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Abstract

Regulation of Resource Allocation during Reproductive Growth

in Arabidopsis thaliana L. Heynh.

C K Robinson, St. Edmund Hall, University of Oxford.

For the degree of Doctor of Philosophy Hilary Term, 2000

The abi3-1 mutant causes moderate perturbation of seed metabolism relative to wild-type seeds,
so offering a distinct and discrete treatment for use in experiments investigating regulation of
allocation between sources and sinks. abi3-1 plants continue to initiate new flowers, and hence
siliques, for longer than wild-type plants. Total rates of carbon assimilation in the short-term
were the same in both genotypes during early reproductive growth. This rate fell to 50-70 % in
wild-type plants during later reproductive growth, but did not change in the mutant, consistent
with delayed senescence of cauline leaves in abi3-1 plants. It was found that restriction of carbon
and/or nitrogen availability restricted growth in both genotypes, and abolished the mutant
phenotype. Specific leaf areas increased under shading and decreased when nitrate was limiting.
Reduction in nitrate limitation from 90 to 80 % was considerably less limiting for wild-type plant
growth, but remained grossly limiting for abi3-1 plants. In previously non-acclimatised plants of
both genotypes, no difference was found in assimilation and allocation of '*C-radiolabel supplied
at 200 ppm CO,. 800 ppm CO, similarly had no effect on the wild-type, but caused abolition or
inversion of normal source-sink relationships in abi3-1 plants. A significantly large amount of
radiolabel was initially incorporated into starch in all tissues in abi3-1 plants, and later moved
into the water soluble fraction in each tissue, most likely as sucrose. It is proposed that resource
allocation is regulated by competition for resources between sinks maintaining sucrose
concentration gradients in the phloem, and that sucrose is both the transport and signalling
molecule in the mechanism described. No difference in concentration of sucrose in tissues was
found between genotypes, but it was found that mutant siliques imported [U-"*C]glucose into
siliques significantly more slowly from the phloem than wild-type siliques. In conclusion, abi3-1
seeds may be seen as having reduced capacity for growth which causes stimulation of floral
meristem development by feedback of sucrose in the phloem. Silique initiation is thereby
prolonged, creating a demand for assimilates that delays cauline leaf senescence.
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Introduction



1.0 INTRODUCTION

11 AIM

This thesis addresses the effects of altered seed metabolism on the allocation of resources during
reproductive growth in Arabidopsis thaliana L. Heynh., and investigates how resource allocation

may be regulated.

Plants are autotrophic organisms, that is they are literally ‘self feeding’. Carbon dioxide is
assimilated into plants and converted into carbohydrates by photosynthesis. In parallel with
photosynthesis, inorganic forms of nitrogen from the soil are assimilated and converted into

amino acids, and ultimately proteins, using carbon skeletons derived from photosynthesis.

Not all parts of a plant show net autotrophism. Tissues such as roots, flowers and seeds are
heterotrophic and receive assimilates from net autotrophic tissues. A tissue that has an excess of
metabolites for transport is termed a source tissue. Similarly, a tissue that imports metabolites is
termed a sink tissue (Miinch, 1930; Black, 1993). Thus a leaf is a prime example of a source, and

in a vegetatively growing plant, the shoot apex and the roots may be seen as prime sinks.



Different sinks have different patterns of metabolism, growth and development. Allocation of
assimilated resources must therefore be regulated. Evidence for regulation of resource allocation

is the phenomenon of allometric growth (Farrar, 1992).

The primary division of plant growth is that of shoot and root. The relative growth rates of each
part of a plant stay in constant ratio to one another, so demonstrating that plants have allometric
growth (Pearsall, 1927). In plants harvested at intervals the relationship of the shoot weight (S) to

the root weight (R) has the form: S = bR, where b and k are constants.

Allometric growth is confirmed in other relationships between the relative growth rates of tissues
and organs. For example, the relationship of increasing leaf area to increasing tissue dry weight is

also constant. It is generally accepted that plants have such allometric growth (Farrar, 1992).

Allometric ratios have been shown to be heritable and the ratio & is altered by changes in external
stimuli, e.g. availability of nutrients in the soil, and also by developmental switches, e.g.
flowering (Farrar, 1992, and references therein). There are adaptive responses of allometric
growth and also developmental responses of allometric growth. Allometric growth therefore

demonstrates that allocation of a plant’s resources is regulated.



