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SUMMARY 

 

 

The main aim of the work presented in this thesis was to further our understanding of the 

role of Pyrrophosphate: fructose 6-phosphate 1-phosphotransferase (PFP) in sugarcane, by 

specifically investigating its potential contribution to phloem metabolism. PFP activity in 

sugarcane internodal tissue is inversely correlated to sucrose content across varieties that 

differ in their sucrose accumulation abilities. This apparent correlation is in contrast to 

previous studies that suggest PFP plays an insignificant role in metabolism.  

In the first part of this study an immunological characterisation of the two subunits of 

sugarcane PFP was conducted to establish whether it differ significantly from other plant 

species in terms of size and distribution. Both the alpha and beta subunit appears to be 

approximately sixty kilo Daltons in size and uniform in their relative distribution to each 

other in the various plant organs of sugarcane. Although the observed alpha subunit size is 

less than that predicted this could be explained at the hand of post translational 

modification, in essence the sugarcane PFP subunits appear similar than that described for 

other plants especially that of tobacco which was employed as a model system later on in 

this study. 

The only direct way to investigate PFP’s contribution to phloem metabolism is to alter its 

activity by recombinant DNA technologies. Therefore, in the second part of the study 

transformation systems were designed for both the constitutive and phloem specific down- 

and up-regulation of PFP activity. For the down-regulation of activity a post transcriptional 

gene silencing system, i.e. a complementary strand intron hairpin RNA (ihpRNA) silencing 

system, was employed. A partial sequence of the PFP-beta subunit was isolated and used in 

vector construction. For the over-expression the Giardia lamblia PFP gene was used. The 

model plant tobacco was employed to investigate PFP’s effect on phloem metabolism and 

transport of assimilate. Transgene insertion was accomplished by means of Agobacterium 

mediated transformation and tissue specific manipulation of PFP activity was confirmed by 

in situ activity staining.  



iv 

 

A reduction of PFP activity in the phloem tissue had no significant effect on metabolism as 

no change in carbohydrate flux or other relevant metabolite levels was observed. However, 

increased PFP activity led to a reduced starch and a higher free hexose content in the 

insoluble fraction of the phloem enriched messophylias leave tissues analysed, this is 

indicative of more carbohydrate being loaded into the phloem. In the final section of this 

thesis a comprehensive discussion of the results obtained and its implications for sugarcane 

research is conducted. 
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OPSOMMING 

Die hoof doelwit van die werk wat in hierdie proefskrif beskryf word was om ons 

verstandhouding van die ensiem pirofosfaat: fruktose-6-fosfaat 1-fosfotransferase (PFP) in 

suikerriet te bevorder asook om PFP se rol in floëem metabolisme te ondersoek. PFP 

aktiwiteit in suikerriet internodale weefsel is omgekeerd eweredig aan die sukrose inhoud 

in variëteite wat verskil in hul kapasiteit on sukrose te akkumuleer. Hierdie oogeenlopende 

korrelasie is in duidelike verskil met vorige studies wat beweer dat PFP geen 

noemenswaardige rol in metabolisme speel nie. 

In die eerste deel van hierdie studie is ondersoek of suikerriet PFP verskil van ander plant 

spesie PFPs deur ŉ immunologiese karakterisering an die twee subeenhede van PFP te doen 

in terme van grootte en verspreiding. Beide die alfa en beta subeenheid vertoon ongeveer 

sestig kilo Dalton in grootte en het ralatief dieselfde verspreiding in al die suikerriet 

weefsels wat ondersoek is. Die waargenome grootte van die alfa subeenheid korreleer nie 

met die voorspelde grootte nie, maar dit kan moontlik verduidelik word deur die invloed 

van post translationele modifikasie. 

Die enigste direkte manier om ondersoek in te stel na PFP se bydrae tot floëem 

metabolisme is om die aktiwiteit te manipuleer deur middel van rekombinante DNS 

tegnologie. Om hierdie rede is daar in die tweede deel van die studie transformasie sisteme 

ontwikkel vir beide die konstituwe asook floëem spesifieke op- en af-regulering van PFP 

aktiwiteit. Vir die af-regulering is die post transkripsionele geen verdowings (PTGV) 

siteem van komplementêre string intron haarlus RNA (ihRNA) verdowing gebruik. ŉ 

Gedeeltelike DNS volgorde van die PFP beta-subeenheid is geïsoleer en gebruik in vektor 

konstruksie. Vir die oor uitdrukking is die Giardia lamblia PFP geen gebruik. Die tabak 

model plant is gebruik om ondersoek in te stel na PFP se bydrae tot floëem metabolisme en 

transport. Agrobakterium gemediëerde transformasie is toegepas om transgeen oordrag te 

bewerkstellig en weefsels spesifieke verskille in PFP aktiwiteit is besvestig deur in situ 

aktiwiteit vlekking. Die onderdrukking van PFP aktiwiteit het geen effek op metabolisme 

nie en geen verandering in koolhidraat fluks is waargeneem nie. Die verhoging in aktiwiteit 

het egter daartoe gely dat n verlaaging in stysel kontent en verhoging in vry heksose 
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waargeneem is in die floeëm verykde mesofiel weefsel wat ondersoek is, hierdie is 

aanduidend van meer koolhidraat wat in die floëem gelaai word. In die laaste deel van 

hierdie proefskrif word n deeglike hersiening van die resultate verkry en n bespreking van 

die implikasies daarvan op suikerriet navorsing deurgevoer.                                           .                                                               
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CHAPTER 1 

 

General introduction 

 

 

The term “sugarcane” refers to six species of perennial grasses of the genus Saccharum L. The four 

cultivated species are complex hybrids, and all intercross readily. All commercial canes grown 

today are inter-specific hybrids and the main product derived from these are sucrose (Wrigley 

1982).  The South African sugar industry is currently the world’s 8
th

 most cost-competitive 

producer of high quality sucrose and the world’s 12
th

 biggest producer overall. Based on revenue 

gained through sucrose sales the South African sugar industry is responsible for generating an 

average direct income of R6 billion and contributes an estimated R2 billion to the country’s foreign 

exchange earnings on an annual basis (www.sasa.org.za). The sugar industry is a major employer 

through cane production and processing, and in addition provides indirect employment through 

numerous support industries. Direct employment within the sugar industry is approximately 85 000 

jobs while the combined direct and indirect employment are estimated at 350 000 people and 

includes employment in rural areas. In addition there are approximately 47 000 registered cane 

growers and approximately one million people are dependent on the sugar industry for their 

livelihood (www.sasa.org.za). However due to the combined effect of emerging markets, trade 

restrictions and agricultural subsidies of developed countries as well as fluctuating sugar prices on 

the world commodity market, the South African sugar industry have to increasingly focus on more 

cost effective production mechanisms in order to protect the livelihoods of the South Africans that 

are dependent on the industry (www.sasa.org.za).  

Since the 1800’s increase in sucrose yield has been accomplished through conventional breeding 

programmes. The goal of any sugarcane breeding program is to put forth varieties that produce 

economically viable sucrose yields over several ratoons. Sugarcane is a highly polyploid, wind 

pollinated outbreeder. They are clonally propagated, highly heterozygous, and intolerant to 

inbreeding (Chapman 1996). Only approximately 1 in every 10,000 seedlings resulting from the 

thousands of crossings made annually is worth selection for trials, and less than 1 in 10 of these is 

likely to become a commercial variety (Wrigley 1982). In Australia varietal improvement has been 

estimated to have increased sucrose yield between 1 and 1.5% per annum over the last 50 years 

while maintaining disease resistance and sugar quality (Chapman 1996), but this relates more to 

increased tonnage per unit area than to increased sucrose content (Jackson 2005). Furthermore the 
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yields of modern varieties have reached a plateau due to the natural genetic potential for sucrose 

accumulation being exhausted (Grof 2001). 

In the recent decades advances in recombinant molecular biology have placed the researcher in a 

position to alter plants through genetic engineering. Increasingly biotechnology is being looked at 

as a new means of crop improvement over classical breeding.  

Sucrose metabolism has been studied extensively in sugarcane. The principal steps of sucrose 

synthesis and hydrolysis have been known for quite some time, however its complex regulation has 

not yet been fully elucidated and attempts to increase the sucrose content of sugarcane on a 

metabolic level through genetic modification haven’t yielded much promising results to date (Grof 

2001). Although the sugarcane plant operate as a whole it can be divided into two basic 

components i.e. the photosynthetic active source organs that are net exporters of carbohydrates and 

the sink organs that are net importers of carbohydrates, the phloem forms integral parts of both 

these components as well as connecting them. To achieve the ultimate aim of increasing the sucrose 

content in the sugarcane stalk, it is paramount to identify the principal rate limiting steps in the 

entire sucrose accumulating process from source to sink. Current research to improve the 

productivity of sugarcane has taken the viewpoint that yield is limited at the sink rather than the 

source level (Grof 2001). Therefore, an understanding of the mechanism and energetics of sucrose 

allocation to the sink organs becomes essential.  

The phloem of the vascular system in higher plants interconnects sink and source regions and is 

responsible for the transport of photo-assimilate between them. Phloem transport is central to the 

redistribution and allocation of photo-assimilates and other nutrients in source-sink relationships. 

Understanding how the allocation and partitioning of photo-assimilates and nutrients via phloem 

transport is controlled, will provide clues as to how this could be modified at genetic level to 

achieve improved plant properties such as growth and nutrient quality (Wardlaw 1990). 

One metabolic step in the primary carbohydrate metabolism of plants believed to be a principle rate 

limiting step between net gycolytic and glyconeogenic flux, is that of pyrophosphate: fructose 6-

phosphate 1-phosphotransferase (PFP) (Plaxton 1996). PFP, in combination with ATP dependent 

phosphofructo kinase (PFK) and fructose 1,6-bisphosphatase (FBPase) catalyses the inter 

conversion of fructose-6-phosphate (Fruc-6-P) and fructose 1,6-bisphosphate (Fruc-1,6-P2). This 

represents the first committed step towards glycolysis and is the pivot of carbohydrate metabolism 
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relative to respiration and gluconeogenisis. The reaction PFP catalyses is readily reversible and is 

thought to be close to equilibrium in most tissues, PFP can thus catalyse a net flux towards either 

glycolysis or gluconeogenesis (Plaxton 1996).  

PFP is also linked to pyrophosphate (PPi) metabolism as it uses PPi instead of ATP to 

phosphorylate Fruc-6-P (Reeves et al. 1974). PPi metabolism has been shown to be essential for 

proper phloem function (Jelitto et al. 1992; Sonnewald 1992; Geigenberger et al. 1996). The 

phloem is also representative of a tissue with high metabolic demands and has a proneness to 

hypoxia (van Bel et al. 2000), conditions that have been implicated in the proposed roles for PFP. 

So, PFP seems to be tailor made for the phloem. 

In sugarcane there is an inverse relationship between sucrose content and PFP activity in the stalk 

(Whittaker et al. 1999). Despite its apparent importance in sugarcane, results from transgenic 

tobacco and potato plants with down-regulated PFP activity suggest that PFP does not play a 

significant role in primary carbohydrate metabolism because no significant changes in phenotype 

was observed (Hajirezaei et al. 1994; Paul et al. 1995; Nielsen et al. 2001). Similarly, the 

constitutive over-expression of  a non-regulated PFP in tobacco plants did not cause a dramatic 

phenotypic effect (Wood et al. 2002a; Wood et al. 2002b). Several explanations were put forward 

including that the enzyme is redundant but also perhaps that due to the reversible nature of the 

reaction catalysed by PFP, tissue specific results may have been lost in the amalgamated effect of 

sampling and the constitutive nature of the genetic manipulations employed in these studies. 

Thus a closer look at PFP is necessitated to elucidate its precise contribution to metabolism in a 

tissue specific manner. The main aim of this study was twofold. First in line is to further our 

understanding of PFP in sugarcane by conducting an immunological characterisation of both 

subunits of sugarcane PFP in terms of size and distribution to establish whether it differs from other 

model plant PFPs later employed in this study. This is supplementary to previous work carried out 

with respect to metabolic and immunological characterisation of sugarcane PFP (Groenewald et al. 

2007). The second part of this study was aimed at investigating PFP’s contribution to phloem 

metabolism and to establish whether it impacts on the active loading/unloading of photo-assimilate. 

For this the model plant tobacco was used. Phloem loading and transport is largely conserved and 

operate by the same mechanism in both tobacco and sugarcane (Lalonde et al. 2003; Botha et al. 

2004 ).  
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. 

To conclude, a brief overview of the aims and outcomes of the chapters in this thesis is presented. 

Chapter 2: Literature review 

Aim: To present a detailed background of phloem physiology and metabolism as well as that of 

PFP. The possible implications of the manipulation of PFP activity on phloem metabolism are also 

discussed. 

Outcomes: A Literature overview is presented and two hypotheses are put forward that serve as the 

basis for the experimental work conducted in this study. 

Chapter 3: Immunological characterisation of the Alpha (α) and Beta (β) subunits of sugarcane 

pyrophosphate: fructose-6-phosphate 1-phosphotransferase (PFP). 

Aim: To generate antisera specific to the two subunits of sugarcane PFP and conduct an 

immunological characterisation and see how it relates to other plant systems. 

Outcomes: The two subunits of sugarcane PFP both appear to be sixty kilo Daltons in size and 

uniform in distribution relative to each other throughout sugarcane. Similar results were obtained as 

for other plants. 

Chapter 4: Development and characterisation of transgenic systems for the manipulation of PFP 

activity in tobacco plants. 

Aims: To develop transformation systems for both the up- and down-regulation of PFP activity in a 

constitutive or phloem specific manor in tobacco. 

Outcomes:  A partial sequence of the tobacco PFP β-subunit was isolated and used for the 

construction of intron hairpin RNA (ihpRNA) mediated silencing vectors. For the constitutive 

expression the CamV35S promoter was used whilst for phloem specific expression the RolC 

promoter was used. For the over-expression the Giardia lamblia PFP gene was used. Vectors were 

constructed for Agrobacterium mediated transformation.  

Chapter 5: Investigating the role pyrophosphate: fructose 6-phosphate 1-phosphotransferase (PFP) 

plays in phloem loading and unloading in tobacco plants. 
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Aim: To investigate whether PFP plays a role in the active loading and unloading of photo-

assimilate in the phloem of tobacco. 

Outcomes: Transgenic plants with phloem specific up- and down-regulated PFP activity were 

obtained. The phloem specific down-regulation of PFP did not result in any metabolic phenotype 

but the phloem specific over-expression resulted in more carbohydrate being loaded into the 

phloem indicating that PFP contributes to the energetics of active loading in the phloem. 

Chapter 6: General discussion and conclusion 

Aim: To integrate and discuss the results of the experimental chapters and to highlight the 

significance of the findings. 

Outcomes: PFP contributes to phloem metabolism in that it affects the energy status of the cells 

through regulating carbohydrate flux towards respiration. 
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CHAPTER 2 

Literature review 

 

I#TRODUCTIO# 

The phloem of higher plants consists of specialised cells of which the primary function is the 

loading, transport and unloading of photo-assimilate from source to sink tissues. The driving 

force for the mass flow of assimilates is generated by energy dependent uptake and release 

which intricately links the metabolism of phloem tissue to sink-source relations. PFP forms 

part of the primary carbohydrate energy metabolism. Numerous potential roles has been 

proposed for the cytosolic enzyme PFP but as of yet, no clear physiological role has been 

assigned to it. The possibility exists that PFP could contribute to phloem metabolism in a 

significant way due to the physiological characteristics of the transport tissue which relates to 

PFPs abillity to utilise PPi as an energy donar instead of ATP. 

Below is a review of the physiology and metabolism of phloem transport, which includes the 

uptake and release of photosynthate, its regulatory characteristics and the different 

mechanisms resulting in a mass flow. A possible role for PFP in the partitioning of 

carbohydrate between respiration and sucrose synthesis relative to phloem transport is also 

discussed. Two hypotheses are put forward during the course of this review which serves as a 

basis for later experimental procedure and investigation. 
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THE LOADI#G A#D U#LOADI#G OF ASSIMILATE I# THE PHLOEM  

The plant vascular system: xylem and phloem 

Plants are dependent on the fixation of carbon (C) from the atmosphere and the absorbsion 

of nitrogen (N) and minerals from the ground. In vascular plants, requirements for the 

nutritional interdependence of soil and aerial organs were met by evolving the specialised 

conducting tissues i.e. the phloem and xylem. Plants absorb N from the soil in the form of 

NH4
+
 and NO3

-
. The N is reduced and assimilated into N compounds in the root with 

carbon supplied via the phloem, or alternatively it is transported to the leaf mesophyll cells 

via the xylem where it is then assimilated. Xylem is a capillary continuum from root to 

shoot consisting of a network of dead cell tubes and thus forming a super apoplast within 

the living plant axis. The driving force for xylem is principally the suction generated by 

transpiration which is a consequence of open stomata (Raven 1977). 

Atmospheric carbon dioxide (CO2) is fixed in the leaf mesophyll cells by the process of 

photosynthesis. The C is then transported to sink regions via the phloem. The phloem is a 

mass flow continuum consisting of sieve element (SE) and companion cell (CC) complexes 

and forms a network of super symplastic living cell tubes that stretches from source to sink 

regions (Raven 1977). The most favoured hypothesis for phloem transport is that of mass 

flow through the sieve tube lumen, i.e. ‘Münch pressure flow’, which requires a hydrostatic 

pressure gradient along the lumen (Münch 1930).  

Thus, while the apoplastic xylem flows under tension, the symplastic phloem flows under 

pressure. The two conduits are in close proximity in the vascular strands and although 

limited active controlled transmembrane exchange of solutes do occur via inter-connective 

parenchyma cells, their different transport integrities are kept intact. Since xylem flow is 

towards the point of evaporative water loss, most xylem-borne N enters the leaf apoplast 

close to these sites, where phloem transport is then required to redistribute N containing 

compounds to weakly transpiring growth centers. The form in which N assimilate is 

transported is diverse and differs from species to species, but commonly aspartate and 

glutamate along with their corresponding amides, are the principle forms (Delrot et al. 
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2001). In comparison, sucrose is by far the predominant form in which C is transported. By 

day, triose phosphates (TP) are released from the chloroplast into the cytosol of the 

mesophyll cells, whereas glucose is released during the night from amolytic turnover. In 

both cases the released C is interconverted into sucrose which is then loaded into the 

phloem for transport. 

A brief review of Phloem function 

The principle function of the phloem is the transport of assimilate to the plant organs where 

it is needed, but a pressure-driven mass flow system also provides a good opportunity for 

all kinds of components to be transported over long distances in the plant. A number of 

signalling substances, transported in minor quantities, play a major role in the integration of 

the functioning, growth and development of the plant, especially with regards to sink: 

source relations. Phytohormones are thought to induce gene expression in distant tissues 

(Ziegler 1975). Transported secondary product can engage in defense against pest and 

predators (Ryals et al. 1996). Transported RNA is thought to influence distant gene 

expression (Ruiz-Medrano et al. 2001) and carbohydrates themselfs exert control on remote 

gene expression, i.e. sugar sensing (Smeekens 2000). 

 The Münch bulk pressure flow hypothesis 

According to the concept of Ernst Münch, the phloem system makes use of a turgor 

gradient along the sieve tubes as the driving force for mass flow. High turgor values 

resulting from assimilate accumulation by collection phloem at the source end, propel the 

sieve tube sap toward sites of low turgor values, caused by the escape of assimilate and the 

corresponding loss of water from the release phloem at the sink end. How the structural and 

functional properties of the phloem contribute to bulk flow is formalised in the pressure 

flow hypothesis (Münch 1930). The product of volume flux (Jv), path cross-sectional area 

(A), and concentration (C) of a transported assimilate determines bulk flow rate (Rf, 

Equation 1). Jv is determined by the product of hydrolytic conductivity (Lp) of the axial 

phloem path and hydrostatic pressure differences between source and sink ends of the path 

(Psource –Psink, Equation 2): 
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Rf = JvAC                                     (Equation 1)  

Jv = Lp(Psource – Psink)   (Equation 2) 

Hydrolytic conductance (LpA) of the sieve tubes do not limit transport rates in vivo 

(Wardlaw 1990). Thus, bulk-flow rates are modulated by assimilate concentration and 

hydrostatic pressure differences. Hence assimilate loading and unloading of the SE/CC 

complex play central roles in phloem transport as loading determines Psource and C, and 

unloading determines Psink. Together with potassium (K
+
) (Patrick et al. 2001), sugars and 

amino N compounds are the principal osmotic components of phloem sap and hence impact 

on the rate of phloem transport and assimilate partitioning. 

Transport mechanism:  Symplastic and Apoplastic transport 

Exchange of sugars and amino acids between the phloem and its surrounding tissues have 

been shown to occur via plasmodesmata (Pd) between cell cytosols (symplastic 

loading/unloading), and/or across plasma membranes via intervening cell walls (apolastic 

loading/unloading) (for review see van Bel 2003). Pd are channels that span the cell wall 

and thus linking the cytoplasm of adjacent cells. Symplastic transport is the movement of 

solute down a concentration gradient. Symplastic transport between non-sieve element cells 

is likely to be rate limited by the conductance restrictions of Pd pores.  

Transport across membranes is facilitated by channels, transporters and pumps. If transport 

is against the concentration gradient it is active (requires energy), and if it is with the 

concentration gradient it occurs through facilitated diffusion. Apoplastic transport will be 

limited by the Michaelis-Menten kinetics of their respective carrier-mediators. Active 

sucrose transport over the SE/CC complex plasmamembrane are mediated by 

sucrose/proton symporters (SUTs) (Riesmeier et al. 1994; Barker et al. 2000; Weise et al. 

2000). Sucrose symporters are co-localized in the plasma membrane with H+-ATPase 

pumps that generate the required proton motive force (pmf) for symport (Bouche-Pillon et 

al. 1994). Amino acid loading against the concentration gradient is also vacilitated by H
+
-

coupled symports. For proton-coupled transport, maximal velocity will be influenced by the 
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electrochemical gradient of protons across the membrane (for review see Lalonde et al. 

2003). 

Phloem regions 

Phloem systems are comprised of three sequential sectors, each of which executes a 

specific task as described by van Bel (1996). In the first place the phloem collects photo-

assimilate in mature leaves (collection phloem), then distributes photo-assimilate between 

the centres of growth and storage via the phloem vein network (transport phloem), and 

finaly releases photo-assimilate into expanding or accumulating cells of the various sinks 

(release phloem). These regions differ in their transport mechanisms and their functional 

physiology. 

Collection phloem 

The primary function of collection phloem is the loading of assimilate, reflective of this is 

the high volume ratios of CCs to SEs which is related to the high energy requirements for 

active loading (van Bel 1996). Minor veins are considered to be the major site of SE/CC 

loading of photo-assimilate in source leaves. A number of structural features of minor veins 

are considered to facilitate phloem loading. These include (i) their proximity to all 

mesophyll cells, i.e. a 2-3 cell diameter; (ii) collection length per unit leaf area is an order 

of magnitude greater than those of higher order veins; (iii) bigger CC diameters compared 

to transport and release phloem and (iv) the strong expression of low affinity/high capacity 

sucrose transporters (SUT4) in the minor veins of some plants (van Bel 1996; Weise et al. 

2000).  

Collection phloem and photo-assimilate loading 

Phloem loading is considered to include transport of assimilates from their cellular sites of 

acquisition/storage to the lumen of the SE/CC complexes, and thus typically involve both a 

symplastic and apoplastic step. There is a general acceptance that sugars and presumably 

amino acids move symplasticly from mesophyll cells, down a concentration gradient, to the 

bundle sheath cells (BSC) and/or phloem parenchyma cells (PPC) next to the SE/CC 
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complex (van Bel 1993; Turgeon 2000). From these cells, photo-assimilate are either 

transferred to the acidic apoplast and subsequently loaded into the SE/CC complex through 

SUTs against the concentration gradient, or loaded symplastic through a special symplastic 

mechanism with the concentration gradient (Riesmeier et al. 1994).  

