of crop plants (Blakeley, 1997). By
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manipulating this resource allocation, the nutritional or economic value of the plants can be
enhanced. The glycolytic, gluconeogenic, pentose phosphate and shikimate pathways are
involved in the allocation of carbon to the various biosynthetic pathways. Using genetic
engineering and transformation, the levels of enzymes in these metabolic pathways can be
manipulated

and the relative yields of the various storage compounds

may be altered

(Blakeley and Dennis, 1993).

Genetic manipulation may be challenging and produce results contrary to those expected.
For example, attempts to alter glycolytic flux through over-expression

of pyruvate kinase

resulted in complete inactivation of cytosolic pyruvate kinase in the leaves of tobacco
plants (Gottlob-McHugh

et a/., 1992). Other studies have been successful in manipulating

the composition of carbon-containing

storage compounds. Sucrose phosphate synthase,

recognised as a site for the regulation of sucrose synthesis, has been introduced into
tomato leaves where elevated levels of the enzyme resulted in the increase of sucrose
levels (Worrell et a/., 1991). ADP-glucose phosphorylase, an enzyme important to starch
biosynthesis,

has

also

been

targeted

for

manipulation.

A

bacterial

ADP-glucose

phosphorylase was expressed in potato tubers (Stark et a/., 1992). This resulted in a large
increase in the starch content of these organs. In an alternate study, this enzyme activity
was inhibited in transgenic potatoes. There was a reduction in starch synthesis and the
tubers contained an elevated level of sucrose (Muller-Rober et a/., 1992).

2.4.1 Genetic manipulation of PFP
PFP has been recognised as a key regulatory enzyme in sucrose biosynthesis (ap Rees et
a/., 1985) and is therefore an appropriate target for genetic manipulation. Hajirezaei et al.
(1994) have genetically manipulated PFP in potato plants using antisense constructs to the
genes encoding the a and ~ subunits of PFP. The virtual elimination of the activity of PFP
(approximately 70-90% in growing plant tubers and 88-99% in stored tubers) had no effect
on the growth or development
bacterial pyrophosphatase

of transgenic potatoes. Sonnewaid

into the cytosol of transgenic

(1992) introduced

a

plants. The ability of PFP to

operate in the glycolytic direction was reduced, glycolysis was no longer able to operate
effectively and consequently sucrose accumulated in the leaves.
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CHAPTER3
ANALYSIS OF THE GENOME FOR PFP-~ SEQUENCES

3.1 Introduction
Commercial sugarcane varieties are interspecific hybrids characterised by a high level of
ploidy. Due to the high ploidy levels and an estimated chromosome number between 100
and 130 (Lu et aI., 1994), with a base chromosome number of 10 (D'Hont et el-. 1996),
there may be multiple alleles of a given gene at anyone locus. The enzyme PFP, which is
involved in sucrose biosynthesis, is composed of the regulatory (u) and the catalytic (p)
protein subunits which are encoded by the PFP-u and PFP-p genes respectively. The PFPp gene has been shown to be a single copy gene in castor bean (Blakeley et el-, 1992) and
may be a single copy gene in sugarcane. Since allelic variation is best established by
targeting a single copy gene, the PFP-p genic region provides an appropriate model for the
study of allelic variation in sugarcane.

Molecular approaches that have been used extensively to locate genes of interest include
the polymerase chain reaction (PCR), molecular cloning and Southern hybridisation
analysis. Since its development by Saiki et al. (1985), PCR has become a widespread
technique used for an increasing number of different applications. The reaction involves
two oligonucleotide primers, designed to flank the region of interest in the target DNA,
which hybridise to opposite strands of a DNA molecule. Repetitive series of cycles of
template denaturation, primer annealing and the extension of the annealed primers by DNA
polymerase, results in the exponential accumulation of a specific fragment whose termini
are defined by the 5' ends of the primers (Erlich, 1989). There is no single set of conditions
that will be optimal for all possible reactions, thus for all primer/template combinations,
different conditions have to be evaluated for the production of specific PCR fragments
(Erlich, 1989). PCR offers a cheaper, easier and faster method of sequence identification in
comparison to the alternative method of screening a library for a given sequence by
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hybridisation (Charlieu, 1994). PCR fragments are resolved based on the size of the
amplicons. However, within the amplicon population, variations within individual sequences
may exist. The process of molecular cloning allows individual fragments from the amplicon
population to be isolated. Then, based on sequence analysis, variations between the
individual sequences may be resolved.

A large body of DNA sequence data is available on international databases. By aligning
novel sequences with these previously characterised genes or proteins, insights into their
common attributes and evolutionary origins may be obtained (Altschul, 1998). The Basic
Local Alignment Search Tool (BLAST) (Altschul et el-. 1990) facilitates such an alignment.
The BLAST algorithm, developed by the National Center for Biotechnology Information
(NCBI) at the National Library of Medicine (USA), is a heuristic tool for finding ungapped,
locally optimal sequence alignments (Altschul et

et-.

1990). By using this algorithm, which

is accessible on the NCBI website (http://www.ncbi.nlm.nih.gov/).asimilarity

search

between a query sequence and a specific database can be made and sequence identity
inferred. There are both peptide sequence databases and nucleotide sequence databases
available and several programs that could be used to perform the search. Among these are
the BLASTn program, which compares a nucleotide sequence query against a nucleotide
sequence database, and BLASTx, which compares the six-frame conceptual translation
products of a nucleotide query sequence (both strands) against a protein sequence
database. The BLASTn program is frequently used to obtain identical DNA sequences and
splicing patterns, while the BLASTx program, is commonly used to analyse new DNA to
find genes or homologous proteins (Brenner, 1998).

Southern hybridisation provides an insight into the organisation of particular sequences
within the genome (Dvorak and Dubcovsky, 1996). The technique, which has become
increasingly specialised, has been used for various applications which include the
determination of the copy number of particular genes (Blakeley et al., 1992; Harris et al.,
2000), investigating the diversification of genomic regions between species (HesslopHarrison and Schwarzacher, 1996), and detection of polymorphisms and identification of
markers (Jones et al., 1997; Hahn and Grifco, 1996). The technique is based on the
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restriction of genomic DNA with a class of enzymes known as restriction endonucleases,
which cleave the DNA at specific nucleotide sequences or recognition sites (Sambrook et

et.

1989). The restricted DNA is then separated according to size on an agarose gel by

electrophoresis

and transferred

to a filter where the DNA is fixed.

Heterologous

or

homologous radiolabeled DNA probes are hybridised to the filter and autoradiography

is

used to detect the position of bands complementary to the probe.

Previous work by Harvey et al. (1999) suggested that there are two variants of the PFP-p
gene in sugarcane. This work showed the presence of the variants in both the commercial
genotype N21 and in both the ancestral noble parent S. officinarum
ancestral

parent

S. sponieneum-

Consequently,

the

ancestral

and the wildtype

Saccharum

species

representatives Black Cheribon (S. officinarum) and Coimbatore (S. spontaneum), together
with the commercial

hybrid cultivar N21 were selected for the present study. Another

commercial hybrid cultivar, N19, which is the predominantly cultivated variety in irrigated
areas and which was readily available at SASEX, produces low levels of phenolics during
DNA extractions. Therefore, this variety was also included as part of the study material.

The objectives of this study were to confirm the presence of variants of the PFP-p gene
and to determine whether they represent allelic forms at a single locus or genetic entities at
separate loci. The molecular approach to obtain these objectives involved two stages.
Firstly, the polymerase chain reaction (PCR), cloning and subsequent sequence analysis
were used to investigate

sequence

variation of a core portion of the PFP-p gene.

Thereafter Southern hybridisation analysis was used to investigate the copy number of the
PFP-p gene and thus provide some insight into the nature of the observed variations.

3.2. Materials and Methods
3.2.1 Sugarcane varieties
The sugarcane

cultivars

Coimbatore

and Black Cheribon,

representing

the ancestral

sugarcane species Saccharum spontaneum and Saccharum officinarum respectively, were
used for this study.

Commercial varieties N19 and N21 were collected from the SASEX
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nursery, while ancestral varieties were supplied from the museum lines by the SASEX
Plant Breeding department. The sugarcane plants were stripped of the outer leaves and
the soft inner leafroll was used for DNA extractions within 24 hours of acquiring the plants.

3.2.2 Sugarcane genomic DNA library
Previously, at SASEX, a Lambda FIX®II Custom Genomic Library (Stratagene) was
constructed from N19 and N12 genomic DNA mixed in equal proportions and prepared
using Xho I. N19 and N21 are two of the widely used cultivars in the sugar industry and
between them contain a relatively broad range of genetic characteristics. The library, with
an estimated titre of 1.7 X 109pfu/ml,was stored in aliquots of 1ml at -80oC.

3.2.3 Oligonucleotide primers
The degenerate PFP-B1 primer was previously designed from a region of high homology
between castor bean PFP (accession number Z32850 on the GenBank database) and
potato PFP (accession number J05629) cDNA fragments (Groenewald, 1998). PFP-B8 was
designed from the sugarcane PFP-p sequence (Groenewald, 1998). The universal primers
SP6 (Butler and Chamberlain, 1982) and T7 (Davanloo et al., 1984) were designed to
amplify the regions flanking the multiple cloning site found on the pGEM®-T Easy Vector
(Promega). Similarly, the primers T7 and T3 (Stratagene), complementary to the T3 and T7
promoters of the pCR- Skript" SK(+) Vector (Stratagene) were designed to amplify the
region flanking the multiple cloning site of the vector. A summary of the primers and their
sequences are listed in Table 3.1. All primers were synthesized by Roche Diagnostics
(Germany) and diluted with sterile water to working stocks of 6f.tM,then stored at -20oC.

3.2.4 Cloning vector
The 3018bp pGEM®-T Easy Vector (Prorneqa) represented in Figure 3.1, was used for
cloning. This vector has been prepared for cloning by restriction with the Eco RV enzyme
and a 3' terminal thymidine (T) has been added to both ends for 'sticky-end' or T-A cloning.
Efficient ligation of PCR products relies on the non-template dependent activity of Taq DNA
polymerase to add a single deoxyadenosine (A) to the 3' ends of amplified DNA, compatible
with the 'T' overhang on the vector.
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Table 3.1 Summary of previously designed primers used in various applications.

Primer

Sequence (5' to 3')

length

Target sitel binding

position

Expected

in

amplicon

size

bases
PFP-B1 Forward

ATI-GAT -TTC-ATI-CCI-GAG-GT*

20

Sugarcane PFP-13gene (exon 9)

(Groenewald, 1998)
PFP-B8 Reverse

Approximately
1 200bp

CCA- TCA-GTG-A TG- TCA-A TG-CTG

21

Sugarcane PFP-13gene (exon 13)

TAC-GAC- TCA-CTA- TAG-GGC-GA

18

73bp upstream of the multiple cloning

(Groenewald, 1998)
T7 Forward
(Davanloo et

site on the pGEM®-T Easy Vector

al.,1984)

58bp

downstream

of

the

eloning site of the pCR-Skript'"

multiple
SK(+)

depending on the

Vector
SP6 Reverse

ATT -TAG-GTG-ACA-CT A- TAG-AA T-AC

23

99bp

(Butler and

cloning

Chamberlain, 1982)

Vector

T3 Reverse

AA T-TAA-CCC- TCA-CTA-AAG-GG

20

Variable

downstream
site

on the

of

the

multiple

size of the insert

pGEM®-T Easy

67bp upstream of the multiple eloning
site of the pCR-SkripC SK(+) Vector

* I =inosine

34
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The multiple cloning site of the vector is found within the a-peptide coding region of the ~galactosidase

enzyme (which elicits a blue colour on indicator plates).

Thus positive

transformants can be selected based on the insertional inactivation of the a -peptide.

Figure 3.1 pGEM~-T Easy Vector cirde map. Restriction enzyme sites flanking the multiple

cloning site are shown. Blue/ white selection of recombinants is possible by the insertional
inactivation

of

the

lac-z

gene.

In

the

presence

of

an

inducer

[isopropyl-j3-D-

thiogalactopyranoside (IPTG)] and a chromogenic substrate [5-bromo-4-chloro-3-indolyl-j3-Dgalactoside (X-gal)] the j3-galactosidasegene product results in the formation of blue colonies.
However, when a DNA fragment is inserted, the reading frame of the lac-z gene is disrupted.
This interferes with expression of the gene and results in the formation of white colonies.
Putative recombinants can be checked for inserts by peR amplification with the SP6 and T7
primers. Amp' is the ampicillin resistance gene, which is used for plasmid selection on ampicillin
antibiotic medium.

3.2.5 Bacterial strain
The Escherichia coli strain JM109 (Promega) (Yanisch-Perron
host cell type for transformation.

ef a/., 1985) was used as

This strain is compatible with bluel white screening and

ampicillin selection. The strain is recA- which prevents undesirable recombination events.
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The JM109 cells were either made competent in-house (section 3.2.16) or supplied, in
competent form, with the pGEM®-T Easy Vector system. The JM109 competent cells were
stored at -80oC and briefly thawed on ice prior to use in transformation.

3.2.6 Maintenance of plasmids and bacterial strains
Bacterial cultures were grown on Luria Bertani (LB) medium (1% (w/v) tryptone, 1% (w/v)
NaCI, 0.5% (w/v) yeast extract powder, pH 7.5). Transformed bacterial cells were grown at
370C on solid LB medium (LB medium and 1.5% (w/v) agar) supplemented with 1OO~g/ml
final concentration of the ampicillin antibiotic for plasmid selection.

Working stocks, grown

in petri dishes (streak plates), were sealed with Parafilm and stored at 40C for up to three
weeks before cultures were re-streaked. Stab cultures were prepared by stabbing a needle
or loop-full of cells into LB-agar (supplemented with 1OO~g/ml ampicillin) contained in 1.5ml
Corning™ vials.

The cells were allowed to grow overnight at 37oC, with the lids of the

vessels loose, before lids were tightened. The stab cultures were then maintained in the
dark at room temperature for up to 6 months. Bacterial cultures grown in LB medium with
1OO~g/ml ampicillin, were mixed with 15% (v/v) glycerol, frozen in liquid nitrogen and
stored at -80oC for long term storage of cultures.

3.2.7 Full length PFP-p cDNA clones
Full-length PFP-p cDNA clones from potato (accession number J05629,

cloned in the

pCR-Skripf'" Vector) were provided as a gift.

3.2.8 Isolation of DNA from sugarcane

Modified Del/aporia method
DNA was

routinely

extracted

from

sugarcane

using a modified

Dellaporta

method

(Della porta et al., 1983). Five stalks of sugarcane, collected from different individuals of a
single variety, were stripped of their outer leaves and the soft inner leafroll exposed. The
leafroll tissue was sliced into discs approximately 2mm thick. Six grams of pooled tissue
were weighed out, frozen in liquid nitrogen and ground to a fine powder in a mortar and
pestle. The tissue was transferred to 35ml extraction buffer (100mM Tris-HCI, 500mM
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NaCI, 50mM EDTA and 1% (v/v) p-mercaptoethanol,

pH 8.0), vortexed and 3.5ml 20%

(w/v) sodium dodecyl sulphate (SOS) added. Samples were incubated at 700C for 1.5hr
and 7ml of 5M potassium acetate added. The tubes were agitated gently and incubated on
ice for 20min. The samples were centrifuged for 15min at 10 322xg in a Beckman Avantirv
J-251 centrifuge and the supernatant filtered through four layers of gauze cloth into a new
tube.

Isopropanol (3/4 volume) was added to each tube and mixed gently. DNA was

spooled out using sterile glass hooks (prepared by flaming the end of a Pasteur pipette)
and dissolved in 1ml TE buffer (10mM Tris-HCI, 1mM EDTA, pH 8.0) at 370C overnight.
Protein was removed by adding an equal volume of chloroform: isoamylalcohol [24:1 (v/v)],
vortexing and centrifuging at 4 032xg for 10min. The DNA-containing aqueous phase was
retained and the chloroform: isoamylalcohol clean-up repeated if any protein remained in
the sample. The DNA was stored in 1.5ml Corning™ vials at -20oC.

Alternative DNA extraction methods included the modified Honeycutt method (Honeycutt et
al.,1992),

a quick DNA extraction

method and use of the Nucleon™ Phytopure™ Kit

(Amersham ).

Honeycutt method
Six grams of leafroll tissue, suspended in 40ml of homogenisation

buffer [50mM Tris-HCI

(pH 8.0), 25mM EDTA (pH 8.0), 0.5mM spermidine, 1% (w/v) polyethylene glycol (PEG)
8000, 0.1 % (v/v) p- mercaptoethanol

and 0.35M sucrose], was homogenised

for 2m in

using the Ultra- Turrax T25 homogeniser. The homogenate was filtered through 2 layers of
sterile cloth and centrifuged for 20min at 5 OOOxgat 4°C. The pellet was re-suspended in
10ml wash buffer [50mM Tris-HCI (pH 8.0), 0.5mM EDTA, 0.5mM spermidine, 0.1 % (v/v) pmercaptoethanol

and 0.35M sucrose]. Two milliliters 5M NaCI, 1ml 10% (w/v) SOS and

1.3ml 10% (w/v) cetyltrimethylammonium

bromide (CTAS) were added to the tube on ice

(with stirring after the addition of each reagent). The samples were incubated at 60°C for
30min, cooled at room temperature for 15min and proteins extracted by the addition of an
equal volume of chloroform: isoamylalcohol [24:1 (v/v)]. Tubes were inverted until the two
phases emulsified and subsequently centrifuged at 3 500xg for 10min at 4°C. The aqueous
phase was removed and the chloroform extraction repeated. DNA was extracted from the
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aqueous phase by the addition of an equal volume of isopropanol. The tubes were gently
inverted and the DNA spooled out using sterile glass hooks. The DNA was re-suspended in
1ml TE buffer (pH 8.0).

Quick DNA extraction method
Rapid DNA extraction was achieved by incubating 50mg of the grindate in 1ml of the
extraction buffer [50mM Tris (pH 8.0), 5mM EDTA (pH 8.0), 1% (w/v) PEG 8000, 0.5mM
spermidine, 0.1 % (v/v) p-mercaptoethanol,

0.5% (w/v) SOS and 1M NaCl] at 70°C for 1hr.

The samples were centrifuged for 10min and the supernatant removed. A 3/4 volume of
isopropanol was added to the aqueous phase and the DNA pelleted by centrifugation at
14 OOOrpmin a microcentrifuge at 4°C. The pellet was washed once with 70% ethanol and
re-suspended in 40j.l1sterile water.

Nucleon™ PhytoPure™ Kit (Amersham)
One gram of leafroll tissue was frozen and ground under liquid nitrogen in a mortar and
pestle. The grindate was transferred to a 14ml Falcon® tube and lysis was achieved by
adding 4.6ml reagent 1, 1.5ml reagent 2, followed by incubation at 65°C for 10min and on
ice for 20 min. DNA was extracted by the addition of 2ml chloroform (pre-equilibrated

to

-200C) and 200j.l1 resin suspension, followed by incubation at room temperature for 10min
(with regular manual agitation). The sample was centrifuged for 10min at 1 300xg and the
DNA was recovered from the upper phase by precipitation with an equal volume of cold
isopropanol. The DNA was pelleted for 5min at 4 OOOxg,washed with cold 70% ethanol,
air-dried and re-suspended in 50j.l1sterile water.

3.2.9 New primer design
Degenerate primers, PFP-B SR forward and PFP-B SR reverse, were designed to amplify
across the putative exon 10, 11 and 12 region of the sugarcane PFP-p gene using the
Consensus-Degenerate

Hybrid Oligonucleotide Primers (CODEHOP) software available on

the World Wide Web (Rose et al.,1998). The amino acid sequences of the PFP-p gene
from several species: Castor Bean (GI number 2499489 on the GenBank

database),

Potato (GI number 2507174), Citrus (GI number 3790100) and a sugarcane cDNA clone
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sequence

(Groenewald,

1998) were aligned using Clustal X (1.8) multiple sequence

alignment. This aligned data was imported into CODEHOP where the Blockmaker program
selected

blocks of highly conserved

homologous

protein

sequences.

The software

generated possible forward and reverse primers with a short 3' degenerate core region and
a longer 5' consensus clamp region. The PFP-B SR forward and PFP-B SR reverse primer
pair, selected from putative exon 9 and 13 of the sugarcane PFP-p gene respectively, was
synthesized by Roche Diagnostics (Table 3.2). The level of degeneracy is given as the
product of the number of possible bases in each position. The lower and upper case letters
indicate the degenerate core and the non-degenerate

consensus clamp regions of the

primer respectively. Degeneracies are defined below the table.

Table 3.2 Selected degenerate primers and their sequences.

Primer

Sequence 5' -3'

Degeneracy

PFP-B SRfor

CGGAGGGCCTGATCgayttyathcc*

12

PFP-B SRrev

TCCATCAGGGCGGTCarngcngtncc*

128

* y

=crr

h=A1crr

n =A1C/GfT

r=A1G

The selected primer sequences and their relative position to the PFP-B1/ PFP-B8 primers
on the castor bean exon regions are shown in Figure 3.2.

PFP-B SRfor

PFP-B SRrev

...

•

PFP-BI

PFP-B8

...

~EX_O_D_9 __

~1

+--

I~_E_XO_D_I_O
__

~

I

EXOD 11

L-1_E_XO_D_I_2
__

__.1

I EXOD

13

Figure 3.2 Diagram representing the positions of the PFP primers in relation to the castor bean
(Ricinus communis)

cDNA sequence. The primers amplify across exons 10, 11 and 12, and

four intron regions. The predicted size of the PFP-B SR forward/reverse
than the PFP-B1/B8 amplicon.

product is 12bp larger
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3.2.10 PCR amplification of part of the PFP-p gene

Amplification using the PFP-B1/ PFP-BB primers
PCR was performed in 50)l1 reaction volumes on a Perkin Elmer GeneAmp® PCR System
9700 thermacycIer.

One PCR reaction contained: 1x Taq DNA Polymerase magnesium

free buffer (Promega), 1.5mM MgCI2, 0.33mM deoxy-nucleoside

triphosphates

(dNTPs),

0.2)lM each primer, 1 unit Taq DNA polymerase (Promega) and 75ng template. DNA was
amplified using the following thermal profile: 1 cycle of 94°C for 90sec; 10 cycles of 94°C
for 45sec, 45°C for 30sec, 72°C for 2min; 30 cycles of 94°C for 30sec, 40°C for 30sec,
72°C for 90sec and two holds of 72°C for 2min and 35°C for 5min.