How plants regulate resource allocation is not wholly understood. Conveyance of resources from
sources to sinks is contingent on both availability of supply from sources, and on demand for
resources by sinks. To what extent allocation of resources is determined by interactions of source
and sink metabolism (supply and demand) is not known. Similarly, it is not know by what signals
sources and sinks communicate. Elucidation of relationships of supply and demand between

sources and sinks in planta is of obvious use in the beneficial manipulation of crop yields.

In the work presented in this thesis the effects of altered seed metabolism, caused by the abi3-1
mutation in Arabidopsis, are investigated in the context of whole plant growth. Experiments on
abi3-1 plants, designed to elucidate mechanisms underlying the regulation of resource allocation,

are reported.

This introduction will first present a disquisition on the regulation of nutrient assimilation and
allocation. The means by which allometric growth may be regulated will be discussed. Finally,

the research strategy of this thesis will be stated.



1.2 CARBON AND NITROGEN ASSIMILATION

The primary products of photosynthetic carbon reduction are sucrose and starch, the most
significant product of photosynthesis being sucrose as the major molecule of export of fixed
carbon (Huber, ef al., 1992). Carbohydrate is also stored in the chloroplast/leaf in the form of
starch. Starch is the significant end product of 80% of carbon fixed by photosynthesis that is used
to produce carbohydrates (Gordon, 1986; Kruger, 1997). The remaining 20% is used in
biosynthesis of organic acids, most significantly amino acids. Carbon skeletons for assimilation
of inorganic nitrogen are produced by photosynthesis (Peoples and Gifford, 1997). The major
products of photosynthetic tissue reflect the major function of the tissue, which is to assimilate
carbon and nitrogen into organic forms (sucrose and certain amino acids) that can be exported to

and utilised in the rest of the plant.

1.2.1 Photosynthesis

Plants assimilate gaseous atmospheric carbon dioxide (CQO,) into their photosynthetic tissues,
typically leaves, along a concentration gradient maintained by the processes of assimilation and
partitioning within that tissue. Photosynthesis occurs within plastidic subcellular organelles called
chloroplasts. Chloroplasts are the site of the Reductive Pentose-Phosphate (RPP) pathway, or

Calvin Cycle. CO, is fixed by the carboxylation of ribulose 1,5-bisphophate (RuBP) to form two



molecules of 3-phosphoglycerate (3PGA). This reaction is catalysed by ribulose-1,5-bisphosphate

carboxylase/oxygenase (Rubisco) (Stitt, 1997).

Rubisco has a low rate of catalysis (K_,) and a poor affinity for CO, in vivo (Andrews and
Lorimer, 1987). The carboxylase action of Rubisco is therefore inefficient. This inefficiency is
compensated for by there being large quantities of Rubsico in leaves, and also high
concentrations of the protein (Woodrow and Berry, 1988). Traditional mechanical models of
photosynthesis have ascribed Rubisco as being the ‘rate-limiting step’ in the acquisition of CO,
according to prevalent conditions of saturating light, and limiting low concentrations of CO,
(Farquhar and von Caemmerer, 1982; Sharkey, 1989; Sage, 1990). In ‘non-limiting’ conditions
(i.e. low light and high [CQO,]) Rubisco does not limit photosynthesis, but its K_, must be reduced

in order to meet the limitations in other parts of the RPP (Woodrow and Berry, 1988).

Stitt and Schulze (1994) have reviewed the central role of Rubisco in control of photosynthesis
and plant growth, focussing especially on a series of experiments in which the impact of
decreased Rubisco on photosynthesis, allocation and growth in plants transformed with antisense
sequences to the nuclear encoding small sub-unit of Rubisco (rbcS) (Rodermel er al., 1988;
Quick et al., 1991a). Antisense technology provides a set of plants with a range of levels of
expression of rbcS (Rodermel ef al., 1988) enabling evaluation of the contribution of Rubisco,

measured as a Flux Control Coefficient (C) (Kacser and Burns, 1973; Kacser and Porteous, 1987;



Stitt and Schulze, 1994), to a) the control of photosynthetic rate, and b) the impact of changed
rates of photosynthesis on whole plant composition, allocation and growth (Stitt and Schulze,

1994, and references therein).

A key feature of the experiments reviewed by Stitt and Schulze (1994) is that the
breakdown of the historical model was elucidated by experiments on plants that were
previously acclimated to growth conditions different from the experiments (Quick ez al.,

1992; Lauerer et al., 1993). This not only demonstrates variation in C but also draws

Rubisco?
attention to the fact that, as well as short-term capacity to respond to changes in
environmental conditions, plants also show phenotypic plasticity in long-term adaptation:
Crubisco TemMained in the range 0.3-0.7 when photosynthesis was measured under the same
conditions under which the plants were grown, but increased to almost total limitation by
Rubisco (Cy o = 0.92) when experimental irradiance was very high compared to very low
irradiance of growth (Lauerer et al., 1993). Large transitory changes in irradiance are one

such challenge that exist in nature, but so too are variations in mineral nutrition,

particularly nitrogen which is essential for amino acid synthesis.