In spite of limited functional plasmodesmata connections between SE/CCs and phloem 

parenchyma in most plants, no mechanism has been identified whereby purely symplastic 

loading from mesophyll into the sieve tube could operate against the high concentration 

gradients between them, viz. 1-20 mol m
-3

 in mesophyll cytoplasm to 500-1000 mol m
-3

 in 

the sieve tube lumen. A complex “polymer trap” hypothesis has been proposed. According 

to the hypothesis, intermediary cells are symplasticly connected to mesophyll cells and 

convert acquired sucrose to alternate oligosaccharides, mostly of the raffinose (RFO) kind 

or its intermediaries, which in turn cannot diffuse back to the mesophyll due to membrane 

transport exclusion by the Pds (Turgeon et al. 2001). RFOs are then loaded symplastic 

down a concentration gradient into the sieve tube. This has been proven in only a limited 

number of species, e.g. in the genus Cucurbitaceae, Lamiaceae and some members of the 

Scrophulariaceae. Therefore sugars are concentrated in the SE/CCs not by active transport 

but by the energy used to synthesise raffinose family oligosaccharides (Turgeon et al. 

2001). However, in Alonsoa meridionalis, a symplastic loader, which mainly transports 

raffinose and stachyose, sucrose accumulates in the phloem to concentrations much higher 

than that of the mesophyll and SUT gene expression has been established in the CCs, 

indicating a dual fashion of phloem loading (Knop et al. 2001). This poses the question of 

whether both types of assimilate transport could operate in parallel and increase total 

transport capacity, thereby overcoming possible transport limitations of photosynthesis. 

Recently, it has also been shown that low-molecular-weight compounds can be synthesised 

in companion cells and enter the translocation stream for transport and plants are thus 

capable of transporting other forms of carbon than sucrose (Ayre et al. 2003).  

The evidence for apoplastic SE/CC loading in most source leaves is overwhelming. The 

insertion of an apoplastic yeast invertase gene in tobacco and the antisense repression of 

SUT’s impaires sucrose uptake by the collection phloem (Riesmeier et al. 1994; Kuhn et al. 
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1996; Lemoine et al. 1996; Schulz et al. 1998; Gottwald et al. 2000). The apoplastic 

invertase hydrolyses the sucrose and therefore reduces the available sucrose for transport by 

the SUTs. Blockage of phloem loading leads to a massive increase of soluble sugars and 

starch in the mesophyll. Also, through membrane transport inhibitors, evidence for 

apoplastic loading into the SE/CC complex have been obtained for a wide range of species 

that include monocots and dicots. In both sugarcane and tobacco apoplastic phloem loading 

have been established as the loading mechanism in source leaves (Lalonde et al. 2003; 

Botha et al. 2004).  

Control of phloem loading in collection phloem 

Control of phloem loading in collection phloem could be exercised on any component of 

assimilate movement from the mesophyll cytoplasm to the SE/CC complex lumen of the 

minor veins. Feedback from sink tissues can also effect regulation through sugar sensing 

and signal molecules operating through a cascade of signaling networks (Rolland et al. 

2002). Apoplastic phloem loading may be rate limited by symplastic delivery, either 

through supply or Pd conductance, this is consistent with flux control analysis that some 

80% of the control of photo-assimilate transport in potato plants are upstream of the efflux 

of sucrose to the leaf apoplasm (Sweetlove et al. 2000). However, the linear relationship 

between sucrose synthesis and export breaks down under elevated CO2 levels, and in some 

plants control better conforms to facilitated membrane transport (Komor 2000). Together, 

these observations suggest that control of loading in source leaves could vary according to 

the physiological state of the leaf. 

It is thought that sucrose concentrations in the apoplasm is likely to saturate the sucrose 

symporters, and therefore regulation of apoplastic loading must be mediated through 

alterations in protein membrane transporter levels (van Bel 1993). In peach an increase in 

sink demand accounts for changes in maximum velocity of export (Moing et al. 1994). In 

this context, symporter activity could be regulated by sucrose pool sizes responding to 

changes in sink: source ratios. Phytohormones also function as a source: sink signal and 

interact with the sugar signaling pathways (Paul et al. 2001). These molecules can up- and 

down-regulate phloem loading of sucrose possibly through alterations in SUT expression 



14 

 

levels. Rapid alterations in sink demand can be transmitted to the source leaves through 

turgor differences (∆P) (Equation 2). Turgor regulation of the H
+
ATPase activity provides a 

common mechanism to control amino acid and sucrose loading by changing the pmf, and is 

achieved by phosphorylation / dephosphorylation of the protein (for review see van Bel 

2003). 

Transport phloem 

Transport phloem in veins, stems and roots make up the major part of the phloem stretch. 

A more dynamic concept of mass flow, the so called ‘volume flow’ model, states that sieve 

tubes are essentially leaky and that solute and solvent are lost and retrieved along the sieve 

tubes. Its validity was demonstrated when experiments showed that 6% of photo-assimilate 

is lost and 3.4%  retrieved every centimeter along the phloem pathway in bean (Phaseolus 

vulgaris) (Minchin et al. 1987). The retrieved photo-assimilate is often converted to other C 

intermediaries which can impact on concentration differences along the pathway. Transport 

phloem could therefore influence the ∆P (Equation 2) of photo-assimilate between sink and 

source. Nevertheless, the broad and basic concept of the Münch model holds true. These 

findings do indicate that transport phloem has a dual function, i.e. the transport of 

assimilate from sink to source and the continual unloading and reloading of assimilate. The 

unloaded assimilate is also used for the maintenance and growth of the vascular tissue, e.g. 

cambium. The lower CC to SE volume ratio might be related to the lower energy 

requirements of transport phloem (van Bel 1996). 

Transport phloem: the loading and unloading of assimilate  

Plasmodesmata connections between transport phloem SE/CC and PPC has been shown to 

be virtually closed under normal conditions and are thought to play a role in sink-limiting 

conditions when PPC act as storage cells for excess photo-assimilate, and also in 

sink/source transitions (Patrick et al. 1996; Roberts et al. 2001). Unloading therefore occurs 

mainly through facilitated movement down the concentration gradient and reloading is 

active against the gradient requiring SUTs and H
+
ATPases. 
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Control of Transport phloem 

Transport phloem can be seen as a hybrid between collection and release phloem. The 

continual active loading of photoassimilate will be governed by their transporter activities, 

capacity and the pmf driving them. In accordance to the Münch model, the rate of transport 

in transport phloem will be determined by turgor differences in the collection en release 

phloem respectively. 

Release phloem 

At sinks, assimilate moves from the SE/CC complex to the sites of utilisation/storage. Thus 

phloem unloading includes transfer across the SE/CC complex boundary (sieve element 

unloading), and cell to cell transport to their sites of utilisation/storage (post-sieve element 

transport). In release phloem, CCs only partly cover the SEs or are missing at all, this may 

be related to the low energy requirements of the SE/CC complex in release phloem, in 

comparison to that of collection and transport phloem (van Bel 1996). 

Release phloem and the unloading of photoassimilate 

Structural precedents exist for symplastic unloading in all sink types (Lalonde et al. 2003). 

At sink tissues, assimilate moves from a higher concentration to a lower concentration and 

unloading might be wholly symplastic and directly into the recipient cells. Pds therefore 

interconnect non-phloem tissue with proto-phloem SE/CC complexes in the root apices and 

sink leaves, and with meta-phloem SE/CC complexes in storage sinks. Photo-assimilate 

appear to follow these symplastic routes of phloem unloading in root apices and expanding 

leaves of monocots and dicots as unloading is found to be insensitive to the membrane 

transport inhibitor PCMBS (Lalonde et al. 2003).  

In some cases symplastic transport can be interrupted by an apoplastic step in the post-sieve 

element pathway. This occurs where photo-assimilate transport takes place across genome 

interfaces (biotrophic relationships; host/parasite; maternal/filial generations), and in sinks 
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accumulating osmotica at high concentrations, e.g. sugarcane (Patrick 1997). If this 

transport is against the concentration gradient it will be carrier mediated and energy 

dependent. It should be reiterated that apoplastic transport happens in the post-sieve 

element and is not a part of sieve element unloading (symplastic), and thus will not be 

dependent on SE/CC energetics. Irrespective, a component of phloem unloading from the 

SE/CC complex to the apoplasm will be driven by large transmembrane sucrose 

concentration differences, but in most sinks this flux is predicted to be small (Patrick 1990).  

Control of phloem unloading in Release phloem 

Symplastic unloading is down a concentration gradient. A concentration gradient of a major 

osmotic solute will translate into an osmotic gradient. Thus, symplastic unloading will 

include diffusion and bulk flow components and their relative contribution will depend on 

path conductance and driving force for each mechanism. Both diffusion and bulk flow are 

linked to metabolism and intracellular compartmentation through the activities of these 

processes determining cytosolic concentration of N compounds and sucrose in sink cells 

(Lalonde et al. 2003). The ability of the plant to create a concentration gradient in the post-

sieve element pathway, between SE unloading and post-SE ‘unloading’, is what determines 

sink strength. Photo-assimilate import responds positively to down regulation in sink cell 

turgor pressure in roots and stems (Fisher et al. 1996). The rate of symplastic flow will also 

depend on the Pd conductance, and it is thought that Pd connectivity and width act as an 

control of sink strength (for review see Lalonde et al. 2003).  

With regards to apoplastic unloading/loading in the post-sieve element, extra-cellular 

invertase are commonly linked with cell sinks (Roitsch et al. 2004). To date no putative 

photo-assimilate post-SE effluxer has been isolated and functionally characterised. 

Apoplastic invertase can maintain large transmembrane concentration differences of 

sucrose by hydrolysing it to glucose and fructose, therefore enhancing the rate of diffusion 

and also preventing it from being reloaded into the SE/CC complex by SUTs. But in 

modelling experiments it is hypothesised that reducing the high apoplastic sucrose 

concentration from a 100 mM to zero will only increase transmembrane concentration 

differences across the SE/CC complexes by 30%, against a average phloem sap sucrose 
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concentration of 300 mM (Patrick 1997). A more primary role of extra-cellular invertase 

may be to double the osmotic contribution of unloaded sucrose to apoplastic osmotic 

pressures that affect sieve element turgor and hence rates of photoassimilate import 

(Roitsch et al. 2004). This function would include all phloem-transported solutes and 

would apply equally to all sinks, irrespective of their primary pathway of unloading as it 

influences bulk flow. Extra-cellular invertase could therefore act as a modulator of sink 

strength. In many sinks entry into storage phase is accompanied by developmental down-

regulation of extra-cellular invertase and sucrose is taken up intact (Patrick 1997; Zhu et al. 

1997).  

The bulk flow component of sieve element unloading raises two problems in storage sinks, 

i.e. (i) separating the assimilate from the incoming water flow and, (ii) where osmotically 

active solute accumulate to such a high concentration in the apoplast that the differences in 

P between sieve element apoplasm and sink cell apoplasm could be attenuated (Patrick et 

al. 1996). A solution to this latter predicament is the anatomical separation of the vascular 

and sink cell apoplasm by wall deposits of solute impermeable encrustations in cells 

surrounding the vascular bundles where active loading into storage cells is applicable. As a 

consequence, vascular and sink cell turgor are independently regulated by adjustments in 

their apoplastic sap osmotic pressures. This is the mechanism by which phloem unloading 

in the post-sieve element in sugarcane acts (Walsh et al. 2005). 

The sieve element / companion cell complex 

Translocation in the opposite direction of transpiration required the retention of the plasma 

membrane in order to generate the energy dependent osmotic gradient. Sieve element and 

companion cells develop from the same precursor cells. One daughter cell develops into 

one or several metabolically hyperactive CCs possessing a dense cytoplasm and numerous 

mitochondria. The other daughter cell goes through a controlled ‘programmed cell semi-

death’ (van Bel 2000). The SE cytoplasm is reduced to a thin layer against the cell wall and 

is composed of basic metabolic machinery, phloem specific plastids and phloem proteins. 

Sieve element plastid function is obscure but might serve as storage units and/or starch 

could be involved in wound induced occlusion of the sieve plates (van Bel 2000). The 
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phloem specific proteins cover a wide range and are involved in basic C metabolism, 

transport and wound occlusion. The degree to which the SE is covered by the CC differs, 

and the SE plasmamembrane is often in direct contact with the apoplast. There is believed 

to be an equal distribution of SUTs and H
+
ATPase pumps between the CC and SE 

plasmamembrane in these regions. All gene expression and synthesis take place in the CC. 

The SE thus depend heavily on the CC for macro-molecule synthesis and import (for 

review see Van Bel 2003). In addition to macro-molecular support, the SE also needs 

permanent input of energy to ensure its viability. Sugar metabolism and the associated 

energy production of the CC have a dramatic impact on the physiological fitness of the 

SE/CC complex (Van Bel 2003). 

PYROPHOSPHATE METABOLISM A#D ITS IMPLICATIO#S FOR PHLOEM 

TRA#SPORT 

Pyrophosphate as an alternative energy source to ATP in plants 

It was first suggested in the mid-1960s that pyrophosphate (PPi) could possibly have acted 

as a high energy bond donor in primordial earth and that contemporary primitive organisms 

might have retained the ability to employ inorganic PPi as a high energy compound 

(Lipman 1965).  Suggestions that PPi could act as a energy source later found support in 

the discovery of  a phospho-fructokinase in Entamoeba histolytica that is dependent on PPi 

and not ATP to synthesise fructose-1,6-bisphosphate (Fruc-1,6-P2) from fructose-6-

phoshate (Fruc-6-P) (Reeves et al. 1974). In later years the PPi utilising and related sucrose 

hydrolysis and synthesis enzymes were discovered in plants and pyrophosphate: fructose-6-

phosphate 1-phosphotransferase (PFP) (EC 2.7.1.90) (Reaction 3), UDP-glucose 

pyrophosphorylase (UGPase) (EC 2.7.7.9) (Reaction 5), sucrose synthase (SuSy) (EC 

2.4.1.13) (Reaction 4) and the vacuolar pyrophosphate-H
+ 

pump (EC 3.6.1.3) (vH
+
PPase) 

are now thought to be ubiquitous in higher plants and often present at high concentrations 

(for review see Stitt 1998).  

Fructose 6-phosphate + PPi ↔ fructose 1,6-bisphosphate + Pi     ∆G
o
´= approx. - 3 kJ mol

-1 (3) 

Glucose 1-phosphate + UTP ↔ UDP-glucose + PPi                     ∆G
o
´= approx. - 3 kJ mol

-1 (4) 
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Sucrose + UTP ↔ UDP-glucose + fructose                                    ∆G
o
´= approx. - 4 kJ mol

-1 (5) 

Sucrose + H2O → glucose + fructose                                            ∆G
o
´= approx. - 40 kJ mol

-1 (6)                                           

Pyrophosphate is produced as a by-product in the activation and polymerisation steps of a 

wide range of biosynthetic reactions, and is usually hydrolysed by soluble pyrophosphatase 

(PPase) to make these reactions irreversible (Stitt 1998). In animals and in plant plastids 

this results in low levels of PPi, however in the plant cytosol there are no soluble PPases 

resulting in a large pool of PPi (Gross et al. 1986; Weiner et al. 1987). The estimated in 

vivo free energy of hydrolysis for PPi is about half that of ATP (Weiner et al. 1987; Davies 

et al. 1993). Cytosolic PPi could therefore act as an energy donor for vacuolar energisation 

through the vH+PPase pump, sucrose degradation via SuSy and UGPase activity and entry 

into glycolysis via PFP (for review see Plaxton 1996). 

Determining the contribution these PPi utilising enzymes actually make to metabolism is 

difficult due to the following, (i) all the reactions runs in parallel with ATP-utilising 

proteins catalysing the same resulting reactions, SuSy/UGPase/fructokinase vs. invertase; 

PFP vs. phospho-fructokinase (PFK) and vH+PPase pump vs. ATP-H+ pump. (ii) The PPi 

utilising reactions are close to equilibrium in vivo (Weiner et al. 1987; Davies et al. 1993; 

Geigenberger et al. 1993), and it is not always clear whether they run in parallel or in 

opposite directions of the ATP utilising reactions. In general estimations based on 

metabolite levels involve assumptions about intra and sub-cellular compartmentation 

therefore making it difficult to determine which way the enzymes operate. However the 

reaction catalysed by SuSy, UGPase and PFP are close to equilibrium in phloem sap, where 

the influence of compartmentation is negligible (Geigenberger et al. 1993). Also, 

supporting evidence for near equilibrioum in other cell types are that there is substantial 

metabolite cycling through the PFP (Hajirezaei et al. 1994b) and SuSy (Geigenberger et al. 

1997) catalised reactions. Together these findings imply that PPi metabolism could 

contribute to the flexibility of plant metabolism (Stitt 1990). 
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The energetics of pyrophosphate metabolism 

When sucrose is mobilised via SuSy and UGPase, the UTP formed in the gluconeogenic 

reaction catalysed by UGPase can be converted to ATP by a cytosolic nucleoside 5-

disphosphate kinase, and used to phosphorylate fructose (Dancer et al. 1990). In this way 

energy in the (1-2) glycosidic bond of sucrose is largely conserved as two phospho-ester 

bonds. If the hexose phosphate is then further metabolised to triose phosphates (TP) via 

PFP, the conversion of one molecule of sucrose to four molecules of TP, cost just two 

molecules of PPi. This compares favorably with the energy requirement of three ATP 

molecules when a molecule of sucrose is converted to four molecules of TP via invertase, 

hexokinase and PFK. The PPi dependent route will double the net ATP yield during 

fermentation and will also greatly reduce the ATP requirement when sucrose is converted 

to starch-, cell wall-, protein- and lipid-components (Stitt 1998). The relative contribution 

of neutral invertase and SuSy in cytosolic sucrose breakdown is still debated. Although the 

reaction catalysed by SuSy is readily reversible the expression of SuSy and UGPase is high 

in metabolically active tissues where the demand for sucrose breakdown is highest and it is 

believed that this is the dominant sucrose breakdown mechanism in these tissues (for 

review see Plaxton 1996). 

The phloem as a hypoxic environment and a possible role for pyrophosphate 

In contrast to animals, plants lack specialised systems for oxygen distribution. Oxygen 

moves by diffusion from the air (21% [v/v] oxygen) through apertures in the epidermis and 

intercellular air spaces within the tissue. The absence of a specialised system for oxygen 

delivery is not considered to be a major problem for plant growth and metabolism because 

of the high surface-to-volume ratio of plants and their lower respiration rates per unit 

volume compared to animals, due to large vacuoles (van Bel 2000). 

It has been suggested frequently that phloem tissue might be hypoxic (for review see van 

Bel 2000). The biochemical and morphological characteristics within the phloem could lead 

to oxygen deficiency. The phloem represents a specialised transport tissue with high 

metabolic activity and high respiration rates  in order to provide ATP for active transport of 

sucrose and this will result in high local rates of oxygen consumption (Geigenberger et al. 
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1993b; van Bel et al. 2000). Oxygen access might also be restricted because it is a rather 

dense tissue with little intercellular spaces or vacuoles (Behnke et al. 1990). Hypoxia is 

accompanied by adaptive changes in metabolism including a partial inhibition of 

respiration, a decrease in the cellular energy status, and inhibition of a wide range of energy 

consuming metabolic processes (Geigenberger et al. 2000). Provided that adequate PPi is 

available, the substituting reactions of SuSy/UGPase, PFP and to a lesser extent vH
+
PPase 

would allow ATP to be conserved, and therefor allow oxygen consumption to be decreased 

and prevent the tissue from becoming anoxic (Geigenberger et al. 2000). There is 

correlative evidence supporting the role of PPi metabolism in anaerobic conditions. PPi is 

maintained at a high level under hypoxic conditions, in contrast to the progressive decrease 

of the energy status of the adenine, uridine, and guanine nucleotide systems (Stitt 1998). 

Hypoxia leads to an increase of vH
+
PPase (Carystinos et al. 1995),  PFP (Mertens et al. 

1990) as well as SuSy activity (Guglielminetti et al. 1995). Also metabolic cycling through 

PFP increases in banana (Hill et al. 1995), and inhibitors of vH
+
ATPase lead to vacuolar 

acidification in air but not in anaerobic conditions (Brauer et al. 1997). The reversibility of 

the PFP reaction and the observation that PFP and SuSy activity is often high in the same 

tissue, has also prompted the proposal that PFP could contribute to the regulation of PPi 

concentration. PFP could operate in a cycle with PFK to produce the PPi that is necessary 

to mobilise sucrose via SuSy and UGPase (for review see Stitt 1998). Another exciting 

prospect is that H+PPase could be involved in the energisation of the plasma membrane in 

the SE/CC complex by using PPi as an energy source to generate the pmf for apoplastic 

sucrose transport. Immunolacolisation studies have shown a H
+
PPase in the plasma 

membrane of SE/CC complexes in Ricinus communis (Long et al. 1995). 

Decreasing the PPi energy status of the Sieve element / Companion cell complex 

Perhaps the best evidence for PPi’s role in phloem metabolism comes from the introduction 

of a cytosolic PPase into the SE/CC complex. Initially Escherichia coli PPase was 

constitutively expressed in the hope that a shift towards sucrose production via SuSy and 

UGPase would increase net yield (Sonnewald 1992). However it was found sugar 

metabolism and partitioning was altered in tobacco and potato plants to the negative of 

yield. The effects in these plants are dramatic and they have an increased ratio between 
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soluble sugars and starch. Sucrose and UDP-glucose (UDPGluc) accumulate in the leaves 

while hexose phosphates and glycerate 3-phosphate (gly-3P) content are reduced. The 

plants also showed stunted growth (Jelitto et al. 1992; Sonnewald 1992). It was 

hypothesised that insufficient energy was available to sustain proton extrusion, responsible 

for the energisation of carrier-mediated uptake and retrieval of sucrose by the SE/CC 

complex. By removing the PPi necessary for the conversion of UDPGluc to glucose-1-

phosphate (Gluc-1-P) via UGPase, the equilibrium reaction catalysed by SuSy shifted 

towards sucrose production and inhibited its breakdown. As a result glycolytic flux was 

blocked and production of ATP reduced. In a followup study the experiments were repeated 

but instead of using the constitutive promotor CamV35s, the CCs specific promotor rolC 

was used (Geigenberger et al. 1996). Synthesis of the PPase gene is therefore restricted to 

the SE/CC complex. The phenotypic results in the original experiments were reproduced 

and it was found that phloem loading of not only sucrose, but also amino acids were 

impaired to a high extent, and assimilate loss in transport phloem was observed 

(Geigenberger et al. 1996). The study was taken a step further by the creation of a double 

transformant after the introduction of a rolC CC specific cytosolic invertase gene from 

Saccharomyces cerevisiae into the PPase mutant over-expressing plants (Lerchl et al. 

1995). The invertase bypassed the reaction of SuSy by breaking sucrose down to glucose 

and fructose without the requirement of PPi (Equition 6), thereby restoring the original wild 

phenotype in these PPase/invertase double mutant transgenic plants (Lerchl et al. 1995). 

The importance of sugar metabolism in phloem function is further illustrated by the specific 

location of SuSy in the CCs (Nolte et al. 1993). The CC specificity of SuSy has not only 

been associated with high respiratory demand, but also the requirement of readily available 

UDPGluc for callose synthesis (Koch et al. 1995). 

Increasing the oxidative energy status of the Sieve element Companion cell complex 

In a study by Sonnewald et al. (1991) the ability of potato plants  to export oligosaccharides 

other than sucrose from the SE/CC complex was investigated by introducing the same CC 

specific expression of a Saccharomyces cerevisiae invertase, as mentioned above. Higher 

sucrolytic activity may influence the energy status of the CCs by providing more substrate 
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for glycolysis and hence, the production of ATP (Sonnewald et al. 1991). As discussed 

previously the energy status of CCs is based on the reversible turnover of sucrose into 

UDPgluc and fructose, catalysed by SuSy. The reversibility of this reaction is believed to 

assure adequate supply of substrate for glycolysis as well as the synthesis of callose, 

without the wasteful degradation of sucrose into oligosaccharide. Whether the SuSy 

reaction may limit the energy-dependent active loading of sucrose into the phloem in 

apoplastic loading species is not known (Zuther et al. 2004). Results indicated that the 

oligosaccharide 6-ketose is exported to sink tissues and accumulates to the same level as 

sucrose in wild type tubers. It should be emphasised that the 6-ketose was not loaded into 

the SE/CC complex but merely synthesised there, after the breakdown of the actively 

imported sucrose by the invertase. This study therefore supports that the long distance 

transport of oligosaccharides is possible in apoplastic loading plants, which normally 

transport only sucrose. Enhanced sucrose turnover in companion cells causes large amounts 

of glucose and fructose to be exuded from leaf petioles, but unexpectedly elevated levels of 

sucrose are detected in phloem exudates compared to the wild type plants. While the latter 

indicates a higher capacity for sucrose loading into the phloem due to a increase in 

metabolic activity of the companion cells, the massive release of hexose catalysed by the 

invertase seems to interfere with assimilate delivery to sink organs as enhanced loading 

capacity does not lead to elevated photosynthetic activity nor a increase in tuber yield 

(Zuther et al. 2004). 