Amplification using the PFP-B SRfor /PFP-B SRrev primers
Amplification with the new degenerate primers was accomplished using a touchdown PCR.
One PCR reaction contained 1x GeneAmp® PCR buffer II (10mM Tris-HCI, pH 8.3, 50mM
KCI), 1.5mM MgCI2, 0.1 mM dNTPs, 0.2)lM each primer, 2.5 unit AmpliTaq Gold™ (Perkin
Elmer) and 150ng template in a volume of 30)l1. The reaction was overlaid with 50)l1
mineral oil (Sigma) and cycled in a Hybaid OmniGene thermacycIer. Cycling included a
single heat activation cycle of 95°C for 12min, followed by 1 cycle of 95°C for 1min, 50°C
for 1min, 72°C for 2min; 1 cycle of 95°C for 1min, 49°C for 1min, 72°C for 2min; 1 cycle of
95°C for 1min, 48°C for 1min, 72°C for 2min; 1 cycle of 95°C for 1min, 47°C for 1min, 72°C
for 2min; 1 cycle of 95°C for 1min, 46°C for 1min, 72°C for 2min; 35 cycles of 95°C for
1min, 45°C for 1min, 72°C for 2min, and two holds of 72°C for 5min and 35°C for 5min.

3.2.11 Gel electrophoresis and visualisation of DNA
One percent (w/v) agarase gels were prepared using TBE buffer (45mM Tris-borate, 1mM
EDTA, pH 8.0) and agarose. Loading dye (20% (w/v) ficoll, 0.15% (w/v) bromophenol blue)
was added to the samples, which were loaded on to the gel alongside molecular weight
marker

III or a 100bp

electrophoresed

DNA step

ladder

(Promega)

(Figure

3.3).

Samples

were

at 6V/cm until the dye front had migrated to the end of the gel. Gels were

stained in 1)lg/ml final concentration ethidium bromide solution for 30min and de-stained in
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1mM MgS04 for 30min. DNA fragments were visualised on a Hoefer Mighty Bright UV
transilluminator

at 300nm and photographed using a Vilber Lourmat photographic system.

Pictures were printed on Sony high density, light sensitive paper using a Sony video
graphic printer.

A

B
"_-.Mlllllbp
;"-'I!;IlObp

bp
bp
~_"Al\l\bp
"!'.., ..~1--:2Z00

Figure 3.3 Electrophoretic

bp
bp
1900 bp
bp
1600 bp
bp
1300 bp
ZOO bp
1100 bp
000 bp

separation of lambda molecular weight marker III and a 100bp

DNA stepladder. Lambda molecular weight marker III (A) was prepared by digesting 20fJg of
bacteriophage

lambda DNA (Boehringer Mannheim) with 20 units of each of the restriction

enzymes Eco RI and Hind III for three hours at 37°C. A 200fJI volume of TE buffer (pH 8.0)
and 30fJlloading dye (40% (v/v) glycerol; 1mM EDTA; 0.02% (w/v) bromophenol blue; 0.02%
(w/v) xylene cyanol) was added to the digested sample.
used per lane for agarose gel electrophoresis.
was used to differentiate
concentration

between fragments

Ten microliters of marker III was

The 100bp DNA stepladder

(Promega)

(B)

less than 100 base pairs apart. A 1x final

blue/ orange loading dye (Promega) was added to 1.5fJl of the step ladder and

used per agarose gel lane.

3.2.12 Purification of PCR products
PCR fragments were excised from the gel with a sterile scalpel blade and the DNA purified
using the Qiaquick Gel Extraction Kit (Qiagen). Gel slices were weighed in colourless 1.5ml
tubes and 300~1 solubilising buffer was added to every 100mg of gel slice. The samples
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were incubated at 500C for 10min with vortexing every 2min to completely dissolve the
agarose. The mixture was immediately added to a DNA binding column placed on top of a
collection

tube. The sample was centrifuged

microcentrifuge

at 12 OOOrpm in a Sorvall® MC 12V

for 60sec to bind the DNA, and the flow-through

was discarded. The

column was washed with 750f.!1buffered ethanol and centrifuged at 12 OOOrpmfor 60sec.
Centrifugation at 12 OOOrpmfor 60sec was repeated to remove any residual ethanol. The
DNA was eluted with 30f.!1sterile water by adding the water directly to the center of the
column, incubating at room temperature for 5min, then centrifuging at 12 OOOrpmfor 60sec.
The DNA was stored at -20oC.

3.2.13 Concentration of purified DNA
Qiagen extracted DNA had to be precipitated or concentrated for cloning and sequencing
applications.

DNA was precipitated using 0.1x volume of 3M sodium acetate (pH 5.2) and 2.5x volume
ice-cold 100% ethanol (Moore, 1999). The sample was incubated at -20°C
before

pelleting

the DNA by centrifugation

at 14 OOOrpm for 30min

for 30min

at 40C

in a

microcentrifuge. The pellet was washed with 70% ethanol, air-dried and re-suspended in a
smaller volume of sterile water.

Alternatively, DNA was concentrated in a Savant SpeedVae SC 110 until the volume had
decreased to approximately 5f.!1.

3.2.14 DNA quantification
DNA was quantified using either unrestricted lambda standards on an agarose gel, or
fluorometry. Occasionally both fluorometry and lambda standards were used and the DNA
concentrations obtained by both methods were compared and adjusted accordingly.

Lambda DNA (Boehringer Mannheim) standards of 62.5ng, 125ng, 250ng and 500ng were
run alongside

an aliquot of the DNA sample on a 1% (w/v) agarose gel. The DNA
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concentrations were estimated by comparing the intensity of the lambda standards to that
of the sample DNA band.

The Hoefer= DyNA Quant 200 fluorometer was used to determine the concentration of 2JlI
of DNA in 2ml of assay solution. A low range assay solution, 0.1 Jlg/ml Hoechst 33258 dye
in 1x TNE (0.2M NaCI, 10mM Tris-CI, 1mM EDTA, pH 7.4), was prepared fresh from
concentrated stocks for DNA estimated to be 10- 500ng/ml.

The high range assay solution,

1Jlg/ml Hoechst 33258 dye in 1x TNE, was required for higher concentrations of DNA (1005 OOOng/ml). The fluorometer was calibrated using an undiluted 1mg/ml DNA standard
(Calf thymus DNA, ultrapure, Sigma 04764) for the high range assay or a 1:10 dilution of
the DNA standard for the low range assay. The instrument was zeroed with 2ml of assay
solution before and after calibration, and between DNA samples. An average of three
fluorometer readings per sample was recorded as the DNA concentration.

3.2.15 DNA quality assessment
The quality of extracted DNA was assessed by measuring the absorbance

of a 1:10

dilution of the sample at 260nm (A26o) and 280nm (A28o) on a Beckman

DU® 7500

spectrophotometer.

Since pure DNA has a A26alA28oratio of 1.8 (Sambrook et al., 1989),

DNA samples registering values as close as possible to the latter ratio were selected for
PCR.

3.2.16 Cloning PCR fragments in E.coli

Insertion of peR fragments into the vector
Ligation reactions containing 50ng pGEM®-T Easy Vector, 1x Rapid Ligation buffer, T4
DNA Ligase (Promega), an appropriate amount of PCR product for a 3:1 insert: vector
ratio, and 3 Weiss units of T4 DNA ligase in a final volume of 10 JlI, were incubated at 40C
overnight. The amount of PCR product required for a 3: 1 insert: vector ratio was calculated
as follows:
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50ng vector X PCR product size in kb X~
kbvector

1

Ligation reaction mixtures were used directly for transformation or stored at 4°C.

Preparation of JM1 09 competent cells
Competent cells were prepared according to the protocol described by Sambrook et al.
(19S9). A two hundred millilitre volume of LB broth was inoculated with 5ml of an overnight
culture of JM1 09 cells. The culture was incubated at 370C with 150rpm agitation until the
absorbance, at a wavelength of 650nm, measured between 0.2- 0.4 units. The cells were
then chilled on ice for 10min and centrifuged at 645xg in 4x 50ml tubes for 10min at 4oC.
Each pellet, maintained on ice, was re-suspended in 10ml transformation

buffer (60mM

CaCI2, 10mM pipes-NaOH, pH 7.0, 15% (v/v) glycerol). The contents of two tubes were
pooled

and incubated

on ice for 30min. The cells were

pelleted

once

more,

by

centrifugation at 1 OOSxgfor 10 min at 4oC, and re-suspended in 6ml transformation buffer.
Two hundred microlitres of the cells were aliquoted into 1.5ml sterile tubes, flash frozen in
liquid nitrogen and stored at -SOoC.

Preparation of selection plates
LB agar plates containing 100 g/ml of the antibiotic ampicillin were used within 30 days of
1l
preparation. Twenty microlitres 50mg/ml X-gal and 100 10.1 M IPTG, for blue/white
11
selection, were spread on to the surface of the plate using a glass spreader and allowed to
absorb at 37°C for 30min prior to use.

Transformation of E. coli with plasmid vector
Fifty microliters of JM109 competent cells were added to 2111of the ligation reaction in a
Falcon® tube on ice. The tube was gently mixed by flicking, and kept chilled on ice for
20min, before the cells were heat shocked for 45-50sec at 42oC. The cells were then
placed on ice for a further 2m in and 950

1SOC medium (2% (w/v) tryptone, 0.5% (w/v)
11
yeast extract, 10mM NaCI, 2.5mM KCI, 20mM Mg2+, 20mM glucose, pH 7.0) at room
temperature, was added. After incubation at 370C for 1.5hr with agitation (150rpm), 100

1

11
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of each transformation mixture was plated on to duplicate selection plates. The remaining
cells were pelleted by centrifugation at 1 OOOxgfor 10min, re-suspended in 200111 SOC
medium, and 100111 plated onto separate selection plates. The plates were incubated at
370C overnight and then at 40C for 2hr to facilitate blue/ white selection.

Selecting positive transformants using direct peR of bacterial cells

White colonies, selected as putative positive transformants based on blue/ white screening,
were subcultured on to a master LB agar plate with 1001lg/ml ampicillin using a sterile
toothpick, and subsequently tested for the insert using PCR. One PCR reaction contained
in a final volume of 151l1: 1x Tag DNA Polymerase magnesium free buffer (Promega),
1.5mM MgCI2, 100llM dNTPs, 0.21lM SP6 primer, 0.21lM T7 primer, 0.1 unit Tag DNA
polymerase (Promega) and a toothpick-end aliquot of cells from selected white colonies.
Cycling conditions were as described in section 3.2.10 for the PFP-B1/ PFP-B8 primers.
The expected fragment size for positive transformants, as shown by agarose gel
electrophoresis, was calculated to be approximately 133bp larger than the insert size, due
to the flanking vector sequence.

3.2.17 Plasmid isolation
Positive colonies were grown in 5ml LB broth, with 1001lg/ml ampicillin, by overnight
incubation at 370C with 150rpm agitation. Plasmids were isolated using either the
Nucleobond Plasmid Isolation Kit (Machery-Nagel) or a rapid plasmid isolation protocol.

Nucleobond Plasmid Isolation Kit

The transformed cells were harvested by centrifugation at 3 OOOxgfor 10min at 40C and
the supernatant discarded. Plasmid DNA was isolated from the bacterial cells using the
Nucleobond AX20 Plasmid Isolation Kit (Macherey-Nagel). The pelleted bacterial culture
was re-suspended in suspension buffer (50mM Tris-HCI, 10mM EDTA, 1001lg/ml RNase A,
pH 8.0). Subsequently, lysis buffer (200mM NaOH, 1% SOS) was added, the solution
mixed gently, and incubated at room temperature for 5min. Immediately upon adding the
denaturing buffer (2.8M K acetate, pH 5.1), the suspension was incubated on ice for 5min
to denature the proteins. The bacterial lysate was clarified of debris by centrifugation at
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12 OOOxgfor 15min at 40C and subsequently loaded on to a Nucleobond cartridge preequilibrated with equilibration buffer (100mM Tris, 15% ethanol, 900mM KCI, pH 6.3). The
cartridge was washed three times with wash buffer (100mM Tris, 15% ethanol, 1 150mM
KCI, pH 6.3), before the plasmid DNA was eluted with the elution buffer (1OOmMTris, 15%
ethanol, 1 OOOmM KCI, pH 8.5). The DNA was precipitated with isopropanol

at room

temperature, washed with 70% ethanol and re-suspended in 50).!1sterile water.

Rapid plasmid DNA isolation protocol
Cultures were centrifuged at 1.4xg for 10min in a swinging bucket rotor at 4°C. The
supernatant was poured off and tubes drained on a paper towel before 200).!1cold STET
buffer [8% (w/v) sucrose, 5% (w/v) Triton X-100, 50mM Tris (pH 8.0), 50mM EDTA] was
added to the pellet. The pellets were re-suspended
transferred

to 1.5ml tubes maintained

by vortexing

on ice. Twenty microlitres

and subsequently
of freshly prepared

10mg/ml lysozyme (Roche) was added to each tube and boiled for 1min. The samples
were centrifuged at 14 000 rpm in a microcentrifuge at 4°C for 30min and the supernatant
removed. An equal volume of phenol: chloroform: isoamylalcohol [25:24:1(v/v)] was added
to the supernatant, vortexed briefly and centrifuged at 12 OOOrpmat room temperature for
10min. The supernatant
[25:24:1

(v/v)]

was retained and another phenol: chloroform:

extraction

chloroform:isoamylalcohol

performed.

The

supernatant

was

then

isoamylalcohol
subjected

[24:1 (v/v)] extraction by adding an equal volume of the latter

solution, vortexing and centrifuging for 10min at 12 OOOrpm at room temperature.
plasmid

DNA was

to

precipitated

from the supernatant

by adding

The

200).!1 of ice-cold

isopropanol, maintaining the sample at -BOoC for 10min, followed by 1-2hr at -20°C and
centrifugation at 14 OOOrpmfor 45min at 4°C. The pellet was dried under a partial vacuum
in the SpeedVac and re-suspended in 30).!1sterile water.

Plasmid DNA was quantified as described in section 3.2.14.

3.2.18 DNA sequence determination
Sequencing makes use of multicolour fluorescent dye terminator chemistry where terminal
bases are covalently

attached to different dyes, which can be differentiated

by their
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respective wavelengths. Sequencing reactions were performed using a Big Dye
Sequencing Kit (Perkin Elmer). Each 20Jll reaction contained 6Jll terminator premix (A-dye
terminator, C-dye terminator, G-dye terminator, T-dye terminator, dGTP, dATP, dCTP,
dTTP, Tris-HCI (pH 9.0), MgCI2, thermostable polymerase and AmpliTaq DNA polymerase
FS), 500ng plasmid DNA from selected positive clones and 0.6JlM forward or reverse
primer. The polymerisation products were extended using 25 cycles of the following
thermoprofile: 960C for 10sec, 500C for 5sec, 600C for 4min.

The extension products were precipitated by incubation with 60% (final concentration) nondenatured ethanol at room temperature for 10-15min, followed by centrifugation at
maximum speed in a microcentrifuge. Once the supernatant was aspirated, the pellet was
washed twice with 100Jll 70% ethanol, recovered by centrifugation, aspiration, and dried
under a partial vacuum (SpeedVac). Eighteen microlitres of template suppression reagent
(Perkin Elmer) was added to the pellet and the mixture denatured in a boiling water bath for
2min. The sample was quenched on ice for 1min, before being centrifuged briefly and
transferred to autosampler tubes which were subsequently loaded into the ABI Prism 310
Genetic Analyser (Perkin Elmer).

The extension products were automatically injected into a single sequence capillary filled
with a pre-formulated liquid polymer, Performance Optimised Polymer-6 (POP-6) (Perkin
Elmer). Extension products were resolved by electrophoretic separation at 6V/cm for
approximately 2.5hr and nucleotide sequences were read by the Genetic Analyser.

3.2.19 Sequence analysis

Sequence Navigator

Sequences were manually edited on Sequence Navigator v1.0.1, 1991 (Perkin Elmer), a
software programme installed on the automated sequencer. Ambiguities were replaced
with the base, at the position of the ambiguity, corresponding to the coloured peak on the
electropherogram considered the most likely candidate.
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DNA SIS

The Contig Manager or Shotgun fragment matching function of DNASIS v2.6 (Hitachi) was
used to arrange the forward and reverse sequences of a particular clone with respect to
each other. The function checks the ends of sequences in both the sense and antisense
orientations and locates regions of overlap. Gaps may also be inserted in overlapping
regions. However, the degree of mismatch is governed by the matching stringency
parameter. A minimum matching homology of 60% in overlapping regions and a minimum
overlap size of 10 bases were specified in order for matches to be scored as contigs.
Contig Manager generates a full-length consensus sequence of clones. Thus, possible
sequence artifacts were resolved by overlapping several forward and reverse sequences of
each clone. Restriction enzyme site analyses were also performed using DNASIS.

International database searches

Sequence identity was queried using the National Center for Biotechnology Information
(NCBI) Basic Local Alignment Tool (BLAST). Full-length consensus sequences or separate
forward and reverse sequences were submitted to the non-redundant database using
either the BLASTn (Altschul et al., 1990) or BLASTx (Altschul et al., 1998) program.
BLASTn compares the nucleotide query sequence to the database target sequence and a
statistical score is assigned to each alignment. Scores above 80 represent significant
homology to a particular sequence in the database. In the same manner, the BLASTx
program compares the six-frame translation products of the nucleotide query against
sequences in the protein database. Nucleotide sequences were also queried against the
BLAST EST (Expressed Sequence Tag) database to determine their homology to known
expressed sequences. All BLAST queries were filtered to remove scores with low
sequence homology and gapped alignments were allowed.
3.2.20 Southern hybridisation analysis

Restriction digestion of genomic DNA

Fifteen microgram samples of genomic DNA were incubated with 1x appropriate restriction
enzyme buffer (Roche), 40 units of enzyme (Roche) and 8mM spermidine in a 400f.l1total
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volume, at 370C for 16hr. The reaction was terminated by placing the samples at 40C for
2hr. Success of restriction was checked by separating 10J.l1aliquots of each digest on a
0.8% (w/v) agarase gel. If the DNA had not restricted completely, the samples were
incubated for another 16hr with a further 10 units of enzyme, and restrictions confirmed
electrophoretically.

Purification of restricted DNA
DNA was incubated at 370C for 30min with 1J.l1RNase A (10mg/ml)

The restricted

(Boehringer Mannheim) to remove any residual RNA present in the sample. The samples
were then subjected to phenol: chloroform: isoamylalcohol

[25:24: 1 (v/v)] purification to

ensure that the DNA was free of enzyme and other protein contamination. An equal volume
of tris-saturated

phenol: chloroform:

isoamylalcohol

[25:24:1 (v/v)] was added to the

samples, vortexed and centrifuged at 14 OOOrpmin a microcentrifuge for 10min. The DNA
was precipitated from the aqueous phase by the addition of 0.05x volume 5M NaCI and
2.5x volume

absolute

ethanol,

incubation

at -80oC for 30min, and centrifugation

maximum speed for 30min in the cold. The pellet was air-dried and re-suspended
TE buffer (pH 8.0). To ensure complete solubilisation

at

in 25J.l1

of the DNA, the samples were

incubated at 40C overnight and at 370C for 2hr.

Gel electrophoresis and visualisation of DNA
Restricted DNA was separated on 0.8% (w/v) agarose gel by electrophoresis at 50V in 0.5x
TBE until the dye front had migrated to the end of the gel. Gels were stained, de-stained
and visualised according to section 3.2.10. A Hoefer ruler, fluorescent under UV light, was
photographed alongside the gel to assist with size-determination

of DNA fragments after

Southern hybridisation.

Upward capillary blotting
The gel containing the separated, restricted DNA was depurinated in 0.125M HCI for 10min
with agitation on the Belly Dancer® (Stovall), rinsed in polished water and subsequently
denatured

in transfer buffer (1.5M NaCI, 0.5M NaOH) for 30min. Stacks for upward

capillary blotting were set-up according to Figure 3.4. After overnight blotting, the gels were
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stained and viewed to ensure that all the DNA had been transferred to the membrane. The
membrane was then UV cross-linked in a Hoefer UV Crosslinker at 120 000J..lJ/cm2with the
DNA side up, air-dried and stored at 4oC.

Approximately
750g weight

Glass plate

5cm stack
Kimwipes
Hybond-XL
membrane
2x Whatman
3MM paper
wicks pre-wet in
transfer buffer

Figure

3.4 Diagram

Depurinated

representing

the upward

capillary

apparatus

for Southern

blotting.

and denatured 0.8% (w/v) agarose gels containing 15j.lg restricted DNA samples

were blotted overnight by the above method. The Hybond-XL membrane (Amersham)
on one corner to orientate the membrane

was cut

in relation to the gel, and UV cross-linked

once

transfer of DNA was complete.

Probe generation and purification
Cloned PFP-B1/B8 fragments were amplified from plasmid DNA using the specific primers
PFP-B 1 and PFP-B8. The potato PFP-p cDNA clone was amplified

using the vector

primers T7 and T3, and the castor bean PFP-p cDNA clone with SP6 and T7 primers. A
30J..l1PCR reaction contained 1x Tag DNA polymerase magnesium free buffer (Promega),
1.5mM MgCI2, 0.1 mM dNTPs, 0.2J..lMeach primer, 0.1 unit Tag DNA polymerase and an
equivalent of 20ng plasmid DNA. Cycling conditions were as described in section 3.2.10
(Amplification using the PFP-B1/ PFP-BB primers). The PCR products were separated on a
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0.8% (w/v) agarose gel and extracted using the Qiaquick Gel Extraction Kit (Qiagen) as
described in section 3.2.12.

Probe labeling
The purified amplicon was labeled using the Amersham Megaprime Labeling Kit. Initially,
20ng of amplicon DNA was boiled together with 5111of random nona mer primer solution in
a total volume of 10111
for 5min. Ten microlitres of labeling buffer (dATP, dGTP and dTIP in
Tris-HCI pH 7.5, 2-mercaptoethanol and MgCI2), 2111of Klenow enzyme, Sill a32P
radioactively labeled dCTP (specific activity 6000 Ci/mmol, Amersham) and polished water
to 50111were added at room temperature.

The reaction was mixed by pipetting and

incubated at 370C for 1hr. The reaction was stopped by the addition of 2011150mM EDTA
(pH 8.0).

The efficiency
autoradiography.

of the labeling

reaction was checked

by paper chromatography

and

One microlitre of the probe was spotted on to a piece of cellulose paper

(25TLC plastic sheets, 20 x 20cm, PET cellulose, Merck) and solvent (0.75M Na2HP04)
was allowed to rise 10-12cm up the paper. The paper was placed in a cassette and
exposed

to X-ray film (Hyperfilm™-MP, Amersham)

for 15min before the film was

developed. A successfully labeled probe was represented by a large dark spot, where the
probe had been spotted, and occasionally the appearance of slight smearing towards the
top of the paper (indicative of unincorporated nucleotides).

