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ABSTRACT
Previous studies indicated that cytosolic aldolase (ALDc) could be a rate limiting step in
glycolysis and thus play a role in the regulation of carbon partitioning in sink tissues. In this
study the role of ALDc in sugarcane was studied.

Expression patterns of both ALDc

transcript and protein were examined. In contrast to the leaves where ALDc expression is
very low, the enzyme (transcript and protein) levels were high in all internodal tissues at all
stages of maturity. In the leaves the plastidic isoform was prevalent as found previously in
other C4 plants.

The similar pattern of expression in transcript and protein abundance

illustrate that there are no activators or inhibitors of ALDc activity present in sugarcane. The
control on ALDc activity in sugarcane is therefore regulation of gene expression.

To

investigate the possibility that ALDc could be regulating carbon partitioning in sugarcane a
series of transgenic sugarcane plants in the varieties NCo310 and N19 were produced. The
presence and expression of the transgene and resultant effect on ALDc levels were determined
for all the transgenic lines.

The degree of ALDc reduction varied, with the biggest

suppression of aldolase being 90% of that of the control plants. Alteration of ALDc activity
caused no obvious phenotype. In both the varieties large decreases in ALDc tended to to lead
to higher sucrose levels than that of the the control plants.

14

C radiolabelling studies were

conducted to investigate the effect of reduced ALDc levels on respiration and carbon
partitioning. No differences in carbon metabolism could be found between the transgenic and
control plants. Even in the line exhibiting a more than 90% decrease, the residual ALDc was
sufficient for plants to grow normally under favourable glasshouse conditions. This would
suggest that ALDc does not play a role in the regulation of flux through glycolysis, carbon
partitioning and sucrose accumulation.
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OPSOMMING
Vorige studies het daarop gedui dat sitosoliese aldolase (ALDc) 'n tempo- beperkende stap in
glikolise kan wees en so 'n rol in die regulering van koolstofverdeling in swelgpuntweefsel
kan speel. In hierdie studie is het die rol van ALDc in suikerriet bestudeer. Die regulering
van ALDc is ondersoek deur beide die mRNA- en proteïenvlakke te bepaal. In teenstelling
met die blare waar ALDc uitdrukking baie laag was, was die ensiem (transkrip en proteïen)
vlakke in alle stingelweefsel gedurende al die stadiums van ontwikkeling hoog. In blare was
die aktiwiteit van die plastied isovorm oorheersend, soos ook voorheen in ander C4 plante
gevind is. Die ooreenkomste in die uitdrukkingspatrone van transkrip- en proteïenvlakke dui
aan dat daar geen aktiveerders of inhibeerders van ALDc aktiwiteit in suikerriet teenwoordig
is nie. ALDc aktiwiteit word dus in suikerriet deur die regulering van geenuitdrukking
beheer. Om die moontlikheid dat ALDc koolstofverdeling in suikerriet reguleer te ondersoek,
is 'n reeks transgeniese suikerrietplante vir die variëteite NCo310 en N19 geproduseer. Die
teenwoordigheid en uitdrukking van die transgeen en gevolglike invloed op ALDc vlakke van
al die transgeniese lyne is bepaal. Afhangende van die vlak van transgeen uitdrukking het
ALDc aktiwiteit gevarieer met die grootste onderdrukking, meer as 90%, in vergeleke met die
kontrole plante. Veranderings in ALDc aktiwiteit het geen duidelike fenotipe veroorsaak nie.
In beide variëteite het die plante met ‘n groot afname in ALDc geneig om hoër sukrose vlakke
te hê.

14

C merkerstudies is gebruik om die uitwerking van laer ALDc vlakke op respirasie en

koolstofverdeling te ondersoek. Daar is geen verskille in die koolstofmetabolisme tussen
transgeniese en kontrole plante gevind nie. Selfs die lyn wat meer as 90% afname in ALDc
getoon het, het skynbaar genoeg oorblywende ensiem gehad om die nodige glikolitiese
aktiwiteit te ondersteun onder gunstige glashuis toestande. Dit dui dus daarop dat ALDc nie
'n regulerende rol tydens glikolise, koolstofverdeling of sukrose akkumulering speel nie.
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Chapter 1
GENERAL INTRODUCTION
Sugarcane is a C4 species and commercial varieties are mostly inter-specific hybrids between
Saccharum officinarum and S. spontaneum. The commercial varieties accumulate sucrose in
the culm to levels as high as 60 % of total dry mass. It is grown in tropical and subtropical
areas (Moore and Maretzki, 1997). Over the years, increases in yield have mainly been
accomplished through traditional breeding and increasing the planting density. In the last few
years, the yield has reached a plateau. Knowledge about the physiological aspects of sucrose
accumulation in sugarcane is sparse and old views that have been accepted for years are now
proven to be wrong (Moore and Maretzki, 1997).
The amount of storage compounds that accumulate in any storage tissue is dependent on the
partitioning of the carbon between the different competing metabolic pathways involved with
storage or growth (Blakely, 1997). As in most plant species, photoassimilates in sugarcane
are translocated in the phloem from the leaf tissue (source tissue) to the sugarcane culm
(storage or sink tissue) in the form of sucrose. In the culm the reduced carbon is taken up into
the parenchyma cells as sucrose or as free hexoses. The latter is dependent on hydrolysis of
sucrose by cell wall bound acid invertase. After uptake and phosphorylation, these hexose
phosphates can be utilised for the synthesis of structural material, soluble or insoluble storage
products, or towards the triose phosphate pool for further metabolism via the glycolytic and
pentose phosphate pathways (Dennis et al., 1997).

The sucrose content of the mature

internodes is much higher than that of the growing internodes. This sucrose gradient is
created because of increased partitioning of incoming carbon (photosynthate) to sucrose in the
mature internodes, probably as a consequence of reduced demand for carbon from other sinks
such as those involved with growth.
Apart from sucrose the two major metabolic sinks in sugarcane are respiration (especially
anabolic respiration) and the water-insoluble component (Whittaker and Botha, 1997; Bindon
and Botha, 2002). Total respiration is the sum of carbon partitioned to catabolic (CO2 release)
and anabolic respiration. In experiments with radiolabeled hexoses and sucrose, Whittaker
and Botha (1997) only considered carbon partitioned to amino acids, organic acids and lipids
as anabolic respiration. The insoluble component has been accepted to consist mainly of
1

fibre. Sub-fractionation of this insoluble component revealed that it consisted of up to 50%
protein in immature tissue (Bindon and Botha, 2002).

The only way

14

C could be

incorporated into protein is if it was metabolized by one of the respiratory pathways. This
implies that previous studies have underestimated the contribution of respiration in total
carbon metabolism.
In most plants both cytosolic and plastidic isoforms of aldolase are present (Krüger and
Schnarrenberger, 1983; Lebherz et al., 1984; Botha and O’Kennedy, 1989; Moorhead and
Plaxton, 1990; Tsutsumi, et al., 1994: Moorhead, et al, 1994; Nakamura, et al., 1996;
Plaxton, 1996; Hodgson and Plaxton, 1998; Schwab, et al., 2001). Aldolase catalyses the
reversible cleavage of D-fructose-1,6-bisphosphate (F-1,6-BP) into D-glyceraldehyde-3phosphate (G3A) and dihydroxyacetone phosphate (DHAP). Cytosolic aldolase (ALDc) is
located in the glycolytic/gluconeogenic pathway and its role during growth and storage of
sucrose has never been investigated in sugarcane.
ALDc is one of the enzymes that form a link between the hexose phosphate and triose
phosphate pools (Dennis et al., 1997). It has been found that carbon cycling takes place
between these metabolite pools (Hatzfeld and Stitt, 1990) and that the cycling decreases with
increased sucrose accumulation (Bindon and Botha, 2002).
Experiments using sugarcane cell suspension cultures revealed that sucrose storage correlated
with nitrogen deficiency and also with much decreased respiration levels (Veith and Komor,
1993). Studies on anoxic growth conditions show that an induction of glycolysis (respiration)
coincides with an induction of aldolase expression (Kelly and Tolan, 1986; Bailley-Serres, et
al., 1988; Andrews et al., 1994; Sachs et al., 1996). In addition, it has been shown that in
some plant tissues aldolase might barely be adequate to sustain the combined flux through
pyrophosphate:fructose-6-phosphate phosphotransferase (PFP) and 6-phosphofructokinase
(PFK) (Botha and O’Kennedy, 1989).
Aldolase seems to play a role in the regulation of glycolysis and could therefore play an
important role in partitioning carbon between synthesis of storage material, growth
compounds or energy production through respiration (Plaxton, 1996; Kruger, 1997).

2

Based on all this information the working hypothesis for this study was that carbon flow
toward the respiratory pathway could be reduced by lowering aldolase activity and that this
could lead to increased carbon allocation to sucrose storage. To critically analyse the validity
of this hypothesis the study focused on two main areas.

Firstly, whether transforming

sugarcane with ALDc antisense constructs could result in a decrease in the ALDc protein
levels as well as enzyme activity. Secondly, whether this decrease in aldolase activity would
result in decreased glycolysis and respiration while changing the partitioning of carbon.
The results from this work are presented in three parts. Firstly, the expression pattern and
enzyme activities of cytosolic aldolase in different tissue types and at different stages of
development were investigated and reported in Chapter 3. The second part of the study
consisted of the production and selection of transgenic sugarcane plants of two commercial
sugarcane varieties (NCo310 and N19) with decreased ALDc levels.

This process is

described in Chapter4. The effect of this decrease in ALDc levels on glycolysis, respiration
and carbon partitioning in transgenic NCo310 lines were investigated in the third part of the
study. This is discussed in Chapter 5 and sheds some light on the role ALDc plays in
glycolysis and carbon partitioning.
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Chapter 2
LITERATURE REVIEW
2.1.
2.1.1.

Introduction
General background on sugarcane

Sugarcane is a crop plant that accumulates carbohydrate in the culm tissues in the form of
sucrose. Approximately 75% of the global sucrose production is from sugarcane with the
difference made up by sugar beet. Sugarcane is cultivated in more than 100 tropical and subtropical areas around the world (www.illovosugar.com). South Africa is the sixth largest
exporter of sugar in the world with sugar sales contributing R1.7 billion to foreign exchange
during the 2002/3 season. Approximately 240 000 jobs are provided directly and indirectly,
which translates to at least a million people being dependant on the sugar industry
(www.sasa.org.za). The yield on a fresh weight basis is around 5.28 metric ton per hectare
(mt.ha-1), but on a dry weight basis it might well be the highest yielding crop (Moore and
Maretzki, 1997).
To date the increase in sucrose yield in varieties has been accomplished through conventional
breeding programs by modification of carbon partitioning (Moore and Maretzki., 1997).
Unfortunately little progress has been made during the past few decades to increase the
sucrose content of commercial varieties further. One possible reason could be the limited
gene pool currently being used in these breeding programs (Grof and Campbell, 2001). The
selection process is slow and costly, since plants for breeding are selected on the basis of their
improved ability to accumulate sucrose and the long time needed for cane to mature. In South
Africa, for example, sugarcane has a 12 – 24 month growth cycle.
2.1.2.

Sugarcane as a sucrose accumulating crop plant

Crop plants accumulate a variety of products such as proteins and carbohydrates in storage
organs. The amount of storage product that accumulates is firstly dependent on the rate of
photosynthetic fixation of CO2 in leaf tissues (source tissues), secondly, the rate of phloem
transport to storage tissues (sink tissues) and uptake of the fixed carbohydrates into storage
cells and thirdly, the partitioning of carbon within the storage tissue cells (Blakely, 1997).

4

The rate of photosynthesis is similar in high and low yield sugarcane varieties (Komor, 2000)
while photosynthetic rates in the wild species Saccharum spontaneum was found to be twice
as high as that in Saccharum officinarum (Moore and Maretzki, 1997; Moore et al, 1997).
For this reason it is clear that sucrose accumulation is not regulated at the source level. The
difference in levels of sucrose accumulation could therefore be based on the transport to or
uptake of photosynthate into the parenchyma cells, or metabolism of carbon within these
storage cells (Moore and Maretzki, 1997; Komor, 2000). In times of high photosynthetic
rates and rapid growth, slower rates of sucrose accumulation are observed (Veith and Komor,
1993; Moore and Maretzki, 1997). This means that sucrose accumulation in culm tissues
seems to be regulated by a combination of carbohydrate transport to, uptake into and
partitioning within storage cells.
Carbon partitioning takes place due to various competing metabolic pathways. These could
have a storage function, be involved in growth through synthesis of structural material and
protein or the production of energy (Blakely, 1997).
As the sugarcane shoot grows, the shoot apical meristem sections off phytomeric units
consisting of a leaf primordium associated with a subtending node and intercalary meristem
that forms the internodal storage tissue (Moore, 1995). The first ten phytomeric units in
sugarcane are mainly developing leaves followed by the stem with internodes in different
stages of elongation and maturation. Moving down the stalk, a gradient of increased sucrose
accumulation would be found. The transition from growing to mature internodes is a result of
a gradual switch from using photosynthetically fixated carbon for growth to using it for
sucrose storage. The mechanisms responsible for this switch are still not known (Moore and
Maretzki, 1997).

Modification of enzyme levels of selected steps that compete for

photosynthate in these pathways could alter the partitioning and the proportion of carbon
allocated to the storage product (Blakely, 1997) or it could simply elucidate the possible
regulatory roles certain enzymes can play.
2.2.
2.2.1.

Glycolysis as a competitive respiratory pathway
The glycolytic pathway

Glycolysis is one of the ancient metabolic pathways found in all living cells (Hzradina and
Jensen, 1992). It is also the most centrally located pathway and in plants has the main
function of providing intermediates for biosynthetic and other respiratory pathways through
5

oxidation of carbohydrates.

Since plants are autotrophic organisms, they synthesise all

compounds needed for their development and growth. Glycolysis would therefore be a major
drain on carbohydrates (Plaxton, 1996; Kruger, 1997). In contrast to the linear sequence of
reactions found in most other organisms, the glycolytic pathway is more flexible in plants.
Some steps are duplicated in different compartments with communication at various points
through selective transporters. A complete set of glycolytic enzymes is found in the cytosol,
with fragments duplicated in the plastid. These enzymes are immunologically different and
have different physical, catalytic and regulatory characteristics (Hzradina and Jensen, 1992).
Also found are multiple enzymes within the same compartment catalysing the same reactions
(Plaxton, 1996; Dennis et al., 1997). This flexibility is necessary because of the sessile
nature of plants, and enables them to adapt to stresses brought about by environmental
changes as well as developmental needs (Plaxton, 1996; Dennis et al., 1997).
2.2.2.