24 

 

 Figure compiled by author 

P
p
c/
B
sc
  
 A

p
o

p
la

st
  

  
  

  
  
  

  
  

  
  

  
  

  
  

  
  

C
o

m
p

a
n

io
n

  
ce

ll
  
  

  
  

 
S

ie
v

e 
el

em
en

t
P
p
c/
B
sc
  
 A

p
o

p
la

st
  

  
  

  
  
  

  
  

  
  

  
  

  
  

  
  

C
o

m
p

a
n

io
n

  
ce

ll
  
  

  
  

 
S

ie
v

e 
el

em
en

t

F
ig

. 
1

 A
 s

u
m

m
ar

y
 o

f 
th

e 
m

o
st

 i
m

p
o

rt
an

t 
c
ar

b
o

h
y
d

ra
te

 r
e
ac

ti
o

n
s 

in
th

e 
co

m
p

an
io

n
 c

el
ls

, 
al

so
 t

h
e 

m
o

v
em

en
t 

o
f 

 p
h

o
to

-

as
si

m
il

at
e 

fr
o

m
 s

u
rr

o
u

n
d

in
g
 t

is
su

es
 i

n
to

 t
h

e 
si

ev
e 

el
em

en
t.

P
p
c/
B
sc
  
 A

p
o

p
la

st
  

  
  

  
  
  

  
  

  
  

  
  

  
  

  
  

C
o

m
p

a
n

io
n

  
ce

ll
  
  

  
  

 
S

ie
v

e 
el

em
en

t
P
p
c/
B
sc
  
 A

p
o

p
la

st
  

  
  

  
  
  

  
  

  
  

  
  

  
  

  
  

C
o

m
p

a
n

io
n

  
ce

ll
  
  

  
  

 
S

ie
v

e 
el

em
en

t

F
ig

. 
1

 A
 s

u
m

m
ar

y
 o

f 
th

e 
m

o
st

 i
m

p
o

rt
an

t 
c
ar

b
o

h
y
d

ra
te

 r
e
ac

ti
o

n
s 

in
th

e 
co

m
p

an
io

n
 c

el
ls

, 
al

so
 t

h
e 

m
o

v
em

en
t 

o
f 

 p
h

o
to

-

as
si

m
il

at
e 

fr
o

m
 s

u
rr

o
u

n
d

in
g
 t

is
su

es
 i

n
to

 t
h

e 
si

ev
e 

el
em

en
t.



25 

 

A  REVIEW OF PFP: CATALYTIC A#D REGULATORY CHARACTERISTICS 

The reaction catalysed by PFP 

As mentioned earlier, PFP catalyses the reversible conversion of Fruc-6-P and PPi to Fruc-

1,6-P2 and Pi (Equation 3). PFP was first discovered in plants when it was isolated from 

pineapple leaves (Carnal et al. 1979) and has subsequently been extracted and characterised 

in a range of plant species and tissues including potato (Kruger et al. 1987), soybean 

(MacDonald et al. 1986), carrot taproots (Wong et al. 1988 ), wheat seedlings (Yan et al. 

1984), Castor bean (Blakeley et al. 1992), Black Mustard (Theodorou et al. 1992) and more 

recently banana fruit (Turner et al. 2003) and sugarcane (Groenewald et al. 2007). Since its 

discovery it has led to a surge of research into the role of PPi in plant sugar-phosphate 

metabolism (Plaxton 1996). 

Fructose 6-phosphate + PPi ↔ fructose 1,6-bisphosphate + Pi    ∆G
o
´= approx.  -3 kJ mol

-1
     (3) 

Fructose 6-posphate + ATP → fructose 1,6-bisphosphate + ADP ∆G
o
´= approx. -15 kJ mol

-1  (7) 

Fructose 1,6 bisphosphate + H2O → Fructose 6-phosphate + Pi                                               (8) 

So far all evidence indicates that PFP is restricted to the cytosol of the plant. The reversible 

reaction it catalyses can be substituted by two complementary enzymes. Phospho-

fructokinase (PFK) (EC 2.7.1.11) (Equation 7) facilitates the glycolytic formation of Fruc-

1,6-P2 using ATP as a phosphoryl donor, while Fructose 1,6-bisphosphatase (FBPase) (EC 

3.1.3.11) (Equation 8) catalyse the gluconeogenic formation of Fruc-6-P. Together PFK, 

FBPase and PFP manages the interconversion of  Fruc-1,6-P2 and Fruc-6-P, a step 

considered by many as the pivotal regulatory point of carbon flow either towards glycolysis 

or gluconeogenesis. The respective enzymes and their relative contributions are determined 

by their regulatory characteristics and tissue specific expression patterns. 

Regulation of PFP activity 

The regulation of PFP’s activity is complex and multi-faceted ranging from the 

transcriptional level and allosteric substrate/metabolite feedback control, to subunit 

differential expression and aggregation patterns. Few enzymes in the primary metabolism 
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are subjected to such an extensive regulation as PFP, supporting the view that it is not just 

an auxiliary metabolic bypass for either PFK or FBPase, but that it forms an integral part of 

carbohydrate metabolism.  

Activation by fructose 2,6 bisphosphate 

Fruc-2,6-P2 is an important regulator of carbohydrate metabolism and a strong activator of 

PFP (Stitt 1990; Theodorou et al. 1996; Fernie et al. 2001). It activates both the glycolytic 

and the gluconeogenic reactions and net flux will ultimately depend on the mass action 

ratios of the substrates. None the less, it would appear that it activates the glycolytic 

reaction more so than it does the gluconeogenic reaction, but this is most likely due to the 

fact that Fruc-1,6-P2 is a weak analogue of Fruc-2,6-P2, and that a level of activation will 

already be achieved before the contribution of Fruc-2,6-P2 can be investigated (Stitt 1990; 

Nielsen 1994). Due to the Fruc-2,6-P2 concentration being in excess of the Ka, PFP might 

be activated at all times (Scott et al. 1994).  This ‘activation over-kill’ is a contradiction in 

terms and it may be that the function of activation is not to confer overall activity, but 

rather influence the rate of activity. Support for this comes from the strong inhibition of 

FBPase by Fruc-2,6-P2, PFP will thus be simultaneously fully activated when the demand 

for glycolytic substrate is highest resulting in a faster rate of re-equilibrium (Stitt 1990). 

Contradictory evidence for the potent activation of PFP by Fruc-2,6-P2 has also been 

presented, in some tissues the concentration of the PFP regulatory α-subunit may be higher 

than the actual concentration of Fruc-2,6-P2 (Nielsen et al. 1995). Furthermore Fernie et al. 

(2001) showed that in vivo PFP is modulated by changes in elevated levels of Fruc-2,6-P2  

in heterotrophic callus cells. PFP’s binding affinity for Fruc-2,6-P2 is also influenced by the 

enzymes’ substrates. Fruc-1,6-P2 and Fruc-6-P increases it, while Pi decreases it (Van 

Schaftingen et al. 1982; Kombrink et al. 1984; Botha et al. 1986). The activation of PFP by 

Fruc-2,6-P2 can therefore vary depending on its substrate concentration. Activation of PFP 

by Fruc-2,6-P2 also broadens the pH range at which it can operate effectively (Kombrink et 

al. 1984; Theodorou et al. 1996; Tripodi et al. 1997). 
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Regulation by substrate interactions 

The substrates/products of PFP influences the enzyme’s affinity for the other either through 

competitive binding or structural changes brought about in the enzyme by non-competitive 

binding. Fruc-6-P and PPi decreases PFP’s binding affinity for the other and therefore 

represents a form of feedback control. For the gluconeogenic reaction the same holds true 

and Fruc-1,6-P2 and Pi causes a decrease in PFP’s binding affinity for each other with 

increasing concentrations (Stitt 1989). Pi is also a  inhibitor of the glycolytic reaction and 

does so by decreasing PFP’s binding affinity for Fruc-6-P and PPi (Botha et al. 1986; Stitt 

1989). PPi is a strong inhibitor of the gluconeogenic reaction while Fruc-1,6-P2 is an 

allosteric activator (Fruc-2,6-P2 analogue) of PFP (Stitt 1990; Nielsen et al. 1995). The net 

reaction catalysed by PFP will thus always be governed by the mass action ratios of the 

substrates (Equition 3). 

Regulation by sub-unit association / dissociation 

Plant PFP is a multi-meric enzyme consisting of different combinations of the two subunits, 

i.e. alpha (α) and beta (β). The α-subunit has been identified as having a regulatory role and 

binds Fruc-2,6-P2, while the β-subunit is catalytic in nature (Wong et al. 1988; Carlisle et 

al. 1990). Differential expression with respect to the two subunits have been observed and 

can act as a form of coarse metabolic control (Blakeley et al. 1992; Groenewald et al. 

2008). Different isoforms have also been discovered (Yan et al. 1984). Factors influencing 

the subunit aggregation/dissociation and therefore its regulation includes environmental 

conditions and substrate concentrations (Theodorou et al. 1992). In some cases appears as 

if PPi promotes dissociation while Fruc-2,6-P2 promotes aggregation, but results are 

inconsistent (Kruger et al. 1987; Nielsen 1994). 

Proposed functions of PFP 

Due to the reversibility of the reaction catalysed by PFP and its apparent near equilibrium 

nature in vivo, it could theoretically catalyse a net flux towards either glycolysis or 

gluconeogenis (Weiner et al. 1987). Possible functions of PFP relate to the previous 

statement, its linkage to PPi metabolism or sucrose synthesis/breakdown via the enzymes 



28 

 

SuSy and UGPase. It is tempting to assign to PFP a purely glycolytic or gluconeogenic 

function. In photosynthetic tissue, glycolytic flux appears to be its main function. Support 

comes from the regulatory influence by Fruc-2,6-P2, a rise in the cytosolic ratio of Pi: 3-

Phosphoglycerate (3-PGA) stimulates Fruc-2,6-P2 production which in turn activates PFP 

(Stitt 1990). The principle evidence for PFP’s contribution to glycolysis comes from the 

observation that the concentration of Fruc-2,6-P2 increases while that of PPi decreases 

under conditions where glycolysis is stimulated (Dennis et al. 1987). Furthermore in most 

plant tissues the extractable activity of PFP far exceeds that of PFK, 5-10 folds. Also, in 

sugarcane there is a inverse correlation between sucrose storage and PFP activity 

(Whittaker et al. 1999). However, the correlation between glycolytic flux and Fruc-2,6-P2 is 

not always absolute (Stitt 1990; Hatzfeld et al. 1991). A contradiction to PFP’s proposed 

glycolytic function is that often non-photosynthetic tissue contains little or no FBPase. PFP 

wil therefore be responsible for the gluconeogenic flux in these tissues (Entwistle et al. 

1990). 

Key to both the above mentioned arguments is that the reaction catalysed by PFP in vivo is 

near equilibrium and that it is perfectly plausible that in different tissues it may fulfill 

different roles. Failure of PFP’s actions to be confined to a specific functionality has forced 

researchers to start looking beyond its obvious realation to glycolysis/gluconeogenisis. As 

more and more potential “roles” emerged, especially with regards to its linkage with PPi 

metabolism. The next paragraph will summarise the alternative proposed functions of PFP 

that does not relate purely to glycolytic/gluconeogenic flux. 

A holistic approach to functionality could potentially be PFP’s carbon equilibratory 

characteristics. The hexose phosphates represent the pool at which the pathways of 

carbohydrate synthesis and degradation converge. From a metabolic standpoint the 

importance of this convergence point is central and PFP is implicated in the equilibration of 

the hexose phosphate and triose phosphate pools from which intermediates are pulled for 

various other metabolic purposes (Dennis et al. 1987; Hatzfeld et al. 1990; Hajirezaei et al. 

1994).  
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Apart from carbohydrate metabolism PFP is also implicated in Pi/PPi metabolism. PPi is 

produced and hydrolysed by a myriad of reactions and the PPi concentration is determined 

by the balance between PPi synthesis and hydrolysis. PFP is implicated in the regulation of 

PPi in the plant cytosol (Dancer et al. 1989; Claassen et al. 1991; dos Santos et al. 2003). 

In most plants SuSy is the predominant method of sucrose breakdown in cells and it does 

so in conjunction with UGPase. The PFP reaction is proposed to regulate carbohydrate 

partitioning between sucrolysis and sucrose synthesis by regulating UGPase via alerations 

in PPi concentration  (Huber et al. 1986; Black et al. 1987). Similarly PFP has been 

proposed to act as a PPi source for the reaction catalysed by vH
+
PPase, and therefore aiding 

sucrose transport across the tonoplast membrane (dos Santos et al. 2003). During times of 

phosphate deprivation the plant may struggle to meet its adenylate demands and this will 

impact directly on the respiratory functioning of the plant. PFP is implicated as providing a 

adenylate bypass for glycolysis and a source of phosphate (Theodorou et al. 1992; Murley 

et al. 1998).  In the same sense PFP might provide a bypass for PFK in oxidative 

respiratory glycolysis during hypoxia/anoxia (Kato-Noguchi 2002; Mustroph et al. 2005). 

The down regulation and over-expression of PFP activity in transgenic plants 

In view of the apparent importance of PFP in primary carbohydrate metabolism, the 

enzyme was constitutively down-regulated and over-expressed in various plants. In both 

tobacco and potato, PFP catalyses a near equilibrium reaction with a net flux in the 

glycolytic direction in source leaves and during all stages of tuber development (Hajirezaei 

et al. 1994). By means of anti-sense suppression, and co-suppression in the sense construct, 

plants were obtained that had only 1-3% of the wild type PFP activity. Rates of 

photosynthesis as well as partitioning between sucrose and starch in source leaves is 

identical to that of control plants and in sink leaves respiratory metabolism remains 

unaltered. Although a localised change in metabolism is observed as seen in higher levels 

of hexose phosphates and lower levels of 3-PGA and phospho-enolpyruvate (PEP), the 

ATP/ADP ratio and PPi concentration remains unchanged. The localised change is most 

evident in sink leaves and young tubers where the demand for respiration is highest. It was 

proposed that the PFK and FBPase adequately compensate for the loss PFP activity and 
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concluded that PFP has little effect on photosynthetic sucrose synthesis, glycolysis and 

vegative growth in sink and source organs of both tobacco and potato and that PFP does not 

significantly contribute to primary carbohydrate metabolism (Hajirezaei et al. 1994; Paul et 

al. 1995). In the down-regulated tobacco plants PFP's role in nitrogen and phosphate 

limiting conditions were also investigated and it was concluded that in these circumstances 

PFP does not contribute significantly to plant stress adaptation in tobacco (Paul et al. 1995) 

In PFP down-regulated sugarcane plants however it was found that at least in the young 

growing immature internodes sucrose accumulation was significantly increased, but not in 

the mature internodes. In total however, the sugar content of the sugarcane is decreased due 

to lower hexose concentrations and higher fiber content observed in all the internodes. The 

total higher fibre content correlated inversely to the total decrease in sugar and it is 

proposed that the metabolically localised increase in the hexose phosphate pool brought 

about by PFP down-regulation promoted cell wall synthesis by increasing the UDP-glucose 

content, an intermediary precursor for cell wall synthesis.  It was concluded that PFP plays 

a role in sugar metabolism by aiding PFK to establish optimum glycolytic flux and that this 

is most evident in metabolically active tissues where the demand for respiration was 

highest. In the mature internode tissue where the respiratory demand was lower, respiratory 

glycolytic flow is managed by PFK without the need for PFP and sucrose content remains 

unchange, but the increased hexose phosphate pool still led to higher cell wal synthesis 

resulting in reduced total sugar content by means of partitioning (Groenewald et al. 2008) 

For over-expression, the PFP gene from the protist Giardia lamblia (for review see Adam 

2001) was expressed constitutively in tobacco which led to a sligth reduction in biomass 

(Wood et al. 2002). Giardia PFP is insensitive to regulation by Fruc-2,6-P2 (Li et al. 1995; 

Phillips et al. 1995). Both source and sink tissues demonstrated altered partitioning 

patterns, although sucrose content remains unchanged, leaf and seed starch is significantly 

lower. Sucrose accumulation in the leaf is largely vacuolar during the light period and 

requires remobilisation for starch synthesis. Due to the over-epression of PFP more sucrose 

is broken down due to the pull exerted on the hexose phosphate pool. Available sucrose 

levels in the cytosol regulate the conversion of hexose-phosphates to starch and therefore 
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decreased cytosolic sucrose content will lead to a reduction in starch synthesis. It is thought 

that increased levels of vacuolar sucrose, due to lower remobilisation caused by the 

breakdown of cytosolic sucrose, accounts for the observed unaltered total sucrose content 

compared to that of the wild type. It is further hypothesised that the reduced starch content 

accounts for the almost insignificant loss of total biomass because the plant is unable to 

utilise starch when needed. 

Due to the inverse relationship between sucrose accumulation and PFP activity in 

sugarcane, which contrast with other studies implying that the PFP reaction is of no 

significant importance, the following hypothesis is made. 

Hypothesis 1: Sugarcane PFP differs from other plant PFPs and this is reflected in its 

molecular characteristics. 

 

POSSIBLE FU#CTIO# OF PFP I# PHLOEM METABOLISM 

It should be noted that apart from the PPase studies done on tobacco phloem, which 

focused on PPi metabolism without regard to PFP’s possible contribution, neither the 

down-regulation or over-expression studies of PFP investigated on its impact on phloem 

translocation in terms of SE/CC complex assimilate loading/unloading. (Hajirezaei  et al. 

1994; Paul et al. 1995; Nielsen et al. 2001; Wood et al. 2002; Groenewald et al. 2008) 

Although the findings were that PFP does not majorly contribute to carbohydrate 

metabolism unless under high glycolytic demand and that this was reflected in no 

significant change in carbohydrate flux between sink and source, the absence of sink/source 

flux could possibly be explained by sink limiting conditions. If for instance enhanced 

SE/CC complex loading was achieved, it would not be reflected in terms of increased flux 

between sink and source, if the sink is unable to utilise the increased assimilate either 

through compartmentation or metabolism. This would result in no differences in ∆P as 

described by the Münch pressure flow hypothesis and although Psource was enhanced, Psink 

would also increase due to the inability of post-sieve element unloading. Bulk flow will 
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therefore remain unchanged. Also it should be stated that the down-regulation/over-

expression was all done with the constitutive CaMV 35S promotor. In view of the PFP 

reaction’s apparent near equilibrium state in vivo, it could well be that it performs different 

functions in different tissue types, depending on the cellular requirements. Constitutive 

expression could thus cause a myriad of effect in different parts of the plant and the 

observed result could be a blanket-imposed average brought about by the sampling 

procedure. 

In the vegative growing parts of the plant PFP’s glycolytic role became evident from the 

down regulation experiments in tobacco, potato and sugarcane. In these studies the biggest 

changes in flux were observed in tissues that had a high metabolic demand and therefore 

supports the view that PFP aids PFK to establish optimum glycolytic flow where 

respiratory demand is the greatest (Hajirezaei et al. 1994b; Paul et al. 1995; Groenewald 

2007). The SE/CC complex not only represents a metabolically hyperactive tissue but also 

one that is prone to hypoxia/anoxia. Down-regulation of PFP in the SE/CC complex might 

therefore result in reduced respiratory flux because PFK would not be able to catalyse the 

required glycolytic demand on its own, due to the combined effect of high respiratory need 

and the reduced ATP/ADP ratio associated with hypoxia. This could impact on the SE/CC 

complex’s ability for active loading of sucrose and nitrogen compounds negatively. Over-

expression on the other hand might have the opposite effect. An increase in glycolytic 

carbon flow could result in more respiratory ATP being produced and active import of 

assimilate could theoretically be enhanced, as was seen in the CC specific expression of a 

S. cerevisiae cytosolic invertase resulting in higher sucrose export (Sonnewald et al. 1991). 

The contribution of PFP to glycolytic flow in the SE/CC complex might be over estimated 

though. Although the SE/CC complex could very well have a high respiratory rate due to 

the demands of active import, the relative contribution of PFP and PFK to glycolytic carbon 

flow has not been established in this tissue. In sugarcane culm high carbon cycling between 

the hexose phosphate and the triose phosphate pool is observed and PFP contributes to this 

‘futile cycling’, which is thought to prime the cell for metabolic readiness and/or is an 

artifact of PPi generation by PFP/PFK cycling (Whittaker et al. 1997; Bindon et al. 2002). 
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If this occurs in the SE/CC complex, down-regulation will reduce this energy consuming 

cycling, which could in theory affect the system’s capacity for transport. Also in the study 

with SE/CC specific expression of E. coli  PPase in tobacco plants, it should be noted that 

the removal of PPi impacts on both the PFP and UGPase reaction, and PFP’s specific 

contribution to glycolysis and/or sucrolysis was not determined (Geigenberger et al. 1996). 

From the double transformant study it appears that SuSy is the only method of sucrose 

breakdown in the SE/CC complex, as the original phloem transport was restored after the 

introduction of the S.cervisiae invertase into the PPase mutant plants (Lerchl et al. 1995). 

Therefore the combined effect of the two studies is that PPi metabolism is important in the 

SE/CC complex and that SuSy/UGPase breakdown of sucrose is essential for assimilate 

transport. No mention of PFP’s contribution or net reaction was made. SuSy’s importance 

over invertase possibly relates to energy advantages of PPi mediated breakdown of sucrose 

during anearibosis and/or the need for precursors for cell wall biosynthesis, which after 

transport is the principle function of the SE/CC complex.  

Even though it is found in maize that  PFP acts as an PPi regenerating system for sucrose 

import into vacuoles via vH
+
PPase, the correlation between PFP as a PPi user/producer,  

and sucrose breakdown/synthesis via UGPase/SuSy is not absolute (Dos Santos et al. 

2003).  In the SE/CC complex vacuolisation is less and therefore possibly results in more 

PPi impacting on the UGPase reaction than in other cellular circumstances. Therefore there 

could already be an excess of PPi inhibiting sucrose breakdown (Lerchl et al. 1995). Also, 

from the PPase over-expression in potato plants it was observed that although SuSy activity 

was decreased due to the removal of PPi, it did not impact on PFP activity (Mustroph et al. 

2005). Although it is shown that PPi levels are maintained during hypoxia (Stitt 1998), the 

source of this PPi is not always known and the possibility exist that PFP and UGPase/SuSy 

could operate  independently with regards to PPi. 

Regardless, PFP could possibly influence sucrose breakdown in the SE/CC complex in two 

ways: (i) It could reduce the PPi pool by working in the net glycolytic direction 

consequently down-regulating sucrose breakdown via UGPase/SuSy or, (ii) PFP could 

work in the gluconeogenic direction, producing PPi and contributing to the pool, thus 
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enhancing sucrose breakdown via UGPase/SuSy. In the latter case glycolytic flow must be 

catalised predominantly by PFK. Down-regulation and over-expression of PFP activity, 

with regards to PPi metabolism, will therefore impact on phloem metabolism depending on 

the mass action ratios in the SE/CC complex. 

With the above mentioned arguments the following hypothesis is made: 

Hypothesis 2: PFP’s activity could influence the SE/CC complex’s ability to actively load 

photo-assimilate in tobacco 

 

 USI#G TOBACCO AS A MODEL PLA#T TO STUDY SE/CC COMPLEX 

ASSIMILATE LOADI#G/U#LOADI#G. 

As mentioned previously, phloem loading in source leaves can be seen as the process of 

photo-assimilate movement from the mesophyll cells to the SE lumen, while unloading in 

sinks can be seen as the movement of photo-assimilate from the SE lumen to their sites of 

utilisation/storage. It is however only the energetics of the SE/CC complex that contributes 

to the active loading of assimilates into the SE/CC complex. Unloading in sinks out of the 

SE is thought to be symplastic in all plants, active loading into storage happens in the post-

SE pathway (van Bel 2000). When one is investigating the specific metabolism of the 

SE/CC complex, it is crucial to make this distinction between the pre -and post -SE/CC 

pathways. 

This active loading into the SE/CC complex in source tissue, and symplastic unloading 

from the SE/CC complex in sink tissues is conserved for all plants, with the exception of 

the symplastic loaders and possible hybrids as discussed before. Although tobacco and 

sugarcane differ in their post-SE pathway i.e. tobacco (symplastic) and sugarcane 

(apoplastic), the energetics of the SE/CC complex impact in no way on these processes. 