Purification of radio/abe/ed DNA
If the labeled probe contained a large proportion of unincorporated nucleotides, the probe
solution was purified using a NucTrap® Probe Purification

Column

(Stratagene).

The

column with blue caps removed, was prewet with 701111x STE buffer (100mM NaCI, 20mM
Tris-HCI pH 7.5, 10mM EDTA).The buffer was added to the top of the column and forced
down the length of the column using a syringe with a Luer-Lok tip screwed onto the
column. A 1.5ml collection tube was placed in the Beta shield base and the NucTrap®
Probe

Purification

column

placed

three fourths

of the way

in the

column-locking

mechanism with the end of the column above the tube. The radiolabeled sample (70111)
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was added to the top of the column and the syringe (with the plunger extended) applied to
the top of the column. The column was subsequently moved down until the syringe fitted
snugly against the column beta shield and the syringe cover was placed over the syringe.
Direct, constant pressure was applied so that the sample was forced through the column
into the tube. The syringe was removed and the column rinsed by forcing 70fll 1x STE
buffer through the column using the syringe. A bolus of air was pushed through the rinsed
column to dislodge any remaining liquid. The sample was checked with a Geiger-Muller
counter (series 900 mini-monitor). A high radioactive signal (above 20 counts per second)
was an indication that the probe labeling had been successful.

Preparation of fragmented salmon sperm DNA

Salmon sperm DNA (250mg, Sigma) was dissolved overnight in 50ml TE (pH 8.0) at room
temperature after which 8ml aliquots were dispensed in to 15ml Corninq" vials. The DNA
was sonicated, using a Sonicator" Ultrasonic Processor (Misonix) in 1min pulses for 7 to
10min with a 1min cooling interval between each pulse on ice. In order to determine
whether the fragments were of the correct size (500bp), the samples were combined and
1fll run on a 0.8% agarose gel at 50V for 1hr. The DNA was cleaned by performing two
phenol: chloroform: isoamylalcohol [25:24:1 (v/v)] extractions. The supernatant was
retained and the DNA precipitated by adding 0.1x volume 3M Na acetate, pH 7.0, and 2x
volume 100% ethanol, placing on ice for 2hr and centrifuging at 23 200xg for 30min at 4°C.
The pellet was washed with 70% ethanol, air-dried and re-suspended in 2ml of TE (pH
8.0). The concentration of the DNA was determined using fluorometry, diluted to a
concentration of 20mg/ml and stored at -20°C. The DNA was thawed, denatured by boiling
for 5min and snap cooled on ice prior to use.

Southern hvbridisation

A 100x Denhardt's solution (Denhardt, 1966) was prepared by adding 2% (w/v) each of
bovine serum albumin (BSA), polyvinylpyrrolidone (PVP) and Ficoll". Membranes were
pre-hybridised and hybridised in a solution containing 5x SSC (750mM NaCI, 75M sodium
citrate, pH 7.0); 5x Denhardt's solution, 0.5% (w/v) SDS and 25fll of 20mg/ml denatured,
fragmented salmon sperm DNA; pre-equilibrated to 65oC. The volume of pre-hybridisation
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solution added was calculated as 701l1/cm2 of the membrane surface. The membrane was
incubated in prehybridisation

solution overnight, with rotation, in a Hybaid oven at 65oC.

The probe was boiled for 5min, quenched on ice and added to fresh hybridisation solution
in which the membrane was incubated.

After overnight hybridisation at 65oC, the membrane was rinsed briefly at room temperature
and then again for 10min at 650C with 2x SSC, 0.1x SOS. The membrane was washed
twice with 1x SSC, 0.1 % (w/v) SOS for 15min each at 65oC, followed by two washes with
0.1x SSC, 0.1% (w/v) SOS for 10min each at 65oC. To ensure removal of the unbound
probe, the volume of wash solution used was approximately
hybridisation

half the volume of the

bottle. The membranes were rinsed in distilled water, briefly drained and

placed between a sheet of folded plastic. The radioactive signal read between 10 and 20
counts per second on the Geiger-Muller counter.

Autoradiographv
The membrane was exposed to X-ray film (Hyperfilm't-Ml",

Amersham) in a cassette for 5

days at -BOoC. Following exposure, the X-ray was developed for 5min in developer (Ilford
Phenisol), briefly rinsed in stop solution [3% (v/v) acetic acid], and fixed for 2min in fixative
solution (Ilford Hypam). The X-ray was washed under tap water and allowed to dry before
being viewed on the visible light box (Hoefer). In instances where the radioactive signal
was weak, the exposure time was increased (14 days).

Phosphorimaging
The Packard Cyclonen. Storage Phosphor

system was used for phosphorimaging.

A

storage phosphor screen, which consists of a thin layer of 8aF8r:Eu2+ phosphor crystals,
was placed, phosphor layer down, over the membrane. The membrane and screen were
maintained

in the dark, at room temperature,

for 1-4 days between

perspex

covers

clamped together. The phosphor crystals absorb the energy emitted by the radioactivity on
the membrane and in turn, emit this stored energy in the form of blue light once exposed to
a red laser. The intensity of energy emitted is proportional to the amount of radioactivity on
the membrane. The phosphor screen was wrapped around the carousel drum and placed
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into the Cyclone-a scanner where the entire screen was scanned and an image of the
signal obtained. The Optiïáuant-« software was used to edit and analyse the image. Prior
to reuse, the screen was exposed to a light box, with UV light filtered out, for 2min to erase
the signal on the screen.

Stripping membranes for reprobing
Membranes were kept damp before stripping. A boiling solution of 0.1 % (w/v) SDS was
poured over the membranes and subsequently incubated at 650C for 1hr. The membranes
were checked with a Geiger-Muller

counter for any signs of radioactivity

before being

rinsed in 2x SSC, blotted dry and stored at 4oC. Membranes were stripped and probed
three times before being discarded.

3.3 Results
3.3.1 Preliminary genomic DNA extraction
Sugarcane
modified

genomic DNA was extracted from selected sugarcane
Dellaporta

varieties

method (section 3.2.8). Figure 3.5 shows a typical

using the
absorbance

spectrum of a DNA sample extracted using this method.
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method. The arrow indicates the absorbance at 260nm (A26onm=0.915).

The purity values of the samples were determined by calculating the A26onm/A28onm ratio.
The purity of the sample described above was:

A2601A28o
= 0.915/0.545

= 1.7
This suggests that the sample was relatively pure since pure DNA has an A2601A28o ratio of
1.8. The purity of genomic DNA

extracted from ancestral and commercial sugarcane

genotypes is shown in Table 3.3.

Table 3.3 The range of purity of genomic DNA from different sugarcane varieties.

DNA was

isolated using the modified Dellaporta method.

o

anety

Black Cheribon

verage

extractions

ng/Ill

6

274.00

1.7 - 2.0

175.3

1.8 -

Pure RNA has an A2601A28o ratio of 2.0 (Sambrook et aI., 1989). Purity values greater than
1.8, as shown in Table 3.3, may be indicative of RNA

contamination in the DNA

preparations, while values less than 1.8 may be due to residual protein contamination
which could theoretically decrease the A2601A28o ratio (Sambrook et aI., 1989).
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3.3.2 Optimisation of PFP-B1/ B8 peR using sugarcane genomic DNA as template
Harvey et al. (1999) obtained two distinct PFP-p fragments when amplifying with the PFPB 1 and PFP-B8 primers on ancestral and commercial genotypes. For the purposes of the
current investigation, it was important to reliably reproduce the latter results of Harvey et
aI., (1999) in order to confirm the presence of variants of the PFP-p gene. Initially, using
the DNA extracted as in 3.3.1 and the peR conditions described by Harvey et aI., (1999),
the two PFP-p fragments were observed. Figure 3.6 shows the results of initial PFP-B1/B8

peR amplification using the ancestral and commercial sugarcane genotypes.

1

2

3

4

1250bp
1100bo

Figure 3.6 Agarose gel showing initial PFP-B1/B8 PCR amplification products using the
protocol described by Harvey et al. (1999). The gel shows both the 1100bp and 1250bp
fragments from the commercial genotype N19 (lane 2) and two ancestral species
representatives: Black Cheribon (lane 3) and Coimbatore (lane 4). Lane 1, lambda molecular
weight marker III.

The peR conditions were sub-optimal and the results were not consistently reproducible.
Figure 3.7 shows a set of variable results. Many peR reactions using the same protocol
produced entirely negative results (not shown).
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1 2

3

4

5

1250bp
1100bo

Figure 3.7 Inconsistent results of subsequent

peR amplification using the PFP-B1/B8 primer

pair and original peR protocol. Lane 1, lambda molecular weight marker III; lanes 2 and 3, N21;
lane 4, Celmbatere and lane 5, Black enenbon.

Poor amplification may be attributed to several factors involved in the peR reaction.
According to Erlich (1989), peR conditions have to be optimised for each template and
primer combination. In order to improve the PFP-B1/B8 peR on genomic DNA, different
variables were considered for manipulation.

Template considerations

Successful peR amplification depends on the quality and amount of the template DNA,
therefore these factors were investigated using N21 genomic DNA.
i) Template qualitv

The reagents commonly used to purify nucleic acids (e.g. salts, organic solvents and
EDTA) are strong inhibitors of Tag DNA polymerase. Therefore the purity of DNA samples
obtained by different extraction techniques were compared using N21 as the source
material. These were, in addition to the modified Dellaporta method, the Honeycutt method,
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the PhytoPure Plant Extraction Kit (Promega) method and a 'quick' DNA extraction method
(section 3.2.7). Each DNA sample was checked using spectrophotometry

and the purity of

the sample assessed from the respective A26iA28o ratios. Table 3.4 summarises the purity
of the N21 genomic DNA samples extracted using different isolation techniques.

Protein contamination, which could physically impede the activity of Tag DNA polymerase,
was removed by three phenol: chloroform: isoamylalcohol

[25:24:1 (v/v)] washes, three

chloroform: isoamylalcohol

[24:1 (v/v)] washes and subsequent precipitation of the DNA

sample

This

(section

significantly

3.2.12).

decrease

process

ensured

that

residual

phenol,

which

could

the purity of the DNA samples (Sam brook et al., 1989), was

removed.

The yield of the DNA samples was assessed using both fluorometry and quantification on a
gel using lambda DNA as a standard. Figure 3.8 shows a lambda DNA quantification gel
containing aliquots of the DNA samples extracted using the different techniques.

The

average yield obtained for each DNA sample is summarised in Table 3.4.

Table 3.4. The yield and purity of N21 genomic DNA samples extracted using different DNA
isolation techniques.

xtraction tee mque

5

.6

60

.5

As shown by the A26iA28o ratios in Table 3.4, the Dellaporta method yielded DNA of a
higher purity in comparison to the other techniques. Although the DNA samples extracted
using the 'quick' method of extraction had relatively high purity (Table 3.4), there was
evidence of RNA contamination in this sample on the quantification gel (Figure 3.8, lane 5)
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as well as in those samples extracted using the Dellaporta method (Figure 3.8, lanes 8 and
9).

1 2 3 4

5 6 7 8 9 10

48.5 kb

Figure 3.8 DNA quantification using lambda DNA standards as references. Lanes 1-4: Lambda
DNA samples. An equivalent of 62.5ng (lane 1), 125ng (lane 2), 250ng (lane 3) and 500ng (lane
4) DNA was loaded. Lanes 5-10, N21 genomic DNA samples extracted using different methods.
One microliter aliquot of each sample was loaded. Lane 5, 'quick' extraction method; lanes 6
and 7, Honeycutt method, lanes 8 and 9, modified Dellaporta method and lane 10, PhytoPure
kit extraction.

The presence of contamination in the DNA samples resulted in the overestimation of DNA
concentration using gel quantification. Fluorometry on the other hand, provided an accurate
means of quantification, however this technique was sensitive to residual contaminants and
pipetting errors. Therefore an average of three fluorometer

readings were selected and

averaged.

The DNA samples obtained by the different extraction techniques were used as template
DNA in PFP-B1/B8

peR. No amplification

was observed

(results not shown) which

suggested that poor template quality was not exclusively responsible for the failed peR.

Those DNA samples extracted using the Dellaporta method, which showed high purity
ratios (close to 1.8), were selected for use in further peR optimisation experiments.
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ii)

Template quantity

An incorrect amount of template may result in poor amplification. A range of DNA
concentrations was used for peR to determine the appropriate amount of template
required for the PFP-81/88 peR amplification. Figure 3.9 shows the results of the PFP81/88 amplification using different template concentrations.

1 2

3

4 5

+-1375bp
1100bp

+-

947bp

700bp

Figure 3.9 The effect of increasing template concentration on the PFP-81/88 peR. Template
concentrations were 30ng (lane 1), 50ng (lane 2), 75ng (lane 3) and 100ng (lane 4) of N21
genomic DNA. Lane 5, lambda molecular weight marker III.

The 1100bp fragment amplified under the different template concentrations and an
additional fragment was obtained (Figure 3.9). While the 1250bp peR product was not
amplified in the reaction, interpretations could be made about template concentrations.
DNA concentrations lower than 50ng and greater or equal to 100ng appeared to decrease
the yield of the peR product. The use of 75ng template DNA resulted in the strongest
amplification. This concentration of DNA, which was used in the original PFP-81/88 peR,
was considered an adequate template concentration for amplification of the 1250bp and
11OObpfragments.
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iii) Genomic DNA complexity

The complexity of the sugarcane genome may confound specific peR amplification. It was
thought that by reducing the complexity of the sugarcane genomic DNA and targeting a
specific size range of fragments, the PFP-B1/B8 peR amplification could be improved.
Two approaches were undertaken to decrease the complexity of sugarcane genomic DNA.

The first approach involved the restriction of 10 g genomic DNA with an enzyme that did
ll
not cut within the 1250bp fragment (Eco RI) (based on preliminary restriction site analysis
of fragments obtained by Harvey et aI., 1999). The resulting fragments were separated on
a 1% (w/v) agarose gel and fragments between 0.8 and 1.5kb in size were excised. The
excised fragments were purified using the QIAquick Gel Extraction Kit (Qiagen) and 1111
and a 1:10 dilution was used for peR. Figure 3.10 shows the separation of the restricted
fragments on a 1% (w/v) agarose gel (A), the excision of the 0.8 -1.5kb fragments (B) and
the results of the PFP-B1/B8 amplification on aliquots of the restricted sample (e).

A.

1

e.

B. 1 2

2

2027bp

._

2027bp

}

1.5kb- 0.8kb

2 3 4

1250bp
947bp

Figure

3.10 Effect of reducing template

Agarase gel showing the separation of

ECD

complexity,

by restriction

digestion,

on PCR. (A)

RI digest of 10f.lg N21 genomic DNA. (B) Fragments

between 0.8 and 1.5kb (as outlined by the box) were excised and gel extracted. (C) Results of
PFP-B1/B8 amplification

using aliquots of the 0.8 -1.5kb,

genomic DNA as template. Lane 1,

ECD

ECD

RI restricted fragments

of N21

RI digest of 10f.lg of N21 genomic DNA; lane 2, lambda

molecular weight marker III; lane 3, 1f.ll aliquot of restricted fragments and lane 4, 1f.ll aliquot of
a 1:10 dilution of the restricted fragments.
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As expected, the 1250bp fragment amplified since the Eco RI enzyme restricts within the
1100bp fragment. The higher template concentration

resulted in stronger amplification

(Figure 3.10, lane 3), however the presence of non-specific products is evident on the gel.
The second approach to reducing the complexity of the sugarcane genomic DNA involved
using a sugarcane genomic DNA library as template in PFP-81/88

peR. The library was

prepared using Xho I, an enzyme that does not restrict within either fragment (based on
preliminary restriction site analysis of the PFP-81/88 fragments obtained by Harvey et al.,
1999). A 1:10 dilution, 1!-l1and 10!-l1aliquots of the N12/ N19 genomic library (section 3.2.2)
were used as template according to the protocol described in section 3.2.10. Results of the
PFP-81/88 amplification are shown in Figure 3.11.

1 2

3

4

~
~

Figure

3.11 Results of PFP-B1/B8 amplification

1375bp
1100bp

using a sugarcane

genomic DNA library as

template. Template volumes were O.11J.1
(lane 1), 11J.1
(lane 2), and 101J.1
(lane 3) of the library.
Lane 4, lambda molecular weight marker III.

A single PFP-81/88

amplification product was obtained (11 OObp) (Figure 3.11). However,

the 1250bp fragment failed to amplify from the genomic DNA library, which suggested that
another peR parameter had to be adjusted.

The 11OObpand 1250bp products were excised from the gel and purified using the protocol
outlined in section 3.2.12. Aliquots of the products were used as template in separate PFP81/88 peR as described in section 3.2.10. These attempts at reamplification of the bands
were unsuccessful and resulted in smearing on the agarase gel (results not shown).
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Magnesium concentration

The performance of Tag DNA polymerase depends on the concentration of magnesium in
the reaction. High Mg2+concentrations favour the production of primer dimers, decreases
the enzyme fidelity and increases the level of non-specific products. Conversely, in the
absence of adequate free magnesium, Tag DNA polymerase is inactive and PCR product
yield is low (Erlich, 1989). A Mg2+titration experiment was performed to determine the
optimal MgCI2 concentration for the PFP-B1/B8 PCR of genomic DNA. Figure 3.12 shows
the results of the Mg2+experiment.

12345

6

~
~

1375bp
1100bp

Figure 3.12 The effect of increasing the magnesium concentration on PFP-B1/B8 PCR. Lane 1,
1.5mM MgCI2; lane 2, 2mM MgCI2; lane 3, 4mM MgCI2; lane 4, 6mM MgCI2; lane 5, 8mM MgCI2
and lane 6 lambda molecular weight marker III

Although amplification was observed for all the magnesium concentrations tested, the
reaction containing 1.5mM MgCI2 appeared to produce the strongest amplification. Higher
magnesium concentrations (6mM and 8mM) increased the incidence of non-specific
products, which were evident as excessive smearing flanking the PCR product. The
optimal MgCI2 concentration for the PFP-B1/B8 primer and genomic DNA template
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combination appears to be 1.5mM final concentration in accordance with other peR
methods (Erlich, 1989).

peR additives
A variety of peR additives have been shown to increase the yield, specificity and
consistency of peR reactions.

Bovine serum albumin (BSA) concentrations of 0.1mg/ml or as much as 1mg/ml in the peR
may be beneficial in that it stabilises .Ig_q_DNApolymerase (Erlich, 1989). Glycerol at
recommended concentrations of 5-15% (v/v) also stabilises the enzyme and improves the
yield of the peR product (Erlich, 1989).

DMSO in concentrations between 5-10% (v/v) has been suggested to increase
amplification efficiency and specificity of peR. These adjuvants have been shown to
improve the amplification of some products and decrease the amplification of others
(Erlich, 1989). DMSO is thought to reduce the secondary structure and has been
particularly useful for Ge-rich templates however, Erlich (1989) found that 10% DMSO had
a slight inhibitory effect on Tag DNA polymerase and decreased the overall yield of the
peR product.

These additives were tested for the PFP-B1/B8 primer and genomic DNA template
combination. Figure 3.13 shows the results of PFP-B1/B8 amplification using different
combinations of peR additives.

Although amplification was poor, the peR containing 5% (v/v) DMSO appeared to have
resulted in amplification of both the 1100bp and 1250bp fragments. In an attempt to
confirm the effect of DMSO on the PFP-B1/B8 peR, two successive experiments were
performed using the concentration of DMSO that resulted in amplification. The results are
shown in Figure 3.14.
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1 234

567

8

831bp

Figure 3.13 The effect of peR additives DMSO, BSA and glycerol on the PFP-B1/B8 peR. The
reactions contained:

no additives (Lane 1); 0.1 mg/ml BSA (lane 2); 0.8mg/ml

BSA (lane 3);

0.1 mg/ml BSA, 5% (v/v) DMSO and 5% (v/v) glycerol (lane 4); 0.8mg/ml BSA, 5% (v/v) DMSO
and 5% (v/v) glycerol (lane 5); 5% (v/v) DMSO (lane 6) and 5% (v/v) glycerol (lane 7). Lane 8,
lambda molecular weight marker III.

A.12345678910

1250bp
1100bp

B.1234678910

11

1375bp
947bp

~

11

1250bp ..
1100bp"

Figure 3.14 The effect of 5% (v/v) DMSO on two successive PFP-B1/B8 peR performed under
the same conditions (A and B). Lanes 1-5, 5% (v/v) DMSO; lanes 6-10, no DMSO and lane 11,
lambda molecular weight marker III.

Initially both the 11OObp and 1250bp fragments were amplified under peR conditions that
included 5% (v/v) OM SO while reactions without OMSO failed. However, in a subsequent
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reaction (Figure 4.14 B), the opposite was observed. It was therefore concluded that the
addition of DMSO was not reliable in improving amplification of the PFP-p products.

Alternative peR protocol
The Ready- to- Go® PCR beads (Pharmacia Biotech) were used as an alternative PCR
protocol. The beads, which have been optimised

for PCR reactions,

contain buffer,

nucleotides and Tag DNA polymerase. Each reaction contained 1.5 units Tag, 10mM TrisHCI (pH 9.0), 50mM KCI, 1.5mM MgCI2, 200!lM each dNTP and stabilisers, including BSA,
in a final reaction volume of 25!l1. Three reactions were set up using PFP-B 1 and PBP-B8
primers and 75ng template DNA. Reaction 1 contained 0.2!lM primer, reaction 2: 0.3!lM
each primer and reaction 3: O.4!lM each primer. All three reactions failed to amplify the
1100bp and 1250bp fragments (results not shown).
Primer considerations

i)

Primer stocks

Multiple freeze-thaw

cycles of primer stocks could decrease the primer integrity, so the

PFP-B 1 and PFP-B8 primers were re-synthesized

and fresh stocks were prepared for

PCR. The primer stocks did not appear to be responsible, since the 'new' primer stocks
also resulted in poor amplification.

ii)

Primer design

Poor PCR amplification was thought to be due to the design of the PFP-B 1/B8 primer pair.
Although the PFP-B8 primer contained inosine for loose binding, the primers were specific
and would therefore not be able to anneal to templates that contained base mutations at
the targeted primer sites. The degenerate CODEHOP primers (PFP-B SRfor and PFP-B
SRrev) were designed to anneal to variable bases at the targeted primer sites.
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Thermocycling Profile
Due to the degenerate nature of the PFP-B SRfor and SRrev primers, it was necessary to
perform a touchdown peR. This procedure involves decreasing the annealing temperature
by one degree every cycle, followed by cycling at a low annealing temperature for 10 or
more cycles. This enriches for the correct product over any incorrect product since any
differences in the Tm between the incorrect and correct annealing resulted in a two-fold
difference in product amount per cycle (Don et al., 1991).