Metabolite pools of the glycolytic pathway

The glycolytic intermediates can be divided into three main metabolite pools which supply
intermediates for the biosynthesis of compounds needed for growth and storage (Figure 2.1.).
These are the hexose phosphate and triose phosphate pools as well as a pool consisting of the
lower glycolytic pathway metabolites combined (Blakely, 1997).
Starch

Sucrose

Structural
polysaccharides

Hexose-P pool
Amino acids
Aromatic
amino acids

Aldolase
OPPP

Triose-P pool

Nucleic acids

Oils
(from glycerol)

PEP
Pyruvate
Fatty acids
CO2

TCA cycle

Amino acids

Figure 2.1. Diagram showing glycolysis as biosynthetic and respiratory pathway and the
metabolite pools as suppliers of compounds needed for plant development and growth.
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The hexose phosphate pool is fed by sucrose breakdown, free hexose phosphorylation or from
triose phosphates through gluconeogenesis. In non-photosynthetic tissues, the main pathways
consuming hexose phosphates are involved with sucrose, starch and structural polysaccharide
synthesis and the glycolytic pathway for further oxidation and respiration (Ap Rees, 1988).
The triose phosphate pool is in equilibrium with the intermediates of the oxidative pentose
phosphate pathway (OPPP). As a whole, they supply carbon to sinks such as the synthesis of
oils (from glycerol), amino acids as well as structural compounds such as lignin, which is
derived from aromatic amino acid precursors (Blakely, 1997). The third pool consists of
phosphoenolpyruvate (PEP) and pyruvate.

These metabolites are precursors for the

biosynthesis of amino and aromatic amino acids as well as intermediates for fatty acid
synthesis. It also leads to the loss of carbon as CO2 through catabolic respiration by the
tricarboxylic acid (TCA) cycle during energy production (Plaxton, 1996; Blakely, 1997).
In sugarcane, photoassimilates travel from the leaf (source) tissue to the culm (storage) tissues
in the form of sucrose. Although intact sucrose can be imported into the storage parenchyma
cells (Thom and Maretzki, 1992), the photoassimilates are mainly taken up as free hexoses
after hydrolysis of sucrose by cell wall bound acid invertase (Komor, 2000). After uptake, the
hexoses are phosphorylated and partitioned either for the synthesis of sucrose or structural
compounds, or to the triose phosphate pool, followed by possible entry into further oxidative
pathways for respiration and biosynthesis.
2.2.3.

Respiration in the sugarcane culm

Radiolabelling experiments using sugarcane internodal tissue revealed that during maturation,
carbon partitioning into sucrose increases at the expense of the non-sucrose water-soluble
component, the water-insoluble component and respiration (Botha et al., 1996; Whittaker and
Botha, 1997). Total respiration indicated by
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C partitioned to CO2, amino acids, organic

acids and lipids, decreases from 27% in immature to 15% in mature internodes (Whittaker and
Botha, 1997).
The water-insoluble component is a major sink in all the internodes and has been assumed to
consist primarily of fibre (cell wall material) (Botha et al., 1996; Whittaker and Botha, 1997).
Fractionation of the insoluble component revealed that it consists of fibre, protein and starch,
with the percentage protein as high as 45% in immature internodes (Bindon and Botha, 2002).
A further assumption was that protein accounted for only 2% of the dry weight (Botha et al.,
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1996), but Bindon and Botha (2002) showed that at least 14% of carbon is incorporated in
soluble or insoluble protein. Incoming carbon can be incorporated into proteins only through
the respiratory pathways, which are glycolysis, the OPPP and the TCA cycles. This would
mean that, in the past, the partitioning of carbon to respiration has been underestimated.
In young internodes up to 50% of the respiratory carbon is allocated to protein synthesis, but
as the internodes mature this decreased to less than 10%. Respiration and especially anabolic
respiration, is therefore a primary sink for carbon, especially in young internodal tissue
(Bindon and Botha, 2002).
2.2.4.

Triose phosphate cycling and sucrose accumulation

Studies using cell suspension cultures of Chenopodium rubrum, potato tuber tissue discs and
intact maize kernels revealed the high rate of cycling that exists between the cytosolic triose
phosphate and hexose phosphate pools (Hatzfeld and Stitt, 1990).
A decrease in the rate of triose phosphate cycling and increased sucrose resynthesis resulting
in lower starch levels and higher sucrose levels, was found in developing potato tubers where
pyrophosphate:fructose-6-phosphate phosphotransferase (PFP) was downregulated by more
than 90% (Hajirezaei et al. 1994).
Cycling between the triose phosphate and hexose phosphate pools also exist in sugarcane
internodal tissue (Bindon and Botha, 2002). This cycling diminishes with increased sucrose
accumulation indicating a possible regulatory role for triose phosphate recycling in sucrose
metabolism.
2.2.5.

Nitrogen deficiency, respiration rate and sucrose accumulation

An inverse relationship exists between sucrose yield and growth rate (Veith and Komor,
1993; Moore and Maretzki, 1997). Ripening is induced in both young and old internodes
when plants are under stress conditions. When grown with enough water, nutrients, sunlight
and at a warm temperature, this ripening does not take place and even high yielding variants
produce less sucrose (Moore and Maretzki, 1997).
In sugarcane cell-suspension cultures, using defined media, it was found that sucrose
accumulates as a result of nitrogen deficiency (Wendler et al., 1990; Veith and Komor,
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1993). Under nitrogen-deficient conditions, a dramatic decrease in the rate of respiration
occurs and enzyme activity involved with sucrose cycling diminishes, resulting in a higher
steady state level of sucrose (Veith and Komor, 1993). Neither phosphorous nor carbon
deficiency has an effect on sucrose accumulation even though the same reduction in growth
rate is found.
2.2.6.

PFP and glycolysis

PFP has been implicated as a regulatory enzyme of glycolysis. Potato and tobacco plants with
decreased PFP show no change in growth rate, visual phenotype or ability to cope with
environmental stresses (Hajirezaei et al., 1994; Paul et al., 1995; Nielsen et al., 2001). It
leads to very small changes in carbon partitioning and metabolic fluxes, namely decreased
triose phosphate cycling and starch levels in tubers and slight increases in sucrose levels in
growing tubers. The much decreased PFP levels could be compensated for by activation of
PFK as a result of decreased PEP and glycerate-3-phosphate levels and the activation of the
residual PFP by fructose-2,6,bisphosphate.
2.3.

Fructose-1,6-bisphosphate aldolase

Fructose-1,6-bisphosphate aldolase catalyses the reversible cleavage of fructose-1,6bisphosphate into glyceraldehyde-3-phosphate and dihydroxyacetone phosphate (Plaxton,
1996; Dennis et al., 1997). Two classes of aldolases are found. Class II aldolases are
dependent on divalent cations for activity and are found in fungi and prokaryotes. Class I
aldolases are not dependant on divalent cations and occur in animals, higher plants and to a
lesser extent in prokaryotes (Plaxton, 1996).
2.3.1.

Aldolases in plants

In plants at least two distinct Class I aldolase isoforms are known, which are located in the
cytosol (ALDc) and plastid (ALDp) (Anderson and Levin, 1970;

Krüger and

Schnarrenberger, 1983; Lebherz et al., 1984; Botha and O’Kennedy, 1989; Razdan et al.,
1992: Tsutsumi et al.., 1994; Schwab et al., 2001). These isoforms are active in the
glycolytic/gluconeogenic and pentose phosphate pathways respectively (Dennis et al., 1997).
The cytosolic and plastidic isoforms have been purified from both photosynthetic and nonphotosynthetic tissues which include carrot storage root (Moorhead and Plaxton, 1990),
spinach and maize leaves (Krüger and Schnarrenberger, 1983;

Lebherz et al., 1984),
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germinating spinach, Phaseolus vulgaris and castor oil seeds (Krüger and Schnarrenberger,
1985; Botha and O’Kennedy, 1989; Hodgson and Plaxton, 1998) as well as strawberry fruits
(Schwab et al., 2001). Because of the important role ALDp plays in carbon fixation, it is not
surprising to find this to be the predominant isoform in leaf tissue comprising 85% of the total
aldolase activity in spinach leaves (Lebherz et al., 1984) and the only isoform purified from
maize leaves (Krüger and Schnarrenberger, 1983).
Both enzymes are encoded by distinct nuclear genes (Anderson and Levin, 1970; Lebherz et
al., 1984; Plaxton, 1996). It is generally accepted that they originated from a common
ancestral gene (Plaxton, 1996). In rice, these two isoforms show great differences in their
gene organisation (Tsutsumi, et al., 1994; Nakamura et al., 1996), but similarities exist
between the cytoplasmic genes from rice and that from Arabidopsis thaliana (Nakamura et
al., 1996).
2.3.2.

Immunological characteristics

The plant aldolase enzymes are homotetramers. The subunits from ALDc are of a slightly
larger molecular weight than the plastidic isoforms ranging between 38 – 40 kDa for the
cytosolic form and 35 – 38 kDa for the plastidic form (Krüger and Schnarrenberger, 1983;
Lebherz et al., 1984; Kelly and Tolan, 1986; Botha and O’Kennedy, 1989; Moorhead and
Plaxton, 1990; Moorhead et al., 1994; Hodgson and Plaxton, 1998;. Schwab et al., 2001).
By comparing amino acid sequences from aldolases in rice (Nakamura, et al., 1996) and
strawberry (Schwab et al., 2001) high homologies exist amongst the different cytosolic
aldolases, but little homology with the ALDp’s. These findings are supported by comparisons
of sequence homologies between rice ALDc and that from maize, spinach and Arabidopsis
thaliana (Tsutsumi et al., 1994) and between strawberry ALDc and that from the common ice
plant, rice and chickpea (Schwab et al., 2001). Razdan et al. (1992) in fact found that ALDp
differ so much from ALDc that it is only a little more closely related to ALDc than to
aldolases from animals.
These similarities and differences in amino acid sequences are reflected in the immunological
relationships of the isoforms and have been well documented. These findings include the
immunological differences between the cytosolic and plastidic isoforms in spinach leaf tissue
(Krüger and Schnarrenberger, 1983; Lebherz et al., 1984), germinating spinach, Phaseolus
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vulgaris and castor oil seeds (Krüger and Schnarrenberger, 1985; Botha and O’Kennedy,
1989; Hodgson and Plaxton, 1998) as well as carrot storage root (Moorhead and Plaxton,
1990). Cytosolic aldolases from different plant species also exhibit many immunological
similarities (Krüger and Schnarrenberger, 1983; Lebherz et al.., 1984; Schnarrenberger and
Krüger, 1986; Moorhead and Plaxton, 1990; Moorhead et al., 1994).
2.3.3.

Kinetic characteristics

Cytosolic aldolase shows a fairly broad pH/activity profile (Moorhead and Plaxton, 1990;
Hodgson and Plaxton, 1998; Schwab et al., 2001) with maximum activity in germinating
castor oil seeds at pH 7.2 (Hodgson and Plaxton, 1998), pH 7.4 in carrot storage root
(Moorhead and Plaxton, 1990) and a broad maximum from pH 7.5 to 8.5 in strawberry
(Schwab, 2001). Km values for fructose-1,6-bisphosphate vary considerably as can be seen in
Table 2.1.
Table 2.1. Km values of cytosolic aldolase for fructose-1,6-bisphosphate, expressed
in μM in several plant species.

Plant species

Km value (μM)

Reference

Spinacia oleracea
Pisum sativum
Triticum aestivum
Zea mays

2.3
1.6
1.1
2.0

Schnarrenberger and Krüger, 1986

Phaseolus vulgaris

0.55

Botha and O'Kennedy, 1989

Daucus carota

6.0

Moorhead and Plaxton, 1990

Ricinus communis

0.16

Hodgson and Plaxton, 1998

Fragaria ananassa

35.0

Schwab et al. , 2001

Several metabolites have a regulatory effect on ALDc activity, but these effects become
apparent only at concentrations too high to play any in vivo role (Botha and O’Kennedy,
1989; Moorhead and Plaxton, 1990; Hodgson and Plaxton, 1998). Phosphoenolpyruvate
(PEP), ATP and citrate in Phaseolus vulgaris (Botha and O’Kennedy, 1989) and MgAMP,
glucose-1-phosphate, ribose-5-phosphate, 6-phosphogluconate and PEP in carrot storage root
(Moorhead and Plaxton, 1990) were found to inhibit ALDc activity. Hodgson and Plaxton
(1998) however found that MgAMP, glucose-1-phosphate, glucose-6-phosphate and citrate
had no effect on ALDc activity from germinating castor oil seeds, even at high
concentrations, and even a slight activation by ribose-5-phosphate. No definite inhibitors or
activators of ALDc have therefore been identified, but it doesn't seem as if ALDc activity is
regulated by metabolites in vivo.
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2.4.
2.4.1.

Cytosolic aldolase a possible regulatory enzyme
ALDc as a possible regulatory step in glycolysis

Botha and O’Kennedy (1989) found elevated levels of ethanol and lactic acid in germinating
Phaseolus vulgaris seeds, which indicates a high glycolytic flux.

Total cytosolic

phosphofructokinase (PFP and PFK) activity is higher than aldolase activity suggesting that
ALDc could be rate limiting under these conditions and thus play a regulatory role in
glycolysis. This theory is supported by other observations:
Several studies have investigated changes in gene expression in reaction to anaerobic or other
abiotic stresses. These include cold, water deficit, drowning and ozone exposure. Under
these conditions, the mitochondrial electron transport chain components are damaged and the
cells resort to fermentation or anaerobic respiration to generate ATP (Tadege et al., 1999).
This implies increased flux through glycolysis which correlates with increased expression of
several glycolytic enzymes of which ALDc is one (Kelly and Tolan, 1986; Bailey-Serres, et
al., 1988; Andrews et al., 1994: Sachs et al., 1996).
During times of high glycolytic flux in mammalian tissue the direct transfer or channelling of
intermediates between consecutive glycolytic enzymes occurs. These enzymes form transient
complexes and this association is thought to change the required activation energy possibly
because of conformational changes after binding (Plaxton, 1996). In animal systems aldolase
has been implicated as a key scaffolding protein. Although this channelling of intermediates
has not been proven in plants, evidence exists for association between ALDc and both PFP
and phosphofructokinase (PFK) in carrot storage roots (Moorhead and Plaxton, 1992), as well
as with fructose-1,6-bisphosphatase (FBPase) in the gluconeogenic endosperm of germinating
castor oil seeds (Moorhead et al., 1994). These protein-protein interactions could form a
micro-compartment where glycolytic intermediates are needed at higher levels (Hazdina and
Jensen, 1992).
2.4.2.

The possible influence of ALDc on regulation of sucrose accumulation

The inverse relationship between sucrose accumulation and the respiration rate has already
been discussed.