Thus SE/CC loading and unloading is therefore for all practical reasons the same in tobacco 

and sugarcane. 
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Also, tobacco is an ideal model plant due to the relative ease of Agrobacterium mediated 

genetic transformation, quick vegative growth and fast maturation. A great deal of research 

has already been done on tobacco and its genetics and metabolism has been described in 

detail. These previous studies will serve as a good comparative basis for this research.  
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CHAPTER 3 

 

 

Immunological characterisation of sugarcane pyrophosphate: fructose-6-phosphate 1-

phosphotransferase. 

 

 

I#TRODUCTIO# 

Pyrophosphate: fructose 6-phosphate 1-phosphotransferase  (PFP; EC 2.7.1.90) catalyses 

the reversible interconversion of fructose 6-phosphate (Fruc-6-P) and fructose 1,6-

bisphosphate (Fruc-1,6-P2) in the cytosol of higher plants. This interconversion is a key 

regulatory and rate limiting step between glycolysis and gluconeogenesis, as the hexose 

phosphate pool forms the pivot of primary carbohydrate metabolism in plants. PFP uses 

pyrophosphate (PPi) as a phosphoryl donor to phosphorylate Fruc-6-P in the glycolytic 

direction. Alternatively, the PFP reaction can be complimented by ATP-dependent 

Phospho-fructokinase (PFK; EC 2.7.1.11) in the glycolytic direction, and by Fructose 1,6-

bisphosphatase (FBPase; EC 3.1.3.11) in the gluconeogenic direction. Although PFP is 

believed to catalyse a net glycolytic reaction in most tissues, the reaction is close to 

equilibrium in vivo and can thus either catalyse a glycolytic or gluconeogenic flux 

depending on the mass action ratios of its substrates (Edwards and Ap Rees 1986).  

The down-regulation of endogenous PFP in tobacco and potato plants and the over-

expression of a Giardia lamblia PFP in tobacco did not result in any major phenotypic 

effect or large changes in flux (Hajirezaei, Sonnewald et al. 1994; Paul, Sonnewald et al. 

1995; Nielsen and Stitt 2001; Wood, Dennis et al. 2002; Wood, King et al. 2002). Down-

regulation is sugarcane however led to an increased sucrose concentration in young 

immature internodes with high respiratory demand, but the overall sucrose yield was 

unchanged and more carbon was directed towards the insoluble fraction (Groenewald and 
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Botha 2008). Complicated by the apparent redundancy and reversible nature of PFP, the 

precise functional significance of this enzyme is obscure and much debated (Plaxton 1996).  

Various potential roles has been assigned to PFP including: aiding PFK in glycolytic flux 

most notably in times of high respiratory demand (Dennis and Greyson 1987; Hatzfeld et 

al. 1989; Mertens 1991; Groenewald 2007); gluconeogenic flux in the absence of sufficient 

FBPase (Botha and Botha 1991; Botha and Botha 1993); regulation of cytosolic PPi 

concentrations, with special reference to sucrose synthesis/breakdown and proton 

translocation across the tonoplast (Simcox et al. 1979; ap Rees et al. 1985; Dancer and Ap 

Rees 1989; Claassen et al. 1991; Dos Santos et al. 2003); equilibration of the hexose-

phosphate and triose-phosphate pools (Dennis and Greyson 1987) and stress response 

during phosphate depravation (Theodorou et al. 1992), exposure to sub-optimal 

temperatures (Claussen et al. 1991) and anoxia (Mertens et al. 1990; Guglielminetti et al. 

1995). 

In most cases, high PFP activity, together with high sucrose breakdown for metabolic 

energy production, have been associated with strong sink strength (ap Rees et al. 1985; 

Black et al. 1987; Xu et al. 1989; Hajirezaei and Stitt 1991). However in sugarcane 

internodes there is a inverse relationship between PFP activity and sucrose content across 

commercial varieties and a segregating F1 population (Whittaker and Botha 1999). Also, 

PFP specific activity extracted from the sugar accumulating tissues of sugarcane 

(Groenewald and Botha 2007), carrot roots (Wong et al. 1988 ), bananas (Turner and 

Plaxton 2003), and ripe tomato’s (Wong et al. 1990) are much lower when compared to 

other non-sucrose storing species. Low PFP activity in sugarcane therefore could enhance 

sucrose accumulation by decreasing glycolytic flux and increasing the precursor 

concentration for sucrose synthesis (Wong et al. 1988 ; Krook et al. 2000) or,  by 

decreasing the PPi pool and therefore favouring sucrose synthesis rather than breakdown 

through the combined effects of the enzymes UDP-glucose pyrophosphorylase and sucrose 

synthase (ap Rees et al. 1985; Black et al. 1987; Botha et al. 1988; Hajirezaei and Stitt 

1991). 
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The ambiguous function of PFP is further added to by its complex regulation and molecular 

characteristics. PFP has been extracted and characterised in a number of micro-organisms 

(Nadkarni et al. 1984; Phillips and Li 1995; Chi et al. 2001) and plants (Kruger and Dennis 

1987; Wong et al. 1988 ; Carlisle et al. 1990; Nielsen 1994; Theodorou and Plaxton 1996; 

Turner and Plaxton 2003), including sugarcane (Groenewald and Botha 2007). In most 

plants, PFP is a multi-meric enzyme consisting of different subunit aggregations of di-, tri- 

and octameric compositions of the two subunits of PFP, i.e. alpha (regulatory) and beta 

(catalytic). The specific compositional make-up is determined by developmental stage and 

environmental conditions and is a form of coarse metabolic regulation of the enzyme 

activity (Kruger and Dennis 1987; Botha and Botha 1991; Theodorou and Plaxton 1996). In 

sugarcane, differences in activity is also reflected in corresponding changes in the amount 

of the PFP-β subunit (Whittaker and Botha 1999). It was also found that Fruc-2,6-P2 

directly induced the octameric state from the dimeric state (Groenewald and Botha 2007). 

Furthermore, in castor bean the subunits have been shown to be differentially expressed 

(Blakeley et al. 1992). Also in wheat, tomato, pineapple and watermelon, different isoforms 

of the subunits have been found (Yan and Tao 1984; Wong et al. 1990; Botha and Botha 

1993; Tripodi and Podesta 1997). Therefore both the subunits contribute to the regulation 

of activity. 

PFP is allostericaly activated in either direction by fructose 2,6-bisphosphate (Fruc-2,6-P2) 

(Sabularse and Anderson 1981; Stitt 1990; Nielsen and Wischmann 1995). Although Fruc-

2,6-P2’s  average in vivo concentration is usually much higher than the Ka(Fruc-2,6-P2), 

several factors could modify PFP’s regulatory response to Fruc-2,6-P2 i.e. (i) Its impact on 

PFP activity is dependent on the relative concentrations of PFP’s substrates/products; PPi is 

a strong inhibitor of the glycolytic reaction while Pi inhibits the gluconeogenic reaction. Pi 

is a strong antagonist of Fruc-2,6-P2 whereas Fruc-6-P and Fruc-1,6-P2 tends to increase 

PFP’s affinity for it (Stitt 1989; Theodorou and Plaxton 1996). (ii) In some cases the Fruc-

2,6-P2 concentration may be lower than its binding site concentration on the PFP (Nielsen 

and Wischmann 1995) and FBPase and therefore the absolute level as well as the affinity 

will determine activation. (iii) The ratio between the two subunits of PFP, α and β, may 

vary during development and this is accompanied by changes in its regulation by Fruc-2,6-
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P2, as it is the α-subunit that contains the active binding site for Fruc-2,6-P2 and the β-

subunit that catalyse the reaction (Botha and Botha 1991; Blakeley et al. 1992; Theodorou 

et al. 1992; Botha and Botha 1993; Nielsen 1994; Podesta et al. 1994).  

In view of the different characteristics of the two subunits and their contribution to 

regulation, together with that of Fruc-2,6-P2, the aim of this study was to develop anti-

serum specific for the α-subunit and β-subunit respectively which would allow us to do an 

immunological characterisation of sugarcane PFP to further elucidate the molecular size, 

composition and distribution and relate this to the regulatory characteristics of the enzyme. 

To date no specific antisera for the respective two subunits of sugarcane PFP has been 

made and an immunological characterisation will greatly aid in a comparative analysis of 

sugarcane PFP to that of other plant species. 

MATERIALS A#D METHODS 

Chemicals, sequence data and software 

All chemicals, auxiliary enzymes, cofactors and substrates were of molecular biology grade 

and obtained from Sigma-Aldrich Chemicals (St Louis, MO, USA), Roche Diagnostics 

(Mannheim, Germany) or Promega (Madison, WI, USA). Balb/C mice were obtained from 

Tygerberg medical research laboratory (Cape Town, South Africa). Antiserum for potato 

PFP-β was obtained from Dr. NJ Kruger (Oxford, England) and has previously been 

described (Kruger and Dennis 1987). The anti-mouse horseradish peroxidase conjugate and 

anti-rabbit IgG alkaline phosphatase were obtained from Amersham Biosciences 

(Piscataway, NJ, USA). The prestained protein standard molecular mass marker was 

obtained from Fermentas (Ontario, Canada). The expressed sequence tag (EST) consensus 

for the alpha (SCCCCL3001B07) and beta (SCCCCL4011H08) subunits of sugarcane PFP 

were obtained from the Brazilian clone collection centre (Brazil). The protein motif 

sequence analysis software BEPITOPE was obtained from Dr. JL Pellequer (Paris, France), 

The European molecular biology open software suite (EMBOSS) was obtained from the 

following URL address http://emboss.sourceforge.net/download/. The synthetic multiple 

antigenic peptides (MAPs) were synthesised by Mimotopes (Clayton, Victoria, AUS). 
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Plant material and sample preparation 

Mature, non flowering, field grown (Stellenbosch, South Africa) sugarcane plants of the 

variety N19 were randomly selected and harvested in the morning. The leaf with the 

uppermost visible dewlap was defined as number one. The internode immediately below 

the point of leaf attachment was designated by the same number, according to the system of 

Kuijper (van Dillewijn 1952). Callus growth was induced in the dark from sugarcane 

leafroll explants on MS nutrient media containing 3 mgL
-1 

2,4D (Taylor et al. 1992; 

Snyman et al. 1996). Type 2, yellowish mucilaginous calli and type 3 white embryogenic 

calli were harvested after about four to five weeks. Commercial available potato tubers 

were also used. The sugarcane leafroll, internode 7, callus and potato tubers were ground 

up in liquid nitrogen with a pestle and mortar. All prepared tissue samples were either used 

immediately or stored in sealed plastic tubes at -80
o
C until used. 

Antigenic epitope prediction and synthetic peptide synthesis 

The antigenic prediction algorithms mostly work by calculating the average propensity for 

every 7-mer overlapping amino acid sequence, and assign the value to the central amino 

acid. The algorithms are based on physio-chemical behaviour of individual amino acids in 

relation to their neighbouring amino acids. The index score assigned to each amino acid is 

experimentally determined by the observed amino acid behaviour as antigenic determinants 

(epitopes). 

Still, antigenic B-cell and T-cell epitope prediction is an inexact science due to the various 

contributing factors in protein secondary and tertiary structure folding. The software and 

algorithms employed for this study calculated the hydrophilicity, flexibility/mobility, 

accessibility, polarity, exposed surface and turns of both PFP-α and –β subunits based on 

their primary deduced protein sequence (Data not shown). Ideally the selected sequence 

should be: (i) located in solvent accessible regions and contain both hydrophobic and 

hydrophilic residues, (ii) should be located in turns or β-sheets, avoiding helical regions 

and, (iii) must be exposed to the surface of the protein (Pellequer et al. 1994 ). For 

sugarcane PFP-α and –β, the turns between β-sheets in their predicted secondary structure 

were selected as basis, as these are usually linear and exposed to the surface. Consensus 
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alignments for the remaining predictive parameters were made against β-turn and the best 

candidate sequences were selected. Also, either the N-terminal and C-terminal sequence for 

PFP-α and -β were selected, as terminal sequences are usually solvent accessible and 

unstructured. Several synthesis and inoculation criteria also influence the choice of peptides 

e.g.  (i) Asp and Pro rich sequences should be avoided as these are difficult to synthesise, 

(ii) total length of between 15 and 20 amino acids, (iii) the sequence must not share any 

homology to host proteins, as it will not elicit a immune response if it does, and (iv) the 

host organism must be able to recognise the peptides.  

Several internet based and licensed programme software that employ experimentally 

determined algorithms were used to predict secondary structure characteristics and motifs 

from the primary amino acid sequence of PFP-α and PFP-β. The PFP nucleic acid 

sequences were translated into the correct protein frame sequence in the DNAsis software. 

Linear epitope predictions were based on the following algorithms:   

(i) The antigenicity algorithms of ‘Hopp and Woods’; Parker; ‘Kolaskar and Tongaonokar 

antigenicity index’ and the ‘Thornton protrusion index’  were used (Hopp et al. 1981; 

Parker et al. 1986; Thornton et al. 1986; Kolaskar and Tongaonkar 1990). 

(ii) The protein hydrophobicity algorithms of Fauchere; ‘Kyte and Doolittle’ and ‘Sweet 

and Eisenberg’ were used (Kyte et al. 1982; Fauchere and Pliska 1983; Sweet and 

Eisenberg 1983 ) 

(iii) The protein hydrophylicity algorithms of ‘The GES index” and von Heijne were used 

(von Heijne 1981 ; Engelman et al. 1986). 

(iv) The protein flexibility algorithms of  Karplus were used (Karplus and Schulz 1985) 

(v)  The protein secondary structure prediction algorithms of ‘GOR II and IV methods’; 

‘Chou and Fasman’ and Pelleqeur were used (Chou and Fasman 1978 ; Garnier and 

Robson 1989; Pellequer et al. 1994 ) 

The software from which the algorithms were selected and used were PHD, JPRED, 

PredAcc, ACCpro, PSI-Pred, Bcepred, ABSpred, EMBOSS and BEPITOPE. 

Multiple antigen peptides (MAPs) for the four selected protein sequences (Alpha-1&-2, 

Beta-1&-2) were synthesised using mild fluorenyl-methoxy-carbonyl (Fmoc) solid phase 
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protein synthesis by the Mimotopes company. Purified peptides were assessed by reverse 

phase high pressure liquid chromatography (RP-HPLC). 

The production of mouse polyclonal ascetic fluid antiserum 

The synthetic peptides, Alpha-1 and Beta-1, contained metionine and were therefore 

sensitive to oxidation therefore the lyophilised protein powder was dissolved in degassed 

PBS in a N2 chamber to a final concentration of 1mg ml
-1

. The synthetic peptides, Alpha-2 

and Beta-2 were acidic and insoluble in H2O, NH4HCO3 was therefore tittered to the 

mixture until no more lyophilised protein powder could be observed, the peptide solution 

was made up to a final concentration of 1mg ml-1. Samples were aliquoted and stored at -

80
o
C until further use.  

BalbC mice were immunised according to the method of Tung et al. (1976).  One volume 

of the respective 1mg ml
-1

 peptide solutions were thoroughly emulsified with nine volumes 

of Freud’s complete adjuvant. Three mice per peptide were immunised. Each mouse was 

immunised intraperitoneally with 0.3 ml of the emulsion at weekly intervals for 3 weeks, 

after which booster immunisations were given on a bi-weekly basis. Booster immunisations 

contained one volume 1mgml
-1

 peptide solution and 9 volumes Freud’s incomplete 

adjuvant. Mice were drained using 1.8 mm sterile needles and pasteur pipettes as soon as 

noticeable volumes of ascetic fluid accumulated in the abdominal cavity (five to six weeks 

after 1st immunisation.) Red blood cells were removed from the ascetic fluid by 

centrifugation at 200 xg for 10 min. The samples were further centrifuged at 12000 xg for 

10 min at 4
o
C to remove the fibrin clot. A 1: 1 dilution of glycerol: serum was made and 

the samples were stored at -20
o
C until further use. 

Establish specificity of elicited immune responses for the peptides using ELISAs 

Nunc-Immuno Maxisorp
®

 plates (Nalge Nunc, Denmark) were used for all ELISA assays. 

Plates were coated with the respective peptide solutions (10 µg ml
-1

) in saline at 50 µl per 

well for 16 hours at 22oC. At the end of the incubation period the coating solution was 

decanted. 0.2 ml Human Serum Albumin (HSA) (1% w/v in saline) were dispensed into 
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each well for a total of one hour at 22
o
C to block the remaining adsorbsion sites. The 

blocking solution was decanted and the plates were washed four times with saline. One 

hundred microlitres of a solution containing one volume HSA, nine volumes saline and 

0.1% Tween 20 was added to each well except to the last row of the plate. A 1:100 dilution 

of the respective serum were made in a saline 0.1% Tween 20 solution (effective 1:200 

dilution due to glycerol), of which a 100 µl were added to the first row of wells. After 

thorough mixing 100 µl were carried over from row to row. A serum concentration dilution 

series were therefore created. Plates were incubated with gentle shaking at 22
o
C for 6 

hours, after which the wells were decanted and washed four times with saline. Anti-mouse 

peroxidase conjugate was diluted 1/4000 with a solution of one volume HSA to nine 

volumes saline and 0.1% Tween 20, of which 50 µl was added to each well and incubated 

for one hour at 22
o
C. The wells were again decanted and washed six times with saline. Fifty 

microlitres of BM Blue™ soluble substrate that was pre-warmed at 37
o
C was added to each 

well and allowed to develop at room temperature. The reaction was stopped by adding 25 

µl stopping solution containing 0.2M H2SO4. The absorbance values of the wells were 

spectrophotometrically measured at 450 nm on a Power Wavex spectrophotometer (Bio-

Tek Instruments). 

Crude protein extraction 

Crude proteins were extracted according to the method of Botha et al. (1990) from 5 g of 

the ground tissues as previously described by stirring it on ice in 2.5 volumes ice cold 

extraction buffer containing 100 mM Tris (pH 7.2), 2 mM MgCl2, 2 mM EDTA, 10% (v/v) 

glycerol, 5 mM DTT, 2% PVPP, 14 mM Mercaptoethanol and 1x Complete™ protease 

inhibitor cocktail (Roche). The sample was then centrifuged for 10 min at 12000 xg at 4
o
C. 

The supernatant was either immediately used or frozen at – 80oC. 

Desalting of crude protein extracts 

Sephadex G-25 Medium beads were allowed to hydrate overnight in ddH2O at 4oC. A Pd-

10 column was packed with swollen beads and equilibrated with five volumes of 

equilibration buffer containing 100 mM Tris (pH 7.2), 2 mM MgCl2, 2 mM EDTA, 10% 
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(v/v) glycerol, 5 mM DTT, 14 mM Mercaptoethanol and 1x Complete™ protease inhibitor 

cocktail. Two and a half millilitres of crude protein extract were loaded onto the column 

and eluted with 3.5 ml of elution buffer containing 100 mM Tris (pH 7.2), 2 mM MgCl2, 2 

mM EDTA, 10% (v/v) glycerol, 5 mM DTT, 40 mM Hepes, 14 mM Mercaptoethanol and 

1x Complete™ protease inhibitor cocktail. The desalted protein sample were either 

immediately used or frozen away at -80
o
C. 

Protein concentration determination 

Protein was measured according to the method of Bradford (1976) using Bovine Serum 

Albumin (BSA) as standard protein (Sigma). Protein was measured spectrophotometrically 

at abs 595 nm on a Power Wavex spectrophotometer (Bio-Tek Instruments). 

SDS PAGE and protein blotting 

Proteins were resolved in a 10% (m/v) separating gel with a 3% (m/v) stacking gel. The 

separation gel contained 375 mM Tris-HCL (pH 8.8), 10% (m/v) (acrylamide / N’N’-

methylene bisacrylamide) mix, 5% (v/v) glycerol, 0.4% (m/v) SDS, 0.1% (m/v) ammonium 

persulfate and 0.1% (v/v) N’N’N’N’-Tetramethylethylenediamine (TEMED), whilst the 

stacking gel contained 125 mM Tris-HCL (pH 6.8), 3% (acrilamide / N’N’-methylene 

bisacrylamide) mix, 5% (v/v) glycerol, 0.1% (m/v) SDS, 0.1% ammonium persulfate and 

0.1% TEMED. Both gel solutions were degassed under vacuum before the SDS and 

TEMED were added. Thirty micrograms of protein was boiled for 5 min with one volume 

sample buffer containing 125 mM Tris (pH 6.8), 10% (m/v) SDS, 10% (v/v) glycerol, 100 

mM DTT and 0.05% (m/v) Bromophenol blue. The samples were run on a Mini-

PROTEAN II vertical gel system (BioRad) with running buffer containing 30 mM Tris (pH 

8.3), 0.2 mM glycine and 0.02% (m/v) SDS. The rainbow prestained protein marker was 

used (Fermentas). The samples were run at 20V/cm of gel. 

Separated polypeptides were transblotted onto Hybond-C nitrocellulose membrane 

(Amersham) using the Trans-Blot SD semi-dry electrophoresis transfer cell (BioRad) at 

12V for one hour. Before transfer, the gels were first equilibrated in transfer buffer for 15 
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min. The transfer buffer contained 50 mM Tris (pH 7.6), 40 mM glycine, 20% methanol, 

0.04% SDS. After transfer non specific binding sites were blocked in a TBST buffer (20 

mM Tris (pH 7.6), 140 mM NaCl, 0.1% Tween-20) containing 4% BSA for 16 hours. The 

respective primary antibodies were added to the blocking solution. For the sugarcane PFP 

α- and β-antisera, a titer of 1/200 was used, while for the potato PFP-β a titer of 1/500 was 

used. The primary antibodies were incubated for 16 hours. After decanting the primary 

binding solution, the membranes were washed three times in TBST buffer for 15 min each. 

Depending on the antiserum host, the membranes were incubated in TBST buffer 

containing 3% low fat milk powder and a 1/2000 dilution of either anti-mouse IgG 

conjugated peroxidase or anti-rabbit IgG conjugated peroxidase, for one hour. After 

incubation the membranes were washed twice with TBST buffer containing 0.05% SDS for 

10 min and then another 2 times with plain TBST for 10 min. Hybridised protein bands 

were visualised by incubation in a NBT/BCIP solution (one tablet per 50 ml ddH2O). 

Membranes were washed in ddH2O to stop the reaction. 

One microlitre of the respective Fmoc synthesised peptides and the potato PFP-β antiserum 

were dot-blotted onto a nitrocellulose membrane to determine cross-reactivity. The same 

primary/secondary antibody binding and visualisation technique as mentioned above was 

employed.  

Immunoprecipitation of PFP activity  

Immunoprecipitation of PFP and testing for residual activity were done according to the 

method of Whittaker et al. (1999). The effect of the respective sugarcane and potato PFP 

antisera on PFP activity were determined in a total volume of 75 µl containing 10 µl crude 

extract, 0.1% (m/v) BSA, 100 mM Tris-HCl (pH 7.5) and 2.5–40 µl antiserum. After 

incubation for two hours at 4°C, either 10 µl insoluble Protein A or 10 µl Protein G-

Sepharose were added. For the antisera generated in mice, a goat IgG specific for mice IgG 

was added when precipitation was done with Protein A. The solution was incubated for 30 

min after which it was centrifuged for 10 min at 12000 xg at 4
o
C. Residual PFP activity 

was measured. PFP activity in samples incubated with antiserum were expressed as a 

percentage of the PFP activity in extracts which were similarly incubated, but treated with 
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0.1% (m/v) BSA and insoluble Protein A only. The residual PFP activity was determined 

for the glycolytic direction in a UV transparent microtiter plate. 20 µl of the supernatant 

and 225 µl assay cocktail containing 50 mM Tris (pH 7.2), 2 mM MgCl2, 0.1 mM NADH, 

5 mM Fruc-6-P, 10 µM Fruc-2,6-P2, 1U Aldolase, 1U Glycerol-3-P-DH and 10U TPI were 

added to each well. 25 µl of a 10 mM PPi solution were then added and the decrease in 

absorbance at 340 nm were measured over a 15 min time period on a Power Wavex 

spectrophotometer (Bio-Tek Instruments). 

RESULTS A#D DISCUSSIO# 

Antigenic peptide selection and synthesis. 

Based on the prediction parameters described in materials and methods four sequences 

were selected for peptide synthesis, two for each of sugarcane PFP’s subunits. (see table 1). 