The reduced carbon product of the RPP is triose-P. Triose-P can either be partitioned into
starch synthesis within the stroma of the chloroplast, or exported from the chloroplast into

the cytosol via the triose-phosphate translocator (TPT) (Fliege et al., 1978; Fliigge and



Heldt, 1991). For each molecule of triose-P translocated from the chloroplast, an inorganic
phosphate (P,) must enter from the cytosol. This P is released when triose-P is converted to
sucrose. Sucrose synthesis must be tightly regulated to photosynthesis to ensure sufficient
P, can be returned to the chloroplast, while ensuring the chloroplast is not depleted of
triose-P (Huber et al., 1992). Similarly, sucrose synthesis must also be regulated to ensure
the partitioning between export (sucrose) and storage (starch) does not impede the overall

rate of CO, fixation (Huber et al., 1992).

The RPP can be therefore regulated by sucrose synthesis in the short-term. The key enzyme
regulating the sucrose biosynthesis pathway is sucrose synthase (SS) (Kruger, 1997), down
regulation of which causes feedback through the pathway and across the TPT to cause an increas:
in the ratio of triose-P to P,. This in turn induces ADP-glucose pyrophosphorylase (AGPase), the
key regulatory enzyme of the chloroplastic starch synthesis pathway (Kruger, 1997) and so
increases starch synthesis, which yields 2P, and so acts to reduce the triose-P: P, ratio in the
chloroplast. This causes down-regulation of AGPase and so reinstates sucrose synthesis. Output

from the RPP remains unimpaired throughout.

Most of the sucrose produced from photosynthesis is exported from leaves during the light
period, whereas starch is accumulated in the chloroplast stroma and degraded during the

night (Heineke er al., 1994; Hattenbach er al., 1997). The amount of temporary partitioning



into starch varies between species (Hattenbach et al., 1997 and references therein), but
across several species the transient storage of reduced carbon in the form of starch during
the light period enables export of photoassimilates to continue in the dark period at
between 15-60% the rate of photoassimilate export in daytime (Fondy and Geiger, 1982;

Hendrix and Huber, 1986; Kalt-Torres et al., 1987: Heineke er al., 1994; Riens et al.,

1994).

Having concentrated on the carbohydrate products and regulation of photosynthesis, it is of equal
importance to consider amino acid synthesis, the most significant product of the 20% of
photoassimilate which is partitioned into organic acids, and not least with reference to the role

played by Rubisco as a storage protein (Chapin et al., 1990).

1.2.2 Nitrogen Assimilation

Amino acids are synthesised by the assimilation of inorganic forms of nitrogen into carbon
skeletons supplied from photosynthesis. Plants gain nitrogen principally from the soil and
predominantly in the form of nitrate (NO;"). Whatever the form in which the plant obtains
nitrogen from its environment, it must be reduced to ammonia (NH,") for it to be

assimilated into amino acids for protein synthesis.



The site of NO,” metabolism varies with species, environment and stage of development of the
plant. Inhibition of metabolism, and of protein and mRNA synthesis, indicates NO; is taken up
by a specific, energy requiring, and inducible transport system (Vance, 1997). It can be
metabolised in the roots, but commonly, when there are not limiting conditions of NO;™ in the
soil, it is transported via the Xylem to photosynthetic tissue. The reduced form of nitrogen for
direct assimilation is NH,", NO,™ being reduced to NH,* by the enzymes nitrate reductase (NR) to
form NO,’, which is in turn reduced to NH," by nitrite reductase (NiR). NH," is generally
phytotoxic at high concentrations and so it needs to be quickly metabolised when rates of

nitrogen fixation and assimilation are high (Vance, 1997).

Commonly, NH," is rapidly metabolised into organic compounds (Vance, 1997) proceeding
through two steps of partitioning. Firstly, NH," and glutamate are combined to produce the amide
glutamine, a reaction catalysed by the enzyme glutamine synthase (GS). Secondly, glutamine is
converted to glutamate by the action of glutamine-oxoglutarate amidotransferase (GOGAT).
Nitrogen in the form of glutamate can then be converted into other amino acids by transaminatior
reactions catalysed by aminotransferases which require pyridoxal phosphate (vitamin B,) as

cofactor (Vance, 1997).

