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ABSTRACT

In South Africa, and in several other sub/tropical countries, the avocado represents a commercially
important crop. Very little is currently understood about the metabolism of sugars in this fruit. The
variety ‘Hass’ is a popular cultivar that is grown extensively in South Africa. However this
cultivar has a tendency to produce two distinct fruit phenotypes: a normal sized variant and a
small, undersized variant. Current literature suggests that the small fruit phenotype is characterised
by an elevated abscisic acid (ABA) to cytokinin ratio and altered isoprenoid metabolism. The
results presented in the current investigation represent the findings from a detailed study into the
metabolism and transport of sugars in ‘Hass’ fruit in an attempt to characterise solute allocation in
developing avocado fruit. Furthermore, the activities of sugar metabolising enzymes, routes of
solute movement and polyphenolic contents of normal, small and ABA-treated fruit were
compared and contrasted to evaluate the potential role of ABA in the induction and expression of
the small fruit phenotype.

The enzymes invertase, sucrose synthase (SSy) and sucrose phosphate synthase are involved in the
metabolism of sucrose (Suc) and, hence, phloem unloading, post-sieve element transport and fruit
growth. Although not the major sugar present, Suc was found in avocado phloem sap, and the
enzymology for its metabolism was shown to exist in avocado fruit. It appears that sink strength is
established during early fruit growth by high acid invertase activity, especially during the period of
rapid cell division. As fruit growth progresses the activity of SSy and an enzyme responsible for
the oxidation of perseitol (tentatively termed perseitol dehydrogenase) increases, suggesting that
these enzymes play an important role in the supply of carbon during the linear phase of fruit
growth. All Suc metabolising enzyme activity diminishes as the fruit approaches maturity.

With the exception of SSy (in the cleavage direction), all enzymes assayed showed a general
increase in relative rates of activity in small and ABA-treated fruit. Similarly, ABA-treatment of
seed coat discs in vitro resulted in the elevation of insoluble and soluble acid invertase, SSy (in the
synthesis direction), and sucrose phosphate synthase activity. Furthermore, both small and ABA-
treated fruit were characterised by elevated total soluble sugars, glucose and fructose levels. These
observations suggest that altered sugar metabolism, as a consequence of changes in endogenous
ABA levels, may contribute to the occurrence of the small fruit.

The seed coat represents an import link between the seed, the mesocarp and the parental plant
tissues. Loss of seed coat and endosperm integrity accompanied fruit maturation and a reduction in
the movement of solutes into the seed. An increase in polyphenolics in the seed coat tissue seemed
critical in this reduced movement. Both the small and ABA-treated fruit were characterised by
early senescence of the seed coat, which was accompanied by both a loss of transport into and out
of the seed and premature maturation of the fruit. This premature seed coat senescence appeared
similar to programmed cell death in tissues exposed to stress or elevated reactive oxygen species,
stimuli that are often accompanied by elevated ABA levels. Callose was localised to the
plasmodesmata and is proposed to play a role in the gating of, and hence movement through, these
pores. Small fruit were characterised by a loss of symplastic continuity, as represented by fewer
plasmodesmata, and reduced callose degradation. Comparison of callose content and rates of
synthesis suggest that ABA-treatment, similarly, reduces callose catabolism. The association of
ABA with both the premature senescence of the seed coat and a reduction in symplastic continuity,
and, hence, a reduction in solute transport, further cements the potential role of ABA in the
occurrence of the small fruit phenotype.
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CHAPTER 1

GENERAL INTRODUCTION

1.1 PROLOGUE ~ THE FRUIT AND THE MOTIVATION

The avocado fruit is well known for its high nutritive value, favourable unsaturated:saturated fatty
acid ratio and numerous vitamins (discussed in: Biale and Young 1971; Slater et al. 1975;
Wostenholme 1990) and has been consumed by the people of central America for several thousand
years (Bergh 1975a). Today the avocado represents a significantly important commercial crop in
several countries, such as the United States of America (especially California), Brazil, Venezuela,
Colombia, Mexico, South Africa, Israel and Australia. In South Africa, the avocado industry

generated revenue in excess of 160 million rand in the 1999/2000 season (Anon. 2001).

The avocado is one of the few commercially important members of the genus Persea and belongs
to the family Lauraceae. Of commercial interest are three ‘horticultural races’ of Persea
americana Mill. viz. Mexican, Guatemalan and West Indian (Popenoe 1974), which have more
recently been classified botanically as the varieties drymifolia, guatemalensis and americana
respectively (Bergh and Ellstrand 1986). The original classification was based on the ecological
origin of the three varieties, with the Mexican race originating in the mountains of Mexico and
Central America, the Guatemalan race from the highlands of Central America, and the West Indian
race native to the lowlands of Central America and northern South America (Biale and Young
1971; Ahmed and Barmore 1980). Horticulturally and physiologically these races differ in
characteristics such as fruit size and appearance, fruit oil content and flavour, maturation date and
storage characteristics, and disease and temperature (especially cold) tolerance (Ahmed and
Barmore 1980). However, the three races are cross-compatible, share many physiological and
chemical characteristics (Scora and Bergh 1990) and readily hybridise to form a variety of
genotypes that suit different climatic conditions (Whiley and Schaffer 1994) and display different
developmental and phenotypical fruit characteristics. Some important commercial varieties include
‘Fuerte’, which 1s a GuatemalanxMexican hybrid, and ‘Hass’, which originated from a
Guatemalan seedling (Seymour and Tucker 1993) and is believed to be 85-90% Guatemalan and

10-15% Mexican (Bergh and Ellstrand 1986).

‘Hass’ avocado (Persea americana Mill. var guatemalensis) is a commercially important cultivar

in South Africa, believed by many to produce a better quality, richer tasting fruit. ‘Hass’ is a late



maturing cultivar and can be left to hang on the tree after it has reached physiological maturity
(Whiley et al. 1996), allowing the grower a greater ability to ‘play the markets’. One of the criteria
used to determine avocado fruit price is size, with larger fruit often receiving better prices. ‘Hass’,
like most fruits of Guatemalan origin (Bergh and Ellstrand 1986), has a tendency to produce
medium and below-sized fruit (Chandler 1958), irrelevant of health status of the tree (Kremer-
Kohne and Kohne 1995). It is understood that the availability, supply and composition of
photoassimilates, such as sucrose (as well as plant hormones, minerals and water) to the fruit, and
the subsequent ability of the fruit to metabolise these transported solutes, plays a crucial role in
fruit development, and thus final fruit size. In ‘Hass’ the availability of assimilates does not appear
to be limiting as under- and normal-sized fruit occur side by side with no pattern with respect to
distribution (Cowan 1997), and thus the ability of the fruit to compete, import and metabolise
assimilates seems to be of primary importance. Although the composition of avocados, especially
after maturity, is well documented, very little is understood about the transport and metabolism of
sugars in this fruit. Thus the aim of this research was to establish a basic understanding of

transport and metabolism of sucrose in ‘Hass’ fruit in relation to final fruit size.
1.2 SUCROSE ~ THE UBIQUITOUS TRANSPORTED ASSIMILATE

Photosynthesis defines the process by which light energy is converted into chemical energy, and is
used to produce carbohydrates. These carbohydrates form the backbone of plant life and are the
primary and essential component, either directly or during synthesis, of nearly every metabolic,
structural or messenger substrate/molecule in the plant. Sucrose (Suc; a-D-glucopyranosyl 3-D-
fructofuranoside), a non-reducing disaccharide of glucose and fructose linked by an O-glycosidic
bond, is synthesised within the cytosol, transiently stored in the vacuole and exported via the
phloem to photosynthetically inactive organs (Stitt and Steup 1985; Tymowska-Lalanne and Kreis
1998). Suc is generally accepted as the principle product of carbon fixation and the major and
preferred form in which carbohydrate is transported from photosynthetic organs to the rest of the
plant (Avigad 1982; ap Rees 1987; Lucas and Madore 1988; Sung er al. 1989; Sonnewald et al.
1991; Miller and Chourey 1992; Sturm and Tang 1999; Tauberger et al. 1999; Barker et al. 2000).
Hence Suc is considered essential for the supply of carbon, energy and maintenance turgor

necessary for plant metabolism, growth, storage and reproduction.

Suc has several properties that allow it to function effectively as a transport molecule. These

include an unreactive chemical structure that prevents futile synthesis/degradation cycling during
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transport, and a high free energy of hydrolysis (£30 kJ mol™) allowing it to be easily hydrolysed in

enzyme-catalysed reactions (Lucas and Madore 1988).

For many plants Suc is the most abundant compound found in the phloem sap (Sheen et al. 1999).
However, in some species sugar alcohols and oligosaccharides of the raffinose series are the
principle forms in which carbon is transported (Dey 1990; Lunn and Furbank 1999). Examples of
these include the phloem-transported sugar alcohols, mannitol, which predominates in celery
(Apium graveolens L.)(Pharr ef al. 1995; Greutert et al. 1998) and is found in olive (Olea
europaea L.)(Flora and Madore 1993), sorbitol, which predominates in peach (Prunus persica
L.)(Lo Bianco et al. 1999) and apple (Malus domestica L. Borkh.)(Archbold 1999), and the sugars
raffinose and stachyose that are transported in muskmelon (Cucumis melo L.)(Hubbard et al.
1989), summer squash (Cucurbita pepo L.)(Richardson et al. 1982) and olive (Flora and Madore
1993). However, where these sugars prevail, Suc is always present and none of them completely
replace Suc (Lunn and Furbank 1999). The ratio and metabolic importance of these sugars may
also change developmentally, as in the peach which accumulates Suc with maturation (Vizzotto et
al. 1996), in response to stress, e.g. the elevation of mannitol in response to osmotic stress in
celery (Stoop and Pharr 1994), or in different tissues and sinks, as seen in the different sugar
compositions in olive leaf, phloem and sink tissues (Flora and Madore 1993) and the different
rates of sorbitol and Suc metabolism seen in reproductive and vegetative tissue in peach (Lo

Bianco et al. 1999).

Not only does Suc serve as a compound for the long-distance transport of metabolites and to drive
osmotic solute movement, but, via the Suc sensing pathway, it plays a role in the
activation/repression of many genes and hence the modulation of transport activity and assimilate
partitioning (Koch 1996; Chiou and Bush 1998; Smeekens 2000). Suc therefore plays an important

role in communication within the plant and between the plant and the environment.

In ‘Hass’ avocado, the seven carbon (7C) sugar D-manno-heptulose and its polyhydroxy
derivative, the sugar alcohol perseitol, were found to be the predominant soluble sugars in stem,
trunk, root and fruit peel, flesh and seed@@' he ubiquitous distribution of
these sugars allowed the authors to propose an unconfirmed essential role in both reproductive and
vegetative development. However, the occurrence of these sugars in the phloem or their role in
assimilate transport was not conclusively shown, and though one assumes they are of great

significance, the potential importance of Suc in transport and metabolism of carbohydrates in

avocado cannot be overlooked.
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1.3 ASSIMILATE SUPPLY

1.3.1' THE PHLOEM ~ THE PATHWAY OF ASSIMILATE IMPORT

The term phloem relates to the vascular tissue that serves principally to allow long-distance
translocation of sugars, nutrients and a diverse range of macromolecules, including proteins,
systemic wound signals, RNAs and pathogens throughout the plant (reviewed in: Thompson and
Schulz 1999; Oparka and Santa Cruz 2000). Phloem tissue consists of sieve elements (SE) and a
variety of sclerenchyma and parenchyma cells, an example of the latter being companion cells
(CC). The SE are the most highly specialized cells in the phloem, consisting fundamentally of
modified protoplasts with restricted metabolic activity that are linked to adjacent SE by large pores
in the end walls known as sieve plates. This arrangement allows for the formation of a functional
continuum of cells forming a conduit that permits the long-distance movement of solutes and
macromolecules from source (net carbon exporting) tissues to sink (net carbon importing) tissues.
The ‘driving force’ of this long-distance transport by mass flow is generally attributed to the
differences in pressure gradient between the source and the sink (Oparka and Santa Cruz 2000; and
the references therein), as described by Miinch’s (1930) pressure-flow hypothesis, and appears to
be unhindered by the sieve plates (Knoblauch and van Bel 1998). The associated sclerenchyma
and parenchyma cells provide support, function as storage tissues, and later assist in the radial

distribution of translocated substances (Esau 1977).

It is generally accepted that most Suc is synthesized in mature leaves, primarily by the combined
action of the enzymes sucrose phosphate synthase (SPS; EC 2.4.1.14) and sucrose phosphate
phosphatase (SPP; EC 3.1.3.24), and transported to the sink tissues via the phloem. However, the
phloem also transports a variety of other sugars, including the monosaccharides glucose (Glu) and
fructose (Fru), the oligosaccharides raffinose, stachyose and verascose, the sugar alcohols sorbitol
and mannitol, and a variety of other compounds (van Bel 1993; and the references therein).
Plasmolysis and high-resolution autoradiographic studies indicate that the concentration of these
sugars is substantially higher in the phloem than in leaf tissue (Giaquinta 1983) and thus the
transport of these sugars through the phloem depends in part on the accumulation of sugars in the
phloem and the subsequent removal of these sugars from the phloem at the sink i.e. the transport
and distribution of phloem solutes is determined by the transport and metabolic processes

occurring at the end of the source-phloem-sink system (Patrick 1990).
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1.3.2 PHLOEM UNLOADING ~ PHOTOASSIMILATE ARRIVAL IN THE FRUIT

As much as 80% of carbon acquired by photosynthesis is transported in the plant vascular system
of the plant to sink tissue (Chiou and Bush 1998), with up to 65% of total photosynthate going into
the fruit (Bieleski 2000). Phloem unloading occurs along the entire length of the phloem (Thorpe
and Minchin 1996), and involves the removal of solutes, macromolecules and water from the SE.

Two possible pathways exist for phloem unloading, namely the symplastic and the apoplastic

routes (Figure 1.1).
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Figure 1.1. Cellular pathway of phloem unloading and subsequent post-SE transport through the
symplast by bulk flow (—), with possible regulation of flux through plasmodesmata by altered
conductivity or occlusion (e), and the apoplast by diffusion (- ). Solutes may move out of the
symplast via turgor-sensitive and -insensitive porters or pores in the plasma membrane (®), or
into the symplast via proton symporters (®). The apoplast appears light green, the symplast
white, and the two are delimited by a black line representing the plasma membrane. Adapted

from Patrick (1997).

The symplast is the continuum of cell protoplasts permitted by the presence and conductivity of
plasmodesmata (Pd), or, as in the case of the phloem SE, by the presence of pores in the sieve
plate. Symplastic transport is the movement of water and small molecules from cell-to-cell via the

Pd. These molecules are, with the exception of viruses, usually <1 kD in size. During phloem

20



unloading symplastic flux occurs by two means: diffusion and bulk flow (possibly assisted by

cytoplasmic streaming).

Diffusion is the movement of molecules/ions from areas of high concentration to areas of low
concentration. Thus assimilates will move from the SE to the neighbouring CC or parenchyma
cells which have lower assimilate concentrations. Diffusion allows for sink determination of
solutes unloaded through compartmentation and metabolism. The rate of diffusion depends on
concentration differences, and the nature and number of the Pd between the SE and the sink cell,

as illustrated by Fick’s law of diffusion (after Patrick 1997):

1)

_ nP( DAA Ctj
m L

where; m = mass of solute
n = number of Pd
P = Pd conductivity
D = diffusion constant of solute
A = cross sectional area of Pd
AC = concentration difference at the ends of the Pd
t = time

L = length of Pd

Adequate differences in solute concentration may exist for unloading by diffusion (Patrick 1997,
and references therein). However, for terminal, sugar-accumulating sinks, unloading by diffusion
will retard water movement out of the phloem at the sink and so hinder phloem transport. This

situation may be avoided if unloading occurs by bulk flow (Murphy 1986).

Bulk (convective) flow involves the overall movement of phloem solution induced by differences
in water potential (i.e. pressure). Thus high solute concentrations, i.e. a low water potential, in the
SE at the source will cause water to enter the phloem by osmosis. The simultaneous movement of
water out of the sink will cause the phloem solution to move from the source to the sink, and from
the SE to the CC or parenchyma, thereby passively unloading the phloem. The rate of bulk flow,
as for diffusion, depends on the nature and frequency of the Pd, and the differences in

concentration between the phloem and CC or sink parenchyma, as illustrated by Poiseuille’s law:
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2)

where; v = volume of phloem solution

n = number of Pd

P = Pd conductivity

r = radius of Pd

Pse = hydrostatic pressure (water potential) of SE, as determined by the solute
concentration (osmotic potential)

Psmk = hydrostatic pressure (water potential) of sink cell, as determined by the
solute concentration (osmotic potential)

t =time

n = viscosity of phloem solution, as determined by the solute concentration

L = length of the Pd

Patrick (1990; 1997; and references therein) suggested that bulk flow can, in certain instances,
account for phloem unloading and the dissipation of phloem-imported water, and so prevent the
build up of pressure in the SE, especially in situations where Pd have a high conductance (large
size exclusion limit (SEL)). Unloading from the phloem normally occurs symplastically, either
into the SE-CC complex or directly into the surrounding vascular parenchyma (Patrick 1990),

most likely by a combination of both diffusion and mass flow.

The number of Pd connections in the post phloem pathway may thus be assumed to be a rate-
limiting step for symplastic phloem unloading. However, Oparka and Santa Cruz (2000) suggest
that Pd in sink tissue may have higher size exclusion limits (SEL), >10kD as opposed to the
universally accepted Pd SEL of <1kD (Fisher and Oparka 1996; Patrick 1997) which can be
observed in leaf Pd (Goodwin 1983; Terry and Robards 1987), and so accommodate sufficient
Suc/solute flux rates needed to sustain development. Interestingly, Pd between SE and CC have
been observed to have SELs of 10-25 kD (Kempers and van Bel 1997; Imlau et al. 1999)

suggesting an increased capacity to assist in the unloading of the phloem.

The apoplast is the continuum of non-protoplasmic matter, such as the cell wall and intercellular
material. Hence apoplastic unloading of the phloem involves transport across the plasma

membrane (Pm) and subsequent movement of solutes in the apoplast. Apoplastic unloading may
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occur by simple diffusion or be facilitated by membrane porters or channels (Patrick 1997), and is,
in part, determined by the surface area of the Pm (Patrick 1990). The pump-leak system may be
used to describe apoplastic unloading of the SE-CC complexes. Solutes diffuse or passively leak
out of the SE-CC complex symplast and into the apoplast, an area of low solute concentration. It
has been suggested apoplastic loading may also be, in part, driven by turgor-sensitive and
-insensitive porters, including those driven by NADH redox systems (Patrick 1990) and H'-
ATPases (DeWitt and Sussman 1995; Ruan and Patrick 1995). De Jong and co-workers (1996)
hypothesized the existence of pore-forming proteins which may also facilitate the diffusion of Suc
across the Pm. Solutes then travel in the apoplast and are subsequently actively pumped back into
the symplast. This ‘retrieval’ into the symplast is facilitated by Pm bound proton symporters (van
Bel and Patrick 1984; Aloni et al. 1986; Secor 1987). In pea (Pisum sativum L.) sieve element
unloading is achieved against a transmembrane concentration gradient and is facilitated by Suc/H"
symporters located in the Pm of transfer cells symplastically connected to the vascular tissue
(Tegeder et al. 1999). The net apoplastic efflux from the SE-CC complex is governed by the
difference between the rates of diffusion into, and the rate of solute removal from, the apoplast.

The passive diffusion flux is illustrated by the equation proposed by Patrick (1990):

3)
E, = M(CSE B CAPO)

where; F4 = passive diffusion flux
M = membrane permeability coefficient
Csg = solute concentration in SE
Caro = solute concentration in apoplast, as determined by subsequent solute-proton

symport activity and apoplastic metabolism of the solute

In most cases unloading in the SE-CC complex involves the simultaneous transport of assimilates
through the apoplastic and symplastic routes; however, the emphasis on these routes may change
developmentally. For example, in young growing tissues or meristematic regions, vascular
unloading frequently occurs via the Pd (Turgeon and Webb 1976), but in older leaf tissue,
unloading is thought to occur across the Pm and into the apoplast of the sink tissue (Turgeon
1984). However, even where symplastic transport dominates, SE unloading normally involves
some apoplastic contribution, the extent of which depends on the relative conductances of the

apoplastic and symplastic routes.
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1.3.3POST-SIEVE ELEMENT/COMPANION CELL TRANSPORT ~ PHOTOASSIMILATE

DISTRIBUTION IN THE FRUIT

Subsequent transport of solutes in the sink parenchyma will follow a similar route to the unloading
route of the phloem; however, it is influenced by a wide range of developmental, morphological
and metabolic factors. Three primary cellular pathways are recognized: symplastic, apoplastic and

symplastic interrupted by apoplastic (Patrick and Offler 1996).

Symplastic transport allows for greater photoassimilate flux (Patrick and Offler 1995; Wang er al.
1995), reduces the requirement for an extensive vascular system (Patrick 1990), dissipates phloem-
imported water (Murphy 1989), and efficiently utilizes transcellular concentration and osmotic
gradients (Warmbrodt 1987; Fisher and Wang 1993) to drive solute movement. Possibly as a
consequence of these factors, symplastic transport is considered to be the primary route of
movement for simple sugars, small proteins and some nucleic acids during normal vegetative
development. In terminal sink tissues there appears to be a functional symplastic continuum
between storage parenchyma cells (Oparka and Prior 1987; Oparka and Prior 1988; Ruan and
Patrick 1995; Moore-Gordon et al. 1998). In fruits and seeds the rate of transpiration and, hence,
water flow in the sink tissue is very low (Fisher and Oparka 1996), and therefore a large
proportion of post-phloem solute movement must occur by diffusion. In sink tissues, cytoplasmic
streaming is predicted to facilitate this largely passive symplastic transport (Gunning and Overall
1983; Lucas et al. 1993). Cytoplasmic streaming (cyclosis) is the movement of the cytoplasm
within cells and is believed to augment diffusion and so facilitate movement through the Pd. The
rate of cytoplasmic streaming is, in part, determined by the viscosity of the cytoplasm; which , in
turn, is dependant on the solute concentration and the temperature. Thus the solute levels between
contiguous cells and within the cytoplasm will help determine the rates of symplastic solute
transport in sink tissues. However, post-sieve element Pd often have large SELs indicating that
they support high fluxes of photoassimilates, and the high levels of solute accumulation in some
sink tissues suggests that bulk flow must also contribute to post-phloem symplastic transport. This
bulk flow must thus be determined by sink metabolism and compartmentation of solutes (such as
Suc). The latter refers to both compartmentation within the cell and to the isolation of cells with
high solute concentrations by the occlusion of Pd. Fisher and Wang (1995) found a linear Suc
concentration gradient in developing wheat (Triticum aestivum L.) grains that was adequate to
supply Suc by diffusion alone. However, they postulated that if Suc were to be transported
convectively by a turgor and/or osmotic gradient, it would require excessive volumes of water to

move into the endosperm. Though this efflux of water from the phloem would theoretically
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increase the movement of solutes into the sink cells (Lang and Thorpe 1986) and the turgor would
decrease with cell expansion (Stitt 1996), this would be insufficient to account for all the water

imported. Thus the question of diffusive vs. convective symplastic transport in the sink remains

unresolved.

Apoplastic movement in the post-SE pathway follows a similar mechanism to that in phloem
unloading, involving a Pm bound sugar/proton symport mechanism (Patrick and Offler 1996),
driven by an H'-ATPase (Ruan and Patrick 1995). H'-ATPases are enzymes that couple the
hydrolysis or synthesis of ATP to a transmembrane movement of protons (Palmgren 1990)
allowing the unidirectional flux of ions or solutes across a membrane. Recently, Weise and co-
workers (2000) reported a new subfamily of Suc transporters, SUT4. Although primarily
associated with phloem loading, this low affinity/high capacity system was also expressed in sink
tissues of Arabidopsis and tomato, and may facilitate high rates of Suc uptake from the apoplast
back into sink cells or vice versa. Other members of this proton-coupled Suc uptake transporter
(SUT) family have been identified and associated with both the loading/unloading of sieve
elements or with Suc uptake/transport in sink tissues (Kiihn e al. 1997; 1999; Weber ef al. 1997a;
Tegeder et al. 1999). In addition, extracellular invertases maintain concentration differences across
the Pm (Damon ef al. 1988; Weber et al. 1995). In seed coat parenchyma cells of pea (Pisum
sativum 1.) De Jong and co-workers (1996) showed that a small Suc gradient across the Pm 1s
sufficient to result in a net Suc efflux from the seed coat to maintain embryo development, and
hypothesized that the Pm permeability can be increased by pore forming proteins to facilitate
diffusion across the Pm. In cases where apoplastic invertase is present, subsequent sugar transport
can occur via hexose transport systems (Frommer et al. 1996), either apoplastically or by returning
the hexose to the symplast for further metabolism, compartmentation or symplastic transport
(reviewed in Sauer and Tanner 1993). Apoplastic transport is normally only a secondary route
(Patrick and Offler 1996) due to the cpmparatively low rate of flux. Typically, dominant apoplastic
transport is restricted to situations where movement through the symplast is not compatible with
sink function (Patrick 1990). For example, sinks that accumulate high levels of solutes, e.g.’
maturing fruit, or tissues of different genomes that exhibit symplastic discontinuity, e.g. the
interface of seed (filial) and maternal tissue (Patrick 1997) where Pd are absent altogether, or at the
interface between a host plant and a biotroph (Patrick 1989). In these situations, loss of symplastic
continuity may arise from the permanent or reversible closure/occlusion of Pd. Indeed, in higher
plants all the cells in the embryo are connected into a single symplastic domain (Mansfield and

Briarty 1991), and during development down-regulation of Pd results in isolated symplastic zones.
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Switches between symplastic and apoplastic pathways may accompany fruit development. Offler
and Horder (1992) observed that in young tomato fruit symplastic solute movement dominates,
and there are sufficient Pd to sustain this. However, at the onset of sugar accumulation, transport
in the symplast is discontinued and subsequent sugar movement is apoplastic. This allows for
solute accumulation to occur against, and isolates transport from, solute and osmotic gradients
caused by sugar accumulation. This phenomenon also highlights the important role of Pd in the
regulation of phloem unloading and subsequent sugar transport (Stitt 1996). In some instances
photoassimilates have been observed to move against a pressure gradient via the Pd and it is
thought that this transport is partly ‘active’ and requires metabolic energy to sustain 1t (Trgbacz ef

al. 1988).

1.4SINK DEMAND ~ THE ASSURANCE OF CONTINUED ASSIMILATE
SUPPLY

The term ‘sink’ refers to a site where demand exists for a particular substrate, created by
utilization, compartmentation and/or storage. Sink strength can thus be defined as the competitive
ability of the sink organ to import assimilates (Herbers and Sonnewald 1998). Miinch’s mass flow
hypothesis and the principle of diffusion are based on the theory that sugar concentration in the
sink is lower than that of the source. Equations 1, 2 and 3 (above), which illustrate phloem
unloading flux in the symplast and apoplast, all show the need for solute concentration differences
between the phloem and the parenchyma. These equations, when applied to post-sieve element
transport, similarly show the requirement for a solute gradient between adjacent cells in sink
tissues. Thus it is evident that both phloem unloading and post-phloem transport are controlled, in
part, by sugar metabolism and compartmentation (between the apoplast, cytoplasm and the
vacuole) in sink tissue. Similarly, differences in solute concentration between the symplast and
apoplast will impact on cell turgor. The unloading flux into the apoplast is very sensitive to turgor
(Giaquinta 1983; Patrick ef al. 1986). Changes in cell turgor have been suggested to effect the
efflux of photoassimilates across the Pm (Patrick 1993), regulate the activity of Pm bound H'-
ATPases and so effect symporter activity (Wyse ef al. 1986), and impact on Pd conductivity
(Barklay and Fensom 1984; Oparka and Prior 1992). Hence control of phloem unloading is subject
to control by solute levels (Patrick 1990).

As Suc is generally accepted as the main phloem transported sugar in plants (Avigad 1982; Sung
et al. 1989), high levels of Suc in the fruit will reduce the concentration gradient of this transport

sugar from source to sink and so impact negatively on the rate of carbon import (Klann et al.
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1993). Thus the metabolism (Ho 1988; Sung er al. 1989; Cano-Medrano and Darnell 1997; Gao et
al. 1999) or partitioning (Patrick and Offler 1995) of the solutes, especially Suc, at the sink are
equally as important as the continued intensive loading of sugars in the source (Gifford and Evans
1981) to assure the maintenance of assimilate influx. Similarly, the removal of water from the
phloem will increase the osmotic gradient between the source and the sink. It is postulated that
continuous passive leakage and active retrieval (‘pump and leak’ system), involving a possible
sugar/proton co-transporter (Giaquinta 1983), along the length of the phloem allows for the

maintenance of pressure flow over long distances (Thorne 1985).

The partitioning of Suc is important in the continued maintenance of a solute gradient and sink
strength, both within the sink tissue and the source-phloem-sink system. Plants allocate carbon to
regions of growth, reproduction and storage, and partition carbon among metabolic fractions that
support growth and maintenance (e.g. amino acids, organic acids, lipids, pigments, proteins, lignin
and hemicelluloses, and residue), defence (e.g. phenolic glycosides, tannins and phenols), storage
(e.g. sugars and starch) (Kleiner et al. 1999), and respiration. Whole plant carbon partitioning and
Suc/hexose compartmentation within the sink is, in part, hormonally controlled (Pérez and Goémez
2000). For example, hormones like abscisic acid (ABA) and indoleacetic acid (IAA) are known to
directly affect carbohydrate metabolism and transport (Bangerth 1989; Brenner and Cheikh 1995;
Ofosu-Anim et al. 1996; and the references therein). It is important to remember that assimilate
partitioning is regulated by both sink-located transfer and transport processes, and solute
metabolism (Weber er al. 1997b; and the references therein). Many processes controlling
assimilate import require respiratory energy (Ho 1988) and thus in some fruits, such as persimmon
(Nakano ef al. 1998), high respiration rates are important in maintaining sink strength. This is
facilitated by the creation/maintenance of a solute gradient between the source and the sink by the
utilization of sugars. Thus it can be seen that the regulation of net flow of photoassimilates in the
whole plant, into and within the sink, between compartments within each individual cell, and the

partitioning into the various metabolic pools is an integrated and finely controlled process.
1.5 THE PROVISION OF CARBON ~ SUCROSE CLEAVAGE

Suc cleavage gives a reasonable biochemical measurement of sink strength (Sung et al. 1989). Not
only is the cleavage of Suc important for the creation and maintenance of sink strength, but it is
also essential for the metabolism of non-photosynthetic cells. Provision of carbon and energy is
only achieved following the cleavage of Suc (Hawker 1985; Hedley et al. 2000), and thus cleavage

of Suc into hexoses and the subsequent conversion of hexose to hexose-phosphate can be
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considered to be the starting point of fruit metabolism (ap Rees 1988) and carbohydrate
partitioning. The enzymes invertase, sucrose synthase (SSy) and SPS are involved in the

cleavage/synthesis of Suc and hence phloem unloading, post-SE transport, and fruit growth.

1.5.1 INVERTASE

Plant invertases (B-D-fructofuranosidase; EC 3.2.1.26) represent a family of enzymes that catalyse
the irreversible hydrolysis of Suc into its monosaccharide constituents Glu and Fru. Invertases
have been purified and characterised from a number of plants (see review by Tymowska-Lalanne
and Kreis 1998) and exist in three isoforms, each consisting of numerous different isozymes. The
three isoforms can be classified by both their solubility, pH optima and spatial location in the cell,

viz. extracellular (cell wall or apoplastic), vacuolar and cytoplasmic (Table 1.1).

Table 1.1 Invertase isoforms and properties.

Location Solubility pH optimum Common term
Extracellular Insoluble 4.5-5.0 Acid

Vacuolar Soluble 4.5-5.0 Acid
Cytoplasmic Soluble 6.5-8.0 Alkaline /Neutral

The physiological role of invertases is diverse and still not fully understood. The discrete
subcellular locations of the isoforms, differential expression with development and key position in
Suc metabolism of invertases allows these enzymes to play a crucial role in the control of
biochemical pathways (Sturm et al. 1999), source-sink relations and metabolic fluxes, downstream
sugar partitioning, sugar-modulated gene expression (reviewed by: Sheen 1994; Koch 1996, Jang
and Sheen 1997; Smeekens and Rook 1997; Lalonde ef al. 1999; Yu 1999; Smeekens 2000), and
subsequent phenotypic responses (Cheng er al. 1999), including growth, development and

reproduction.

1.5.1.1 Acid invertase

The invertase isoforms that function optimally in the acid pH range (4.5-5.0) are collocatedly
termed acid invertase (Al). Al is a P-fructofuranosidase, hydrolysing Suc and other B-Fru-

containing oligosaccharides from the Fru residue (Sturm 1999). Thus, though Al preferentially
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attacks the disaccharide Suc, it will also act on other substrates such as the trisaccharide raffinose

and the tetrasaccharide stachyose.