Glycolysis has also been identified as the main respiratory pathway

competing for carbon with ALDc implicated as a possible rate limiting step regulating the
flux through the pathway. The inverse relationship between sucrose accumulation and the
rate of triose phosphate cycling has also been discussed previously. In this cycle ALDc plays
12

an integral part by catalysing the readily reversible interconvertion of hexose phosphates and
triose phosphates. Because of its central role in both these reactions, ALDc could therefore
have an influence on the partitioning of carbon in the sugarcane culm and ultimately sucrose
accumulation.
2.4.4.

Approach to determine the influence of ALDc

The possibility that an enzyme is a regulatory step in a metabolic pathway could be
investigated by studying plants with increased or decreased levels of the respective enzyme
(Bourque, 1995). In the case of determining if ALDc is a rate-limiting regulatory enzyme in
sugarcane, it would best be studied in plants with decreased ALDc levels. Advances in the
field of genetic modification make this possible.
As mentioned before, the role of PFP in regulation of glycolysis have previously been studied
in transgenic potato and tobacco. Unlike PFP, ALDc has no activators that would have an
effect on activity in vivo (Botha and O’Kennedy, 1989;

Moorhead and Plaxton, 1990;

Hodgson and Plaxton, 1998) and no alternative cytosolic enzymes that would catalyse the
same reaction. The step could be bypassed by ALDp but the pentose phosphate pathway
would be relatively inactive in culm tissues. Up-regulation of ALDp expression is a possible
way to compensate for ALDc loss, but Sun et al. (2003) concluded that the enzymes from the
Calvin cycle are more likely to be regulated by light than metabolite fluxes. The ability of the
plant to compensate for the loss of ALDc is therefore very limited.
2.5.
2.5.1.

Transformation of sugarcane
Approaches for decreased gene expression – RNA-mediated antisense silencing

The most common approaches used today to produce transgenics with decreased gene
expression includes insertional mutagenesis, virus induced gene silencing, antisense and cosuppression methods (Britt and May, 2003).
In the early 1990’s, it was reported that the expression of a gene of interest could be downregulated by RNA-mediated antisense silencing. Expression of an antisense transgene would
lead to the formation of double stranded RNA consisting of the endogenous and antisense
transcripts. The idea was to prevent translation because of the inability of ribosomes to bind
to double stranded RNA (dsRNA) (Williams et al., 2004). It was however found that in
eukaryotes, the formation of dsRNA ultimately leads to destruction of mRNA’s with
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homologous sequences to the dsRNA, as well as the hyper-methylation of the regulatory and
coding sequences of the endogenous target gene, causing decreased transcription levels. The
dsRNA is cleaved into small RNA fragments of 21 – 25 nucleotides which spreads through
the plant and apparently directs both the nuclease complex that degrades the target mRNA,
and the methylation complex that silences gene expression through DNA methylation. This
phenomenon is called RNA interference (RNAi) and is a powerful tool to elucidate the
functions and regulation of individual genes (Bourque, 1995; Hutvágner and Zamore, 2002;
Britt and May, 2003: Williams et al., 2004).
Introduction of an antisense sequence usually produces a collection of plants with the targeted
enzyme levels ranging from slightly decreased to almost completely silenced (Bhat and
Srinivasan, 2002; Williams et al., 2004). In the past few years, many new advances were
made to make this approach more effective. These include the introduction of a piece of
dsRNA to the cytosol instead of single strand RNA that still has to hybridise to the target
RNA. This is accomplished by transformation with sequences of inverted repeats separated
by a spacer sequence. After transcription, these repeats would hybridise, forming a hairpin
structure with the spacer sequence as hairpin loop. This spacer sequence is usually an active
intron sequence as this was found to enhance the degree of silencing. This approach is much
more effective in initiating RNAi and leads to more dramatic silencing of the target gene than
antisense RNA (Williams et al., 2004).
In addition to studying steps in metabolic pathways, antisense approaches can also be applied
to produce mutants, identify gene function and transcript/protein relationships, to test
sequence/promotor specificity, to investigate plant development and for crop improvement
(Bourque, 1995).
2.5.2.

Methods of transformation

The main processes involved in the production of transgenic plants are the introduction of the
exogenous DNA to the target cells and the regeneration of plants from the transformed cells
(Bower et al., 1996).
Currently four methods are used to transform plants. These are Agrobacterium-mediated
transformation, electroporation and polyethylene glycol (PEG)-mediated uptake of DNA into
protoplasts as well as biolistic delivery of DNA to plant cells (Bhat and Srinivasan, 2002).
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Many species, especially grasses, cereals and legumes are resistant to Agrobacteriummediated transformation. Although great breakthroughs are being made in transformation of
rice, it remains an undesirable method for transforming grasses including sugarcane.
Electroporation and PEG-mediated transfer of DNA require the production of protoplasts.
The isolation and culturing of protoplasts and regeneration of plants from protoplasts remain,
for many species, impossible.

Sugarcane has been successfully transformed using

electroporation, but this route usually requires long tissue culture phases, increasing the
occurrence of somaclonal variation which causes genetic and phenotypic differences within
transgenic lines (Dekeyser et al., 1990; Bower et al., 1996).
Biolistic delivery of DNA or particle bombardment has the advantage that no protoplast
phases are involved. Intact plant cells can serve as target tissue (Birch and Franks, 1991;
Finer et al., 1992). Embryogenic callus is usually the chosen tissue type for the production of
stably transformed plants.
Today, the most common device used for particle bombardment, is the particle inflow gun. It
works on the principle of accelerating DNA-coated tungsten or gold microprojectiles in a
pressurised helium stream in combination with a partial vacuum. The cell walls of the target
tissues are then penetrated at high velocity and the DNA delivered to the cells (Birch and
Franks, 1991, Bower et al., 1996).
For transformation of sugarcane, particle bombardment remains the method of choice because
of the simplicity and effectiveness of producing embryogenic callus, transformation of callus
and the regeneration of plants (Bower et al., 1996).
2.5.3.

The prospects of molecular manipulation

Despite controversy surrounding the genetic manipulations in plants, it has become a
powerful tool to study and understand the functions of individual genes.

Important

knowledge regarding regulation of metabolic pathways will be elucidated and existing
incomplete and possibly inaccurate views clarified. In sugarcane and other crop species it
could ultimately be utilised to develop cultivars with increased yields. It could also be used
by plant breeders for more informed selection procedures, making the process more cost and
time effective.
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Chapter 3
THE EXPRESSION OF CYTOSOLIC ALDOLASE IN SUGARCANE
(Saccharum officinarum)
ABSTRACT
Previous work on sugarcane culm tissue has indicated that the respiratory pathway is one of
the main competitors for incoming carbon. These studies have indicated that increased
partitioning of carbon to sucrose in the culm coincides with a decrease in carbon allocation to
respiration. How respiratory carbon flow is regulated, especially in sugarcane is not clear.
This study aimed at elucidating the expression patterns of aldolase as a possible step to
characterise carbon partitioning in sugarcane.

The cytosolic aldolase gene was initially

cloned into an expression vector and the resulting fusion protein purified. Subsequently,
antibodies were raised against the fusion protein that consisted of a bacterial glutathione Stransferase (GST; 26 kDa) and a sugarcane cytosolic aldolase (ALDc; 38.5 kDa).

The

antibody was highly specific for cytosolic aldolase and cross-reacted with a polypeptide of
approximately 40 kDa. ALDc was expressed in all sugarcane tissues. Very low levels of
expression were, however, observed in leaf tissue on both transcriptional and enzyme levels,
even though very high aldolase activity was measured. From this it was assumed that the
high activity must have been due to expression of the plastidic isoform as this is consistent
with the important role plastid aldolase play in plastid carbon partitioning. An increase in
gene expression and activity was found with the onset of maturation (internode 5-6), followed
by lower levels in older internodes. The measured in vitro aldolase activity correlated with
the cytosolic aldolase enzyme levels, suggesting that no activators or inhibitors were present.
Cytosolic aldolase appears to be regulated primarily at transcriptional level, and changes in
expression are mirrored by changes in the respiratory flux.
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3.1

INTRODUCTION

The amount of sucrose stored in the culm tissues of sugarcane depends on the partitioning of
carbon between different sinks. Mature internodes have higher levels of sucrose than growing
internodes (Moore and Maretzki, 1997).

This gradient is created because of increased

partitioning of carbon to sucrose and the redirecting of carbon from other sinks such as
metabolic pathways involved with growth (Moore and Maretzki, 1997; Whittaker and Botha,
1997). In plants, the main function of glycolysis is to provide intermediates for biosynthetic
and other respiratory pathways through the oxidation of carbohydrates. It could therefore be a
major drain on carbohydrates (Dennis et al., 1997; Krüger, 1997). In the past, respiration as
sink in sugarcane has been underestimated. We now know that anabolic respiration is one of
the main competitors for carbon in both young and old internodes (Bindon and Botha, 2002).
Fructose-1,6-bisphosphate aldolase catalyses the reversible cleavage of fructose-1,6bisphosphate to dihydroxyacetone phosphate and glyceraldehyde-3-phosphate. At least two
very distinct isoforms of aldolase are found in plants namely a cytoplasmic and a plastidic
form.

Among the cytosolic aldolases in plants, both the amino acid and nucleic acid

sequences are highly conserved (Nakamura et al.,1996; Dennis et al., 1997).
In animal tissues, the flux through glycolysis is believed to be regulated by aldolase. It has in
fact been proposed that aldolase acts as a scaffolding enzyme; forming transient complexes
with other glycolytic enzymes in times of elevated glycolytic flux. This facilitates the direct
transfer or channelling of intermediates between consecutive glycolytic enzymes and lowers
the activation energy; possibly because of conformational changes after binding. In the
gluconeogenic endosperm of germinating castor oil seeds, cytosolic aldolase was found to
associate with fructose-1,6-bisphosphatase and in carrot storage roots with both PFP and PFK
(Moorhead and Plaxton, 1992; Moorhead, Hodgson and Plaxton, 1994; Plaxton, 1996).
Aldolase could be a rate-limiting step and play an important role in the regulation of
glycolytic flux. It is one of the glycolytic enzyme genes whose expression increases in
reaction to increased respiration and therefore increased flux through glycolysis (BaileySerres et al., 1988; Sachs et al., 1996). In some tissues it has also been found that the
maximum aldolase activity was lower than that of the total phosphofructokinase activity
(Botha and O’Kennedy, 1989).
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In this chapter the trends that exist in the distribution of cytosolic aldolase protein and steady
state mRNA levels in sugarcane tissues is reported.
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3.2.

MATERIALS AND METHODS

3.2.1.

Materials

3.2.1.1.

Plant material for enzyme activities and protein blots

Field grown sugarcane, variety N19, was harvested at Welgevallen, Stellenbosch in March of
2001. Leaf tissues and internodes 3, 4, 5, 6, 7, 12 and 16 from four stalks were used in the
analyses. The internodes were sub-divided into top core, top periphery, bottom core and
bottom periphery and rapidly frozen in liquid nitrogen. Corresponding internodal sections
were pooled and the tissues stored at -80 °C until use in May of 2001.
3.2.1.2.

Plant material for RNA blots

Field grown sugarcane, variety N19, were harvested in February of 2001. Leaf and root
tissues and several internodes were selected. In order to investigate differential ALDc gene
expression within internodes, culm tissues from internodes 3, 6 and 12 of three stalks were
sub-divided as described above and the corresponding internodal sections pooled. To observe
the change in ALDc gene expression with change in internode maturation, culm tissue from
internodes 2 and 3, 4 and 5, 6 to 8, 9 to 11, 12 to 15 and 16 to 21 from another stalk were
pooled. Tissues were rapidly frozen in liquid nitrogen and stored at -80 °C until use a month
later.
3.2.1.3.

Other materials
32

The [α- P]-dCTP (~110 TBq/mmol) was purchased from Amersham International
(Claremont, South Africa). Substrates, coupling enzymes and cofactors used for determining
enzyme activities as well as membranes for blots were all from Roche Biochemicals
(Mowbray, South Africa). Restriction enzymes were from Promega (Brackenfell, South
Africa), the Random Primer Labelling Kit from Stratagene (Brackenfell, South Africa), the
Qiaquick Gel Extraction Kit from QIAGEN (Cape Town, South Africa) and the ULTRAhyb
from Ambion® (Southern Cross Biotech, Claremont, South Africa). Other biochemicals, of
the highest purity available were purchased from Saarchem (Pty) Ltd. (Montaque Gardens,
South Africa) or Sigma-Aldrich S.A. (Pty) Ltd. (Brackenfell, South Africa).
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3.2.2.

Methods

3.2.2.1.

Antibody production

3.2.2.1.1.

Production of fusion protein

The Glutathione S-transferase (GST) Gene Fusion System (Pharmacia Biotech) was used to
purify GST-ALDc fusion proteins after expression in Eschericia coli. A cytosolic aldolase
coding sequence was previously isolated and cloned into pGEX-4T-1 plasmid resulting in
pGEX-SCA (Figure 3.1a). It was important to ensure that the GST and ALDc were in the
same reading frame so that the correct polypeptide would be synthesised. The nucleotide and
amino acid sequences at the GST-ALDc junction are shown in Figure 3.1b. This construct
(pGEX-SCA), was a gift from Dr. B. Potier (Institute for Plant Biotechnology, Stellenbosch
University, South Africa) and used to transform BL21 E. coli.
Hinc II 185

Pvu II 5723
Pvu II 5455
Pvu II 5362
HinC II 5268
EcoR V 5212

Bcl I 693
BamH I 931
EcoR I 940

tac-p
GST

Bcl 4776

MCS-lacIq

pGEX SCA
6061 bp
Cytosolic aldolase
ori

-MCS-

Amp

Pst I 3011

EcoR I 2033
Sma I 2040
Sal I 2043
HinC II 2045
Xho I 2048
Not I 2054
Hinc II 2716

a

..Leu Val Pro Arg Gly Ser Pro Glu Phe Asp Cys Met Ser Ala Tyr Cys Gly Lys..
..CTG GTT CCG CGT GGA TCC CCG GAA TTC GAT TGC ATG TCG GCC TAC TGC GGA AAG..

EcoR I

b

Figure 3.1. The plasmid map of pGEX-SCA (a) as well as the nucleotide and amino acid
sequence at the GST fusion site (b).