Nitrogen is a potentially limiting nutrient in plants, and given the demand for nitrogen it is

unlikely that regulation of nitrogen assimilation occurs at the point of entry, a point



confirmed by the kinetics of the inducible transporter in the roots (Vance, 1997). As the
first step of NO, into organic forms, NR is a potential regulator of nitrogen fixation. NR is
regulated by 1) transcriptional and translational regulation, i1) post-translational

modification, and 1ii) positive and negative effectors (Vance, 1997).

NiR catalyses the reduction of NO, to NH," with NADPH acting as reductant and 6 electrons
donated from ferredoxin via ferredoxin-NADP oxido-reductase (Wray, 1993). NiR mRNA
synthesis and enzyme activity can be induced by light via phytochrome (Wray, 1993). NiR
mRNA has a short half life of 0.5-2h according to species, whereas the half life of the protein is
up to 24h (Vance, 1997). Reduced nitrogen, as amino acids, exerts negative feedback on both
NiR mRNA and the protein itself (Wray, 1993; Vance, 1997). In general, regulation of NiR is
similar to that of NR, being induced by both NO, and light, with control by transcriptional and
translational regulation, post-translational modification, and positive and negative effectors

(Vance, 1997).

In all, there is induction at each step of fixation of NO, to NH,*, sequestration, NO,
reduction and NO, reduction, by the fundamental nitrogen source, NO;". Light also induces
the three steps of this pathway, perhaps via sugars from photosynthesis. This has potential
and significant relations to the greater co-ordination of carbon and nitrogen fixation in the

plant. Assimilation of NH," integrates nitrogen metabolism with that of carbon, and

10



involves inter-organellar co-ordination. Regulation of this process may occur in the two
reactions catalysed by GS and GOGAT. Another level of control of NH," assimilation is by
the enzymes aspartate aminotransferase (AAT) and asparagine synthase (AS), which

regulate flux of carbon between organic and amino acids.

GS can comprise up to 2% of the total soluble protein in actively nitrogen assimilating root tissue
(Vance, 1997). Activity of the enzyme increases rapidly in roots and leaves of plants grown in
NH," or NOy’, and in etiolated leaves upon illumination (Cullimore and Bennett, 1992; McGrath
and Coruzzi, 1991). Kinetically and immunochemically distinct isoforms have been identified in
both monocot and dicot species (Tingey ef al., 1988). Changes in the environment (or during
development) result in differential expression of GS isozymes. In all, the many potential isoforms
of GS represent what is a multiplicit and very flexible enzyme (Redinbaugh and Campbell, 1993;

Yamaya et al., 1992).

GOGAT catalyses the reductive transfer of the amido groups of glutamine to the a-keto
position of 2-oxoglutarate (o -ketoglutarate), producing two molecules of glutamate. In
conjunction with GS, GOGAT cycles NH," into glutamine and glutamate, the nitrogen
being carried from NH," and used in the several amino-transferase reactions to synthesise
amino acids. There are two distinct forms of GOGAT in higher plants: Ferredoxin-GOGAT

(Fd-GOGAT) which gains reducing power from ferredoxin, and NADH-GOGAT, which

11



gains reducing power from NADH. NADH-GOGAT is found in non-photosynthetic tissue,
in particular legume root nodules, but also in rice cell-cultures. It is present at about '/, "
the concentration of Fd-GOGAT and/or GS (Gregerson et al., 1993; Yamaya et al., 1992).
Fd-GOGAT is the plastidic form and assimilates NH," from light dependent reduction of
NO;’, and photorespiration (Sakakibara et al., 1991). Before induction of Fd-GOGAT
activity there is an increase in FA-GOGAT mRNA; induction of Fd-GOGAT is therefore
transcriptionally controlled; in maize roots, application of NO;™ increases transcription of
Fd-GOGAT mRNA and activity of the protein (Redinbaugh and Campbell, 1993). The
enzyme responds to both light and NO, as environmental signals (Redinbaugh and

Campbell, 1993).

Nitrogen is the major essential element needed by plants, and soils are commonly deficient
in it. However, there is another major nutrient which may be incorporated with carbon to
produce organic forms: phosphorus. Phosphates are essential in photosynthesis and
respiration as AMP, ADP and ATP, pyrophosphates and sugar phosphates, as well as
biosynthesis of membranes. Phosphate is taken up by the roots, primarily as the mono-
phosphate anion H,PO,, being more available in acidic soils, and secondarily as the
divalent anion HPO,*, being more available in alkaline soils. Like NO;", phosphate is
converted into organic forms upon entry into the root, but it is not reduced, remaining as

free or organically bound phosphate. As a result it is easily distributed around the plant,
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deficiency therefore becoming first apparent in older tissues, in particular leaves. The ratio

of N to P can interact to regulate maturation in many species (Salisbury and Ross, 1992;

Taiz and Zeiger, 1991).