Extracellular Als are bound to the cell wall by ionic bonds (Little and Edelman 1973; Sturm
1999), giving them the appearance of being insoluble in aqueous solutions and thus they are
termed insoluble Als (IAI). These 1Al depending on the isozyme, can be released into solution by
high-molarity salt solution or chelating agents. Cell-wall invertases are characterised by a high pl
(Glasziou and Gaylor 1972). Vacuolar invertases accumulate as soluble polypeptides in the
vacuole (Sturm 1996) and are thus termed soluble Als (SAI). These are characterised by a low pl.
In muskmelon (Cucurbita pepo)(Ranwala er al. 1991) and Jerusalem artichoke (Helianthus
tuberosus) (Glasziou and Gaylor 1972), certain IAls released from the cell wall were found to
have similar properties to SAI, with respect to pH optima, substrate specificity, Km values for Suc,
and effects of metal ions, and were thus proposed to be the soluble form bound to the cell wall.
Indeed, invertase elution patterns, immunological recognition (Weil and Rausch 1990; Isla ef al.
1999), and amino acid sequences of the soluble and insoluble isoforms of Al indicate these two
isoforms are closely related and may originate from the same enzyme, sharing several highly
conserved motifs (Unger et al. 1994), and appear to show evolutionary relatedness to invertases
from yeast and bacteria (Sturm and Chrispeels 1990). Differences in properties are possibly a

consequence of the enzyme microenvironment or binding to the cell wall (Isla et al. 1999).

Al appears to be inhibited by Glu and Fru, Hg*" and Ag”" ions (Ranwala et al. 1991), CaCl
(Doehlert and Felker 1987) and by an endogenous proteinaceous inhibitor (Isla ef al. 1999). Glu
inhibits Al in a non-competitive manner (Isla ef al. 1991). Fru, on the other hand, was found to
inhibit Al in a complex non-linear competitive manner (Isla et al. 1995), producing a two site
competitive inhibition with interaction between the two sites (Isla et al. 1999). Isla and co-workers
(1995) classified the SAls from rice (Oryza sativa) into two groups: that inhibited by Fru in a
simple competitive fashion, and that in which SAI was inhibited in a complex competive manner.
Inhibition in the first case could be suppressed by invertase complexing with a protein. Al is a N-
linked glycoprotein (Doehlert and Felker 1987; Wagner and Wiemken 1987; Sturm 1991; Walker
et al. 1997), and the formation of a protein-glycoprotein complex by invertase appears to stimulate
SAl in vitro (Isla et al. 1995). Interestingly, a small polypeptide of 17 kD that inhibits IAI activity,
by co-localising with the enzyme in the cell wall in a pH-dependent manner, maximally at pH 4.5,
was identified by Weil and co-workers (1994). A similar apoplastically located proteinaceous

inhibitor has been proposed to also interact with both SAI and 1Al (Isla ef al. 1999).
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Calculations based on extractable invertase activity in sink leaves in oat (4dvena sativa) (Greenland
and Lewis 1981) and poison rye grass (Lolium temulentum L.)(Walker et al. 1997) indicate that
there is sufficient invertase activity to cleave all leaf Suc in 45-60 minutes. Thus, Al activity in the
leaf must be modulated, possibly by end product inhibition by Fru, and/or Suc
compartmentalisation in the cell. A decrease in apoplastic pH induced by salinity was shown to
cause a loss in TAI activity with an associated increase in Suc in the symplast (Balibrea et al.
1999), clearly illustrating the co-ordinated role of SAI and IAI in the compartmentation of Suc in
the cell. Cheng and co-workers (1999) showed that IAl in maize (Zea mays L.) is encoded by the
cell-wall invertase gene Incwl. This gene has been shown to be regulated at both the
transcriptional and post-transcriptional levels by metabolisable sugars (such as Suc and Glu) and
by non-metabolisable sugars (such as the Glu analogues 3-O-methylglucose and 2-deoxyglucose),
in a hexokinase (HXK; EC 2.7.1.1, 2.7.1.2, 2.7.1.4, 2.7.1.7) independent manner. Thus the
expression of Incwl may provide a link between carbon sensing and the regulation of sugar
metabolism at the molecular level. Furthermore, in transgenic potato (Solanum tuberosum L.)
tubers with an over expressed yeast-derived invertase, Glu levels were found to be exceptionally
high (Tauberger et al. 1999) suggesting an induced inability to regulate Suc cleavage and sugar
composition in the sink. Similarly, the introduction of an antisense cauliflower mosaic virus 35S
promoter gene into tomato (Lycopersicon esculentum L.), which suppresses Al in both the soluble
and insoluble fractions, caused an increase in Suc content and a concomitant decrease in hexoses
(Ohyama et al. 1995). This suggests that Al plays an important role in the determination of sugar
composition in tomato fruit. In tomato, IAI isozymes are encoded by a Lycopersicon invertase
gene family comprising of four members: Lin5, Lin6, Lin7, and Lin8 (Godt and Roitsch 1997).
These genes are expressed differentially during development and carbohydrate demand. Lin5, Lin6
and Lin7 are expressed during early development, permitting the establishment and maintenance of
sink metabolism, with Lin6 mRNA levels peaking during periods of high carbohydrate demand.
Similarly, potato also displays more than one gene coding for IAI and these genes are expressed
differentially in different tissues at different stages of vegetative and reproductive development
(Maddison et al. 1999). Al therefore appears to have the ability to modulate its own activity by
product feedback and the regulation of gene expression, whilst simultaneously directing carbon
demand, compartmentation and composition within the sink. The effects of altered Suc
metabolism by Al are far-reaching, and may play a direct role in the morphology of the tissue,
organ or plant. Transgenic plants with altered AI have shown a wide range of phenotypic
alterations during early development, including disturbed growth habits in tobacco (Nicotiana
tabacum)(von Schaewen ef al. 1990), stunted hypocotyls and roots, and the inability of cotyledons

to develop normally in carrot (Daucus carota L.)(Tang et al. 1999).
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A primary action of IAI is the control of phloem unloading and the creation of sink strength.
Cleavage of Suc at the site of phloem unloading is the key step in generating sink strength. IAl has
been found to be highly localised to the vasculature of developing leaves in pea (Pisum sativum
L.)(Zhang et al. 1996), barley (Hordeum ﬂ)ulgare L.)(Kingston-Smith and Pollock 1996), and
carrot (Ramloch-Lorenz ef al. 1993), within the phloem of potato (Hedley ef al. 2000), and to sites
of phloem unloading and active Suc import, such as in the basal endosperm and pedicel tissue in
maize (Doehlert and Felker 1987; Miller and Chourey 1992). At the site of phloem unloading IAI
cleaves transported Suc into hexose sugars in the apoplast. The effect of this is threefold: firstly,
phloem unloading is facilitated and regulated (Cheng et al. 1999; Miyamoto ef al. 2000); secondly,
sink strength is generated in a controlled manner (Eschrich 1980); and thirdly, hexose sugars are
introduced into the apoplast. These hexose sugars then move throughout the apoplast and are
unloaded into the sink cells via hexose-mediated proteins (Roitsch and Tanner 1996) where they
are used to maintain subsequent sink metabolism and growth. In young fruit such as tomato, this
extracellular cleavage of Suc and subsequent hexose transport across the Pm is considered to be
essential for normal fruit development (Damon et al. 1988; Godt and Roitsch 1997). In green bean
(Phaseolus vulgaris)(Estruch and Beltran 1991) and lima bean (P. lunatus)(Xu et al. 1989), ovary
and embryo growth is accompanied by high levels of AL In legumes the embryo is isolated from
the maternal seed coat by the apoplast, and hexose levels in the cotyledons and endosperm
apoplasm correlate with IAI levels in the seed coat (Weber ef al. 1995). The hexoses generated by
the IAI are loaded into the embryo symplast by hexose-proton co-transporters and used for growth
and cell division (Weber ef al. 1996). At the onset of maturity, IAI activity appears to be replaced
by an active Suc transport system in the embryo epidermis. Thus it appears that the developing
immature legume embryo relies solely on IAI for the establishment of sink strength and assimilate
import in the seed. In both tomato and legumes the presence of an IAl and a hexose-transporter
suggests that extracellular invertase plays a role in the partitioning of assimilates among different
metabolic fractions, permitting both the generation of a solute gradient into the sink and an

element of control over subsequent sink metabolism.

The expression and activity of IAI seems to follow a distinctive trend during fruit/seed growth. IAI
appears to be high in young, rapidly growing cells in a variety of fruit including Cucumis Sp.,
blueberry (Vaccinium ashei), tomato, pea, grape (Vitis vinifera L.) and muskmelon; and declines
(often rapidly) with maturation and the onset of sugar accumulation (Chin and Weston 1973;
Lingle and Dunlap 1987; Schaffer et al. 1987a; Hubbard et al. 1989; Estruch and Beltran 1991;
Ranwala ef al. 1991; Stommel 1992: Klann et al. 1993; Cano-Medrano and Darnell 1997, Balibrea
et al. 1999; Famiani er al. 2000). In some fruits, IAI activity persists throughout fruit ontogeny but
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at greatly reduced levels, possibly ensuring a continuous sugar influx into the fruit from the
source. IAI thus seems important for the sugar uptake in plant cells (Komor er al. 1981) of rapidly

growing tissues (Glasziou and Gaylor, 1972).

Vacuolar invertase is believed to play an important role in osmoregulation (Wyse ef al. 1986;
Sturm et al. 1995), cell enlargement, control of sugar composition in fruits and storage organs,
storage organ response to cold (Sturm and Tang 1999), gravitropism (Wu ef al. 1993a), and plant
response to pathogens and wounding (Sturm and Chrispeels 1990). Of primary interest, though, is
the role of SAI on Suc import, compartmentation and metabolism. In higher plants, the main
intracellular site of Suc storage is the vacuole (Willenbrink 1982; Lunn and Furbank 1999). It is
thought that cytosolic Suc, arising from SSy or SPS activity, starch degradation, or symplastic
transport, may enter the vacuole by a tonoplast-bound Suc/H" antiport system (Getz 1991) or a
similar energy-dependent transport system (Keller 1992). The driving force for this Suc transport
is a H" electrochemical gradient across the tonoplast generated by the tonoplast-bound proton
pumps, ATPase and phosphorylase (Rea and co-workers 1987; 1993). Suc may also enter the
vacuole by facilitated diffusion (Milner 1995; Echeverria ef al. 1997a). Once in the lumen of the
vacuole, SAI hydrolyses the Suc to hexoses, the extent of which is in part determined by the
vacuole volume and thus relative amount of SAI (Smith 1999). This removal of Suc from the
cytoplasm and its subsequent compartmentation in the vacuole is believed to be essential for the
maintenance of a physiological gradient of photosynthate in the sink tissue (Miller and Chourey
1992). The action of this enzyme will thus regulate the amount of Suc stored in the vacuole (Leigh
et al. 1979; Lingle and Dunlap 1987; Huber 1989; Zhu et al. 1997) and determine sugar
composition (Sturm 1996; Zrenner et al. 1996; Cheng et al. 1999) and metabolism in the sink
tissue. The cleavage of Suc in the vacuole will further, though indirectly, regulate sink activities by
affecting vacuolar and cell pressure (Hoffmann-Benning e al. 1997), so impacting on the key
concepts of Miinch’s mass flow hypothesis, as well as bulk flow, Pd transport and Pm associated

transport processes.

Unlike IAI, SAI distribution appears to be heterogeneous in fruit (Famiani et al. 2000), implicating
a more universal role than the establishment of sink strength or localised phloem unloading,
However, like IAL SAI has been found to be relatively high in the developing fruits of tomato
(Manning and Maw 1969), water melon (Citrullus lanatus)(Walker and Hawker 1976), sweet
pepper (Capsicum annuum)(Walker and Hawker 1976; Nielsen ef al. 1991), muskmelon (Hubbard
et al. 1989; Iwatsubo et al. 1992), buttercup squash (Cucurbita maxima)(Irving e‘t al. 1997),
flowers of tomato (Russell and Morris 1982), leaves of green bean (Morris and Arthur 1984a) and
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tuberising roots of potato (Ross et al. 1994). This activity normally declines during
growth/maturation and suggests that hydrolysis of Suc by SAI may provide substrate needed for
growth. In tomato (Klann ef al. 1996) and carrot (Tang ef al. 1999), changes in sugar composition
as a consequence of SAT activity have been found to have a direct effect on fruit/root size. Whilst a
decrease in SAI and an accompanying reduction in the levels of reducing sugars in maize was
observed in maize ovaries that exhibited reduced growth (Zinselmeier ef al. 1995), changes in SAI
will also affect hexose accumulation. Some fruit, such as tomato (L. esculentum), grape and
blueberry, accumulate hexoses at maturation. In tomato and blueberry SAI activity is closely
associated with hexose accumulation in the maturing fruit (Klann et al. 1996; Cano-Medrana and
Darnell 1997). The SAI cleavage of Suc in these situations has the advantage that it occurs within
the confines of the vacuole and hence does not affect further allocation of assimilates to the sink.
Interestingly, wild type tomatoes such as L. peruvianum and L. chmielewskii do not accumulate
hexoses at ripening, but rather accumulate Suc. In these fruit, Al activity at ripening has been
found to be very much reduced in comparison to L. esculentum (Stommel 1992; Klann et al.

1993).

Al can thus be seen to play a very important role in the development of young heterotrophic plant
tissues and organs. IAI appears to have a crucial role in phloem unloading, the establishment of
sink strength before it can be maintained by metabolic demand and effective carbohydrate
partitioning, the apoplastic transport of hexoses between adjacent tissues that do not have any
symplastic connections, and the compartmentation of sugars in the apoplast. Likewise, SAI
appears to participate in the maintenance of sink strength, both directly, and through its effects on
vacuolar and hence cellular turgor. Furthermore, SAI appears to play an instrumental role in
determining cellular sugar composition and compartmentation and, hence, in the supply of carbon

substrates to fuel growth and metabolism in rapidly growing tissues.

1.5.1.2 Cytoplasmic invertase

The third ‘category’ of invertase, by virtue of its recovery in the soluble fraction and pH optimum
of 6.5-8.0, is localised in the cytoplasm (Tymowska-Lalanne and Kreis 1998), and is termed
cytoplasmic invertase (CI). These invertases have been separated from Al by DEAE-cellulose
chromatography and exhibit clear differences in pH optima, substrate specificity, K,, values for
Suc, and inhibition by metal ions in comparison to their acidic counterparts (Ranwala ef al. 1991).
Similarly, CI is not N-glycosylated (Copeland 1990; Chen and Black 1992; Walker et al. 1997),

shares no homologous polypeptide sequences with Al, and has been detected only in the genomes
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of plants and photosynthetic bacteria (Sturm ef al. 1999). These facts suggest CI evolved
independently from other Suc-cleaving enzymes. Purification of CI to electrophoretic homogeneity
in soybean (Glycine max L.)(Chen and Black 1992), faba bean (Vicia faba)(Ross et al. 1996) and
chicory (Cichorium intybush)(Van den Ende and Van Laere 1995) suggests two different invertase
isoforms exist in the cytoplasm: neutral invertase (NI), with a pH optima of 6.5-7.0, and alkaline

invertase (AlkI), which is most active in the slightly alkaline (7.0-8.0) pH range.

NI is an octamer, which, in carrot, consists of eight subunits of 57 kD (Lee and Sturm 1996).
Contrary to the definition of invertases, recent studies suggest NI is not a B-fructofuranosidase and
Suc is its sole substrate (Sturm ef al. 1999). NI is inhibited by the nucleotides ATP, GTP and UTP
(Lee and Sturm 1996) and heavy metal ions (Sturm 1999), displaying total inhibition by Hg"" and
Ag®" and partial inhibition by Cu* and Zn*" (Ranwala ef al. 1991). AlKI is a tetramer, consisting
of four subunits, normally with a molecular weight of 54-65 kD (Sturm 1999), but has been
observed weighing up to 126 kD (Lee and Sturm 1996). AIKI appears not to be Suc specific, and
has a low affinity for raffinose and stachyose. Alkl is inhibited by CaCl;, MgCl,, MnCl, (Lee and
Sturm 1996) and Tris (Sturm 1999). Both NI and AIKI appear to be completely inhibited by Fru
and non-competitively inhibited by Glu (Sturm 1999). These differences in substrate specificity
and inhibition, and the fact that the native polypeptides in these enzymes have different masses
and pH optima, suggests that NI and AlkI may be products of different genes. However, they
appear immunologically related and it is thus possible that NI is generated by the differential

splicing or proteolytic cleavage of AlkI (Lee and Sturm 1996).

Most literature fails to distinguish between NI and AlkI, colloquially describing them as CI or NI,
but at present it is apparent they play a similar role in Suc metabolism in the plant. For the sake of

simplicity, both NI and AlkI activity will be discussed under the collective term CI.

Suc is stored in the vacuole (Avigad 1982) and during initial development is broken down into
hexoses by SAIL. The hexoses then move into the cytosol where they are converted to hexose
phosphates by HXKs and enter the metabolic cycle. Thus the ability of a tissue to store appreciable
amounts of Suc is determined by the levels of SAI It has already been established that maturation
of fruit is accompanied by a decrease in Al, thus hexoses needed to fuel metabolism must be
derived from cytoplasmic sucrolysis. Furthermore, a general trend of CI activity that supports this
supposition emerges in plants which accumulate Suc at maturity. In crops such as sugar cane
(Saccharum officinarum L.)(Hatch and Glasziou 1963), sugar beet (Beta vulgaris 1..) (Masuda et
al. 1987; 1988), citrus (Kato and Kubota 1978), blueberry (Cano-Medrana and Darnell 1997), and
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carrot (Ricardo and ap Rees 1970) CI was found to be low in immature fruit/roots and to increase
with the accumulation of Suc. In carrot, CI has been found in all tissues, at all stages of
development (Sturm ef al. 1999), albeit at different levels both developmentally and spatially in
the plant. Although significant, CI activity appears to be confined to mature storage organs
(Masuda et al. 1987), and slow-growing tissues such as tuberous roots (Van den Ende and Van
Laere 1995). Cls (especially Alkls) are believed to be present in most, if not all, living cells in
higher plants (ap Rees 1974; Avigad 1982). Therefore, although functions of Cls are largely
unknown, they are presumed to play a role in channelling Suc into general metabolism (Stommel

and Simon 1990; Chen and Black 1992; Godt and Roitsch 1997; Sturm and Tang 1999).

Expression of cytosolic yeast invertase in transgenic tobacco plants resulted in the accumulation of
starch and soluble sugars in both sink and source leaves, and a change in growth pattern indicating
more rapid cell expansion or division on the upper leaf surface (Sonnewald ef al. 1991). Similarly,
it is thought that CI activities are associated with pea pod elongation (Estruch and Beltran 1991).
Furthermore, in contrast to the other fruits described already, CI activity is substantial in immature
muskmelon and declines in parallel with Al in developing fruit (Ranwala et al. 1991; Lingle and
Dunlap 1987). Thus it is also possible that CI plays a role in providing some of the substrates
needed for the control of tissue growth. In some plants, such as tomato, Cl activity increases
during the rapid growth phase (Balibrea er al. 1999), after sink establishment and prior to
maturation. During this phase it is believed that the fruit are largely dependant on symplastic
unloading of Suc, driven by cytoplasmic sucrolysis. Further evidence to support this opinion
comes from research on the tomato by Balibrea and co-workers (1999). They found that when Suc
accumulation in the cytoplasm is elevated as a consequence of salinity stress, cytoplasmic
cleavage (both CI and SSy) of Suc is induced. It was thus proposed that CI plays a role in the

control of assimilate import, dry matter accumulation and fruit growth.

CI therefore appears to play an essential role in controlling assimilate import in symplastically
unloaded sinks and in the provision of substrates for metabolism. The universal distribution within
the plant, unique biochemical properties and cytoplasmic location suggests that CI plays a role in
the independent control of Suc metabolism, translocation and storage within the cell (Chen and
Black 1992) and may have a more general, possibly growth related, function than simply

channelling Suc into metabolism.
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1.5.2 SUCROSE SYNTHASE

Sucrose synthase (SSy; UDP-D-glucose: D-fructose 2-a-glucosyltransferase; EC 2.4.1.13) is a
glycosyl transferase that, in the presence of uridine diphosphate (UDP), converts Suc into UDP-
Glu and Fru. This conversion of Suc and UDP into UDP-Glu and Fru is reversible, and SSy
catalyses both reactions, although it is thought that enzyme activity preferentially occurs in the
cleavage direction (Geigenberger and Stitt 1993; Heim et al. 1993). SSy is thought to be a key
enzyme in Suc synthesis/metabolism, especially in non-photosynthetic tissues. Due to its UDP-
transferase activity, SSy has an energetic advantage over Al, with respect to sucrolysis, as UDP-
Glu is formed and thus does not require ATP-dependent phosphorylation before entry into
metabolism. Hence only the Fru moiety needs to be phosphorylated. SSy is a homotetramer
(Chourey et al. 1991; Ross and Davies 1992), located primarily in the cytoplasm. In some cases,
however, SSy may associate with membranes as part of a membrane-bound biosynthetic enzyme
complex (Ruan et al. 1997) at the Pm (Amor et al. 1995; Carlson and Chourey 1996) or actin
cytoskeleton (Winter er al. 1998). SSy has been shown to function with other diphosphate
nucleotides such as ADP or thymidine 5'-diphosphate (Nguyen-Quoc et al. 1990), but the Vi
with UDP is four times higher than with ADP (Ross and Davies 1992). SSy is competitively
inhibited in the cleavage direction by Fru (Ross and Davies 1992; Déjardin ef al. 1997; Schaffer
and Petreikov 1997b), and appears to be inhibited by Mg (Morell and Copeland 1985).

SSy is believed to have the potential to mobilize Suc into a variety of diverse pathways that are
important for structural, storage and metabolic functions in plant cells (Chen and Chourey 1989).
SSy is a good indicator of sink strength (Claussen et al. 1985; Sung et al. 1989; Sun et al. 1992),
and plays a central role in phloem loading and unloading, and the metabolic interplay of Suc,
hexoses and starch (Smith 1999) in the sink. The derivatives of UDP-Glu generated by SSy are
believed to play key roles in the biosynthesis of cell wall polysaccharides, amino acids, lipids etc.,

and in starch accumulation, root development (storage sink) and storage of sugars (Feingold and

Avigad 1980; Sturm 1996).

SSy involvement with the supply and establishment of sink strength appears to be multi-faceted.
Firstly, SSy has been found in high concentrations in the bundle sheath cell of C4 plants (Bucke
and Oliver 1975), in companion cells of the SE-CC complex (Nolte and Koch 1993; Kiihn et al.
1997) and associated with vascular tissue (Martin et al. 1993; Fu and Park 1995), where it is
believed to play a role in the catabolism of Suc to generate ATP for phloem loading (Lerchl et al.

1995). Studies done on detached eggplant (Solanum melongena 1..) leaves showed that Suc content
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and SSy in the leaves are closely related, and suggested that SSy may play a role in regulating Suc
content in conducting tissue (Claussen et al. 1985). Thus it appears that SSy plays an important
role in loading the phloem and hence in the creation of a Suc gradient between the phloem and the
source. Similarly, in the sink, the cleavage of Suc by SSy will contribute to the maintenance of a
Suc gradient into the sink. SSy activity has been observed to be highest in growing (sink) leaves of
eggplant, cassava (Manihot esculenta Crantz), grape and sugar cane, and decrease with
development, suggesting a close relationship exists between SSy and Suc import in young tissues
(Claussen et al. 1985) and the determination of import capacity in young fruit (N’tchobo ef al.
1999). In pea, SSy activity is in excess of the rate of Suc cleavage throughout development, whilst
that of invertase is much lower, thus SSy is assumed to contribute the most to Suc cleavage
(Edwards and ap Rees 1986). Initial cleavage of Suc in potatoes occurs largely via SSy, which is
low in small tubers and increases during growth to a peak before the end of the growing season
and then declines (Tsay and Kuo 1980). A similar trend is seen in tomato fruit, where SSy
increases to a maximum 20-25 days after anthesis (when fruit is about 2 ¢cm in diameter) and then
decreases (Demnitz-King et al. 1997; Schaffer and Petreikov 1997a). Interestingly, in transgenic
tomato plants expressing an antisense fragment of the fruit specific SSy RNA (TOMSSF), D’ Aoust
and co-workers (1999) found that Suc unloading was substantially reduced in 7 day old fruit, but
not reduced in 23 day old fruit. SSy antisense fruit also had a slower initial growth rate. These
observations led the authors to conclude that in tomato SSy only controls the capacity of very
young fruit to metabolise Suc, and that Al must play an essential role in import of Suc into older
fruit, especially once the vacuoles are sufficiently developed (Yelle er al. 1991). The SSy
developmental profile in tomato was found to occur in parallel to that of sink strength (N’tchobo
1999), starch content (Wang et al. 1993; Schaffer and Petreikov 1997a), dry weight (Demnitz-
King ef al. 1997) and fresh weight (Stommel 1992). The decline in SSy activity in tomato is
believed to occur once Suc import switches from symplastic to apoplastic (Patrick 1997). SSy is
assumed to have particular importance in the determination of sink strength in tissues where the
phloem is unloaded symplastically via the Pd (Sung et al. 1989; Zrenner ef al. 1995). This is
because the influx of Suc into the tissue depends directly on the Suc content within the cytoplasm,
and the removal of cytoplasmic Suc is vital for the maintenance of a concentration gradient
between the cells and the phloem. Suc in the symplasm can be reduced in two ways. Firstly, it can
be transported into the vacuoles against a Suc gradient in an energy-requiring, carrier-mediated
manner (Getz 1991). Secondly, Suc can be cleaved by cytoplasmic SSy or CI. The activity of SSy
is not limited to the mediation of Suc cleavage and sink strength in developing tissues, but plays a
role, via its Suc synthesis ability, in the storage of Suc. The importance of cytoplasmic resynthesis

of Suc can be envisaged in mature fruit that are importing sugars apoplastically. These sugars enter
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the cytosol as hexoses, but need to be converted to Suc prior to accumulation within the vacuole.
In maturing tissues, such as sugar beet (Giaquinta 1977), melon (Lingle and Dunlap 1987), peach
and strawberry (Hubbard et al. 1991) SSy activity has been seen to accompany Suc storage.
Similarly, SSy has also been shown to contribute to Suc synthesis in heterotrophic Chenopodium
rubrum cell-suspension cultures, developing potato tubers, and germinating castor bean (Ricinus
communis) cotyledons (Geigenberger and Stitt 1993). The effect of this resynthesis of Suc and
compartmentation within the vacuole is important as it maintains a hexose gradient between the
apoplast and the symplast, a concentration gradient that is subsequently transposed to that of Suc
between the phloem and apoplast, helping to ensure continued influx of sugars into the sink whilst

still permitting Suc accumulation.

Starch is the most abundant and important reserve polysaccharide in plants. The incorporation of
ADP-Glu, by a series of enzymatic steps involving the enzymes ADP-Glu pyrophosphorylase (EC
2.7.7.27), starch synthase (EC 2.4.1.21) and the branching enzyme, Q enzyme (EC 2.4.1.21), is
believed to be the primary route of starch synthesis in plants (Preiss 1988). Before entry into the
starch biosynthetic pathway, Glu needs to be phosphorylated by the enzyme phosphorylase (EC
2.4.1.1), and subsequently converted into Glu-1-phosphate by UDP-Glu pyrophosphorylase (EC
2.7.7.9) which is converted to ADP-Glu and incorporated into starch. It is thought that SSy plays
an important role in the partitioning of UDP-Glu into starch (and/or cellulose) biosynthesis. The
distribution of SSy mRNA, revealed by in situ hybridisation, closely paralleled starch distribution
in young fruit (Wang et al. 1994). Similarly, in tomato, a reduction in SSy due to a brief heat
treatment, was accompanied by a reduction of [14C]-1abelled Suc incorporation into starch (Wang
et al. 1993). SSy gene expression was shown to be positively correlated with starch accumulation
in tomato fruit (Wang ef al. 1993; 1994), maize endosperm (Chen and Chourey 1989; Heinlein and
Starlinger 1989), banana (do Nascimento et al. 2000), and faba bean cotyledons (Heim et al.
1993). Similarly, in potato (Zrenner ef al. 1995) and maize (Chourey and Nelson 1976; Cheng et
al. 1996) a reduction in SSy activity has been associated with a reduction in starch content and dry
weight. Starch accumulation in fruit often follows a distinct trend. In young fruit, starch
accumulates and is broken down during growth and maturation to provide Suc. In seeds, tubers
and some fruits, starch accumulation persists throughout development or a second peak is often
observed prior to maturation, during which starch is synthesised and stored. Examples of such
tissues include banana (Musa paradisiaca) and potato (Ross et al. 1994; Cordenunsi and Lajolo
1995), and it is apparent in these tissues that SSy levels follow a similar developmental pattern.
However, using antisense inhibition of SSy it has been shown that a reduction in SSy of 98-99% in

young tomato fruit (Chengappa ef al. 1999; D’ Aoust er al. 1999) and up to 80% in potato tubers
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(Zrenner et al. 1995) did not significantly affect starch accumulation. Similarly, the absence of
SS1 (one of the two SSy isozymes in maize) did not affect starch levels in maize (Chourey and
Nelson 1976). Interestingly N’tchobo and co-workers (1999) found, using [*H]-labelled uptake
experiments, that up to 25% of imported Suc is incorporated into starch independently of SSy.
Thus it is possible that Al may contribute significantly to starch synthesis, especially when SSy is
present at low levels, or absent. In spite of this, not only may SSy play a role in providing
substrates for starch biosynthesis, but it may also contribute to the regulation of starch levels,
firstly by inducing starch degradation and, secondly, by partitioning Suc into starch synthesis. A
reduction in SSy may lead to a demand for hexose phosphates in the cytosol and hence stimulate
starch degradation. Fru levels in the cytoplasm are dictated by a combination of invertase, SSy and
fructokinase (FK; EC 2.7.1.4). FK is responsible for the phosphorylation of Fru (Renz et al. 1993).
However, all these enzymes are inhibited by Fru, FK exhibiting both substrate inhibition by Fru
(Schaffer and Petreikov 1997b) and product inhibition by Fru-6-phosphate (Renz and Stitt 1993).
Schaffer and Petreikov (1997b) observed that in young tomato fruit Fru levels are sufficient to
inhibit both SSy and FK, and they proposed that this SSy-FK regulation of Suc metabolism might

play a potential role in the control of the conversion of Suc to starch.

The association of SSy with cell membranes (Ruan ef al. 1997) is believed to be responsible for
providing substrates for the biosynthesis of cell wall polysaccharides, such as cellulose and callose
(Amor ef al. 1995). In cotton (Gossypium hirsutum L.) seed SSy appears to play no role in starch
synthesis, but rather contributes to the synthesis of the cellulose for the fibres (Ruan et al. 1997).
SSy localisation and ['*C] incorporation studies in cotton showed that SSy is localised to the
cotton fibre and its products are rapidly incorporated into cellulose, suggesting SSy is important in
controlling cellulose biosynthesis. SSy may also supply the nucleotide sugars for cellulose
biosynthesis in rapidly expanding fruit. In addition, maize mutants deficient in SSy showed early

cell degeneration characterised by a brittle cell wall (Chen and Chourey 1989).

In monocotyledons, such as maize (Chourey er al. 1998), and dicotyledons, such as tomato
(Chengappa et al. 1998), potato (Fu and Park 1995) and Arabidopsis (Martin et al. 1993), there
appear to be at least two differentially expressed SSy genes. These SSy isoforms usually have
highly homologous amino acid sequences and similar biochemical properties (Sturm and Tang
1999), and are believed to play a role in partitioning UDP-Glu into different metabolic pools.
Chourey et al. (1998) proposed an isoform-specific role for the two SSy enzymes found in maize.
The first, coded for by the Shl gene, was responsible for the production of precursors for cellulose

biosynthesis, and the second, coded for by the Susl gene, provided the substrates for starch
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biosynthesis. In Arabidopsis, Déjardin and co-workers (1999) found the SSy-encoding genes (Sus/
and Sus?2) to be profoundly and differentially regulated in leaves exposed to environmental stresses
(cold, drought, O, deficiency). Sus! was induced by cold and drought, and was associated with a
decrease in leaf osmotic potential and an increase in Suc accumulation. Sus2 was induced by O,
deficiency and was associated with nearly complete depletion in endogenous sugars. The
differential expression of these genes under different circumstances suggests that the SSy genes
may be independently regulated by different signal transduction mechanisms and play an

important role in plant developmental programmes and plant responses to environmental stimuli.

Thus it is apparent that SSy is expressed temporally and spatially in developing fruit, playing an
important role in the maintenance of sink strength in symplastic unloading in fruit, the production
of precursors for both starch synthesis and cell wall polysaccharide synthesis, and the partitioning
of Suc into various metabolic pools within the sink. All these would clearly impact significantly on
fruit growth. These functions occur concurrently with, and are affected by, invertase activity and
thus the relative importance of SSy and invertase cleavage of Suc would be dependant on a

complex inter-relationship between fruit age, plant species and environmental stimuli.
1.6 SUCROSE RESYNTHESIS

Suc import into the sink and subsequent compartmentation, partitioning and metabolism in the
sink, is strongly affected by its resynthesis. In heterotrophic sink tissue this is achieved by the
action of SSy (in the synthesis direction) or SPS (Geigenberger and Stitt 1993). The actions and

implications of Suc resynthesis have already been discussed (Section 1.5.2).