The peptides were synthesised as multiple antigen peptides (MAPs) (Tam and Spetzler 

1997). A MAP is composed of 8 identical peptides that are synthesised on a ploy-lysine 

core. This greatly increases the molecular mass and eliminates the need to couple the 

peptides to a conjugate carrier protein and thereby avoiding IgG specific to the carrier 

protein. 

Table 1. Synthetic peptide sequences selected for antibody generation. 

 

 

20

20

20

20

AA 

count

8.6295internal NKLDLDGLVVIGGDDSNTNA Beta-2 

8.9170C’-terminal GPIQFSGPGSDDSNHTLMLE Beta-1 

9.5880internal ELLLHQESDNSAQLSQIDTE Alpha-2 

8.8555N’-terminal MNADFGAPKELAGGLQQRRA Alpha-1 

MAPs Mr. 

(kDa) 

% homology 

with potato 

Location in 

sequence 
Peptide sequence 

Synthetic

Peptide

20

20

20

20

AA 

count

8.6295internal NKLDLDGLVVIGGDDSNTNA Beta-2 

8.9170C’-terminal GPIQFSGPGSDDSNHTLMLE Beta-1 

9.5880internal ELLLHQESDNSAQLSQIDTE Alpha-2 

8.8555N’-terminal MNADFGAPKELAGGLQQRRA Alpha-1 

MAPs Mr. 

(kDa) 

% homology 

with potato 

Location in 

sequence 
Peptide sequence 

Synthetic

Peptide



55 

 

Antiserum titrations for ELISAs 

Antibody titres were determined using direct ELISAs with 10 µg ml
-1

 of the respective 

synthetic peptides and a two-fold dilution series of their representative antiserums. All of 

the antisera for both the α- and β-subunit synthetic peptides showed an immune response of 

varying intensity when compared to the control serum, which was taken before the 

immunisation programme started. 

 

 

 

 
 

 
Fig. 1. ELISA titration curve obtained for the PFP-α and-β synthetic peptide antisera.  Measurements 

were taken in triplicate. Data points were fitted with second order polynomial regression trend lines. (♦) 

Alpha-1, (●) Alpha-2, (▲) Beta-1 (■) Beta-2 and (ж) Control serum. 

The control anti-serum had a low background reading of approximately 0.14 OD units at 

450nm across the dilution series (fig. 1). The Alpha-1 mouse antiserum, which was derived 

from the N’-terminal α-sequence, gave a strong response across the dilution series, 

indicative of high non specific binding (fig. 1). The Alpha-1 antiserum was therefore not 

used in later experiments. Alpha-2 mouse anti-serum, for which the synthetic peptide was 

derived from the internal α-sequence, showed recognition (OD450nm > 0.14) up to dilutions 

of 1.6 x10
-5

. Overall, the anti-serum raised against the synthetic peptides for the PFP-β 
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showed the highest specific response. Beta-1, for which the synthetic peptide was derived 

from the C’-terminal β-sequence, showed strong a recognition (OD450nm > 0.18) up to 

dilutions of 1.6 x10
-5

. Beta-2 however showed the strongest response (OD450nm > 0.38) at 

dilutions of 1.6 x10
-5

. For subsequent western analyses a dilution of 2.0 x10
-3

 was chosen 

for Alpha-2, Beta-1 and Beta-2, as this gave a strong peptide recognition with low 

background staining. 

Immuno characterisation of the α and β subunits of sugarcane PFP 

SDS-PAGE and immunoblot analysis showed that the antisera raised against the synthetic 

peptides all recognised a single band with low background in a sugarcane protein extract 

(fig. 2.). Alpha-1, Beta-1 and Beta-2 antisera all bound to a protein of approximately 60 

kDa in size. The potato PFP-β antiserum also recognised a band of ± 60 kDa as well as a ± 

25kDa band.  

Fig. 2. Immunoblot analysis of sugarcane protein extract with the various subunit specific anti-sera.  

25µg of crude, desalted sugarcane callus protein extract was used in each sample (lane 1-4), samples were 

interspaced with a prestained molecular marker (M). Lane 1(Alpha-2 antisera), lane 2 (Beta-1 antisera), lane 3 

(Beta-2 antisera) and lane 4 (potato PFP-β antisera) respectively. 

The potato PFP subunits has previously been characterised and the α- and β-subunit 

molecular weight are approximately 65 kDa and 60 kDa respectively (Kruger and Dennis 

1987). A follow up experiment with crude potato protein extract was conducted to test for 

cross species hybridisation with the different antisera (fig.3.). The antisera raised against 

the synthetic β-peptides recognised a protein of similar size as that of the potato PFP-β 
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antiserum (± 60 kDa). However, the antiserum raised against Alpha-2 did not show 

hybridisation for the potato extract even though there is an approximate 80% homology 

between the Alpha-2 and potato PFP-α sequences. 

Callus protein extract was used for the immunological detection of the PFP-subunits due to 

it having up to 75 times more PFP per gram FW than internodal tissue. Furthermore, the 

PFP extracted from sugarcane internodal and callus tissue has similar properties 

(Groenewald and Botha 2007), and together with previous findings that only a single allele 

for the PFP-β gene is expressed in various sugarcane tissues (Huckett, Reddy et al. 2001) it 

is probable that PFP has similar molecular properties in these different sugarcane tissues 

(Groenewald and Botha 2007). To confirm this, a comparative protein blot analyses were 

conducted for the respective antisera on callus, leafroll and internode 7 protein. No 

differences were observed and all hybridised to a protein band of ± 60 kDa in size (fig. 3.). 

Fig. 3 Protein blot analysis of the PFP β- and α-subunits in sugarcane callus, leafroll and internode 7. 

25µg of crude  non-desalted sugarcane protein extract were loaded and separated on SDS-Page. Hybridised 

bands were cut out and stacked upon each other for presentation and do not reflect  actual separation. The 

columns are representative of (A) callus, (B) leafroll, (C) potato tuber.. The rows are representative of (1) 

Alpha-2 antiserum, (2) Beta-2 antiserum and (3) Potato PFP-β antiserum. 

For most other plant species the PFP subunits differ in size and range from 65 - 68 kD   (α 

subunit) and 60 - 64 kD (β subunit) for both dicot plants (Kruger and Dennis 1987; Botha et 

al. 1988; Carlisle et al. 1990; Cheng and Tao 1990) and monocot plants (Yan and Tao 

1984; Nielsen 1994). However, in both mung bean and carrot the two subunits are the same 

size (± 60 kDa) (Wong et al. 1988 ; Cheng and Tao 1990). 
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The observed similar size of ± 60 kDa for both the sugarcane α- and β-subunits in the 

protein blot experiment are dissimilar to the deduced Mr for the respective subunits’ coding 

sequences and previous studies. From the Brazilian EST consensus sequences, the 

estimated α- and β-subunit sizes of sugarcane PFP should be 65.3 kDa and 61.2 kDa 

respectively (Telles et al. 2001). A recent study done on the molecular and kinetic 

characteristics of sugarcane PFP, used potato α- and β-subunit specific antisera to do a 

cross species hybridisation study (Groenewald and Botha 2007). The potato β-subunit 

antiserum hybridised with a sugarcane protein of ± 58 kDa in size, similar to this study. The 

potato α-subunit antiserum however cross-reacted to two molecular sizes. One 

hybridisation band of ± 60 kDa, the same as for this study, and another bigger one of ± 63 

kDa, the latter is the expected size based on the EST sequence analyses. Two possible 

explanations were put forward namely. (i) That the potato α-antiserum hybridised to both 

sugarcane subunits, thus accounting for the two bands. No cross reactivity of the potato α-

antiserum was however observed in the original study on potato, and also there is only a 41 

% homology between the deduced amino acid sequences of the sugarcane α- and β-

subunits. (ii) The other possibility is that of post-translational modification of the α-subunit 

by proteolytic cleavage, resulting in two α-subunits of different sizes. To further investigate 

possible cross reactivity of the Alpha-2 antiserum with the PFP β-subunit, a follow up 

hybridisation experiment was conducted in this study (fig. 4.). 

Fig. 4. Immunoblot to test for cross reactivity for the different antisera.  On the y-axis, the rows were 

blotted with 2µl of a 10µg ml
-1

 solution of the respective synthetic peptides. The different lanes were then 

immunoblotted with various antisera, lane 1 (Alpha-2 antisera), lane 2 (Beta-1 antisera), lane 3 (Beta-2 

antisera), lane 4 (combination Alpha-2/Beta-2 antisera), lane 5 (potato PFP-β antisera). 
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None of the specific antisera cross-hybridised with any of the other peptides. The potato 

PFP β-antiserum hybridised with both sugarcane Beta-1 and Beta-2 synthetic peptides, 

confirming its specificity. Before the peptides were synthesised a thorough comparative 

sequence analysis was done in order to prevent cross-hybridisation. The use of synthetic 

peptides allows recognition to be directed to specific epitopes, resulting in higher 

specificity and lower background. However, antibody/epitope binding is a 3-dimensional 

conformational recognition and by synthesising short peptides, structural variations in an 

artificial environment might be induced that would otherwise not be there if the peptide 

were still part of the ‘parent’ molecule, and therefore possibly altering epitope recognition. 

Even though it seems unlikely, the possibility of Alpha-2 antiserum only recognising the β-

subunit of sugarcane PFP or any other protein of similar size cannot be excluded. 

Post translational modification of the α-subunit seems the most likely explanation for the 

observed size which differs from the ± 65 kDa found in the previous studies. Work done on 

purified PFP from wheat, wheat germ, potato, cucumber, mung bean and lettuce showed 

that the α-subunit is much more susceptible to proteolytic cleavage by trypsin than the β-

subunit (Cheng and Tao 1990). In most cases the varying proteolytic cleavage resulted first 

in a ± 60 kDa protein, which hybridised to α-specific antiserum. Proteolysis of the PFP α-

subunit did not result in a loss of activity when activated by Fruc-2,6-P2, however it did 

result in a loss of basal non-activated activity. The preferential proteolytic hydrolysis of the 

α-subunit could therefore act as a form of post translational metabolic control. Furthermore 

it should be emphasised that although the deduced nucleotide sequence suggest bigger, in 

the study done by Groenewald and Botha (2007) the potato α-antiserum hybridised to two 

bands, one of which corresponds to the observed size in this study. In theory the alpha-2 

antiserum in this study should be more specific it being raised against a specific sugarcane 

α-PFP epitope. Although the alpha-2 antiserum was raised against an internal epitope, 

which should not be cleaved out during proteolysis, a conformational change or improved 

accessibility due to proteolytic cleavage could potentially explain it only recognising the 

“mature” peptide on the SDS page gel. 
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Immunoprecipitation of sugarcane PFP activity out of solution 

To further determine the specificity of the synthetic peptide antisera for sugarcane PFP, 

activity was immunoprecipitated out of solution. In its native form in sugarcane, PFP either 

exist in di-, tri- or octameric aggregations of the two subunits. Precipitation will thus not 

distinguish between the subunits as binding will be to the holoenzyme. Two systems were 

used e.g. insoluble Protein A (fig. 5.) and Protein G-sepharose (results not shown).  

 

Fig. 5. The immunoprecipitation of sugarcane PFP activity out of solution.  10µl crude extract were 

precipitated out of solution with increasing amounts of antiserum and insoluble protein A. Mouse IgG specific 

goat antibody were added to act as an bridge between the mouse IgG and protein A. Different anisera used 

were (A) Alpha-2, (B) Beta-1, (C) Beta-2, (D) potato PFP-β. PFP activity in samples incubated with antisera 

were expressed as a percentage of the PFP activity in extracts which were similarly incubated, but treated 

with 0.1% (m/v) BSA and insoluble Protein A only. 

Protein A binds mouse IgG very weakly therefore a bridging goat antibody specific for the 

γ-portion of mouse IgG was added after which the insoluble protein A can readily 

precipitate the [antigen-mouse IgG-goat IgG]-complex.. Protein G-sepharose binds both 

mouse and goat IgG equally efficiently and the addition of a bridging IgG was therefore not 

needed. Similar results were obtained for both systems. 

Sugarcane internode 7 protein extract were used for the immunoprecipitation experiments 

because these samples contain less PFP than callus resulting in more noticeable 

precipitation (Groenewald and Botha 2007) Initial precipitation experiments with callus 
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protein extract, using the same experimental procedure and stoichiometric amounts, 

resulted in a low percentage precipitation of activity. Potato PFP-β antiserum precipitated 

up to ± 75% sugarcane PFP activity out of solution. The immunoprecipitation of sugarcane 

PFP activity by the potato PFP-β serum reflects immunological similarity between 

sugarcane PFP and that of potato. The synthetic peptide antisera gave the following 

percentage of removal of activity i.e. Alpha-2 (± 35 %), Beta-1 (± 40 %) and Beta-2 (± 55 

%). The reason for the reduced removal of activity by the synthetic petide antisera 

compared to that of potato antiserum could be threefold. Firstly the antisera raised against 

the synthetic peptides binds only to a singular epitope as compared to multiple epitope 

binding of the polyclonal potato PFP-β antiserum which was raised against the whole 

protein (Kruger and Dennis 1987). The actual binding force might thus be less resulting in a 

reduced ability to precipitate PFP activity. Secondly, due to its multiple epitope binding 

capacity the potato PFP-β antiserum might not necessarily need to precipitate PFP, but only 

need to block catalytic activity through antibody binding. The synthetic peptide antisera, 

due to its specificity to a singular epitope are unlikely to block activity through mere 

binding.Thirdly, it could also just be relative to different titers for the different antisera. 

None the less activity was removed out of solution and therefore confirms the specificity of 

the synthetic antisera.  

CO#CLUSIO# 

Specific antibodies were generated against the individual subunits of sugarcane PFP. 

Polypeptides of similar size are recognised by the respective antisera generated from the 

synthetic peptides for the α- and β-subunits of PFP. The α-subunit’s size however differs 

from the predicted size, but this could possibly be explained at the hands of post 

translational modification. The β-subunit size is similar to that of previous studies on 

sugarcane. The antisera generated seem to be specific for PFP as they precipitated activity 

out of solution.  
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CHAPTER 4 

Development and characterisation of transgenic systems for the manipulation of PFP 

activity in tobacco plants 

I#TRODUCTIO# 

Pyrophosphate: fructose 6-phosphate 1-phosphotransferase  (PFP: EC 2.7.1.90) catalyses 

the reversible inter conversion of fructose 6-phosphate (Fruc-6-P) and fructose 1,6-

bisphosphate (Fruc-1,6-P2) in the plant cytosol and is thought to be ubiquitious in higher 

plants (Stitt 1990). What makes PFP so unique is that it uses inorganic pyrophosphate (PPi) 

as a phosphoryl donor instead of ATP for the glycolytic reaction. The reaction PFP 

catalyses has been established to be close to equilibrium in vivo in various plant tissues (for 

review see Plaxton 1996). This is thought to impart metabolic flexibility to the plant, 

allowing it to respond sensitively to environmental changes and conditions (Edwards and 

Ap Rees 1986; Weiner et al. 1987). Since its discovery in the lower eukaryote Entamoeba 

histolytica (Reeves et al. 1974) and in the pineapple plant (Carnal and Black 1979), it has 

been characterised in various micro-organisms incl. Giardia lamblia (Mertens 1990) and in 

both dicotyledonous and monocotyledonous plants (Yan and Tao 1984; Blakeley, Crews et 

al. 1992; Turner and Plaxton 2003; Groenewald and Botha 2007). 

The numerous proposed roles for PFP relates to its two main characteristics i.e. (i) its 

ability to catalyse a net flux towards either glycolysis or gluconeogenesis (Dennis and 

Greyson 1987; Entwistle and Aprees 1990; Stitt 1990; Hatzfeld and Stitt 1991), and (ii)  its 

PPi producing / consuming ability and the implications of this for cellular metabolism 

(Dancer and Ap Rees 1989; Claassen et al. 1991; dos Santos et al. 2003). PFP activity is 

strongly regulated by means of fructose 2,6-bisphosphate (Fruc-2,6-P2) activation, and by 

its substrates/products (for review see Plaxton 1996). In light of its characteristics and tight 

regulation, it is therefore conceivable that PFP plays an important role in plant metabolism. 

To date, no clear-cut physiological role has been assigned to PFP. To further add to the 
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uncertainty transgenic tobacco and potato plants with constitutively down- and up-regulated 

PFP activity, showed no major alterations in terms of phenotypic effects or shifts in 

carbohydrate flux, which led the authors to conclude that PFP does not play a major role in 

the primary metabolism of plants (Hajirezaei et al. 1994; Paul et al. 1995; Nielsen and Stitt 

2001; Wood, Dennis et al. 2002; Wood, King et al. 2002; Groenewald and Botha 2007) 

However, due to the PFP reaction being close to equilibrium, it is quite plausible that PFP 

may contribute differently to metabolism in different plant organs. The averaged 

consequences of the constitutive down-regulation or over-expression of PFP activity could 

possibly conceal or negate a true tissue specific purpose of PFP. The phloem of the vascular 

system of the plant, due to high respiratory demand and proneness to anoxia, represents just 

such a tissue where PFP could potentially induce a metabolic advantage (van Bel 2003). 

The sieve element companion cell (SE/CC) complex of the phloem is dependent on carbon 

respiration to drive the active loading of photo-assimilate into the sieve tube lumen through 

the combined effect of sucrose transporters (SUTs) and ATP dependent proton pumps 

(H+ATPases). Manipulation of PFP in the SE/CC complex could therefore have an impact 

on carbohydrate allocation between sink and source regions of the plant by influencing the 

energy status of these cells. 

Phloem specific manipulation of PFP can be achieved through the use of promoters that 

exclusively promote gene expression in the SE/CC complex (Schmulling et al. 1989). By 

reducing the level of expression of either of the two PFP subunits, alpha (regulatory) or 

beta (catalytic), down-regulation of PFP activity can be induced. Various techniques of 

RNA interference (RNAi) exist including intron hairpin RNA (ihpRNA), antisense  and 

sense suppression (Wesley et al. 2004). It was first shown in the nematode Caenorhabditis 

elegans that the injection or ingestion of double stranded RNA (dsRNA) can trigger 

specific RNA degradation, in a process known as RNA-interference (RNAi) (Fire et 

al.1998 ). The dsRNA is perceived as foreign and triggers the degradation of itself and 

homologous RNA within the cell (Wesley et al. 2004). The same principle, but named post 

transcriptional gene silencing (PTGS) was later shown to exist in plants (Waterhouse et al. 

1998 ). Post transcriptional gene silencing of plant genes using antisense or co-suppression 
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constructs usually results in only a modest proportion of silenced individuals. There 

appears to be a considerable advantage of dsRNA expression silencing over that of either 

the sense or antisense suppression techniques (Wesley et al. 2001). The hpRNA constructs 

requires two copies of the target sequence in an inverted-repeat orientation in order to 

produce duplex RNA (fig. 1.). It was found necessary to include a spacer region between 

the arms of hpRNA constructs for stability of the inverted repeat DNA in Escherichia coli 

during the cloning. However, replacing the spacer (loop) region of hpRNA constructs with 

a functional intron sequence increases the proportion of independent silenced lines 

recovered from approximately 50 to about 100% in Arabidopsis (Smith et al. 2000). intron-

spliced hpRNA constructs therefore give a higher proportion of silenced transformants than 

intron-free hpRNA constructs (Wesley et al. 2004). The features of ihpRNA mediated gene 

silencing makes it particularly attractive in the production of silenced plants for functional 

genomics applications. The sequence specificity of gene silencing allows the use of unique 

sequences to target specific genes; this enables the researcher to custom make 

“knockdown” plants. 

 

Fig. 1 Construct design and mechanism of formation of hairpin RNA. For ihpRNA the intron is spliced out 

and the end result contains no loop. 

 

The over expression of the native plant PFP is not feasible for two reasons: (i) most plant 

PFP consists of a heterotetramer holoenzyme, and (ii) even if dual subunit transformation 

can be accomplished it will still be subject to the same endogenous regulation and enhanced 

activity will therefore not be attained. However, the PFPs of prokaryotes and lower 

eukaryotes are homodimeric and insensitive to regulation by Fruc-2,6-P2. The Giardia 

lamblia PFP is a 120 kDa homodimer, consisting of two 59.8 kDa monomers, which are 
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encoded by a 1635 bp gene (Rozario et al. 1995) (GENBANK : AY104192). As mentioned 

before the Giardlia PFP is insensitive to Fruc-2,6-P2 regulation and its over expression 

should therefore result in increased activity. Also, the biological activity of transgenic 

Giardia lamblia PFP has been proven in tobacco before (Wood, Dennis et al. 2002; Wood, 

King et al. 2002). The enzyme catalyses the exact same reaction as plant PFP and have a 

broad pH optima of between 6.5 and 7.8. 

Here we report the development of transformation systems for the down-regulation and 

over-expression of PFP activity, both in a phloem specific as well as constitutive manner, 

in tobacco plants. The goals of this study include the isolation of the PFP-β sequence from 

tobacco and the construction and characterisation of the appropriate transformation vectors. 

MATERIALS A#D METHODS 

Chemicals and enzymes 

All chemicals, auxiliary enzymes, cofactors and substrates were of molecular biology grade 

and obtained from Sigma-Aldrich Chemicals (St Louis, MO, USA), Roche Diagnostics 

(Mannheim, Germany), Promega (Madison, WI, USA) or Fermentas (Ontario, Canada). 

6icotiana tabacum type SR1 was obtained from the Institute of Wine Biotechnology 

(Stellenbosch, South Africa). 

R#A extraction and RT-PCR 

10 g of mature tobacco leaf tissue was ground up in liquid nitrogen to which 5 volumes 

(m/v) 65
o
C extraction buffer containing 2M sodium chloride, 2% (m/v) cetyl 

trimethylammonium bromide (CTAB), 0.1M Tris-HCl (pH 8.0), 2% (w/v) Polyvinypoly-

pyrrolidone (PVPP), 3% (v/v) β-Mercaptoethanol and 25 mM EDTA. After vortexing 

thoroughly the sample was placed back in a waterbath at 65
o
C for 10 min. The sample was 

spun down at 15000 xg  for 10 min to remove plant material rest and the supernatant was 

carried over to a new tube. Repeated phenol: chloroform: isoamylalcohol (25: 24: 1) 
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extractions were made until the interphase was clear of protein contamination. This was 

followed with a chloraform: isoamylalcohol (24: 1) extraction to get rid of the phenol. The 

RNA was precipitated by adding LiCl to a final concentration of 2M and 1 volume of 

isopropanol after which it was precipitated overnight. After centrifugation at 12500 xg at 

4oC for 30 min, the pellet was twice washed with 70% (v/v) ethanol. The pellet was air 

dried in a laminar flow and resuspended in 200 µl DEPC treated water. RNA was 

quantified on a Power Wavex spectrophotometer (Bio-Tek Instruments) at Abs260nm. First 

strand cDNA synthesis were carried out with the SuperScript ™ II one step RT-PCR 

system (Invitrogen) according to the manufactures recommendations. 

Isolation of a PFP-β subunit fragment from tobacco 

A comparative sequence analysis of PFP was done and primers were designed primarily 

based on the sequence of the Solanum tubersum PFP-β subunit sequence 

(GenBank|M55191.1|POTPFPB). Primers were ordered from Inqaba biotech (Pretoria, 

South Africa). A ± 900 bp fragment was amplified from the tobacco cDNA in accordance 

with the primer specifications by means of automated polymerase chain reaction (PCR) 

with a GeneAmp PCR 9700 system (Applied Biosystems). The PCR derived fragment was 

cloned directly into the pGEM
® 

-T Easy cloning vector (Promega) and ligated overnight. 

Bacterial cells of the strain DH5-α were transformed by heat shock for 45s at 42
o
C. Cells 

were shaken at 37oC for one hour in Lauria broth (LB) containing Bacto-Tryptone 10 g L-1, 

Bacto-yeast extract 5 g L
-1

. NaCl 10g L
-1

, (pH 7.0) after which 150 µl were plated out on 

LB agar plates containing 100 mg L
-1

 ampicillin. Plates were incubated at 37
o
C until 

individual colonies could be visualised (± 16 hours). Colonies were picked and colony 

PCRs were performed for the tobacco PFP-β fragment with the primers mentioned above. 

A colony positive for the insert were grown overnight in liquid LB medium containing 100 

mg L
-1

 ampicillin. Bacterial plasmid extraction was performed with the GenElute™ 

Plasmid MiniPrep kit (Qiagen) according to the manufacturer’s recommendations. Plasmid 

DNA was quantified on Power Wavex spectrophotometer (Bio-Tek Instruments) at 

Abs260nm. 
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D#A sequencing 

Automated DNA sequencing was performed with an Applied Biosystem ABI Prism 373 

Genetic analyser using an ABI BigDye™ terminator cycle sequencing ready reaction kit 

according to the manufacturer’s recommendations (Perkin-Elmer, Boston, USA) and the T7 

and Sp6 primers which flank the insert in the pGEM
 
-T Easy cloning vector. 