The transformed cells were streaked out on LB plates containing 75 μg Ampicillin and
allowed to grow overnight at 37°C. One colony was selected and transferred to 3 mL LB
containing 75 μg/mL Ampicillin and grown overnight at 37°C on a rotary shaker. This
culture was transferred to 500 mL 2YT (1.6% (m/v) tryptone, 1% (m/v) yeast extract,
0.5% (m/v) NaCl) containing 75 μg/mL Ampicillin and the cells grown to a density of
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0.8 ΔA600 at 37°C on a rotary shaker (240 rpm). This took on average approximately 5 h.
Production of the fusion protein was induced by the addition of isopropyl-β-D-thiogalactoside
(IPTG) to a final concentration of 0.1 mM and by incubation of the bacterial suspension for a
further 6 h at 25°C. Cells were collected by centrifugation at 3 000 x g for 5 min at 4°C and
resuspended in 25 mL 1X PBS (140 mM NaCl. 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM
KH2PO4, pH 7.3). After sonication for 30 sec at 8 W, the suspension was centrifuged at
18 000 x g for 15 min to remove insoluble material, the supernatant collected and filtered
through a 0.45 μm filter. The GST-ALDc fusion protein was purified by means of affinity
chromatography using Glutathione Sephadex 4B medium, by following the instructions as
described in the manufacturer's manual. The Glutathione Sepharose 4B column, with a total
bed volume of 500 μL, was pre-equilibrated with 5 bed volumes of 1X PBS, before
application of the filtrated sonicate. The column was washed with 10 bed volumes of 1X
PBS. The fusion protein was eluted by applying 500 μL elution buffer (50 mM Tris-HCl,
10 mM reduced glutathione, pH 8), incubating it at room temperature for 20 min and
collecting the eluate. This was repeated twice more. All washing and elution steps were
carried out under gravitational force.
3.2.2.1.2.

Production of antiserum

Antibodies against the GST-ALDc fusion protein were prepared in rabbits by injecting them
with eight fractions of 100 μg fusion protein according to the method described by Bellstedt
(1988). Serum was collected on days 0, 28 and finally on day 42. This was done at the
Biochemistry Department of Stellenbosch University.
3.2.2.1.3.

Testing the antibodies - SDS PAGE and protein blots

The specificity and titer of the antibodies were determined by protein blotting. Polypeptides
were separated on 12% (m/v) polyacrylamide (acrylamide/bisacrylamide, 37.5:1) gels with a
4% (m/v) polyacrylamide (acrylamide/bisacrylamide, 37.5:1) stacking gel according to
Laemmli (1970). The following steps were carried out at room temperature. The separated
polypeptides were transferred to nitrocellulose membranes using the Bio-Rad Trans-Blot
system at 12 V for 1 h. The ice-cold transfer buffer contained 48 mM Tris, 39 mM glycine,
0.0375% (m/v) SDS and 20% (v/v) methanol. Non-specific binding sites were blocked with
3% (m/v) BSA in TSBT (20 mM Tris-HCl (pH 7.6), 137 mM NaCl and 0.1% (v/v) Tween 20)
for 2 hrs. Primary antibodies (rabbit anti-GST-ALDc) were added to the blocking buffer to a
final dilution of 1/250, 1/500 and 1/1000 (volume serum/volume buffer) and incubated
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overnight at room temperature. The membranes were washed three times for 20 min each in
TBST. They were then incubated for 3 h in 3% (m/v) fat free milk powder in TBST
containing the secondary antibody (alkaline phosphatase conjugated goat/anti-rabbit IgG) at a
final concentration of 1/2500 (v/v). Unbound secondary antibodies were removed by a 10
min wash in TBST, a quick rinse with 0.1% (m/v) SDS in TBST followed by two washes of
10 min each in TBST. Polypeptides that cross-reacted with the primary antibodies stained
after reaction with alkaline phosphatase substrate 5-bromo-4-chloro-3-indolyl-phosphate,
toluidine salt (BCIP). The product of the dephosphorylation reaction reacted further with
nitroblue tetrazolium chloride to form a blue stain. NBT/BCIP ready-to-use tablets (Roche)
were used for this stain. The reaction was stopped by rinsing the membranes in water.
3.2.2.2.
3.2.2.2.1.

Sugarcane ALDc enzyme activities and protein blots
Sugarcane protein extraction

The tissues were ground to a fine powder in liquid nitrogen. Ice-cold extraction buffer was
added in a 1:2 (m/v) ratio. The extraction buffer contained 300 mM Tris-HCl (pH 7.5), 2 mM
MgCl2, 2 mM EDTA, 10% (v/v) glycerol, 2% (m/v) PEG 6000, 1% (v/v) β-mercapto-ethanol.
One CompleteTM protease inhibitor cocktail tablet (Roche) was added per 50 mL of buffer.
The tissues were further homogenised while on ice using an Ultra-Turrux (IKA Labortecknik)
homogeniser. The suspension was filtered through nylon gauze to remove fibrous cell-wall
material. Insoluble materials were removed by centrifugation at 10 000 x g for 15 min at 4°C.
The proteins were precipitated by addition of PEG 6000 to the supernatant to a final
concentration of 25% (m/v). After centrifugation at 10 000 x g for 15 min at 4°C, the protein
pellet was resuspended in 1 mL per gram of initial tissue of a 100 mM Tris-HCl (pH 7.2),
2 mM MgCl2, 2 mM EDTA, 1 mM Pefablock SC (Roche) buffer. Aliquots were flash frozen
in liquid nitrogen and stored at -80°C. The protein concentrations were determined, using
gamma globulin as standard (Bradford, 1976).
3.2.2.2.2.

Aldolase enzyme activities

Cytosolic aldolase was measured at 25°C in a final volume of 250 μL containing 50 mM TrisHCl (pH 7.2), 4 mM MgCl2, 0.15 mM NADH, 1 U triose-phosphate isomerase, 2.5 U
glycerol-3-phosphate dehydrogenase and 2 mM fructose-1,6-bisphosphate (Botha and
O’Kennedy, 1989).

NADH oxidation was measured at 240 nm for 20 min using a

PowerwaveX platereader (Biotek Instruments Inc.). Assays were started after 10 min, by
addition of fructose-1,6-bisphosphate.
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3.2.2.2.3.

ALDc protein content

The polypeptides of 5 μg of total protein from each sugarcane protein sample were separated
and transferred to nitrocellulose membranes as described previously in section 3.2.2.1.3., p
22. Rabbit anti-GST-ALDc antibodies, at a final dilution of 1/1000 (volume serum/volume
buffer), were used as primary antibodies.
3.2.2.3.
3.2.2.3.1.

RNA blots
RNA extraction

Total RNA was extracted using a modified phenol-based method of Bugos et al. (1995).
Tissues were ground to a fine powder in liquid nitrogen and added in a 1:4 ratio to an equal
mixture of 25:24:1 PCI (phenol:chloroform:isoamyl alcohol) and homogenisation buffer
containing 100 mM Tris-HCL (pH 7.5), 1 mM EDTA, 100 mM NaCl and 1% (m/v) SDS.
The mixture was vortexed for one minute. After addition of sodium acetate (pH 5.2) to a final
concentration of 0.1 mM, the emulsion was left on ice for 15 minutes and centrifuged at
10 000 x g for 15 min at 4°C. The aqueous phase was collected, an equal volume of
isopropanol was added and the nucleic acids precipitated overnight at -20°C. The precipitated
nucleic acids were pelleted by centrifugation at 10 000 x g for 10 min at 4°C. Pellets were
washed by addition of 70% (v/v) ethanol, followed by centrifugation at 10 000 x g for 5 min
at

4°C.

Pellets

were

allowed

to

air-dry

and

were

resuspended

in

DEPC

(diethylpyrocarbonate)-treated water. Insoluble materials were removed by centrifugation at
10 000 x g for 5 min at 4°C. The supernatant was transferred to microcentrifuge tubes. To
selectively precipitate total RNA, LiCl was added to a final concentration of 2 M and
incubated overnight at 4°C. The RNA was recovered by centrifugation at 12 000 x g for 15
min at 4°C. Pellets were again washed with 70% (v/v) ethanol, centrifuged at 12 000 x g for
15 min at 4°C and left to air-dry before being resuspended in DEPC treated water. The RNA
was quantified spectrophotometrically (OD 260 nm) and the quality assessed by
electrophoresis in 1.2% (m/v) agarose gels. The RNA samples were stored at -80°C.
3.2.2.3.2.

Probe preparation

The plasmid DNA (pUBI-AS-SCA) was digested with EcoRI and the SCA (sugarcane
aldolase) fragment (1093 bp) was purified from agarose gels using the Qiaquick Gel
Extraction Kit following the manufacturer's instructions. The fragment was radiolabelled
with 25 μCi [α-32P] dCTP using the Random Primer Labelling Kit.
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3.2.2.3.3.

RNA blotting and analysis

Ten μg of total RNA of each sample were separated in 1.2% (m/v) agarose gels using 1X
TBE (45 mM Tris-borate and 1 mM EDTA) electrophoresis buffer. The dye front was
allowed to move 8 cm into the gel. The gels were equilibrated in 10X SSC (1 M NaCl and
150 mM sodium citrate, pH7) for 20 min before the separated RNA was transferred to preequilibrated positively charged nylon membranes by upward capillary blotting. This was
done overnight and at room temperature using 10X SSC. After transfer, the membranes were
rinsed with 5X SSC and UV cross-linked on both sides for one and a half minutes at 1200
mJ/cm2.

The membranes were pre-hybridised for 6 hrs at 42°C using ULTRAhyb.

Hybridisation was carried out in the same buffer and at the same temperature, but in the
presence of the denatured, labelled probe. Membranes were washed twice for 5 min in 2X
SSC containing 0.1% (m/v) SDS followed by two 15 min washes in 0.1X SSC containing
0.1% (m/v) SDS.

The blots were exposed to Supersensitive Cyclone Phosphor screens

(Packard) for 1 h. Hybridisation was visualised using a Cyclone imaging system (Packard).
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3.3

RESULTS

3.3.1.

Antibody production

The day 28 serum cross-reacted with a polypeptide from the purified recombinant protein
sample, with a molecular weight of approximately 66 kDa (Figure 3.2), which is the expected
size of the fusion protein (64 kDa). Very low quantities of some smaller polypeptides
(approximately 50 kDa and 29 kDa) were also detected. It can clearly be observed that the
antibodies in the day 0 serum did not recognise any polypeptides even though 3 μg of the
purified fusion protein was loaded.
1/250

1/500

1/1000

1/250

1/500

1/1000

kDa

66
45
36
29
24
a
b
Figure 3.2. Protein blots with 3 μg of the fusion protein loaded in each lane.
Different dilutions (1/250, 1/500 and 1/1000) were used of the day 0 serum (a) and
the day 28 serum (b).
800ng 200ng 50ng 20ng 10ng 0.1ng crude

800ng 200ng 50ng 20ng 10ng 0.1ng crude

kDa
66
45
36
29
24
a
b
Figure 3.3. Protein blots with different amounts of the fusion protein as well as 20
μg of crude sugarcane protein (internode 9). Thousand times dilutions of the day 28
(a) and day 42 (b) sera were used respectively.

The titer of the serum increased from day 28 (Figure 3.3 a) to day 42 (Figure 3.3 b). The day
42 serum could detect 10 ng of the fusion protein compared to the day 28 serum that could
hardly detect 50 ng. The day 42 serum also produced much stronger signals than the day 28
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serum. In the crude sugarcane protein samples (last two lanes), the antibodies recognised
only one polypeptide with a Mr between 36 kDa and 45 kDa, while the expected Mr of
cytosolic aldolase is 38 kDa.

3.3.2.

Aldolase activity and protein blots

Aldolase activity was higher in internode 6 than in the younger and older internodes (Figure
3.4). In internodes 5, 6 and 12 higher activity was measured in the core than in the periphery,
but no consistent pattern could be identified within all the internodes. In leaf tissue, the
aldolase activity measured was 121.4 nmol F-1,6-P2 min-1 mg-1 prot. This was more than

nmol F-1,6-P2 min -1 mg -1 protein

twice the activity measured in internode 6 (between 41 and 52 nmol F-1,6-P2 min-1 mg-1 prot).
TC

140

TP

120

BC
100

BP

80
60
40
20
0
3

4

5

6

12

16

Leaves

Internodes

Figure 3.4. Aldolase enzyme activities expressed as the amount of fructose-1,6bisphosphate (nmol) cleaved per minute per mg protein. The activities in internodes
(3,4,5,6,12 and 16) sectioned into top core (TC), top periphery (TP), bottom core
(BC) and bottom periphery (BP), as well as in leaf tissue were measured.

The protein blots indicated that ALDc is expressed in all the tissues (Figure 3.5). The enzyme
levels in internode 3 appears to be lower than in the other internodes. No other differences in
enzyme levels could be observed between the different internodal sections. The enzyme
levels present in leaf tissue, however, was much lower than in the internodal tissues.
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3TC 3TP 3BC 3BP 4TC 4TP 4BC

4BP

5TC 5TP 5BC 5BP 6TC 6TP 6BC 6BP

12TC 12TP 12BC 12BP 16TC 16TP 16BC 16BP

LEAVES

Figure 3.5. Protein blots using 5 μg of total protein from internodal sections as well
as leaf tissue. ALDc levels were detected using anti-ALDc antibodies. The serum
(day 42) was diluted a thousand times.

3.3.3.

RNA blotting analysis

The expression of ALDc in leaf tissue at the transcriptional level was also low (Figure 3.6).
ALDc was expressed in all internodal tissues, with the highest level of expression observed in
the pooled sample of internodes 4 and 5. Although higher expression was observed in the
core than the periphery of internode 6, this pattern was not repeated in the other internodes.

3TC 3TP 3BC 3BP 6TC 6TP 6BC 6BP LEAF ROOT

12TC 12TP 12BC 12BP 2-3

4-5

6-8

9-11 12-15 16-21

Figure 3.6. RNA blots using 10 μg total RNA from different internodal sections and
internodes with varying degrees of maturity as well as from root and leaf tissues. A
full length ALDc coding sequence was used as probe.
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3.4

DISCUSSION

By comparing protein blots of the day 0 and day 28 sera respectively (Figure 3.2), it was
confirmed that antibodies were raised against the fusion protein. A very strong signal was
detected with the day 28 serum, but not by theday 0 serum. The day 28 antibodies crossreacted with a polypeptide with a Mr of approximately 66 kDa while the Mr calculated for the
fusion protein was 64 kDa. Some smaller polypeptides were also recognised by the day 28
serum. Purification of the fusion protein was done by affinity chromatography, using a
Glutathione Sephadex 4B column.

This means that polypeptides with a binding or

recognition site for glutathione will be co-purified with the fusion protein and antibodies
would be raised against them when injected into rabbits. These smaller polypeptides could
therefore either have been inherent bacterial polypeptides with a binding or recognition site
for glutathione or it could have been breakdown products from the fusion protein. The
antibodies from the day 42 serum (and to a lesser extent, day 28) also recognised an inherent
sugarcane polypeptide with a Mr that is similar to the expected 38 kDa of cytosolic aldolase.
The aldolase enzyme activities and RNA blot results from the internodal samples supported
each other.