SPS (UDP-glucose: D-fructose-6-phosphate a-D-glucosyl transferase; EC 2.4.1.14) catalyses the
reversible  synthesis of Suc-phosphate from  Fru-6-phosphate and UDP-Glu. This
transglycosylation reaction is regulated by phosphorylation, and SPS activity is thus both
activated, and inhibited, by distinct phosphorylation reactions (Huber and Huber 1996; Toroser
and Huber 1997; MacKintosh 1998). SPS activity is also believed to be elevated by Glu-6-
phosphate (Trethewey er al. 1999). SPS is believed to form a multi-enzyme complex with SPP,
leading to the creation of a metabolite channel. A metabolite channel allows for the reaction
product of one enzyme (SPS) to be immediately transferred to the next enzyme in the reaction
sequence (SPP) without completely equilibrating with the cytoplasmic contents (Ovardi 1991).
This permits the rapid channelling of intermediates and micro-compartmentation of metabolites

within the cell. SPP catalyses the conversion of Suc-6-phosphate to Suc, increases the maximal
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catalytic activity of SPS (Echeverria ef al. 1997b) and partially relieves the inhibitory effects of
phosphates (Salerno ef al. 1996) on SPS activity. The rapid removal of Suc-6-phosphate by SPP
keeps the cytosolic levels of Suc-phosphate low and hence effectively renders the SPS reaction
irreversible (Huber and Huber 1996). Both enzymes have been localised to the cytosol of
photosynthetic and storage cells (Winter et al. 1982; Echeverria 1995).

The physiological importance of SPS may lie in the regulation of carbon partitioning (MacKintosh
1998). In bluebetry (Cano-Medrano and Darnell 1997), muskmelon and buttercup squash (Lingle
and Dunlap, 1987; Hubbard et al. 1989; 1991), banana (Hubbard et al. 1990), tomato (Dali et al.
1992) peach, strawberry, kiwi and mango (Hubbard er al. 1991), SPS activity appears to increase
coincidently with Suc accumulation and ripening (Miron and Schaffer 1991; Dali et al. 1992).
The significance of this elevated activity is that it allows for continued apoplastic import of sugars
simultaneously with Suc accumulation and permits UDP-Glu from stored starch to be
reincorporated into the Suc pool. The amount of Suc unloaded into tomato fruits significantly
increased (70%) in plants displaying SPS over-expression (Nguyen-Quoc et al. 1999),
demonstrating that SPS over-expression increases sink strength. It is understood that Suc storage is
usually a consequence of Suc hydrolysis in the apoplast by IAI and subsequent resynthesis by SPS
in the cytosol. This Suc is then transported to, and stored in, the vacuole. Hence SPS activity will
play an important role in determining the rate of Suc accumulation and maintaining the hexose
gradient between the apoplast and cytosol (Miron and Schaffer 1991). However, under normal
circumstances, the ability of SPS to contribute to Suc accumulation will depend on the relative
activities of SAS, IAS and SSy (cleavage direction), i.e. a balance of Suc synthesis and Suc
cleavage (Zhu et al. 1997), and the creation of symplastic isolation from neighbouring cell systems
of lower Suc concentration. In cases where there is an imbalance (or rather a balance of these
enzymes at the incorrect stage of development), Suc may undergo futile degradation-resynthesis
cycling in the sink (ap Rees and Hill 1994; Geigenberger and Stitt 1993). It has been proposed that
this seemingly futile cycling of Suc by SPS (and SSy) may act as a fine control mechanism in the
uptake of Suc (Herbers and Sonnewald 1998).

1.70VERVIEW

Suc transport and metabolism in the sink is briefly summarised in Figure 1.2. Suc flows to the fruit
in the phloem primarily by bulk flow, driven in part by the Suc gradient between the source and
the sink created by a combination of carbon metabolism, compartmentation and partitioning. At

the sink the phloem is unloaded either symplastically, via the Pd, or apoplastically. The apoplastic
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unloading of the phloem involves a combination of passive leaking/diffusion into the extracellular
space, the action of turgor sensitive and insensitive porters located at the Pm, such as NADH redox
and H+-ATPases, and the possible role of proteins inducing pore formation in the Pm. In the SE
adjacent tissues, which may consist of CC, transfer cells or sink parenchyma, movement of Suc in
the symplast is by diffusion, facilitated by cyclosis, and is driven by the constant flux of Suc out of
the ‘system’ and hence the creation/maintenance of a concentration gradient in the sink tissues.
This flux of Suc is achieved by the separation of the carbon pool into apoplast and symplast,
mono- and disaccharides, and other metabolic pools. This is achieved by the combined action of

the enzymes Al SAL NI, Alkl, SSy (in both the synthesis and cleavage directions), SPS, SPP,
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Figure 1.2 Carbohydrate movement within the sink tissue. Suc flux is represented by a solid arrow
(—), hexose movement by a broken arrow (- ), general flux direction represented by ‘empty’
arrowheads (—). Suc may cross the Pm by Suc/H' symporters or other turgor in/sensitive
porters (®), via pores in the Pm produced by pore forming proteins (—>), diffusion (—), or
facilitated diffusion (—). Hexoses may enter (and leave) the symplast by Pm bound
hexose/proton symporters (@), or diffusion. Diffusion within cells is facilitated by cyclosis
(G9O). The light green area represents the apoplast, the vacuole appears light brown the
symplast white, and the black lines represent a membrane system that delimits the symplast P

= phosphate; P-ase = phosphorylase.
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HXK and enzymes involved in the phosphorylation and subsequent utilization of Glu, UDP-Glu
and Fru-6-phosphate.

The primary control of Suc levels, however, can be directly related to the activity of the invertases,
SSy and SPS. The differential, spatial and temporal expression of these enzymes thus plays an
important role in the control of sink strength, sugar composition and the supply of substrates
needed for growth and respiration in all heterotrophic sink tissues. This intrinsic association of
these enzymes in many developmental processes in the sink makes them a prime target for
hormonal and sugar-mediated regulation, and thus in signal perception, parent plant-sink relations
and stress responses. In most developing sink tissues, the expression of these three enzymes
appears to a follow a similar trend. Initial rapid fruit growth is characterised by high levels of IAI,
which declines rapidly with sugar accumulation. Young developing fruits show high levels of both
SAI and SSy (in the cleavage direction). At the onset of maturation, there is a switch from
symplastic to apoplastic unloading and IAI, SAI, and SSy all decrease in comparison to their
earlier levels. CI is expressed throughout development, but is especially prevalent in
symplastically unloaded sink tissues. The relative levels of these enzymes varies with maturation
depending on whether the tissue accumulates Suc, hexoses or starch at ripening. In Suc
accumulating fruit IAl, SSy (in the synthesis direction), CI and SPS (and SPP) are all high. In
hexose accumulating fruit SAI is high, whilst in starch accumulating tissues SSy (in the cleavage
direction) and CI are high. These trends indicate the importance of IAI in the creation of sink
strength and the continued import of sugars in situations of apoplastic isolation, SAI in the control
of sugar composition, CI in the provision of hexoses for metabolism, SSy in the maintenance of
sink strength, the provision of nucleotide sugars for further carbon partitioning and in the control
of cytoplasmic sugar composition, SPS (together with SPP) in the control of sugar composition
and Fru levels, and all of the enzymes in the united contribution to the maintenance of sink

strength and fruit growth.

1.8 EPILOGUE ~ CARBOHYDRATE METABOLISM AND FRUIT GROWTH IN
DEVELOPING ‘HASS’ AVOCADO FRUIT

Growth of avocado fruit follows a single sigmoidal curve (Schroeder 1958, Valmayor 1967),
consisting of a +10 week lag phase (phase I), a £30 week linear growth phase (phase 1I), and a
maturation phase (phase III), the duration of which is cultivar- and environment-dependant. In
avocado fruit development, cell division is not restricted to phase I but continues in the mesocarp

throughout fruit development (Schroeder 1953, 1958), although at a reduced rate near maturity.
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The avocado fruit stores lipids and starch in the mesocarp and seed respectively at maturity. The
lipids are stored in oleosomes that take up much of the space in mature avocado mesocarp cells
(Platt-Aloia and Thompson 1980). Glu-1-phosphate, derived from Suc, is believed to be the
precursor to fatty acid synthesis (Stumpf 1980), whilst glycerol-3-phosphate (G3P), the precursor
for triacyglycerol synthesis (Gurr 1980), is thought to arise as an intermediate of the glycolytic
pathway, indicating that Suc is the primary source of carbon in lipid biosynthesis. Thus both starch
and lipids in avocado may be products of Suc metabolism, and both are compartmentalised (and
simultaneously partitioned out of the soluble sugar pool) at maturation. These observations suggest
that Suc metabolism in avocado fruit may follow trends similar to those observed in other plants,
involving the cleavage of Suc during early rapid fruit growth, and during the extended period of
reduced growth. Furthermore, the hydrolysis and compartmentation of Suc and hexoses by
invertase, SSy and SPS, and the interaction of these carbohydrates with plant growth regulators,
are likely to dictate the timing and occurrence of phenomena such as phloem unloading, resource

allocation and utilisation, cell division and enlargement, and ultimately fruit growth.

Much research has been done on avocado fruit development (for more detailed discussion see:
Biale and Young 1971; Ahmed and Barmore 1980; Seymour and Tucker 1993) and the principal
morphological/anatomical changes, patterns of lipid and sugar accumulation, and the cycling of
carbohydrates between the shoots and trunk during fruit growth and maturation are well-
documented (Schroeder 1958; Valmayor 1967; Platt-Aloia and Thompson 1980; Shaw er al. 1980
Platt-Aloia and Thompson 1981; Platt-Aloia er al. 1983; Scholefield ef al. 1985; Finazzo and
Davenport 1987; Zilkah and Klein 1987; Wolstenholme et al. 1990; Whiley 1994; Whiley et al.
1991; Kaiser 1993; Steyn et al. 1993; Whiley et al. 1996; Liu ef al. 1999a; 1999b). However, there
is currently very little available information on solute transport and metabolism in the avocado,

and how these two processes impact on fruit growth.

The marked preference for larger fruit by consumers has made fruit size an important quality
parameter in avocado production. Hence, fruit size has become as important as yield in
determining the profitability of growing avocados. Intrinsically, organ size is determined by cell
number and thus the control of cell proliferation during organogenesis will play an important role
in the determination of fruit size (Mizukami and Fischer 2000). In avocado, fruit size has been
shown to be limited by cell number (Schroeder 1953; Cowan et al. 1997a). Thus the maintenance
of meristematic competence is essential to continued fruit growth. The final size of avocado fruit
is, therefore, determined by the rate of cell division (especially in the mesocarp), and hence the

control of fruit size requires the maximization of cell division and expansion during the
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developmental programme (Coombe 1976). Cell number and size will similarly influence the
capacity of the fruit to act as a sink and so contribute to assimilate import (Bohner and Bangerth
1988). The availability, supply and composition of photoassimilate, plant growth substances,
minerals and water play a crucial role in fruit growth. Of these factors it has long been understood
that plant hormones, and more recently, sugars exert multiple controls on fruit growth by directly
and/or indirectly altering gene expression and co-ordinating/synchronizing many developmental
programmes and physiological processes. Cowan and co-workers (Cowan ef al. 1997a; Moore-
Gordon et al. 1998; Campbell et al. 2000; Richings ef al. 2000; Cowan et al. 2001) have proposed

a model for the metabolic control of ‘Hass’ fruit size (Figure 1.3).

In this model, cell proliferation is modulated by the CK-ABA ratio and directly linked to the
activity of 3-hydroxy-3-methylglutaryl coenzyme A reductase (HMGR; EC 1.1.1.34), the enzyme
responsible for the irreversible conversion of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-
CoA) to mevalonic acid (MVA), which is considered to be the committed step in isoprenoid, and
hence ABA and CK, biosynthesis. In this model it is proposed that sugar content and composition
in sink tissue impacts on the expression of sugar-metabolising enzymes, HMGR and molybdenum
cofactor (MoCo)-containing enzymes, affecting sugar metabolism, hormone homeostasis and
subsequently fruit growth. MoCo is required by both AO and XDH for the catalysis of the final
steps of ABA, CK and IAA biosynthesis. This interaction between endogenous sugars and enzyme
activity is mediated by the sugar sensing systems Suc non-fermenting-1-related protein kinase
(SnRK1) and HXK. Whilst this model highlights the importance of sugar content and composition
in ‘Hass® avocado fruit growth, it also necessitates the need for a more detailed understanding of

solute transport and metabolism in the fruit.

The activities of invertase, SSy and SPS represent the first step in the metabolism of Suc, and are
strongly correlated with sink function, solute import, cell division and carbon storage. Indeed, a
change in activity of these enzymes can thus be expected to impact on the sugar content and
composition in fruit. Changes in sugar content and composition, especially hexoses (particularly
Glu) will induce corresponding changes in feedback mechanisms, signal response coupling and
gene expression. All of these will, in turn, affect subsequent physiological processes, including
solute transport and metabolism, the provision of basic structural molecules, plant growth
substance synthesis, catabolism and sensitivity, Pd formation, integrity and conductivity, cell cycle
activity, and ultimately fruit growth. Thus it is necessary to examine the factors affecting solute

allocation in ‘Hass’ fruit. For these reasons and the lack of information pertaining to sugar
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metabolism on a whole in the avocado fruit, the activities of invertase, SSy and SPS, and the

partitioning of carbon to various metabolic pools were investigated in ‘Hass’ avocado.
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Figure 1.3 Hypothetical scheme illustrating the relationship between sugar sensing and the
activity of invertase, SSy, SPS, HMGR and hormones in sink cells of developing avocado
fruit. Alterations in sugar metabolism, content and composition, coupled with changes in
adenylate status, impact on SnRK1 and/or HXK activity, and MoCo biosynthesis, so altering
isoprenoid metabolism and ensuring sugar/hormone homeostasis, cell division, sink strength
and fruit growth are maintained. Redrawn from Cowan er al. (2001). AO = aldehyde oxidase
(EC 1.2.3.1), the enzyme responsible for catalysing the final steps in ABA and IAA synthesis,
oxidising abscisic-aldehyde and indole-acetaldehyde to ABA and IAA respectively; NR =
nitrate reductase (EC 1.6.6.1), an enzyme essential for the assimilation of nitrogen into organic
nitrogen compounds including amino acids, reducing nitrate to nitrite; XDH = xanthine
dehydrogenase (EC 1.2.1.37), a key enzyme in the oxidative catabolism of purines that plays

an important role in CK metabolism.
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1.9 OBJECTIVES

The objectives of this research are:

1. To examine the potential routes of solute transport within ‘Hass’ avocado fruit.

2. To investigate Suc metabolism in the ‘Hass’ avocado fruit by examining aspects of its
primary cleavage and resynthesis by the enzymes invertase, SSy and SPS.

3. To explore the partitioning of carbon to metabolic pools that may be associated with the
inhibition of solute transport and with carbon storage, namely starch, lipids and
polyphenolics.

4. To determine how the above three facets of solute transport and metabolism are affected by
ABA and how, together with ABA, they affect fruit growth and ultimately final fruit size in

‘Hass’ avocado fruit.
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CHAPTER 2
MATERIALS AND METHODS

2.1 CHEMICALS

2.1.1 RADIOCHEMICALS

D-[1-4C]-Glucose (55.0 mCi mmol™), [U-"*C]-Sucrose (626 mCi mmol™) and uridine
diphosphate-D-[U-MC]-Glucose (296 mCi mmol ™) were purchased from Amersham International

plc, Buckinghamshire, England.
2.1.2 GROWTH REGULATORS

(£)-2-cis-4-trans-abscisic acid (ABA) and 6(y,y-dimethylallyl-amino)-purine (isopentenyl

adenine; iP) were purchased from Sigma, St. Louis, U.S.A.
2.1.3 COLORIMETRIC REAGENTS, STAINS, FIXATIVES AND RESINS

Aniline Blue (water soluble) was purchased either from Edward Gurr Ltd, London, England or
Merck, Darmstadt, Germany. Basic fuchsin, bromophenol blue, Congo red, iodine, oil of cloves,
potassium iodide and Ruthenium red were purchased from the British Drug Houses Ltd (BDH),
Poole, England. Anthrone, brilliant blue G (Serva blue G dye), brilliant blue R (Coomassie blue R-
;urchased from Sigma, St. Louis, U.S.A. Formaldehyde (37% formalin solution), nitroblue
tetrazolium and phenazine methosulphate were purchased from Sigma-Aldrich Chemie, Steinheim,
Germany.  Amido  black, Canada  balsam, Folin-Ciocal;[eu’s phenol  reagent,
hexamethylenetetramine, @ and tertiary butanol were purchased from Merck, Darmstadt,
Germany. Resorcinol blue, safranin and Sudan IV was purchased from Edward Gurr Ltd., London,
England. Fast green was purchased from Hopkin and Williams, Essex, England. Ammonium
oxalate was purchased from Albright and Wilson Ltd., London, England. Crystal violet and
paraffin wax (57-60°C) was purchased from SAARChem, Krugersdorp, South Africa. Osmium
tetroxide was purchased from Electron Microscopy Sciences, Washington, U.S.A. Diglycidyl ether
df polypropylene glycol (DER 736), vinyl cyclohexene dioxide (ERL 4206), glutaraldehyde (25%
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EM grade), nonenyl succinic anhydride (NSA), dimethylaminoethanol (S-1 DMAE), 1,2-
w&,@mpylen&oxide) and dodecyl succinic anhydride (DDSA) were purchased from
Agar Scientific, Stansted, U.K. LR White medium grade acrylic resin was purchased from London
Resin Co. Ltd., Reading, England. Paraformaldehyde EM, epoxide equiv. Formvar, TAAB 812
resin (Epon) and 2,4,6-tri(dimethylaminomethyl) phenol (DMP-30) were purchased from TAAB,
Berkshire, England. Araldite resin (grade 502, CY212) was purchased from Polyscience Inc.,
Warrington, England.

2.1.4 ELECTROPHORETIC REAGENTS

Agarose was purchased from Associated Chemical Enterprises, Reuven, South Africa. Acrylamide
was purchased from Boehringer Mannheim, Indianopolis, U.S.A. Premixed protein molecular
weight markers, low range (14 — 97 kD) and sodium dodecy! sulfate (SDS) were purchased from
Bochringer Mannheim, Germany. Ammonium persulfate was purchased from Biosolve B.V,,
Valkensuraard, Netherlands. NN'-methylenebisacrylamide (bis-acrylamide) was purchased from
ICN, Aurora, U.S.A. 2-Mercaptoethanol and silver nitrate were purchased from BDH, Poole,
England. N-tris|hydroxymethyl]-methylgylcine (fricine) and N,N,N’,N’-tetramethylethylene-
diamine (TEMED) were purchased from Sigma, St. Louis, U.S.A.

2.1.5 ENZYMES

Cellulase (Trichoderma viride) was purchased from Boehringer Mannheim, W. Germany.
Hemicellulase (4spergillus niger) was purchased from Sigma Chemical Co., St. Louis, U.S.A.

Pectinase (Aspergillus niger) was purchased from Sigma-Aldrich Chemie, Steinheim, Germany.
2.1.6 CARBOHYDRATES, PHOSPHORYLATED SUGARS AND NUCLEOSIDE PHOSPHATES

D(-)-Fru, glycerol, D(-)-mannitol, and Suc were purchased from Associated Chemical Enterprises,
Reuven, South Africa. Fru-6-phosphate, Glu-6-phosphate uridine diphosphate (UDP) and UDP-
Glu were purchased from Boehringer Mannheim, Germany. D(+)-Glu was purchased from BDH
Chemicals Ltd, Poole, England. Pachyman (Poria cocus) was purchased from Calbiochem, La
Jolla, U.S.A. Perseitol (from avocado), sedoheptulose, D-manno-heptulose, galactose, a-lactose, p-
D(+)-Glu and soluble potato starch were purchased from Sigma, St. Louis, U.S.A. L(+)-Arabinose,
cellobiose, meso-erythritol, meso-inositol, maltose, D-mannose, raffinose, D(+)-rhamnose, D(-)-

ribose, 2-deoxy-D-ribose, D(-)-sorbitol, L(-)-sorbose, trehalose and D(+)-xylose were purchased
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from Merck, Darmstadt, Germany. Gas liquid chromatography (GLC) fatty acid model reference
standards were purchased from Nu-Chek Prep. Inc., Elysian, U.S.A.

2.1.7 GENERAL CHEMICALS

e-Amino-n-caproic acid, acetic anhydride, benzamidine, bovine serum-albumin (BS4), Dextran T-
500 (Leuconostoc mesenteroides), dimethyl sulfoxide (DMSO), 3,4,5-trihydroxybenzoic acid
(gallic acid), pglxqthyl_en_e_ glycol (PEG.3350), pyridine, Sephadex-G25 and tetramethylammonium
hydroxide (TK/IAH) were purchased from Sigma, St. Louis, U.S.A. Cellobiose and Extran MAO3
were purchased from Merck, Darmstadt, Germany. Complete™ protease inhibitor cocktail tablets

and 1,4-dithiothreitol (DTT) were purchased from Boehringer Mannheim, Germany. Ethylene

diamine tetra-acetic acid disodium salt (EDTA) was purchased from UnivAR®, SAARChem,
Krugersdorp, ﬁ.S.A. Complete™ EDTA-free protease inhibitor cocktail tablets were purchased
from Roche, Mannheim, Germany. Digitonin was purchased from Fluka BioChemika,
Switzerland. Acetic anhydride, Bolyvinylpi_rolidon@ (insoluble PVP, Polyclar SB100), pyridine,
Tween® 20 and Triton X-100 were purchased from BDH, Poole, England. G127 manual X-Ray
developer and G334c manual X-Ray fixer were purchased from Agfa. JIK® (3.5% (w/v) sodium
hypochlorite) was purchased from Rickitt and Colman, Elandsfontein, South Africa. STOX"

(Oxime-internal standard reagent) and Tri-Sil® Z were purchased from Pierce, Rockford, U.S.A.
2.1.8 SOLVENTS

Acetone was purchased from NT Laboratories, Johannesburg, South Africa. Ethanol, hexane,
methanol and petroleum ether, all of analytical grade, were purchased from either Associated
Chemical Enterprises, Glenvista, South Africa or BDH, Poole, England. Diethyl ether, propanol,
toluene and xylene were purchased from BDH, Poole, England. HPLC grade acetonitrile,

chloroform, methanol and propanol was purchased from Burdick and Jackson, Muskegon, U.S.A.

2.1.9 SCINTILLANTS

2,5-diphenyloxazole (PPO) was purchased from Packard, Groningen, Netherlands. Pico-Fluor - 40

was purchased from Packard Instrument Co., Meridon, U.S.A. Ultima Gold" was purchased from

Packard Bioscience B.V., Groningen, The Netherlands.
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2.1.10 BUFFERS

4-(2-Hydroxyethyl)-1-piperazine ethane sulfonic acid (Hepes), 4-morpholine ethane sulfonic acid
(Mes), 4-morpholine propane sulfonic acid (Mops) and 2-amino-2-(hydroxymethyl)-1,3-
propandiol (Tris) were purchased from Boehringer Mannheim, Germany. Sodium cacodylate was
purchased from Agar Aids, Stansted, U.K. Sodium Acetate was purchased from May and Baker
Ltd., Dagenham, England. N-tris[hydroxymethyl]methyl-2-aminoethane sulfonic acid (TES) was

purchased from Sigma, Steinheim, Germany.
2.2 CHROMATOGRAPHIC MEDIA

A Rezex 8u 8% Ca monosaccharide high performance liquid chromatography (HPLC) column
(300x7.80 mm DIM) for the separation of sugars was purchased from Phenomenex®, Torrance,
U.S.A. Solid phase extraction cartridges (C;s, 6 mL volume) were purchased from Sorbent, Mid-
Glamorgan, U.K. or Waters Chromatography Division, Millipore Corp., Milford, U.S.A. A fused
silica capillary SP-2330 liquid gas liquid chromatography (GLC) column (30 m, 0.25 mm ID, O‘.2
um film thickness) for the separation of fatty acids was purchased from SupelCo. Inc., Bellefonte,
U.S.A. An OV-17 glass gas chromatography (GC) column for the separation of sugaré was

purchased from Langet Laboratories, Durban, South Africa.
2.3 STUDY SITE
Fruit was collected from two study sites, Everdon Estates and Bounty Farm.

During the period 1997 - 1999 fruit were treated and collected from the experimental orchard on
Everdon Estates in the KwaZulu-Natal midlands. This location (30°16'E and 29°28'S) has a mean
summer temperature of 23°C and winter temperature of 11°C, mean annual precipitation of 1030
mm, is at about 1060 m above sea level’, with a summer rainfall pattern and is situated in Phillips’
Bioclimatic region 3 (Phillips 1973), which is characterised by cool mesic conditions. Orchards

were irrigated by micro-jet scheduled to tensiometer readings (minimum -40 kPa).

"Climatic data supplied by the Computing Centre for Water Research, University of Natal, Pietermaritzburg, South Africa.
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During the 1999/2000 season the study site was at Bounty Farm, Winterskloof in the KwaZulu-
Natal midlands. This location (30°17'E and 29°34'S) has a mean summer temperature of 23°C and
winter temperature of 10°C, precipitation of 1047 mm, is at about 1181 m above sea level’, with a
summer rainfall pattern and is also situated in Phillips Bioclimatic region 3. Orchards were

cultivated dry land, relying on rainfall for irrigation.

Both sites are categorized as cool subtropical regions (annual heat index of 2500 to 3500) and are
believed to achieve the optimum climatic requirements for avocado (Guatemalan) cultivation

(Wolstenholme 1977).
2.4 PLANT MATERIAL

In both orchards, fruit was randomly selected from a minimum of four different ‘Hass’ trees on
‘Duke 7’ rootstocks. The trees in Everdon Estate were nine years old at the commencement of the

trial (1997), while those at Bounty Farm were twelve years old at the time of the study.

In 1997 and 1998, 20 fruit were treated in vivo with either ABA, iP or a combination of these two
plant growth regulators. This was done by injecting 20 ug of the plant growth regulator in 20 uL
Tween® 20:acetone:water (1:1:8, v/v) into the pedicel of the fruit whilst attached to the tree, during
the stage of rapid (linear) growth (Cowan et al. 1997a), approximately 163 and 87 days after full
bloom (DAFB; based on the average date when maximum anthesis occurred) for 1997 and 1998
respectively. This was done using a 5ul. 22° point Hamilton syringe 7105 KH (Hamilton
Company, Reno, U.S.A.) and the injection site was sealed with silicone grease. Fruit were
harvested 62 days and 120 days after treatment (DAT) for the 1997 and 1998 seasons respectively.

40 untreated small- and 40 normal-fruit phenotypes were also harvested.

In 2000, 60 fruit were treated in vivo with ABA. This was done by injecting 30 g of ABA in 20
1L 7.5% (v/v) DMSO through the base and into the testal region of the seed coat, approximately
66 days after full bloom. This was done for three reasons: firstly, to overcome the difficulty
associated with inserting a needle into the secondary thickened vasculature of the pedicel;
secondly, based on the first experiments in 1997/8, it appeared it was questionable if sufficient
compound entered the fruit when they were injected through the pedicel; thirdly, the initiation and
occurrence of small fruit was believed to take place earlier during fruit development, and thus it
was hoped that treatment of younger fruit with ABA would initiate a more pronounced response.

Treated fruit were harvested 40 DAT. 20 untreated small- and 20 normal-fruit were harvested 66,
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92,106 and 120 DAFB.

2.5 MEASUREMENT OF FRUIT GROWTH

All fruit were tagged, including untreated small and normal fruit. Fruit length was measured, using
digital callipers (Mitutoyo-500, Tokyo, Japan), at regular intervals until the fruit was harvested. In
the 2000 season, fruit length and width, seed length and width, seed coat thickness at the pedicel
end and fruit fresh and dry mass was recorded at each harvest interval and data was presented as a

percentage change relative to initial value.
2.6 MEASUREMENT OF RESPIRATION RATES

In 1998, small- and normal-fruit, still attached to approximately 20 cm of branch, were collected
and immediately transported to the laboratory for analysis. The fruit were placed in glass jars,
flushed with ambient air, incubated in a water bath at 25°C and gaseous samples taken every 15
sec. CO, evolution was measured by infrared gas analysis (Series 225 Gas Analyser, The
Analytical Development Co. Ltd., Hoddesdon, England), and quantified against a CO, standard of
320 ppm CO, in nitrogen (Afrox, South Africa).

In 2000, fruit were harvested as described above. The fruit were then placed in glass flasks,
flushed with ambient air, and maintained at room temperature. Evolution of CO, was measured at
5 min intervals using an EGM-1 Environmental Gas Monitor (PP Systems, Stotford, United

Kingdom).

Photosynthetic rates were not determined and therefore net CO, production was taken as the

respiration rate.
2.7 [14C] TRANSPORT STUDIES

Fruit (treated and untreated) with long pedicels and a 15-20 ¢cm portion of branch were collected
and placed in a dark cooler box at ambient temperature. The pedicels were cut under water to
prevent embolism formation, placed in a pony vial containing 5 xCi of either D-[1-'*C]-Glu or [U-
C]-Suc in 200 L water. Once this solution had been taken up, but whilst the cut end of the
pedicel was still covered by a meniscus of the solution, a chase of 200 4L equimolar (0.32 mM)

nonlabelled Suc or Glu solution was added to the vial. After uptake, the pedicel was immersed for
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12, 24 or 48 h in a clean vial of the chasing solution and the fruit and left at room temperature.
Fruit was taken for autoradiography or separated into the component tissues, freeze-dried, milled
and extracted in 80% (v/v) ethanol at 80 °C for 1 h and 4°C for an additional 24 h. Radioactivity
in the extract was determined after addition of Pico-Fluor™ using a 1500 Tri-Carb® Liquid
Scintillation Analyser (Packard®, Downers Grove, U.S.A.). The extracts were dried, resuspended
in water and separated by HPLC into the component sugars. Peaks corresponding to authentic

sugars were collected, dried, resuspended in 100 1L water and amount of ['*C] determined.

Distribution of [**C]-label within the fruit was determined by autoradiography. Fruit were treated
as described above, cut longitudinally, and placed on photographic film (MI-NH blue base medical
imaging film or New RX NIF X-Ray film both from Fujifilm), wrapped in tissue and aluminium
foil, sealed in a black bag and kept at -18°C for 28 days (after the methods of Narvaez-Vésquez et
al. 1995). All manipulations were carried out under safe light. The film was developed for 4 min in
developer solution, rinsed in water for 1 min, fixed for 3 min, rinsed in water for 10 min and

allowed to air dry.
2.8 LIGHT MICROSCOPY

Light microscopy was used in combination with electron microscopy in an attempt to:

1. Investigate the association of callose with the plasmodesmata;

2. Identify the dark, apparently amorphous material in the seed coat of small- and ABA-treated

fruit.
2.8.1 SAMPLE PREPARATION

Fruit tissue was either hand sectioned or embedded in paraffin wax and sectioned, depending on the

staining technique used.

Fruit tissue was sectioned into 4x4x4 mm blocks and placed in F.A.A. solution for at least 24 h at
4°C. Fixed material was dehydrated in an ethanol:tertiary butanol series and embedded in paraffin
wax (details described in Appendix A.1). Embedded plant material was sectioned to give an even
continuous ribbon of sections approximately 17 um thick on a Lipshaw 45 Rotary Microtome
(Lipshaw Mfg. Co., Detroit, U.S.A.) using a Reichert-Jung microtome blade (Reichert Scientific,
Buffalo, U.S.A.). Sections were mounted with Haupt’s adhesive, dewaxed with 100% (v/v) xylene
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and rehydrated in alcohol to either 70% (v/v) (alcoholic stage) or 0% (v/v) (aqueous stage) ethanol

(Appendix A.2) depending on the staining protocol used.

All light microscopy was viewed on a Ziess Axiophot Photomicroscope (Carl Ziess, Germany)

using Fujicolor Superia 400 film (Fuji Photo Film Co. Ltd., Tokyo, Japan).

F.A.A. was prepared by mixing 70% (v/v) ethanol, glacial acetic acid and 37% (m/v) formalin in
the ratio 18:1:1. Haupt’s adhesive was prepared after the method of Johansen (1940). 1 g gelatine
was dissolved in 100 mL ultra-pure water close to boiling point. 2 g phenol and 15 mL glycerine

were then added and the solution was stored at room temperature.

2.8.2 HISTOCHEMICAL TECHNIQUES

2.8.2.1 Callose

Staining of callose with aniline blue for light microscopy was done after the methods of Brundrett ez
al. (1988). Fruit tissue was hand sectioned, stained in 0.5% (w/v) aniline blue for 20 min, rinsed
with distilled water, mounted in water and viewed immediately under ultra-violet light (BP 395-
400, FT 460, LP 470). ‘Sirofluor’, an impurity present in aniline blue, fluoresces bright yellow-
white with callose (Hough er al. 1985). Precautions were taken to capture fluorescent tissue and

avoid fading.

In an attempt to get thin, even sections for staining for callose, wax embedded sections were
dewaxed and taken through a graded alcohol series to water, stained with 0.5% (w/v) aniline blue
and viewed under UV light. However, no fluorescence was seen. Wax sections were then dewaxed,
taken to 70% (v/v) alcohol and stained with 0.5% (w/v) aniline blue in lactophenol (which is
normally used under bright field to stain for cellulose) and viewed under UV light. This was
prepared by mixing equal volumes of phenol crystals, lactic acid, glycerine and distilled water. No
fluorescence was seen although callose was expected. Thus, wax embedded sections were not used

for callose localization using aniline blue.