Other major plant nutrients are potassium, calcium, magnesium and sulphur, each of which
may be deficient in the soil. However, none is immediately incorporated into metabolic
pathways at the same scale as nitrogen or phosphorus and these nutrients do not represent a
significant part of metabolism in the context of carbon partitioning. The remaining plant
nutrients, termed micronutrients, are chlorine, iron, manganese, boron, zinc, copper and
molybdenum. These are very rarely limiting (Salisbury and Ross, 1992; Taiz and Zeiger,

1991).

1.2.3 Respiration

A most significant metabolic pathway into which fixed carbon is partitioned is that of
respiration. Respiration is as vital a part of plant metabolism as photosynthesis, and yet
respiration and photosynthesis are apparently futile processes: In photosynthesis, gaseous
CO, is fixed into carbohydrate in an energy requiring reductive process. In respiration,
organic substrates are converted into CO, in an energy producing, oxidative process. There

is no apparent futile cycling between the two processes, implying a co-ordinating

13



regulatory mechanism. Further, for growth, carbon fixation and nitrogen assimilation must

exceed respiration, and so there must be integration of these processes in order that a plant

may grow.

Energy and carbon skeletons from photosynthesis and respiration are required for N-
assimilation. High rates of respiration are required for high rates of biosynthesis, the rate of
respiration being modulated by the biosynthetic demand for photosynthesised C-skeletons
and respiratory substrates for glycolysis. Hence, it is so that N-fixation can be prioritised by
increasing respiratory rate with concomitant reduction in the rate of C-fixation. Indeed, it
has been suggested that photosynthesis is modulated by respiration, as is theoretically

possible. However, N-assimilation is ultimately limited by the carbon sequestration.
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1.3 RESOURCE ALLOCATION - TRANSLOCATION

Carbon partitioning within photosynthetic tissues creates a metabolic buffer between the
environmental influences on photosynthesis and effective investment of photosynthate (Gifford er
al., 1984; Chapin et al., 1990; Stitt and Schulze, 1994a). As has been discussed, the two major

resources that are exported from the photosynthetic cell are sucrose and amino acids.

In higher plants the tissue through which resources are transported is the phloem. Metabolites
may be distributed locally from the cell of production by diffusive symplastic processes through
inter-cellular plasmodesmata, but for transport between organs, from sources to sinks,

metabolites must be loaded into the phloem (van Bel, 1992).

1.3.1 Phloem Loading

There has been considerable debate as to the pathways and mechanisms of phloem loading (van
Bel, 1992). The historical consensus of a symplastic pathway of transfer of photoassimilates from
the leaf mesophyll to the sieve element/companion cell (SE-CC) complex of the phloem was
challenged by microscopic evidence of a marked decrease in plasmodesmatal density in the
vicinity of the SE-CC complex (Geiger et al., 1973; Gunning et al., 1974). Further to electron

microscopy, studies have demonstrated a significantly lower osmotic potential within the phloem

15



relative to the mesophyll (Geiger et al., 1973; Evert et al., 1978; Fisher and Evert, 1982).
Experiments with leaves stripped of their dermal layers showed sucrose being taken up
preferentially into leaf veins (Geiger et al., 1974; Delrot and Bonnemain, 1978). But perhaps the
most compelling evidence was the discovery of sucrose-proton co-transport (Giaquinta, 1976;
1977), the first molecular evidence of likely apoplastic loading. Universality of apoplastic
loading into the SE-CC complex was assumed in all Angiosperms (with the exception of

Curcurbits), until it was proposed that phloem loading was multiprogrammed (van Bel and

Gamalei, 1991).