An increase in gene expression and activity was found with the onset of

maturation (approximately at internode 5-6) followed by lower levels of expression in older
internodes. In a previous study, it was found that the flux through glycolysis was higher in
internode 6. The activities measured in this study were therefore a reflection of the real
cytosolic aldolase activity in the culm. The differences in enzyme activity in the culm tissues
were, however, rather small and no differences in enzyme levels could be seen from the
protein blots.
Higher gene expression and activity was detected in the core than the periphery of internode
6, but this trend could not be confirmed in the other internodes. Neither could it be confirmed
by the protein blots. It is possible that these differences in gene expression between core and
periphery were very accentuated in internode 6 and were much smaller in the other internodes
because samples from several stalks were pooled, screening these smaller differences. It
would probably have been possible to determine if this trend is also present in other
internodes if several stalks were analysed individually.

Further comparison of gene

expression, enzyme activities and enzyme levels in different stalks could have contributed to
either the confirmation or rejection of the postulated differences if this approach was
followed. It is suggested that this should be pursued in a follow-up study
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From previous studies on rice and other species the assumption can be made that the cytosolic
aldolase isoforms of sugarcane should also have very high sequence homology on both amino
acid and nucleic acid levels (Nakamura et al., 1996).

The very high aldolase activity

measured in leaf tissue was, however, not supported by high ALDc expression on protein and
transcriptional levels, which means that this activity must have been due to an aldolase that is
distinct from the cytosolic isoform. It is postulated that the enzyme responsible for the high
activity could be a plastidic aldolase since it is completely different from the cytosolic form
(Botha and O’Kennedy, 1989; Nakamura et al., 1996; Dennis et al., 1997) and is the prevalent
isoform in the leaf tissue of other C4 (maize) species (Krüger and Schnarrenberger, 1983).
Gene expression can be regulated at the transcriptional, post transcriptional or post
translational level. Post transcriptional and post translational regulation of gene expression
involves RNA processing (such as alternative splicing) and the regulation of translation as
well as polypeptide processing, modification and degradation (Zubay, 1993).

Enzyme

activity could also be regulated by metabolites acting as activators or inhibitors. Aldolase
activity has been found to be inhibited by a few metabolites, but only at very high
concentrations (Botha and O’Kennedy, 1989;

Moorhead and Plaxton, 1990).

It could

therefore not play any regulatory role in vivo. Whenever gene expression is regulated only at
the transcriptional level, it is expected that a direct correlation between the RNA levels,
enzyme levels and enzyme activity would exist. Regulation at any other level than at the
transcriptional level would be indicated by a deviation at one or more point from this direct
correlation. In the case of cytosolic aldolase it would seem that gene expression is to a large
extent regulated at the transcriptional level.

In leaves, an almost complete absence of

expression was found at the transcriptional level and this was reflected in the low enzyme
activities.
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3.5

CONCLUSION

ALDc is expressed in all sugarcane tissues with the lowest levels of expression in the leaf. A
plastidic isoform is prevalent in leaves and is responsible for very high aldolase activity in
these tissues. The results of this study indicate that there is little control of aldolase activity
other than through transcriptional control.
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Chapter 4
THE PRODUCTION OF TRANSGENIC SUGARCANE LINES
WITH REDUCED CYTOSOLIC ALDOLASE EXPRESSION
ABSTRACT
Cytosolic aldolase (ALDc) has been implicated as a regulatory enzyme in glycolysis, acting
as a rate-limiting step. To investigate this possibility, the approach followed in this study was
to genetically modify sugarcane in such a way as to lower the ALDc activity. Several
antisense-ALDc transgenic lines were produced for two commercial varieties, N19 and
NCo310. Embryogenic sugarcane callus cells were co-bombarded with the antisense-ALDc
construct pUBI-ASSCA and pEmuKN to confer resistance to geneticin for selection of
antisense transformants. Successful transformation and expression of the transgene were
verified by PCR analysis, Southern and RNA blots. Protein blots and aldolase activity
revealed decreased ALDc levels and activity in some transgenic lines. These changes ranged
from small decreases in young and mature internodes to more than 90% decrease in one of the
NCo310 transformants in both young and mature internodal tissues. Both the N19 and
NCo310 transgenic lines that had the largest decrease in ALDc levels also exhibited higher
sucrose levels in both young and mature internodes.
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4.1.

INTRODUCTION

Sugarcane accumulates carbohydrates in the form of sucrose in the culm tissues. Since the
efficiency of photosynthetic fixation of CO2 is similar in high and low yield sugarcane, the
amount of sucrose stored would be dependant on either the rate of photosynthate transport to
and uptake into, or, most probably, the carbon metabolism within the culm tissues (Komor,
2000).

This partitioning of carbon within culm tissues, is probably due to competing

metabolic pathways involved with growth, production of energy or storage (Blakely, 1997).
During maturation of internodal tissues, carbon partitioning into sucrose increases at the
expense of non-sucrose water-soluble (amino acids, organic acids, phosphorylated
intermediates) and water-insoluble (cell wall material, protein) components as well as
respiration (Veith and Komor, 1993; Botha et al., 1996; Whittaker and Botha, 1997).
Glycolysis plays a central role in carbon partitioning. The main function of glycolysis in
plants is to provide intermediates for biosynthetic and respiratory pathways through the
oxidation of carbohydrates and would be a major drain on carbohydrates (Krüger, 1997).
Consistent with this view, Bindon and Botha (2002) found that respiration (especially
anabolic respiration) is a primary carbon sink in sugarcane internodal tissues.
Cytosolic aldolase (ALDc) links the hexose phosphate pool with the triose phosphate pool
and the rest of the glycolytic pathway (Dennis et al., 1997). Bindon and Botha (2002) found
an inverse relationship between cycling of carbon between the triose phosphate and hexose
phosphate pools and sucrose accumulation.

Furthermore, potato tubers with reduced

pyrophosphate:fructose-6-phosphate phosphotransferase (PFP) activity, showed decreased
recycling from the triose phosphate pool, with increased sucrose levels (Hajirezaei et al.,
1994).
Previously it was speculated that aldolase could be a rate-limiting step in glycolytic carbon
flow. During high glycolytic flux, some consecutive enzymes form transient complexes
resulting in the direct transfer of metabolites.

Aldolase has been implicated as a key

scaffolding protein and although not proven in plants, evidence exists for association of
cytosolic aldolase with both PFP and phosphofructokinase (PFK) in carrot storage roots
(Moorhead and Plaxton, 1992) and fructose-1,6-bisphosphatase (FBPase) in the
gluconeogenic endosperm of germinating castor oil seeds (Plaxton, 1996). Several studies
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showed an up-regulation of aldolase expression in anoxic conditions when anaerobic
respiration and glycolytic flux, increases (Kelly and Tolan, 1986; Bailey-Serres et al., 1988;
Sachs et al., 1996).

Furthermore, in a study using germinating bean seeds, Botha and

O’Kennedy (1989) found that total phosphofructokinase activity (PFP and PFK) exceeded the
maximum aldolase activity.
The most powerful way to analyse the potential role of ALDc as a regulatory enzyme in
glycolysis and carbon partitioning would be to study mutants with altered ALDc activity. The
purpose of this study was to produce transgenic plants with reduced ALDc activity and to
analyse carbon partitioning in these plants.
The successful production of transgenic sugarcane plants with reduced ALDc levels of both
varieties NCo310 and N19 is reported in this chapter. In addition, it will be shown that lines
of both varieties demonstrating major decreases in ALDc, exhibited higher sucrose levels than
the control plants.
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4.2.

MATERIALS AND METHODS

4.2.1.
4.2.1.1.

Materials
Plasmids and Primers

A sugarcane cytosolic aldolase coding sequence was cloned into a plant expression vector
(pUBI 510) in the antisense orientation (pUBI-AS-SCA). The vector contains a cauliflower
mosaic virus (CaMV) 35 S/maize polyubiquitin (Ubi-1) tandem promoter and the 5’ UTR and
first intron of the maize Ubi-1 gene as enhancer sequences. This construct (Figure 4.1.a) was
a gift from Dr. B Potier ( Institute for Plant Biotechnology, University of Stellenbosch, South
Africa).
The plasmid pEmuKN (Figure 4.1.b) was used to confer resistance to antibiotic G418
(geneticin) for selection of transformants. Resistance was based on the expression of the
aphA gene.
Hind III 400
Pst I 405
Xba I 438

Xba I 1

Pvu II 5556

35S-p

BamH I 299
Sal I 471
BamH I 686
Hind III 780

6x ARE
4x OCS
ADH

Sal I 1001
Xho I 1101

Amp

Hind III 1

UBI-p

ADH-i(#1)

Bgl II 1347

Amp

UBI-5'UTR

pUBI-AS-SCA
6497 bp

Xho I 4268
Xba I 4263

CaMV-t

EcoR I 3513
Sac I 3467
Sac I 3329

Figure 4.1.
sugarcane.

pEmuKN
5645 bp

UBI-i

Antisense-SCA

Kpn I 2837
Cla I 2939
HinC I 3190
Sal I 3192

Pvu II 1231
Xho I 1236
Xba I 1241
BamH I 1246

Pst I 1446

NPTII

nos-t
Pst I 2400
Sal I 2405
BamH I 2410

Sac I 2226

Sma I 2415
EcoR I 2420
Spe I 2426

a

EcoR I 2476
Pvu II 2656

b

The plasmids pUBI-AS-SCA (a) and pEmuKN (b) was used to co-transform

Table 4.1. Three primers were designed, called A1, A2 and A3, to amplify the full coding
sequence (A1/A2) and a 448 bp fragment (A1/A3).

Direction
Forward (5’Æ 3’)
Reverse 1 (5’Æ 3’)
Reverse 2 (5’Æ 3’)

Name
A1
A2
A3

Sequence
GCATGTCGGCCTACTGCGGMAAG
AACTCAGTACTTGTAGTCCTTGACG
CTTGAGAACAGCACGCCACTT
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Three primers were designed namely A1, A2 and A3 (Table. 4.1., p 35). The A1/A2 primer
pair amplifies the full coding sequence of cytosolic aldolase (1093 bp), while the A1/A3
primer pair amplifies a 448 bp fragment on the 3’ end of the transgene, used in selecting the
antisense ALDc transformants.
4.2.1.2.

Plant material

Young, field-grown sugarcane shoots (varieties NCo310 and N19), were collected from
Welgevallen, Stellenbosch for the initiation of callus production.
All other plant material were collected from plants grown in the glasshouse (Institute for Plant
Biotechnology), flash-frozen in liquid nitrogen, ground to a fine powder using mortar and
pestle and stored at -80°C until use. For DNA extractions, leaf tissue samples from several
putative transgenic NCo310 and N19 plants were collected. The culm tissues from internodes
3 and 9 of several control and antisense-ALDc transgenics were used for protein, sugar and
RNA extractions.
4.2.1.3.

Other materials

The CORNING® Cell Culture Dishes (100 mm x 20 mm) were purchased from Adcock
Ingram (Cape Town, South Africa). Grade No.1 silica sand was from Consol Industrial
Minerals (Ottery, South Africa), vermiculite from Rosarium Nursery (Stellenbosch, South
Africa) and Welgro potting soil from Weltevrede Nursery (Stellenbosch, South Africa).
Substrates, coupling enzymes and cofactors used for determining enzyme activities and sugar
concentrations, as well as membranes for blots were from Roche Biochemicals (Mowbray,
South Africa).

The [α-32P] dCTP (~110 TBq/mmol) were purchased from Amersham

International (Claremont, South Africa), restriction enzymes from Promega (Brackenfell,
South Africa), the Qiaquick® PCR Purification Kit from QIAGEN (Cape Town, South
Africa) and the RAPIDhyb from Ambion® (Southern Cross Biotech, Claremont, South
Africa).

Other biochemicals were purchased from Sigma-Aldrich S.A. (Pty) Ltd.

(Brackenfell, South Africa).
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4.2.2.

Methods

4.2.2.1.

Sugarcane Transformation

4.2.2.1.1.

Callus production

The leaf rolls from young, field-grown shoots were surface-sterilised with 96% (v/v) ethanol.
The youngest 7 cm of leaf roll were cut into 0.5 cm disks and placed on autoclaved MSC3
medium containing 4.43 gL-1 Murashige and Skoog salts (Murashige and Skoog, 1962),
20 gL-1 sucrose, 0.5 gL-1 casein hydrolysate, 3 mgL-1 2,4-dichloro-phenoxyacetic-acid
(2,4-D), pH5.7 and solidified with 2.1 gL-1 Gelrite after autoclaving. Tissue discs were kept
in the dark at 28°C. The disks were transferred to fresh MSC3 medium every two weeks.
After 8 weeks, embryogenic callus was collected for bombardment.
4.2.2.1.2.

Micro projectile bombardment

Four hours prior to and after bombardment, embryogenic calli were incubated on osmoticum
medium (MSC3 supplemented with 200 mM sorbitol and 200 mM mannitol). Calli were
placed in a circular target area, 2.5 cm in diameter. Cells were transformed using a particle
inflow gun. Ten μg DNA were precipitated onto tungsten particles with 963 mM CaCl2 and
15 mM spermidine (final volume of 130 μL). The mixture was vortexed immediately after
addition of these two compounds and placed on ice to settle for 5 min (Finer and McMullen,
1990; Bower et al., 1996). Prior to bombardment, 100 μL of the supernatant was removed
and discarded. The tungsten-DNA precipitate was resuspended and 4 μL placed on the
support grid. A mesh screen was put 7 cm above the target calli, which in turn were placed
12 cm from the point of outlet. The vacuum chamber was evacuated to 100 kPa absolute
pressure and the tungsten particles accelerated by a helium pulse of 0.05 ms, at 1200 kPa.
The vacuum was released immediately after bombardment.
4.2.2.1.3.

Selection and growing of putative transformants

After bombardment and incubation on the osmoticum medium, the calli were transferred to
MSC3 for four days before they undergone selection on MSC3G45 medium (MSC3 containing
45 mgL-1 geneticin). Again the calli were transferred to fresh medium every two weeks.
Plantlets were regenerated 8 weeks later by placing pieces of putatively transformed callus on
MSC medium without 2,4-D or geneticin, in a growth room with a light/dark cycle of 16 and
8 h at a temperature of 28°C. As soon as proper root systems developed, the plantlets were
transferred to 10 x 8 cm pots containing a potting soil, vermiculite, silica sand mixture (1:1:1)
and kept covered with plastic bags for two days in the glasshouse. The putative transgenic
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plants were hardened off in this manner. As soon as possible, these plants were transferred to
20 x 17 cm pots containing a potting soil and silica sand mixture (1:1) and grown in the
glasshouse for analytical purposes.
4.2.2.2.

Genetic analysis of transformants

4.2.2.2.1.