Resorcin blue was used to stain callose, after the methods of Wittich and Graven (1989). Hand
sectioned fruit or wax microtome section processed to the aqueous stage were stained with 115%

(w/v) resorcin blue in 0.5% (v/v) ammonium hydroxide for 30 min. The sections were rinsed with

running water, and viewed. Callose stains blue.
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2.8.2.2 Carbohydrates

Periodic acid-Schiff’s reagent was used to stain carbohydrates, after the methods of Jensen (1962)
and Locquin and Langeron (1983). Hand sectioned fruit were oxidized in 0.5% (w/w) periodic acid
for 10 min. The sections were then rinsed in water for 10 min, stained for 30 min in Schiff’s reagent

washed under running water, and viewed. Carbohydrates stain pink/red.

Schiff’s reagent was prepared by dissolving 0.5 g basic fuchsin and 0.5 g potassium metabisulfate
in 100 mL 0.15 N HCI. This mixture was stirred for 2-3 h until completely dissolved and then
filtered through an activated-charcoal column under gravity at 4°C. The clear solution obtained was
tested by monitoring its reaction with starch, which turns red-pink when the reagent is successfully

prepared.

Attempts to localize sugars with Periodic acid-Schiff’s reagent were not successful on wax

embedded tissue.
2.8.2.3 Cellulose

Congo red was used to stain for cellulose, after the methods of Locquin and Langeron (1983). Hand
sectioned fruit or wax sections dewaxed to the aqueous stage were stained with 2.5% (w/v) congo

red for 30 min, rinsed with running water, and viewed. Cellulose stains red.
2.8.2.4 Cutin, suberin and fats

Sudan IV was used to stain cutin, suberin and fats, after the methods of Clark (1981). 0.02 g Sudan
IV was dissolved in 10 mL 70% (v/v) ethanol mixed with 10 mL acetone. Mounted sections,
dewaxed to 70% (v/v) ethanol, were stained with the mix for 5 min, rinsed quickly in 70% (v/v)
ethanol, transferred to distilled water and viewed. Typically, Sudan IV stains nuclei blue, fats

red/orange and cholesterol brilliant red. Fatty acids are unstained.

2.8.2.5 Lignin

Safranin and fast green were used to stain for lignification and cutinised walls, after the methods of
Johansen (1940). Sections were dewaxed and taken to 70% (v/v) alcohol, stained with 1% (w/v)

safranin in methyl cellosolve:ethanol (1:1, v/v) for 2 h and washed twice in water for 30 sec. The
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sections were then dehydrated and differentiated by emersion in 0.5% (w/v) picric acid in 95% (v/v)
ethanol for 5 sec. The action of the acid was stopped by placing the slide in 95% (v/v) ethanol
containing 4-5 drops ammonia per 100 mL for 2 min. The sections were then placed in 100% (v/v)
ethanol for 10 min to complete dehydration. The sections were counter-stained with fast green in
clove oil for 15 sec, rinsed in clean clove oil for 10 sec, placed in clove oil:xylene:ethanol (2:1:1)
for 5 sec, and given three 5 sec washes in 100% xylene. Sections were mounted with Canada
balsam and viewed by bright field light microscopy. Nuclei, chromosomes, lignified and cutinised
walls stain bright red, cellulose walls and the cytoplasm stain green. Fast green was prepared by
making a nearly saturated solution of fast green in equal parts of methyl cellosolve and ethanol and
adding this mix to a mixture of clove oil:ethanol (75:25, v/v). The amount of fast green solution
added to the oil:ethanol mixed depends on the intensity of staining required, but did not exceed

0.5% (m/v) fast green. This reagent was prepared several days before use.
2.8.2.6 Pectin

Ruthenium red was used to stain for pectic substances, after the methods of Jensen (1962). Hand
sectioned fruit or wax sections dewaxed to the aqueous stage were stained with 0.02% (w/v)
ruthenium red until the walls turned red, rinsed with running water, covered and viewed. Pectic

substances appear pink.
2.8.2.7 Proteins

Amido black was used to stain for proteins, after the methods of Clark (1981). Hand sectioned fruit
or tissue dewaxed to the aqueous stage were rinsed with water, stained with 1% (w/v) Amido black
in 7% (v/v) acetic acid for 10 min, rinsed in 7% (v/v) acetic acid, mounted in water, covered and

viewed. Amino acids, mitochondria, plastids, nuclei and protein bodies stain black.
2.8.2.8 Invertase

Histochemical staining of invertase was done after the methods of Miller and Chourey (1992). Fruit
tissue was hand sectioned and fixed in 4% (m/v) formalin (pH 7.0) for 30 min. The fixed sections
were rinsed in five changes of water over several h at 4°C to remove endogenous sugars and
incubated in the dark at 25°C for 30 min in a reaction mixture comprised of equal volumes of 0.56
mg mL™" phenazine methosulfate, 0.96 mg mL™" nitroblue tetrazolium, 0.067 mL mL™ Glu oxidase

and 20 mg mL™! Suc, all made up in 0.38 M sodium phosphate (pH 6.0), 0.38 M Tris-HCl (pH 6.8)
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or 0.38 M sodium acetate buffer (pH 4.5). The reaction was terminated by briefly rinsing with
distilled water and post-fixation for 15 min in 4% (m/v) formalin, followed by five 30 sec rinses in
water. The sections were mounted in 15% (v/v) ethanol and viewed by bright field light
microscopy. Invertase activity is shown by the formation of an insoluble blue fomazan precipitate.

Using this method invertase (pH 6.8) was observed in the cytoplasm of seed and mesocarp tissue.

2.9 ELECTRON MICROSCOPY

All fruit tissues for electron microscopy were harvested, placed on ice, and transported immediately

to the laboratory for fixation and processing.

2.9.1 SAMPLE PREPARATION FOR TRANSMISSION ELECTRON MICROSCOPY (TEM)

The fruit tissue was separated into the respective tissues and cut into 1x2x3 mm blocks and fixed in
either 3% (m/v) glutaraldehyde in 0.05 M sodium cacodylate buffer (pH 7.2) or 0.05 M sodium
cacodylate buffer (pH 7.2) containing 4% (w/v) paraformaldehyde and 0.05% (v/v) glutaraldehyde
for 24-56 h. Fixed plant material was washed twice for 30 min, post fixed with 2% (w/v) osmium
tetroxide in 0.05 M sodium cacodylate buffer (pH 7.2) for 1 h, block stained in freshly prepared 2%
(m/v) uranyl acetate in 2% (v/v) ethanol for 45 min and embedded in either Epon-Araldite, Spurr’s
or LR White resin and polymerised at 70°C for 48 h; 70°C for 16 h; or 50°C for 24 h respectively
(full details are provided in Appendices A.3-A.5).

Small resin blocks were then mounted on perspex stubs, sectioned (LKB Ultratome III, Stockholm,
Sweden) with a knife clearance angle of 5° to produce gold sections (60-80 nm thick) using a
tungsten-coated glass knife or a diamond knife (6° Micro Star Diamond Knife) and collected on
formvar coated 200 mesh copper grids. Sections were stained with 2% (m/v) lead citrate (to stain
nucleic acids, proteins, phospholipids, glycogen and fats) in the presence of sodium hydroxide for
10 min, rinsed with a direct stream of double-distilled water, air dried and viewed on either a JEM-
100CX (JEOL, Tokyo, Japan) or CM120 Biotwin (Phillips, Eindhoven, Holland) transmission
electron microscope with an accelerating voltage of 80 kV. Photographs were taken on Kodak EM
film with Estar thick base (Eastman Kodak Co., Rochester, U.S.A.).

To stain for callose the tissue was embedded as described above but post fixation with osmium,
block staining with uranyl acetate, and post staining of sections with lead citrate were all omitted.

Sections were collected on 200 mesh nickel grids and processed according to section 2.9.3.
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0.05 M sodium cacodylate buffer (pH 7.2) containing 4% (w/v) paraformaldehyde and 0.05% (v/v)
glutaraldehyde was prepared just before use to prevent polymerisation of formaldehyde with itself.
0.8 g paraformaldehyde was dissolved slowly in 10 mL water at 60°C. To this 0.04 mL 25%
glutaraldehyde and 5 mL 0.2 M sodium cacodylate buffer (pH 7.2) were added. If necessary the pH
was then adjusted to 7.2 with 0.01 N HCI or NaOH, and the solution made up to 20 mL. Epon-
Araldite resin was prepared by mixing Epon, Araldite and DDSA in the ratio 1:1:3 respectively.
Spurr’s resin was prepared by mixing 10 g ERL 4206, 6 g DER 736, 26 g NSA and 0.6 g S-1
DMAE gently for 45 min in the fume cupboard.

Glass knives were cut from 6 mm thick glass sheets (Ultramicrotome glass, Agar Scientific Ltd,
Stansted, England) using an LKB knifemaker (Type 7801 B, Bromma, Sweden). The glass knives
were then placed on a stage tilted at 8° and coated with tungsten using an Edwards E306A High
Vacuum Evaporator (Edwards, Crawley, England) for 2 min (Bandu 1991). Grids were coated with
formvar by floating off a formvar film (0.25 g formvar in 100 mL chloroform) from a clean glass
slide on water. The grids were placed gently on this floating film, picked with a wire mesh pad and
air dried. Lead citrate was prepared by dissolving 1.33 g Pb(NO;) and 1.76 g Nay(C¢Hs07).2H,0 in
30 mL freshly boiled (to remove gas) double-distilled water. This solution was shaken
intermittently for 30 min and then added to 8 mL 1 N NaOH to produce a clear solution, that was
then made up to 50 mL with freshly boiled double-distilled water. During staining precautions were

taken to minimize contact with CO, by including KOH pellets in the staining dish.
2.9.2 SAMPLE PREPARATION FOR SCANNING ELECTRON MICROSCOPY (SEM)
2.9.2.1 Critical Point drying (CPD)

Fruit tissue was cut into 5x5x2 mm blocks and fixed in 3% (m/v) glutaraldehyde in 0.05 M sodium
cacodylate buffer (pH 7.2) for at least 24 h. The fixed plant material was washed twice for 30 min
in 0.05 M sodium cacodylate buffer (pH 7.2), dehydrated with a graded ethanol series and critically
point dried (Hitachi Critical Point Dryer HCP-2, Hitachi Koki Ltd., Tokyo, Japan)(Appendix A.6).
Samples were mounted under a dissecting microscope on brass stubs using two-sided tape and
DAG 580 colloidal graphite in alcohol (Wirsam Scientific, Ashwood, South Africa) for support.
Following coating with gold-palladium (SEM Coating Unit E51000, Polaron Equipment Limited,
England)(Appendix A.7), specimens were viewed on a Hitachi S-570 scanning electron microscope

(Hitachi, Tokyo, Japan), and photographed using Agfapan APX 100, 120 black and white film
(Agfa, Germany).
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Avocado tissue was found to exude a crystalline substance, believed to be manno-heptulose or
perseitol, that covered the cut surfaces of fixed tissue. Specimens with this crystalline substance did
coat well and charged when exposed to the electron beam (Figure 2.1). To avoid this problem
avocado fruit sections were cryo fractured after CPD. This was done by immersing the dried tissue
in liquid nitrogen, and using a prechilled razor blade and a hammer, tissues were fractured to reveal
a clean surface for viewing. However, seed coat tissue normally separated into the two layers that

constitute the seed coat during cryo-fracturing.

Figure 2.1 SEM electron micrographs of seed coat tissue (in cross section) fractured (a) prior and
(b) subsequent to dehydration. Arrows indicate crystalline deposits. Images are representative of

6 observations.
2.9.2.2 Cryo

Fresh 2x2x2 mm blocks of tissue were mounted on copper stubs with Tissue-Tek® (Miles
Scientific, Naperville, U.S.A.). The samples were then placed into an EMScope SP 2000 cryo unit
(Ashford, England), frozen in liquid nitrogen slush and sublimed in the chamber at -70°C for 10
min. The samples were coated in situ with gold-palladium for 6 min, and viewed at liquid nitrogen

temperatures in a Hitachi S-570 SEM.
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2.9.2.3 Freeze-drying

Fresh 2x2x2 mm tissue samples were placed on the stage of an Emitech K775 Freeze Drier/Carbon
Coater (Emitech, England), immersed in liquid nitrogen and the freeze drier was programmed to
remain at -120°C for 4 h. Over the period of 1 h the temperature was increased to -75°C, at which it
was maintained for 4 h. This was followed an increase in temperature to -50° for over a period of 1
h, at which the sample was maintained for 4 h. The tissue sample was then brought to 25°C over a
period of 1 h and maintained at this temperature for about 3 h. Samples were mounted, sputter

coated with gold-palladium and viewed as described in 2.9.2.1.

2.9.2.4 Fresh tissue -
‘Fresh tissue was cut into 2x4x4 mm blocks, mounted on aluminium stubs using double-sided

carbon tapé ;ﬁd" viewed on a Phillips XL.30 Environmental Scanning Electron Microscope (ESEM)
(Phillips, Eindhoven, Holland).

2.9.3 STAINING OF CALLOSE FOR TRANSMISSION ELECTRON MICROSCOPY

Staining of callose for electron microscopy was done after the methods of Brander and Wattendorff
(1987) and Hayat (1989). Unstained Spurr’s or LR White sections were mounted on nickel 200
mesh grids. Grids were placed face down on droplets on a waxed (parafilm) surface, except when
incubating in the oven, during which the grids were totally immersed in about 2 mL solution to

prevent drying out.

The sections were oxidized for 30 min on 1% (w/v) potassium permanganate at room temperature.
The sections were washed twice with distilled water and placed on 1% periodic acid for 15 min.
The grids were then immersed in staining solution for 1.5 h at 55-60°. This was followed by
treatment with 5% (w/v) sodium thiosulphate for 1 min. After which the samples were rinsed

thoroughly with water and viewed on a JEOL JEM-100CX transmission electron microscope at 80
kV.

The staining solution was prepared by mixing a solution of 1 mL of 5% (w/v) silver nitrate and 20
mL of 3% (w/v) hexamethylenetetramine with a solution of 2 mL of 1.44% (w/v) boric acid and 20
mL of 1.9% (w/v) borax. The resultant mixture was filtered through Whatman No. 2 filter paper.
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2.10 TISSUE PREPARATION

2.10.1 TISSUE STORAGE

Unless otherwise stated, harvested fruit was separated into seed, endosperm, seed coat
(pachychalaza) and mesocarp, diced, frozen in liquid nitrogen and freeze-dried (Freeze Drier,
Science Workshop, University of Natal, South Africa). Freeze-dried tissue was milled
(Analysenmiihle A10, Janke and Jackson, Staufen, Germany) into a homogenous powder and stored

in sealed vials at -18°C until used, for a maximum of 6 months.
2.10.2 IN VITRO EXPERIMENTS WITH SEED COAT

To determine the in vitro effect of the various sugars and ABA on tissue physiology, seed coat
tissue was treated with Glu, Fru and Suc in the ratio 2:3:2 respectively (determined by Richings et
al. (2000) to be the ratio of these sugars in avocado seed coat). The procedure used was adapted
from De Jong et al. (1996). 80 Normal-fruit were collected and kept on ice. The seed coats were
removed, punched into 1 cm disks and placed in 2 mM Mes-KOH buffer (pH 5.5) containing 0.5
mM CaCl; at 4°C. The tissue was then placed in the same buffer containing either 2.85 mM Glu,
2.85 mM Suc or 4.275 mM Fru, or a combination of the three, and the total osmolarity was adjusted
to 400 mM with mannitol. Seed coat tissue prepared the same way was treated with 500 uM ABA;
the control consisted of buffer containing 400 mM mannitol. The tissue was vacuum infiltrated for 5
min at -1800 kPa (-5 Psi) at 25°C. The tissue was then incubated in the dark at 21°C for 0, 1, 2, 4, 8

and 24 h. After incubation the tissue was stored in liquid nitrogen until assayed.
2.10.3 PROTOPLAST ISOLATION

Protoplast isolation was performed after a modification of the methods of Mitchell (2000).
Untreated ‘Hass’ fruit were harvested 272 DAFB and kept on ice in the dark until returned to the
laboratory. The fruit were scrubbed with Extran and sterilized in 50% (v/v) JIK® for 15 min. The
skin (exocarp) and the green layer of the mesocarp closest to the skin were removed and +5 g of the
yellow part of the mesocarp grated with an autoclaved domestic grater into Petri dishes containing
30 mM CaCl,.2H,0, 20 mM KH,PO4, 100 mM KNO;3, 100 mM MgS0,.7H,0, 100 xM K1, 10 uM
CuS04.5H,0, 1 mM DTT, 0.5 M mannitol and 5 g L' BSA at 4°C. The mixture was covered with
foil and left for 45 min at 25°C. A 15 mL aliquot of the above solution containing 0.5% (w/v)

hemicellulase, 0.5% (w/v) cellulase and 0.005% (v/v) pectinase was added, and the tissue left to
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digest in the dark for 16 h at 25°C. After this period the remaining tissue was cut into small pieces
using a sterile razor and gently rolled into a smooth paste using a glass rod. The paste was filtered
through a 150 um nylon sieve and centrifuged at 100g for 10 min at 4°C. The upper layer,
containing the protoplasts, was collected, washed with enzyme-free buffer and centrifuged at 100g
for 10 min at 4°C. This was repeated until the top layer of protoplasts was clean, as determined by
light microscopy. The protoplasts were removed, resuspended in the same buffer and used to

prepare plasma membrane fractions.
2.10.4 PREPARATION OF PLASMA MEMBRANE FRACTIONS FOR GEL ELECTROPHORESIS
2.10.4.1 Isolation of cellular membranes by ultra centrifugation

Membrane rich fractions, from both fresh mesocarp tissue and isolated protoplasts, were prepared

by ultra centrifugation according to the methods of Larsson et al. (1987).

Fresh avocado mesocarp tissue (40-70 g) from normal-fruit 262 DAFB was homogenised on ice in
100 mL of 10 mM Tris-Mops buffer (pH 7.0) containing 0.5 M Suc, 1 mM benzamidine and 5 mM
amino caproic acid in the presence of 10% (w/w) PVP using an Ultra-Turrax T25 (Janke and
Jackson, Staufen, Germany). The homogenate was filtered through two layers of miracloth®
(Calbiochem, La Jolla, U.S.A.) and centrifuged at 12 000g for 15 min at 4°C. The supernatant was
mixed with 0.1489 g EDTA and allowed to stand on ice for 30 min. This mixture was centrifuged
(Beckman L8-M Ultracentrifuge, Beckman Instruments Inc., Palo Alto, U.S.A., rotor type:
Beckman SW 40Ti) at 120 000g for 60 min at 4°C. The supernatant was discarded and the pellet
resuspended in 10 mL 10 mM Tris-Mops buffer (pH 7.0) containing 0.33 M Suc, 10 mM KCI and
10 mM MgCl, and centrifuged at 2 500g for S min at 4°C. The supernatant was collected, diluted to
20 mL with the same buffer and centrifuged at 120 000g for 60 min at 4°C. The resultant
supernatant was discarded and the pellet resuspended in 2 mL of the same buffer, frozen in liquid
nitrogen and stored at -70°C (SS-CDF0751 Freezer, Specht Scientific, Johannesburg, South Africa)

prior to further purification.

Clean protoplast extracts were ultra-sonicated (VirSonic 100, The Virtis Company Inc., Gardiner,
U.S.A) to lyse the protoplasts. The membrane-containing solution was centrifuged at 10 000g at
4°C for 15 min. The supernatant was centrifuged at 90 000g at 4°C for 60 min and the pellet
resuspended in 1 mL of buffer, frozen in liquid nitrogen and stored at -70°C for not more than 3

weeks prior to further purification.
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2.10.4.2 Membrane purification

The membrane-rich fractions produced from protoplasts and fresh tissue were purified, after the
methods of Larsson and co-workers (1987), to give two fractions, one containing plasma membrane

fractions and the other containing membranes from the endoplasmic reticulum and chloroplasts.

To prepare the phase-system, 93 g of 20% (w/w) dextran T-500, 46.5 g of 40% (w/w) PEG 3350,
33.89 g Suc, 7.5 mL of 0.2 M potassium phosphate (KPOj) buffer (pH 7.8) and 0.45 mL of 2 M
KCl were mixed together in a separating funnel and made to a final weight of 300 g with distilled
water. The solution was allowed to equilibrate at 4°C and then vigorously inverted and allowed to

settle overnight at 4°C. The upper and lower phases were then collected and stored separately at

4°C.

The phase-mixture was prepared by mixing 11.16 g of 20% (w/w) dextran T-500, 5.58 g of 40%
(w/w) PEG 3350, 3.05 g Suc, 0.675 mL of 0.2 M KPO4 buffer (pH 7.8) and 0.0.41 mL of 2 M KCl,
and the solution was made up to a final weight of 27 g with distilled water. The mixture was shaken
vigorously and immediately separated equally into 4 centrifuge tubes, capped, and allowed to settle

overnight at 4°C.

A 2 mL aliquot of membrane rich fractions was mixed with the phase-mixture by 20-30 inversions
of the centrifuge tube and centrifuged at 1 500g for 5 min at 4°C. 90% of the upper phase
(excluding the interface) was collected with a Pasteur pipette and partitioned twice against 9 mL of
the lower phase-system using clean centrifuge tubes each time, and centrifuged at 1 500g. The three
upper phases were combined, and diluted three-fold with 10 mM Tris-Mops buffer (pH 7.0)
containing 0.33 M mannitol, 10 mM KCI, and 2 mM MgCl, and then centrifuged at 120 000g for 60
min at 4°C. The supernatant was discarded and the pellet resuspended in 0.5 mL of the same buffer.
Protein content was determined using the dye-binding method (Bradford 1976) and the mixture
diluted or re-centrifuged and re-diluted to give a protein concentration of +1 wug per uL. The
resultant mix, containing the plasma membrane fraction, was stored as 50 uL aliquots, frozen in

liquid nitrogen and stored at -70°C, for approximately 4 weeks.

The lower phase from the original phase-mixture extraction was partitioned against upper phase

system mixture in a similar manner to yield a fraction containing endoplasmic reticulum and

chloroplast membranes.
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2.10.5 ENZYME EXTRACTION

Fresh or freeze-dried tissue was homogenised on ice for 3-5 15 sec bursts using an Ultra-Turrax in
50 mM Hepes-NaOH buffer (pH 7.0) containing 0.5 mg mL" BSA and 0.005% (v/v) Triton X-100
or 50 mM Tris-HCI buffer (pH 7.2) containing 100 mM glycerol and CompleteTM EDTA free
(according to the manufacturers requirements: 1 tablet per 50 mL), in addition to 1 mM EDTA, 2
mM DTT, 5 mM MgCl, and 10% (w/w) insoluble PVP. The homogenate was stood on ice for 30
min, filtered through two layers of miracloth and centrifuged (Himag CR20B2 Centrifuge, Hitachi
Koki Co. Ltd., Tokyo, Japan; or Beckman J2-HS Centrifuge, Beckman Instruments, Palo Alto,
U.S.A.) at 2 500g for 30 min at 4°C. The supernatant was filtered through glass wool and used as a
source of soluble enzyme. The pellet was washed 3 times in the extraction buffer containing
0.005% (v/v) Trition X-100. The final pellet was resuspended in 10 mL extraction buffer and used
as a source of insoluble enzyme. For both soluble and insoluble enzyme extracts, samples were
decanted into 1 mL portions, frozen with liquid nitrogen, and stored at -70°C for not more than 6

months. Three separate extractions were made for each treatment, each using at least three fruit.

Freeze-drying of tissue reduced enzyme activity (Figures 2.2 and 2.3). The extraction of enzymes
from fresh tissue and subsequent storage at -70°C in a buffer containing Complete™ protease
inhibitors and glycerol was found to be the best method of preserving enzyme activity (Figure 2.3)

and was subsequently used for all enzyme extractions.
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Figure 2.2 SAI activity in small-fruit mesocarp tissue (180 DAFB) assayed from fresh and freeze-
dried tissue, both extracted in Hepes-NaOH buffer (pH 7.0). n = 4. Error bars represent standard
deviation (SD). LSDy os: 2.46.
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Figure 2.3 SAI activity in normal-fruit mesocarp tissue (120 DAFB) assayed from fresh and freeze-
dried tissue and enzyme extracts stored at -70°C with protease inhibitors and glycerol. Freeze
dried tissue and frozen extracts were stored for 8 weeks before assaying. All extractions were

with Tris-HCL buffer (pH 7.2). n = 3. Error bars represent SD. LSDy ¢s: 3.10.

2.11 ENZYME ASSAYS
Unless otherwise stated, enzymes were extracted as described in section 2.10.5.

The soluble fraction was passed through Sephadex-G25 microcentrifuge desalting columns
prepared after the methods of Helmerhorst and Stokes (1980). Initially the use of Sephadex-G25
columns for SAI resulted in highly variable results, as indicated by the unacceptably large standard
deviations (Table 2.1). However, desalting was found to be more reliable if the Sephadex-G25 was
swollen with Tris-HCI buffer (pH 7.2), and the columns were packed to a bed volume of 2 mL and
only 1 mL enzyme extract passed through the column without further washing through of the
column. Enzyme extracts passed through Sephadex-G25 micro-centrifuge columns prepared in this
way were found to have SAI and NI activity approximately ten times higher than that in crude
enzyme extracts (Figure 2.4). The activity of a-amylase was also enhanced by Sephadex columns
(data not shown). This may be attributed to, amongst other factors, the inhibitory affects of manno-
heptulose and/or perseitol. This was supported by the results of reducing sugars in the column
exudates which indicated a marked reduction in reducing sugar levels (Figure 2.5). Thus all
subsequent samples for enzyme analysis were passed through Sephadex columns. Other difficulties
may have resulted from interactions between the different buffers used for column preparation and
enzyme extraction, or from interactions with the sodium azide used to keep the column free from

fungi.
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Table 2.1 SAI activity of extracts passed through Sephadex-G25 micro-centrifuge desalting
columns prepared with KPO4 buffer and stored with sodium azide compared with that of crude

enzyme extracts.

Preparation Tissue SAI activity (nmol Glu mg™ protein min™)
Mean (n = 3) SD
Passed through Sephadex Mesocarp 9.84 11.47
Seed Coat ND -
Seed 45.22 75.66
Crude extract Mesocarp 30.93 1.86
Seed Coat 44.41 3.76
Seed 7.64 0.17

ND = Not detected; activity lower than 0.005 nmo) Glu mg™* protein min !

SD = Standard deviation
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Figure 2.4 SAI and NI activity in the seed tissue from normal-fruit 120 DAFB, assayed from either
crude enzyme extracts or extracts passed through Sephadex-G25 prepared using 50 mM Tris-
HCI buffer (pH 7.2). Enzyme assays were conducted at pH 4.55 and pH 6.80 for SAI and NI,
respectively. n = 3. Error bars represent SD. LSD g5: SAl = 24.53; NI = 12.40.
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Figure 2.5 Reducing sugar levels from the soluble phase of seed tissue from normal-fruit 120

DAFB in crude and desalted enzyme extracts. n = 5. Error bars represent SD. LSDy os5: 90.28.

2.11.1 INVERTASE

Invertase was assayed after the methods of Zinselmeier ef al. (1995) and the amount of Glu
produced measured colorimetrically (Nelson 1944), with a few adaptions. Volumes greater than 50-
60 uL of avocado extract resulted in precipitate formation (between the copper reagent and the
reducing sugars) which interfered with the colorimetric technique. The protocol was thus modified
and 30 uL enzyme extract was incubated at 30°C for 30 min with 70 4L 0.1 M Suc in 0.1 M
sodium acetate buffer (pH 4.50 or 4.55) or 0.1 Hepes-NaOH buffer (pH 6.80). The reaction was
terminated by boiling for 10 min with 1 mL copper reagent, and then allowed to cool. 1 mL of
arsenomolybdate was added, the solution mixed, and colour allowed to develop for 10 min. The
solution was vortexed (Vortex-2-Genie, Scientific Industries inc., Bohemia, U.S.A.) and the
absorbarnce read at 560 nm (Beckman DU®-65 Spectrophotometer, Beckman RIIC Ltd., Glenrothes,
Scotland; or Anthelie Advanced spectrophotometer, Secomam CE, Dormont, France) and compared
to a Glu standard curve at 0, 20, 40, 60, 80 and 100 ug mL. Background sugars and activity were
subtracted by assaying samples without substrate and without enzyme extract, respectively. Protein

was determined using Bradford’s method (section 2.12.4.1).

Copper reagent was prepared by dissolving 24 g Nay,COj3 and 12 g KNaC4H;06.4H,0 in 250 mL
water. Separately, 4 g CuSO4 was dissolved in 40 mL of water and this solution added to fhe first.
To the resultant solution, 15 g NaHCO;3; was added. Separately, 180 g anhydrous Na,SO; was
dissolved in 500 mL water, boiled and allowed to cool. After cooling, the two solutions were mixed

together, made up to 1 L and stored in darkness at 37°C for at least 48 h before use.
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Arsenomolybdate reagent was prepared by dissolving 25 g (NH4)sM07024.4H;0 in 450 mL water
and adding 21 mL concentrated H,SO,. Separately, 3 g Na,HAsO4.7H,0 was dissolved in 25 mL of

water. The two solutions were mixed and stored in darkness at 37°C for at least 48 h before use.

2.11.2 SUCROSE SYNTHASE

SSy activity was assayed using a combination of the methods of Klann ef al. (1993) and Sowokinos
et al. (1985). 30 uL. enzyme extract was incubated with 70 ©L 50 mM Tris-HCl (pH 7.2) containing
1 mM EDTA, 2 mM DTT and, for synthesis studies, containing 25 mM Fru and 25 mM UDP-Gluy;
alternatively, to assay for cleavage of Suc, containing 25 mM Suc and 25 mM UDP. After 1 h at
37°C, the reaction was terminated by boiling for 10 min with 100 xL 30% (w/v) KOH, and allowed
to cool. 1 mL anthrone reagent was added and the assay mixture incubated for 20 min at 40°C. The
absorbance was read at 620 nm and values compared to a Suc standard curve at 0, 20, 40, 60, 80
and 100 ug mL". Background sugars and activity were subtracted by assaying samples without

substrate, and without enzyme extract, respectively. Protein content was determined using

Bradford’s (1976) method.

Anthrone reagent was prepared after the method of van Handel (1968). 76 mL concentrated H,SO4
was slowly added to 30 mL 26 mM anthrone solution. The mixture was allowed to cool and stored

in the dark at 4°C until use.
2.11.3 SUCROSE PHOSPHATE SYNTHASE

SPS activity was assayed as SSy activity using 50 mM Tris-HCI (pH 7.2) containing 1 mM EDTA,
2 mM DTT, 25 mM Fru-6-phosphate, 25 mM Glu-6-phosphate and 25 mM UDP-Glu as the

substrate.

2.11.4 1,3-B-GLUCAN SYNTHASE

1,3-B-glucan synthase enzyme extract were prepared by homogenizing 100 mg freeze-dried tissue
with 3x20 sec pulses, on ice, in 100 mM TES-NaOH buffer (pH 7.0) containing | mM DTT and
Complete™ protease inhibitor cocktail (according to manufacturer’s instructions: 1 tablet per 50

mL). The extract was centrifuged for 480g for 5 min at 4°C, the supernatant collected and kept on

ice until used.
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1,3-f-Glucan Synthase activity was assayed after the methods of Kauss ef al. (1983) and Kohle et
al. (1985). 50 uL. enzyme extract was mixed with 55 pL 50 mM TES-NaOH buffer (pH 7.0)
containing 20 mM cellobiose, 16% (w/v) glycerol, 10 mM MgCl,, 0.04% (w/v) digitonin, 4 mM
EDTA, 3.6 mM CaCl, and 0.03 xCi UDP-D-[U-"*C]-Glu. The mixture was incubated at 25°C for
15 min and the reaction terminated by boiling for 5 min. Thereafter 50 nL of the incubation mixture
was transferred to 0.5x1.5 cm Whatman No. 3 paper and allowed to air dry. The paper strips were
washed twice for 1 h in 0.25 M ammonium acetate in 21 % (v/v) ethanol adjusted to pH 3.6 with
acetic acid and allowed to air dry. The paper was then cut into small strips, placed in 5 mL 0.5%

(m/v) PPO in toluene, and counted using a Packard® 1500 Tri-Carb® Liquid Scintillation Analyser.

2.11.5 ¢-AMYLASE

o-Amylase was assayed after the methods of Abe et al. (1996), Choi et al. (1996) and Kaur ef al.
(1998). Soluble enzyme extract was heated to 70°C for 15 min to inactivate P-amylase. 20 uL
enzyme extract was incubated at 35°C for 20 min with 100 uL starch substrate. The reaction was
terminated by boiling with 1 mL copper reagent and «-amylase activity determined colorimetrically

by Nelson’s method, as described for invertase activity (Section 2.11.1).

The starch substrate was prepared by boiling 2 g soluble potato starch in 100 mL 0.1 M sodium
acetate buffer (pH 5.5) containing 10 mM CaCl,. This solution was allowed to cool and centrifuged

at 5000g for 10 min; the supernatant was used as the substrate.
2.12 MOLECULAR ANALYSIS

2.12.1 CARBOHYDRATES
2.12.1.1 Colorimetric determination of starch and total soluble sugars

Starch and total soluble carbohydrates were assayed after a modification of the methods of Buysse
and Merckx (1993). 0.05 g freeze-dried tissue was homogenised in 4 ml 80% (v/v) ethanol and
centrifuged at 1 500g for 20 min. The supernatant was collected and the pellet resuspended in 4 mL
80% (v/v) ethanol and centrifuged at 1 500g for 20 min. This was repeated again. The 3
supernatants were combined and used to assay for soluble sugars. The pellet was boiled in 10 mL

3% (w/v) HCI for 3 h and used to determine starch.
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400 uL extract was mixed with 400 uL 28% (w/w) phenol in 80% (v/v) ethanol. To this 2 mL of
concentrated HSO,4 was rapidly added, directing the stream onto the liquid surface. The resultant
mixture was vortexed, allowed to stand for 15 min for colour development, and the absorbance read

at 490 nm.