The mode and regulation of sucrose-proton co-transport has been investigated (Riesmeier er al.,
1994). Antisense constructs of a putative sucrose-proton co-transporter cDONA were expressed
under control of the CaMV 35§ promoter in potato leaves (Riesmeier et al., 1994; Truernit and
Sauer, 1995). Transformants with lowered levels of the sucrose transporter mRNA showed local
bleaching, indicating reduced levels of photosynthetic activity, and curling of leaves, indicating
greater cell expansion in the top side of the leaves (Riesmeier et al., 1994). Further analysis
showed more than 20 fold greater concentrations of soluble carbohydrates in these leaves, and a 5
fold greater starch content, compared to controls, suggesting a block in export of sucrose from the
leaf. Photosynthesis was reduced in the strongest antisense lines and development of the roots
and tubers was decreased considerably (Riesmeier et al., 1994). The local (Truernit and Sauer,

1995) and global (Riesemeier ef al., 1994) effects of this transformation provide strong evidence
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in support of apoplastic unloading, at least in potato, and not only identifies the transport of
sucrose as a key step in distribution of photoassimilate, but also illustrates the effects of poor

export in both the leaf and the whole plant.

A similar phenotype to that found in sucrose-proton co-transporter antisense plants was found in
transgenic plants expressing a yeast-derived invertase in the cytosol (von Schaewen e al., 1990;
Sonnewald er al., 1991). Again, leaves were pale and curved (Sonnewald et al., 1991). Overall
growth was stunted, root formation was reduced, and starch and soluble sugars accumulated in
the leaves (Sonnewald er al., 1991). Similar studies in tomato and potato concur that sucrose is
translocated via the apoplast (Dickinson et al., 1991; Heineke et al., 1992; Sonnewald and
Willmitzer, 1992). Analysis of phloem contents in potato show a reduction in the amino acid:
sucrose ratio (Heineke ef al., 1992), indicating decreased loading of sucrose as a result of

expression of yeast-derived invertase in the apoplast (Sonnewald and Willmitzer, 1992).

The similarities in the phenotypes resulting from these two very different transformations are due
to the similarity in the effects of perturbing sucrose transport from source leaves. Riesmeier er al.
(1994) effectively prevented sucrose being loaded into the transport system, and Sonnewald et
al., (1991) achieved a comparable effect by preventing export of sucrose from the mesophyll.

Little is known about the regulation of sucrose transport into the phloem beyond these studies,
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but it is likely that changes in concentration of sucrose and changes in turgor are essential factors

in regulation (Stitt, 1996).

1.3.2 Phloem Transport

Phloem transport occurs along a symplastic continuity in what are highly developmentally
sophisticated tissues in terms of the actual conduits of long-distance transport, the sieve elements
(Stitt, 1996). It may be viewed as “transcellular, vectorialized and accelerated cytoplasmic

streaming” (Stitt, 1996).

The prevalent view of phloem transport is that it occurs by a process of mass flow driven by a
gradient of turgor pressure, a hypothesis originally proposed by Miinch (1930) (Farrar, 1992).
The sieve elements are considered as pressurised vessels connecting source and sink. Pressures at

the source, P and sink, P, being determined by the difference in osmotic potentials, x-n_,

source?

across the boundary membranes at source and sink.

The flux of sucrose, J ., through the phloem is described by the equation:

J..=aP.C .k,

18



where AP is the difference in turgor pressure between source and sink, C the concentration of
sucrose in phloem, and k a coefficient of conductivity where transport is described by the Hagen-

Poisseuille relationship:

k=A.r*/ 8.1,

where A is the cross-sectional area of the phloem with radius r, n is the viscosity, and | the length.

With great variety in r being unlikely in a plant, the key terms are AP, C and 1 (Farrar, 1992).

The coefficient of conductivity, k, may be expected to be affected by the plasmodesmata that
provide the continuity of ‘cytoplasm’ in the highly modified sieve element cells. Plasmodesmata
are intercellular supramolecular complexes that form cytoplasmic continuity between cells (Wolf
and Lucas, 1994). Experiments in which membrane impermeable fluorescent dyes were injected
into cells under normal physiological conditions have confirmed estimates from electron
microscopy that plasmodesmata are channels of cytoplasmic continuity between cells in the order
of 2.5 nm channel size with a size exclusion limit (SEL) of macromolecules in the size range of
0.8-1 kD (Wolf and Lucas, 1994). Plant viruses encode movement proteins that facilitate passage
of viral infection through plant tissues. Expression of viral movement proteins (VMPs) in
transgenic plants have demonstrated that these proteins are targeted to plasmodesmata and effect

significant increases in the SEL (Wolf and Lucas, 1994). Exogenous introductions of VMPs,
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alone or with viral DNA or RNA encoding VMPs, have demonstrated the rapid movement of
both proteins and transcripts between cells, further supporting plasmodesmatal function as
intercellular conduits (Wolf and Lucas, 1994). Plasmodesmata represent resistance to mass-flow
between the mesophyll and the phloem, and so the differential increase of plasmodesmatal SEL
caused by VMPs should enhance flux into the phloem. However, experiments testing this
hypothesis actually found a negative effect (Lucas er al., 1993), at least in the photoperiod.
Control plants were found to have lower rates of carbon export from leaves in the dark relative to
the VMP-expressing plants. Young leaves that were not yet expressing VMP showed phenotypic
differences to controls, indicating possible pleiotropic effects of the VMP (Lucas et al., 1993;
Wolf and Lucas, 1994). Sadly, the only conclusion on the effect of VMPs that can be drawn from

these experiments is that they have an effect.