In order to favour the amplification of the correct product, the thermocycling

profile also

included a hot start with the AmpliTaq Gold-« enzyme (Perkin Elmer). This method is
designed to prevent the non-specific annealing of primer to template. Results of the PFP-B
SR forI rev amplification using the hot start, touchdown protocol is shown in Figure 3.15.

1

1250bp
1100bp
831bp
500bp

___.
___.
___.
___.

2

1375bp
947bp

250bp ___.

Figure 3.15 Results of the PFP-B SRfor and PFP-B SRrev peR amplification of genomic DNA
using a combined touchdown, hot start protocol (lane 1). Lane 2, lambda molecular weight
marker III.
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As shown in Figure 3.15, the PFP-BSRfor and PFP-BSRrev primers amplified the desired
products (1100bp and 1250bp fragments).

However, extra amplification

was obtained

(831 bp, a dominant 600bp and faint 250bp fragment). Even after increasing the annealing
temperature, the 831 bp and 600bp fragments were observed (results not shown). It was
thought that some of the extra fragments produced by the PFP-BSRfor and PFP-BSRrev
degenerate

primers

(Figure

3.15)

may be non-specific.

However

these

fragments

warranted further investigation which is described in section 3.3.3.

Since the PFP-B SRfor and PFP-B SRrev primers produced extra fragments, the PFP-B1
and PFP-B8 primers were used in combination with the hot start and touchdown protocol.
Figure 3.16 shows the results of the PFP-B1/B8 amplification.

1234567891011

1250bp
1100bp

Figure 3.16 Results of the PFP-B1/B8 amplification
hot start, touchdown

1375bp
947bo

of N21 genomic DNA using the combined

PCR protocol. Lanes 1-10, replicates of the PFP-B1/B8 PCR using a hot

start and touchdown protocol and lane 11, lambda molecular weight marker III.

Both the 1100bp and 1250bp fragments amplified with high reproducibility

(Figure 3.16).

The faint 700bp PFP-B1/B8 amplification product obtained previously (Figure 3.9) was not
observed in the PFP-B1/B8 amplification using the combined hot start! touchdown protocol
(Figure 3.16). This suggested that the 700bp fragment observed in Figure 3.9 was a nonspecific PCR product produced due to sub-optimal conditions of the PCR parameters. The
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hot start, touchdown

PFP-B1/B8 PCR was also performed on N19 genomic DNA and

similar results (as shown in Figure 3.16) were obtained. Thus, using this optimised PCR
protocol, two PCR fragments, were consistently obtained when genomic DNA from two
commercial varieties, N19 and N21, was amplified with the PFP-B1 and PFP-B8 primers.
These fragments were designated PFP-B1/B81100bPand PFP-B1/B81250bPin reference to
their respective sizes and the primers used to amplify them.

3.3.3 Sequence identity of the PFP-B SRfor and PFP-B SRrev genomic amplicons
The sequence identity of the extra amplification products obtained from the PFP-B SRfor
and PFP-B SRrev amplification

(approximately

831 bp and 600bp fragments

shown in

Figure 3.15) was investigated in order to determine whether the fragments originated from
PFP-p. The 831 bp and 600bp fragments

were excised from the gel, extracted

(as

described in section 3.2.12) and sequenced directly without the intervention of cloning.
These sequences were compared to the international database using the BLASTn search
tool. The results indicated that the two fragments had no homology to PFP-p. Instead, the
831 bp fragment showed low homology to part of the Chlamydia muridarum genome (score
(bits)= 42 and E= 0.23) while the 600bp fragment had low homology to part of the Beta
vulgaris mitochondrion (score (bits)= 40 and E= 0.82). The PFP-B SRfor and PFP-B SRrev
primers were not reliable in amplifying the PFP-p genic region. Thus, only the PCR
products produced with the PFP-B 1/B8 primers (Figure 3.16) were considered for further
analysis.

3.3.4 Cloning and preliminary sequence analysis of the PFP-B1/B8 fragments
The PFP-B1/B81100bPand PFP-B1/B81250bPfragments from N21 and N19 were cloned using
the pGEM®-T Easy Vector System (Promega) and introduced into JM109 E. coli competent
cells by transformation. White colonies were PCR amplified using the SP6 and T7 primers,
as described

in section 3.2.16, in order to verify that the PFP-B 1/B81250bPand PFP-

B1/B81100bPfragments were inserted. Figure 3.17 shows the result of this PCR on whole
bacterial cells.
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A. 1 2 3 4 5 6 7 8 9 10 11

B. 1 2

3 4

5 6 7 8 9 10 11

::£II+-1375bp
1275bp

._

1375bo

Figure 3.17 Results of SP6 and T7 PCR on whole bacterial cells to select clones containing the
PFP-B1/B81100bpinsert (A, lanes 1-10) and the PFP-B1/B8125obpinsert (B, lanes 1-10). Lane 11,
lambda molecular weight marker III. The size of the SP61T7 PCR products, which included the
vector arms, were approximately 175bp larger than the insert sizes.

Using PCR, 67% of the white colonies tested for the N19 PFP-B1/B81250bp insert were
positive, while 71% of those tested for the N19 PFP-B1/B81100bpinsert were positive.
Seventy five percent and 67% of the white colonies subjected to colony PCR were positive
for the PFP-B1/B81250bPand PFP-B1/B81100bPfragments (derived from N21) respectively.
Twenty positive PFP-B1/B81100bpclones, 10 from N19 and 10 from N21, and 20 positive
PFP-B1/B81250bPclones, 10 each from N19 and N21, were selected for plasmid extractions.
Once the clones were grown overnight and subjected to plasmid extractions, the 11OObp
and 1250bp fragments were sequenced using the forward (T7) and reverse (SP6) vector
primers. An internal sequencing primer (1250int) was designed in order to generate a
significant overlap within the 1250bp fragment. This primer sequence

(synthesised

by

Roche Diagnostics, Germany) was derived from conserved regions of the 1250bp fragment
forward sequence, and had the following sequence:
5' - CTG CAC ATT TCA GAG GGC AAG C - 3'.

Full-length sequences were generated in the Contig Manager function of DNASIS, which
arranges pieces of sequences from a particular clone with respect to one another. Figure
3.18 represents an example of the full-length sequence for a 1250bp clone.
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No. File Name

1

PFP-Bl/B81250bp

#1 forvard

2 PFP-Bl/B81250bp

#1 reverse

3 PFP-Bl/B81250bp

#1 interna

255

511

1022

766

1278

,

,.
,

Consensus Sequence

Figure

3.18 An example of the over1ap of the forward, reverse and internal PFP-81/881250bP

sequences in Contig Manager (DNASIS) to generate a full-length sequence for a single PFP81/881250bp clone. Similar over1aps were conducted
PFP-81/88

to obtain full-length

sequences

for each

clone.

Initial sequence

analyses

were

performed

in DNASIS

and sequence

identity

was

determined using the BLASTn database (Altschul et al., 1990). Results of the cloning and
preliminary sequence analyses of the PFP-B1/B81100bpclones are summarised in Table 3.5
and those of the PFP-B1/B81250bpclones in Table 3.6.

All the PFP-B1/B81250bPclones showed homology to the PFP-~ gene of rice, castor bean,
potato and citrus while the PFP-B1/B81100bpclones were homologous to the PFP-~ gene of
rice and potato. The E-value, which measures the expected number of sequences in the
database that would produce a given score by chance, was very low. This indicates that
the fragments

were significantly

homologous

to PFP-~ (Brenner,

1998). Not all the

individual PFP-B1/B81250bPclones had the same BLASTn score. This was also true for the
PFP-B1/B81100bpclones which suggests that there may be sequence variation within the
1100bp and 1250bp amplicon populations.

From the size range of the full length PFP-

B1/B81100bPand PFP-B1/B81250bp fragments,

presented

in Table

3.5 and Table

respectively, it is evident that the PFP-B1/B81250bpfragment is approximately

3.6

1277-1365bp

and much larger compared to the size estimated by agarose gel electrophoresis

(1250bp),

while the size of the PFP-B1/B81100bPfragment ranges from 1070-1084bp, smaller than that
estimated by gel electrophoresis.
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Table 3.5 Summary of cloned N19 and N21 PFP-B1/B8110obPfragments obtained and preliminary sequencing
results. The BLASTn search results are also indicated. Only those scores producing the most significant
results are presented.

Variety

N19

N21

Clone

Organism

BLASTn results;

Forward

Reverse

Full

sequence

Sequence

length

PFP-f3 identity

length

length

sequence

Score

E-

size (bp)

size (bp)

size (bp)

(bits)

value

1

450

530

1081

Potato

78

4e-12

2

585

583

1073

Potato

80

2e-12

3

669

688

1078

Rice

88

1e-14

4

623

340

1079

Rice

88

8e-15

5

659

704

1076

Rice

80

3e-12

6

679

536

1070

Potato

88

1e-14

7

675

690

1075

Rice

88

1e-14

8

614

232

1070

Rice

80

3e-12

9

661

672

1150

Potato

86

4e-14

10

647

518

1081

Potato

80

3e-12

1

552

516

1084

Rice

88

8e-15

2

555

576

1075

Rice

88

1e-14

3

669

688

1056

Rice

88

1e-14

4

595

603

1075

Rice

88

1e-14

5

723

395

1076

Potato

72

6e-10

6

653

536

1076

Rice

88

1e-14

7

646

626

1082

Rice

82

6e-13

8

648

614

1071

Rice

88

1e-14

9

638

627

1075

Rice

88

1e-14

10

588

667

1083

Rice

88

1e-14
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Table 3.6 Summary of cloned N19 and N21 PFP-B1/B81250bP fragments obtained and preliminary sequencing
results. The BLASTn search results are indicated. Only those scores producing the most significant results
are presented.

Variety

N19

N21

Clone

Organism

BLASTn

Forward

Reverse

Internal

Full

sequence

sequence

sequence

length

results;

length

length

length

sequence

PFP-~ identity

size (bp)

size (bp)

size (bp)

size (bp)

Score

E-

(bits)

value

1

713

436

698

1278

Rice

105

5e-20

2

635

734

721

1281

Rice

113

2e-22

3

601

755

575

1277

Rice

92

8e-16

4

393

543

487

1348

Rice

92

8e-16

5

217

663

436

1376

Rice

92

8e-16

6

199

643

200

1339

Rice

92

8e-16

7

274

707

470

1346

Rice

92

8e-16

8

378

255

514

1344

Rice

92

8e-16

9

393

653

594

1355

Rice

92

8e-16

10

536

254

402

1346

Rice

60

3e-06

1

602

580

558

1343

Rice

92

8e-16

2

623

310

438

1357

Rice

92

8e-16

3

614

538

595

1346

Rice

92

8e-16

4

674

581

606

1355

Rice

78

1e-11

5

217

712

593

1365

Rice

72

8e-1O

6

199

707

656

1362

Rice

92

8e-16

7

560

538

570

1339

Rice

78

1e-11

8

567

712

607

1347

Rice

92

8e-16

9

672

707

517

1355

Rice

92

8e-16

10

660

668

611

1349

Rice

92

8e-16

The wide range of sequence sizes for the PFP-B 1/B81100bP and PFP-B 1/B81250bP fragments,
presented in Tables 3.5 and 3.6, may be attributed to the use of single pass sequences,
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which may contain some sequence errors. On the other hand, the discrepancy in the size
of the PFP-B 1/B8 fragments may be due to genuine sequence variation within the PFPB 1/B8 fragment populations.

3.3.5 Sequence variation within the PFP-B1/B8 fragment populations
It was thought that further variants of the PFP-~ gene would exist within the PFPB1/B81250bPand PFP-B1/B8110obp fragment

populations.

Variation

within the fragment

populations was investigated by performing sequence analysis of individual clones.
Comparative alignment of sections of PFP-B1/BB clones
The PFP-B1/B8110obPsequences were aligned using the multiple alignment function of
DNASIS. Several individual sequences were identical in different sections along the length
of the fragment while other sequences differed by a few bases. Similar results were
obtained upon alignment of individual PFP-B1/B81250bPsequences. The regions of the PFPB1/B8 sequences, used as to demonstrate the comparative alignments (shown in Figure
3.20), are indicated in Figure 3.19. Figure 3.20 shows the similar sequences (represented
by a single

consensus

sequence)

and the variant sequences

within

both fragment

populations.

Ibp

710bp

lbp
PFP-B 1/B81100bp

3.19

1365bp

I a I

PFP-B1/B81250bp

Figure

750bp

I

410bp

I

I 450bp

lO84bp

~

Diagram representing the PFP-B1/B8

"I

"I
fragments and the regions used to

demonstrate the comparison of individual clones of each fragment. Region ~

represents that

used for the PFP- B1/B81250bp fragment, while I[] represents the region used for the PFPB1/B81100bp fragment. Since the individual sequences from the respective PFP-B1/B8

were of different sizes, approximate base numbers are indicated on the diagram.

clones
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A
consensus
N19#5.DNA
N19#6.DNA
N19#8.DNA
N21#1. DNA
N21#4.DNA
N21#8'.DNA

>
>
>
>
>

710
G?CAATAACT
G?CAATAACT
G?CAATAACT
G?CAATAACT
G?CAATAACT

720
TG?GTTGATA
TG?GTTGATA
TG?GTTGATA
TG?GTTGATA
TG?GTTGATA
TG?GTTGATA

730
?GTCTCCCAC
?GTCTCCCAC
~GTCTCCCAC
?GTCGCCCAC
?GTCTCCCAC

410

420

430

740
750
?TGAGGACG? CCA?CCC??C
CCA?CCC??C
?TGAGGJIJ?GG.
?TGAGGACG? CCA?CCC??C
?TGJlJCGACGGCCA?CCC??C
CCA?CCC??C

B

consensus
N19#1. DNA
N19#4.DNA
N21#1.DNA

440
450
CTTGAT?CCT ??CAGATT??
G?C?GATT!AO
??CAGATG??
GGCAGATTl1IJ?

Figure 3.20 Section of an alignment produced using the Multiple Sequence function of DNASIS
within the PFP-B1/B81250bPfragment population (A) and the PFP-B1/B81100bppopulation (B), The
first sequence presented on each diagram represents the consensus sequence of the identical
sequences within the section of the fragment. Bases within the variant sequences, which differ
from the consensus sequence, are highlighted.

Minor sequence variation was evident between individual PFP-B1/B81250bpsequences and
between individual PFP-B1/B811oobpsequences (Figure 3.20) with discrepancies

of a few

base pairs evident along the length of the fragments. Single base differences

may be

attributed

to sequencing

error which

may be difficult

to discern

since single

pass

sequences of each clone were compared. Taq DNA polymerase which was used in peR
amplification, does not have 3'-5' exonuclease (proofreading) activity

(Innis et ai., 1988;

Holland et ai., 1991), another factor which may contribute to sequence errors (Tindall and
Kunkel, 1988).

Similarity as shown by homology analysis
The multiple alignment

(Higgins-Sharp)

function of DNASIS is based on an assumed

evolutionary relationship between the sequences. This is governed by the assumption that
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more closely related sequences contain fewer mutations such as transitions, transversions
and deletions.

Thus, the large difference

in size between the individual

PFP-B1/B8

fragments (Tables 3.5 and 3.6) may be interpreted as deletions or substitutions and thus
bias the alignment

of the individual

sequences.

As an exercise,

the aligned

PFP-

B1/B81250bPand PFP-B1/B8110obPindividual clones were manually edited to remove obvious
sequencing errors. These were identified as the presence of one or two base substitutions
in one sequence compared to the absence of these bases in the majority of the sequences.
For example, those bases that are indicated with a question mark in Figure 3.20 represent
bases not present in the majority of the sequences and were thus considered to be
sequencing errors. The bases were then shifted in relation to the sequences in order to
obtain the best possible alignment.

By performing

this manual sequence

editing of

individual PFP-B1/B8110obPclones, the lengths of the clones were reduced to the size range
of approximately
resulted

1080bp. Similarly,

in sequence

lengths

sequence

of approximately

editing of the PFP-B1/B81250bP clones
1300bp.

The

20 edited,

individual

sequences of PFP-B 1/B81100bP
clones derived from N19 and N21 were aligned with respect
to each other using the multiple sequence function of DNASIS, and a homology tree was
derived in order to determine the relationship between them. This was repeated for the 20
edited, individual sequences of PFP-B1/B81250bPclones from N19 and N21. Figure 3.21 and
Figure 3.22 represent the degree of homology between individual clones of the PFPB1/B81100bPand PFP-B1/B81250bPpopulations respectively.

Sequence variation within the 1250bp and 1100bp fragment populations (Figure 3.21 and
Figure 3.22) is not very significant with most sequences showing high homology to each
other. The sequences from both commercial varieties (N19 and N21) appear to be quite
similar to each other in that some of the PFP-B 1/B81250bPand PFP-B 1/B81100bPfragments
from both sources are 100% homologous (Figures 3.21 and 3.22). Sequence variation
within each of the PFP-B1/B8110obPand PFP-B1/B81250bPfragment populations was low and
could have been due to sequencing errors and therefore was not considered sufficient to
classify the different clones as separate variants.
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N21clone#3
N21clone#8
N19clone#8
N19clone#6
N19clone#9
N21clone#1

Figure 3.21 Homology

N21clone#4

tree of individual PFP-
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In order to minimise sequencing artifacts, a single PFP-B1/B81250bPand PFP-B1/B81100bp
clone was sequenced three times and a full-length sequence generated using the Contig
Manager function of DNASIS (as shown in Figure 3.18). The full-length sequences were
aligned to obtain single consensus sequences for the selected PFP-B1/B81100bpand PFPB1/B81250bpclones referred to as PFP-B1/B81100bpconand PFP-B1/B81250bpconrespectively
(primary sequence data not shown). The PFP-B1/B81250bpconsequence was then used as
the first sequence

in an alignment of all the individual, single-pass

sequenced

PFP-

B1/B81250bPclones using the Contig Manager function of DNASIS. This was repeated for
the PFP-B1/B81100bP sequences
sequence

using the PFP-B1/B81100bpcon sequence

input into the Contig Manager alignment

(alignment

as the first

not represented).

The

resulting PFP-B1/B81100bpand PFP-B1/B81250bPconsensus sequences, derived in this way,
were used for all subsequent sequence analyses.

3.3.6 Sequence variation between the PFP-B1/B81250bpand PFP-B1/B81100bPfragments
The PFP gene fragments PFP-B1/B81250bpand PFP-B1/B81100bPwere compared to each
other to investigate the sequence differences between the variants. The sequences were
compared using Maximum Matching (DNASIS). This comparative alignment is shown in
Figure 3.23. Since the PFP-B1/B81250bPand PFP-B1/B81100bpsequences were different in
size, it was possible that the variation between the sequences could be due to one large
region of sequence variation between the sequences. Instead, the results shown in Figure
3.23 indicate that there are regions of low homology
interspersed

with regions of high homology

(areas of no matching

(areas of matching

bases)

bases) between the

sequences. However, due to the different sizes of the fragments, the Maximum Matching
function does not provide an accurate estimate of the homology between the sequences. In
order to investigate the variation between the sequences further, the intron and exon
regions of the respective sequences were compared. Initially, each sequence (the PFPB1/B81250bPand PFP-B1/B81100bp) was aligned to the known castor

bean sequence

available on the database using Contig Manager (DNASIS). Figure 3.24 represents this
alignment for the PFP-B1/B81250bpsequence, while that of the PFP-B1/B81100bPsequence is
shown in Figure 3.25.

10

20
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Figure 3.23 Alignment of the PFP-I) variants PFP-B 1/B81250bp and PFP-B 1/B81100bp consensus sequences. The alignment was derived in Maximum
Matching (DNASIS).
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No. File Name

1
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881

661

1 PFP-Bl/B8 1l00bp
2 casto~ bean exon 10

..

1102
,-

...,-

3 casto~ bean exon 11

,

..,

4 casto~ bean exon 12
Consensus Sequence

Figure 3.24 Diagram representing the alignment of the PFP-B1/B811OObp

consensus sequence

with the known exon regions of castor bean using Contig Manager (DNASIS).

Mo. File Mame

1

PFP-BI/B8 1250bp
2 casto~ bean exon 10
3 castor bean exon 11
4 castor bean exon 12

269

538

807

1076

1345

.......

1

~

..

~

#'

Consensus Sequence

Figure 3.25 Diagram representing the alignment of the PFP-B1/B8125obP

consensus sequence

with the known exon regions of castor bean using Contig Manager (DNASIS).

By aligning the castor bean exon regions with the PFP-B1/B81250bp
and PFP-B1/B8110obp
sequences, the conserved exon and intron regions of the fragments were identified. The
corresponding exon and intron regions of the two fragments were then separately
compared in the Maximum Matching function of DNASIS (preliminary data not shown). This
function analyses the similarity of two sequences by using an algorithm that shifts
sequences relative to each other and inserts gaps which are associated with a penalty. A
score is then assigned to the most significant alignment and percent homology values are
indicated for the alignment window. From these values, a diagram representing the
homology between the sequences in their exon and intron regions was constructed. This
diagram is indicated in Figure 3.26.
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278bp
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49%

405bp
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525bp
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PFP-B IIB81250bp
Exon 10

IExon 1

PFP-BIIB81100bp
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Exon homologies
Position on
PFP-BI1B81100p

Figure

3.26

Diagram

lbp

77%

163bp

representing

338bp

430bp 552bp

the homology

Exon l'

77%

648bp

l102bp

666bp

between the PFP-81/881250bp

and PFP-

81/881100bp sequences in their respective putative intron and exon regions. The exon and intron
regions were derived

by comparison

to the known castor

bean exons.

The percentage

homology, computed using Maximum Matching (DNASIS) and intron and exon positions on the
PFP-81/88

sequences are also indicated.

There appears to be high homology in the putative exon regions of the PFP-B1/B81100bp
and PFP-B1/B81250bPfragments compared to the low homology in their respective putative
intron regions (Figure 3.26). It was expected that higher sequence variation would be
present in the intron region of these sequences since they are subject to less functional
constraint than the coding or exon regions and therefore accumulate

more mutational

changes. These results confirm, at the nucleotide level, that there are two variants of the
PFP-~ gene in the commercial sugarcane cultivars N19 and N21, which are characterised
by the PFP-B1/B81100bPand PFP-B1/B81250bpfragments.

3.3.7 Copy number of the sugarcane PFP-~ gene
At the outset it had been hypothesised that PFP-~ is a single copy gene in sugarcane,
which suggests that the two PFP-~ variants may represent alleles at a single locus. In
order to investigate this, information regarding the organisation of the PFP-~ gene in the
sugarcane genome needed to be obtained. To this end, Southern hybridisation analysis
was used. Initially restriction site analysis was performed on the PFP-B1/B81100bpand PFP-
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B1/B81250bPvariants using the DNASIS restriction site search function. Two enzymes i.e.
Hind III, which restricts once within the PFP-B 1/B81250bPfragment and does not restrict
within the PFP-B 1/B81100bPfragment, and Eco RI, which restricts once within the PFPB1/B81100bpfragment and has no restriction site within the PFP-B1/B81250bPfragment, were
selected. Table 3.7 shows the selected restriction enzymes and their restriction sites within
the PFP-B 1/B8 variants.