This process was repeated using 22% and 34% (w/w) phenol to allow for the regressive
determination of relative Glu, Fru and Suc content. Although workable regressions/relationships
were obtained with the sugar standards, fruit extracts gave erroneous results. This was attributed to
interference of manno-heptulose, perseitol and other unidentified reducing sugars and perseitol with
the reagents. However, the absorbances of Suc, Glu and Fru were found to intercept at
approximately 28% (w/w) phenol (Figure 2.6) and this percentage was used to determine sugar
content, using Glu as a standard to determine relative soluble sugars. Starch that had undergone 3 h
hydrolysis in 3% (w/v) HCI was found to also intercept at approximately 28% (w/w) phenol (data

not presented), and was used as the standard for starch (insoluble carbohydrate) quantification.

0.7

A490

0.3 1 T T T T 1 L T I
20 22 24 26 28 30 32 34 36 38 40

% (w/w) phenol in 80% (v/v) ethanol

—o—Glu —=—Fru ——Suc

Figure 2.6 Absorbances (490 nm) of Glu, Fru and Suc solutions (0.06 g L™ 80% (v/v) ethanol).
Equation of best fit: Gluy =-0.013x + 0.581; Fru y = 0.014x + 0.410; Suc y = 0.025x + 0.352.
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2.12.1.2 High performance liquid chromatography of soluble sugars

Freeze-dried tissue (0.1 g) was homogenised in 10 mL 80% (v/v) ethanol with 0.005 xCi [U-"*C]-
Suc, incubated at 80°C for 1 h, and allowed to stand at 4°C for 24 h. The extracts were then
centrifuged at 2000g for 10 min, filtered through glass wool, and dried overnight on a Savant SC
200 220 Vacuum Drier (Savant Instruments Inc., Farmingdale, U.S.A.). The dry extracts were made
up to 2 mL with ultra-pure water, filtered through a 0.45 m nylon syringe filter (Lida, Kenosha,
U.S.A.) and 100 uL loaded onto a Rezex 8u 8% Ca monosaccharide 300x7.80 mm Phenomenex®
column, maintained at 75°C. Water was the mobile phase at a flow rate of 0.5 mL min™. Sugars
were detected using either a Waters Differential Refractometer R401 (Waters Associates, U.S.A) or
an Erma ECR-7515A RI Detector (Erma, Kawaguchi City, Japan) maintained at 40°C, and
integrated with a SP4600 Data Jet Integrator (Thermoseparations, Spectra-Physics, Riviera Beach,
U.S.A.)(Figure 2.7). Sugars were tentatively identified by co-elution with authentic sugar standards
(Table 2.2).

Initially, the extracts were partitioned against an equal volume of hexane followed by the solid
phase partitioning through Cjg cartridges to remove excess lipids. However, this practice was

discontinued as it was thought that glycosylated carbohydrates may have been removed.

The column was cleaned after every 10-12 sample injections by washing for 10 h with 5% (v/v)
acetonitrile containing 500 mg L' Ca-EDTA at a flow rate of 0.5 mL min™. Standard curves were
constructed for Suc, Glu, Fru, perseitol and manno-heptulose at 0, 10, 20, 30, 40 and 50 g per 100
uL. The standard curve responses of the RI detector to all the sugars was found to be almost

identical (r=1), thus the values were averaged and used to construct a standard curve to quantify

unidentified sugar peaks.
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Figure 2.7 Representative HPLC chromatograms of (a) authentic sugar standards, and peaks
obtained from samples of (b) seed and (¢) mesocarp tissue. Unidentified sugars occur at 11.85,
22.30, 32.65 and 35.97 min.
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Table 2.2 Retention, and relative retention, times of various sugar and sugar alcohol standards

obtained by HPLC analysis.
Sugar Rt (min) I'Suc
Raffinose 11.79 0.88
Cellobiose 12.72 0.95
Trehalose 12.97 0.97
Maltose 13.08 0.98
Sucrose 13.36 1.00
o-Lactose 13.59 1.02
D(+)-Glucose 15.33 1.15
B-D(+)-Glucose 15.44 1.16
L(-)-Sorbose 16.78 1.26
D(+)-Xylose 16.84 1.26
D(+)-Galactose 16.91 1.27
D-manno-Heptulose 17.03 1.27
L(+)-Rhamnose 17.12 1.28
D(+)-Mannose 17.61 1.32
D(-)-Fructose 18.63 1.39
Sedoheptulose 18.68 1.40
L(+)-Arabinose 18.81 1.41
meso-Inositol 19.10 1.43
D(-)-Arabinose 19.26 1.44
2-deoxy-D-Ribose 19.61 1.47
Glycerol 21.51 1.61
meso-Erythritol 22.06 1.65
D(-)-Mannitol 23.84 1.78
D(-)-Sorbitol 27.87 2.09
Perseitol 28.93 2.17
D(-)-Ribose 29.06 2.18

rs,c = relative retention time compared to Suc
Rt = Retention time (min)
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2.12.1.3 Gas chromatography of soluble sugars in ‘Hass’ avocado

Additional confirmation for the presence of the sugars Suc, Glu, Fru, perseitol and manno-heptulose
in avocado tissue, was made by GC. Soluble sugars were extracted by the same method used for
HPLC analysis (described in 2.12.1.2). The dry extracts were dissolved in 900 pL pyridine and 300
uL ultra-pure water. From this solution 200 L was taken, mixed with 100 L STOX" and dried at
50°C under N,. The dry oxime and sugar residue was silylated with 200 uL Tri-Sil® Z and the
mixture left for 5 min at 50°C. 1 ¢L of this mixture containing the silylated sugars was analysed on
a2 m x 3 mm ID OV-17 packed glass column. The initial column temperature was 150°C for 3‘ min
and the temperature then raised by 4°C min™ to 270°C, and held at this temperature for 12 min. The
carrier gas was N at a flow rate of 30 mL min™. Injector and detector temperatures were both
300°C. Detection was by Varian 3700 GC (Varian Instrument Group, Walnut Creek, U.S.A.) fitted
with a flame ionisation detector. Integration was by a Hewlett Packard HP3394 A integrator
(Avondale, U.S.A.).

For the analysis of acylated sugars, soluble sugars were extracted by the same method used for
HPLC analysis (described in 2.12.1.2). Sugar samples were acetylated by dissolving the dry extract
in a 1:1 acetic anhydride:pyridine mixture at 80°C for 20 min. A 1 uL sample was injected into the
same GC column using the following programme: 230°C for 3 min and the temperature then raised
by 10°C min™ to 270°C, and held at this temperature for 12 min. All other conditions were the

same as those described for the GC analysis of silylated sugars.

Peaks were identified by comparison with authentic standards and phenyl-B-D-Glu was used as an
internal standard. Silylation of sugars allowed for Suc, Glu and Fru to be positively identified

(Figure 2.8). Although silylized perseitol and manno-heptulose emerged as a single peak, the
acetylated derivatives of these two compounds gave baseline-to-baseline separations, which

allowed for the confirmation of their identity (data not presented).
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Figure 2.8 Representative GC chromatograms of trimethyl-silyl derivatives of (a) authentic sugar

standards of Suc, Glu, Fru, perseitol and manno-heptulose, and peaks obtained from samples of

(b) endosperm and (¢) mesocarp tissue.
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2.12.1.4 Callose quantification

Callose was quantified after a modification of the method of Kohle et al. (1985), using the principle
that aniline blue fluoresces with callose. 0.05 g freeze-dried tissue was homogenised in ethanol and
allowed to stand for 5 min. The mixture was centrifuged at 2 000g for 10 min, the supernatant
discarded and the pellet vortexed in 1 N NaOH. This mix was incubated for 15 min at 80°C,
centrifuged at 400g for 10 min and the supernatant collected. 10 uL supernatant was mixed with
190 ©L 1 N NaOH, and to this the following were added, with vortexing between each addition:
200 L 0.1% (w/v) aniline blue; 210 1L 1 N HCI; 590 uL 1 M glycine-NaOH buffer (pH 9.5). The
mixture was then incubated in the dark at 50°C for 20 min. The mixture was observed to change
colour with changes in pH, starting with a deep red when aniline blue was added, changing to deep
blue after the addition of the acid. After incubation, the mixture was clear. The resultant mix was
held at room temperature in the dark for 30 min before the fluorescence was determined using a
Hitachi-2000 fluorescence spectrophotometer (Hitachi, Tokyo, Japan), excitation 400. nm, emission
510, band pass EX 10 EM 10 and PM voltage 700. Samples were compared to a freshly made
pachyman standard curve, which was linear between 0 to 2 ug per 200 uL (assay volume), and

results expressed as pachyman-equivalents.

Avocado tissue, especially the seed and seed coat, was found to show very high auto-fluorescence.
Attempts to remove this with methanol and ethanol failed, and for this reason very low volumes of
sample were used (10 xL) and a correction for background fluorescence made by measuring
fluorescence in samples treated with 200 nI. water instead of aniline blue. The amounts of aniline
blue used were also reduced from 400 nL to 200 uL as the larger volumes of aniline blue did not

decolourise sufficiently to permit reading on the fluorimeter.

2.12.2 LIPIDS
2.12.2.1 Total oil content

Oil content was determined using a modification of the methods of Frick ef al. (1994). 0.2 g freeze-
dried tissue was homogenised for 5x45 sec pulses in 5 mL 100% (v/v) petroleum ether and allowed
to stand overnight at 4°C. After filtering through two layers of Whatman No. 1 under vacuum, the
residue was washed twice with 5 mL petroleum ether. The filtrate was partitioned twice with water,

keeping the upper phase, which was dried on a rotary evaporator (Biichi Rotavapor R110, Flail,
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Switzerland; or Bibby Rotary Evaporator RE 100, Stone Staffordshire, England) at -20°C. The

mass of the remaining oils was determined.
2.12.2.2 Gas chromatography analysis of fatty acids

Fatty acids were extracted by homogenizing 0.2 g freeze-dried tissue in 5 mL methanol:chloroform
(1:2, v/v). After standing for 12 h at 4°C, the extract was centrifuged at 500g for 10 min. The
supernatant was partitioned twice against 2 mL 2 M KCl in 0.5 M KPOy buffer (pH 7.4) (Garbus
solution; Garbus ef al. 1963) and thén twice with water, keeping the lower phase each time. The
lower phase was centrifuged at 500g for 10 min, 2 mL collected and dried with a gentle stream N,.
The dry sample was flushed with N, and stored in a sealed glass container at -18°C until use (two

weeks).

The oil extract was suspended in 2 mL diethyl ether, mixed with 0.5 mL 1 M TMAH in 100% (v/v)
methanol and allowed to stand for 1 min. 1 mL distilled water was added and the solution allowed
to separate. The upper (ether phase) was collected, dried with 0.5 g anhydrous Na;SOy4 and 1 xL
loaded onto a 30 m x 0.25 mm ID SP-2330 fused capillary SupelCo column, operated from 120°C
to 220°C at 8°C min™, and held at this temperature for 10 min. The carrier gas was He at a flow
rate of 1 mL min™ (splitting 20:1). Injector and detector temperatures were 220°C and 300°C,
respectively. Detection was by Varian 3300 GC (Varian Instrument Group, Walnut Creek, U.S.A.)
fitted with a flame ionisation detector and linked to a Hewlett Packard HP3395 integrator
(Avondale, U.S.A.).

Peaks were identified by comparison with premixed authentic standards (Nu-Chek Prep. Inc.,
U.S.A)) containing 18:0, 18:1, 18:2, 18:3 and 20:4, and soybean oil extract, extracted as described
above and known to contain 16:0, 18:0, 18:1, 18:2 and 18:3 (Figure 2.9). Relative retention times
(compared to 18:0) were used to tentatively identify the other fatty acids. Examples of GC

separation of fatty acids are presented in Figure 2.9.
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Figure 2.9 Representative GC chromatograms of (a) authentic fatty acid standards, and peaks

obtained from samples of (b) soybean, (¢) seed, and (d) mesocarp tissue.
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2.12.3 QUANTIFICATION OF PHENOLIC-CONTAINING POLYMERS

The dark substance in the seed coat was found to exhibit some properties of phenolic-like
compounds at both the light and electron microscope level. In an attempt to categorise the dark

substance the seed coat was assayed for phenol-containing polymers.
2.12.3.1 Phenol Quantification

Soluble phenols were assayed after the methods of Osborne (1992). 0.01 g freeze-dried tissue was
homogenised in 4 mL chloroform:hexane (1:1), and the tubes then sealed and shaken for 2 h. The
solution was then centrifuged at 2 500g for 10 min, the supernatant discarded and 4 mL 100%
methanol added to the pellet. The pellet was shaken in methanol for 2 h, filtered through Whatman
GF/A filter paper and used to assay for soluble phenols.

An attempt was made to assay insoluble phenols by incubating the insoluble residue collected on
the filter paper in 3 mL 1 M H,SO, at 80°C for 12 h. The solution was then centrifuged at 1 000g
for 10 min and the supernatant loaded onto an acidified PVP column. The column was washed three
times with 5 mL water-NaOH (pH 8.0). The column was then washed twice with 3 mL 50% (v/v)
acetonitrile adjusted to pH 5.0 with HCI, and the eluent collected, combined and used to assay for

insoluble phenols.

20 uL of the filtrate (soluble phenols) or eluent (insoluble phenols) was then mixed with 1.5 mL
water and 100 xL Folin-Ciocalteu’s phenol reagent added, and, following mixing, the sample was
allowed to stand for 8 min. 300 xL. sodium carbonate, followed by 380 nL. water were added, and
the solution incubated at 50°C for 2 h. The absorbance was measured at 765 nm and compared to a

gallic acid standard curve, which was linear between 0 and 400 ug mL™'. Results were expressed as

gallic acid-equivalents.

The acidified PVP column was prepared by washing 3 mL PVP three times with 0.1 M KH,PO,
adjusted to pH 5.0 with HCI.
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2.12.3.2 Anthocyanin quantification

The reported anthocyanin pigments in avocado are cyanidin 3-galactoside and cyanidin 3,5-
diglucoside acylated with p-coumaric acid (Prabha er al. 1980). Cyanidin has an average
absorbance of 535 nm (Toldam-Anderson and Hansen 1997) and there is no anthocyanin
absorbance above 650 nm (Lange ef al. 1971), thus these wavelengths were used to quantify the
apparent main anthocyanin in avocado, cyanidin. A molar extinction of 28800 and molecular

weight of 595.2 (Wrolstad 1976) were used to calculate relative cyanidin amounts.

Anthocyanins were quantified after the methods of Lange et al. (1971). 0.05 g freeze-dried tissue
was homogenised in 10 mL propanol:HCl:water (18:1:81) and immersed in boiling water for 1%
min, stood in the dark for 24 h, centrifuged at 5 000g for 40 min, the absorbance read at 535 nm and
650 nm and actual absorbance calculated using Raleigh’s formula:

Agys = Asy5—224

b 650

This method of analysis was confirmed using the methods of Cheng and Breen (1991). 0.05 g
freeze-dried tissue was homogenised in 10 mL 0.1% (w/v) HCI (pH 0.2), centrifuged at 5 000g for
40 min and the supernatant divided into two 4 mL portions. The pH was adjusted by the addition of
0.1 M sodium acetate buffer at either pH 4.5 or pH 1.0 and the absorbance determined at 535 nm

and 650 nm. The actual absorbance of the anthocyanins was calculated by the equation;

A= [(A535 - Asso)pmo - (A535 B A"’5°)PH4-5

Since anthocyanin quantities were found to be very similar using either method (data not

presented), the former, simpler method was used in subsequent determinations.

2.12.3.3 Tannin quantification

Bussotti et al. (1998) were able to observe an increase in phenolics, identified primarily as tannins,
in the leaves of beech trees. The accumulation of these tannins in the vacuole and in droplets along

the tonoplast resemble very closely the occurrence of the electron dense deposits observed in the

seed coat of small ‘Hass’ fruit.
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Condensed tannins were quantified after the methods of Resende et al. (1996), under low light
intensity to avoid possible photodegradation of tannins. 0.05 g freeze-dried tissue was homogenised
in 5 mL propanol:HCl:water (18:1:81) and centrifuged at 10 000g for 15 min. The supernatant was
discarded and the pellet resuspended in 2 mL 2 M HCL, covered with aluminium foil and incubated
at 95°C for 1 h. Thereafter, 2 mL n-butanol was added and the extract incubated at 95°C for I h. A
fraction of the upper phase (butanolic phase) was collected and centrifuged at 3 000g for 5 min. The
condensed tannin (procyanidin) content was determined by estimating the amount of cyanidin in the
supernatant at 545 nm. The absorption coefficient of 150x10° for an average procyanidin was used

to calculate the tannin concentration, using the formula;

Tannin (mg g”' DW) = (A, x dilution) + (150 x 10%)

2.12.4 PROTEINS

2.12.4.1 Bradford’s method for protein determination

For all enzyme assays, activity was expressed per mg protein. Protein concentration was determined
colorimetrically after the method of Bradford (1976). 100 uL enzyme extract was mixed with 5 mL
Bradford’s solution and left to react for 5 min. The absorbance was determined at 595 nm and
protein concentration interpolated from a standard curve of 0, 20, 40, 60, 80 and 100 ng BSA per
100 nL distilled water.

Bradford’s solution was prepared by mixing 500 mg brilliant blue G with 250 mL 95% (v/v)
ethanol and 500 mL 85% phosphoric acid. This solution was made up to 1 L, stirred for 24 h in the
dark at 4°C, and filtered through Whatman No. 1 filter paper under vacuum. The solution was

stored in an amber bottle at 4°C, and was stable for up to six months.
2.12.4.2 Gel electrophoresis

Membrane-rich fractions purified as described in 2.10.4.2 were used in an effort to identify
membrane bound proteins in mesocarp tissue. Membrane fractions were thawed on ice and mixed
with an equal volume of 3 M Tris-HCI buffer (pH 8.45) containing 4% (m/v) SDS and 20% (v/v)
glycerol for non-reduced proteins, or an additional 10% (v/v) 2-mercaptoethanol for reduced
proteins. To this solution 10 L 0.1% (w/v) bromophenol blue was added as a marker dye and the

solution boiled for 4 min. Samples were held on ice until loaded.
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Polypeptides were separated in either a MGV-202 (CBS Scientific Co., Del Mar, U.S.A.) or a
Mighty Small II SE 250 (Hoefer Scientific Instruments, San Franscisco, U.S.A.) vertical slab
electrophoresis unit by SDS-PAGE using the tricine system, with 1 mm thick 5, 7.5 and 10 %
polyacrylamide gels, or a gradient gel from 2% to 15% acrylamide. Approximately 10 ug protein
was loaded per lane. Premixed low-range molecular weight markers (Boehringer, Germany) were
phosphorylase B (97.4 kD), BSA (66.2 kD), aldolase (39.2 kD), triose phosphate isomerase (26.6
kD), trypsin inhibitor (21.5 kD), and lysozyme (14.4 kD).

The gels were fixed overnight with 50% (v/v) methanol, 12% (v/v) acetic acid and 0.5% (v/v)
formaldehyde and the proteins stained with silver (Appendix A.9).

The best separation of the bands was obtained with an acrylamide concentration of 7.5%, but the

best resolution was at 10%. Gradient gels did not show superior separation. Gels were prepared as

described in Appendix A.8.
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CHAPTER 3

THE SOLUTE PATH IN DEVELOPING ‘HASS’ AVOCADO FRUIT

3.1 INTRODUCTION

Botanically, the avocado is a berry comprising of a single carpel and a single seed. The pericarp
constitutes the majority of the carpel, and consists of the exocarp (rind), mesocarp (flesh) and a

thin layer of cells adjacent to the seed coat, the

endocarp, which consists of a few layers of parenchyma cells, adheres to the seed coat. The
mesocarp is the edible, oil accumulating portion of the avocado and is composed of largely
uniform isodiametric parenchyma cells that are about 60 m in diameter in mature fruit (Biale and
Young 1971) (Figures 3.1a, 3.1b, 3.1c). The seed (embryo) develops from a single anatropous
ovule (Tomer and Gottreich 1976) and consists of two fleshy cotyledons enclosing the embryonic
axis, which ultimately differentiates into a plumule, hypocotyl and radicle. Starch is the main

storage material in the large cotyledons (Figure 3.1d).

Initially, the young embryo is embedded in a yellow gelatinous endosperm (Blumenfeld and Gazit
1971)(Figure 3.1¢) which disappears during the course of development (about 3 months after fruit
set). Surrounding the seed and delimiting the endocarp is the seed coat. The seed coat consists of
two cell layers that develop from the integuments, which envelop the embryo sac in the young
ovule (Schroeder 1958; Blumenfeld and Gazit 1971). The majority of the mature seed coat is
traversed by an extensive network of vascular tissue (Blumenfeld and Gazit 1974) (Figure 3.11).
The vascularised part of the seed coat represents the pachychalaza and arises from the basipetal,
intercalary growth of the chalazal region below the place of attachment of the integuments. At the
base of the seed coat is a small, colourless, unvascularised portion (Figure 3.1a) which represents

the testa (Steyn et al. 1993).

Several studies have shown that, after the pedicel, the vasculature branches into well-developed
strands that ramify through the entire mesocarp (Cummings and Schroeder 1942; Blumenfeld and
Gazit 1971; Kaiser 1993; Moore-Gordon 1997). Subsequently the vascular tissue appears to
converge, forming a single bundle that enters the seed coat at the testa. The vessels then again
branch extensively into the pachychalaza. Some vascular tissue has been suggested to end blindly

in the mesocarp (Cummings and Schroeder 1942), an observation refuted by Blumenfeld and Gazit
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Figure 3.1 Light and SEM micrographs of ‘Hass’ fruit tissue. (a) Longitudinal section of a ‘Hass’
avocado fruit (180 DAFB) showing a well-developed seed coat with distinct vascularisation in
the pachychalaza (Pa) and a white basal testal region (Te). M = mesocarp; E = exocarp. This
was representative of more than 500 fruit examined over 4 seasons of cultivation. (b) Large
isodiametric cells from mesocarp tissue, stained with ruthenium red; (¢) Modified, lignified
idioblastic cell (I) in mesocarp tissue that serve to store oil at maturity and increase in size with
maturation, stained with safranin red and counter stained with fast green. (d) Seed cotyledon
tissue with numerous starch grains (SG), stained with aniline blue in lactophenol and viewed
under UV. (e) Large, loosely packed cells from the endosperm tissue. (f) Cross section of the
pachychalazal portion of the seed coat stained with ruthenium red showing numerous vascular
bundles (VT) and an amorphous layer (D) located on the inner (seed) side. Micrographs are
representative of tissue (26-203 DAFB) prepared for light microscopy collected from 38 fruit

and SEM from 24 fruit, over 3 seasons, respectively.
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1971). Thinner bundles also extend to, and terminate within, various parts of the exocarp (Biale
and Young 1971). During early fruit development, the ventral carpel vascular trace enters via the
funiculus, branches and enters the chalaza region where an extensive vascular network is formed
that does not enter the integuments (Steyn et al. 1993). This symplastic isolation of the embryo is
maintained during development with the very branched vascular system in the seed coat having no
direct connection with the vascular system of the embryo (Blumenfeld and Gazit 1971). It is
generally accepted that there is little symplastic connection between filial and maternal tissues and
that vascular tissues terminate in the maternal tissue and photoassimilate must move apoplastically
to developing zygotic tissue (Thorne 1985). Unloading of phloem for seed development occurs in
the testa of dicotyledonous plants or the placental-chalazal tissue or pericarp of monocotyledonous
plants (Brenner and Cheikh 1995). Thus it is believed that the pachychalaza with its extensive
vascular system supplies photoassimilate, mineral nutrients and water to the enlarging seed (Steyn
et al. 1993) and that the seed coat is the only route of exchange between the developing embryo

and the rest of the fruit and tree (Blumenfeld and Gazit 1971).

The term solute allocation refers to the distribution of assimilates from source tissue to sink tissue.
Sink strength is determined by sink size, metabolic activity, and proximity to the source and other
competing sinks (Zeevaart ef al. 1979; Daie 1985; Finazza and Davenport 1987; Ho 1988; Ho
1996). In tomato, sink strength seems to be related to the route of sugar transport into cells during
fruit development (Ho 1996). Thus fruit size may be limited by the nature of the solute path rather
than sink metabolism and the supply of assimilate (source strength). The ability of the sink to
mmport solutes, and hence solute allocation and tissue growth may, therefore, be controlled by
altering the route of solute import. The programmed deterioration and/or occlusion/isolation of
conducting tissues, such as phloem, the seed coat and Pd, will limit solute movement into an
organ/tissue, alter the route of solute import and allow for switches between symplastic and
apoplastic solute movement. Any such limitation might be expected to cause a reduction in the
supply and/or availability of the basic units of metabolism and will ultimately be manifested as a
reduction in fruit size, or may permit the accumulation of solutes against a concentration gradient

and herald the onset of a different physiological state.

This chapter examines the path of solute flow in developing avocado fruit in an effort to identify
potential barriers to symplastic and apoplastic solute transport that might impact on final fruit size.
Emphasis is placed on the seed coat as it is believed to function as the major conduit of

photoassimilate supply to the developing fruit (Cowan et al. 2001).
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3.2 RESULTS

3.2.1 FRUIT GROWTH

To study the ‘architecture’ of the solute path in developing fruit it was necessary to establish that
the component tissues are actively growing at a constant rate. The results in Figure 3.2 illustrate
the progressive increase in seed and mesocarp tissue measured on a dry mass (DM) basis between
66 and 120 DAFB. The endosperm and seed coat tissue were the exceptions and showed a
decrease in DM during the same period. The increase in mesocarp DM correlated with the rapid

(linear) growth phase (phase II) (Schroeder 1958; Valmayor 1967).
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Figure 3.2 Change in tissue DM during the linear phase of rapid growth of ‘Hass’ fruit
development (66-120 DAFB). n = 10. Error bars represent the standard deviation (SD). LSDg s
=3.98.

3.2.2 DISTRIBUTION OF ['“C] IN DEVELOPING FRUIT AFTER APPLICATION OF [“C]-

SUCROSE

The distribution of ['*C], derived from [1*C]-Suc applied to intact fruit is shown in Figure 3.3.
Label accumulated in the base of the fruit where the vasculature coalesces and enters the seed coat,
and from where it distributes to the seed through the endosperm and into or through the testa to the
embryo.
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Figure 3.3 Autoradiographs showing the allocation of ['*C]-label in normal ‘Hass’ fruit harvested
and treated 200 DAFB. Radioactivity is represented by regions of lighter colour (highlighted
by white arrows); (a) ['C] distribution throughout the fruit, present largely in the basal regions
of the mesocarp, the exocarp and the pachychalazal (Pa) regions of the seed coat; (b) [cl-
label distribution in the seed showing allocation of label to the cotyledons, the seed coat and

between the two cotyledons. Images are representative of 20 fruit from two seasons.

Application of ["*C]-label via the pedicel allowed for the determination of the primary route of
assimilate movement in the fruit and assimilate distribution to the various tissues. In untreated,
normal ‘Hass’ fruit, label was predominately located in the mesocarp, irrespective of age of fruit
and length of incubation (Figure 3.4). Of particular interest was that, as the fruit developed, less
[14C]-label remained in the pedicel or was allocated to the exocarp, and more label was observed in
the seed and mesocarp. Though not illustrated in Figure 3.4, the relative amount of label in the
seed coat decreased over the 12 h incubation period, whilst that in the seed showed a concurrent

and significant (P<0.01) increase.
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Figure 3.4 Percentage ['*C]-label (remaining in the fruit) distribution in normal ‘Hass’ fruit (a) 12
h; and (b) 24 h after pulsing with ['*C]-Suc. The seed complex in the legend refers to the seed,

endosperm and seed coat tissue combined. n = 3. Error bars represent SD.

3.2.3 ULTRASTRUCTURE OF THE SOLUTE PATH IN DEVELOPING FRUIT

Moore-Gordon (1997) presented data to show that pedicel-fed eosin, a symplastically transported
dye, remained in the vasculature of avocado fruit, suggesting the absence of lateral symplastic

unloading from the phloem. The well-defined vascular pathway thus suggests that solute
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movement into both the seed and the mesocarp must occur via the seed coat (Cummings and
Schroeder 1942; Blumenfeld and Gazit 1971; Kaiser 1993; Moore-Gordon 1997). In an attempt to
confirm and extend our understanding of the major solute pathway in avocado fruit ultrastructure,

vasculature, and Pd structure-function were examined in detail.

3.2.3.1 Seed coat ultrastructure in developing ‘Hass’ fruit

Normally developing fruit were observed to have two distinct cell type layers in the pachychalazal
region of the seed coat that were often separated by extensive vasculature. The inner (seed side)
layer consisted of small, flattened cells containing numerous organelles including amyloplasts,
mitochondria (Mi) and endoplasmic reticulum (ER) (Figure 3.5a). These cells also had limited
vacuolation. The outer (mesocarp) layer consisted of larger, rounded cells containing fewer
cytoplasmic organelles, with large vacuoles (Figure 3.5b) and numerous Mi (Table 3.1). These

structural differences suggest there may be differences in function between the two layers.

Figure 3.5 Electron micrographs showing examples of cells from the (a) inner and (b) outer cell
layers observed in “Hass’ pachychalazal tissues. CW = Cell wall; ER = endoplasmic reticulum;
LB = lipid body; Mi = mitochondria; Pd = plasmodesmata; Pm = plasma membrane. Images

are representative of observations made in 12 fruit over two seasons.
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The intact endosperm tissue (66 DAFB) consisted of large, loosely packed thin-walled cells
(Figure 3.1¢). Fixation of isolated endosperm tissue in glutaraldehyde resulted in the exudation of
white crystalline material. Subsequent dehydration and critical point drying revealed the
possibility of small pores located in the cell walls of the cells on the outer extremities of the
endosperm. These pores had crystalline deposits surrounding them (Figure 3.6a). During
maturation the endosperm appeared to dehydrate, showed a significant decrease in FW and was
closely appressed against the seed coat forming a flattened, apparently dead layer that adheres
firmly to the inner seed coat (Figure 3.6b), thereby forming a possible physical barrier to

subsequent seed coat — seed solute transport.

Figure 3.6 SEM micrographs of endosperm tissue from ‘Hass’ avocado fruit showing (a)
crystalline deposits surrounding a pore-like structure (Po) located in the outer cells of the
endosperm tissue, and (b) the dehydrated flattened endosperm tissue adhering to the inner seed
coat of older, more mature fruit. Images are representative of tissue collected from 3 fruit at

different stages of development.
3.2.3.2 Symplastic route of solute flow ~ plasmodesmata in ‘Hass’ fruit tissue

In all fruit examined there were numerous single and branched Pd, usually localised in pit fields.
There was no major structural difference between the Pd of the seed and mesocarp tissue. Seed
coat Pd appeared to be more numerous (Table 3.1) and occurred in larger pit fields (Figure 3.7),
with up to 11 Pd connections in a single pit field in the inner layer of the seed coat. Pd were
frequently spanned with ER, which was highly branched and often joined in the centre of the cell
wall by a common median cavity (MC) (Figure 3.7b; c; 3.8b). Pd were often observed to be

associated with a highly convoluted plasma membrane (Pm) (Figure 3.7a) and organelles such as
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Mi (Figure 3.8¢). Pd were numerous in the inner layer of the seed coat (Table 3.1) and were more
numerous in the seed than the mesocarp. Mi were numerous in cells from the inner layer of the

pachychalaza and the mesocarp (Table 3.1).

In several cases small vesicle-like structures were observed between the CW and Pm in cells from
mesocarp tissue (Figure 3.8d), in a lomasome-like invagination of the Pm into the cytoplasm. The
identity of these structures is not known; but it is presumed that they are associated with CW

formation, or are a consequence of tissue preparation for TEM.

Table 3.1 Pd, pit field and Mi frequency in cells of the seed, seed coat (pachychalazal portion) and
mesocarp of normal ‘Hass’ fruit. The values represent the mean values of counted structures
in a 60-80 nm thick section from 30 randomly selected cells taken from several sections from

at least 2 different fruit. Single Pd were not regarded as coming from a pit field. (mean=SD).