Genomic DNA extractions

Genomic DNA was extracted using the method described by Delaporta et al. (1983). Two
grams of powdered tissue were extracted in 10 mL extraction buffer (100 mM Tris, 500 mM
NaCl, 50 mM EDTA and 0.2% (m/v) β-mercaptoethanol, pH 8) and vortexed for 1 min. One
mL of 20% (m/v) SDS was added. The emulsion was incubated at 70°C for 1 hr. After
addition of 2 mL 5 M K-acetate and incubation for 30 min at 4°C, cell debris was pelleted by
centrifugation at 10 500 x g, for 10 min, at 4°C. The supernatant was filtered through Nylon
mesh.

One volume of ice-cold isopropanol was added, the samples gently mixed and

incubated on ice for 10 min. DNA was removed using a glass hook and resuspended in
500 µL 1 M NaCl, at 65°C. Remaining protein was removed by treating the samples with
500 μL chloroform:isoamylalcohol (24:1) and centrifuging samples at 10 000 x g for 10 min
at room temperature. The aqueous phase was transferred to new micro centrifuge tubes.
DNA was again precipitated with one volume isopropanol, at -20°C for 1 hr and pelleted by
centrifugation at 10 000 x g, for 5 min at 4°C. The pellet was dried and dissolved in distilled
H2O. The DNA was quantified fluorometrically and the quality assessed by electrophoresis.
4.2.2.2.2.

PCR analysis

To identify plants containing the transgene, a 446 bp fragment of ALDc coding sequence was
amplified using the A1/A3 primer pair. PCR was performed in 15 μL reaction volumes on a
Perkin Elmer GenAmp® PCR System 9700 thermocycler. Each PCR reaction, containing
approximately 200 ng DNA, was amplified using the following thermal profile:

initial

denaturing at 95°C for 3 min, 35 cycles of denaturing for 30 sec at 94°C, annealing for 45 sec
at 45°C, extension for 3 min at 72°C and ending the sequence with a final extension step at
72°C for 7 min.

4.2.2.2.3.

Probe preparation

The same probe was used for both the RNA and Southern blots. This was done by PCR
amplification of the ALDc coding sequence (1093 bp fragment) from the pUBI-AS-SCA
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plasmid using the A1/A2 primer pair. The probe was radiolabelled with 25 µCi α-[32P]-dCTP
(Amersham). The PCR product was purified using a Qiaquick PCR Purification Kit from
QIAGEN.

4.2.2.2.4.

Southern blot analysis

Ten μg of genomic DNA of each selected sample was completely digested with

Xba I,

overnight, at 37°C. The digested DNA was electrophoresed on 0.8% (w/v) agarose gels.
After electrophoresis, DNA fragments were denatured by soaking the gels three times for
10 min each in denaturing buffer containing 1.5 M NaCl and 0.5 M NaOH. The gels were
then neutralised by twice incubating the gels in neutralisation buffer containing 1 M Tris
(pH 7.4) and 1.5 M NaCl for 15 min. Transfer was done according to the protocol for RNA
blotting described previously in section 3.2.2.3.3., p 24. The membranes were pre-hybridized
for 1 h at 65°C using RAPIDhyb (Ambion®). Hybridisation was done overnight, in the same
buffer and at the same temperature, but in the presence of the denatured, labelled probe.
Membranes were washed twice for 5 min in 2X SSC containing 0.1% SDS, at room
temperature. This was followed by two 15 min washes at 65°C in 0.1% SSC containing 0.1%
SDS. The blots were exposed to Super Resolution Cyclone Phosphor screens (Packard)
overnight. Hybridisation was visualised using a Cyclone imaging system (Packard).
4.2.2.2.5.

Total RNA extraction

Total RNA was extracted using the guanidine thiocyanate-CsCl ultra centrifugation method
(Chirgwin, 1979). Approximately 1 g of tissue from internodes 4 and 10 and from several
transgenic and control lines was flash frozen in liquid N2 and ground to a fine powder with a
spatula tip of polyvinylpyrrolidone (PVP), using a mortar and pestle. The tissues were
extracted in a 4 M guanidine thiocyanate, 25 mM sodium citrate, 0.5% (m/v) sarcosyl and
0.1 M ß-mercaptoethanol extraction buffer and filtered through nylon gauze. The filtrate was
centrifuged at 17 000 x g for 30 min at 4°C to remove insoluble material. Each supernatant
was loaded onto a 3.5 mL CsCl cushion containing 5.7 M CsCl in 100 mM EDTA, pH 8 in
Beckman Polyallomer (16 x 102 mm) ultracentrifuge tubes and centrifuged at 25 000 rpm
(maximum of 13 000 x g) in a Beckman SW-28 rotor, for 20 hrs and at room temperature.
The resulting pellet was resuspended in 200 μL distilled H2O, then transferred to
microcentrifuge tubes, treated with 800 μL phenol:chloroform:isoamylalcohol (PCI) (25:24:1)
and centrifuged at 10 000 x g for 10 min at room temperature. The aqueous phase was
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transferred to new micro centrifuge tubes and after consecutive addition of 0.1 volumes of
3 M sodium acetate and 2 volumes of 100% ethanol, the RNA was precipitated overnight at 20°C. RNA was recovered by centrifugation at 10 000 x g for 30 min at 4°C. The pellets
were washed with 1 mL 70% (v/v) ethanol at 10 000 x g for 30 min at 4°C and allowed to dry
briefly before being resuspended in 100 μL H2O. The RNA concentration was determined
spectrophotometrically at 260 nm and the RNA stored at –80°C.

4.2.2.2.6.

RNA blot analysis

Ten micrograms of total RNA from each sample was separated on 1.2% agarose gels and
transferred to positively charged nylon membranes as previously described in section 3.2.2.3.,
p 24. Pre-hybridisation, hybridization in the presence of the radiolabelled probe and the
membrane washing steps were done as described above in section 4.2.2.2.4., p 39. As with
the Southern blots, the membranes were exposed to Super Resolution Cyclone Phosphor
screens (Packard) overnight and the hybridisation visualised using a Cyclone imaging system
(Packard).
4.2.2.3.
4.2.2.3.1.

Metabolic analysis of transformants
Cytosolic aldolase activity and enzyme levels

The methods that were used for protein extraction, the measurement of enzyme activities, the
determination of protein concentrations and for protein blots have been described previously
in sections 3.2.2.1.3 and 3.2.2.2., p 22 - 23.
4.2.2.3.2.

Sugar extractions

A hundred mg of frozen, ground tissue were extracted in 1 mL of 80% (v/v) ethanol
containing 50 mM Tris, at 70°C for 1 hr. The samples were centrifuged at 10 000 x g, for
15 min and the supernatant collected. The pellets consisting of insoluble material, were
washed twice with 1 mL 80% (v/v) ethanol and again centrifuged at 10 000 x g for 15 min.
The supernatants were pooled with the first, dried down and resuspended in 1 mL dH2O.

4.2.2.3.3.

Sugar determination

Sucrose, glucose and fructose concentrations were determined spectrophotometrically, using
the enzymatic method by Bergmeyer and Bernt (1974). This was carried out in a microtiter
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plate. For sucrose determinations all samples were diluted 10 times. Sucrose in a 5 μL
sample was hydrolysed by addition of 15 μL of 100 mM citrate (pH 5), 5 mM MgCl2 buffer,
containing 10 U invertase, and incubation at 25°C for 30 min. For hexose assays, this
reaction cocktail was replaced with distilled H2O, and ran concurrent with the sucrose assays.
In both cases 225 μL of a 150 mM Tris-HCl (pH8), 5 mM MgCl2 buffer containing 32 mM
NADP+ (nicotinamide-adenine phosphate dinucleotide) and 1.4 mM ATP (adenosine 5’triphosphate) was added to the samples. The glucose concentrations were determined by
measuring the change in absorbance at 340 nm caused by the reduction of NADP+ to NADPH
(reduced nicotinamide-adenine phosphate dinucleotide), after addition of hexokinase (HK)
and glucose-6-phosphate dehydrogenase (G6PDH). This was done on a PowerwaveX plate
reader (Biotek Instruments Inc.).

Fructose concentrations were determined by adding

phosphoglucoisomerase (PGI) to the reaction and measuring the further change in absorbance
at 340nm.
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4.3.

RESULTS AND DISCUSSION

Transgenic plants, from both varieties (NCo310 and N19), were identified by PCR
amplification of a 446 bp fragment of the ALDc coding sequence. Plants that tested positive
were examined for lower aldolase activities and ALDc protein levels. Sugar determinations
were done on several plants with the lower ALDc levels. These tests were done on both
varieties, but due to a shortage of material, only one stalk per transformed line could be
sacrificed for these experiments. From these results, three transgenic NCo310 lines were
chosen for further analysis. Southern blot analysis was used to ensure that the transgenic lines
were indeed different transformation events; RNA blotanalysis was used to examine changes
in expression on a transcript level as well as to confirm expression of the transgene.
4.3.3.

Genetic analysis

4.3.3.1.

PCR analysis

Antisense-ALDc lines were identified (Figure 4.2) through amplification of a 448 bp fragment
of the ALDc coding sequence, using the A1/A3 primer pair (Table 4.1, p 35). This particular
fragment could not be amplified from control and untransformed plants (Figure 4.2). Nine of
the twelve NCo310 (75%) and nine of the eleven N19 (82%) putative antisense lines tested
positive for the presence of transgene. One of the NCo310 and two of the N19 lines selected
positively for G418 resistance, but lacked the ALDc antisense fragment.

954

G418 resistant NCo310
OIa1
OIa2
OIa3
OIa4
OIa5
OIa6
NCo310 control 1
NCo310 control 2
Untransformed NCo310
OIa7
OIa8
OIa9
OIa10
OIa11
Untransformed N19
NIa1
NIa2
G418 resistant N19
NIa3
NIa4
NIa5
NIa6
NIa7
NIa8
G418 resistant N19
NIa9
N19 control
Positive control

620
373

Figure 4.2. PCR analysis of putative NCo310 and N19 antisense-ALDc
transformants. Amplification of a 448 bp fragment of ALDc coding sequence,
using the A1/A3 primer pair, was used to identify antisense lines.
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4.3.1.2.

RNA blot analysis

In order to identify any changes at the transcriptional level, RNA blots were prepared and
probed with the ALDc coding sequence (Figure 4.3). Using the 18S and 28S rRNA as
molecular markers, the approximate size of the fragments that hybridised to the probe was
determined.

C1

C2

OIa2

OIa4

OIa5

INT 3

INT 9
Figure 4.3. ALDc gene expression pattern in internode 3 and 9 of
control and antisense-ALDc plants. Each lane was loaded with 10 μg of
total RNA. The membrane was probed with a full length ALDc coding
sequence.

In both the control and antisense plants, the probe hybridised to a fragment with a size slightly
smaller than the 18S ribosomal fragment (1900 bases). This corresponds to the mRNA size of
cytosolic aldolase (1388 bases) from Zea mays (Kelly and Tolan, 1986). The antisense plants
showed an additional fragment of a size slightly larger than the 18S, but smaller than the 28S
rRNA (4800 bases).
This additional signal could have occurred because of an inability to remove the intron. One
would have expected the intron to be cleaved out, resulting in a fragment slightly larger than
1200 bases. The additional signal could be the expression of the transgene, the 5’ and 3’
UTR’s plus the UBI-intron and (fragment size of slightly larger than 2200 bases) and could
have been confirmed using a probe that would hybridise to UBI-i. This would mean that the
smaller fragment should be taken as an indication of the sense transcript levels. It could also
have occurred because of ineffective intron cleavage, which would mean that the smaller
fragment could be a mixture of sense and antisense transcripts. Because the resolution of a
RNA blot is not very high, the small diference in size between the expected endogenous
mRNA and the estimated antisense transcript would be difficult to observe. It is therefore not
clear whether the smaller fragment in the antisense plants is a true indication of the
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endogenous ALDc transcript. The use of ALDc sense and antisense riboprobes or single
stranded probes could have solved this problem, and given a more accurate indication of the
levels of the sense and antisense transcripts.

4.3.1.3.

Southern blot analysis

The probe was expected to hybridise to a fragment of 3825 bp distinguishing the antisense
plants from the controls (Figure 4.4.). In this case the fragment of pUBI AS-SCA would have
consisted of the maize polyubiquitin (Ubi-1) promoter, the 5’ UTR and first intron of the
maize Ubi-1 gene, the ALDc coding sequence in antisense orientation and the CaMV
terminator. However, no fragment of this size was found exclusively in the antisense lines.
From this it became clear that the control plants showed similar banding patterns, which
differed completely from the antisense plants (Figure 4.4.). It was also clear that the antisense
lines showed different banding patterns from each other, which means that they are distinct
transformation events.
C1

C2

OIa2

OIa4

OIa5

5412
3857
2840
2248
1594
1317
954
Figure 4.4. Southern analyses of two control and three antisense-ALDc lines.
Ten μg of gDNA were digested with Xba I. The full-length coding sequence of
ALDc was used as probe.

4.3.4.
4.3.4.1.

Metabolic analysis
Cytosolic aldolase activity and enzyme levels in transformants

From the plants that tested positive through the PCR analysis, several lines were selected for
further metabolic and molecular analysis. The size of the plants and their physical appearance
were considered. These selected genotypes were examined for decreased aldolase activity
and ALDc protein levels.
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Lower aldolase activities were measured in some of the NCo310 and N19 antisense lines
(Figure 4.5.). Differences ranged from slightly lower activity in one or both internodes 3 and
9 (example OIa1 and NIa4 – NIa9) to larger decreases in both internodes (example OIa4,
OIa5 and NIa1 – NIa3) to a more than 90% decrease in aldolase activity in OIa2 in both

nmol F-1,6-P2 min -1 mg -1 prot

young and mature internodes.
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Figure 4.5. Aldolase enzyme activities in internodes 3 and 9 of control and
antisense-ALDc plants of both NCo310 (a) and N19 (b) transformants.
Aldolase activity was expressed as nmol fructose-1,6-bisphosphate cleaved
per minute per mg protein.

In order to determine whether the lower enzyme activity were also reflected in ALDc enzyme
levels, protein blots were prepared, using the anti-GST-ALDc antibody described in Chapter
3. Almost no ALDc enzyme could be observed in OIa2 (Figure 4.6.a), which confirmed that
the much decreased aldolase activity measured (Figure 4.5.), was a result of decreased ALDc
enzyme levels. OIa4 and OIa5 also showed lower enzyme levels compared to the control
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plants, but the lines OIa1 and OIa3 showed no difference in ALDc. No differences in ALDc
enzyme levels could be detected between the three N19 lines with reduced aldolase activity
and the control plant (Figure 4.6.b).