Table 3.7 Selected restriction enzymes and their restriction sites within the PFP-B1/B8 sequences

Enzyme

Restriction

Cutting position

site

PFP-B1/B81250bPsequence

PFP-B1/B8110obPsequence

KI

G!AATTC

-

841bp

Hind III

A!AGCTT

177bp

-

ECD

on the

Cutting position

on the

Fifteen micrograms of genomic DNA from Black Cheribon, Coimbatore, N21 and N19 was
restricted using Hind III. Similarly, fifteen micrograms of DNA from the different varieties
were restricted with ECD RI. The restricted DNA was separated on a 0.8% (w/v) agarose
gel and the DNA stained with ethidium bromide to ensure that the DNA was digested and
that separation

of the fragments

had occurred.

Figure 3.27 shows an agarose

gel

containing the restricted genomic DNA samples.

The ECD RI restriction produced fragments of higher molecular weights compared to the
Hind III restriction which results in a much wider spread of fragments (Figure 3.27). The
restricted DNA was transferred to a nylon membrane using upward capillary blotting and
fixed as described

in section 3.2.20. The membrane was then probed using the PFP-

B1/B81100bPfragment according to the protocol described in section 3.2.20. Figure 3.28
shows the results of this hybridisation. Once the membrane was stripped, it was re-probed
using the PFP-B1/B81250bPfragment as a probe. Figure 3.29 shows the results of the
hybridisation with the PFP-B1/B81250bPprobe
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123456789

Figure 3.27 Results of electrophoretic separation of genomic DNA restricted with Hind III (lanes
1-4) and Eco RI (lanes 5-8) restriction enzymes. Lanes 1 and 5, Coimbatore;

lanes 2 and 6,

Black Cheribon; lanes 3 and 7, N21; lanes 4 and 8, N 19 and lane 9, lambda molecular weight
marker III.

Hind III
I

co BC

Eco RI

N21 N19 CO BC N21 N19

20.1kb
20kb
5.0kb

1.9kb

Figure 3.28 Results of Southern

hybridisation

analysis of the PFP-p gene using the PFP-

B11B81100bP
variant as a probe. Fifteen micrograms of genomic DNA was restricted with Hind III.
Similarly, 15 J.lg of genomic DNA was restricted with Eco RI. Genomic DNA from Coimbatore
(Saccharum
was used.

spontaneum)

(CO), Black Cheri bon (Saccharum

officinarum)

(BC), N21 and N19
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Results of the hybridisation

indicated a more simple profile for the PFP-B1/B811oobp

fragment (Figure 3.28) compared to that produced by the PFP-B1/B81250bPfragment (Figure
3.29). Hybridisation with the PFP-B1/B811oobpfragment resulted in a similar banding profile
for both the commercial varieties restricted with Eco RI and for those restricted with Hind
III (Figure 3.28). Similar profiles were seen across the four varieties restricted with Hind III
except for Coimbatore where a single band of approximately 20.1 kb was obtained (Figure
3.28).

Hind III

Eco RI

co BC N21N19co BC N21N19

20kb

___-2.5kb
----1.9kb

'4, :rt.

yO.,.t".J

Figure 3.29 Results of Southern hybridisation analysis of the PFP-13gene using the PFPB1/B8125obp variant as a probe. Fifteen micrograms of genomic DNA was restricted with Hind III.
Similarly, 151-lgof genomic DNA was restricted with Eco RI. Genomic DNA from Coimbatore
(Saccharum

spontaneum)

(CO), Black Cheribon (Saccharum officinarum) (BC), N21 and N19

was used.

Hybridisation with the PFP-B1/B81250bPfragment (Figure 3.29) showed identical banding
patterns for the two commercial varieties restricted with Eco RI. In contrast, the banding
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pattern observed

for the commercial

varieties,

restricted with Hind III was distinctly

different (Figure 3.29). The Hind III restriction profile obtained for variety N19 appeared to
be similar to that obtained for Black Cheribon, while similar banding

patterns were

observed for N21 and Coimbatore (Figure 3.29). In addition, similar banding patterns were
observed in the Eco RI restriction profile for variety N19 and Black Cheribon (Figure 3.29).

In order to make some interpretations on the Southern hybridisation pattern and speculate
whether the pattern is suggestive of a single locus gene for PFP-P, the simplest genetic
scenario that assumed all copies of the gene are the same, i.e. monomorphic, was taken
into account. The actual results (derived from Figures 3.28 and 3.29) were compared to the
predicted number of fragments that would be obtained if the gene were at a single locus
per haploid genome. These results are summarised in Table 3.8.

Table 3.8 Summary of the predicted number of fragments that would be obtained if the PFP-~
gene was a single locus gene and the actual number of fragments

obtained

by Southern

hybridisation analysis.
Predicted

number

of fragments

for a single

Actual

number of fragments

obtained

locus gene
PFP-B 1/B8

1100bp

PFP-B1/B8 1250bp

PFP-B 1/B8 11OObp

PFP-B1/B8 1250bp

fragment probe

fragment probe

fragment probe

fragment probe

Eco RI

Hind III

Eco RI

Hind III

EcoRI

Hind III

Eco RI

Hind III

N19

2

1

1

2

2

2

2

2

N21

2

1

1

2

2

2

2

3

Black Cheri bon

2

1

1

2

2 (one faint)

2

2

2

Coimbatore

2

1

1

2

2 (one very

1

2

4

faint)

The results presented in table 3.8 suggest that the number of bands obtained was not
consistent with the assumed simplest genetic scenario.
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3.4 Discussion
In this study it was hypothesised that the PFP-~ gene was at a single locus in sugarcane
and therefore an appropriate model for the study of allelic variation in this polyploid plant.
Using previously designed specific primers which amplify across putative exons 10, 11 and
12 of the PFP-~ gene, two amplicons of approximately 1250bp and 1100bp (designated
PFP-B1IB81250bP
and PFP-B1IB81100bP
respectively) were obtained from genomic DNA of
the commercial hybrid varieties N19 and N21. Initially, the conditions for PFP-B1/B8 peR
had to be optimised. After testing various peR parameters, a combined hot start,
touchdown protocol produced consistent amplification. Sloop and Rhodes (2000)
recommend the use of hot start and touchdown peR to amplify difficult targets. In their
experiments, a hot start increased the specificity of the reactions. By combining the hot
start technique and the touchdown strategy; specific amplification of the desired product
was achieved. Harvey (1998) occasionally obtained a third peR

fragment after

amplification with the PFP-B1IB8 primers on Colmbatere genomic DNA. The author
speculated that this fragment was an artifact which arose during the peR reaction, or
genetic variation in the eoimbatore background, or a third variant which was present at a
low dosage or with variation in the primer binding site for which amplification is difficult.
Other spurious bands were also observed during amplification of the PFP-~ region in this
study (Figures 3.9 and 3.15). These bands were not consistently obtained and were
subsequently shown to not be PFP-~.

Homology searches against international nucleotide databases indicated that both
amplicon populations were highly homologous to PFP-~ from other sources. Minor
sequence variation was detected within the PFP-B1/B81100bp
and PFP-B1/B81250bP
fragment
populations with individual clones showing single base differences. These differences may
be attributed to single pass sequences being compared. The full-length sequences, which
were generated from partial sequences in eontig Manager, may have poor homology in the
overlap regions due to ambiguities at the beginning and end of electropherograms, which
may be attributed to abnormal peak heights and widths. Sequence comparison within the
PFP-B1IB81250bPand PFP-B1IB81100bpfragment populations suggested that only two
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distinct

variants

of the PFP-P gene, represented

by the PFP-B1/B81250bP and PFP-

B1/B811oobPamplicons, were present.

The size difference between the two amplicons was due to diverse sequence variations
dispersed throughout the length of the PFP-B1/B8110obPand PFP-B1/B81250bPsequences
rather than a few large sequence disparities. More variation occurred in the putative intron
regions compared

to the exon regions. Some variation was observed

in the form of

mutations such as single and multiple base insertions or deletions. According to Flavell and
Moore (1996), such mutations are likely to occur due to enzyme error during DNA
replication. Mutations are more likely to be tolerated in introns which do not contain coding
sequences, rather than the exon regions since sequence variation within the exon regions
may contribute to changes in gene structure (Paterson, 1996).

The PFP-P and PFP-u genes are 40% identical at the amino acid level, 20% of which are
conserved substitutions in the overlapping region (Carlisle et al., 1990). It is surmised that
the u and P subunit genes originated from a common ancestral gene. A duplication of the P
subunit gene may have given rise to the u subunit and due to changes occurring in the
catalytic site, regulatory interaction occurs once a heterotetramer

has formed. A similar

duplication event may have given rise to the two PFP-P variants described here. Since the
alpha and beta subunit genes share regions of high homology, it was of interest to note
that neither the PFP-B 1IB81100bPfragment

nor the PFP-B 1IB81250bPgenomic fragment

showed BLASTn homology to the PFP-u subunit gene from any source. Instead, both
genomic fragments showed high homology to PFP-P. This suggests that both the PFPB1IB8 fragments represent variants of the same gene.

Allelic variants
Nowakowska

have been identified

in several other plant enzymes.

For example,

(1998) describes the oxalate oxidase enzyme, which is encoded

by two

allelic variants in hexaploid wheat. Despite the 87% homology between the coding regions
of the sequences from the two variants, the 5' flanking regions differ greatly from one
another. The enzyme UDP-glucose pyrophosphorylase

(UGPase) in potato is encoded by

two allelic variants that differ by five amino acids (Sowokinos et el-, 1997). In barley, Erkilla
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et al· (1998) describe three allelic variants of the ~-amylase enzyme. The sequences of the
three variants differed by the insertion/deletion of a palindromic 126bp sequence in intron
III, the insertion/deletion

of a 39bp sequence in intron III and two amino acid substitutions

in the open reading frame. Similarly, as described by Erkilla et al. (1998), much of the
variation observed between the PFP-B1/B811oobPand PFP-B1/B81250bpgenomic sequences
occurred in the intron regions.

Southern hybridisation was used to provide some evidence as to whether the PFP-~ gene
was a single locus gene in sugarcane. The results of the Southern hybridisation analysis
on genomic DNA restricted with Hind III and probed with the PFP-B1/B81250bpfragment
indicates that the banding pattern observed for N19 was similar to that observed for Black
Cheribon

(S. officinarum)

while the banding

patterns

for N21 and Coimbatore

(S.

spontaneum) were similar. It is interesting to note that N21 shows more S. spontaneum-like
traits (tall stalks with thin leaves and erect canopy, low sucrose content, high fibre and hard
stalks), while N 19 has more S. officinarum-like

characteristics

(open growth habit with

broad slightly drooping leaves, thicker stalks and higher sucrose content). This suggests
that N21 has a higher proportion of the S. spontaneum genome and N19 more of the S.
officinarum genome (M. Butterfield, personal communication 1).

The Southern hybridisation experiments performed in the current study indicate that there
are DNA polymorph isms for the genomic regions corresponding to each fragment. This is
more consistent with a complex polyploid like sugarcane than the assumed simple genetic
scenario that PFP-~ is monomorphic. However, since the Southern hybridisation

pattern

obtained was relatively simple, this suggests that PFP-~ is less polymorphic than might be
expected for sugarcane.

Blakeley et al. (1992) observed two fragments for PFP-~ in a

Southern hybridisation experiment using castor bean genomic DNA digested with Hind III
and probed with a castor bean PFP-~ cDNA fragment. Blakeley et al. (1992) also obtained
a single fragment when castor bean genomic DNA was restricted with Eco RI and probed
with a castor bean PFP-~ cDNA fragment. These results suggested that there was a single
gene for the PFP-~ subunit.
1

Mike Butterfield, SASEX, Mount Edgecombe, Durban
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However, in the polyploid potato, two fragments respectively were observed in an Eco RI
and Hind III digest of potato genomic DNA probed with PFP-P cDNA. Blakeley et al. (1992)
surmised that this banding pattern resulted due to the polyploid nature of the plant and
suggested that the hybridisation was indicative of a single gene for the PFP-P gene in
potato. In sugarcane too, the presence of extra bands as opposed to single bands as
expected for a single locus gene (Table 3.9) may be attributed to the polyploid nature of the
plant.

Groenewald

(1998) obtained

two bands when genomic

DNA from

Black Cheribon,

Coimbatore,

N21, Nc0310 (another commercial sugarcane variety), potato, castor bean

and Zea mays was restricted with Eco RI and probed using a PFP-P cDNA fragment.
These results are consistent with the two fragments observed for the two commercial
varieties N19 and N21, and the ancestral species representatives

Black Cheribon and

Coimbatore probed with the PFP-B1/B81250bpfragment. However, the size of the fragments
obtained

by Groenewald

(1998) were approximately

4.16kb and 2.3kb for the Black

Cheribon, Coimbatore, N19 and N21 commercial varieties while the size of the fragments
obtained in a similar experiment in this study were different. Hybridisation

of the PFP-

81/881250bpfragment probe to the Eco RI restricted Coimbatore, Black Cheribon, N21 and
N19 genomic DNA produced fragments of approximately 21kb and 20kb while hybridisation
of the PFP-81/B8110obPfragment probe to the same restricted samples showed a single
fragment of approximately 1.9kb and an additional band of approximately 20kb for the two
commercial varieties.

There is a possibility that the PFP-B1/B8110obPfragment probe hybridised to the 1250bp
genomic fragment in the genomic DNA and in the same vein, the PFP-B1/B81250bPfragment
probe may have hybridised to the 1100bp fragment on the membrane
fragments are approximately

since the two

70% homologous to each other (as shown in the putative

exon regions in Figure 3.26 and in the comparative alignment of the two fragments
Figure 3.23). This may account for the presence

of extra bands

in

in the Southern

hybridisation analysis of the PFP-P gene compared to the predicted number of bands for a
single locus gene for sugarcane.
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The number of bands obtained in the Southern experiments is dependent on the degree of
polymorphism within the PFP-J3gene in sugarcane. Thus, in a complex, interspecific
polyploid like sugarcane, it could be speculated that the banding pattern obtained by
Southern hybridisation might indicate different alleles at one locus, which would be
consistent with a single copy gene per haploid genome. Further evidence is required to
indicate whether PFP-J3is a single locus gene in sugarcane. An alternative technique to
determine whether the variants are alleles is in situ hybridisation. The technique, which has
been applied to sugarcane to characterise the double genome structure of modern
sugarcane cultivars (0' Hont et ai., 1996), involves the hybridisation of labelled genomic
DNA to chromosome spreads. The technique may also be applied to PCR amplified
genomic fragments. By labelling the PFP-B1/B81250bP
and PFP-B1/B811oobP
genomic
fragments and hybridising them to chromosome spreads of a commercial sugarcane
variety (either N19 or N21), some insight as to whether the two fragments represent
separate loci could then be obtained.

In this study it has been shown that two variants of the PFP-J3gene exist in the commercial
varieties N19 and N21. Previously, Harvey et al. (1999) also showed the presence of these
two

variants

spontaneum)

in the

ancestral

species

representatives Coimbatore

and Black Cheribon (Saccharum spontaneum).

(Saccharum

It is unlikely that the two

variants maintained the same level of heterozygosity over thousands of years. Some
variation in the ancestral germplasm would be expected. This suggests that the variants
characterised by the PFP-B1/881250bpand PFP-B1/B811oobP
fragments are perhaps
separate loci in sugarcane, which may have arisen as a result of duplication. It is thought
that the two gene variants may not segregate since they are both present in the
commercial and ancestral sugarcane germplasm (Harvey et el-. 1999). It may then be
speculated that the gene forms are closely linked loci at one chromosome or on different
chromosomes. The simple genomic pattern for PFP-J3obtained by Southern hybridisation
analysis is consistent with the suggestion that the two variants may be closely linked on the
same chromosome.
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CHAPTER4

PFP-p EXPRESSION IN SUGARCANE

4.1 Introduction
In chapter 3, it was shown that two peR fragments of approximately 1100bp and 1250bp
were obtained from genomic DNA, isolated from the commercial cultivars N19 and N21,
amplified with specific primers PFP-B1 and PFP-B8. Sequence analysis indicated that both
fragments (designated PFP-B1/B81250bPand PFP-B1/B81100bPrespectively) were identifiable
as PFP-p based on nucleotide database homology searches. Despite minor sequence
variation within the 1250bp and 1100bp fragment populations, the PFP-B 1/B81250bpand
PFP-B1/B81100bPfragments were poorly homologous to each other at the nucleotide level
with higher levels of homology residing in the exon compared to the intron regions of the
sequences. Thus, there are two distinct variants of the PFP-p gene in sugarcane. However,
it was unknown

whether the two genomic variants encoded an active PFP-p gene.

Therefore, this study endeavored to determine expression of the variants in sugarcane.

Moore (1995) suggested that in sugarcane, sucrose accumulation

is primarily regulated

within the translocation system and at the level of the sink. Botha et al. (1996) noted that in
sugarcane, sucrose increased from the young to the older internodes. PFP activity has also
been shown to increase from internode 3 reaching optimal activity at internode 6 and 7
after which the enzyme declined to internode 10 (Whittaker and Botha, 1997). An inverse
correlation

between

peak PFP activity/ expression

levels and the prevailing

sucrose

content of internodal tissues was reported (Whittaker and Botha, 1997). In a study by
Whittaker and Botha (1999), PFP activity appeared to be controlled by the expression of
the p subunit of the protein.

It is possible that expression of the PFP-p variants is different at different stages of sucrose
accumulation.

Several techniques to analyse mRNA expression are available, three of
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which, the RT-PCR technique, cDNA macroarray screening and Northern hybridisation, are
described below.

RT-PCR (Reverse transcription-polymerase

chain reaction) is the technique of choice for

analysing extremely low abundance mRNA derived from cells or tissues (Soauze et aI.,
1996). In RT-PCR, the target mRNA molecules are reverse transcribed to cDNA which is in
turn amplified by PCR (Sambrook et aI., 1989). Northern hybridisation permits the analysis
of mRNA and is commonly used as a quantitative assay (Omann et aI., 1993; Kim et aI.,
1999; Thoiron and Briat, 1999; Swiderski et aI., 2000). This technique determines the size
and abundance of specific mRNA molecules in preparations of total or poly (At

RNA.

Northern analysis is not as sensitive as the RT-PCR technique (Ra and Saris, 1995). cDNA
macroarrays are a type of reverse Northern where cDNA clones are deposited onto a nylon
filter and clones are probed with radiolabeled total cDNA. This technique allows for many
clones to be screened at once. In recent years, a parallel technology,
miniaturisation

and automation

of the macroarray

technology,

which involves

has emerged

i.e. the

microarray. In microarray technology, DNA is deposited onto a glass slide and clones are
isolated using fluorescent probes (vanHal et aI., 2000; Xiang and Chen, 2000).

Since it has been shown that the 1250bp and 1100bp fragments were obtained from the
commercial cultivars N19 and N21 and that the fragments from both sources were highly
homologous to each other, N19 was selected as the hybrid commercial variety for further
expression

analysis.

The

Saccharum

species

representatives,

Black

Cheri bon and

Coimbatore, were also selected for this study since it has been shown previously that the
PFP-B1/B81250bPand PFP-B1/B8110obPfragments

were also present in these varieties

(Harvey et aI., 1999).

The specific objective of this study was to determine the expression of the PFP-p variants
in tissues at different stages of sucrose accumulation of a commercial hybrid sugarcane
variety (N19), and to investigate which variant is being expressed in the ancestral species
representatives

Black Cheri bon and Coimbatore.

Due to its sensitivity,

the RT-PCR

technique was selected to determine which variant is being expressed. Since the cDNA
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macroarray allowed for a large number of clones to be screened at once, it potentially
provided a quick method to isolate further expressed PFP-p gene sequences. In order to
determine

quantitative

expression

of the

variants

at different

stages

of sucrose

accumulation, Northern hybridisation analysis was used.

4.2 Materials and Methods

4.2.1 Sugarcane varieties
The commercial sugarcane variety N19 and the two ancestral varieties, Coimbatore and
Black Cheribon, collected as described in section 3.2.1, were used in PFP expression
studies.

Leaf, leafroll (meristematic region), bud scale, internode 4 (immature culm) and

internode 7 (mature culm) material was acquired from 7- 12 month old plants of variety
N19.

Internode 1 was defined as the internode attached to the leaf with the uppermost

visible dewlap. Leafroll tissue was also obtained from Black Cheri bon and Coimbatore.
Germinating sett tissue of variety N19 was also used in this study. Setts of N 19 stalk (1015cm) were cut and planted in potting soil (Grovida, SA) and maintained in the glasshouse
for a week.

Once germinated, the nodal parts of the setts were used for RNA extractions.

The tissue was either used for RNA extractions immediately after acquisition, or prepared
for RNA extractions by slicing the tissue, pulverising with a mallet and grinding to a fine
powder under liquid nitrogen with a mortar and pestle. The tissue was then stored at -BOoC
until required.

4.2.2 Sugarcane cDNA libraries
Sugarcane

cDNA

libraries

used

for

Biotechnology department at SASEX.

this

study

were

previously

prepared

Total cDNA libraries from meristematic tissue and

mature culm were prepared from a commercial sugarcane variety (NC0376).
and mature
internode

culm subtractive

2 and internode

sugarcane population AA40.

in the

libraries,

prepared

by reciprocal

subtraction

Immature
between

7, were derived from clone 126 from the South African
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4.2.3 Sugarcane cDNA macroarray
A cDNA macroarray was prepared at the Clemson University Genomics Institute (USA)
using a Qbot (Genetix). The randomly selected, bacterial clones (E. coli SOLR strain) were
deposited onto a Hybond N+ nylon membrane (Amersham).

The array contained 1400

clones in total; 500 of which were from the leafroll (total cDNA library), 500 from the mature
culm (total cDNA library), 200 from the immature culm (subtractive cDNA library) and 200
from the mature culm (subtractive cDNA library).

4.2.4 Oligonucleotide primers
The PFP-B 1 and PFP-B8 primers, as well as the vector primers SP6 and T7, were also
used in this study (section 3.2.3). Primers PFP-B2 and PFP-B4 were previously designed
from

consensus

(Groenewald,

sequences

of

potato

1998) and synthesised

and

castor

bean

by Roche diagnostics

PFP-~

gene

(Germany).

sequences
The primer

sequences and target sites are summarised in Table 4.1.