Transgenic vector construction 

For the down regulation of PFP, the RNAi system of self-complementary intron hairpin 

RNA was selected and the pKANNIBAL (Wesley et al. 2001) cloning vector with 

kanamycin resistance was obtained from Dr. JD. Lloyd (IPB, Stellenbosch, South Africa). 

For the phloem specific expression, the rolC promoter (Matsuki, Onodera et al. 1989) was 

obtained from the pbinRolC vector supplied by Dr. JH. Groenewald (IPB, Stellenbosch, 

South Africa). The promoter was inserted by restriction fragmentation and ligation into the 

pKANNIBAL vector, after it was amplified with primers containing added restriction sites 

in their sequence. For constitutive expression the CaMV 35S promoter (Battraw and Hall 

1990) was used. To insert the tobacco PFP-β fragment, primers were designed with specific 

restriction sites for easy restriction enzyme digestion and ligation. In the sense direction the 

fragment was inserted with an XhoI (forward primer) and KpnI (reverse primer) restriction 

sites. In the antisense orientation the ClaI (forward primer) and XbaI (reverse primer) 

restriction sites were used.  For the over expression, the Giarlia lamblia PFP gene (Mertens 

1990) was obtained from pEGP 510 vector (Dr. JH. Groenewald, IPB, Stellenbosch, South 

Africa). The Giardia lamblia gene was also inserted by means of restriction digestion into 

the pKANNIBAL vector, but with the polylinker / intron region removed, thus changing it 

into an ordinary cloning vector. The vectors were characterised by restriction digestion. 

After plasmid isolation the cloned fragments with their respective inserts, CaMV 35S or 

rolC promoters and an OCS terminator, were excised by the NotI restriction sites that flank 

the cloned regions. The NotI fragments were then inserted into the Agrobacterium binary 

transformation vector pART27 and after cloning, were again characterised by restriction 

digestion. In all, 4 vectors were constructed i.e. (i) phloem specific rolC tobacco PFP-β 

ihpRNA (pRcTab), (ii) constitutative CaMV 35S tobacco PFP-β ihpRNA (pCvTab), (iii) 
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phloem specific rolC Giardia lamblia over expression (pRcGL), (iv) constitutative CaMV 

35S Giardia lamblia over expression (pCvGL). 

RESULTS A#D DISCUSSIO# 

Isolation and characterisation of the tobacco PFP-β sequence 

In order to achieve optimal suppression of the endogenous PFP of tobacco a partial β-

subunit gene sequence was isolated. A set of primers (PFP-T1 and PFP-T2, table 1.) was 

designed based primarily on the sequence of the potato β-subunit available on the 

international database, GENBANK accession number M55191 (www.ncbi.nlm.nih.gov). 

The primers were used to amplify a 911 bp cDNA fragment from callus tissue (fig. 1.). 

Subsequent cloning and characterisation confirmed the fragment to be that of PFP-β. By 

using the BLASTN software (www.ncbi.nlm.nih.gov/BLAST/) on the NCBI database, the 

sequence showed the following homologies to that of potato (100%), tomato (97%), 

grapefruit (88%) and maize (77%) PFP-β. The fragment comprised 45.87% of the total 

potato PFP-β sequence. The 911 bp sequence was subsequently entered into the 

GENBANK database and was assigned the accession number EU099316. The fragment 

isolated was used in the construction of the ihpRNA plant expression vectors, aimed at 

down regulating the expression of tobacco PFP-β. Gene fragments of 50 bp to 1.6 kb have 

been successfully used as targets. However, if the fragment is to short the degree of 

silencing is reduced. If it is too long, the chances of recombination in the bacterial host is 

increased. The 911 bp size fragment for this study is of medium size and should avoid the 

two above mentioned dilemmas. Because the mechanism of silencing depends on sequence 

homology, there is a potential for cross-silencing of related mRNA sequences. For this 

reason, the later half region (3') of the potato PFP-β sequence was chosen to be a reference 

for sequence selection due to it having a lower GC content than the first half (5') of the 

gene and would therefore be less likely to silence other non intented targets 

 

Table 1 The primers that were used to amplify the 911 bp tobacco PFP-β sequence 

47.163.85' - TGG GAC CTG GGT TAA TGT ATC GGT - 3'bp 1651-1675 (reverse)PFP-T2

47.859.55' - TGG CTT TGA TAC GGC ATG CAA GA - 3'bp 765-788 (forward)PFP-T1

% GCTm oCSequenceBinding site on potatoPrimer

47.163.85' - TGG GAC CTG GGT TAA TGT ATC GGT - 3'bp 1651-1675 (reverse)PFP-T2

47.859.55' - TGG CTT TGA TAC GGC ATG CAA GA - 3'bp 765-788 (forward)PFP-T1

% GCTm oCSequenceBinding site on potatoPrimer
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TGGCTTTGAT ACGGCATGCA AGATATATGC AGAAATGATT GGGAATGTCA TGATAGATGC   

TCGATCAACA GGAAAATACT ATCATTTTGT GAGGCTCATG GGGCGTGCTG CTTCACACAT           

TACTCTAGAG TGTGCTCTGC AAACTCATCC AAACGTTACT TTGATTGGAG AAGAGGTATT          

TGCAAAGAAA CTGACTCTTA AGAATGTTAC GGACTACATT GCTGATGTGG TCTGCAAGCG   

TGCAGAGTCA GGTTACAATT ATGGAGTTAT TCTCATTCCT GAAGGACTTA TAGATTTCAT          

TCCTGAGGTT CAGCAACTCA TTGCGGAACT AAATGAAATA TTGGCACATG ATGTTGTGGA          

TGAAGCTGGT GTTTGGAAAA AGAAACTTAC TCCTCAGTGC CTTGAGCTCT TTGAGTTGTT          

GCCCCTAGCA ATTCAGGAAC AACTGCTTCT TGAGAGAGAT CCACACGGCA ATGTCCAGGT          

TGCCAAAATC GAAACTGAGA AAATGCTTAT TCAAATGGTT GAAACTGAGT TGGATCAGAG          

GAAGCAGAAG GGTGCATATA ATGCTCAATT TAAAGGACAG TTCCACTTTT TTGGTTATGA          

AGGAAGGTGT GGCTTGCCAT CCAATTTTGA TTCTACATAC TGTTACGCAT TGGGGTATGG          

TGCAGGATCA CTGCTTCAAA GTGGGAAGAC AGGGTTGATA TCATCGGTTG GTAATTTGGC          

TGCTCCTGTT GAAGAATTGA CCGTAGGTGG AACAGCACTC ACTGCGTTGA TGGACGTAGA          

GAGGAGACAT GGCAAGTTCA AGCCAGTGAT CAAGAAGGCT ATGGTTGAGC TTGAAGGTGC          

TCCATTCAAG AAATTTGCTT CAAAGAGGGA AGAATGGGCT CTTAACAACC GATACATTAA 

CCCAGGTCCC A 

Fig. 2 The 911 bp PFP-β fragment amplified from tobacco. The underlined sequence represents the primer 

binding sites. 

Transgenic vector construction 

Four plant expression vectors were constructed for the genetic manipulation of PFP activity 

in tobacco. These include the up- and down-regulation of PFP, either constitutively or 

phloem specific. The pHANIBAL (ampicillin resistance) and pKANIBAL (kanamycin 

resistance) vector systems have been found to work extremely effectively for a number of 

genes (Wesley et al. 2001). PCR fragments were cloned into these vectors using 

conventional restriction enzyme digestion and DNA ligation techniques. For the sense 

orientation of the β-fragment the XhoI.EcoRI.KpnI polylinker was used, and for the 

antisense orientation the ClaI.HindIII.BamHI.XbaI polylinker was used. Primers were 

designed with inserted restriction sites (table. 2.) in order to easely digest and ligate the 

amplified PFP fragments into the right orientation and also to insert the rolC promotor into 

the vector. For the over-expression the polylinker / intron cassette was removed and the 
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Giardia lamblia sequence was cloned into the site. The NotI restriction sites that flank the 

cloned cassettes of the respective constructed vectors were used to sub clone into pART 27. 

The expression vectors were designed for Agrobacterium mediated transformation. Table 3 

summarises the main characteristics of the transformation vectors and their vector maps are 

shown in fig. 3&4. 

Table 2. The primers constructed with their 5' - terminal restriction sites for restriction digestion and ligation 

after amplification. 

 

Table 3. Properties of the plant expression vectors constructed to manipulate PFP activity in transgenic 

tobacco. 

ATA TAT CGA TTG GGA CCT GGG TTA ATG TAT CGG TClaIPFP(f2)-C (Reverse)

ATA TGG ATC CTG GCT TGA ATA CGG CAT GCA AGABamHIPFP(f2)-B (forward)

ATA TGG TAC CTG GGA CCT GGG TTA ATG TAT CGG TKpnIPFP(f1)-K (reverse)

ATA TGA ATT CTG GCT TTG ATA CGG CAT GCA AGAEcoRIPFP(f1)-E (Forward)

ATA TGA ATT CGG TAC CCC ATA ACT CGA AGC ATEcoRIrolC-Ec (Reverse)

ATA TCT CGA GGC GGC CGC CGA TAC GAA AAA GGCA AGTXhoI / NotIrolC-XN (forward)

SequenceRestrict. sitePrimer

ATA TAT CGA TTG GGA CCT GGG TTA ATG TAT CGG TClaIPFP(f2)-C (Reverse)

ATA TGG ATC CTG GCT TGA ATA CGG CAT GCA AGABamHIPFP(f2)-B (forward)

ATA TGG TAC CTG GGA CCT GGG TTA ATG TAT CGG TKpnIPFP(f1)-K (reverse)

ATA TGA ATT CTG GCT TTG ATA CGG CAT GCA AGAEcoRIPFP(f1)-E (Forward)

ATA TGA ATT CGG TAC CCC ATA ACT CGA AGC ATEcoRIrolC-Ec (Reverse)

ATA TCT CGA GGC GGC CGC CGA TAC GAA AAA GGCA AGTXhoI / NotIrolC-XN (forward)

SequenceRestrict. sitePrimer

PhloemUpGiardlia lambliarolCpRcGL

ConstitutiveUpGiardlia lambliaCaMV 35SpCvGL

PhloemDownihp tobacco PFP – βrolCpRcTab

ConstitutiveDownihp tobacco PFP - βCaMV 35SpCvTab

SpecificityRegulationGenePromotorVector

PhloemUpGiardlia lambliarolCpRcGL

ConstitutiveUpGiardlia lambliaCaMV 35SpCvGL

PhloemDownihp tobacco PFP – βrolCpRcTab

ConstitutiveDownihp tobacco PFP - βCaMV 35SpCvTab

SpecificityRegulationGenePromotorVector
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Fig. 3 Vector maps of the two PFP down-regulating ihpRNA constructs for tobacco transformation 

 

Fig. 4 Vector maps for the two PFP up regulating expression constructs for tobacco. 

CO#CLUSIO# 

The main aim of the work described here was to establish relevant transformation systems 

for the up- and down-regulation of PFP activity in tobacco. Four plant expression vectors 

were constructed to achieve this task either constitutively or phloem specific. In addition a 

partial sequence for the tobacco PFP-β subunit was isolated and characterised for the first 

time and entered into GENBANK. These vectors will now allow us to do a detailed study 

on the impact of PFP on phloem metabolism. 

A BA B

C DC D
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CHAPTER 5 

 

Investigating the role pyrophosphate: fructose 6-phosphate 1-phosphotransferase 

plays in phloem loading 

 

 

I#TRODUCTIO# 

The growth and development of plants are dependent on the energy gained by fixing carbon 

dioxide (CO2) into carbohydrates during photosynthesis and the translocation of the newly 

fixed photo-assimilates from their sites of synthesis to regions of utilisation and/or storage. 

Following this scheme, plant organs can be divided into two types, i.e. (i) photosynthetic-

active source organs (net exporters of photo-assimilate) and (ii) photosynthetic-inactive 

sink organs (net importers of fixed carbon). Sink and source tissue are connected by the 

phloem of the vascular system in higher plants, and thus form an integral part of 

sink/source relations and regulation (Sonnewald et al. 1994). The phloem is a mass flow 

(‘Münch pressure flow’,Münch 1930) continuum consisting of sieve element companion 

cell (SE/CC) complexes and forms a network of super symplastic living cell tubes (Raven 

1977). According to the system of van Bel (2003) the phloem can be divided into three 

regions i.e. (i) collection phloem which comprises of the minor veins of source leafs and is 

responsible for the loading of assimilate into the sieve tubes for transport, (ii) transport 

phloem which is involved primarily in the transport of assimilate and the continual 

reloading of ‘leaked’ assimilate, and (iii) release phloem which is involved in phloem 

unloading of assimilate to neighbouring cells for utilisation / storage in sink regions. All 

three regions contribute to sink/source relations differently according to their functional 

physiology and metabolism (van Bel 1996). 

The mesophyll cells of the leaves are symplastically connected and allow passive transport 

of sucrose until it reaches the SE/CC complex boundary (van Bel 1993; Turgeon 2000). In 

most plants, sucrose is actively loaded via the apoplast into the SE/CCs by sucrose 

transporters (SUTs) that act as sucrose/proton symporters and relies on a pH gradient 
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between the apoplast and the SE/CC complex generated by H
+
ATPase pumps (Riesmeier et 

al. 1992; Bouchepillon et al. 1994; Barker et al. 2000; Weise et al. 2000). Phloem loading 

is therefore an energy dependent process. If higher rates of phloem transport can be 

achieved, possibly through enhanced loading, it could potentially increase net yield as the 

rate of photosynthesis is able to adapt to the demand of photo-assimilate (Fisher and 

Oparka 1996). 

The companion cell is the metabolic powerhouse of the SE/CC complex and the sieve 

elements rely heavily on it for macromolecular support and energy input (van Bel and 

Knoblauch 2000). The SE/CC complex has a high oxidative respiratory demand in order to 

fuel the continual active loading of sucrose but it is also prone to anoxia (Geigenberger et 

al. 1993; van Bel and Knoblauch 2000). The energy status of companion cells, similar to 

that of other sink tissues, is based on the reversible turnover of sucrose into UDP-glucose 

(UDP-gluc) and fructose, catalysed by the enzyme sucrose synthase (SuSy) in conjunction 

with UDP-glucose pyrophosphorylase (UGPase) (Sonnewald 1992; Geigenberger et al. 

1993; Geigenberger et al. 1996). The reversibility of the SuSy reaction is believed to assure 

adequate supply of substrate for glycolysis as well as for the synthesis of callose, without 

the wasteful degradation of sucrose (Geigenberger et al. 1993). PPi metabolism is essential 

for phloem function and it is maintained at high levels at all times (Geigenberger et al. 

2000). The growth of transgenic plants that over-express a phloem specific 

pyrophosphatase is severely stunted and they have a reduced ability to load and transport 

photo-assimilate (Jelitto et al. 1992; Sonnewald 1992; Lerchl et al. 1995; Geigenberger et 

al. 1996). 

Another enzyme involved in both PPi metabolism and primary carbohydrate metabolism is 

pyrophosphate: fructose 6-phosphate 1-phosphotransferase (PFP).  PFP catalyses the 

reversible inter conversion of fructose 6-phosphate (Fruc-6P) and PPi, to fructose 1,6-

bisphosphate (Fruc-1,6-P2) and inorganic phosphate (Pi), and is extremely sensitive to 

activation by the regulatory metabolite Fruc-2,6-P2 (Stitt 1990). The PFP catalysed reaction 

is thought to be close to equilibrium in vivo in most plant tissues and in Ricunis communis 

phloem sap this has been shown (Geigenberger et al. 1993) as well as in sugarcane 
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(Whittaker and Botha 1997). PFP forms a pivot between glycolysis and gluconeogenesis 

and despite its important location in metabolism and complex regulation in various species, 

tissues and conditions, its exact role remains unclear (Stitt 1998). Various potential roles 

have been proposed for PFP and relates to specific cellular demand and stress conditions, 

the most notable includes glycolytic aid during high respiratory demand, adenylate bypass 

during times of hypoxia/anoxia and regulation of the PPi pool (Dennis and Greyson 1987; 

Entwistle and Aprees 1990; Stitt 1990; Hatzfeld and Stitt 1991; Groenewald and Botha 

2007). All of these potensial roles relate to three intriguing characteristics of PFP i.e. (i) 

The reaction lies close to equilibrium in vivo (Weiner et al. 1987; Geigenberger et al. 

1997), so PFP could in principle contribute to glycolysis or to gluconeogenesis, and to PPi 

removal or to PPi production. (ii) The interconversion of Fruc-6-P and Fruc-1,6-P2 can also 

be catalyzed by the ATP-dependent phosphofructokinase (PFK) and the cytosolic fructose-

1,6-bisphosphatase (FBPase). (iii) Although Fruc-2,6-P2 is a potent activator of PFP, the 

extent of the activation and the concentration dependence is strongly modulated by several 

metabolites including Fruc-6-P and Pi (Stitt 1989; Stitt 1998).  

In an attempt to provide direct evidence for the role of PFP, the effect of constitutive down-

regulation and over-expression of PFP on metabolism was investigated. In potato 

(Hajirezaei et al. 1994) and tobacco (Paul et al. 1995), transformants with a 95% reduction 

in PFP activity in growing and mature potato tubers as well as tobacco source and sink 

leaves were produced. This resulted in an accumulation of hexose phosphates and a 

decrease in the metabolites downstream of PFP in glycolysis, supporting the view that PFP 

contributes to glycolysis in these tissues. However, the rate of glycolysis is not significantly 

impaired and no flux change between sucrose and starch is observed, only in young 

actively growing leaves and tubers are elevated levels of sucrose seen. Similar results are 

obtained for the down-regulation of PFP in sugarcane where sucrose accumulates only in 

the young internodes supporting the view that PFP aids with glycolytic flux during high 

respiratory demand (Groenewald and Botha 2008). The over-expression of a Giardia 

lamblia PFP in tobacco which is insensitive to regulation by Fruc-2,6-P2 leads to an 

increase of metabolites downstream of glycolysis but no  major change in flux is observed 

in the plant itself, although increased fatty acid deposits as well as enhanced growth in the 
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embryo is observed possibly due to a elevated sucrose flux into the embryo (Wood, Dennis 

et al. 2002; Wood, King et al. 2002).  

The remarkably small impact of these large changes in PFP activity on the plant’s 

metabolism and growth as a whole could potentially be explained in various ways. One 

possibility is that PFP is redundant. This seems unlikely in view of the widespread 

distribution and sophisticated regulation of PFP. A second possibility for at least the down-

regulated plants are that the residual PFP is fully activated because in all tissues and 

conditions studied to date reduced PFP expression was accompanied by a marked increase 

in Fruc-2,6-P2. A third explanation is that PFP plays an essential role in specific tissues or 

under certain conditions as is seen in times of high metabolic demand of active growing 

tissues (Groenewald and Botha 2008). The effect of PFP on phloem metabolism has never 

been studied and in this tissue the physiological conditions of low internal oxygen and the 

metabolic characteristics i.e. dependence on PPi metabolism and high respiratory demand, 

implicates that PFP could play an essential role in this tissue. The manipulation of PFP in 

the phloem could impact on companion cell metabolism in several ways depending on the 

mass action ratios of its substrates. If glycolytic flow is increased it could result in a higher 

energy status and possibly increased loading of sucrose. On the other hand if the respiratory 

demand is not the limiting factor and glycolytic flow could be reduced, more sucrose would 

be available for export. Furthermore the contribution of PFP to PPi synthesis/degradation 

could impact on the reversible sucrose synthesis/degradation reaction catalysed by 

SuSy/UGPase. 

The aim of this study was to investigate the potential role of PFP in phloem metabolism by 

characterising the three different phloem sectors in transgenic tobacco plants in which PFP 

activity was either down-regulated or up-regulated in a phloem specific manner. Special 

emphasis will be given to the impact of this on the plant’s ability to load and transport  

photo-assimilate. 
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MATERIALS A#D METHODS 

Chemicals and enzymes 

All chemicals, auxiliary enzymes, cofactors and substrates were of molecular biology grade 

and were obtained from Sigma-Aldrich Chemicals (St Louis, MO, USA), Roche 

Diagnostics (Mannheim, Germany), Promega (Madison, WI, USA) or Fermentas (Ontario, 

Canada). 

Plant material and Agrobacterium mediated transformation 

Tobacco (6icotiana tabacum L. cv. SR1) was transformed for the constitutive and phloem 

specific down-regulation of the tobacco PFP β-subunit by ihpRNA, and also the 

constitutive and phloem specific over-expression of Giardia lamblia by means of 

Agrobacterium mediated transformation. 

The super virulent Agrobacterium tumerfaciens strain EHA-105 was transformed with the 

transformation vectors described in chapter 4. Agrobacterium transformation was 

accomplished by electroporation using the EasyJect
® 

electroporator (EquiBio, Middlesex, 

UK) according to the manufacture’s recommendations. In brief, 50µl of just thawed 

Agrobacterium cells were pipetted into a pre-chilled 0.1 cm cuvette. Ten microlitres of the 

respective transformation vectors, suspended in ddH20, were thoroughly mixed with the 

cells. The resistance and capacitance settings were 200Ω and 25µF respectively with an 

applied voltage of 11kV cm
-1

. The electroporated cells were immediately diluted with 1ml 

of YEP medium containing 10 g L
-1

 yeast extract, 10 g L
-1

 peptone, 5 g L
-1

 NaCl, (pH 7.0) 

and then shaken for 3 hours at 200 rpm at 37oC. Two hundred microlitres were plated out 

on LB agar plates containing 10 g L
-1

 bactro-tryptone, 5 g L
-1

 bactro-yeast extract, 10g L
-1

 

NaCl, 1% (m/v) bactro-agar, pH 7.0 and the antibiotics kanamycin (25 mg L
-1

), 

streptomycin (50 mg L
-1

) and rifampicin (10 mg L
-1

). After 2 days individual colonies 

could be visualised. Colony PCRs were performed for selection and the chosen colonies 

were further characterised by restriction digestion after plasmid isolation to validate that the 

respective transformation vectors were present. 
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Tobacco transformation was done by the leaf dipping method (Glick 1993). Three control 

systems were used i.e. (i) leaf disk were incubated with Agrobacterium without any 

transformation vectors in order to determine antibiotic selection efficiency. (ii) 

Agrobacterium transformation with control vectors that contained the CaMV 35S and rolC 

promoters but not the ihpRNA inserts or Giardia lamblia gene, in order to determine 

promoter effect. (iii) Tobacco organogenesis without any antibiotic selection in order to 

produce negative transgenic control plants. In vitro sterile tobacco plants leaves were cut 

into ~1 cm
2
 squares. The Agrobacterium cells containing their respective transvectors were 

grown in 200 ml YEP medium at 28
o
C until an absorbance of A600= 1.0 -1.4 (20 -24 hrs.) 

was reached. The cells were spun down for 10 min at 500 xg at RT and then resuspended in 

25 ml of infection medium containing 1x MS basal medium (SIGMA), 70 g L
-1 

sucrose, 40 

g L
-1 

glucose, 0.5 g L
-1 

casein at pH 5.2. The plant squares were added to the cell 

suspension and incubated for one hour at RT with gentle shaking. The leaf disks were then 

blotted dry on sterile paper towel and placed on co-cultivation media plates containing 1x 

MS basal medium,  70 g L-1 sucrose, 40 g L-1 glucose, 0.5 g L-1casein, 3 mg L-1 2,4D and 5 

g L
-1

 Gelrite at pH 5.2. The leaf disks and Agrobacterium were co-cultivated for three days 

in the dark at 27
o
C. The disks were then washed three times for 30 min each in a 

cefotaxime antibiotic (250 µg ml
-1

) solution at RT after which the leaf disks were blotted 

dry and placed on a selection medium containing 1x MS basal medium, 3% (m/v) sucrose, 

0.1% (m/v) casein, 1 mg L-1 BA, cefotaxime (250 µg ml-1), 0.2% (m/v) Gelrite and 

kanamycin (100 mg ml
-1

) at pH 5.8. Media plates were replaced with fresh ones on a 

weekly basis.  