C1

C2

OIa1 OIa2 OIa3 OIa4 OIa5

Internode 3
Internode 9

a
C

NIa1 NIa2 NIa3 NIa4 NIa5 NIa6 NIa7 NIa8 NIa9

Internode 3
Internode 9

b

Figure 4.6. Protein blots to detect ALDc enzyme levels, using 5 μg of total
protein from internodes 3 and 9 of control and antisense-ALDc plants of the
varieties both NCo310 (a) and N19 (b). ALDc levels were detected using
anti-ALDc antibodies. The serum (day 42) was diluted 1:1000.

Even with a dramatic decrease in ALDc protein levels in both young and old internodes
(Figure 4.6), OIa2 showed no visual phenotypic differences from control plants. One could
argue that this step could have been bypassed after up-regulation of ALDp, but this does not
seem likely, since the decrease in ALDc enzyme levels was accompanied with a more than
90% decrease in total aldolase activity. It would be safe to assume that under normal,
favourable glasshouse conditions, even these much decreased levels were adequate to
accommodate the required flux through glycolysis.
An accidental observation, however, was this line’s high sensitivity to drought conditions.
The induction of respiration which coincides with an induction of ALDc expression during
stress conditions such as drought and anoxia, have been studied extensively (Kelly and Tolan,
1986; Bailey-Serres et al., 1988; Sachs et al., 1996). OIa2 showed higher mortality rates
than any of the antisense or control plants. This line therefore did not seem to have the ability
to increase ALDc to the required levels.
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If the protein and RNA blots (Figure 4.6. and Figure 4.3.) were compared with each other, the
inaccuracy of accepting the expression level of the smaller RNA fragment as an indication of
the level of sense transcript becomes even more apparent. In OIa2 the dramatic decrease in
ALDc was also reflected in the levels of this RNA fragment. This was not the case with the
other antisense plants investigated, especially OIa5, where the levels of this RNA fragment
were considerably higher than in the control lines in both young and mature internodal
tissues. RNA blotting analysis using the coding sequence in the sense and antisense direction
as probe as was done here, does not give a correct indication of the real ALDc sense
transcripts.

4.3.2.2.

Sugar levels in transformants

Sugar determinations were done on several plants with lower ALDc levels. The NCo310
antisense line OIa2, which exhibited the lowest aldolase activity showed higher sucrose and
glucose levels than both control plants in young and mature internodes (Table 4.2.). Fructose
levels of OIa2 were higher than both control plants in mature tissues, but only higher than one
control in the immature internode. OIa4 and OIa5 exhibited higher glucose levels in mature
and higher fructose levels in young internodes.
Table 4.2. Sucrose, glucose and fructose levels in internodes 3 and 9 of control and
antisense-ALDc plants. Both NCo310 and N19 transformants were examined.
NCo310
C1
C2
OIa2
OIa4
OIa5

Sucrose
3
218.05
225.40
252.53
156.46
211.46

N19

3

9
335.67
147.05
274.26
370.03

3

67.25
35.98
97.65
152.35

Fructose
9

32.56
23.29
33.58
13.79
23.55

Sucrose
3

C1
NIa1
NIa2
NIa3

Glucose
9
465.42
484.55
498.70
427.36
470.20

3
0.16
0.23
0.93
0.67
0.61

Glucose

0.78
0.97
1.86
1.25
1.36

Fructose
9

50.74
30.13
28.18
51.42

9
33.64
25.27
32.29
41.77
33.11

3
9.61
2.78
11.89
10.80

9
38.30
52.60
51.10
71.62

18.02
12.43
17.63
38.08

As with the NCo310 line that had the largest decrease in aldolase activity, the N19 antisense
line NIa3 exhibited higher sucrose, glucose and fructose levels than the control plant in both
young and mature internodal tissues. NIa1 and NIa2 did not show this consistently higher

46

sugar levels when compared to the control. Both lines had higher fructose levels in immature
internodes and higher sucrose and glucose were measured in the immature and mature tissues
of NIa2 respectively.
Because higher sucrose levels were found in the lines with the largest decrease in ALDc, it
seems possible and very promising that ALDc could play a role in carbon partitioning
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4.4

CONCLUSION

Transformation of sugarcane with an antisense-ALDc sequence was successful. Several
transgenic lines were produced for both N19 and NCo310 varieties. In the NCo310 lines, it
was confirmed that the antisense transformants were different transformation events, and that
the transgene was expressed. In some of the lines this transformation successfully led to
lower aldolase activity and ALDc enzyme levels compared to the control plants. Both the
N19 and Nco310 antisense lines that exhibited the lowest aldolase activity had the highest
sugar levels.
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Chapter 5
SUGARCANE WITH REDUCED CYTOSOLIC ALDOLASE ACTIVITY
ABSTRACT
In order to determine if decreased cytosolic aldolase (ALDc) levels in the transgenic NCo310
lines caused a real change in metabolism especially carbon partitioning, internodal tissue discs
were labelled with [U-14C]-glucose and the partitioning of

14

C to the different fractions

measured. ALDc expression at the transcriptional and protein level as well as sugar levels
were also determined in these tissues. Most of the antisense lines had decreased ALDc
protein levels, with the lowest aldolase activity and transcript levels in the OIa2 transgenic
line. OIa2 exhibited higher sucrose levels in the mature and all antisense lines in immature
internodes, but these differences were not significant at the 90% level.

No significant

differences in hexose levels could be detected between the transgenic and control plants.
Partitioning of

14

C to the different metabolic pools revealed no differences in carbon

metabolism between the transgenic and the control lines.

Under favourable glasshouse

conditions even these low ALDc levels in the transgenic plants are sufficient for plants to
function normally. These results suggest that ALDc does not play a regulatory role in
glycolysis, carbon partitioning and sucrose accumulation in sugarcane.
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5.1.

INTRODUCTION

Anabolic respiration is one of the major carbon sinks in sugarcane culm (Whittaker and
Botha, 1997; Bindon and Botha, 2002). Since glycolysis has the function of providing
intermediates for these biosynthetic and respiratory pathways (Plaxton, 1996; Kruger, 1997),
it would act as a major competitor for carbon entering the storage cells and would play a role
in partitioning of carbon between pathways involved in storage, growth or energy production.
Cytosolic aldolase has been implicated to play a role in the regulation of glycolysis as a ratelimiting step (Botha and O’Kennedy, 1989). Induction of ALDc expression (Kelly and Tolan,
1986; Bailey-Serres, et al., 1988; Andrews et al., 1994: Sachs et al., 1996) and the
association that this enzyme forms with PFP and PFK (Moorhead and Plaxton, 1992;
Moorhead and Plaxton, 1992; Plaxton, 1996) in periods of high glycolytic flux, confirms this
possibility.

Inverse relationships exist between sucrose accumulation and the rate of

respiration (Veith and Komor, 1993; Whittaker and Botha, 1997; Bindon and Botha, 2002)
as well as the rate of triose phosphate cycling (Hajirezaei et al., 1994; Bindon and Botha,
2002). Since ALDc is a central enzyme in both cases, the possibility exists that ALDc levels
could play a regulatory role in sucrose accumulation.

To determine if ALDc has any

influence on regulation of glycolysis and carbon partitioning, several transgenic lines with
reduced ALDc levels were produced by transforming sugarcane with an antisense-ALDc
sequence.
The role of pyrophosphate:fructose-6-phosphate phosphotransferase (PFP) in regulation of
glycolysis/gluconeogenesis in tobacco and potato have been investigated employing antisense
strategies. Transgenic potato and tobacco plants with much decreased PFP levels revealed no
significant changes in growth rate, visual phenotype (Hajirezaei et al., 1994; Paul et al, 1995;
Nielsen and Stitt, 2001), photosynthetic rate or ability to cope with suboptimal temperature or
phosphorous and nitrogen deficiency (Paul et al, 1995; Nielsen and Stitt, 2001). Highly
elevated fructose-2,6-bisphosphate levels were however observed in the transgenic lines in all
three studies. Hajirezaei et al. (1994) found decreases in tuber starch levels, a slight increase
in sucrose levels in growing tubers and decreased triose phosphate cycling in transgenic
potato lines. Carbon partitioning of photosynthates in both source and sink leaves (Paul et al.,
1996) as well as levels of other glycolytic enzymes (Nielsen and Stitt, 2001) remained
unchanged in transgenic lines. The studies concluded that the decreased PFP levels were
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compensated for by phosphofructokinase (PFK) activity and the allosteric activation of
residual PFP by fructose-2,6-bisphosphate.
Unlike PFP there is no way to compensate for the decrease in ALDc levels. No activators are
known that would have an in vivo effect on ALDc activity (Botha and O’Kennedy, 1989;
Moorhead and Plaxton, 1990;

Hodgson and Plaxton, 1998) and there are no cytosolic

enzymes which could catalyse the same reaction. The induction of the plastidic aldolase
isoform is unlikely as was discussed in Chapter 4. If ALDc were rate limiting to glycolytic
flux, one would expect decreased levels of ALDc to cause decreased partitioning of carbon to
respiration and possibly increased carbon partitioning to storage compounds.
The effect of reduced cytosolic aldolase on carbon partitioning in transgenic sugarcane is
reported in this chapter.
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5.2. MATERIALS AND METHODS
5.2.1. Materials
5.2.1.1.

Biochemicals
14

The [U- C]-glucose was purchased from Amersham International (Claremont, South Africa).
Ion exchange resins were from Sigma-Aldrich S.A (Pty) Ltd. (Brackenfell, South Africa) and
JUNG-RIM disposable plastic syringes were purchased from KIMIX Chemical and
Laboratory Suppliers (Cape Town, South Africa).

Coupling enzymes, cofactors and

substrates used for sugar determination as well as all membranes were purchased from Roche
Biochemicals (Mowbray, South Africa).
5.2.1.2.

Plant materials

Transgenic NCo310 sugarcane plants were grown under glasshouse conditions at the Institute
for Plant Biotechnology, Stellenbosch University. Three mature stalks each of 2 control lines
and 3 antisense-ALDc lines were collected early morning, during September 2002. The
natural breaking point of the stalk was accepted as internode 3. Culm tissue of internodes 3
and 9, representing young and mature internodes, were selected for analysis.
5.2.2.

Methods

5.2.2.1.

Metabolic analysis of antisense-ALDc NCo310 lines

5.2.2.1.1.

Tissue preparation and [14C]-radiolabeling

Longitudinal sections were cut between the core and the periphery of internodes 3 and 9,
using a cork borer 6 mm in diameter. These sections were sliced into discs with a thickness
of 1 mm, using a hand microtome. The discs were washed in 50 mL of a buffer containing 25
mM K-Mes (pH 5.7), 250 mM mannitol and 1 mM CaCl2 for 15 min (Bindon and Botha,
2002).

Excess buffer was removed by blotting the discs on absorbent tissue paper.

Approximately 20 discs were transferred to 250 mL Erlenmeyer flasks containing 1.5 mL of
incubation buffer.

The incubation buffer contained 25 mM K-Mes (pH5.7), 250 mM

mannitol, 5 mM glucose, 5 mM fructose and [U-14C]-glucose to give a final specific activity
of 2960 Bq nmol-1. Samples were incubated for 3 h at room temperature on a rotary shaker at
115 rpm. Flasks were sealed with rubber stoppers and the

14

CO2 released was collected in

500 uL 12% (m/v) KOH contained in a central well. After incubation, the KOH samples were
diluted 1:9 with Ready Gel™ (Beckman) liquid scintillation cocktail and counted using a
TRI-CARB 2100TR Liquid Scintillation Analyzer (Packard). The discs were washed three
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times, for 5 min, in 15 mL ice-cold 1% (m/v) CaCl2. Excess buffer was removed using
absorbent tissue paper, the tissues were weighed and rapidly frozen in liquid N2. The discs
were ground to a fine powder and stored at -80˚C for further use.
5.2.2.1.2.

Extraction of the water-soluble component

Hundred mg of powdered tissue was extracted in 1 mL 70% (v/v) ethanol containing 50 mM
Tris, at 80˚C for 1 hr. Insoluble material was pelleted at 10 000 x g for 10 min. The
supernatant was removed, and the pellet washed twice more with 70% (v/v) ethanol to remove
all soluble compounds. The supernatants from each extraction were pooled. The pellets were
digested with 500 uL Soluene, for 1 week, at room temperature. The digest was diluted 1:9
with Ready Gel™ scintillation cocktail and counted for 15 min.
5.2.2.1.3.

Ion–exchange fractionation of the water-soluble compound

The neutral, acidic and basic components were fractionated using cation (acidic DOWEX
50WX8-200) and anion (basic DOWEX 1X8-200) exchange columns packed in 1 mL JUNGRIM disposable plastic syringes and connected in tandem. The water-soluble extracts were
loaded onto and allowed to run through both the ion exchange columns after which the
columns were washed with 25 mL 50% (v/v) EtOH. These eluants represent the neutral
fraction. At this stage the tandem columns were separated. The acidic fraction was washed
from the cation exchange column with 2 M HCl and the basic fraction from the anion
exchange column with 20 mL 6 M formic acid.
The different fractions were dried down and resuspended in 1 mL of H2O. Of each sample,
500 uL was diluted 1:9 with scintillation cocktail and counted for 15 min.
5.2.2.1.4.

Extraction and enzymatic determination of sucrose, glucose and fructose

The sugar extraction and determination of the sucrose, glucose and fructose levels were done
as described in section 4.2.2.3.2. and4.2.2.3.3., p 40-41 of Chapter 4.
5.2.2.1.5.

Protein extraction, determination and protein blots

Total protein extraction, protein concentration determination and the protein blot experiment
were done according to the methods described in sections 3.2.2.1.3. and 3.2.2.2.1., pp 22 and
23, of Chapter 3.
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5.2.2.1.6.

RNA extraction and RNA blot analysis

Total RNA extraction and quantification were done as described in section 4.2.2.2.5., p 39 of
Chapter 4. Electrophoresis and transfer of RNA to positively charged nylon membranes were
described in section 3.2.2.3.3., p 25 of Chapter 3 and probe preparation, hybridization and
visualization in section 4.2.2.2.3. and 4.2.2.2.6. on p 38 and 40 of Chapter 4.
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5.3.
5.3.1.

RESULTS AND DISCUSSION
RNA blot analysis

The same additional fragment that was found in the RNA blot from Chapter 4 was again
observed as can be seen in Figure 5.1. It serves as confirmation of expression of the antisense
sequence in all the transgenic lines and the tissues examined. Two of the three stalks from
OIa2 exhibited lower expression of the smaller fragment that corresponded to the endogenous
ALDc transcript. This was found in both young and mature internodes. The trangenic line
OIa4 had two stalks that showed decreased expression in mature internodes but only one
where a decrease was also observed in the young internodes. OIa5 showed no decrease of
expression in any of the internodes or stalks compared to the control plants.

3
1

2

9
3

1

2

Internode
3

nr.

R ep nr.