Tissue Layer Cellular Structure
orientation Pd Pit field Mitochondria
Seed 8x1 3+2 4+1
Seed coat Inner 17+6 3:2 12:4
Outer 6+3 2+1 4+2
Mesocarp 5+3 3zl 1417
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Figure 3.7 Pd in ‘Hass’ fruit: (a) numerous Pd in large pit field in the seed coat tissue, with a
highly convoluted Pm in the pit field region; (b and ¢) Pd branching and fusing in the cell wall
in MC; (d) thin non-uniform cell wall with large pit field with possible pore-like region in cell

wall of endosperm tissue. Images are representative of observations made on 80 fruit over 3

s€asons.
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Figure 3.8 (a) Surface view of the Pd pit field; (b) ER associated with, and possibly spanning, Pd;
(¢) numerous organelles in close association with the pit field in the mesocarp, including an
unidentified vacuole (vacuole) with protrusions extending to the Pd and Mi; and (d)
unidentified vesicle-like structures (V) located between the CW and Pm. Images are

representative of observations made on 80 fruit over 3 seasons.
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3.2.3.3 Association of callose with the plasmodesmata

Callose is a structural polysaccharide consisting of spirally arranged glucose residues linked by B-
(1-3) glycosidic bonds, which is frequently deposited in response to wounding or stress in plants.
Callose has been localised to the Pd and/or the micro-domain that surrounds the Pd (Northcote et
al. 1989; Turner et al. 1994; Kauss 1996; Enkerli et al. 1997; Roy et al. 1997), and has been
suggested to play a role in the transient blocking/gating of Pd (Olesen and Robards 1990; Lucas et
al. 1993). Such differential deposition of callose at the Pd could regulate assimilate movement and
so control fruit morphogenesis, growth and maturation. In an attempt to determine whether callose
was localised at Pd in avocado, and to elucidate a possible role for callose in Pd structure-function,

the association of callose with the Pd was investigated during fruit development.

Limited callose association with the Pd was observed in seed tissue (Figure 3.9a) even though Pd
were numerous (Table 3.1). On the other hand, a clear association of callose with the Pd was noted
in the seed coat and mesocarp tissue (Figure 3.9b; c). The xylem tracheary elements (TE) (the dye
components of aniline blue do not strictly bind to pure 3-(1—3) glucans (Evans et al. 1984)) were
also observed to fluoresce with aniline blue, showing distinctive spiral secondary thickening
(Figure 3.9d) This observation is of interest as it allowed the visualisation of a ring of

symplastically linked cells surrounding the vascular bundles (Figure 3.9¢; f).

At the light microscope level, the precise association of callose with the Pd cannot be visualised.
Callose is electron-lucent (Kauss 1996) and thus contrast staining (or immunolocalisation) must be
used to observe (and the latter to positively correlate) any association of callose and Pd. Contrast
staining revealed that callose is deposited around the Pd sleeve within the cell wall matrix (Figure
3.10). In some cases a ring-like structure can be seen surrounding the outer Pd (Figures 3.10b; c;
d). Although this staining technique is adapted for the contrast staining of callose (Brander and
Wattendorff 1987), slight variations in the technique allow silver methenamine to stain for
sulphhydryl, disulphide and aldehyde groups (Hayat 1989). Thus it is possible, though unlikely,

that these rings may be of proteinaceous and/or other polysaccharide origin.
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Figure 3.9 Light micrographs of (a) seed, (b) seed coat, (¢) mesocarp, (d) xylem tracheary
elements, and (e and f) vascular bundles in the mesocarp tissue. Sections stained with aniline
blue and viewed under UV light. Callose fluoresces yellow-white under UV light and is
localised to the Pd/pit fields (PF) in (a) seed coat and (b) mesocarp tissue. (¢) In seed tissue
there appears to be an absence of fluorescence in the cell wall. (d) The xylem cell wall shows a
positive response to callose staining; and (e and f) there appears to be no florescence localised
to the phloem, but a high degree of fluorescence in the cells (PC) immediately surrounding the
vascular tissue. Micrographs represent data collected from 20 fruit, and 2 sampling intervals

over 2 seasons.
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Figure 3.10 TEM micrograph of Pd from seed coat tissue of ‘Hass’ fruit stained with silver
methenamine to contrast callose. Callose appears to surround the Pd channels (a, b, ¢, and d),

often appearing to form ring-like structures (b, ¢ and d). Micrographs are of representative

images collected from 8 fruit.

97



3.2.4 FACTORS CONTRIBUTING TO THE REGULATION OF THE SOLUTE PATH IN

DEVELOPING FRUIT

The darkening and the deposition of apparently structureless electron dense material within the
cells of the seed coat accompanied normal fruit maturation, but was especially evident in injured,
stressed and phenotypically small fruit. The deposition of this material within the seed coat is

thought to play a role in limiting solute transport, both apoplastically and symplastically.

It was thought that this material might be phytomelan, a chemically inert (Dafert and Miklauz
1912) cell wall polysaccharide that has been observed to be deposited in the seed coats of Gasteria
verrucosa (Wittich and Graven 1998). Phytomelan is composed of spherical 15 nm units and is
believed to be formed from Glu monomers and small polymers resulting from callose breakdown
(Wittich and Graven 1998). Phytomelan is reported not to stain for light microscopy (Wittich and
Graven 1995). In an attempt to localise phytomelan in the seed, seed coat and mesocarp tissue, an
extensive staining protocol with periodic-Schiff’s reagent, Congo red, Sudan IV, Ruthenium red,
Amido black, Resorcinol blue, Aniline blue (aqueous and in lactophenol), Safranin, and fast green
was undertaken (data not presented). Observations made during this study suggested that the

electron dense material in the seed coat was not phytomelan.

However, staining with safranin suggested the seed coat was lined on both sides by cells encrusted
with lignin (Figure 3.11a). Observation using UV light showed that these areas fluoresced and
suggested the presence of phenolic (benzenoid) compounds (Figure 3.11b). It was thus thought
that the material deposited in the seed coat was of phenolic origin and, therefore, soluble and
insoluble phenols, anthocyanins and tannins were quantified in fruit tissue. Since all of these
compounds are intrinsically linked via biosynthesis (acetate-malonate pathway, flavonoid
biosynthetic pathway or the shikimic acid pathway) and are often associated with development,
maturation and defence in the plant, it was thought that they may provide some indication about

the dynamics of, and the inter-relationships of these compounds during, fruit growth.

Due to the osmiophilic nature of tannins, these polyphenols appear electron-opaque (Bussotti et al.
1998; and the references therein). The deposition of electron-opaque phenolic-like material in the
seed coat, and the similarities in deposition patterns and appearance of these substances observed

in this research and by Bussotti ef al. (1998), suggested that the phenolic compounds deposited in

the seed coat were tannins.
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Figure 3.11 Light micrograph of a cross section of a degenerate seed coat showing
(a) lignification on the inner region of the seed coat (lignin stains red with safranin), and
(b) fluorescence of polyphenols in the outer layers of the seed coat under UV light. Images
representative of a typical small seed coat observed in 12 fruit viewed under the light

microscope.

Tannin deposition was initially observed as small droplets on the Pm, tonoplast and CW. These
droplets gradually increased in size, became more numerous and ultimately merged, thereby
occluding the entire cell (Figure 3.12). This type of deposition pattern was very prevalent in cells
within the inner (seed facing) layer of the pachychalaza (Figure 3.13), forming an apparent barrier
between the seed and seed coat. Such a formation can be expected to impact negatively on
symplastic transport and together with lignification of the cell walls in the outer seed coat layer, on

apoplastic transport as well.

High tannin concentrations were observed in the seed and seed coat tissues of ‘Hass’, constituting
up to 11% DM in 120 DAFB seed coats (Figure 3.14). Tannin content increased in all tissues
observed during development, and was most pronounced in seed and seed coat tissues (Figure

3.14).

Although the content of soluble phenols was high in the seed and the seed coat, it was very low in
the mesocarp (Figure 3.15). A slight increase was observed in the soluble phenols of the seed over

time, whereas a progressive decrease was seen in the endosperm and seed coat tissue.
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Figure 3.12 TEM micrographs showing patterns of tannin (T) deposition in the seed coat: (a) early
tannin droplet accumulation on the Pm (90 DAFB), (b) on the cell wall (CW), (¢) on inner-side of
the tonoplast (To)(120 DAFB), and (d) ultimately occluding the whole cytoplasm (200 DAFB).

Images are representative of observations made on 80 fruit over 3 seasons.

The insoluble phenol content was very low (in comparison to soluble phenols) in the seed, endosperm
and seed coat tissues (Figure 3.16). However, insoluble phenol content increased significantly
(P<0.01) in endosperm and seed coat tissue, concomitant with the visible darkening of the seed coat

and dehydration of the endosperm.

Anthocyanins were not detected in the mesocarp of ‘Hass’ avocado fruit (Figure 3.17), although the
pink-coloured seed and darkly-coloured seed coat showed high levels of anthocyanins. In the seed the
anthocyanin content did not change significantly with development. However, the endosperm and

seed coat anthocyanin levels decreased substantially with fruit development.
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Figure 3.13 SEM micrograph of mature seed coat tissue with modified cells (endoblasts) thought
to be totally filled with tannins (T) and thereby apparently forming an impermeable barrier in

the inner (seed side) layer of the seed coat. The SEM image is representative of seed coat

tissue observed from 12 fruit over 2 seasons.
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Figure 3.14 Tannin content in the seed, endosperm, seed coat and mesocarp tissue from

developing ‘Hass” fruit. n = 5. Error bars represent SD. LSDgs: Seed = 7.92; Endosperm =
4.54; Seed coat = 11.64; Mesocarp = 1.57.
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Figure 3.15 Soluble phenol content in the seed, endosperm, seed coat and mesocarp tissue from
developing ‘Hass’ fruit. n = 5. Error bars represent SD. LSDyggs: Seed = 20.86; Endosperm =
7.88; Seed coat = 6.74; Mesocarp = 1.37.
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Figure 3.16 Insoluble phenol content in the seed, endosperm, seed coat and mesocarp tissue from

developing ‘Hass’ fruit. n = 5. Error bars represent SD. LSDgs: Seed = 0.63; Endosperm =
2.46; Seed coat = 2.26; Mesocarp = 1.05.
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Figure 3.17 Anthocyanin content in seed, endosperm and seed coat tissue during early ‘Hass’ fruit
development. Anthocyanins were not detected in mesocarp tissue. n = 5. LSDqs: Seed =

43.94; Endosperm = 65.15; Seed coat = 54.17; Mesocarp = ND.

3.3 SUMMARY

1. ["C]-distribution studies suggested that solutes moved along the continuum: pedicel
vasculature — mesocarp vasculature — mesocarp; or pedicel vasculature — mesocarp
vasculature — seed coat — seed/mesocarp. The pachychalazal portion of the seed coat thus
appears to assume primary importance in the supply of assimilates, via the endosperm in
young fruit, to the seed.

2. The absence of aniline blue staining of callose in the phloem suggested that the phloem in
‘Hass’ fruit does not have callose associated with the Pd (or has few Pd). However, the
high level of staining in surrounding tissues suggested high symplastic continuity in the
tissues surrounding fruit vasculature and the possibility that the phloem is unloaded
apoplastically along its entire length in the mesocarp tissue. Callose appeared to be
localised to the cell wall matrix immediately surrounding the Pd sleeve, and did not appear
to be localised within the Pd channel. This association suggested that callose deposition
within the Pd itself does not play a role in the occlusion of Pd but, rather, that callose may

function to stabilize the Pd or decrease the SEL by a sphincter-like mechanism.
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3. Seed coat tissue from normal fruit consisted of two closely associated layers. The inner
(seed side) layer has numerous Pd that were gathered in large pit fields, showed much
branching, were associated with MC, and were often associated with a highly convoluted
Pm. All of these can be considered as modifications that are believed to be associated with
secondary Pd and an increased ability to traffic information molecules and/or permit
enhanced symplastic fluxes between cells. Such modification can be expected to increase
solute and molecule transport between cells and play an important role in the co-ordination
of many physiological processes, including fruit growth.

4. The inner seed coat layer also appears to be the site of primary tannin and insoluble phenol
deposition. Deposition of these polymers in the seed coat, together with lignification and
the degeneration and dehydration of both the endosperm and seed coat, which accompany
fruit growth, may form a possible apoplastic and symplastic barrier to solute flux from the
seed coat into the seed. This phenomenon may be translated into a reduction in overall sink

strength, solute flux into the fruit and, ultimately, fruit growth.
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CHAPTER 4

CARBOHYDRATE METABOLISM IN DEVELOPING ‘HASS’ AVOCADO
FRUIT

4.1 INTRODUCTION

Evergreen tree crops, such as citrus and avocado, frequently show a distinct pattern of
carbohydrate cycling, in which carbohydrates are accumulated and stored in woody tissues during
the quiescent period prior to flowering (Whiley er al. 1996; Goldschmidt 1999) and are
subsequently mobilized to ‘fuel’ flowering, fruit set and early fruit growth and maintenance
(Gonzalez-Ferrer ef al. 1984; Scholefield e al. 1985). In these crops, a high yield season is often
followed by low fruit yield, a phenomenon described as alternate-bearing, and attributed to low
carbohydrate reserves in the tree (Goldschmidt and Golomb 1982; Monselise and Goldschmidt
1982; Van der Walt ef al. 1993; Whiley et al. 1996). In ‘on-years’ there are a large number of
smaller fruit, whilst in ‘off-years’ the fruit are larger but fewer (Paz-Vega 1997). Bearing-load,
fruit size and abscission are considered to be strongly affected by the supply, and availability, of
carbohydrates (Gonzalez-Carranza ef al. 1998). This suggestion is supported by the positive
effects of girdling and fruit thinning on fruit size (Cohen 1984; Guardiola 1988). Fruit size is
determined by the accumulation of dry matter and water, the continued import of which is
determined by both sink capacity, and supply of assimilates by the photosynthetic (source) tissues
of the plant. In citrus, it is believed that sink strength, rather than assimilate supply, is the major
determinant of fruitlet growth (Guardiola and Garcia-Luis 2000). Thus the establishment and

maintenance of sink strength is necessary for normal fruit development.

Early stages of fruit development are characterised by high metabolic activity (Gillaspy et al.
1993). During these initial stages, it is thought that sink strength is established. Sugar transport to
and within the sink is highly regulated, and specific signalling pathways are involved in its control
(Chiou and Bush 1998). The fate of imported photoassimilates partitioned into the fruit, and hence
the maintenance of both sink strength and growth, is controlled by carbohydrate metabolism in the
fruit itself (Schaffer er al. 1999). As the fruit grows, changes in enzymatic activity profiles parallel
both developmental patterns and carbon storage, be it in the form of hexoses, Suc, starch or lipids.
Extensive studies, performed largely in tomato, suggest a developmental transition from

predominantly symplastic unloading to apoplastic unloading into the fruit (Ho 1988; Ruan and
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Patrick 1995; Patrick 1997). The early symplastic stage is associated with starch accumulation,
and the apoplastic period, which accompanies maturation, is associated with hexose accumulation.
This transition from symplastic to apoplastic sugar transport is accompanied by a transition in Suc
metabolism (Figure 4.1)(Robinson ef al. 1988; Wang ef al. 1993; Schaffer and Petreikov 1997a).
The switch from symplastic to apoplastic transport of assimilates is associated with increased
extracellular Al and accompanied by the accumulation of imported carbohydrate. In tomato fruit,
Al activity is thought to control both sugar content and composition. Losses in Al have been
associated with Suc accumulation and diminution of fruit size (Klann et al. 1996; Schaffer ef al.

1999), suggesting a crucial role of Suc metabolism in the control of fruit growth.

Early Suc Starch
Phloem ) Vascular > Storage
= parenchyma ) parenchyma
é [syMm] [sYM]
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g s D ——
p }
£ SYM| |APO
X = - Vascular Storage
Phloem parenchyma parenchyma
T
Late RN
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Figure 4.1 Scheme illustrating the path of Suc movement into developing tomato fruit, which
accumulate starch during early fruit growth and soluble sugars at maturation. Abbreviations:
APO = apoplastic; Hex-H™ Sym = membrane-localised hexose/H" symporter; SYM =
symplastic. Redrawn from Campbell et al. (2000).

With the exception of the research performed in our laboratory (Richings ef a/. 2000) and recent
publications by Liu et al. (1999a; 1999b), very little literature is available on either sugar
metabolism or sugar content and composition in young developing avocado fruit. Five major
soluble sugars have been identified in ‘Hass’ fruit viz. the disaccharide Suc, the hexoses Glu and
Fru, the 7C reducing sugar manno-heptulose, and its reduced polyol form, perseitol. These five
sugars together constitute 98% the total soluble sugars (TSS) in ‘Hass’ fruit (Liu et al. 1999b).
Traces of higher molecular weight oligosaccharides have also been found, especially in younger
fruit (Liu er al. 1999b). Liu and co-workers (1999a; 1999b) found Suc levels to be continuously
low and 7C sugars were the major non-structural carbohydrates present in avocado throughout the

study. Thus these authors assumed that the 7C sugars play an essential role in fruit growth.

106



Liu and co-workers (1999b) proposed that avocado fruit growth follows two physiological carbon
accumulation and utilisation phases. During the first phase, soluble sugars provide carbon for the
increase in fruit biomass and this is the form in which photoassimilates are stored. The second
phase accompanies slowing of fruit growth and coincides with the cessation of TSS accumulation,
a decrease in soluble sugars, and the accumulation of oil. During post-harvest storage Suc, Glu,
Fru and manno-heptulose decrease, suggesting they contribute to the respiratory process. If this is
the case, an enzymatic mechanism exists for the metabolism of 7C sugars, which may thus act as a
form of carbon storage or as a metabolic substrate (Liu ef al. 1999b). The avocado fruit exocarp
and mesocarp can fix CO,, but their net assimilate rate is negative due to high respiration rates
throughout growth (Whiley ef al. 1992; Blanke and Whiley 1995). Dry matter accumulation,
therefore, depends largely on carbon from the parent plant (Liu ef al. 1999b). In most plants, Suc
is used to support growth of heterotrophic tissues (Barker ef al. 2000). Suc is relatively inactive as
its catabolism depends on a few enzymes (Pontis 1978). For these reasons the relative activities of
Suc metabolising enzymes are being investigated with reference to fruit growth. However, it is
important to note that, although the nature of the transported sugars in avocado is unknown, Liu ef

al. (1999b) proposed that this role might be fulfilled by the sugar alcohol perseitol.

Previous work illustrated activity of IAI, SPS and SSy in both the cleavage (Clv) and synthesis
(Syn) directions in the seed and mesocarp of ‘Hass’ fruit (Richings et al. 2000). In 206 DAFB
fruit, i.e. fruit in the latter stages of phase II of fruit development, IAI activity was relatively high
compared to that of the other enzymes. In avocado, fruit cell division continues whilst it is
attached to the tree (Schroeder 1952; Valmayor 1967) and it is during this late phase that TSS
decrease (Liu ef al. 1999b). This suggests that sugar content and composition may parallel changes
in enzyme activity and fruit growth in avocado. Recent work suggests that there are multiple
sugar-signalling transduction pathways, involving the induction/repression of sugar sensitive genes
via a sugar-sensing mechanism, such as HXK or SnRK1 (reviewed by Campbell er al. 2000).
These sugar-sensing mechanisms cross-talk with plant hormone signalling pathways (Moore and
Sheen 1999) and allow for the adjustment of resource allocation and metabolism (Koch 1996), so
determlmng carbohydrate content and composition in developing sinks. In so doing, sugar content,
composition and metabolism may control seed and fruit growth and play a central role in

determining final fruit size (Cowan et al. 1997a; Higashi et al. 1999).

The metabolism, compartmentation and partitioning of solutes in sink tissue play an important role

in phloem unloading, cellular transport and sink strength, cellular osmotic pressure and turgor,
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gene expression, hormone physiology, cellular homeostasis and plant-environment interactions,
carbon storage, plant defence mechanisms, as well as fruit growth. Phloem-transported Suc enters
metabolism by cleavage into Glu and Fru, a step that is vital to both the maintenance of continued
solute import, post-phloem transport and the subsequent partitioning of photoassimilate to the
various metabolic pools in the fruit. Hence the relative distribution and activity of invertase, SSy
and SPS will play an important role in Suc import/transport and solute allocation, dictating fruit
sugar composition and augmenting changes in carbohydrate storage, gene expression and fruit

growth.

Little is known about the enzymatic cleavage of Suc and/or sugar metabolism in avocado fruit. In
the present study, changes in the activities of Suc metabolising enzymes, perseitol catabolism, «-
amylase activity and carbohydrate accumulation in developing avocado fruit were assessed and
attempts made to correlate these with growth in an attempt to establish developmental trends in

Suc metabolism in growing ‘Hass’ fruit.

4.2 RESULTS

4.2.1 CARBOHYDRATE CONTENT AND COMPOSITION OF DEVELOPING ‘HASS’ AVOCADO

FRUIT

4.2.1.1 Vascular sap composition

In an attempt to investigate whether Suc was transported in the vascular tissue, sap was collected
from the tree and the leaf. Sap was extracted from the trunk by drilling a fine hole into the trunk
before it brached out and drawing out the sap with a surgical syringe. Sap was collected from the
petiole by making a small incision below the leaf blade and collecting the sap on Whatman No. 1

filter paper. Sugars were analysed as soluble sugars using HPLC.

The major constituents (Figure 4.2) of sap from ‘Hass’ leaf petioles appeared to be ‘manno-
heptulose (27%), perseitol (15%) and an unidentified sugar with a retention time of 8.84 min
(40%). In sap samples from the trunk the same sugars predominated, with manno-heptulose,
perseitol and the unknown sugar (retention time of 8.84 min) representing 17%, 35% and 21%
respectively of the total TSS analysed (data not shown). In both cases, Suc and Fru each

constituted about 5 % of the translocated sugars.
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Figure 4.2 Average sugar composition of sap collected from the leaf petiole of ‘Hass’ avocado

trees. Retention times represent unidentified sugars. n = 3.

4.2.1.2 Soluble sugar content and composition in developing ‘Hass’ fruit

TSS was assayed colorimetrically and soluble sugar composition determined by HPLC. Initially
TSS was relatively high in all tissues assayed and, with the exception of the seed coat, declined
during fruit development (Figure 4.3). There was little change (=20% of the DM) in seed coat TSS
throughout.

Ten soluble sugars were detected in the avocado fruit. In the absence of a GC-linked mass
spectrophotometer, or quantities of sufficiently pure samples for nuclear magnetic resonance
(NMR), HPLC was used to tentatively identify the sugars. On the basis of co-chromatography and
retention time of authentic standards, five of the sugars were identified as Suc, Glu, Fru, perseitol
and manno-heptulose. There were five unidentified sugars with the retention times 8.84, 11.85,
22.30, 32.65 and 35.97 min. Attempts were made to extract sufficient quantities of the compounds
(assumed to be sugars, as unidentified peaks were also detected by GC analysis of sugars (Figure
2.8)) with retention times at 7.53 (a product from the saponification of avocado fruit sugars), 8.84
and 35.97 min using HPLC, for further NMR analysis. However, the sugars with retention times
7.53 and 8.84 min could not be separated to purity. Furthermore, attempts to clean pigmented
matter from the extracts with Cyg columns resulted in the loss of up to 80 % of these sugars (data
not shown). The latter observation suggested that the sugars with retention times 7.53, 8.84 and

35.97 min may be lipopolysaccharides.
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Figure 4.3 Total soluble sugars in avocado fruit tissue during development. n = 3. Error bars

represent SD. LSDgs: Seed = 15.90; Endosperm = 30.07; Seed coat = 12.21; Mesocarp =
38.82.

The peak shape and long retention time of the sugar eluted after 35.97 min suggests this compound
might be a sugar alcohol. Alkaline hydrolysis (saponification) of sugar extracts with 0.5M KOH in
the dark at room temperature for 12 h, resulted in the 8.84 min peak being completely converted to
a sugar with a retention time of 7.53 min. The sugar with the retention time of 35.97 min was
converted to sugars with retention times 7.53, 13.36 (Suc) and 35.97 min in the ratio 16:4:1
respectively (data not presented). Alkaline hydrolysis of sugars extracted from endosperm tissue,
which had high amounts of the sugar with a retention time 35.97, showed a large decrease in the
sugars with retention times 17.03 (manno-heptulose), 26.82 (perseitol) and 35.97, and
correspondingly, very large increases in Suc and Glu. These observations suggest that the peaks
identified as perseitol and manno-heptulose may contain other co-elutive substances. These may

also consist of the same sugars bound to fatty acids or additional, different, lipopolysaccharides.

Together, the sugars identified by co-chromatography constituted approximately 62%, 29%, 61%
and 90% of the seed, endosperm, seed coat and mesocarp TSS respectively. Suc contents were
consistently low in the seed, seed coat and mesocarp tissues, representing 5%, 3% and 4% of the
TSS respectively (Figure 4.4). In young fruit (66 DAFB) Fru occurred in high concentrations in
the seed and mesocarp tissues, and declined rapidly from 22% to 8% and 35% to 4% of the TSS

respectively during fruit growth. This trend was also paralleled by Glu, with decreases from 14%
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0 3% and 19% to 1% of the TSS in the seed and mesocarp, respectively, during the period under
observation (Figures 4.4a; 4.4d). Perseitol levels remained relatively constant and accounted for
16-21% of the TSS (=4-5% DM) in the seed and mesocarp during the study period. The 7C sugar
manno-heptulose increased markedly (15% to 53% TSS) in the mesocarp tissue of the developing

fruit, but remained relatively constant in the endosperm and seed coat tissues.

(a) Seed (b) Endosperm
40
80 .
S g 30 -
—Q 6() 7 '—l‘
'OD 20
% 2 20 -
840 - g
b} 8
1)) ='Y)
A 20 1 2 10+
0 T T T T = ol 0 T T
60 90 120 150 180 210 60 9 120
DAFB DAFB
(c) Seed coat (d) Mesocarp
100
80 -
S S 801
A o - a
'—uw l—"w 60 n
g 40 - g
q PR
2 2
@ 20 1 ; @ 20 A
0 T T T T T 0
60 9% 120 150 180 210 60 9 120 15 180 210
DAFB DAFB
—e— Suc —=—Ghn
——Fn —¢—Perseitol

—¥—manno -Heptulose

Figure 4.4 Changes in soluble sugar contents in the (a) seed; (b) endosperm; (¢) seed coat; and (d)
mesocarp tissue of developing ‘Hass’ fruit. n = 3. Error bars represent SD. LSDg ps: Seed ~ Suc
= (.88; Glu = 12.29; Fru = 14.36; manno-Heptulose = 3.49; Perseitol = 5.11: Endosperm ~ Suc
=7.57; Glu = 5.14; Fru = 11.57; manno-Heptulose = 1.19; Perseitol = 5.40: Seed coat ~ Suc =
1.85; Glu = 1.00; Fru = 1.50; manno-Heptulose = 4.47; Perseitol = 3.29: Mesocarp ~ Suc =
3.63; Glu = 20.20; Fru = 24.97; manno-Heptulose = 6.48; Perseitol = 10.89.
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In general, the identified soluble sugars decreased in content as the fruit developéd, with the
exceptions of perseitol in the seed coat and manno-heptulose in the mesocarp (Figures 4.4c; 4.4d).
This trend was most pronounced in the endosperm tissue, which showed a rapid decline in all

identified sugars (Figure 4.4b).

There was little variation in the unidentified sugars in the seed, seed coat and mesocarp (Table 4.1)
during development. The unidentified sugar with a retention time of 8.84 min appeared to
contribute significantly to the soluble sugar pool in the éeed, endosperm and seed coat (Table 4.1).
This sugar increased significantly (20% to 59% TSS) in the endosperm during fruit growth, and
concurrently with endosperm degeneration. Relative to the other tissues assayed, the endosperm
also had high levels of the sugars with retention times 11.85, 32.65 and 35.97 min (Table 4.1).
These sugars were not detected or were detected in only very small amounts in the sap (Figure
4.2), showed little/no incorporation of label after feeding of fruit with ['*C]-Suc (Table 4.4), and
their role in endosperm function and fruit growth remains to be elucidated. The endosperm tissue

also showed a peak with the retention time of 22.30 min prior to endosperm degeneration.
4.2.1.3 Starch content in developing ‘Hass’ fruit

The seed starch concentration was initially low and with development rapidly increased from 18%
to 72% of the DM (Figure 4.5). The starch content appeared to plateau during phase II of fruit
growth. The endosperm tissue also showed a progressive increase in starch concentration prior to
endosperm degeneration. Seed coat starch levels remained low (=17% DM). In the mesocarp
tissue the initially low levels of starch decreased with fruit development, from 14% to 7% of the

DM (Figure 4.5). There was no apparent correlation of starch content with a-amylase activity
(Section 4.2.3.2).
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Table 4.1 Composition and content of the unidentified HPLC sugar peaks in developing ‘Hass

seed, endosperm, seed coat and mesocarp tissue. n = 3. (mean+SD(% TSS)).

2

Sugar content (mg” g DM) at different DAFB

Rt (min) = 5 30 LSDo s
Seed

8.84 85.43+4.63 (24) 84.74+2.27 (27) 67.84+3.62 (29) 7.61
11.85 4.67+1.19 (1) ND 3.49+0.893 (2) 1.93
22.30 16.58+0.23 (5) 16.47:0.53 (5) 10.03:0.21 (4) 2.69
32.65 ND ND ND -
35.97 15.13+0.82 (4) 19.03+2.70 (6) 14.15+0.27 (6) 2.09
Endosperm

8.84 60.21+3.92 (20) 59.83+8.63 (22) 126.01+7.62 (59) 30.75
11.85 46.97+5.75 (15) 46.63+:5.29 (17) 1.79£0.32 (1) 27.36
22.30 7.92:1.42 (2) 8.53+6.25 (3) 19.26+1.10 (9) 5.13
32.65 2.92+0.40 (1) 4.40+0.46 (2) 5.29:+0.65 (3) 0.90
35.97 71.78+1.31 (23) 58.46+8.84 (22) 22.34+1.76 (10) 18.59
Seed coat

8.84 37.28+3.39 (17) 49.64:5.41 (23) 45.66+3.58 (24) 5.12
11.85 4.23+0.84 (2) 1.64+0.30 (1) 1.39+0.34 (1) 1.24
22.30 38.04+7.12 (17) 30.45+7.74 (14) 21.46+6.58 (11) 10.49
32.65 ND ND 0.71+0.06 (<0.5) -
35.97 8.65+0.70 (2) 9.89:0.83 (2) 6.63:0.80 (2) 1.29
Mesocarp

8.84 12.60+0.02 (5) 12.86+1.74 (4) 15.58+0.26 (7) 1.78
11.85 ND ND ND -
22.30 0.07:0.10 (<0.5) 0.51:0.36 (<0.5) 0.71+£0.23 (<0.5) 0.39
32.65 ND ND ND -
3597 0.31£0.09 (<0.5) ND ND -

Rt = Retention time

ND = Not detected

113



~J

& % v

o o
[l 1

Starch (mg g-1 DM)
(%]
=

0 +—— \ ' 1 '

60 90 120 150 180 210
DAFB

—e— Seed —s—Fndosperm
—2— Seed coat ——Mesocarp

Figure 4.5 Starch content in seed, endosperm, seed coat and mesocarp tissue from avocado fruit

during development. n = 3. Error bars represent SD. LSDgs: Seed = 189.25; Endosperm =
64.84; Seed coat = 22.45; Mesocarp = 10.78.

4.2.2 FATTY ACID CONTENT AND COMPOSITION OF SEED AND MESOCARP TISSUE

Total lipids were consistently low in the seed, representing approximately 3% of the DM (Figure
4.6). The mesocarp lipid content was much greater (Figure 4.6), remaining unchanged during the
initial stages of phase II of fruit development (14% DM). As mesocarp growth progressed, lipids
accumulated rapidly, accounting for 25% of the fruit DM 206 DAFB. Early seed development was
characterised by high levels of linoleic, y- and a-linolenic acid (25%, 18% and 46% of total fatty
acids respectively). With fruit development linoleic acid accounted for >50% of the fatty acid
composition, whilst y- and «-linolenic acid decreased significantly. 120 DAFB, the fatty acids in
the seed constituted primarily of palmitic (20%), petroselinic (35%) and linoleic (55%) acid (Table
4.2; 4.3). In the mesocarp, the fatty acids oleic, linoleic and a-linolenic acid occurred in high
concentrations in the younger fruit, representing 19%, 22% and 25% of the total fatty acids
respectively. As fruit growth progressed, linoleic acid levels remained relatively constant, whilst
oleic and a-linolenic acids decreased. 120 DAFB, the fatty acids palmitic (19%), petroselinic
(39%) and linoleic (18%) represented the dominant fatty acids of the lipid reserves (Table 4.3).
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Figure 4.6 Total lipid content in avocado seed and mesocarp tissue during the early stages of

phase II of fruit development. n = 3. Error bars represent SD. LSDy ¢s5: Seed = 5.90; Mesocarp
=46.40.

Table 4.2 Nomenclature and fatty acids identified in developing ‘Hass’ fruit seed and mesocarp
tissue. Fatty acids were identified based on retention times with authentic standards,

documented fatty acid relative retention times (compared to stearic acid) and equivalent chain

lengths.
Symbol Trivial name Systematic name Rt T18:0
14:0 Myristic Tetradecenoic 8.761  0.73
16:0 Palmitic Hexadecenoic 10.561  0.85
16:1(n-7) Palmitoleic cis-9-Hexadecenoic 11.165 0.90
18:0 Stearic Octadecenoic 12.400 1.00
18:1(n-12)  Petroselinic cis-6-Octadecenoic 12916 1.04
18:1(n-9) Oleic cis-9-Octadecenoic 13.369 1.08
18:2(n-6) Linoleic 9,12-Octadecadienoic 13.736  1.11
18:3(n-6) y-Linolenic 6,9,12-Octadecatrienoic 14.728 1.19
18:3(n-3) o-Linolenic 9,12,15-Octadecatrienoic | 15.184 1.22
18:4(n-3) 3,9,12,15-Octadecatetraenoic 15940 1.29
20:4(n-6) Arachidonic Eicosanoic 16.690 1.39

Rt = Retention time (min)
nigo = Relative retention time compared to that of stearic acid (18:0)
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Table 4.3 Percentage fatty acid composition in the seed and mesocarp of developing ‘Hass’ fruit.