Purely physiological models are somwhat naive in the context of the phloem not actually being
pressurised vessels in a passive sense. The phloem transport pathway is leaky with passive
unloading of photoassimilate into the apoplast and active reloading from the apoplast (Minchin
and Thorpe, 1987). Biochemical characterisation of companion cells has shown metabolic ability
to achieve active reloading including a fully operational glycolytic cycle (Geigenberger et al.,
1994) and the presence of sucrose synthase (Nolte and Koch, 1990; Martin ef al., 1993).
Companion cells also have some of the highest densities of mitochondria in plants (Stitt, 1996).

The mechanism of the sucrose-proton co-transporter that loads and reloads sucrose from
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apoplasm into the SE-CC complex (Truernit and Sauer, 1995; Riesmeier et al., 1994; Stitt, 1996)
requires that, for each molecule of sucrose transported, one molecule of ATP must be produced,
from respiration in the mitochondria, for the action of the H*-ATPase in the plasmalemma of the
companion cell to produce the proton for the sucrose-proton co-transport. Subsequently, the ADP
and P, resulting from the action of the H*-ATPase must be returned to the mitochondria, without
being taken away by the process of mass flow in the SE-CC complex (Stitt, 1996). The
concentration of ATP in phloem sap is between 300-500 fold less than the concentration of
sucrose, indicating very effective segregation of mass flow from the metabolism of energy

required for loading and reloading (Stitt, 1996).

Constitutive expression of the Escherichia coli ppa gene, encoding inorganic pyrophosphatase,
caused accumulation of sucrose in source leaves of transgenic tobacco, due to prevention of
glycolysis by cytosolic hydrolysis of pyrophosphate (Jelitto et al., 1992; Sonnewald, 1992). An
unanticipated phenotype was the overall stunting of plant growth, suggesting an effect of the
transgene on export of photoassimilates (Sonnewald, 1992). Phloem specific expression of the
E.coli ppa gene allowed specific investigation of the putative role of PP;in long-distance
transport (Lerchl et al., 1995). Starch accumulated in leaves of transgenic tobacco plants in which
cytosolic PP, was removed from the phloem, and there was an accumulation of UDP-glucose
concomitant with a lowered ratio of ATP to ADP in the midribs of leaves, indicating a lowered

energy status within the phloem of the transgenic plants relative to wild-type (Lerchl er al.,
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1995). The transgenic plants showed the same phenotype as those over expressing yeast invertase
(Sonnewald, 1992); stunted growth compared to wild-type, with evidence of bleaching of more
mature source leaves (Lerchl et al., 1995), confirming a role of PP, in long distance transport
(Sonnewald, 1992; Lerchl et al., 1995). The phenotype is ascribed to impairment of sucrose

hydrolysis via sucrose synthase in ppa-expressing plants (Lerchl er al., 1995).

The wild-type phenotype was successfully restored in transgenic plants expressing the rolC ppa
construct by insertion of phloem-specific yeast-derived invertase in the plants (Lerchl er al.,
1995). In singly transformed plants, phloem-specific hydrolysis of sucrose by yeast-derived
invertase was shown to have no negative effects on plant growth (Lerchl ez al., 1995). Having
shown altered allocation in ppa-expressing plants due to impairment of sucrose hydrolysis via
sucrose synthase, it was found that crosses resulting in low levels of yeast-derived invertase
activity in the cytosol of the phloem, the wild-type phenotype was almost fully restored in ppa-
expressing plants (Lerchl et al., 1995), suggesting low levels of invertase can bypass the effects
of PP-dependent sucrose degradation via sucrose synthase by providing an alternative pathway
of sucrose hydrolysis. Crosses resulting in higher levels of transgenic invertase expression
produced only partial restoration of the wild-type phenotype, and higher levels still caused severe
growth retardation, suggesting that sucrose hydrolysis must be tightly controlied (Lerchl e al.,

1995).
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Further investigation of the effects of transgenic expression of phloem-specific pyrophosphatase
showed inhibition of transport of not only carbohydrates, but also amino acids (Geigenberger er
al., 1996). This further confirms PP,, and energy metabolism, as essential in long-distance

transport through the phloem, and that such transport is an active process (Geigenberger er al.,

1996; Minchin and Thorpe, 1987).