C1

C2

OIa2

OIa4

OIa5

Figure 5.1. RNA blot analysis of selected control (C1 and C2) and ALDc antisense
(OIa2, OIa4 and OIa5) lines of the variety NCo310. Each lane was loaded with
10 μg of total RNA and the membrane probed with a full length ALDc coding
sequence. Three replicates of internode 3 and 9 of each line were examined.

Lower levels of expression were observed in older internodes of all the lines except C2. The
relationships between the expression levels of the replicates of young internodes were
repeated in the mature internodes, except for C1 where very low transcript levels were found
in one of the mature internodal samples. This could indicate that the ratio of antisense to
sense transcript is the same within the respective stalks.
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Because the replicates are clones of each other one would have expected them to perform the
same way in all aspects. This, however, was not the case. The differences in expression
could have been because of somaclonal variation. This occurs when plants are cultivated as
calli or suspension cultures for long periods of time. Variation in the genotype can be induced
by mutations, transposon activity, chromosomal rearrangements or loss of chromosomes,
causing changes in genotype and sometimes phenotype. The differences in expression could
also have been because the stalks were different transformation events or simply normal
variation between plants.
5.3.2.

Protein blot analysis
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Figure 5.2. Protein blot analysis of control and antisense lines using 5 μg total
protein loaded per lane and a 1:1000 dilution of the day 42 serum. Three replicates
of internode 3 and 9 of each line were examined.

OIa2 exhibited the largest decreases in ALDc protein levels in two of the stalks (Figure 5.2.).
These dramatic decreases were observed in both young and mature internodes. The other
stalk showed only a small decrease in the ALDc level compared to the control lines. One
replicate each of the young and old internodes from the line OIa4 had lower ALDc levels, but
these were from different stalks. No decrease in ALDc levels could be detected in any stalk
or internode from the OIa5 line. All the lines had lower ALDc protein levels in the mature
internodes except C2, which had similar ALDc levels.
56

In contrast to the RNA blots (Figure 5.1., p 56), relationships between protein expression
levels of the replicates in young internodes were not repeated in the mature internodes, except
for the line OIa2. Furthermore, when the RNA and protein blots were compared, a correlation
in expression levels could only be found in OIa2. OIa4 for example showed an almost
complete absence of transcript in rep 1 of young internodes, but high ALDc protein levels
were found in this sample.
The dramatic decreases in ALDc protein levels in the OIa2 stalks could be the result of
multiple copies of the antisense transgene. This would lead to high levels of antisense
transcript that could trigger RNAi and cause the destruction of homologous RNA and
methylation of DNA sequences. This however would still not explain why for example 2
replicates of mature OIa4 internodes showed low transcript levels, but only one of these had
lower ALDc protein. Neither can it explain why OIa5 had high transcript levels but slightly
decreased ALDc protein levels.
5.3.3.

Sucrose, glucose and fructose concentrations

The average sucrose levels of the immature internodes from the transgenic lines were higher
than that of the controls (Figure 5.3.). Only OIa2 exhibited higher and OIa5 similar levels to
that of the controls in mature internodes. OIa2 was the only line with higher glucose and with
fructose levels similar to the control plants in immature internodes. All antisense lines
exhibited lower glucose and fructose levels in immature internodes. These differences were
however never significant, probably due to the high standard deviations encountered.
As previously seen with the RNA and protein blots, great variation in the sucrose, glucose and
fructose levels were observed in internodes of the same age. Because each plant or stalk is an
entity developing and growing on its own, this would be expected. If more subtle trends did
exist in the antisense lines, it would be better elucidated if more stalks were analysed.
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fructose levels of control and
transgenic lines expressed as μmol
sugar per gram fresh weight.

9

Partitioning of 14C

No differences in carbon partitioning to the different metabolic pools could be found between
the control and antisense lines (Table 5.1., p 60) not even in the case of OIa2 that exibited the
massive decreases ALDc activity. The percentage label partitioned to the different fractions
did, however, not compare very well with results found previously in sugarcane (Whittaker
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and Botha, 1997; Bindon and Botha, 2002). Compared to these studies, the percentage of
carbon allocated to catabolic (CO2) and anabolic respiration (amino and organic acids) were
higher especially in mature internodal tissues. This was accompanied by lower partitioning of
carbon to sugars (sucrose glucose and fructose).
Table 5.1. Distribution of radiolabel after 4 hours of labelling with [U-14C] glucose. The table
shows the percentage of label partitioned to sugars, the insoluble fraction or to respiration
(organic acids, amino acids or CO2 release).
Component (% of total uptake)
Insoluble

Line
3

Sugars
9

3

9

Organic acids
3
9

Amino acids
3
9

CO2
3

9

C1

27.9 ± 4.1

13.4 ± 4.2

52.9 ± 7.9

65.2 ± 5.7

10.5 ± 4.2

10.6 ± 1.1

2.9 ± 0.6

5.8 ± 1.0

5.7 ± 0.6

5.0 ± 1.6

C2

21.2 ± 6.9

8.3 ± 1.5

59.2 ± 2.8

71.4 ± 6.3

11.5 ± 2.8

12.3 ± 6.1

3.3 ± 1.2

4.3 ± 1.1

4.7 ± 0.6

3.6 ± 0.7

OIa2

25.9 ± 9.2

8.4 ± 1.6

53.9 ± 8.5

74.8 ± 2.2

10.4 ± 1.5

7.5 ± 2.5

4.5 ± 0.8

5.7 ± 0.7

5.4 ± 0.1

3.6 ± 0.5

OIa4

20.8 ± 10.6 9.6 ± 2.4

57.9 ± 11.7 67.2 ± 3.2

12.5 ± 3.6

12.6 ± 2.2

2.6 ± 0.8

6.4 ± 3.3

6.2 ± 1.0

4.2 ± 1.1

OIa5

28.1 ± 13.6 10.6 ± 7.5

56.1 ± 15.3 70.7 ± 9.7

7.3 ± 4.2

9.7 ± 2.3

2.1 ± 0.3

4.5 ± 1.6

6.5 ± 0.7

4.4 ± 1.1

In Chapter 4 it was concluded that increased expression of the plastidic isoform did not take
place to compensate for the loss of ALDc. There is no other cytosolic enzyme that could
catalyse this reaction and no activators or inhibitors are known that could activate the residual
ALDc activity in vivo. These low ALDc levels were therefore adequate to maintain the
required glycolytic flux and provide the intermediates needed for the transgenic plants to
grow and function as normal plants with no differences in phenotype, sugar levels or carbon
partitioning.
In Chapter 3 it was found that ALDc is produced at high levels in all internodes with aldolase
activity ranging between 18 and 52 nmol fructose-1,6-bisphosphate cleaved per minute per
mg protein in internodes 3 and 6 respectively. Bindon and Botha (2002) calculated that the
combined activity of cytosolic aldolase in both the gluconeogenic and glycolytic directions is
at a maximum in internode 6 at approximately 16 nmol hexose equivalents mg-1 protein min-1.
The reason for these high enzyme levels could be to ensure that the demand for
photosynthetically fixed carbon by the anabolic and catabolic respiratory pathways can
always be met. It would also enable the plant to be prepared to adapt and cope with rapidly
changing environmental stresses.
The role of decreased ALD levels on triose phosphate cycling was not investigated in this
study. The readily reversible action of aldolase (Plaxton, 1996; Dennis et al., 1997), the high
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ALD expression found in all internodes (Chapter 3), the enormous ability for PFP to be
activated by fructose-2,6-bisphosphate (Hajirezaei et al., 1994; Paul et al, 1995; Nielsen and
Stitt, 2001) as well as the alternative enzymes to PFP (PFK and FBPase) indicate that triose
phosphate cycling is an important investment to the plant. A continuous cycle of fructose1,6-bisphosphate breakdown to triose phosphates and back would ensure that these
metabolites would always be available for further anabolic/catabolic respiration or storage and
structural polysaccharide synthesis. Decreases in ALDc levels could mean decreased triose
phosphate cycling with an increase in the ratio of glycolytic to gluconeogenic activity.
The net flux between the triose phosphates and hexose phosphates is approximately 2 nmol
hexose equivalents mg-1 protein min-1 in the glycolytic direction (Bindon and Botha, 2002).
In Chapter 4 the aldolase activities of the transgenic lines were determined. The residual
aldolase activities of 3.9 and 3.5 nmol fructose-1.6-bisphosphate mg-1 protein min-1 measured
in internodes 3 and 7 of OIa2 was almost twice as high as the calculated net flux in the
glycolytic direction. Theoretically there should be enough aldolase even in line OIa2 with a
more than 90% decrease in aldolase activity to support the demand by the respiratory
pathways.
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5.4.

CONCLUSION

Antisense lines that showed massive decreases in ALDc protein levels did not have decreased
respiration, increased sucrose levels or exhibit any other changes in carbon partitioning. Even
with a more than 90% decrease in aldolase activity, the residual ALDc was enough to meet
the demand of the respiratory pathways. It would therefore be safe to conclude that ALDc
does not play a regulatory role in regulation of glycolytic flux in sugarcane storage tissues. It
also does not play a role in the partitioning of carbon to the different metabolic pools and
ultimately does not have an effect on sugar and especially sucrose levels.
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Chapter 6
GENERAL CONCLUSIONS
In order to improve sucrose yield in sugarcane, the regulatory steps involved in carbon
partitioning and sucrose accumulation need to be understood. In this study we have focused
on the glycolytic enzyme cytosolic aldolase (ALDc), responsible for the readily reversible
cleavage of fructose-1,6-bisphosphate into dihydroxyacetone phosphate and glyceraldehyde3-phosphate (Plaxton, 1996; Dennis et al., 1997). The role of ALDc in sugarcane has never
before been investigated. This enzyme has, however, been identified as a possible role player
in regulation of glycolysis and carbon partitioning and could therefore have an influence on
sugar levels.
The aim of this study was to determine whether ALDc is a regulatory enzyme in the
glycolytic/gluconeogenic pathway as a rate-limiting step.

To achieve this it was first

necessary to determine the endogenous distribution of ALDc expression. Secondly transgenic
plants with decreased ALDc levels were produced and thirdly, the effect of decreased ALDc
on respiration, partitioning and sugar levels were investigated.
ALDc was expressed in all sugarcane tissues at high levels except in leaf tissue. The highest
aldolase activity measured in internode 6 was more than three times higher than the activity
through ALDc in both the glycolytic and gluconeogenic directions combined, as calculated
for internode 6 in a previous study (Bindon and Botha, 2002). Abiotic stresses such as
flooding, high temperatures or drought are known to lead to anaerobic respiration for ATP
generation, which require increased flux through glycolysis (Tadege et al., 1999). The high
expression levels probably enable the sugarcane plants to rapidly adapt and cope with
unfavourable conditions. As in other C4 species (Krüger and Schnarrenberger, 1983), a
plastidic isoform was prevalent in sugarcane leaves. This is not surprising since ALDp is an
integral enzyme in the photosynthetic fixation of carbon (Dennis et al., 1997). A similar
pattern of expression was found in transcript and protein abundance, which indicates that
ALDc activity in sugarcane is not regulated by activators or inhibitors, but by regulation of
gene expression.
Both the sugarcane varieties N19 and NCo310 were transformed with an antisense-ALDc
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sequence.

In several transgenic lines aldolase activity and ALDc enzyme levels were

successfully decreased. The degree of ALDc reduction varied considerably between lines.
RNA and protein blots with three repeats of each line revealed great differences in expression
levels within transgenic lines.

This could be somaclonal variation caused by genetic

rearrangement during long periods as calli in the tissue culture stages. It could also be that the
lines are different transformation events or simply because of normal variation between
plants.

These blots also showed the differences in expression levels between different

transgenic lines. When antisense sequences are used to downregulate expression of a certain
enzyme, a collection of plants are produced with the targeted enzyme levels ranging from
slight decreases to almost complete silencing (Bhat and Srinivasan, 2002; Williams et al.,
2004). Studies on the plant responses to antisense sequences have lead to more recent
approaches that include transformation with constructs such as pHannibal or pKannibal that
give rise to hpRNA. This introduction of a piece of dsRNA to the cytosol leads to more
effective initiation of RNAi and more dramatic silencing of the target gene throughout the
plant (Williams et al., 2004). This approach would therefore produce a set of transgenic lines
of which most will have much decreased enzyme levels and with less variation.
It seems unlikely that ALDp was upregulated to compensate for the loss of ALDc, since the
almost complete suppression in ALDc in one line was accompanied by a more than 90%
decrease in aldolase activity. No phenotypic differences were detected between control and
transgenic plants grown in glasshouse conditions, but under drought stress the transgenic line
exhibiting the 90% ALDc reduction had a higher mortality rate than other plants. This line
therefore did not have the ability to increase ALDc to the required level.
Initially the possibility that ALDc is involved in regulating carbon partitioning seemed very
likely, because during selection of plants for further metabolic analysis, both the N19 and
NCo310 antisense lines with the largest decrease in aldolase activity had higher sugar levels.
During this metabolic analysis sugar levels and carbon partitioning of three repeats of each
line were investigated to detect any changes in carbon metabolism. No significant differences
in sugar levels could be detected between control lines and any of the transgenic lines in
young or mature internodes. Radiolabelling experiments were conducted where [U-14C]glucose was fed to internodal tissue discs for a period of 4 hours. Partitioning of label to the
different metabolic pools revealed no change in respiration or carbon partitioning.
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Because ALDp was not upregulated and no activators or inhibitors are present in sugarcane,
this low residual ALDc was adequate to accommodate the required flux through glycolysis
and provide intermediates to the respiratory pathways for the plants to function normally. In
fact, the line with the 90% aldolase decrease still had twice as high total activity as the in vivo
net flux through ALDc in the glycolytic direction calculated in untransformed, field grown
plants (Bindon and Botha, 2002).
Changes in the rate of triose phosphate cycling in the transgenics were not investigated. The
demand for fixed carbon by the respiratory pathways was still met. It therefore seems as if
triose phosphate cycling decrease with an increased ratio of activity in the glycolytic to the
gluconeogenic direction. Although a negative correlation exist between sucrose levels and the
rate of triose phosphate cycling, the sugar levels are not regulated or dependent on this cycle.
It would seem that carbon partitioning is regulated not by these central enzymes, but rather by
the various sinks that compete for available fixed carbon. As with PFP (Hajirezaei et al.,
1994; Paul et al., 1995; Nielsen et al., 2001), ALDc is an abundant and readily reversible
enzyme. This makes it flexible to provide the required carbon to the various sinks according
to sink strength. One could expect this flexibility from these central enzymes, since plants are
sessile organisms that have to adapt to changing environmental and developmental conditions.
In future studies the focus should move away from these enzymes where the partitioning of
carbon takes place to identifying those downstream sinks that are unnecessarily strong or not
at all necessary for normal growth and functioning of the plants.
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