Table 4.1 Summary of previously designed oligonucleotide

Primer

Sequence 5'-3'

primers and their sequence

Size

Target site

Expected
amplicon

(bp)

size
PFP-B4

AA T-TAA-CCC- TCA-CTA-AAG-GG

20

Forward

PFP-B2
Reverse

Sugarcane
PFP-~

TCA- TCI-ACA-ACA- TCA- TGI-GCC

21

gene

(exon 8)

Approx.

Sugarcane

250bp

PFP-~
(exon 9)

gene
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4.2.5 Precautions to prevent RNase contamination
All solutions used for procedures involving RNA were prepared with diethyl pyrocarbonate
(DEPC) - treated water which was prepared as follows: 1ml of DEPC was added to 1 litre
of ultra-pure water and allowed to dissolve overnight at 37°C. The solution was autoclaved
for 20min to remove all traces of DEPC. Glassware, plasticware, spatulas, mortar and
pestles were autoclaved and wiped with RNase Away (Molecular BioProducts, Whitehead
Scientific) prior to use. Filter tips were used to prevent aerosol contamination from pipettes.
Surfaces and electrophoresis

apparatus were cleaned with RNase Away and double

gloves were used to prevent RNase contamination from hands.

4.2.6 RNA isolation protocols
Small scale RNA extractions were performed with the SV Total RNA Isolation System
(Promega) or the RNeasy® Plant Mini Kit (Qiagen).

SV Total RNA Isolation System (Prom ega)
RNA from N19 leaf and leafroll tissue was extracted using this method.

Using liquid nitrogen and a mortar and pestle, 100mg of tissue was ground to a fine powder
which was transferred to a 1.5 ml Eppendorf containing 580).11lysis buffer (containing 2%
(v/v) ~-mercaptoethanol).

Dilution buffer (350).11)was added to the tube and the sample was

incubated for 3min at 70°C. This was followed by centrifugation for 10min at 12 OOOrpmin
a microcentrifuge. The cleared lysate was transferred to a fresh tube containing 200).1195%
ethanol and the sample mixed by pipetting 3-4 times before being transferred to the spin
basket assembly.

After centrifugation

at 12 OOOrpm for one minute, the eluate was

discarded and 50).11of a freshly prepared DNase incubation mix (40).11yellow core buffer,
5).110.09M MnCI2 and 5).11DNase I) added directly to the spin basket membrane. The tube
was incubated at 37°C for 30min and 200).11DNase stop solution added to the spin basket
which was then centrifuged at 12 OOOrpmfor 1min in a microcentrifuge.

The membrane

was subjected to two washes using 600).11and 250).11wash solution respectively, each of
which was followed by centrifugation

at 12 OOOrpm for 1min. RNA was eluted by the
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addition of 100).11nuclease-free water to the membrane and centrifugation at 12 OOOrpmfor
1min.

RNeasiJ) Plant Mini kit (Qiagen)
This method was used to extract RNA from leaf, leafroll, internode 4, internode 7, bud
scale and germinating sett tissue of variety N19. In addition this technique was also used to
isolate RNA from leafroll tissue of Black Cheribon and Coimbatore.

The sample (200mg) was ground to a fine powder under liquid nitrogen using a mortar and
pestle. The ground tissue was transferred to 450).11buffer RLT, vortexed and subsequently
incubated at 56°C for 3min to help disrupt the tissue. The lysate was transferred to a
QIAshredder spin column and centrifuged for 2min at 12 OOOrpmin a microcentrifuge. The
cleared lysate was transferred to a new tube and 0.5x volume 96% ethanol added and
mixed by pipetting. The sample was added to an RNeasy mini spin column and centrifuged
at 10 OOOrpmfor 15sec in a microcentrifuge. Buffer RW1 (700).11)was added to the column
and centrifuged for 15sec at 10 OOOrpm.The RNeasy column was transferred to a new 2ml
collection

tube,

500).11buffer RPE added and the sample

10 OOOrpm. Once the flow-through

was discarded,

centrifuged

for 15sec at

a second wash using 500).11RPE

followed by centrifugation at 12 OOOrpmfor 2min was performed in order to dry the RNeasy
membrane. The RNeasy column was transferred to a 1.5ml collection tube and 30).11of
RNase-free water was pipetted directly onto the membrane. The sample was centrifuged
for 1min at 10 OOOrpmto elute the RNA.

Large-scale RNA extraction protocol
The following protocol was used to obtain RNA from leaf, leafroll, internode 4 and internode
7 tissue of variety N19.

A RNA extraction

buffer, containing 1% (w/v) SDS, 1mM aurintricarboxylic

acid (ATA)

(Sigma), 4% (w/v) p-aminosalicyclic acid (PAS) (Sigma), 10mM Tris, 1mM EDTA (pH 7.5),
and 2% (v/v) p-mercaptoethanol

was prepared and stored at 4°C. Four to five grams of

tissue was ground under liquid nitrogen using a mortar and pestle. The tissue was
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transferred to a pre-chilled 50ml Corning™ tube on ice containing 4ml of extraction buffer
and 4ml of phenol: chloroform: isoamylalcohol [25:24:1 (v/v)]. The tissue was homogenised
with the Ultra- Turrax (T25) homogeniser for 3-4min. The sample was centrifuged for 1520min at 4 149xg and the top aqueous layer was transferred to a fresh 50ml Corning™
tube containing 20~1 of 100mM ATA and 660~1 of 12M LiCI. RNA precipitation was allowed
to proceed overnight at 4°C. Samples were centrifuged for 10-15min at 4 149xg, the
supernatant discarded and the pellet re-suspended in 1ml of 50mM AT A. The sample was
transferred to a 1.5ml Eppendorf and centrifuged at 8 OOOrpm in the microcentrifuge

in

order to remove particulate matter. The supernatant was incubated with 170~1 12M LiCI in
a fresh tube at 4°C overnight. After centrifugation at 11 OOOrpmfor 10min, the supernatant
was discarded and the pellet rinsed with 70% ethanol (chilled to -20°C). The pellet was resuspended

in 250~1 50~M AT A. Particulate matter was removed by centrifugation

at

8 OOOrpmfor 2min, the supernatant retained and 125~1 of 7.5M NH4 acetate and 750~1
95% ethanol were added to the sample, which was then incubated for 1hr at -20°C. The
RNA pellet, recovered by centrifugation at 11 OOOrpmfor 30min in an Eppendorf 5415C
microcentrifuge at 4°C, was re-suspended in 20-200~1 50~M ATA (depending on the size
of the pellet). All RNA samples were stored at -80°C.

4.2.7 Quantification and quality assessment of RNA
An aliquot of the RNA sample was diluted 1:100 or 1:200 in DEPC-treated water and the
absorbance at 260nm determined spectrophotometerically.

Since an absorbance of 1 unit

= = 40ng/~I),

at 260nm corresponds to 40~g of RNA per ml (A26o 1

the concentration of the

RNA sample was calculated from the A260value.

The purity of the RNA sample

was assessed

from the A26o/A28oratio determined

spectrophotometrically.

4.2.8 Assessing genomic DNA contamination by PCR
RNA samples were used as template in a random amplified polymorphic

DNA (RAPD)

peR using a random primer. One reaction contained 1x Taq DNA polymerase magnesium
free buffer (Promega), 1.5mM MgCI2, 1mM dNTPs, 0.2~M random primer OPD-08 (Operon
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technologies) and 1 unit of Taq DNA polymerase (Promega). Cycling conditions were one
cycle of 94°C for 3min, 35°C for 1min, 72°C for 2min, 40 cycles of 94°C for 1min, 35°C for
1min, 72°C for 2min followed by one cycle of 72°C for 7min.

4.2.9 Reverse transcription (RT) and PCR
One microgram of RNA and 0.21-1150l-1M oligo (dT)16 primer (Perkin Elmer), in a total
volume of 101-11,
was boiled for 5min and snap cooled on ice. The following reagents were
added to the tube to a total volume of 201-11:1x Expand™ Reverse Transcriptase

Buffer

(Roche Molecular Bioproducts), 10mM dithiothrietol (OTT), 1mM dNTPs, 40 units RNase
inhibitor (Roche Molecular Bioproducts),
(Roche Molecular

Bioproducts).

and 50 units Expand™ Reverse Transcriptase

The reaction was incubated at 50°C for 1hr and the

enzyme subsequently heat inactivated by boiling for 5min and chilling on ice.

For PCR, the reaction was diluted 1:1 with sterile water. One microlitre, 21-11,
41-11
and 81-11
aliquots of the diluted product was used as template in PFP-B1/B8 PCR. One 301-11
PCR
reaction contained, in addition to template, 1x GeneAmp® PCR buffer II, 1.5mM MgCI2,
0.1 mM dNTPs, 0.21-1Meach primer, 2.5 unit AmpliTaq Gold" (Perkin Elmer). The reaction
was overlaid with 501-11
mineral oil (Sigma) and cycled in a Hybaid OmniGene thermocycler.
Cycling included a single heat activation cycle of 95°C for 12min, followed by a touchdown
protocol of 1 cycle of 95°C for 1min, 50°C for 1min, 72°C for 2min; 1 cycle of 95°C for
1min, 49°C for 1min, 72°C for 2min; 1 cycle of 95°C for 1min, 48°C for 1min, 72°C for 2min;
1 cycle of 95°C for 1min, 47°C for 1min, 72°C for 2min; 1 cycle of 95°C for 1min, 46°C for
1min, 72°C for 2min; 35 cycles of 95°C for 1min, 45°C for 1min, 72°C for 2min, and two
holds of 72°C for 5min and 35°C for 5min.

4.2.10 Gel electrophoresis and visualisation of cDNA
PCR products were electrophoresed and visualised as described in section 3.2.11.
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4.2.11 Purification of PCR products
The electrophoresed

PCR products were purified using the Qiaquick Gel Extraction Kit

(Qiagen). The protocol, described in section 3.2.12, was followed.

4.2.12 Concentration of purified RT-PCR products
Purified RT-PCR fragments were concentrated

in the SpeedVac for 30min or until the

volume had reduced to approximately 5).11.

4.2.13 Quantification of purified cDNA fragments
The RT-PCR fragments were quantified using fluorometry as described in section 3.2.14.

4.2.14 Cloning cDNA fragments in E. coli
The pGEM®-T Easy Vector System (Promega) was used for cloning the cDNA fragments.
The cloning protocol was followed according to section 3.2.16.

4.2.15 Plasmid isolation
Plasmid was extracted from overnight cultures of selected positive colonies using the
Nucleobond AX20 Plasmid Isolation Kit (Machery-Nagel)

or the rapid extraction protocol

(as described in section 3.2.17).

4.2.16 cDNA sequence determination
The sequences of the cDNA fragments were determined as described in section 3.2.18.

4.2.17 Sequence analysis
Sequences were analysed using Sequence

Navigator (v 1.0.1) and DNASIS (v 2.6).

Sequence identity searches were performed using the BLASTN program (Altschul et al.,
1990).
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4.2.18 eDNA macroarray screening
Probe generation and purification

Plasmids containing the RT-PCR fragment were amplified using the PFP-B1IB8 primers as
described in section 3.2.10 with the exception that an equivalent of 20ng of plasmid DNA
was used as template.

Probe labeling

PFP-B1/B8 eDNA fragments were labeled with the Megaprime Labeling kit (Amersham).
Five microlitres of random nonamer primer solution (Amersham) and 25ng of DNA, in a
total volume of 10jll was boiled for 5min and snap cooled on ice. Five microlitres of
reaction buffer, 4jll each of supplied solutions of dTTP, dCTP, dGTP, 5jll of a33p dATP
(specific activity 3000Ci/mmol, Amersham) and 2 units Klenow enzyme (DNA polymerase I
Klenow fragment

(cloned) in

100mM potassium phosphate pH 6.5,

10mM 2-

mercaptoethanol and 50% (v/v) glycerol) was added at room temperature. The reaction
was made up to a total volume of 50jll and incubated at 37°C for 1hr. Twenty microlitres of
50mM EDTA was added to stop the reaction.

Probe purification

Probes were purified using the NucTrap" Probe Purification Column as described in
section 3.2.20.

Hybridisation

A 200jll volume of 10mg/ml

denatured, fragmented salmon sperm DNA (prepared as

described in section 3.2.20) was added to 20ml of hybridisation solution (0.5M sodium
phosphate pH 7.2, 7% (w/v) SOS, 1mM EDTA) and the membrane incubated in this
solution at 65°C overnight. The labeled probe was denatured by boiling for 5min, snap
cooled on ice and added to fresh hybridistion solution in which the membrane was
incubated for a further 24hr at 65°C.
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The membrane was washed twice with 1x SSC, 0.1 % (w/v) SOS for 20min each, followed
by two washes with 0.5x SSC, 0.1 % (w/v) SOS for 20min each. All washes were performed
at 65°C.

Phosphorimaging
Membranes were checked for signs of radioactivity using the Geiger-Muller counter, sealed
in plastic and exposed to a phosphor screen for up to 3 days.

Stripping eDNA macroarrays for reprobing
The macroarray, which was kept damp before stripping, was stripped by two incubations in
a solution of 0.1 M NaOH, 10mM EOTA, 0.1 % (w/v) SOS, for 10min with agitation on the
Belly Dancer"

(SorvalI), followed by a rinse in polished H20 and two incubations in 5x

SSPE (0.9M NaCI; 0.05M NaHP04,

0.05M EOTA) of 10min each. The membrane was

allowed to dry before being sealed in plastic and stored at 4°C. Membranes were stripped
and reprobed three times before being discarded.

4.2.19 Northern hybridisation analysis
Precipitation of RNA for Northern blotting
Four to six RNA samples from the same tissue, extracted as described in section 4.2.6
(large scale RNA extraction method), were pooled and precipitated in order to concentrate
the RNA. A 0.5x volume of cold 7.5M NH4 acetate and 3x volume of 96% ethanol (chilled at
-20°C) were added to the sample which was then chilled at -BO°C for 10min. The sample
was placed at -20°C for 2hr before being centrifuged at 11 OOOrpmat 4°C for 30min in an
Eppendorf 5415C microcentrifuge. The RNA pellet was dried briefly under a partial vacuum
in the SpeedVae, re-suspended

in 10-30~1 of OEPC-H20,

re-quantified as described in

section 4.2.7 and stored at -BO°C.

Fractionation of RNA by agarose-formaldehyde

gel electrophoresis

A 1.2% (w/v) agarose gel was prepared in the following manner: agarose was dissolved in
1x MOPS buffer [0.2M 3-(N-morpholino)-propanesulfonic
acetate, 0.01 M EOTA]. Formaldehyde

acid pH 7.0, 0.5M sodium

[0.17% (w/v)] was added to the gel and mixed
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gently. Ten micrograms of RNA, 0.5x (v/v) formamide,
formaldehyde

1x MOPS buffer and 0.1x (v/v)

in a total volume of 25111 was incubated at 65°C for 5min and chilled on ice.

Two and a half microlitres of loading dye [0.4% (w/v) bromophenol

blue, 0.04% (w/v)

xylene cyanol and 25% (w/v) Ficol""] was added to the RNA. RNA Molecular Weight
Marker 0.3 - 6.9kb (Roche), treated in the same manner as the RNA, was also loaded
alongside the RNA samples on the gel. Samples were electrophoresed

for 3 hours at 60

volts or until the bromophenol dye front had migrated 7-Bcm from the wells. The part of the
gel containing

the marker and a representative

RNA sample was stained in 5llg/ml

ethidium bromide for 30min, destained in DEPC water for 1-2hr and photographed

under

UV light alongside a fluorescent ruler. The remaining gel was used for Northern blotting.

Downward capillary blotting
Stacks for downward capillary blotting were set up as described in Figure 4.1 and allowed
to proceed overnight. The stack was dismantled and the gel and membrane excised on the
top left hand corner in order to orientate the membrane, which was subsequently dried for
1hr, UV crosslinked at 120 000 IlJ/cm2, sealed in plastic and stored at 4°C. The gel was
stained (as described in section 4.2.10), to ensure that all the RNA had been transferred.

Figure 4.1 Diagram representing the downward capillary apparatus for Northern blotting.
Sheets of Whatman 3MM filter paper were prewet in 20x SSC. Air bubbles were removed by
gently rolling a sterile plastic 10ml pipette over the surface of the gel. The exposed surface of
the filter paper was covered with cling wrap. Two Whatman 3MM paper wicks were placed on
top of the stack and placed into containers half-filled with 20x SSC. The entire stack was
covered with clingfilm and blotting was allowed to proceed overnight.

Stellenbosch University http://scholar.sun.ac.za

103

Hybridisation
Prior to prehybridisation, the membrane was briefly rinsed in a solution of 5x SSPE at room
temperature. The membrane was prehybridised in 20ml of buffer containing 0.5M sodium
phosphate, pH 7.2, 7% (w/v) SOS, 1mM EOTA and 20)l1 10mg/ml

denatured, fragmented

salmon sperm DNA, at 65°G for 4-8hr. The probe was denatured in a boiling water bath,
snap cooled on ice and added to the prehybridisation buffer. The membrane was allowed
to hybridise overnight at 65°G.

The membrane was washed twice in a solution of 2x SSG, 0.1 % (w/v) SOS for 10min each
at room temperature followed by a wash at 65°G for 15min in 1x SSG, 0.1 % (w/v) SOS,
and a wash of 10 min in 0.1 % (w/v) SSG, 0.1 % (w/v) SOS at 65°G. The corner of the
membrane was checked for signs of radioactivity using the Geiger-Muller counter. If the
signal was high (greater than 15 counts per second), the final wash was repeated.

Phosphorimaging
The membrane was sealed in plastic and exposed to a phosphor screen as described in
section 3.2.20.

Stripping membranes for reprobing
A boiling solution of 0.5% (w/v) SOS was poured over the membrane and allowed to cool to
room temperature for 1hr. The membrane was air-dried for up to an hour before being
sealed in plastic and stored at 4°G. The membrane was probed three times before being
discarded.

4.3 Results

4.3.1 Selection of a small-scale RNA extraction technique for RT-PGR
It was important to isolate RNA of high quality for use in RT-PGR. In order to determine
which RNA extraction technique was most suitable, RNA was extracted using two available
small-scale extraction kits and the quality and quantity of the RNA compared.
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General yield and purity of RNA samples
RNA was extracted from leafroll tissue of variety N19 using the RNeasy Plant Mini Kit
(Qiagen) and the SV Total RNA Isolation System (Promega). The RNA was quantified
spectrophotometrically.

Figure 4.2 represents a typical RNA absorption spectrum.

1.2500

"'

[Abs]

0.0000
Wavelength (nm)

210.0

330.0

Figure 4.2 Typical absorbance profile of an RNA sample extracted from variety N19 using the
RNeasy Plant Mini Kit (Qiagen).

The concentration of the RNA was calculated from the A260value since an absorbance of 1
unit at 260nm corresponds to 40l!g RNA per ml. The concentration of the above sample
was calculated as follows:
A260X 40 X dilution factor

= 1.0945 X 40 X 20

= 875.6ng/l!l
Pure RNA has an A2601 A280of 2.0 (Sam brook et aI., 1989). The purity of the above RNA
sample was:

Purity

= A2601 A280
= 1.0945 I 0.6330
= 1.7
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Several replicate extractions were performed using the different

kits and their yields

compared. Table 4.2 represents the typical yields and purity of N19 leafroll RNA obtained
with the two kits.

Table 4.2 Summary of the yields and purity of RNA samples extracted using different methods.

RNeasy Plant Mini Kit (Qiagen)

SV Total RNA Isolation Kit (Promega)

Yield

yield

(ng/

mass

Punty

original tissue)

(ng!

mass

Punty

tissue)

7.86

1.7

0.82

1.8

7.29

1.6

0.60

1.6

4.34

1.7

0.40

1.8

7.02

1.5

1.30

1.9

6.05

1.7

2.00

1.8

Although the SV Total RNA Isolation Kit yielded RNA of higher purity (average purity

= 1.8)

compared to the RNeasy Plant Mini Kit (average purity = 1.6), the latter kit yielded more
RNA (Table 4.2).

Integrity of RNA samples
The integrity of the RNA was checked by running 10llg of an RNA sample on a denaturing
formaldehyde/ agarose gel. Figure 4.3 shows the result of denaturing gel electrophoresis of
RNA samples extracted from leafroll tissue of variety N19 using the SV Total RNA Isolation
Kit and the RNeasy Plant Mini Kit.
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1

2

Figure 4.3 Denaturing gel electrophoresis

}

25S rRNA

}

16S rRNA

of 10Jlg RNA isolated using the RNeasy Plant Mini

Kit (lane 1) and the SV Total RNA Isolation Kit (lane 2).

In RNA samples that are not degraded, the 25S ribosomal RNA band is present in
approximately twice the amount of the 16S RNA. Degradation of the sample is apparent if
the inverse ratio is observed, and the ribosomal bands are not sharp, but appear as a
smear towards the smaller sized RNAs. The results shown in Figure 4.3 confirmed that the
RNA samples were not degraded.

DNA contamination

For RT-peR, which is sensitive to residual DNA contamination in RNA extracts, it is
important that the RNA is DNA-free. The SV Total RNA Isolation Kit (Promega) includes a
DNase treatment step that removes any contaminating DNA in the RNA preparation. The
RNeasy Plant Mini Kit does not include such a step. In order to confirm that the RNA
extracted using the SV Total RNA Isolation Kit was free from DNA contamination, 50ng,
150ng and 300ng aliquots of RNA, extracted using this kit, was used as template in a peR
with random primer opo-oa

(Operon Technologies) and a RAPD peR protocol. In

addition, 75ng of genomic DNA was also amplified using this protocol. Figure 4.4 shows
the results of the RAPD peR on the different samples.
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Figure 4.4 Results of RAPD PCR on RNA from N19 leafroll tissue extracted using the SV Total
RNA Isolation Kit.

Fifty nanograms (lane 2), 150ng (lane 3) and 300ng (lane 4) of RNA and

75ng aliquots of genomic DNA (lane 5) was amplified using the RAPD PCR protocol. Lane 6,
lambda molecular weight marker III.

Amplification

products were obtained even with low concentrations

of RNA (Figure 4.4,

lane 2). The banding profile obtained for all the concentrations of RNA were comparable to
that obtained for genomic DNA (figure 4.4, lane 5). This suggests that genomic DNA was
present in the RNA samples. Thus, the results indicate that the SV Total RNA Isolation
System is not reliable in producing
contamination

from confounding

DNA-free

RNA. One approach

to prevent

DNA

RT-PCR results is the use of intron spanning primers.

PFP-B 1 and PFP-B8 are such primers therefore it was not crucial to obtain DNase-free
RNA for RT-PCR. Since the yields obtained with the RNeasy Plant Mini Kit were high
(Table 4.2), this kit was selected for further RNA extractions.