1.3.3 Phloem Unloading

Processes of phloem unloading remain relatively poorly understood (Sonnewald et al., 1994).
They can be divided into two types: Phloem unloading can occur by symplastic routes, or it may
involve an apoplastic step that may require hydrolysis of sucrose in cell wall interstices
(Sonnewald et al., 1994; Stitt, 1996). The concentration of assimilates is higher in the phloem
relative to surrounding cells. Unloading can occur along a concentration gradient. Metabolism
and subcellular compartmentation in sink tissue maintains the concentration gradient required for
mass transport and suggests symplastic unloading (Sonnewald et al., 1994). This model is
supported by high densities of plasmodesmata in certain sink tissues such as potato tubers.
Alternatively, mass flow may be maintained by unloading out of the phloem into the apoplast
through a sucrose transporter. Subsequent loading of sink tissue may then be mediated by a
second sucrose transporter, or by hydrolysis of sucrose in the apoplast by an acid invertase before

subsequent loading into the sink by hexose transporters (Sonnewald et al., 1994). Low level



expression of sucrose transporters has been found in potato tubers (Riesmeier ez al., 1993) and

sink-specific expression of hexose transporter genes has been found in Arabidopsis and tobacco

(Sauer et al., 1994).

The most comprehensive understanding of phloem unloading is in legume seeds. Seeds are
anatomically, genetically and temporally distinct sinks in relation to the maternal plant and these
factors have been exploited in experiments to elucidate apoplastic phloem unloading.
Microautoradiographical investigation of Phaseolus seed coats, loaded with '“C-photosynthate
and treated with para-chloromecuribenzene sulphonic acid (PCMBS) to inhibit sucrose transport,
demonstrated a 75% increase in silver grain density in the layer of the vascular parenchyma of

seed coats over controls (Offler and Patrick, 1984), indicating unloading occurs in this tissue.

Microscopical estimates of the surface area of vascular parenchymal plasmalemma concur with
estimated surface areas required for observed sucrose transfer, and electron microscopical
observation of this tissue showed that these cells resemble known secretory cells (Offler and
Patrick, 1984). The lack of plasmodesmatal connections between maternal and embryonic tissue
has been exploited by removal of embryonic tissue to allow demonstration of active unloading of
photosynthate into the apoplastic space between the seed coat and the embryo (Wolswinkel and
Ammerlaan, 1983; Patrick, 1983; Thorne and Rainbird, 1983). Use of ‘trap’ solutions has

allowed study of the kinetics of phloem unloading in empty seed coats. Inhibition of unloading in
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the presence of KCN, indicating an active component to the process, and sensitivity to organic
and inorganic osmotica have been reported. Presence of plant growth substances in trap solutions
had modest effects (Gifford and Thorne, 1986; Offler and Patrick, 1986). However, in vivo
studies of unloading using ''C radiolabelling question the accuracy of long-term measurements of

seed coat unloading achieved with the surgical techniques (Minchin and Thorpe, 1989).

A more specific approach was applied to determining the contribution, if any, of an apoplastic
route of sucrose unloading in potato tubers by over-expression of a yeast-derived invertase
(Heineke er al., 1992). Apoplastic localisation of invertase protein was achieved by fusion of the
proteinase inhibitor I signal peptide to the coding region of the mature invertase protein (von
Schaewen et al., 1990), and control was provided by the coding region of the mature invertase
protein without additional targetting, giving cytosolic expression of the protein (Sonnewald et al.,
1991). Tuber-specific expression of invertase was achieved by the patatin class I promoter B33
(Rocha-Sosa et al., 1989). Plants expressing apoplastic yeast-derived invertase accumulated
glucose and fructose and contained three times less sucrose than controls, indicating that not only
is the apoplastic space involved in unloading into the tuber, but that a majority of sucrose
imported into the tuber enters via the apoplasm. Starch content was unchanged and overall yield
was increased by up to 30% (Heineke et al., 1992; Sonnewald et al., 1994). In the case of plants
expressing apoplastic yeast-derived invertase it is notable that some sucrose is imported

symplastically, although not as much as might be suspected by the high density of
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plasmodesmata found in potato tubers (Sonnewald et al., 1994), and so there is, in the case of
potato tubers, no distinction between the two modes of unloading as originally suggested
(Sonnewald ef al., 1994). In plants expressing incre<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>