After sufficient organogenesis, plantlets that formed on the explants were transplanted into 

10 cm bottles on a growth media containing 1x MS basal medium, 3% (m/v) sucrose, 0.1% 

(m/v) casein, 0.2% (m/v) Gelrite at pH 5.8. After adequate root formation, plants were 

transplanted into 20 cm plastic pots and placed randomly in a greenhouse and grown under 

natural conditions. Harvested tissue was cut up and ground in liquid nitrogen with a pestle 

and mortar. All prepared tissue samples were either used immediately or stored in sealed 

plastic tubes at -80
o
C until used. Initial selection was based on PFP activity and 

establishment of transgene insertion into the genome by PCR. Two plants per construct 
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were chosen. The shoot apical meristem was cut off to remove apical dominance, after 

sufficient growth out of the auxiliary buds the secondary stems were cut off and root 

formation induced by placing them in water saturated vermiculite. The plantlets were used 

as clonal representatives of  their respective parent plants. After adequate root formation the 

plantlets were potted out in 20 cm pots and supplied with nitrogen and phosphorous 

fertilisation. The clonal plants were grown in a controlled environment with a 16 hr light / 8 

hr dark cycle at 24
o
C. Plants were grown for 4 weeks before material was harvested. For 

the mature source leaves, the leaves were dissected into green mesophyllias tissue with 

minor veins avoiding the thicker higher class veins, and the mid-rib section. Young sink 

leaves were dissected into the visible veins which comprised the major part of the leave, 

and the limited semi-green tissue between them. All prepared tissue samples were either 

used immediately or stored in sealed plastic tubes at -80
o
C until used. 

Plant growth and development 

After samples were taken for the biochemical analysis, a destructive harvest was conducted. 

Fresh and oven dried weights of shoots and roots were individually recorded. Shoot to root 

ratios and general growth rates were established according to the system of Beadle (1993). 

Crude protein extractions 

Crude proteins were extracted according to the method of Botha et al. (1990)  from the 

ground tissues by stirring it on ice in 2.5 volumes (m/v) ice cold extraction buffer 

containing 100 mM Tris (pH 7.2), 2 mM MgCl2, 2 mM EDTA, 10% (v/v) glycerol, 5 mM 

DTT, 2% (m/v) PVPP, 14 mM Mercaptoethanol and 1x Complete™ protease inhibitor 

cocktail (Roche). The samples were then centrifuged for 10 min at 12 000 xg at 4
o
C. The 

supernatants were either immediately used or frozen at – 80
o
C for later use. 

Crude protein desalting 

Sephadex G-25 Medium beads were hydrated overnight in ddH2O at 4oC.  Pd-10 columns 

were packed with swollen beads and equilibrated with five volumes of equilibration buffer 

containing 100 mM Tris (pH 7.2), 2 mM MgCl2, 2 mM EDTA, 10% (v/v) glycerol, 5 mM 
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DTT, 14 mM mercaptoethanol and 1x Complete™ protease inhibitor. Two and a half 

millilitres of crude protein extract was loaded onto the column and eluted with 3.5 ml of 

elution buffer containing 100 mM Tris (pH 7.2), 2 mM MgCl2, 2 mM EDTA, 10% (v/v) 

glycerol, 5 mM DTT, 40 mM Hepes, 14 mM Mercaptoethanol and 1x Complete™ protease 

inhibitor cocktail. The desalted protein samples were either immediately used or frozen at -

80
o
C. 

Protein determinations 

Protein was measured according to the method of Bradford (1976) using Bovine Serum 

Albumin (BSA) as standard protein (Sigma). Protein was measured spectrophotometrically 

at Abs595 on a Power Wavex spectrophotometer (Bio-Tek Instruments). 

PFP activity measurements 

Enzyme assay conditions were pre-optimized to ensure saturating substrate concentrations, 

linear product formation with time, and extraction volume. PFP activity was measured 

according to the method of Botha et al. (1990). The PFP activity was determined for the 

glycolytic direction in a UV transparent microtiter plate in a final cocktail volume of 225µl 

containing 50 mM Tris (pH 7.2), 2 mM MgCl2, 0.1 mM NADH, 5 mM Fruc-6-P, 10 µM 

Fruc-2,6-P2, 1U Aldolase, 1U Glycerol-3-P-DH and 10U  TPI. Twenty five microlitres of a 

10 mM PPi solution was added to each well to initiate the reaction and the decrease in 

absorbance at A340 was measured over a 15 min time period on a Power Wavex 

spectrophotometer (Bio-Tek Instruments). Protein samples were first desalted in order to 

remove all Fruc-2,6-P2. The Fruc-6-P was also pretreated at pH 2 for 1 hr to remove all 

Fruc-2,6-P2 contamination and then neutralised again. The Giardia lamblia over-expression 

protein extracts were measured without the addition of Fruc-2,6-P2 in order to distinguish 

from the endogenous PFP. Native tobacco PFP activity was calculated by the difference 

between the two rates after the addition of Fruc-2,6-P2. 
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In situ staining of PFP activity 

The PFP activity in the gluconeogenic direction towards Fruc-6-P production was stained 

in situ according to the protocol of Sergeeva et al. (2002). The method is based on the 

coupling of the enzymatic reaction to the reduction of NAD
+
 and subsequent reduction and 

precipitation of nitroblue tetrazolium (NBT). Sections from mature tobacco leaf mid-rib of 

200 µm thickness from the respective transformed lines were sliced with a bench-top 

microtome. The sections were immediately fixed with a fixation buffer containing 2% 

(m/v) paraformaldehyde, 2% (m/v) polyvinylpyrrolidone 40, 1 mM DTT, pH 7 at 4
o
C for 

1hr. After fixation, sections were rinsed for 16 hrs in ddH2O at 4
o
C and refreshed at least 

five times to remove all soluble carbohydrates and other metabolites. The sections were 

incubated in a staining solution containing 50 mM HEPES NaOH (pH 7.2), 5 mM MgCl2, 1 

mM NAD
+
, 0.5 mM Fruc-1,6-P2, 10 µM Fruc-2,6-P2, 15 U ml

-1
 Hexose-P isomerase, 10 U 

ml
-1

 glucose-6-P dehydrogenase and 0.03% NBT for one hour at 30
o
C. For the Giardlia 

over-expression sections no Fruc-2,6-P2 was added. Positive and negative controls for PFP 

activity with control plant sections was also carried out. The reaction was stopped by 

washing the sections in ddH2O. Staining was visualised on an Olympus IX 81 inverted 

microscope and photographs were taken with the digital software. 

Phloem exudate collection 

Phloem exudation experiments were performed according to Müller-Röber et al. (1990). 

Source leaves were cut from the plant and immediately cut again underwater to prevent 

xylem embolism. Incubation of three leaves per plant was done in vials containing 5 ml of  

5 mM EDTA (pH 7.2) under high light conditions at 22
o
C. After ten hours, leaf weight was 

determined. The exudate solution was evaporated by vacuum desiccation and resuspended 

in a smaller volume. Transpiration during the experiment was estimated from volume 

changes from the EDTA solution. Total glucose, fructose and sucrose content were 

measured as for the section immediately below. 

 



90 

 

Metabolite extraction and measurement 

Carbohydrate and metabolites were extracted either according to the ethanol extraction 

system as described by Wood et al. (2002), or a TCA extraction as described by Jellito et 

al. (1992). For both systems, metabolite recovery has been established in tobacco. 

For the ethanol extraction, frozen, ground samples were extracted in boiling 80% (v/v) 

ethanol for 30 min. After five minutes of centrifugation at 12 000 ×g, the supernatant was 

transferred to a fresh tube and the pellet was re-extracted with 50% (v/v) ethanol. The 

combined supernatants were evaporated by vacuum desiccation and the resulting residue 

was resuspended in distilled water and diluted by the addition of 0.1 volume of chloroform. 

Phase separation was hastened by 5 min of centrifugation at 12 000 xg. The aqueous phase 

was transferred to a fresh tube and stored at –20°C until assayed. The aqueous ethanol 

insoluble residue was resuspended in 0.2 M KOH, boiled for 30 min to gelatinize starch, 

and neutralised with 1 M acetic acid. The starch was hydrolysed overnight at 50°C with 10 

U ml-1 α-amylase and 6 U ml-1 amylo-glucosidase in 50 mM sodium citrate, pH 4.6.  

For the TCA extraction, 15 ml of a 16% (v/v) TCA in diethylether solution was aliquoted to 

300-400 mg of frozen, ground sample in a glass beker standing on dry ice and homogenised 

for 20 min. Eight hundred microlitres of a 16% TCA in ddH2O (v/v) containing 5 mM 

EGTA was added and homogenised further, transferred to an Eppendorph tube and left for 

three hours at 4
o
C. The mixture was subsequently washed four times with 1 ml of 

diethylether and separating the two phases by centrifugation at 15 000 xg for 5 min after 

each wash. The aqueous phase was then neutralised by the stepwise addition of 5 M 

KOH/1M triethanolamine. All mortars and materials were prewashed in 2N HCL for 12 

hrs, and pseudo extracts (no plant material) were prepared in parallel to check that the 

apparatus and reagents were not contaminated with PPi. 

Enzyme assay conditions were pre-optimized to ensure saturating substrate concentrations, 

linear product formation with time, and extraction volume. Measurements were taken 

spectrophotometrically at RT at 10-15 min intervals. Total glucose, fructose, and sucrose 

were measured in an assay mixture containing 100 mM Hepes–KOH (pH 7.4), 3 mM 

MgCl2, 1.1 mM ATP, 0.5 mM NADP, and 0.4 U glucose 6-phosphate dehydrogenase after 

the successive addition of  0.4 U hexokinase, 0.75 U phosphogluco-isomerase, and 10 U 
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invertase, respectively. The hydrolysed starch samples were assayed in the same above 

mentioned assay mixture by the addition of 0.4 U of hexokinase only. 

Glucose-6P, fructose 6-P, glucose1-P and UDP-glucose were measured in a assay mixture 

containing 100 mM Tris-HCL (pH 8.1), 5 mM MgCl2 and 0.25 mM NADP after which 0.7 

U glucose-6-phosphate dehydrogenase, 0.7 U glucose-6-phosphate isomerase, 0.2 U 

phospho-glucomutase, 15 mM Na4P2O7 and 0.2 U UDP-glucose pyrophosphorylase were 

sequentially added. The Na4P2O7 is added at a late stage of the assay because commercial 

preparations of glucose 6-phosphate isomerase can contain enough pyrophosphatase to 

hydrolyse the PPi before the assay measurement is complete.  

PPi was determined as described by Farré et al. (2000) in a assay mixture containing 50 

mM Tris-acetate (pH 7.5), 2 mM MgCl2, 1 mM EDTA, 20 µM NADH, 0.2 mM Fruc-6-P, 0.3 

U aldolase, 3 U triose-phosphate isomerase, and 1 U glycerol-3-P-dehydrogenase. The 

reaction was started with the addition of 0.2 U PFP from  P. freudenreichii shermanii. 

Pseudo extracts (without tissue) were also prepared to confirm the absence of significant 

PPi contamination in all the solutions and vessels used in the procedure. 

Fructose 1,6-P2 was measured in a assay mixture containing 100 mM Tris-HCL (pH 8.1), 5 

mM MgCl2, 15 µM NADH after which 0.5 U glyceraldehyde-3-phosphate dehydrogenase, 

1 U triose-phosphate isomerase and 0.1 U fructose 1,6-bisphosphate aldolase were 

sequentially added. 

3-Phosphoglycerate was measured in a assay mixture containing 100 mM Tris-HCL (pH 

8.1), 5 mM MgCl2, 15 µM NADH, 1.1 mM ATP after which 6 U phosphoglycerate kinase 

and 6 U glyceraldehyde 3-phosphate dehydrogenase were added sequentially. 

ATP was measured in an assay mixture containing 100 mM Tris-HCL (pH 8.1), 5 mM 

MgCl2, 0.25 mM NADP, 1 mM glucose, 0.3 U glucose-phosphate dehydrogenase and 0.3 

U glucose 6-phosphate isomerase. After a ten minute incubation 0.3 U hexokinase was 

added. 

 



92 

 

RESULTS A#D DISCUSSIO# 

Plant transformation and selection 

PFP could be an essential enzyme in carbohydrate metabolism by virtue of its position in 

the glycolytic pathway, its reversible nature, and its presence in nearly all plant species. 

The possibility of PFP influencing the active process of photo-assimilate phloem loading 

by means of its contribution to carbon metabolism was investigated in this specialised 

tissue. Both constitutive and phloem specific up- and down-regulation of PFP activity in 

tobacco were established. Down-regulation was achieved trough post transcriptional gene 

silencing (PTGS) (Wesley et al. 2004) by means of intron harpin RNA (ihpRNA) silencing. 

Up-regulation was achieved by the expression of the protist Giardia lamblia PFP gene that 

is insensitive to regulation by Fruc-2,6-P2. The constitutive transgenic component of the 

study was to act as an internal comparative control to the previous studies in which PFP 

activity was manipulated in tobacco (Hajirezaei et al. 1994; Nielsen and Stitt 2001; Wood, 

Dennis et al. 2002; Wood, King et al. 2002), and to see how they differ from the phloem 

specific manipulations under uniform experimental conditions. 

Agrobacterium transformation and tissue culture regeneration proved successful. Thirty 

transgenic plants were regenerated per construct, hardened off and transferred to the 

greenhouse for further characterisation and selection. DNA was extracteded and analysed 

for transgene insertion by PCR. For protein extraction the first fully matured leaf was 

harvested and divided into the green mesophyllias material situated in between higher order 

veins and the mid-rib section which can be regarded as a phloem enriched tissue (Lerchl et 

al. 1995; Zuther et al. 2004). PFP activity was assayed for the constitutive transformants 

(green mesophyllias tissue) and the phloem specific transformants (midrib) for the 

respective up- or down regulated plants. Transformation efficiency was high with only 11 

plants out of the total of 120 tested being negative for transgene insertion (results not 

shown). PFP activity varied greatly (results not shown). The three plants that showed the 

greatest alteration in PFP activity for their respective transformation construct were chosen 

for clonal propagation. 
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For clonal propagation the leaf meristems were removed to abolish apical dominance and 

promote secondary stem growth out of the auxiliary buds. Four to six clones of each line 

were grown. Plants were grown for 4 weeks and then harvested before the onset of 

flowering. PFP activity was measured in three tissues representing the three sequential 

phloem regions i.e. (i) the green mesophyllias tissue of the biggest net exporter leaf 

(determined by carbohydrate analysis, results not shown) that contain both the minor veins 

and photosynthetic mesophyll cells (from here on referred to as collection-phloem/source-

tissue), (ii) the mid-rib section of the biggest net exporter leaf (from here on referred to as 

transport-phloem), and (iii) visible phloem veins of young sink leaves (from here on 

referred to as release-phloem).  

PFP activity 

All of the PFP down-regulated plants, both constitutive and phloem specific, showed a 

marked reduction of PFP activity in the respective tissues (table 1). Our results proved that 

the expression of the self- complementary ihpRNA construct for the PFP-β sequence 

silenced PFP to some degree in all plants, and thus confirming the silencing efficiency of 

ihpRNA system as claimed by the authors (Wesley et al. 2001). In the initial transformed 

plants, PFP activity was reduced by between 11% -96% for the silencing construct with a 

constitutive promoter in the collection-phloem/source-tissue. For the phloem specific 

down-regulated plants a reduction in PFP activity between 8% -42% was achieved in the 

transport-phloem. However, in the phloem specific ihpRNA PFP-β plants, release phloem 

PFP activity showed a higher than expected reduction relative to that of the transport-

phloem and collection-phloem/source-tissue when compared to wild type plants. A possible 

explanation for this could be that the diced ihpRNA fragments are transported through the 

phloem and induces silencing in distant tissues. In a previous study, systemic resistance 

against the plum pox virus (PPV) was acquired in 6icotiana benthamiana through the 

introduction of an ihpRNA-PPV driven by the rolC promotor. Localised leaf infection was 

not inhibited, but the phloem specific silencing stopped the virus from spreading 

systemically (Pandolfini et al. 2003). Also transgene silencing has been accomplished in 

untransformed scions in crafting experiments (Palauqi et al. 1997). RNA has been shown to 

be transported between neighbouring cells through plasmodesmata and over longer 
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distances through the vascular system (Cheng et al. 2000). In the roots and source leaves of 

tobacco, unloading out of the sieve element to neighbouring cells are wholly symplastic and 

there are thus no membrane restrictions for RNA transport. It is thus possible that silencing 

was induced in cells other than the vascular cells resulting in the larger observed reduction 

in PFP activity. 

The Giardia lamblia over-expressers did not show the broad range in activity alterations as 

observed with the down-regulated plants and despite the confirmation of transgene 

insertion, Giardia lamblia PFP activity prescribed to the two extremes of either showing 

little or no  activity, or having greatly enhanced activity to an extreme degree. This could be 

indicative of the importance of genome locality of the inserted transgene for functional 

gene expression and subsequent translation. Unlike the Giardlia PFP over-expression the 

ihpRNA is not translated into a protein and in fact relies on the degradation of the 

transcribed construct, and are thus not as dependent on the functional machinery of the cell 

and their integration. Another explanation could merely be that the silencing system is more 

sensitive than that of the over-expression system.  In the initial transformants, marked 

enhanced over-expression was achieved with up to 18 fold increase in PFP activity in the 

collection-phloem/source-tissue for the constitutive over-expression plants. Up to a 7 fold 

increase of activity in the transport-phloem of the phloem specific over-expression plants 

were observed.  
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Table 1 Pyrophosphate: fructose 6-phosphate 1-phosphotransferase (PFP) activity in the three different 

phloem regions for the respective transformed tobacco lines. “Collection phloem/source” tissue represents 

green mesophyllias tissue with minor veins, “transport phloem” represents the mid-rib section of mature 

leaves and “release phloem” represents veins from sink leaves. The results are means ± SE of separate 

samples. n = two plants. 

 

 

Plant growth and development  

No significant difference was observed in plant height, leaf number, leaf size, root to shoot 

ratios, total fresh or dry plant weight of either the constitutive or phloem specific 

manipulated plants. Trangenic and control plants appeared the same during all stages of 

development.  

 

In situ staining of PFP activity 

To drive phloem specific expression of the ihpRNA and Giardlia constructs the rolC 

promoter from Agrobacterium rhizogenes was used (Schmulling et al. 1989; Sugaya and 

Uchimiya 1992). The rolC gene, and consequently the rolC promoter, is not expressed in 

either epidermal or mesophyll cells, but is localised to the cells of the vascular system. In a 

previous study in 6icotiana tabacum through the use of a rolC-uidA reporter gene, rolC 

driven expression was localised to the companion cells of the phloem (Schmulling et al. 

1989; Sugaya and Uchimiya 1992). Also in tobacco, using anti-rolC affinity purified 

antibodies, rolC expression was localised in companion and proto-phloem cells (Guivarc'h 

et al. 1996). The Cauliflower Mosaic Virus’ CaMV 35S promoter, used for the 

constitutative expression, is one of the most widely used promoters in transgenic plant 

64.87 ± 0.883.18 ± 0.844.63 ± 0.79rolC Giardl.

513.4 ± 2.310.9 ± 1.6712.6 ± 1.98 35S Giardl.

50.34 ± 0.160.36 ± 0.10.79 ± 0.18rolC ihpRNA

60.088 ± 0.050.043 ± 0.040.058 ± 0.0335S ihpRNA 

52.01 ± 0.230.55 ± 0.180.93 ± 0.12Wild type

n
Release 

phloem
Transport phloemCollection phloem / source

PFP activity  [ U (g FW)-1 ]Genotype

64.87 ± 0.883.18 ± 0.844.63 ± 0.79rolC Giardl.

513.4 ± 2.310.9 ± 1.6712.6 ± 1.98 35S Giardl.

50.34 ± 0.160.36 ± 0.10.79 ± 0.18rolC ihpRNA

60.088 ± 0.050.043 ± 0.040.058 ± 0.0335S ihpRNA 

52.01 ± 0.230.55 ± 0.180.93 ± 0.12Wild type

n
Release 

phloem
Transport phloemCollection phloem / source

PFP activity  [ U (g FW)-1 ]Genotype
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research because it exhibits a high level of transcriptional activity in a variety of plant 

tissues. The CaMV 35S promoter fused to a GUS gene has previously been used as a model 

for constitutive expression in transgenic 6icotiana tabacum (cv 'Xanthi') leaves (Schnurr 

and Guerra 2000). In all the previous transgenic studies on PFP in tobacco the CaMV 35S 

promotor was used (Hajirezaei et al. 1994; Nielsen and Stitt 2001; Wood, Dennis et al. 

2002; Wood, King et al. 2002).  

In order to effectively interpret the expression levels of genes relative to activity, as 

routinely judged from Northern blots in conjunction with activity assays, it is becoming 

increasingly important to localise gene activity and not just expression on a cellular level. 

Strictly speaking, the demonstration of gene expression by means of Northern blots, in situ 

hybridisation or immunological detection of the protein, only relates to a transcriptional or 

translational event and not activity. The in vivo determination of activity in extracts does 

not necessarily indicate that the enzyme is active in a certain tissue or cell type as it may be 

inactivated by some regulatory mechanism on a cellular level. For this reason it was 

decided to stain the PFP activity of the respective transgenic lines in situ and therefore 

confirm activity on a cellular level.  

In situ activity staining was accomplished by coupling the reduction of NAD to NBT 

precipitation, which gives a distinctive purple colour as described by Sergeeva et al. (2002) 

In Fig 1 a close up view of the activity of the Giardlia PFP gene in the transport phloem of 

a young tobacco leaf is presented, the distinctive dark purple colour can be clearly 

visualised in the companion cells. In order to reduce NAD in situ, the PFP gluconeogenic 

reaction was employed in the reaction mixture. This however creates the problem of 

background staining due to FBPase activity. A distinction between FBPase brackground 

staining and PFP activity staining was made by omitting Fruc-2,6-P2 in the  negative 

control reaction mixture which showed less precipitation than the positive control 

containing Fruc-2,6-P2 (fig. 2A & B). FBPase activity precipitation are therefore less than 

the endogenous PFP activity in the vascular tissue confirming previous reports that FBPase 

activity is minimal or absent in most heterotrophic tissues. The dark inner core of the 

pictures in fig. 2 are the xylem cells and their supporting structures, this is not activity 
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staining and merely an artefact of light refraction due to the density of the tissue. The outer 

rims around this core are the metabolically hyper-active cells in which precipitation is best 

visualised. Companion cell activity is best visualised in fig. 2D, a Giardlia phloem specific 

over-expresser. For the constitutative Giardlia over-expression (fig. 2C), overall darker 

staining is observed compared to the positive control (fig.2A). Both the constitutative and 

phloem specific ihpRNA down-regulation plants (fig.2 E & F) less precipitation than the 

positive control, especially in the companion cells. The activity staining experiments thus 

supports the extractable activity assays, with the added knowledge that PFP activity is 

either enhanced or down-regulated in situ for the respective transgenic lines. 

 

Fig. 1 A close up view of the vascular tissue of a young leaf mid-rib from a phloem specific Giardia lamblia 

over-expresser. (SE) sieve element, (Cc) companion cells, (Xy) xylem strands. The dark purple in the 

companion cells is NBT precipitation coupled to PFP activity. 
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Fig. 2 The in situ staining of PFP activity in tobacco midrib sections of control and  transgenic lines. The 

gluconeogenic reaction of PFP was coupled to NAD reduction which in turn precipitates nitroblue tetrazolium 

(NBT) (A) PFP positive control in a control plant with full enzymatic and substrate supplement. (B) PFP 

negative control in a control plant with full enzymatic and substrate supplement, but no Fruc-2,6-P2. (C) 

Constitutive Giardia lamblia over-expression. (D) Phloem specific Giardia lamblia over-expression. (E) 

Constitutive ihpRNA PFP-β down-regulation. (F) Phloem specific ihpRNA PFP-β down regulation. The 

dense inner core is the xylem fibers, while the outer rim (Best seen in D) are the companion cells. 