4.3.2 Transcriptional expression of PFP-p gene variants
From the results of chapter 3, it was evident that two PFP-p variants were present in the
genomes of commercial sugarcane varieties. However, it was unknown which of these
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variants were being expressed. The RT-peR technique was used to determine the
transcriptional expression of the variants. It was hypothesised that at different stages of
sucrose accumulation, different variants of the gene might be expressed. Therefore,
transcriptional expression of the PFP-p gene variants was investigated in tissues of variety
N19 at different stages of sucrose accumulation.

i) Expression of PFP-f3 gene variants in the maturing culm

One microgram of RNA from leaf, leafroll, internode 4 and internode 7 tissue of variety N19
was reverse transcribed using reverse transcriptase and the cDNA amplified using the
specific primers PFP-B1 and PFP-B8. In addition, PFP-B1/B8 peR was conducted on
75ng of genomic DNA as a control. The results of this amplification are shown in Figure
4.5.

1 2 3 4 5 6 7 8 9 10 11

1250bp
1100bD
831bD
587bp
458bp

500bp

Figure

4.5 Agarose

gel electrophoresis

different stages of sucrose accumulation.

of PFP-81/88

RT-PCR

products

Lane 1-5, replicate PFP-81/88

from genomic DNA; lanes 6-9 are the PFP-81/88

from tissues

amplification

at

products

RT-PCR products from leaf (lane 6), leafroll

(lane 7), internode 4 (lane 8), and internode 7 (lane 9). Lanes 10 and 11 are molecular weight
markers III and V respectively.

A 500bp fragment was consistently obtained from PFP-B1/B8 RT-peR on leafroll, leaf,
internode 4 and internode 7 tissue (Figure 4.5). In addition, two fragments (1250bp and
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1100bp) were obtained. PFP-B1/B8 peR on genomic DNA samples (Figure 4.5, lanes 1-5)
confirmed that these were the same size fragments obtained from genomic DNA (section
3.3.2). Thus it was deduced that the extra fragments present in lanes 6-9 (Figure 4.5) were
due to residual genomic DNA contamination in the RNA preparations.

The 500bp RT-peR products from leaf, leafroll, internode 4 and internode 7 of variety N19
were cloned using the pGEM®-T Easy Vector System (Promega). Approximately

60-70%

white colonies were obtained after overnight growth on selection plates. These colonies
were tested using the protocol outlined in section 3.2.16.

1 2 3 4

5 6 7 8 9 101112

13 14 1516171819

20 21 22 23 24

375bp
675bp
587bp

Figure 4.6 Results of SP61T7 PCR on bacterial cells for the selection of positive PFP-B1/B8 RTPCR transformants

(lanes 1-22). Lane 23, lambda molecular weight marker III and lane 24,

molecular weight marker V.

Figure 4.6 shows the results of insert verification using SP6 and T7 peR. Ten positive
colonies from each tissue were selected for sequencing using the vector primer T7 and the
Big Dye Sequencing

Kit (Applied Biosystems).

Table 4.3 summarises

the number of

positive clones obtained per PFP-B1/B8 RT-peR fragment from the different tissues and
the preliminary results of sequencing.
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Table 4.3 Results of cloning and preliminary sequencing of PFP-B1/B8 RT-PCR clones
from different tissues of variety N19.

Full-length sequences were obtained for almost all of the clones using the T7 forward
vector primer (Table 4.3). In order to eliminate sequencing artifacts that may have arisen
due to sequencing,

one clone from each tissue was sequenced three times and any

nucleotide inconsistencies were manually edited. These sequences were compared to the
international

database using BLASTn to determine the sequence homology to PFP-P.

Table 4.4 shows the results of the BLASTn search for the PFP-B1/B8 RT-PCR sequence.

Table 4.4 BLASTn search results of the PFP-B1/B8 RT-PCR sequence.

Organisml

gene product

Score (bits)

E value

Oryza sativa PFP-13

157

6e-36

Citrus X pereaisi PFP-13

72

3e-10

Solanum tubersosum PFP-~

66

Le-uts

Ricinus communis PFP-~

54

6e-05

As shown in Table 4.4, all the sequences had high homology to PFP-P. An alignment of the
10 PFP-B1/B8

RT-PCR clones from leafroll was performed in DNASIS to generate a

consensus sequence for the expressed sequence from this tissue. Consensus sequences
were derived similarly for PFP-B 1IB8 RT-PCR clones from internode 4, internode 7 and
leaf.
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The PFP-B1/B8

RT-peR

consensus sequences from each tissue were compared using the

Maximum Matching (DNASIS). The results of this alignment are shown in Figure 4.7.

Internode
leaf
Leafroll
Internode

7

Internode
leaf
Leafroll
Internode

7

1
1
1
1

4

4

61
61
61
61

Internode
leaf
Leafroll
Internode

7

Internode
leaf
Leafroll
Internode

7

Internode
leaf
Leafroll
Internode

7 241

121
121
121
4 121
181
181
181
4 181

241
241
4 241

Internode
leaf
Leafroll
Internode

7

Internode
leaf
Leafroll
Internode

7

Internode
leaf
Leafroll
Internode

7

301
301
301
4 301
361
361
361
4 361
421
421
421
4 421

10
20
TGGATTTCA TGCCGGAGGT
TGGATTTCA TGCCGGAGGT
TGGATTTCA TGCCGGAGGT
TGGATTTCA TGCCGGAGGT
70
80
GATGTGGTTG ATGAGGCAGG
GATGTGGTTG ATGAGGCAGG
GATGTGGTTG ATGAGTCAGG
ATGTGGTTG ATGAGGCAGG
130
140
TTTGAGTTTT TGCCCAAAAC
TTTGAGTTTT TGCCCAAAAC
TTTGAGTTTT TGCCCAAAAC
TTTGAGTTTT TGCCCAAAAC
190
200
TGTTCAGG TTGCAAAAAT
TGTTCAGG TTGCAAAAAT
TGTTCAGG TTGCAAAAAT
TGTTCAGG TTGCAAAAAT
250
260
CTGGAGAAGA GAAAAGCAGA
CTGGAGAAGA GAAAAGCAGA
CTGGAGAAGA GAAAAGCAGA
CTGGAGAAGA GAAAAGCAGA
310
320
TTTGGGTACG AAGGAAGATG
TTTGGGTACG AAGGAAGATG
TTTGGGTACG AAGGAAGATG
TTTGGGTACG AAGGAAGATG
370
380
TTAGGCTATG GTGCTGGTGC
TTAGGCTATG GTGCTGGTGC
TTAGGCTATG GTGCTGGTGC
TTAGGCTATG GTGCTGGTGC
440
430
GGCAACCTTG TGGCTCCAGT
GGCAACCTTG TGGCTCCAGT
GGCAACCTTG TGGCTCCAGT
GGCAACCTTG TGGCTCCAGT

Figure 4.7 Alignment of the PFP-B1/B8
sucrose accumulation.
DNASIS (v 2.6).

The alignment

RT-peR

30
TCAAAAACTC
TCAAAAACTC
TCAAAAACTC
TCAAAAACTC
90
GGCCTGGAAA
GGCCTGGAAA
GGCCTGGAAA
GGCCTGGAAA
150
TATTCAGGAG
TATTCAGGAG
TATTCAGGAG
TATTCAGGAG
210
TGAAACCGAG
TGAAACCGAG
TGAAACCGAG
TGAAACCGAG
270
GGGGAGATAC
GGGGAGATAC
GGGGAGATAC
GGGGAGATAC
330
TGGCCTTCCT
TGGCCTTCCT
TGGCCTTCCT
TGGCCTTCCT
390
CCTTCTCCAA
CCTTCTCCAA
CCTTCTCCAA
CCTTCTCCAA
450
AGAAGAATGG
AGAAGAATGG
AGAAGAATGG
AGAAGAATGG

40
ATCGCAGAAT
ATCGCAGAAT
ATCGCAGAAT
ATCGCAGAAT
100
AGCAAGCTTC
AGCAAGCTTC
AGCAAGCTTC
AGCAAGCTTC
160
CAACTTATGC
CAACTTATGC
CAACTTATGC
CAACTTATGC
220
AAAATGCTTA
AAAATGCTTA
AAAATGCTTA
AAAATGCTTA
280
TCTGCACATT
TCTGCACATT
TCTGCACATT
TCTGCACATT
340
ACCAATTTTG
ACCAATTTTG
ACCAATTTTG
ACCAATTTTG
400
AGTGGGAAGA
AGTGGGAAGA
AGTGGGAAGA
AGTGGGAAGA
460
ACTGTTGGTG
ACTGTTGGTG
ACTGTTGGTG
ACTGTTGGTG

consensus sequences

was derived

50
TGAATGAAAT
TGAATGAAAT
TGAATGAAAT
TGAATGAAAT
110
AGCCTGAATC
AGCCTGAATC
AGCCTGAATC
AGCCTGAATC
170
TTGAAAGGGA
TTGAAAGGGA
TTGAAAGGGA
TTGAAAGGGA
230
TTAGCATGGT
TTAGCATGGT
TTAGCATGGT
TTAGCATGGT
290
TCAGAGGGCA
TCAGAGGGCA
TCAGAGGGCA
TCAGAGGGCA
350
ATTCTAACTA
ATTCTAACTA
ATTCTAACTA
ATTCTAACTA
410
CAGGACTTAT
CAGGACTTAT
CAGGACTTAT
CAGGACTTAT
470
GAACAGCATT
GAACAGCATT
GAACAGCATT
GAACAGCATT

60
TTTGGCACAT
TTTGGCACAT
TTTGGCACAT
TTTGGCACAT
120
AAAGGAGCTG
AAAGGAGCTG
AAAGGAGCTG
AAAGGAGCTG
180
CCCCCATGGC
CCCCCATGGC
CCCCCATGGC
CCCCCATGGC
240
GGAAACTG
GGAAACTG
GGAAACTG
GGAAACTG
300
AGCTCATTTC
AGCTCATTTC
AGCTCATTTC
AGCTCATTTC
360
TTGCTATGC
TTGCTATGC
TTGCTATGC
TTGCTATGC
420
TTCATCGGTT
TTCATCGGTT
TTCATCGGTT
TTCATCGGTT
GAC
GAC
GAC
GAC

from tissues at different stages of

using the multiple sequence

comparison

function of
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The alignment in Figure 4.7 indicates that the PFP-B1/B8 RT-PCR products from tissues at
different stages of sucrose accumulation are identical. Since the same variant was being
expressed in tissues at different stages of sucrose accumulation, expression of the PFP-P
gene variants was investigated in other tissues with different physiology to those originally
tested.

ii) Expression of PFP-p gene variants in germinating sett nodal tissue, budscales and roots
PFP-B 1IB8 RT-PCR was conducted on budscale, germinating sett nodal tissue and root
tissue from variety N19. The same RT-PCR fragment (approximately 500bp) was obtained
in all these tissues (gel electrophoresis results not shown).

iii) Expression of PFP-p gene variants in ancestral Saccharum species
In order to determine whether the same variant is expressed in the ancestral species, PFPB1IB8 RT-PCR was conducted on RNA isolated from the leafroll tissue of Black Cheribon
and Coimbatore. The results of this amplification also indicated a single RT-PCR product of
approximately 500bp (gel electrophoresis results not shown).

Comparison of the transcriptional product from different sources
The RT-PCR products from Black Cheribon and Coimbatore

leafroll tissue and from

germinating sett nodal tissue, budscale and root tissue of N19, were sequenced directly
without the intervention of eloning. The sequences from these tissue sources were aligned
with the consensus sequences from leaf, leafroll, internode 4 and internode 7 using Contig
Manager (DNASIS). Figure 4.8 represents this alignment using the exon 10 region as an
example.

The transcriptionally
(Figure 4.8).

expressed product in all the different tissue sources were identical
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10
Black Cheribon
Bud Scale (N19)
Germinating sett
Coimbatore
Root (N19)
Leaf (N19)

20

50

40

30

1
1
(N19)1
1

1
1

Figure 4.8 An alignment of part of the exon 10 region of the PFP-B1/B8 RT-PCR sequences
from the different tissues of N19 (IeafrolI, leaf, internode 4, internode 7, root, bud scale and
germinating

sett nodal tissue) and the leafroll tissue of Black Cheribon and Coimbatore.

The

alignment was derived in Contig Manager (DNASIS).

Matching the transcribed product to the gene variant
The RT-peR

fragment, which was designated

PFP-B1/B85oobp, was compared

to the

derived exon 10, 11 and 12 regions of the PFP-B 1/B81250bpand PFP-B 1/B81100bpgenomic
DNA sequences using the Maximum Matching function of DNASIS (v 2.6). An example of
this alignment is shown in Figure 4.9. Table 4.5 summarises the percentage nucleotide
homology between the expressed sequence and the exon regions of the genomic DNA
sequences.

[6] Matching

~Matching
Percentage
(Total Window:
100%, Alignment Window: 100%)

Alignment

Percentage
(Total Window:
Window: 77%)

TTGCAAAAATTGAAACCGAGAAAATGCTTATTAGCA-TGG

TTGCAAAAATTGAAACCGAGAAAATGCTTATTAGCATGG

1111111111111111

111111111111111111111111111111111111111

111111111111111

III

III

TTGCAAAAATTGAAACCGAGAAAATGCTTATTAGCATGG

TTGCAAAAATTGAAACTGAGAAAATGCTTATT-GCAATGG

TGGAAACTGAACTGGAGAAGAGAAAAGCAGAGGGGAGAT

TGGAAACTGAACTGGAGAAGA-GAAAAG-CAGAGGGGAGA

111111111111111111111111111111111111111

I

11111

III

I

1111

II

111111

I

II

II

TGGAAACTGAACTGGAGAAGAGAAAAGCAGAGGGGAGAT

TTGAAACGGAATTAGAGA-GAAGAAAAGGCTGAAGGAA-A

ACTCTGCACATTTCAGAGGGCAAGCTCATTTCTTTGG

-TACTCTGCACA-TTTCAGAGGGCAAGCTCATTTCTTTGG

1111111111111111111111111111111111111

III

ACTCTGCACATTTCAGAGGGCAAGCTCATTTCTTTGG

I

II

11111

II

III

I

II

11111111

GTACAAGGG-CAGTTTCATTGGTCAATCCCACTTCTTTGG

Figure 4.9 Alignment of the exon 11 region of the genomic fragments PFP-B1/B81250bp(A) and
PFP-B1/B8110obP (B) with the RT-PCR
Matching function of DNASIS.

77%,

fragment.

Alignments

were made in the Maximum

I

I
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Table 4.5 Nucleotide sequence homology between the PFP-B1/B8so0bp cDNA sequence and the

PFP-B1/B812S0bP and PFP-B1/B81100bp fragments respectively, derived from alignments made in
the Maximum Matching function of DNASIS.

Exon Region

% Homology to PFP-B1/B81250bP

% Homology to PFP-B1/B811OObp

10

96

77

11

100

77

12

98

79

From the results presented in Figure 4.9 and Table 4.5, it was evident that the expressed
sequence was closely homologous

to the 1250bp genomic sequence

but imperfectly

homologous to the 11OObpsequence. This suggested that the variant characterised by the
PFP-B1/B81250bPfragment is being expressed in all the tissues sampled.

4.3.3 Comparison of PFP-~ RT-PCR clones with expressed PFP-P sequences from
other sugarcane sources
By comparing further expressed sugarcane PFP-~ sequences to the PFP-B 1/B8500bPRTPCR sequence, the results shown in Figure 4.9 and Table 4.5, which indicate that the PFPB1/B81250bpvariant is being expressed, could be confirmed. Thus, searches were made for
further sugarcane PFP-~ sequences. One resource available to obtain this was a cDNA
macroarray prepared in-house (D. Carson"),

eDNA maeroarrays
The cDNA macroarray consisted of a limited random selection of 1400 clones from 1), total
cDNA libraries prepared from leafroll and the mature stalk and 2), subtractive

cDNA

libraries prepared from the immature and mature stalk (section 4.2.3). Thus, there was a
possibility that a PFP-P clone would be present on the array. Also, the macroarray
potentially provided a quick method for the isolation of further expressed PFP-P clones. To
this end, the PFP-B1/B8 amplicons were used as probes to screen the macroarray.

1

Deborah Carson, SASEX, Mount Edgecombe, Durban
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i) Macroarray screening using genomic fragments as probes
The macroarray was screened using the PFP-B1/B81250bpfragment as probe. No positive
PFP-p clone was obtained (results not shown). Probing with the PFP-B1/B811oobpfragment
was also unsuccessful (results not shown). Since the genomic DNA fragments contained
introns that could complicate hybridisation between the probe and the cDNA clone on the
membrane, a PFP-p cDNA fragment was used as probe to screen the macroarray.

ii) Macroarray screening using cDNA fragments as probes
A 101-11
aliquot of the sugarcane cDNA leafroll library was amplified using primers PFP-B2
and PFP-B4 (section 4.2.9). The results of this amplification are shown in Figure 4.10.

The 250bp cDNA fragment (Figure 4.10), designated PFP-B2/B4250bp, was cloned and
sequenced. International database scores indicate that the sequence was homologous to
the exon 9 region of the PFP-p gene of potato (score (bits)

=

78; E value

=

2e-12) and

castor bean (score (bits) = 70; E value = 5e-10). Figure 4.11 indicates the probes used in
relation to the potato PFP-p gene sequence available on the GenBank database.

1

2

3

4

5

434bp
267bp

Figure 4.10 Agarase gel electrophoresis

6

250bp

of PFP-82/84

peR products from sugarcane cDNA

leafroll library. Lane 1, molecular weight marker V; lanes 2-6, 250bp cDNA product from PFP82/84 amplification.
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Exon 9 E xon 10 Exon Il E xon 12 E xon 13
Potato PFP-~ cDNA sequence
PFP-BIIB8

1250bp genomic DNA sequence

PFP-BIIB8

1100bp genomic DNA sequence

PFP-B2/B4 250bp cDNA sequence

..

.....

r

..
---+

Figure 4.11 Diagram representing the PFP-B2/B4250bpand PFP-B1/B8 genomic DNA amplicons
in relation to the potato PFP-~ gene.

The PFP-B2/B4250bPamplicon was used as a probe to screen the macroarray. The results
of this hybridisation are shown in Figure 4.12.

A.-

~

c ,-----,
1236
4547
321 7
5688

t

~. (t

"

Figure 4.12 Results of cDNA macroarray screening using the PFP-B2/B4250bPcDNA
fragment as a probe (A). (B) A magnified portion of the cDNA macroarray

showing

individual 4x4 matrices. (C) Diagram representing the 4x4 duplication pattern of clone
deposition on the macroarray. Each number corresponds to an individual clone.
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The PFP-B2/B4250bPprobe hybridised to numerous clones on the membrane (Figure 4.12
(A)). Due to the manner in which the clones were deposited on the macroarray (Figure 4.12
(C)), a successful probing event would result in hybridisation to duplicate copies of the
homologous

clones on the membrane.

However, this duplicate

hybridisation

was not

observed. Instead non-specific hybridisation, as shown in Figure 4.12 (B), was obtained.
Thus, no PFP-P clone could be isolated from the array. Unsuccessful probing was initially
thought to be due to the nature of the probes used. The PFP-B1/B81250bP,PFP-B1/B8110obP
and PFP-B2/B4250bPprobes, which targeted specific regions of the PFP-P gene, may not
have been homologous to any PFP-P clones on the membrane. Therefore, the array was
probed with a full-length PFP-P cDNA clone from potato. This also resulted in non-specific
hybridisation

(results not shown). The presence of hybridisation artifacts indicated that

conditions for the specific cDNA probe needed be optimised. The macroarray has been
used successfully at SASEX to identify clones exhibiting variable levels of expression using
total cDNA probes from a variety of tissue types (D. Carson, personal communication). The
hybridisation conditions, which were used in screening the macroarray for PFP-P clones
were similar to those used for total cDNA probes and may have been sub optimal for the
specific target probes (PFP-B2/B4250bPand the full-length potato PFP-P cDNA fragments).
Further optimisation of hybridisation conditions was not considered a practical approach to
obtaining PFP-P clones since this exercise would have been time-consuming.

Also, due to

the limited number of clones on the membrane, PFP-P could be absent from the array
altogether.

Confirmation

of PFP-j3 variant expression

by sequence

comparison

to other PFP-j3

sequences
Groenewald (1998) previously isolated a sugarcane PFP-P cDNA clone from the mature
culm library which was sequenced and shown to include putative exons 10, 11 and 12.
This sequence, which was available at SASEX, provided a means of confirming the results
of section 4.3.2, which suggested
sugarcane.

that the PFP-B1/B81250bPvariant

is expressed

The putative exon regions of the PFP-B1/B81250bPsequence

(derived

in
as

described in section 3.3.6) were compared to the cDNA sequence obtained by Groenewald
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(1998). This comparative alignment was performed using the Maximum Matching function
of DNASIS and is shown in Figure 4.13.

Matching Percentage
1

(Total Window: 95%, Alignment Window: 95%)

GTGCAGAATA-TCATTGCTGAATTGAATGAAATTTTGGCACATGATGTTG

I I I I I I I IIII

50

I I I III I I I II I I I II I I I I I I II I I I I I I I I

1

GTTCAAAA-ACTCATCGCAGAATTGAATGAAATTTTGGCACATGATGTGG

50

51

-TTG-ATG-AGGCAGGGGCCTGGAAAAGCAAGCTTCAGC-C-TGAATCAA

100

I I I I I I I IIIIII

I I I I IIIIIIIIII

I I II I IIII

I II II I I I I

51

GTTGGATGGAGGCAGGGGCCTGGAAAAGCAAGCTTCAGCGCCTGAATCAA

100

101

AGGAGCTGTTTGAGTTTTTGCCCAAAA-CTATTCAGGAGCAAC-TTATGC

150

I I I I II I II I III II II III I I IIII

I III I II I IIII

I I I I IIIIII

101

AGGAGCTGTTTGAGTTTTTGCCCAAAAACTATTCAGGAGCAACCTTATGC

150

151

TTGAAAGGGGCCCCCATGGCAATGTTCAGGTTGCAAAAATTGAAACCGAG

200

III IIII

I I II I II IIIIIIII

I III I I IIIIIIIII

III I I I I I I I I

151

TTGAAAGGGACCCCCATGGCAATGTTCAG-TTGCAAAAATTGAAACCGAG

200

201

AAAATGCTTATTAGCATGGTGGAAACTGAACTGGAGAAGAGAAAAGCAGA

250

201

AAAATGCTTATTAGCATGGTGGAAACTGAACTGGAGAAGAGAAAAGCAGA

250

251

GGGGAGATACTCTGCACATTTCAGAGGGCAAGCTCATTTCTTTGGGTACG

300

I I I I I I I I II I I I II I I I I IIIIIIIII

III II I I I II I III IIII

I IIIII

I I I II I IIIIIIII

IIIIIIII

II I III I I I I I I II I III III

III I

251

GGGGAGATACTCTGCACATTTCAGAGGGCAAGCTCATTTCTTTGG-TACG

300

301

AAGGAAGATGTGGCCTTCCTACCAATTTTGATTCTAACTATTGCTATGCA

350

I I I I II I III I IIIII

I II IIIIIII

I IIII

I I I IIIIIIIII

IIIIIII

301

AAGGAAGATGTGGCCTTCCTACCAATTTTGATTCTAACTATTGCTATGCA

350

351

TTAGGCTATGGGGCTGGTG-CCCTTCTCC-AAAGTGGGAAGACAGGACTT

400

IIIIIII

I I I I I IIII

II

IIII

II II I I I I I II I I I II IIIII

III I

351

TTAGGCTATGGTGCTGGTGGCCCTTCTCCCAAAGTGGGAAGACAGGACTT

400

401

ATTTCATC..........................................