“n=3. (mean+SD).

% Fatty acid composition at different DAFB

Rt Fatty acid < % 0 LSDy 05
Seed

10.561 16:0 11.13+0.77 21.70+0.38 20.32+0.31 4.13
12916 18:1(n-12) 10.86+1.23 28.12+0.39 35.16+0.47 8.96
13.736 18:2(n-6) 25.01+2.06 60.06+0.93 54.96+1.66 13.59
14.728 18:3(n-6) 17.84+1.48 11.47+0.57 9.69:+1.14 3.15
15.184 18:3(n-3) 46.08+4.79 ND ND -
16.690 20:4(n-8) 0.24:0.01 0.48+0.03 0.31+£0.09 0.09
Mesocarp

8.761 14:0 0.33+0.05 0.17+0.05 0.06+0.08 0.14
10.561 16:0 8.73:£0.32 9.92+0.38 18.96+0.30 4.01
11.165 16:1(n-7) 2.00+0.03 2.24+0.03 4.48+0.09 0.98
12.076 Unknown 1 0.68+0.06 0.73+1.03 ND 0.58
12.400 18:0 ND ND 1.11£0.13 -
12.916 18:1(n-12) 9.15+.055 9.11+0.56 39.17+0.41 12.41
13.369 18:1(n-9) 18.95:0.96 19.15+0.28 6.10£0.02 5.37
13.621 Unknown 2 3.54+0.42 1.80+0.55 ND 1.57
13.736 18:2(n-6) 22.49+1.34 26.46+2.71 17.95+0.29 3.24
14.463 Unknown 3 0.56+0.10 ND ND -
14.728 18:3(n-6) 7.74+0.32 6.25+0.03 2.66:0.04 1.88
15.184 18:3(n-3) 25.41+3.08 23.59+0.32 2.37+0.21 9.23
15.940 18:4(n-3) ND ND 6.73+:0.48 -
16.690 20:4(n-8) 0.43+0.20 0.59:0.20 0.44+0.02 0.12

Rt = Retention time (min)

ND = Not detected



4.2.3 CARBOHYDRATE METABOLISM IN DEVELOPING ‘HASS’ AVOCADO FRUIT

4.2.3.1 Incorporation of [*“C]-label sucrose into soluble sugars in ‘Hass’ avocado fruit

To ascertain the pattern of Suc metabolism in avocado, fruit (92 DAFB) were fed ['*C]-Suc via the
pedicel (as described in Chapter 2.7). After incubation for 12 h at room temperature, the soluble

sugars were separated by HPLC and the amount of label in each sugar fraction determined.

The distribution of [14C]-label in the sugar fractions suggested that Suc was cleaved to Glu and Fru
in the fruit (Table 4.4). Furthermore ['*C]-label, derived from Suc was incorporated into manno-
heptulose and an unidentified sugar with a retention time of 8.84 min in significant amounts. On a
whole fruit basis, 21% of the label apparently remained unchanged as Suc, whilst 25% and 22%

was in the hexoses Glu and Fru, respectively.

Table 4.4 ["'C]-label percentage distribution in the soluble sugar pool from ‘Hass’ fruit tissue (92
DAFB) 12 h after pulsing with ["*C]-Suc. (mean+SD).

Rt % ["*C]-label distribution

(min) Sugar Pedicel Seed Endosperm  Seed coat  Mesocarp  Exocarp
8.84  Unknown 0.15:0.06 47.11£9.37 18.17+6.56 8.88+4.56 1.98:0.80 3.41:1.82
13.36 Suc 34234592 16.44:428 31.09:6.64 0.01:0.01 9.82:3.81 33.31:9.36
15.44 Glu 28.07+4.16 7.33:3.36 50.42:536 8.76+3.26 33.25:3.71 20.41+5.61
17.03  m-Hep 9.23x1.68 20.89+4.89 ND 21.80+4.67 11.79:2.40 2.53+1.58
18.63 Fru 19.65:£5.19 8.23+2.58 ND 39.95+9.75 40.81+2.29 25.75:5.94
22.30 Unknown ND ND 0.32+0.05 4.54:221 1.46+0.06 13.31+5.28
26.82 Perseitol  8.68+4.27 ND ND ND ND 1.28+1.00
35.97 Unknown ND ND ND 16.06£1.76  0.90+0.27 ND
LSDy o5 7.08 8.33 9.89 7.67 7.59 7.64

Rt = Retention time
m-Hep = manno-Heptulose
ND = Not detected
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4.2.3.2 Enzymatic cleavage, resynthesis and partitioning of solutes in developing ‘Hass’ fruit

The pH optima and basic enzyme characterisation of AI, NI, SSy, SPS, perseitol catabolising
enzymes and a-amylase from avocado fruit tissue was determined by assaying enzyme activity in
the pH range 4.0-8.0 (Table 4.5). Enzyme kinetics were determined by assaying activity with
increasing substrate concentrations until saturation and by performing Lineweaver-Burk plots.
Crude SAI enzyme extract had a significantly larger Michaelis constant (Ky,), suggesting a reduced
affinity for Suc, and possible competitive inhibition for the active sites by ‘background’ sugars,
which were largely removed by passing the extract through Sephadex micro-columns (Section

2.11).

NI, SSy, SPS and a-amylase activity in the insoluble phase represented <5% of that in the soluble
phase (data not presented), and was ignored. Suc cleavage by invertases was confirmed by HPLC.
HPLC analysis also suggested that the major product of perseitol catabolism was the reducing
sugar manno-heptulose. This observation suggested that perseitol catabolism may involve an
oxido-reductase enzyme and hence the enzyme responsible for perseitol catabolism was termed
perseitol dehydrogenase (PDH). However, it must be emphasised that PDH activity was assayed in
the absence of additional coenzymes (method described below). Furthermore, an extremely small
increase in Glu was also observed (data not presented) during PDH assays, which may suggest the

presence of an additional route for perseitol catabolism.

PDH was assayed in the same manner as invertase, using a Tris-HCI buffer (pH 6.10) containing 1
mM EDTA, 2 mM DTT, 2 mM CaCl, and 50 mM perseitol. In the absence of sufficient pure
manno-heptulose, and no positive identification of the sugars with elution times of 8.84, 11.85,
22.30, 32.65 and 35.97 min, the metabolism of these sugars was not investigated further. The
specificity of PDH was checked by using mannitol and sorbitol as alternate substrates. Enzyme
activity with perseitol, sorbitol and mannitol was (mean+SD) 58.72+5.59, 18.40+3.19 and
52.99:6.58 nmol Glu mg™ protein min™, respectively, in 120 DAFB fruit mesocarp tissue. These
observations suggested PDH was not specific to perseitol, but also showed significant activity with

mannitol and, to a lesser extent, sorbitol.

118



Table 4.5 Enzyme kinetics and pH optima of crude and partially purified ‘Hass’ avocado fruit

tissue extracts assayed for the invertases, SSy, SPS, PDH and a-amylase. n = 3. Mean + SD.

Data presented is representative of both seed and mesocarp tissue, unless presented together or

otherwise stated. Characterization of enzyme activities was not performed on endosperm and

seed coat tissues.

Vinax
Enzyme Tissue Purification ~ pH Optima  (umol substrate mg™’ =
protein min™) (M)

IAI Mesocarp  Crude 4.50 0.27+0.01 23.03+5.58
SAI Mesocarp  Crude 4.55 0.22+0.01 156.28+7.57

Mesocarp  Sephadex 4.55 0.23+0.03 43.65+4.47

Seed Sephadex 4.55 0.49:0.01 37.91:+4.78
NI Mesocarp  Sephadex 6.80 1.04+0.03 65.69:+4.58

Seed Sephadex 6.80 3.94+0.21 237.86+10.90
SSy (Clv)  Mesocarp  Sephadex 7.20 6.59:0.46 113.07+7.28
SSy (Syn)  Seed coat  Sephadex 7.20 0.29+0.01 66.94+7.28
SPS Seed Sephadex 7.20 1.55+0.06 128.30+5.36
PDH Mesocarp  Sephadex 6.10 1.49:0.02 107.46+8.10
a-Amylase Mesocarp  Sephadex 5.50 0.12:0.01 89.02+6.14

Clv = Suc cleavage direction

Syn = Suc synthesis direction

Generally, however, enzyme activity was initially high (corresponding to the end of growth phase

I/beginning of growth phase I1) and decreased as growth phase 11 progressed (Figures 4.7; 4.8; 4.9;

4.10).
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Figure 4.7 Activity of the enzymes SAL IAL NI, SPS, SSy, PDH and «-amylase in seed tissue
from developing ‘Hass’ avocado fruit. n = 3, using extracts collected from at least 5 different
fruit. Error bars represent SD. LSDg os: SAI = 1.90; IAI = 10.36; NI = 14.33; SPS = 23.07; SSy
(Clv) = 184.12; SSy (Syn) = 3.94; PDH = 99.55; a-Amylase = 13.53.

In the seed tissue SAI activity was seen to be constant (=110.00 nmol Glu mg™ protein min™)
from 66-120 DAFB (Figure 4.7). In the seed coat and mesocarp tissues, SAI was initially high and
declined by 120 DAFB to <50.00 nmol Glu mg'1 protein min’’ by 120 DAFB (Figures 4.9: 4.10),
remaining at these basal levels until 225 DAFB (data not presented).

IAI activity was consistently low in the seed and endosperm tissues (Figures 4.7; 4.8). In the seed
coat tissue, IAI was initially low and increased by 1200% to 239.83 nmol Glu mg™ protein min™
by 120 DAFB (Figure 4.9). However, by 302 DAFB, IAI decreased to basal levels of <3.00 nmol
Glu mg™ protein min™'. The high IAI activity of young mesocarp tissue declined rapidly to basal
levels of <10.00 nmol Glu mg™' protein min™ (Figure 4.10) and remained so until 225 DAFB (data

not presented).
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Figure 4.8 Activity of the enzymes SAI, IAl, NI, SPS, SSy, PDH and «-amylase in endosperm
tissue from developing ‘Hass’ avocado fruit. » = 3, using extracts collected from at least 5
different fruit. Error bars represent SD. LSDgos: SAI = 34.57; IAI = ND; NI = 1.23; SPS =
0.26; SSy (Clv) = 70.90; SSy (Syn) = 13.11; PDH = 17.89; a.-Amylase = 10.34.

NI activity was initially relatively high in the seed issue and declined rapidly to a consistent basal
level of +30.00 nmol Glu mg'1 protein min’ (Figure 4.7). A similar, but much reduced trend was
observed in seed coat tissue (Figure 4.9). In the endosperm and mesocarp tissues NI activity was

consistently low throughout the period observed at <5 and =40 nmol Glu mg'1 protein min”

respectively (Figures 4.8; 4.10).

In the endosperm, seed coat and mesocarp tissues, SPS activity was very low or not detected (<1
nmol Suc mg™ protein min'l) throughout the study period (Figures 4.8; 4.9; 4.10). However, high
SPS activity (70.38 nmol Suc mg™ protein min™) was detected in seed tissue, but this declined to
undetectable levels by 120 DAFB. Interestingly, by 225 DAFB there was a significant increase in
seed SPS activity (123.08 nmol Suc mg”' protein min™)(data not presented).
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Figure 4.9 Activity of the enzymes SAI, IAI, NI, SPS, SSy, PDH and «-amylase in seed coat
tissue from developing ‘Hass’ avocado fruit. » = 3, using extracts collected from at least 5
different fruit. Error bars represent SD. LSDyqs: SAI = 23.09; IAI = 70.69; NI = 12.47; SPS =
4.55; SSy (Clv) = ND; SSy (Syn) = 49.32; PDH = 37.48; a-Amylase = 10.00.

Relative to all the other enzymes assayed SSy activity in the cleavage direction was very high. In
the seed, endosperm and mesocarp tissues SSy (Clv) was initially very high, and as fruit growth
progressed, SSy (Clv) activity decreased (Figures 4.7; 4.8; 4.10). In the mesocarp tissue the high
SSy (Clv) activity continued to 92 DAFB. In the seed coat tissue SSy (Clv) activity was almost
undetectable throughout the period under observation (Figure 4.9). On the other hand, SSy activity
in the synthesis direction was very low in the seed, endosperm and mesocarp tissues (Figures 4.7;
4.8; 4.10). Seed coat SSy (Syn) activity was initially high and rapidly decreased to very low levels

(<15 nmol Suc mg™' protein min™), similar to those expressed in the other tissues (Figure 4.9).

PDH activity in the seed tissue was very high (405.37 nmol Glu mg™ protein min™) early in fruit
development, but declined rapidly with fruit development to 62.79 nmol Glu mg™ protein min™
(Figure 4.7). In contrast, in endosperm tissue (Figure 4.8), PDH activity increased gradually with
fruit development. In the mesocarp tissue PDH activity followed a very similar pattern of activity

to SSy (Clv) (Figure 4.10), peaking at 92 DAFB and declining gradually.
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In all tissues o-amylase activity was both low and showed a gradual decline from +40 nmol Glu

mg! protein min™ to +10 nmol Glu mg™ protein min™ (Figures 4.7; 4.8; 4.9; 4.10).
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Figure 4.10 Activity of the enzymes SAI, IAIL, NI, SPS, SSy, PDH and a-amylase in mesocarp
tissue from developing ‘Hass’ avocado fruit. » = 3, using extracts collected from at least 5
different fruit. Error bars represent SD. LSDgs: SAI = 48.18; IAI = 75.93; NI = 12.43; SPS =
1.25; SSy (Clv) = 57.42; SSy (Syn) = 1.27; PDH = 57.70; a-Amylase = 9.49.

Thus, an overall pattern of changes in the enzyme activity may be characterised as:

1. No significant detectable activity, i.e. <5 nmol sugar mg™ protein min”, e.g. the activity of

IAI in the endosperm.
2. Low basal activity throughout development, e.g. SSy (Syn) activity in the mesocarp tissue.
3. Progressive reduction, either gradual (e.g. SSy (Clv) in the endosperm tissue) or rapid (e.g.
IAI in the mesocarp tissue), to low, basal levels.
4. A gradual increase or late exponential increase in enzyme activity, as exemplified by PDH

in endosperm tissue and o-amylase activity in seed coat tissue, respectively.
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5. Bell shaped, either pronounced (low-high-low activity, e.g. SAI activity in the endosperm

tissue) or gradual (medium-high-low activity, e.g. PDH activity in the seed coat tissue).

4.2.3.3 Metabolic control of the enzymatic cleavage and synthesis of sucrose in ‘Hass’ fruit

seed coat tissue

An in vitro investigation was undertaken to determine possible reponses of some of the enzymes
of Suc metabolism to changing levels of the ‘key’ substrates Glu, Fru and Suc, as it was thought
endogenous changes in, and allosteric responses to, these substrates may have a profound effect on
fruit growth. After incubation with Glu, Fru and/or Suc (method described in section 2.10.2), seed
coat tissue from 80 DAFB fruit were homogenised in buffer and the activity of SAI, T1AI, SPS and
SSy determined (Figures 4.11; 4.12; 4.13; 4.14; and 4.15).

Figure 4.11 suggests that both Glu and Suc caused a rapid transient increase in SAI activity in the
first 4 h, whilst Fru inhibited SAI activity. In contrast to SAI, IAI showed no striking differences
in response to sugar treatment (Figure 4.12); however, Glu treatment appeared to inhibit IAI
activity. The activity of SPS appeared to be ‘short-lived’ under the experimental conditions, and
was essentially undetectable after 8 h (Figure 4.13). There was a short ‘burst’ of SPS activity in
the control, and in the presence of Glu and the sugar-mix (a mixture of Glu, Fru and Suc in the
ratio 2:3:2). Interestingly, although this ‘burst’ of activity was promoted by the sugar mixture, Glu,
Fru and Suc alone were unable to elicit such a response. SSy (Clv) activity was markedly
increased by Suc over the period 4-6 h, and Suc was the only sugar to give a pronounced response
(Figure 4.14). Like SSy (Clv), SSy (Syn) underwent a 4-6 h induction period, peaking after 8 h
(Figure 4.15). Of particular interest was the general inhibition or reduction in SAI, IAI, SPS, SSy
(Clv) and SSy (Syn) activity in seed coat tissue incubated with Fru.
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Figure 4.11 Activity of SAI from seed coat tissue incubated with Glu, Fru, Suc and a mixture of

these three sugars in the ratio 2:3:2. n = 5. Error bars represent SD. LSDj 5: Glu = 23.29; Fru=
ND; Suc = 55.41; Sugar mix = 14.07; Control = 9.16.

TAI activity
(nmol Glu mgl protein min™)

Incubation period (h)

—0—Glu —8—Fru —a— Suc —¢—Sugar mix —#— Control

Figure 4.12 Activity of IAI from seed coat tissue incubated with Glu, Fru, Suc and a mixture of
these three sugars in the ratio 2:3:2. n = 5. Error bars represent SD. LSDy ¢5: Glu = 18.90; Fru =
17.83; Suc = 13.46; Sugar mix = 12.00; Control = 22.82.
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SPS activity
(nmol Suc mg : protein min™)
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Figure 4.13 Activity of SPS from seed coat tissue incubated with Glu, Fru, Suc and a mixture of
these three sugars in the ratio 2:3:2. n = 5. Error bars represent SD. LSDyg os: Glu=095; Fru=
ND; Suc = ND; Sugar mix = 5.30; Control = 2.32.

Ssy (Clv) activity
(nmol Suc mg ! protein min’)

0 4 8 12 16 20 24
Incubation period (h)

\—0——Glu —m—Fru —a—Suc —— Sugarmix —3«—Controlj

Figure 4.14 Activity of SSy (Clv) from seed coat tissue incubated with Glu, Fru, Suc and a
mixture of these three sugars in the ratio 2:3:2. n = 5. Error bars represent SD. LSDq¢s: Glu =
ND; Fru = 0.51; Suc = 10.20; Sugar mix = 1.62; Control = 1.55.
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Figure 4.15 Activity of SSy (Syn) from seed coat tissue incubated with Glu, Fru, Suc and a
mixture of these three sugars in the ratio 2:3:2. n = 5. Error bars represent SD. LSDg ¢s: Glu =
1.28; Fru = 0.26; Suc = ND; Sugar mix = ND; Control = 2.52.

4.3 SUMMARY

1. The major constituents of vascular sap were found to be manno-heptulose, perseitol and an
unidentified sugar with a retention time of 8.84 min. Although these sugars predominate,
Suc was present in the sap, representing about 5% of the soluble sugars. The incorporation
of [**C]-labelled Suc into Glu and Fru suggested that there was active cleavage of Suc
occurring in developing ‘Hass’ fruit. The enzymes SAI, IAI, NI, SPS, SSy, a-amylase and
a perseitol catabolising enzyme (designated PDH) were shown to be active in developing
‘Hass’ fruit. Enzyme activity, in general, appeared to be high during early fruit
development and decreased between 92-120 DAFB. Concurrently, the high levels of Glu
and Fru levels seen in early fruit development declined as growth progressed. Activity of
SSy (Clv) and PDH appeared to be substantially greater during early seed growth, whilst
IAI, SAl and SSy (Clv) activity seemed to be more prominent in early mesocarp
development, suggesting unique patterns of transport, metabolism and carbon
accumulation. This observation was supported by the fact that the seed accumulated starch,

whilst the mesocarp accumulated lipids with development. The enzyme tentatively
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identified as PDH did not appear to be substrate-specific and its activity was highest in
young seed tissue. Interestingly, perseitol content was very high in young seed tissue.

. The concurrent decrease in general enzyme activity and TSS suggests a close relationship
between enzyme activity and soluble sugar content in developing ‘Hass’ fruit. SAI, IAl,
SPS and SSy are inhibited by increased Fru levels. Incubation with Suc is associated with
an increase in SAIL IAI and SSy (Clv), and a decrease in SPS and SSy (Syn) activity.
Clearly, there exists mechanisms for both substrate and product feed-back in the control of

Suc metabolism in avocado fruit.
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CHAPTER S

INVESTIGATION OF A POSSIBLE RELATIONSHIP BETWEEN
ABA, SOLUTE MOVEMENT AND THE ‘HASS’ SMALL FRUIT
PHENOTYPE

5.1 INTRODUCTION

‘Hass’ avocado trees have a tendency to produce two phenotypically distinct populations of fruit
(Zilkah and Klein 1987, Moore-Gordon ef al. 1998), viz. small and normal fruit (Figure 5.1). The
small fruit phenotype is usually less than 200 g FW and is characterized by a seed coat that
appears to have undergone, what can be loosely termed, premature senescence. There are several
characteristics frequently associated with the small fruit. These include pedicel ‘ring neck’, a
narrow basal region, degeneration of the seed, a dead embryo, aberrant Pd structure and function
(Moore-Gordon ef al. 1998) and altered SSy and Al activity (Richings et al. 2000). In fact, it has
been proposed that the initiation of expression of the small fruit phenotype may occur at any time
during the development of the fruit and that the physiological processes that accompany this

transition typically characterize avocado maturation (Cowan ef al. 1997a).

40 mm 40 mm 40 mm

Figure 5.1 Longitudinal sections of (a) small; (b) normal; and (¢) ABA-treated ‘Hass’ fruit
harvested 200 DAFB, showing distinct difference in fruit size, shape and seed coat appearance.

Images are representative of trends seen in excess of 100 fruit.
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The occurrence of the small fruit phenotype is believed to follow the developmental continuum:
abortion of the embryo—>seed coat senescence—cessation of mesocarp cell division—reduction in

growth—small fruit (Cowan et al. 2001). Although exacerbated by tree aging (Cutting 1993), large
fruit loads (Lahav and Kalmer 1977), warmer and/or drier climates (Hilton-Barber 1992; Whiley
and Schaffer 1994), and plant stress (Moore-Gordon et al. 1996; Whiley et al. 1996; Cowan et al.
1997a), the small fruit phenomenon is not restricted to diseased or unhealthy trees, with robust
trees producing a significant proportion (20-40%) of small fruit (Kremer-Kohne and Kohne 1995).
This population of small fruit in ‘Hass’ thus clearly arises from differences in fruit physiology.
The occurrence of these two phenotypically different fruit on the same tree thus presents a system

that allows one to study the metabolic control of fruit growth.

Cowan and co-workers (1997a) were able to show that activity of the enzyme HMGR and the end
products of isoprenoid biosynthesis, especially ABA, CK and sterols, had a marked effect on
avocado fruit growth. In the same study, the authors were able to show that the small fruit
phenotype_had elevated ABA levels in the mesocarp. Furthermore, the ABA content was found to
be negatively correlated to fruit size in ‘Hass’ avocado (Moore-Gordon et al. 1998). It has been
shown that CK inhibits ABA biosynthesis in avocado (Cowan and Railton 1987) or promotes its
catabolism (Cowan ef al. 1999), and the negative effects of ABA treatment on fruit growth can be
reversed by simultaneous treatment with the CK, iP (Cowan et al. 1997a). Furthermore, in
untreated (i.e. normal) fruit the iP:ABA ratio showed a linear relationship to increasing fruit size
(Moore-Gordon et al. 1998). Final fruit size, therefore, appears to be strongly correlated with the
endogenous CK:ABA ratio.

Interestingly, ABA has the ability to induce some of the phenomena associated with the small fruit
phenotype at all stages of fruit growth, including the apparent premature senescence of the seed
coat (Moore-Gordon et al. 1998). The effects of ABA on seed coat senescence were shown to be
negated by co-treatment with molar equivalents of iP. Furthermore, ABA-treated fruit displayed
Pd that were occluded by an electron dense material, suggestive of reduced seed coat function and
reduced symplastic transport. A consequence of this might be reduction in carbohydrate supply to
the fruit tissue and a state of sugar ‘starvation’ accompanied by reduced growth. The effects of
ABA and CK on sink solute transport activities, Suc metabolism and the expression of sucrolysis-
related mRNA are well documented (Tietz et al. 1981; Morris and Arthur 1984b; Schiissler et al.
1984; Ackerson 1985; Brenner and Cheikh 1995; Chraibi et al. 1995; Roitsch et al. 1995; Morris
1996; Ehness and Roitsch 1997; Godt and Roitsch 1997; Goupil et al. 1998). Similarly, sugars,
like Glu, Fru and Suc (Koch 1996; Zhou et al. 1998) together with plant hormones (Mason et al.
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1992; De Wald ef al. 1994; Dijkwel et al. 1997, Mita et al. 1997; Perata et al. 1997) have the
ability to modulate gene expression and hence control tissue physiology, growth and development.
The involvement of HMGR, sterols, CK and ABA and differential accumulation, via altered solute
transport and metabolism, of sugars within the fruit tissues can thus be expected to have a marked

effect on fruit physiology and final fruit size.

In an attempt to gain an insight into the metabolic control of fruit growth and the occurrence of
this aberrant fruit phenotype, the ultrastructure of, and the metabolism of Suc in, the small fruit

phenotype was investigated.

5.2 RESULTS

5.2.1 GROWTH OF SMALL, ABA- AND CK-TREATED ‘HASS’ FRUIT

To determine the effect of ABA and iP on fruit size, length and/or dry mass of the small, untreated
and hormone-treated normal fruit was investigated during phase II of fruit growth. The results in
Figures 5.2 and 5.3 illustrate that both the small fruit phenotype and ABA-treated fruit exhibited a
decrease in fruit length and dry mass. There were no significant differences (P>0.05) between fruit
treated with only iP, a combination of ABA and iP, and control fruit length. Similarly, there was
no significant difference in the percentage increase in fruit length between the untreated normal
fruit phenotype and iP-treated fruit (data not presented). Small and ABA- treated fruit both
exhibited a reduced (<50% of the control) seed and seed coat dry mass (Figure 5.3).
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Figure 5.2 Increase in fruit length of small, ABA- and iP-treated “Hass’ fruit, treated 60 DAFB
and measured for 120 DAT. n = 20. Error bars represent the standard deviation (SD). LSDy s:
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Figure 5.3 DM distribution in small and ABA-treated ‘Hass’ fruit 106 DAFB (40 DAT). n = 10.
Error bars represent the standard deviation (SD). LSDgs: Seed = 0.27; Endosperm = 0.01;
Seed coat = 0.04; Mesocarp = 1.24; Exocarp = (.44,
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5.2.2 MOVEMENT OF [‘4C]-LABELLED SUCROSE IN SMALL AND TREATED- ‘HASS’ FRUIT

Feeding of small fruit (harvested 200 DAFB) with ['*C]-Suc via the pedicel indicated a poor
movement of label into the seed (Figure 5.4). The exceptionally low level of labelling of the seed
coat in the autoradiograph plate suggested very low movement of ['*C]-label into this tissue, and
hence reduced solute unloading and transport by the seed coat of the small fruit phenotype.
Quantitative values for the distribution of radioactivity derived from either ["*C]-Suc or ["*C]-Glu
applied to intact small, ABA- and iP-treated fruit, is shown in Figures 5.5 and 5.6. In small fruit
(Figure 5.5a) movement of label into the seed complex (i.e. the seed, endosperm and seed coat)
and mesocarp was reduced, whilst relatively large amounts of label (32%) remained in the pedicel.
Similarly, ABA-treated fruit mirrored this trend after 24 h (Figure 5.5b). Movement out of the
pedicel and into the mesocarp and seed complex was reduced in small fruit treated 120 DAFB
compared to fruit treated 92 DAFB (36% remained in the pedicel after 24 h in 120 DAFB fruit,
whilst only 8% remained in the pedicel 92 DAFB; data not presented). A more detailed analysis of
solute movement confirmed that after 24 h, ABA-treatment reduced the movement of label into the
seed coat and seed (Figure 5.6a). Both iP- and ABA-iP co-treatment increased the amount of label
in the seed. During extended periods of incubation the relative amount of label decreased in the
mesocarp of ABA-treated fruit. However, only low levels of label were recovered from small and

ABA-treated fruit, suggesting either reduced ['*C] uptake or elevated respiration rates.

20 mm

Figure 5.4 Autoradiograph showing the distribution of ["*C]-label, derived from exogenous Suc,
in the small fruit phenotype 200 DAFB after 24 h. Light areas represent regions of

incorporation of radioactivity. The dark seed coat (arrows) shows low [ incorporation.

Image is representative of 8 fruit from two seasons.
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Figure 5.5 Distribution of [*C]-label in developing ‘Hass’ small and ABA-treated (33 DAT) fruit
after feeding with labelled Suc via the pedicel for, (a) 12 h; and (b) 24 h. The seed complex in
the legend refers to the seed, endosperm and seed coat tissue combined. n = 3. Error bars
represent the standard deviation (SD). LSDgs: 12 h ~ Pedicel = 7.50; Seed complex = 0.60;

Mesocarp = 7.99; Exocarp = 1.29: 24 h ~ Pedicel = 5.11; Seed complex = 0.80; Mesocarp =
4.67; Exocarp = 1.81.
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Less label from Glu, compared to Suc, moved into the seed coat. Label derived from Glu appeared
to remain predominantly in the mesocarp of iP-treated and ABA-iP co-treated fruit (Figures 5.6¢;
5.6d). After 48 h of incubation, ABA-treated fruit showed an increase in the amount of label
derived from Glu remaining in the seed and seed coat. The differences in observed ["*C]-label
distribution derived from Suc and Glu may be a consequence of unique routes of metabolism, and

suggests that these pathways are differentially affected by ABA- and iP-treatment.
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Figure 5.6 Distribution of ['*Cl-label in untreated, and ABA- and iP-treated (120 DAT)
developing ‘Hass’ fruit after feeding ['*C]-Suc via the pedicel (a) after 24 h; and (b) after 48 h:
and [MC]-Glu (c) after 24 h; and (d) after 48 h. » = 3. Error bars represent the standard
deviation (SD). LSDygs: Suc 24 h ~ Seed = 5.25; Seed coat = 2.82; Mesocarp = 7.52: Suc 48 h
~ Seed = 11.93; Seed coat = 1.24; Mesocarp = 12.46: Glu 24 h ~ Seed = 15.07; Seed coat =
3.73; Mesocarp = 14.72: Glu 48 h ~ Seed = 13.10; Seed coat = 2.48; Mesocarp = 15.06.
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5.2.3 SEED COAT ULTRASTRUCTURE IN SMALL AND ABA-TREATED ‘HASS’ FRUIT

The seed coat from the small fruit is highly reduced, consisting of degenerate cells that have either
collapsed or been occluded by the deposition of phenolic-like polymers (Figure 5.8). The
deposition of phenolic-like polymers is especially evident in the peripheral regions of the seed
coat, and in the layer of cells on the inner surface. The degenerate nature of the seed coat, and

phenolics and tannins within it, are similar to that observed in the seed coat of mature normal fruit.

The seed coat from ABA-treated fruit showed a similar deposition of phenolic-like substances in
the outer cell layers (Figure 5.7). The deposition pattern appeared indistinguishable to that
previously described for normal fruit development (Chapter 3.2.4).

Figure 5.7 Light micrographs of the seed coat from ABA-treated fruit stained with (a) fast green
and safranin and (b) Ruthenium red. Degenerate appearance of inner layers is due to poor wax
infiltration, possibly enhanced by deposition of phenolics in the outer seed coat layers. Images
are representative of seed coat tissue collected from 3 ABA-treated fruit. Abbreviations: M =

mesocarp; Ph = phenolics; SC = seed coat.
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Figure 5.8 Light and SEM micrographs of the seed coat from (a and ¢) small and (b and d) normal
‘Hass’ fruit 200-210 DAFB. TEM micrographs of transverse sections of small fruit seed coat
showing the (e) highly flattened nature of the cells; and (f) the deposition of phenolic-like
compounds on the edge of the seed coat. Light microscopy images stained with aniline blue in

lactophenol. Images are representative of trends seen in excess of 100 fruit.
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5.2.3.1 Phenolic content in small and hormone-treated ‘Hass’ fruit seed coat tissue

The degeneration of the seed coat in small fruit is associated with both a dark colour and the
apparent deposition of phenolic-like compounds (Figures 5.1; 5.7). Similarly, ABA-treated fruit
displayed a similar darkening of the seed coat (Figure 5.1). The premature senescence of, and the
deposition of phenolics within, the seed coat may impair the movement of solutes into the
developing seed. To investigate the nature of, and potential role in solute partitioning/transport by,

these phenolic-like compounds, tannin, phenol and anthocyanin content was determined.