 

 

A                               C                              E

B                               D                              F

A                               C                              E

B                               D                              F
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Effect of down-regulated PFP activity on the phloem metabolism 

The phloem is a specialised tissue that has a high respiratory demand in order to drive the 

active loading of photo-assimilate, but it is also thought to be prone to hypoxia 

(Geigenberger et al. 1993; van Bel and Knoblauch 2000). Two roles can be envisaged for 

PFP in phloem metabolism, (i) PFP operate in the glycolytic direction in order to aid PFK 

in the fuelling of glycolysis and perhaps reducing the ATP demand for glycolysis, this 

however could result in the reduction of PPi content, or (ii) PFP could operate in the 

gluconeogenic direction towards PPi synthesis necessary for the break down sucrose via 

SuSy/UGPase. PPi metabolism has been shown to be essential for proper phloem function 

as the introduction of a phloem specific pyrophosphatase inhibited sucrose breakdown by 

SuSy/UGPase and thus affected a block on glycolysis and ATP production (Geigenberger 

et al. 2000). In these transgenic plants a reduced ability to load photo-assimilate into the 

collection phloem and a loss of photo-assimilate in the transport phloem was observed 

(Jelitto et al. 1992; Sonnewald 1992; Lerchl et al. 1995; Geigenberger et al. 1996). The 

question however remains to what extent PFP contributes to the maintenance of PPi levels 

in the phloem, if any, or whether its role is purely glycolytic/gluconeogenic carbon flow. 

Due to the constant influx of sucrose into the companion cells from active loading, PFP is 

unlikely to play a role in sucrose synthesis in these cells as the breakdown and then re-

synthesis of sucrose would be a metabolic energy waste, none the less this “futile cycling” 

has been observed in other tissues (Whittaker and Botha 1997; Bindon and Botha 2002) but 

it is unknown whether it occurs in the phloem. 

The constitutative down-regulation of the tobacco ihpRNA PFP-β subunit, mimicked the 

results obtained in the previous study done by Paul et al. (1995) and Nielsen et al. (2001). 

A 12% decrease in UDP-glucose concentrations was observed in the collection-

phloem/source-tissue as well as in the release phloem, indicating that perhaps PFP could 

play a role in sucrolysis through regulation of the PPi pool. In the collection-

phloem/source-tissue no difference however were observed in the 3-PGA, Fruct-1,6-P2, 

hexose phosphate, PPi or ATP content and no change in flux towards either sucrose or 
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starch. The transport phloem showed no statistical significant difference in any metabolite 

compared to wild type plants and total carbohydrate content was not altered. The only real 

statistical difference was observed in the release phloem were there was a increase in the 

metabolites upstream of the PFP reaction, and a decrease in metabolites down stream of the 

PFP reaction, but still no change in flux between sucrose and starch (table 2). This is 

supportive of PFP contributing to the net glycolytic flux in tissues with a high respiratory 

demand, but again this localised change in metabolism rather pertain to the characteristics 

of active growing sink tissue than that of phloem metabolism as active transport is limited 

in the release phloem due to unloading being mostly siplastic.  

Table 2. Metabolite levels in the release phloem of constitutive and phloem specific PFP-β down regulated 

plants. Data are means of no less than 8 replicates ± SE 

 

The phloem specific PFP activity down-regulated plants showed no significant difference 

in any of the three phloem sections. The results are supportive of previous conclusions that 

decreased PFP expression has little effect on photosynthetic sucrose synthesis, glycolysis or 

growth.  

Results are difficult to interpret due to the amalgamated sampling tissue. However if any 

alteration in phloem metabolism was induced by the reduced PFP activity, one would 

expect to see it within in the transport phloem tissue sample due to it being the most 

93.8 ± 11230 ± 31 114  ± 183-PGA

46.7 ± 9183  ± 2655.8 ± 9F1,6P
2

32.4 ± 438.1 ± 4.625.9 ± 5.7F6P

123  ± 16132  ± 1994.1 ± 14.5G6P

18.6 ± 4.821.4 ± 5.412.4 ± 3.9G1P

[ nmol . (g FW)-1 ]

UDPglc                        48.6 ± 4.2                     36.1 ± 2.9                    49.7 ± 3.9

rolC-ihpRNA-βCaMV-ihpRNA-βWild type

93.8 ± 11230 ± 31 114  ± 183-PGA

46.7 ± 9183  ± 2655.8 ± 9F1,6P
2

32.4 ± 438.1 ± 4.625.9 ± 5.7F6P

123  ± 16132  ± 1994.1 ± 14.5G6P

18.6 ± 4.821.4 ± 5.412.4 ± 3.9G1P

[ nmol . (g FW)-1 ]

UDPglc                        48.6 ± 4.2                     36.1 ± 2.9                    49.7 ± 3.9

rolC-ihpRNA-βCaMV-ihpRNA-βWild type
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phloem enriched sample.  No difference however was observed for either the constitutive or 

phloem specific down regulated plants in the transport phloem. One possible explanation 

could be that reduced levels of phosphoenol pyruvate (PEP) results in the full activation of 

PFK and/or the combination of decreased 3-PGA and increased Fruc-6-P leads to a higher 

steady state of Fruc-2,6-P2 which will fully activate any residual PFP. In all the previous 

PFP-down regulated experiments higher levels of Fruc-2,6-P2 were observed. No Fruc-2,6-

P2 levels were measured in this study due to Sigma ceasing production of the metabolite, 

but is conceivable that reduced PFP expression will result in elevated Fruc-2,6-P2 as in the 

previous studies. The possibility also exist that PFP does not contribute in any significant 

manner to phloem metabolism and reduced PFP activity is fully compensated by either 

PFK or FBPase. 

Effect of PFP over-expression on phloem metabolism 

In order to further investigate the role PFP plays in phloem metabolism the effects of the 

over-expression of the Giardlia’s PFP gene was investigated. In contrast with plants, this 

obligate fermentator protist lack co-existing PFK and FBPase and instead rely on the 

glycolytic generation of ATP by PFP and pyruvate phosphate dikinase (PPDK), the first 

being totally insensitive to regulation by Fruc-2,6-P2 (Mertens 1991; Li and Phillips 1995; 

Phillips and Li 1995).  

Overall, the increased PFP activity due to over-expression had a much more profound 

effect on metabolism than that of the down-regulation of PFP activity. The same results 

were obtained for the constitutive over-expression as that of the previous studies done by 

Wood et al. (2002a; 2002b). In both the collection-phloem/source-tissue and the release 

phloem there was a marked increase in metabolites down stream of PFP but no significant 

alterations in hexose phosphate or UDP-glucose content upstream (table 3).  
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Table 3. Metabolite levels in the collection-phloem/source-tissue of constitutative and phloem specific 

Giardlia PFP over-expresser plants. Data are means of no less than 8 replicates ± SE 

 

This is supportive of PFP catalysing a glycolytic reaction in both the sink and source tissue. 

Also, in both the collection-phloem/source-tissue and release phloem there was a marked 

decrease in starch content (table 4). There was however no difference in sucrose content 

between constitutive transformed lines and wild type plants. Wood et al. hypothesised that 

due to sucrose storage being mostly vacuolar in source tissue, the increased glycolytic 

metabolites blocked sucrose mobilisation out of the vacuole, and since there was a reduced 

cytosolic sucrose content which had a down-regulatory effect on starch synthesis, less 

carbohydrate was incorporated into starch. The presence of similar levels of sucrose in both 

control and wild type plants are thus possibly due to higher proportion of vacuolar sucrose 

stores.  

Table 4. Starch content in the collection-phloem/source-tissue of the constitutative and phloem specific 

Giardlia PFP over-expressers. Data are means of no less than 8 replicates ± SE 

 

113  ± 21218  ± 34 121  ± 183-PGA

98.7 ± 1393.1 ± 1261.5 ± 9F1,6P
2

56.4 ± 933.7 ± 5.629.9 ± 5.7F6P

183  ± 26118  ± 1891.1 ± 14.5G6P

30.1 ± 4.818.3 ± 4.616.2 ± 3.9G1P

[ nmol . (g FW)-1 ]

UDPglc                          58.1 ± 4.2                     61.6 ± 4.1                     103 ± 19

rolC-Giardlia PFPCaMV-Giardlia PFPWild type

113  ± 21218  ± 34 121  ± 183-PGA

98.7 ± 1393.1 ± 1261.5 ± 9F1,6P
2

56.4 ± 933.7 ± 5.629.9 ± 5.7F6P

183  ± 26118  ± 1891.1 ± 14.5G6P

30.1 ± 4.818.3 ± 4.616.2 ± 3.9G1P

[ nmol . (g FW)-1 ]

UDPglc                          58.1 ± 4.2                     61.6 ± 4.1                     103 ± 19

rolC-Giardlia PFPCaMV-Giardlia PFPWild type

36 ± 884 ± 1389 ± 11µmol glc Eq. gFW-1

Starch

35S GiardliarolC Giarlia

TransformantsWild type

36 ± 884 ± 1389 ± 11µmol glc Eq. gFW-1

Starch

35S GiardliarolC Giarlia

TransformantsWild type
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Furthermore, no difference in PPi or ATP content was observed. This is contradictory to 

PFP playing a role in regulating the PPi pool. If PFP were to be essential in PPi 

regeneration, The Giardlia PFP over expression should theoretically result in a decline in 

PPi content. In a previous study the expression of a cytosolic pyrophosphatase in tobacco 

and potato plants markedly reduced PPi content, resulting in the blockage of sucrose 

breakdown via Susy/UGPase, and an increase in starch content  (Jelitto, Sonnewald et al. 

1992; Sonnewald 1992), the opposite of which was observed in this study. Therefore 

adequate PPi  seems to be available.  

If PFP was a source for PPi production in the tobacco phloem a reduced sucrose content 

would most probably have been observed in the transport phloem, due to decreased loading 

capacity enforced by the restraints on glycolysis. However no decline in carbohydrate 

content was observed in the transport phloem or the phloem exudates (table 5). Although 

PPi has been shown to be essential in phloem transport (Lerchl et al. 1995; Geigenberger, 

et al. 1996) PFP does not seem to contribute to the maintenance of the PPi pool in the 

phloem. A potential source of PPi in the companion cells could be from the high rates of 

cell wall synthesis for the continual growth and upkeep of the vascular system, which is the 

second most important function of companion cells after the loading of photo-assimilate. 

The results of the phloem specific over-expression were the same as for the constitutive 

over-expression in terms of increased metabolites down stream of PFP, but differed 

significantly in that overall a larger hexose content and no significant reduction in starch 

was observed (table 3 & 4). The most significant data were obtained from the phloem 

exudate experiment which showed, that although no real difference in sucrose delivery was 

obtained, a large increase in hexose concentrations were induced (table 5). Thus in total 

more carbohydrate were loaded in the phloem. Lerchl et al. (1995) suggested that a 

stimulation of assimilate transport would result from enhanced sucrose turnover in 

companion cells, because more hexose would be provided for glycolysis and thus for the 

production of ATP, which fuels proton extrusion and in turn sucrose loading. In the 

previous study described by Lerchl et al., the introduction of a companion cell-specific 

invertase caused a reversal of the growth retardation observed in pyrophosphatase 
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expressing tobacco plants. This was achieved by compensating for reduced catabolism of 

sucrose by SuSy/UGPase, which was imposed by the removal of the pyrophosphate. A 

similar mechanism could be responsible for enhanced sucrose transport in the phloem 

specific Giardlia over-expressers. Further support for this theory comes from the study 

done by Zuther et al. (2004) where the phloem specific introduction of a cytosolic invertase 

led to an almost 4-fold increase in sucrose transport. However in the current study, no 

difference in ATP content was observed, but it should be stated that experimentally, large 

standard deviations were obtained mostly likely due to the dissecting of the sampling 

tissue, as ATP is known to oxidise quickly once material has been harvested.  

Table 5. Sugar concentrations of the phloem exudate from cut petioles from the constitutative and phloem 

specific Giardlia PFP over-expressers after 10 hrs of illumination in a 5 mM EDTA solution. Data are means 

of no less tan two leaves per plant and 5 replicates ± SE 

 

Further support for enhanced loading come from the different interpretation of data 

obtained in the study of Wood et al. A higher percentage of seed germination was observed 

in the Giardlia over-expressers compared to the wild type. Although the starch content of 

the transgenic seeds were reduced, the total carbohydrate content was not. Wood et al. 

hypothesised that increased mannan, which is more easily mobilised than starch, accounted 

for increased germination. Another explanation could be that enhanced active loading from 

the apoplast of the isolated embryo could account for higher germination rates. 

Although it is tempting to prescribe to PFP a glycolytic role in phloem metabolism, as is 

seen in other tissues with a high metabolic demand, enhanced glycolytic flow could also be 

16.8± 5.921.7  ± 8.315.4± 3.1Sucrose

4.6  ± 2.032.6  ± 14.22.1  ± 2.8Fructose

3.3  ± 2.323.8  ± 10.81.9  ± 2.1Gucose

nmol. g FW-1  h-1

35S GiardliarolC Giardlia

TransformantWild type

16.8± 5.921.7  ± 8.315.4± 3.1Sucrose

4.6  ± 2.032.6  ± 14.22.1  ± 2.8Fructose

3.3  ± 2.323.8  ± 10.81.9  ± 2.1Gucose

nmol. g FW-1  h-1

35S GiardliarolC Giardlia

TransformantWild type



105 

 

achieved through PFP working in the gluconeogenic direction and the concomitant PPi 

production necessary for sucrose breakdown by SuSy/UGPase.  However, as for the PFP 

activity down-regulated plants, no change in PPi content were observed. A possible 

explanation as to why lower loading is observed in the constitutive over-expressers 

compared to the phloem specific over-expressers is that due to the sucrose breakdown in 

the neighboring cells by the Giardlia PFP, reduced sucrose delivery to the companion cell 

apoplast leads to fewer sucrose being available for active loading. This could also account 

for no difference being observed in the hexose content of the constitutive over expresser 

plants in that decreased hexose content in the non-phloem cells were masked by the 

increased content in the companion cells. Because of the high sucrose content of the 

companion cells it is unlikely that all the sucrose will be hydrolysed before it enters the 

sieve element and thus will not effect on starch synthesis. Even though enhanced loading 

was achieved, the plant seems unable to utilise the excess carbohydrate as no increase in 

growth was observed. 

CO#CLUSIO# 

In all there is supportive data for PFP effecting on glycolytic flow in the metabolism of the 

phloem as enhanced loading was observed in plants expressing a Giardia lamblia PFP, that 

is insensitive to regulation by Fruc-2,6-P2, in a phloem specific manner. 
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CHAPTER 6 

 

General discussion and conclusion 

 

 

The aim of the work presented in this thesis was to further our understanding of the enzyme 

pyrophosphate: fructose 6-phosphate 1-phosphotransferase (PFP) in sugarcane. This was 

firstly done by conducting an immunological characterisation in sugarcane and see how it 

relates to other plants species. In sugarcane there is a inverse relationship between PFP 

activity and sucrose content (Whittaker and Botha 1999). In this regard sugarcane PFP 

seems to be unique and differs from plant species where PFP does not seem to contribute 

significantly to metabolism (Hajirezaei et al. 1994; Paul et al. 1995). Although PFP activity 

down-regulation studies in sugarcane indicated a possible role in glycolytic flux in tissues 

with a high metabolic demand, no link with sucrose storage was made (Groenewald and 

Botha 2008). It is possible that PFP contributes in a more tissue specific manner to 

establish this inverse relationship. The phloem of the vascular system in higher plants is a 

tissue that seems to be tailor made for PFP due to their interlocking characteristics. To 

further our aim we investigated PFP’s potential contribution to phloem metabolism through 

tissue specific manipulation of PFP activity in the model plant tobacco. 

Immunological characterisation 

PFP activity in internodal tissue of sugarcane is inversely correlated to the sucrose content 

and positively to the water insoluble component across varieties that differ in their sucrose 

storage abilities (Whittaker and Botha 1999). This direct link between sucrose storage in 

sugarcane and PFP activity is in contrast with previous investigations, where despite large 

alterations in PFP activity through both PFP down- and up-regulation, no major phenotypic 

effect was elicited (Hajirezaei et al. 1994; Paul et al. 1995; Wood et al. 2002a; Wood et al. 

2002b). The authors concluded that PFP does not contribute in a significant to carbon flux. 

In view of this apparent contrast it was decided to conduct an immunological 

characterisation of PFP in sugarcane to establish whether it differs from other plant PFPs in 

terms of size and distribution. The results revealed that the antisera generated against the 

respective alpha (α) and beta (β) subunits of PFP consistently recognised polypeptides that 
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were both equal in size and its distribution throughout the various sugarcane tissues 

investigated. In most plants, the α-subunit is approximately 66 kDa in size while the β-

subunit is approximately 60 kDa (for review see Groenewald and Botha 2008). While the 

hybridisation band corresponded with the predicted β-subunit size, the α-hybridisation band 

was smaller than expected.  

Two previous studies commented on the size for the sugarcane α-subunit and both 

estimates were in the 66 kDa range (Telles et al. 2001; Groenewald and Botha. 2007). The 

first constructed a linear sequence consensus from Expressed Sequence Tags (ESTs) 

generated from the sugarcane genome project, however the consensus was modelled on the 

Riccunis comunis α-sequence which is 66 kDa in size and the possibility of faulty ESTs 

being incorporated based on sequence homology exist. The second study by Groenewald 

(2007) did a cross species hybridisation using the antiserum specific for the potato PFP α-

subunit, however two hybridisation bands appeared in a purified sugarcane PFP sample, 

one of 60 kDa as in this study and another of 66 kDa, the author proposed the possibility of 

cross-subunit hybridisation to the β-subunit and also possible proteolytic cleavage of the α-

subunit for the smaller of the two bands. 

In the current study the antisera were directed against a singular epitope and therefore the 

chances of the α-antiserum hybridising to the β-subunit of PFP is slim. The possibility of 

post translational proteolytic modification seems the most likely cause of the observed size. 

It could very well be that that the sugarcane α-subunit is smaller as is observed in other 

plant species (Wong et al. 1988 ). Whether post translational modification could contribute 

to the observed inverse relation between activity and accumulation is mere speculation. 

Cheng et al. (1990) reported in his study that proteolytic cleavage of the α-subunit removed 

the basal activity of PFP and that full activation by Fruc-2,6-P2 was required to re-instate 

catalytic activity. Basal activity refers to the tendency of PFP to be activated by nanomolar 

levels of Fruc-2,6-P2. If therefore PFP was less sensitive to activation, reduced glycolytic 

flow and thus increase flux towards sucrose synthesis could be obtained under normal 

cellular conditions in the storage parenchyma cells where lower levels of Fruc-2,6-P2  is 

present. 
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If the specificity of the α-antiserum could be further established, possibly through another 

cross species hybridisation like that of maize, the antisera for the respective subunits could 

be a powerful tool to further investigate PFP’s linkage to sucrose accumulation. Differences 

in PFP activity has been linked to differential expression of the catalytic β-subunit 

(Whittaker et al. 1999). Since hybridisation strength can be a semi-quantitative tool, not 

only for presence but also α-subunit to β-subunit ratios, more insight on coarse regulatory 

control of PFP could be obtained. Immunohistochemistry can also be employed to 

investigate the subunits of PFP in terms of localisation and interaction in the cellular 

environment. In all, a good investigative tool was developed. 

PFP’s contribution to phloem metabolism 

The investigative work towards PFP’s contribution to phloem metabolism yielded some 

interesting results. The down-regulation of PFP activity in a phloem specific manner 

suggested that PFP does not contribute significantly to either carbon or PPi metabolism in 

the phloem, under the conditions tested and is supportive of the previous studies which 

employed a constittive promoter for PFP expression  in tobacco . (Hajirezaei et al.1994; 

Nielsen et al. 2001). The possibility exist that the PFK and FBPase compensate adequately 

for the lack of PFP activity or perhaps the residual PFP is sufficient to catalyse the required 

reaction. Even though phloem tissue was enriched by means of sampling, results may still 

be averaged out by the sampling and deviations in metabolite levels might not have 

materialised.,this is due to the thin layer of companion cells. Advances in phloem research 

has come a long way and increasingly new techniques are being used to obtain more 

representative data as even aphid stylet studies and other phloem exude sampling collection 

methods have their drawbacks (Thompson 2006). One such technique i.e. laser micro 

dissection has become the norm.  Laser micro dissection (LM) utilises a cutting or 

harvesting laser to isolate specific cells from histological sections and the process is guided 

by microscopy. This provides a means of removing selected cells from complex tissues, 

based only on their identification by microscopic appearance, location, or staining 

properties (e.g., immunohistochemistry, reporter gene expression, etc.). Cells isolated by 

LM can be a source of cell-specific DNA, RNA, protein or metabolites for subsequent 

evaluation of DNA modifications, transcript/protein/metabolite profiling, or other cell-
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specific properties that would be averaged with those of neighbouring cell types during 

analysis of undissected complex tissues. Plants are particularly amenable to the application 

of LM as the highly regular tissue organization and stable cell walls of plants facilitate the 

visual identification of most cell types even in unstained tissue sections. Future 

investigations into PFP’s role in phloem metabolism will benefit from these kinds of 

techniques.  

Also, indications of systemic silencing by the complementary intron hairpin RNA 

(ihpRNA) construct in sink tissues were observed as a higher than expected silencing was 

seen in the release phloem of the phloem specific down-regulated plants. This poses 

problems for investigations involving sequence dependent down-regulation in the phloem 

as RNA is transported via the vascular system and directs silencing in non-targeted tissues 

(Palauqui et al. 1997). Perhaps the most positive aspect to emerge from the PFP down-

regulation data was the efficiency of  ihpRNA as a post transcriptional gene silencing 

mechanism as previously described (Wesley et al. 2001; Wesley et al. 2004). This 

improved technique of silencing is time and cost saving allowing the researcher obtain 

results quicker and easier. 

Phloem transport is central to redistribution and allocation of photo-assimilates and other 

nutrients in source-sink relationships. It is also a prerequisite for partitioning of photo-

assimilates and nutrients among sink organs. The understanding of the control of allocation 

and partitioning of photo-assimilates and nutrient allocation via phloem transport will 

provide clues as to how this could be modified at genetic and molecular biological levels to 

achieve improved plant properties such as transport capacity (Wardlaw 1990). Just this was 

achieved with the phloem specific over-expression of the unregulated Giardia lamblia PFP 

gene as more carbohydrate was loaded into the phloem (fig 5, chapter 5). This is in 

agreement with the theory of Lerchl et al. (1995) who suggested that a stimulation of 

assimilate transport would result from enhanced sucrose turnover in companion cells, 

because more hexose would be provided for glycolysis and thus for the production of ATP, 

which fuels proton extrusion and in turn sucrose loading. In the sugarcane with constitutive 

down-regulated PFP activity it was found that PFP influences the rate of glycolysis 



115 

 

(Groenewald and Both 2008). Care should be taken however before one ascribes an central  

regulatory role in glycolytic flow to PFP in the phloem as even when fully activated, the 

levels of activity of the endogenous PFP will not be nearly as high as that of the Giardlia 

PFP. None the less, significant insight was gained with regards to PFP’s contribution to 

metabolism by means of Giardia lamblia over-expression The constant influx of sucrose 

into the companion cells also means that substrate for glycolysis is available at all times if 

one assumes that adequate PPi is available.Disappointingly no enhanced growth was 

observed. This is most probably indicative of limitations in the post-sieve element pathway 

as photo-assimilate transport out of the sieve element is simplastic (van Bel 2003). This 

study does however highlight the importance of tissue specific manipulation as different 

results were obtained for the constitutative and phloem specific components Firstly the 

phloem specific over expression resulted in more photoassimilate being loaded than the 

constitutive over-expression. The phloem specific over-expression differed significantly 

from that of the constitutive over-expression in that overall a larger hexose content and no 

significant reduction in starch was observed (table 3 & 4). Most notably however was that 

increased phloem loading was achieved with the phloem specific over-expression but not so 

with much with the constitutive over-expressers (table 5). This most probably relates to the 

inter exchange of metabolite between the neighbouring cells and therefore transgenic 

manipulations in either will affect the other. The possibility exist that less sucrose was 

available for loading at the apoplast of the CCs due to sucrolysis in the neighbouring cells 

brought about by the unregulated Giardia lamblia PFP activity. 

In sugarcane the uptake of sucrose into the storage parenchyma and vacuoles has been 

identified as one of the possible rate limiting steps in yield  and sucrose delivery to these 

storage cells could form part of the limitation(Grof et al. 2001). Enhanced delivery could 

result in increased yield in sugarcane as the active uptake of sucrose in the storage cells 

could respond positively to more sucrose being available for uptake. Uptake regulation 

however is complex and the study needs to be repeated in sugarcane. The creation of 

double mutants of phloem specific Giardlia PFP over-expression in conjunction with other 

sink genetic modifications plants could potentially amplify results. In all, a good tool for 

enhanced loading of sucrose into the phloem was developed. 
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