450

401

ATTTCATC..........................................

IIIIIIII
450

Figure 4.13 An alignment of the putative exon 10, 11 and 12 regions of part of the PFP-J3gene
sequence isolated by Groenewald (1988) from a mature culm cDNA library (first sequence) with
the exon regions of PFP-B1/B81250bpsequence (second sequence). The alignment was derived
in Maximum Matching (DNASIS).

Putative exon regions were derived for the PFP-B1/B81250bp

by comparison with the known castor bean exons using Contig Manager (DNASIS). Putative
exon 10 is indicated in green, while putative exons 11 and 12 are indicated in red and blue
respectively.
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The high sequence homology between the PFP-B 1/B81250bPcDNA sequence with the
expressed PFP-~ sequence obtained by Groenewald (1988) (figure 4.13), indicated that
the variant characterised

by the PFP-B1/B81250bpsequence is expressed

in sugarcane

tissues.

4.3.4 Re-analysis of the PFP-B1/B8 genomic fragments
Comparison of the PFP-B 1/B8 RT-PCR sequence to the derived exon regions of the PFPB1/B81250bpconsensus sequence reveals high homology which suggests that the variant
characterised

by the PFP-B1/B81250bPsequence is being expressed in sugarcane (Table

4.7). However, the results of the alignment of individual

PFP-B1/B81250bPsequences

(Figure 3.20) and the homology tree in Figure 3.22 suggests that there may be sequence
variation within the PFP-B1/B81250bPfragment population. Little to no sequence variation
was detected in the PFP-B1/B8 RT-PCR sequences from the respective tissue sources.
The discrepancy between the lack of sequence variation within the PFP-B1/B8 RT-PCR
sequences

and the presence of some sequence variation within the PFP-B 1/B81250bp

fragment population suggests that there may be different expressed sequences within the
PFP-B 1/B81250bPfragment

population. This was investigated

using sequence

analysis.

Individual PFP-B1/B81250bPsequences were aligned to the known castor bean PFP-~
exons using the Contig Manager function of DNASIS (as described in Figure 3.26) and the
putative exons 10, 11 and 12 derived. These exon regions were then compared to the
exon regions of the PFP-B1/B8 RT-PCR sequence using the Maximum Matching function
of DNASIS and homology values computed (as described in Figure 4.9). The percentage
homology between the putative exon regions of the individual PFP-B1/B81250bPsequences
with the exon regions of the PFP-B1/B8 RT-PCR sequence is presented in Table 4.6.

In the same vein, the alignment shown in Figure 3.20 and the homology tree (Figure 3.21)
suggests that there may be sequence variation within the PFP-B 1/B81100bP
fragment.

This

implies that there may be some sequences within the PFP-B1/B81100bPfragment population
which may show higher homology to the PFP-B 1/B8 RT-PCR sequence than those values
indicated in Table 4.5. To investigate this, the derived exon regions of the individual PFPB1/B81100bPfragments were compared to the exon regions of the PFP-B1/B8

RT-PCR
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fragment.

Exon regions were derived using Contig Manager

performed

and comparisons

using Maximum Matching as described for the individual

were

PFP-B1/B81250bP

sequences. The percentage homology values (computed in Maximum Matching) for the
comparison of the putative exon regions from individual PFP-B 1/B81100bP
sequences to the
PFP-B1/B8 RT-PCR sequence are presented in Table 4.7.

Table 4.6 Summary of the homology between the putative exon regions of individual
B1/B81250bPclones and the PFP-B1/B8 RT-peR

PFP-

sequence. Putative exon regions of the PFP-

B1/B81250bPsequences were identified by comparing each clone to the exon 10, 11 and 12
regions of castor bean PFP-P. The percentage

similarities

were derived

in the Maximum

Matching function of DNASIS.

Variety

Clone
number
1
2
3
4

N19

5
6
7
8
9
10
1
2
3

4
N21

0

6
7
8
9
10

The percentage

% homology to exon
10 of PFP-81/88
eDNA
96
96
96
96
96
95
96
96
95
96
96
95
95
96
96
95
95
96
96
96

% homology to
exon 11 of PFP81/88 eDNA
100
100
100
100
96
96
96
96
97
96
100
100
100
99
100
100
100
99
100
99

% homology to
exon 12 of PFP81/88 eDNA
98
98
96
98
98
98
96
98
98
98
97
96
98
96
98
96
96
98
96
98

homologies between the putative exon regions of the PFP-B1/B81250bP

fragment and the exon regions of the PFP-B1/B8 RT-PCR sequence are not significantly
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different from each other (Table 4.6). This suggests that there is a single expressed
sequence within the PFP-B1/B81250bPsequence.

Table

4.7 Summary

of the homology

between the putative exon regions of individual

B1/B81100bpclones and the PFP-B1/B8 RT-PCR sequence.
B1/B81100bPsequences

were identified by comparing

PFP-

Putative exon regions of the PFP-

each clone to the exon 10, 11 and 12

regions of castor bean PFP-~ in Contig Manager. The percentage similarities were derived in the
Maximum Matching function of DNASIS.

Variety

N19

Clone
number

% homology to
exon 10 of PFP81/88 eDNA

% homology to
exon 11 of PFP81/88 eDNA

% homology to
exon 12 of PFP81/88 eDNA

1

75
77
76
77
ff

77
77
77
ff

79
f9
79
79
f9

17

fo

(9

77
77
77
77
77
77
75
77
72
77
77
77
76
77

77
77
75
(0

f'd
77
79
79

((

(9

71

77
77
76
77
77

('d
f9
79
79
78
78

((

(9

If
76

(f
7'd

2
3
4
5
6
7
8
9
10
1

2
3
4
N21

5
6
7
8
9
10

fo

All the individual PFP-B 1/B81100bP
sequences show similar percentage homologies in their
derived exon regions compared to the exon regions of the PFP-B1/B8 RT-PCR sequence
(Table 4.7). The results indicate that all the PFP-B1/B81100bPsequences
homologous

to the PFP-B1/B8

RT-PCR sequence

are poorly

compared to the high percentage

homology obtained for the individual PFP-B1/B81250bPsequences (shown in Table 4.6).
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4.3.5 Quantitative expression of the PFP-~ gene in relation to sucrose accumulation
Previous investigations suggest that PFP activity increases from the younger to the older
internodes of sugarcane (Botha et aI., 1996; Whittaker and Botha, 1997; Whittaker and
Botha, 1999). This suggests that there could be differential expression of the PFP-~ gene
in different tissues of sugarcane. The results of the RT-peR indicate expression of a single
transcript for the PFP-~ gene, however this technique is sensitive to trace amounts of
mRNA and does not reveal the level of expression of the transcripts in relation to each
other. In order to determine the differential expression of the PFP-~ gene at different
stages

of sucrose

accumulation

in sugarcane,

Northern

hybridisation

analysis

was

performed on leaf, leafroll, internode 4 and internode 7 tissues of variety N19. Initially, a
membrane containing 10j..lg of RNA was probed with the PFP-B1/B850obpcDNA fragment
from internode 4. Figure 4.14 (B) shows the result of this hybridisation. Even after 10 days
of exposure to the phosphorscreen,

only a faint signal was observed in leafroll tissue.

According to S. Groenewald (personal communication 1) no signal could be observed using
10j..lgof RNA on a Northern blot probed with a PFP-~ cDNA fragment. The concentration of
RNA was increased to 20j..lg before a signal could be obtained. Therefore,

a second

membrane was prepared using 20j..lg of RNA from the respective tissues and reprobed
using the PFP-B1/B850obpcDNA fragment from internode 4. The results of this hybridisation
are shown in Figure 4.14 (e).

A single mRNA species of approximately 2.0kb was obtained in leafroll and internode 4
tissues with higher level of expression in the leafroll. No PFP-~ expression was detected in
leaf and internode 7 tissues (Figure 4.14 (Cj),

Figure 4.14 (A) shows that the RNA samples were loaded equally in all the lanes and that
the RNA was not degraded in that the ratio of ribosomal bands were not reversed (as
discussed in section 3.4.1). The presence of an extra band in lane 1 of figure 4.14 (A) is
perhaps due to the 5S rRNA.

1

Sarita Groenewald, Institute for Plant Biotechnology, University of Stellenbosch
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A.

1

2

3

4

B.

1

2

3

4

C.

1

2

3

4

.2.0kb"

Figure 4.14 Northern hybridisation analysis of the PFP-~ gene in tissues at different stages of
sucrose accumulation.

Formaldehyde/agarose

gel electrophoresis

of the RNA samples is shown

in (A). Ten micrograms (B) and 20f..lg (C) of RNA was separated and the PFP-B1/B8 RT-PCR
fragment

used as probe. RNA from leaf, leafroll, internode 4 and internode 7 tissues were

loaded in lanes 1, 2, 3 and 4 respectively.

4.4 Discussion
Since significant distinctions had been resolved in the two variants of the PFP-p gene at
the genomic sequence

level (Chapter 3), it was seen as important to sequence

the

transcripts.

A single PFP-B1/B8 RT-PCR fragment was isolated from tissues at different stages of
sucrose accumulation in the stalk and in budscale, germinating sett nodal tissue and root
tissues of a commercial sugarcane variety (N19). This transcript was also obtained from
the ancestral varieties, Black Cheribon and Coimbatore. International database searches
revealed that the fragment is homologous to PFP-p. Alignments of the RT-PCR sequences
obtained from the different tissue sources indicate that the cDNA sequences are identical.
Comparison of the putative exon regions of the genomic variants (PFP-B1/B81250bPand
PFP-B1/B81100bp)with the transcriptionally
variant characterised

expressed 500bp sequence suggests that the

by the PFP-B1/B81250bPfragment is the one being expressed. These
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results are consistent with the sequence comparison by Harvey (1998) which suggested
that a cDNA fragment obtained from a sugarcane leafroll library was more homologous to
the exon regions of the PFP-B1/B81250bPfragment than to that of the PFP-B1/B81100bP
sequence.

Intapruk et al. (1993) also used the RT-PCR, cloning and sequencing

approach

to

determine the exon regions of the corresponding genomic DNAs encoding Arabidopsis
thaliana peroxidase isozymes. The authors showed that both genes were being expressed
however, the one gene was subjected to organ-specific expression. Although there are no
known isozymes for PFP, in this study it was thought that the PFP-~ gene variants (PFPB1/B81250bpand PFP-B1/B81100bP)might be subjected to tissue specific expression. PFP
has been described as an adaptive enzyme as its activity is responsive to environmental
stresses such as phosphate nutrition and anaerobiosis, and to developmental
specific cues (Duff et ai., 1989; Stitt, 1990; Mertens,

1991; Theodorou

or tissue-

et ai., 1992;

Theodorou and Plaxton, 1993). In the present study, transcriptional expression of the PFPB1/B81250bPand PFP-B1/B81100bPgene variants was not investigated under these varied
conditions.

The

PFP-B1/B81100bP variant

may

be

expressed

during

conditions

of

environmental stresses and other developmental stages of sugarcane and should thus be
investigated in this context in the future.

As shown by Harvey et al. (1999), the two PFP-~ variants PFP-B1/B81250bPand PFPB1/B81100bPare also present in the ancestral species representatives Black Cheribon and
Coimbatore. In the current study it was shown that the same variant (PFP-B1/B8500bP) is
expressed as mRNA in these ancestral varieties and in the commercial

hybrid variety

(N19). This suggests that the gene characterised by the PFP-B1/B81250bPvariant may be an
ancestral gene that has persisted over evolutionary history. According to Paterson (1996),
essential genes may remain unchanged over generations since mutations in the coding
region may prove fatal to the organism.

Northern hybridisation

analysis of tissues at different stages of sucrose accumulation

revealed a mRNA species of approximately

2kb for the PFP-~ gene. This compared
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favourably with the results obtained by Carlisle et al. (1990) who obtained a RNA transcript
of 2.1 kb in potato tissues and with Blakeley et al. (1992) who found a single mRNA species
of 2kb for PFP-P in castor bean.

Differential expression of PFP-P was observed in tissues at different stages of sucrose
accumulation. Other authors also report differential expression of PFP-P. In potato tissues,
differential expression was observed in potato tuber, leaf and sprout tissue with lowest
level of expression in the leaf and highest in the tuber (Carlisle et al., 1990). According to
Blakeley et al. (1992) there is transcriptional and tissue-specific regulation of expression of
the PFP subunits in developing castor seeds. Their results suggested that the regulation of
expression

is posttranscriptional.

Similarly, Botha and Botha (1991) showed that the

concentration of the PFP subunits varied independently in the different tissues of Citrillus
lanatus.

Low PFP-P expression and activity in leaf tissue has been observed in other plant species.
For example in potato (Carlisle et al., 1990) and in the mature leaf of Citrillus lanatus
(Botha and Botha, 1991). This is in accordance with the concept that PFP is generally
associated

with sink tissue (Black et al., 1987). Thus it was expected that very low

expression of PFP-P, the catalytic subunit of the enzyme, would be found in leaf (a source
tissue).

Northern analysis indicates that PFP-P expression has fallen off by internode 7. This is in
sharp contrast to the results of Whittaker and Botha (1999) who found high PFP enzyme
activity corresponding to high protein expression for the beta subunit of the enzyme in this
tissue. Whittaker and Botha (1999) did not conduct Northern analysis on internode 7 tissue
and in the scope of this study, PFP-P protein analysis was not performed thus the results
are not directly comparable. However, it is possible that during the transition stage in the
maturing stalk the mRNA levels may have fallen well in advance of the decline of the
protein. This may explain the discrepancy between the results of Whittaker
(1999) and the results presented here.

and Botha
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Whittaker and Botha (1999) looked at the activity of PFP across sugarcane varieties and
showed an inverse correlation with sucrose. This may indicate that expression might
depend on the sucrose status of the internode, which could vary from individual plants
even within internode 7. Whittaker and Botha (1999) sampled sugarcane plants which were
over a year old, while in this study plants that were approximately seven months to a year
old were used. Although both studies sampled the sugarcane cultivar N19, the different
ages of sampling may indicate that the tissue may not be at the same stage of
development. From studies on Citrillus lanatus, Botha and Botha (1991) showed that the
PFP subunit concentration varies in the same tissue at different stages of development.
This suggests that PFP-P expression, which has been shown to correspond with PFP
activity in sugarcane (Whittaker and Botha, 1999) may be different in internode 7 tissue of
N19 sampled at different times.

Recently, the PFP-P gene in sugarcane was used as the source of a culm-specific
promoter to drive transgene expression in the mature culm (Groenewald, 1998).
Comparison of the cDNA sequence obtained by Groenewald and the transcriptionally
expressed sequence characterised here (PFP-B1IB850obP)
confirms that one sequence is
being expressed in sugarcane. The PFP-P region was selected as the source of the
promoter due to the high activity of PFP in the mature culm (internode 6 and 7) (Whittaker
and Botha, 1997). However, Northern hybridisation analysis indicates that the PFP-P gene
is more highly expressed in the younger tissue (IeafrolI) compared to the mature culm
(internode 7) where expression was undetectable.

Despite the discrepancy, the current Northern analysis indicates that PFP-P is highly
regulated during maturation. This has been observed previously in sugarcane (Whittaker
and Botha, 1999) and is in accordance with the suggestion that PFP activity is in part
modulated by coarse regulation of transcriptional and I or translational factors which has
been deduced from studies in seeds of cucumber (Botha and Botha, 1991), castor bean
(Blakeley et al., 1992) and barley (Nielson, 1994).
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CHAPTERS
General Discussion and Conclusion
PFP has been recognised as a key regulatory enzyme in sucrose metabolism and it
may therefore provide a target for genetic manipulation to increase sucrose levels in
sugarcane. The PFP-~ gene, which encodes the catalytic subunit of the enzyme,
offered a potential model for the study of allelic variation in sugarcane, a complex
polyploid.

Variation

at the PFP-~ genic region was investigated

using PCR with specific

primers. Amplification of genomic DNA from two hybrid commercial varieties revealed
two PFP-~ amplicons differing in size by approximately 150bp. Sequence analysis of
the two amplicons (designated PFP-81/881250bPand PFP-81/881100bp respectively)
indicated that a higher degree of variation existed within the putative intron compared
to the exon regions. Minor sequence variations, which may be attributed
comparison

of single pass sequences,

to the

were detected within the two amplicon

populations. However, further sequencing of individual clones of the respective PFP~ variants may be necessary to resolve the variation within the amplicon populations
with more precision. This may reveal distinctly different sequences within the PFP81/881250bpand PFP-81/881100bPfragment populations with higher homology to each
other than that presented

here. The results of PCR, cloning and sequencing

indicated that two major variants of the PFP-~ gene exist in sugarcane.

It was

hypothesised that PFP-~ may be a single locus gene in sugarcane and that these
variants may be allelic.

This hypothesis was tested by investigating the nature of the PFP-~ gene within the
genome.

Southern

hybridisation

analysis,

using the PFP-81/881250bp and PFP-

B1/881100bPamplicons as probes, revealed a simple hybridisation pattern. Recently,
Harris et al. (2000) used Southern hybridisation analysis to characterise two potato
nitrate reductase cDNA fragments. Their results indicated a single nitrate reductase
gene, and mapping studies revealed a single nitrate reductase locus in the potato
genome. Thus, they concluded that the two cDNA fragments, which were 99.7%
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identical at the amino acid level, were alleles. In the present study, it is speculated
that the variants (PFP-B1/B81250bP
and PFP-B1/B81100bP
amplicons) represent
separate loci, which may have arisen as a result of duplication. From the results of
PCR, it may be speculated that the two variants do not segregate since both
amplicons (PFP-B1/B81250bP
and PFP-B1/B81100bP)
are consistently produced from
genomic DNA from both commercial and ancestral varieties. Also, the Southern
hybridisation pattern for the two PFP-~ variants is simple. Thus, it is proposed that
the variants may represent separate loci, which are closely linked on the same
chromosome. As shown by Harris et al. (2000), future restriction fragment length
polymorphism (RFLP) mapping studies on a sugarcane mapping population may
serve to confirm the latter hypothesis.

Only the variant characterised by the PFP-B1/B81250bP
appears to be expressed in
commercial sugarcane as well as in the ancestral Saccharum
Saccharum

spontaneum

officina rum and

species representatives. According to Wendel (2000),

duplicate genes may retain their original or similar function, undergo changes in
protein function or regulation, or one copy may become silenced through mutational
or epigenetic means. Working with present data, it can be speculated that the other
variant characterised by the PFP-B1/B81100bP
fragment arose as a result of gene
duplication, but accumulated mutations in the coding regions so that the gene
product was silenced, resulting in a pseudogene. Given that this variant is also not
expressed in the ancestral species representatives, it can be suggested that the
variant is representative of an ancestral pseudogene which evolved long before the
evolution of the Saccharum species ancestors.

Mutations within the PFP-~ variants were not identified since only exons 10, 11 and
12 were compared by sequence analysis. Future analysis of the open reading frames
of the entire PFP-~ gene variants may be valuable in classifying the variant,
characterised by the PFP-B1/B81100bP
fragment, as a pseudogene. Numerous plant
pseudogenes have been characterised by sequence analysis. Gottlieb and Ford
(1997) analysed 18 exons of the PgiC2 gene in Clarkia mildrediae, which revealed
numerous mutations in the coding regions that suggested that the gene was a
pseudogene. Longhurst et al. (1994) identified multiple alcohol dehydrogenase
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related sequences in tomato which were cloned and shown to have 94% similarity to
each other and 77% similarity with the tomato ADH 2 gene over a 1000bp region.
The homologous

regions included introns and exons but the equivalent

exons

contained frame shifts, deletions and stop codons. Thus the two sequences were
considered

pseudogenes.

Suzuki

et al. (1997)

members of the self -incompatibility

characterised

three

clustered

(S) multigene family in Brassica, two of which

were considered to be pseudogenes

because deletions causing frameshifts were

identified in the sequences.

Two pathogenesis related (PR) protein "A- genomic clones from tobacco were shown
to be pseudogenes

by sequence analysis which revealed mutations in the highly

conserved PR-1 protein coding region (Pfitzner et al., 1991). In addition, expression
studies, which involved the fusion of the upstream sequences of the clones into the
E.coli p-glucoronidase

(GUS) reporter gene and the insertion of the protein coding

region of one of the clones into transgenic tobacco plants, resulted in no detectable
transcript or protein product, which indicated that the clones were not active in planta.

Although evidence from expression analysis suggests that the gene characterised by
the smaller amplicon (PFP-B1/B81100bp)is a pseudogene,

rigorous sequencing

of

individual PFP-B1/B81100bPclones may reveal variable sequences some of which may
be more homologous
expression

of

this

to the expressed
gene

must

be

sequence. Also, further investigation

considered

under

various

conditions

of
of

environmental stresses, which is likely to affect PFP activity and in turn expression of
the p subunit variants.

Based on the relationship

previously

shown to exist between

PFP activity and

sucrose, the level of PFP expression at different stages of sucrose accumulation was
investigated using Northern hybridisation analysis. PFP-p is differentially expressed
at various stages of sucrose accumulation
levels of expression

in commercial

in the more immature, low-sucrose

sugarcane with higher
containing tissue. These

results, together with the findings of Whittaker and Botha (1999), who reported that
PFP activity, which was apparently controlled by the expression of the p-subunit of
the enzyme, is inversely correlated with sucrose content, suggest that it may be
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possible to increase sucrose levels in the more mature sucrose accumulating tissues
of sugarcane by decreasing PFP-p expression and consequently PFP activity.

In summary, it was concluded that although variation does occur at the PFP-p genic
region, these variants might not be allelic, rather separate genes, one of which
appears to be a pseudogene. Evidence from the present study suggests that the
gene variant characterised by the PFP-81/881250bp
future genetic manipulation of PFP-p in sugarcane.

amplicon should be targeted for
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