The tannin content of the seed, endosperm, seed coat and mesocarp was higher in the small fruit
phenotype (Figure 5.9); however, this was only significant (P<0.05) in seed coat tissue. The
elevated tannin levels in the seed coat remained largely unchanged at approximately 100 mg
procyanidin g' DM throughout the period of observation (120 DAFB: data not presented).
Interestingly, the seed tissue of the small fruit showed an increase in tannin levels during early
development, from 68 mg procyanidin g DM at 66 DAFB to 105 mg procyanidin g DM at 92

DAFB, after which the tannin content remained unchanged, indicating a possible role of tannins in

seed maturation.
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Figure 5.9 Tannin content of small and ABA-treated ‘Hass’ fruit tissue harvested 40 DAT. n = 5.
Error bars represent SD. LSDggs: Seed = 7.95; Endosperm = 3.55; Seed coat = 17.28;

Mesocarp = 2.60.
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Soluble phenol content of fruit tissues followed a similar pattern to that seen with tannin content
(Figure 5.11a). The only significant difference was in the phenol content of seed coat tissue, in
which the soluble phenol content was significantly (P<0.01) higher in the small fruit variant.
ABA-treatment increased soluble phenol levels slightly, but not significantly. In the seed and seed
coat tissue, soluble phenols and tannins represent 9-18 % and 6-18 % of the tissue dry mass,
respectively, and may reflect a ‘shunting’ of carbon into metabolic pools other than those
associated with an increase in biomass. In younger tissue (106 DAFB, 40 DAT), there were no
significant differences in insoluble phenol content between treatments (Figure 5.11b). In both the
endosperm and seed coat tissue the insoluble phenol content increased with fruit development over
the period 66-120 DAFB (data not presented). In seed coat tissue from fruit assayed 220 DAFB,
the insoluble phenol content of the small fruit is almost twice that of the normal fruit phenotype

(Figure 5.10).

In small and ABA-treated fruit, seed coat anthocyanin levels were high in the seed coat tissue

(Figures 5.12; 5.13). Notably, iP-treatment alone reduced the anthocyanin content in seed coat

tissue.
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Figure 5.10 Insoluble phenol content of the seed coat from small and normal fruit harvested 220

DAFB. n = 3. Error bars represent SD. LSDy s = 18.88.
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Figure 5.11 (a) Soluble and (b) insoluble phenol content of small and ABA-treated fruit tissue
harvested 106 DAFB (40 DAT). n = 5. Error bars represent SD. LSDgs: Soluble phenols ~
Seed = 38.62; Endosperm = 5.00; Seed coat = 31.23; Mesocarp = 3.65: Insoluble phenols ~
Seed = 1.56; Endosperm = 3.72; Seed coat = 9.48; Mesocarp = 1.23.
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Figure 5.12 Anthocyanin content of small and ABA-treated ‘Hass’ fruit tissues harvested 40 DAT
(106 DAFB). n = 5. Error bars represent SD. LSDgs: Seed = 90.93; Endosperm = 130.07;

Seed coat = 59.21. No anthocyanins were detected in the mesocarp.
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Figure 5.13 Anthocyanin content of seed coat tissue from small and treated ‘Hass’ fruit harvested

120 DAT (210 DAFB). n = 3. Error bars represent SD. LSDyg o5 = 93.60.

5.2.4 PLASMODESMATA STRUCTURE AND SYMPLASTIC CONTINUITY:' IN SMALL AND
ABA- TREATED FRUIT

Symplastic solute flux can often be attributed to Pd frequency and function. Moore-Gordon et al.
(1998) reported a loss of cell-to-cell communication in small and ABA-treated avocado fruit.

Ultrastructural studies revealed that the small fruit has low Pd frequencies in the seed, seed coat
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and mesocarp (Table 5.1). The Pd in the mesocarp (Figure 5.14) also appear to be simpler in
structure and more primary in nature than those observed in the seed coat and mesocarp tissue in
the normal fruit phenotype (Figure 3.7). Furthermore, in the degenerate seed coat it was very
difficult to distinguish between the different layers in the seed coat at the TEM level, and to locate
or identify Pd, suggesting that during the senescence of the seed coat there is a loss of Pd structure

and function and hence symplastic continuity.

Table 5.1 Plasmodesmatal, pit field and mitochondrial frequency in seed, seed coat (pachychalazal
portion) and mesocarp of small fruit. The values represent the averages of counted structures in
a 60-80 nm thick section of 30 complete cells randomly selected from several sections taken
from at least 2 different fruit. Single Pd were not regarded as coming from a pit field.
(mean+SD).

Tissue Layer Cellular Structure

orientation Plasmodesmata Pit field Mitochondria
Seed 1+1 1+1 2+1
Seed coat Indistinguishable 1+1 1+1 1+1
Mesocarp 3+2 3+1 7+4

Figure 5.14 View of a single, simple Pd frequently found in mesocarp tissue from the small fruit
phenotype.
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There was no apparent difference in Pd number or structure between ABA- and iP-treated fruit
(data not presented). Neither did ABA- and iP-treated fruit Pd, pit field and mitochondria
frequencies differ significantly from those of the normal fruit phenotype (Table 3.1). These results
suggest symplastic continuity in ABA-treated avocado fruit is, in the short term, affected by Pd

function and not Pd frequency.

To determine whether Pm-bound proteins may be responsible for the occlusion of Pd, proteins
were separated by SDS-PAGE from membranes prepared from fresh tissue and protoplasts
isolated from the mesocarp tissue of small and normal ‘Hass’ fruit. No observable differences were
seen in membrane-bound proteins from the two fruit variants (data not presented). A distinct
protein band corresponding to 26.6 kD was observed, and although the identification of this band
was not confirmed by immunology, it may be homologous with the connexin family of gap

junction proteins.

The association of callose with the Pd, and a reported loss of Pd function in small fruit seed coat
and mesocarp tissue (Moore-Gordon ef al. 1998) begs the question: ‘Does callose affect
symplastic transport in small fruit?’. Since plugging of the Pd by callose is likely to exert a
profound role in avocado fruit morphogenesis and physiology through altered symplastic transport,
a histochemical study was undertaken to investigate the potential role of callose in the expression
of the small fruit phenotype. With the techniques available, differences in callose
association/deposition at the Pd could not be observed between small, normal and hormone-treated
fruit. In an attempt to address this question the endogenous amounts of callose and the rates of

callose synthesis were thus assayed.

5.2.4.1 Quantification and in vivo synthesis of callose in small and treated ‘Hass’ fruit

The callose content (Figure 5.15a) in the seed coat and mesocarp tissue of small fruit was high,
relative to that of the control-fruit. In the small fruit both callose levels and rates of synthesis were
very low in the seed (Figure 5.15). Treatment with ABA, or ABA and iP simultaneously, was
found to increase seed callose levels over the control (5.15a), but this was not evident from

enzyme levels (5.15Db).

The rate of callose synthesis in the small fruit phenotype and ABA-treated fruit is low (Figure
5.15b), whilst fruit treated with iP show slightly higher rates of callose synthesis.
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Figure 5.15 Callose (a) content, and (b) rates of synthesis in the seed, seed coat and mesocarp
from small, ABA- and iP-treated ‘Hass’ fruit harvested 203 DAFB (115 DAT). n = 8. Error
bars represent SD. LSDy os: Callose content ~ Seed = 0.34; Seed coat = 0.29; Mesocarp = 0.26:
Rate of callose synthesis ~ Seed = 9.61; Seed coat = 17.86; Mesocarp = 11.93.

5.2.4.2 Effect of ABA and sugar on the in vitro synthesis of callose in seed coat tissue
The apparent increase in callose content in small and ABA-treated fruit, with a corresponding

decrease in 1,3-PB-glucan synthase activity, suggested that callose content may have been

influenced by ABA. Furthermore, the close association of sugar transport, metabolism, hormones
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Figure 5.16 Effect of ABA, Glu, Fru, Suc, and a mix of these three sugars (2:3:2, w/w/w) on (a)
callose content and (b) the in vitro rate of callose synthesis in seed coat tissue. n = 5. Error bars
represent SD. LSDy gs: Callose content~1h=0.31;2h=0.27,4h=033;8 h=0.27;24h=
0.16: Rate of callose synthesis ~1 h=9.27; 2 h=10.58; 4 h=52.50; 8 h=3.93; 24 h=4.77.
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and fruit growth necessitated a comparison of the effect of ABA and different sugars on callose
content and synthesis. The results in Figure 5.16 indicate that ABA treatment caused a transient
increase in the callose content of seed coat tissue, whilst having only a small, relatively rapid (after
+1 h) transient effect on callose synthesis. Similarly, Suc, Glu and Fru increased the rates of
callose synthesis after 1 h (Figure 5.16b). In addition, Glu, Fru, Suc and a mixture of these sugars
in the ratio 2:3:2 increased the callose content in the short term (after 2 h), but subsequently

reduced the callose content in the seed coat tissue (Figure 5.16a).
5.3 SUMMARY

1. Small and ABA-treated fruit exhibited a reduced growth rate and show poor uptake of
['*C]-label, with reduced allocation of label to the seed and seed coat.

2. Both small and ABA-treated fruit appear to have prematurely senesced seed coats, rich in
phenolic-like compounds deposited in the cells peripheral layers. The tannin, soluble and
insoluble phenols and anthocyanin contents were higher in the small fruit.

3. The small fruit variant was characterised by low Pd frequency and the presence of simple,
single Pd. ABA- and iP-treatment did not appear to have a significant influence on the
frequency and ‘differentiation’ of Pd. Thus the differences in Pd conductivity described by

Moore-Gordon ef al. (1998) must be attributed to differences in Pd function.
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CHAPTER 6

THE RELATIONSHIP BETWEEN ABA TREATMENT,
CARBOHYDRATE METABOLISM AND THE APPEARANCE
OF THE ‘HASS’ SMALL FRUIT PHENOTYPE

6.1 INTRODUCTION

Recent models of phloem unloading in fruit suggest a transition with development from symplastic
to apoplastic transport (Figure 4.1). Whilst phloem unloading, sugar metabolism and sink strength
are affected by the fruits normal developmental programme, changes in hormone homeostasis can
be expected to have far-reaching effects on fruit physiology and growth. One such effect would be
an alteration in the metabolism of sugars and subsequent alterations in solute content and

composition, sink strength and continued photoassimilate unloading.

Symplastic unloading may be modulated by plant hormones such as ABA via inositol
triphosphate/diacyl glycerol signal transduction (Morris 1996). Although ABA has been shown to
inhibit Suc transport in wheat kernels (Borkovec and Prochazka 1992), it is generally believed to
promote photosynthate unloading (Tietz er al. 1981, Schiissler et al. 1984; Clifford et al. 1990)
and has been associated with increased TSS and Suc, Glu, Fru and sorbitol contents (Hartung et al.
1980; Ackerson 1985; Kojima et al. 1995; Kobashi et al. 2000). Similarly, ABA has been found to
be high in both young developing tomatoes (Fraser et al. 1995) and avocado (Cowan et al. 1997a)
when the establishment of sink strength is paramount, and declines during the course of
development. In part, these changes in sugar content and phloem unloading can be attributed to
changes in Suc cleavage. The activity of the enzymes Al, NI, SSy, SPS and a-amylase have all
been shown to be modified by ABA and/or CK, with a resultant increase in Suc hydrolysis and a
reduction in starch formation (Hartung et al. 1980; Ackerson 1985; Zieslin and Khayat 1990;
Antognozzi et al. 1996; Pagano et al. 1997; Goupil et al. 1998; Kashem ef al. 1998). Furthermore,
the metabolism of the sugar alcohol sorbitol in peach fruit is similarly increased by ABA treatment
(Kobashi et al. 1999).

Moore-Gordon and co-workers (1996; 1997a) suggested that the occurrence of the small fruit

phenotype is aggravated by stress, particularly water stress. Stress has been reported to induce a

bulk increase in endogenous ABA in plant tissue (Cowan ef al. 1997b), and a strong relationship
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has been found between water-stress and increasing ABA levels (Lopez-Carbonell er al. 1994).
Thus ABA acts, in part, as a relay between the environment and the plant (Chandler and Robertson
1994). This interaction between the stimulus and cell response by ABA occurs through the
induction of a cascade of events, including the induction of numerous polypeptides (Lin and Ho
1986; Bush et al. 1993; Marttila er al. 1996; Bonetta and McCourt 1998). Furthermore, CK usually
decreases with water stress (Pospisilové ef al. 2000). CK appear to antagonize many physiological
processes mediated by ABA (Schmiilling ef al. 1997; Cowan et al. 1999; Pospisilova et al. 2000)
and a decrease in endogenous CK may thus ‘amplify’ the effect of increasing ABA. It is, therefore,
not surprising that the occurrence of the small fruit phenotype has been attributed to alterations in
the CK:ABA balance in the fruit (Moore-Gordon ef al. 1998). ABA and sugar content in plants are
intrinsically linked and have the ability to modulate gene expression and hence control solute
transport and metabolism, sink strength, cell cycle activity and plant growth and development
(Mason et al. 1992; De Wald et al. 1994; Koch 1996; Dijkwel ef al. 1997, Mita et al. 1997, Perata
et al. 1997; Zhou et al. 1998).

Water stress in maize has been associated with a decrease in ovary growth and altered sugar
metabolism (Zinselmeier et al. 1995). In Arabidopsis, genes encoding for SSy are increased by
exposure to stress (drought, cold and O deficiency), a phenomenon mimicked by the feeding of
metabolizable sugars such as Suc and Glu (Déjardin et al. 1999). The comparison of small and
normal fruit phenotypes showed a four-fold increase in total Suc hydrolysis in the small fruit
(Cowan et al. 1998), high seed JAI activity, low mesocarp IAl and reduced seed TSS, but high Glu
levels as a percentage of TSS (Cripps ef al. 1999; Richings et al. 2000). Furthermore, the small
fruit phenotype was found to have high respiration rates and low levels of starch accumulation
(Cripps and Cowan 2000). ['*C]-Suc movement indicated that in small and ABA- treated fruit
accumulation of label was reduced in the seed and seed coat (Cowan et al. 1998). Many of these
differences between small and normal fruit, and the similarities between small and ABA-treated
fruit, suggest differences in Suc metabolism that are similar to those induced by ABA and/or
drought stress. Furthermore, Richings and co-workers (2000) showed that the small fruit
phenotype of avocado had elevated Glu, decreased HMGR activity and increased ABA
metabolism. They also showed that treatment with mevastatin, an inhibitor of HMGR, resulted in
increased Glu as a percentage of TSS with a concurrent decrease in HMGR activity. Similarly,
incubation with Glu resulted in decreased HMGR activity in the seed, and increased ABA
biosynthesis/turnover. HMGR appears to be a member of the SnRK1-type protein subfamily
(Barker et al. 1996). Thus it is plausible that HMGR activity is affected by the endogenous Glu

concentrations, and that the sugar content/composition and relative levels of ABA, arising
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independently of the mevalonate pathway, may act together to modulate the expression and/or
activity of HMGR and so affect seed solute transport, cell division and fruit growth. The
differential accumulation and subsequent breakdown of imported sugars in small, normal and

ABA-treated fruit can thus be expected to have far-reaching effects on fruit physiology and size.

This chapter describes experiments that were carried out to establish the effect of an altered sugar
content, composition and metabolism on the control of final fruit size in ‘Hass’ avocado. Attempts
were made to simulate stress conditions similar to those thought to cause appearance of the small
fruit, by treating fruit with ABA, and the relationship between carbohydrate metabolism and fruit

growth was investigated.

6.2 RESULTS

6.2.1 CARBOHYDRATE CONTENT AND COMPOSITION IN SMALL AND TREATED ‘HASS’

FRUIT

The effects of ABA treatment on TSS, and sugar content and composition, are shown and
contrasted with small fruit in Figures 6.1-6.3 and Table 6.1. ABA treatment resulted in a
significant increase (P<0.05) in seed (120 DAT) TSS, an observation that mirrored that in seed
tissue of the small fruit phenotype (Figures 6.1; 6.2). Treatment with iP alone did not cause any
significant changes in TSS compared to the control. ABA treatment also caused a slight increase in
TSS in the seed coat tissue 40 DAT; however, this increase appears transient as TSS levels at 120
DAT were the same in control fruit as well as in ABA- and iP-treated fruit. In small fruit, TSS

levels in the seed coat were very low.

ABA-treatment resulted in increased levels of Suc, Glu, Fru, perseitol and, with the exception of
the endosperm and mesocarp, manno-heptulose (Figure 6.3). Except for the mesocarp, sugar levels
for control tissue and small fruit were generally similar, whereas in ABA-treated fruit the levels
were often markedly increased. Hence, the high TSS in small and ABA-treated fruit must be
attributed to high levels of the unidentified sugar with an elution time of 8.84 min (Table 6.1). On
a percentage composition basis, the only significant differences between small, ABA- and control-
fruit sugar levels (Figure 6.3) was that of Glu and Fru in the endosperm, which was almost twice
that of the control in small and ABA-treated fruit. In fruit 120 DAT, ABA increased the
percentage of Fru (+40%) in the mesocarp, and Glu (+25%), Fru (+77%) and manno-heptulose
(+56%), whilst reducing Suc (-22%) and perseitol (-25%) in the seed (data not presented). These
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changes in sugar composition were reflected in the small fruit. The content of Suc, Glu, Fru,
perseitol and manno-heptulose was also increased in both small and ABA-treated fruit 120 DAT

(data not presented).

Soluble sugar content

Seed Endosperm Seed coat  Mesocarp

Tissue

L Small ® ABA [0 Control

Figure 6.1 TSS in seed, endosperm, seed coat and mesocarp tissue from small and ABA-treated
‘Hass’ fruit, harvested 40 DAT. n = 3. LSDygs: Seed = 14.17; Endosperm = 15.26; Seed coat =
12.57; Mesocarp = 19.78.
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Figure 6.2 TSS in seed, seed coat and mesocarp tissue from small, ABA-, and iP-treated ‘Hass’

fruit, harvested 120 DAT (210 DAFB). n = 3. LSDoos: Seed = 18.63; Seed coat = 23.21;
Mesocarp = 8.15.
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Figure 6.3 Soluble sugar content in (a) seed; (b) endosperm; (c) seed coat and (d) mesocarp tissue
from small and ABA-treated ‘Hass’ fruit harvested 40 DAT (106 DAFB). n = 3. LSDgs: Seed
~ Suc = 3.68; Glu = 5.87; Fru = 14.27; Perseitol = 5.12; manno-Heptulose = 3.53: Endosperm
~ Suc = 4.07; Glu = 2.70; Fru = 5.02; Perseitol = 1.51; manno-Heptulose = 0.42: Seed coat ~
Suc = 1.84; Glu = 0.69; Fru = 1.66; Perseitol = 6.77; manno-Heptulose = 11.83: Mesocarp ~
Suc = 0.26; Glu = 2.89; Fru = 1.80; Perseitol = 1.23; manno-Heptulose = 4.63.

Of the unidentified sugars found in ‘Hass’, the only significant differences were an increase in the
sugars eluted after 8.84 min and 22.30 min in the seed and endosperm respectively, and a large

decrease in the sugar with the elution time of 22.30 min in the mesocarp of small and ABA-treated
fruit (Table 6.1).
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Table 6.1 Retention times, composition and content of the unidentified sugars separated by HPLC

from small and ABA-treated ‘Hass’ seed, endosperm, seed coat, and mesocarp tissue harvested

40 DAT (106 DAFB). n = 3. (mean+SD(% total soluble sugars)).

Sugar content (mg" g DM)

Rt (min) Small ABA Control FSDoos
Seed

8.84 91.94:10.82 (31) 103.27+8.44 (28) 78.13+£3.47 (25) 15.13
11.85 8.38+1.01 (3) 3.32+0.48 (1) 9.70+0.42 (3) 3.62
22.30 16.58+0.23 (4) 17.28+0.34 (5) 13.01:£0.93 (4) 2.48
32.65 ND ND ND -
35.97 18.64+1.19 (6) 19.33:0.92 (5) 17.74+0.39 (6) 1.11
Endosperm

8.84 130.98+1.89 (52) 127.35+16.18 (45) 142.93+20.55 (51) 20.11
11.85 4.29+0.53 (2) 2.77+0.12 (1) 6.83:0.47 (2) 2.32
22.30 3.60+1.70 (2) 8.17:11.27 (3) 0.62:0.08 (<0.5) 7.69
32.65 5.22+0.13 (2) 5.50£1.02 (2) 5.04+1.02 (2) 0.86
35.97 60.16+2.77 (22) 67.47+8.80 (24) 76.28+6.77 (27) 8.02
Seed coat

8.84 44.69+0.60 (29) 46.02+1.26 (23) 39.24+1.45 (25) 3.99
11.85 4.96:0.31 (3) 1.74+0.11 (1) 4.62:0.29 (3) 1.63
22.30 29.88+31.94 (16) 15.64+9.03 (8) 23.38+0.08 (15) 7.69
32.65 ND ND ND -
35.97 5.38:0.52 (4) 5.02:0.14 (3) 3.37+2.76 (2) 8.02
Mesocarp

8.84 11.55+1.67 (4) 12.23+0.32 (4) 17.80+5.65 (5) 4.87
11.85 1.10£0.07 (>0.5) 1.55+£0.49 (1) 2.25:0.20 (1) 0.49
22.30 111.29+15.74 (21) 81.37+9.57 (22) 103.67+17.33 (30) 17.71
32.65 ND ND ND -
35.97 ND ND ND -

Rt = Retention time
ND = Not detected
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Small and ABA-treated fruit exhibited a decrease in the amount of starch in the seed tissue 40
DAT and 120 DAT (Figures 6.4; 6.5). The small fruit also showed slightly higher levels of starch

in the seed coat and mesocarp tissues, but these were not significant.

Starch content

Seed Endosperm Seed coat Mesocarp

Tissue

Small @ABA O Control

Figure 6.4 Starch content in seed, endosperm, seed coat and mesocarp tissue from small and
ABA-treated ‘Hass’ fruit harvested 40 DAT (106 DAFB). n = 3. LSDqgs: Seed = 23.08;
Endosperm = 12.95; Seed coat = 14.37; Mesocarp = 13.10.

Starch content
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i & Seed W Seed coat O Mesocarp

Figure 6.5 Starch content in seed, seed coat and mesocarp tissue from small ABA- and iP-treated

‘Hass’ fruit harvested 120 DAT (210 DAFB). n=3. LSDgs: Seed = 71.01; Seed coat = 8.52;
Mesocarp = 7.32.
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6.2.2 TOTAL LIPIDS AND FATTY ACID CONTENT IN SMALL AND TREATED ‘HASS’ FRUIT

It was found that total lipids 40 DAT were slightly higher, but not significantly so, in the mesocarp
of the small fruit (Figure 6.6). Furthermore, only slight changes in fatty acid composition were
observed (Table 6.2). The seed tissue of small and ABA-treated fruit showed a slight and similar
increase in the percentages of palmitic and petroselinic acids and decrease in linoleic acid. In
mesocarp tissue, both small and ABA-treated fruits showed a small increase in oleic acid and in

the fatty acid with a retention time of 13.621 min, which may be an unidentified 18C fatty acid.
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Figure 6.6 Total lipid content in seed and mesocarp tissue from small and ABA-treated ‘Hass’

fruit 40 DAT (106 DAFB). n = 3. Error bars represent SD. LSDj os: Seed = 1.90; Mesocarp =
2.33.

154



Table 6.2 Percentage fatty acid composition of lipids extracted from the seed and mesocarp tissue

from control, small and ABA-treated ‘Hass’ fruit harvested 40 DAT (106 DAFB). n = 3.

(mean+SD).

% Fatty acid composition
R Fatty acid Small ABA Control L5Doos
Seed
10.561 16:0 23.42+0.29 22.7540.12 25.74+1.14 1.94
12.916 18:1(n-12) 24.36:0.64 23.58+0.18 31.29+4.97 5.19
13.736 18:2(n-6) 43.38+0.58 44.72+0.02 47.86+8.15 4.94
14.728 18:3(n-6) 8.84+0.69 8.96+0.33 10.12£2.02 1.33
15.184 18:3(n-3) ND ND ND -
16.690 20:4(n-8) ND ND ND -
Mesocarp
8.761 14:0 0.13:0.10 0.16+0.23 0.15+0.21 0.18
10.561 16:0 11.92+0.23 11.71+0.46 13.53+0.69 1.13
11.165 16:1(n-7) 2.81+0.17 2.80+0.07 3.39:+0.21 0.35
12.076 Unknown 1 0.57+0.08 1.29+0.10 1.05£0.15 0.17
12.400 18:0 0.39+0.06 ND ND -
12.916 18:1(n-12) 19.31+0.44 16.10+£0.65 23.72+1.06 4.37
13.369 18:1(n-9) 22.54+3.48 19.24+0.88 15.75+0.50 2.05
13.621 Unknown 2 3.27+1.16 2.03+0.87 ND 1.99
13.736 18:2(n-6) 21.58+1.58 25.48+3.86 22.63+0.24 2.72
14.463 Unknown 3 ND ND ND -
14.728 18:3(n-6) 7.58+1.65 9.34:0.99 8.15+2.09 1.48
15.184 18:3(n-3) 8.49:3.72 11.62+2.39 11.40+0.93 1.46
15.940 18:4(n-3) 1.11+1.00 ND ND -
16.690 20:4(n-8) 0.30+0.04 0.23+0.01 0.24+0.03 0.02

Rt =Retention tim
ND = Not detected

e (min)
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6.2.3 CARBOHYDRATE METABOLISM IN SMALL AND TREATED ‘HASS’ FRUIT DURING

PHASE II OF FRUIT DEVELOPMENT

Several metabolic pools exist in developing sink tissues, some of which support growth and
maintenance (e.g. amino acids, organic acids and lipids), defense (e.g. polyphenolic compounds),
and transport and storage (e.g. sugars and starch) (Kleiner et al. 1999). However, before
photosynthate can be utilized within these pools, it must be imported into sink tissue and converted
into metabolically active compounds. The enzymatic regulation of the cleavage of assimilates may
be related to the route of sugar transport into sink cells, the provision of metabolic substrates and
~ hence growth (Ho 1996). A study was undertaken of the enzymes Al, NI, SSy, SPS, PDH and «-
amylase in an attempt to understand the occurrence of the small fruit phenomenon and the possible
role of ABA in the inhibition of fruit growth. Respiration rates were also measured as these might

provide an indicator of total catabolic activity in tissues.

6.2.3.1 Respiration rates in developing small, normal and ABA-treated ‘Hass’ fruit

Fruit respiration has been related to the maintenance of a Suc gradient into sink tissue, dry matter
accumulation and fruit growth (Walker and Thornley 1977; Hole and Barnes 1980; De Jong and
Goudriaan 1989; Nakano ef al. 1998). The small fruit phenotype was associated with high
respiration rates relative to normal fruit (Figure 6.7). In both small and normal fruit respiration

rates were initially very high and declined with fruit growth.

In an experiment to assess the influence of ABA on respiratory rate, fruits were treated with ABA
in vivo and assayed 40 DAT (Section 2.6). Treatment with ABA was found to increase respiration
by 115% (Figure 6.8). However, this value was substantially lower than that of small fruit, which

showed more than a 150% increase in respiration relative to the control.
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Figure 6.7 Respiration rates of small and normal fruit during phase II of fruit growth. » = 5. Error
bars represent SD. LSDg s: Within treatment ~ Small = 201.45; Normal = 116.92: Between
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Figure 6.8 Respiration rates of control, small and ABA-treated fruit harvested 40 DAT (106
DAFB). n=>5. Error bars represent SD. LSDy s = 45.29.

6.2.3.2 Sucrose, perseitol and starch metabolism in small and treated ‘Hass’ fruit
The activity of carbohydrate metabolizing enzymes in small and ABA-treated fruit is shown in
Figures 6.9-6.16. In seed coat and mesocarp tissue from small and ABA-treated fruit the activity of

TAI was significantly (P<0.01) greater than the control (Figure 6.9a). In older fruit (120 DAT), a

slight increase in seed, seed coat and mesocarp [Al activity was observed in small and ABA-
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treated fruit (Figure 6.9b). However, of these results, only that of the seed was significant. The in
vitro incubation of seed coat tissue with ABA revealed that IAI activity was increased by
exogenously applied ABA (Figure 6.17a). Compared to the results obtained with normal fruit
(Figure 4.12), the small fruit phenotype showed an earlier increase in IAl activity in the seed coat,
peaking at a much higher level (542.39 nmol Glu mg” protein min™) at 90 DAFB (data not

presented).

40 DAT (106 DAFB), SAI activity was significantly higher, by an average of 415% and 382%, in
all tissues from small and ABA-treated fruit, respectively (Figure 6.10a). Older (120 DAT, 210
DAFB) small and ABA-treated fruit showed a slight, but non-significant decrease in SAI activity,
whilst fruits treated with ABA or simultaneously with ABA and iP showed significantly (P<0.05)
increased SAI activity in the mesocarp tissue (Figure 6.10b). In seed coat tissue incubated with
ABA in vitro, SAI activity was increased slightly after 4 h and remained slightly higher than that
of the control (Figure 6.17b). Relative to the normal fruit, SATI activity was similar in the seed and

seed coat tissue during development, but almost 3 times that of the mesocarp (data not presented).

NI activity was 463% higher in the seed tissue of ABA-treated fruit than the control (Figure 6.11).
The seed coat and mesocarp tissue from the small fruit had substantially higher NI activity than

that of the control, a trend that was also seen in ABA treatments.

The small fruit phenotype also displayed high levels of SSy activity in the cleavage direction
relative to ABA-treated fruit and the control (Figure 6.12a). Whilst this trend was not seen in the
seed and mesocarp tissue, ABA treatment did increase the activity of SSy (Clv) in the endosperm
and seed coat tissues. Treatment with iP appeared to completely reduce SSy (Clv) activity (Figure
6.12b). Furthermore, co-treatment with ABA and iP negated the inhibitory effect of ABA and iP

treatment on SSy (Clv) activity. In seed coat tissue (280 DAFB) incubated with ABA in vitro, SSy
(Clv) activity was totally abolished (Figure 6.17¢).
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Figure 6.9 IAI activity in control, small and treated ‘Hass’ fruit harvested (a) 40 DAT (106
DAFB) and (b) 120 DAT (210 DAFB). n = 3. Error bars represent SD. LSDgo5: 40 DAT ~
Seed = 9.74; Endosperm = ND; Seed coat = 110.01; Mesocarp = 7.75: 120 DAT ~ Seed =
3.52; Seed coat = 2.53; Mesocarp = 1.76.
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Figure 6.10 SAI activity in control, small and treated ‘Hass’ fruit harvested (a) 40 DAT and (b)
120 DAT. n = 3. Error bars represent SD. L.SDgos: 40 DAT ~ Seed = 56.46; Endosperm =
31.84; Seed coat = 86.03; Mesocarp = 64.29: 120 DAT ~ Seed = 0.40; Seed coat = 0.29;
Mesocarp = 1.03.
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Figure 6.11 NI activity in control, small and ABA-treated ‘Hass’ fruit harvested 40 DAT. n = 3.
Error bars represent SD. LSDyjos: Seed = 52.09; Endosperm = ND; Seed coat = 15.93;
Mesocarp = 13.15.

The activity of SSy in the synthesis direction was high in the seed of ABA-treated fruit at 40 DAT
(Figure 6.13a). Furthermore, both small and ABA-treated fruit had elevated SSy (Syn) activity in
the seed, seed coat and mesocarp tissue. However, in more mature fruit (210 DAFB), no SSy (Syn)
activity was detected in the small fruit (Figure 6.13b). In mesocarp tissue, ABA and ABA-iP co-
treatment appeared to increase SSy (Syn) activity slightly over that of the control. In vitro
incubation of seed coat tissue in exogenous ABA suggested that SSy (Syn) was induced by ABA
after 4-8 h, and ABA treatment increased SSy (Syn) activity in seed coat tissue after this period
(Figure 6.17d). These results were corroborated by the fruit treatment studies where ABA resulted
in an increase in SPS activity in all tissues, except the endosperm (Figure 6.14a). The small fruit
phenotype showed some elevation of SPS activity in the endosperm, seed coat and mesocarp
tissues 40 DAT. There was no detectable SPS activity in the seed and seed coat tissue of fruit
harvested 210 DAFB (Figure 6.14b). Again, ABA-treatment appeared to increase SPS activity in
the seed and seed coat. Interestingly, iP-treatments increased mesocarp SPS activity markedly.
Incubation of seed coat tissue with ABA revealed that ABA-treatment caused a transient increase

in SPS activity after 1 h (Figure 6.17¢).
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Figure 6.12 SSy (Clv) activity in control, small and treated ‘Hass’ fruit harvested (a) 40 DAT and
(b) 120 DAT. n = 3. Error bars represent SD. LSDy g5: 40 DAT ~ Seed = 200.10; Endosperm =

25.60; Seed coat = 27.32; Mesocarp = 25.56: 120 DAT ~ Seed = 6.69; Seed coat = 9.88;
Mesocarp = 3.01.
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Figure 6.13 SSy (Syn) activity in small and treated ‘Hass’ fruit harvested (a) 40 DAT and (b) 120
DAT. n = 3. Error bars represent SD. LSDg¢s: 40 DAT ~ Seed = 85.31; Endosperm = 15.32;
Seed coat = 15.17; Mesocarp = 14.89: 120 DAT ~ Seed = 1.21; Seed coat = 5.97; Mesocarp =

3.61.
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Figure 6.14 SPS activity in small and treated ‘Hass’ fruit harvested (a) 40 DAT and (b) 120 DAT.
n = 3. Error bars represent SD. LSDg ¢s: 40 DAT ~ Seed = 46.51; Endosperm = 3.74; Seed coat
= 75.40; Mesocarp = 28.52: 120 DAT ~ Seed = 0.89; Seed coat = 0.82; Mesocarp = 2.45.

In the small fruit, PDH activity was elevated over the control value in the seed, seed coat and
mesocarp (Figure 6.15). This trend was also paralleled by ABA treatment. The activity of «-
amylase was consistently high in all tissues in the small fruit phenotype (Figure 6.16), and much

lower levels were seen in the tissues of all ABA-treated fruit.
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Figure 6.15 PDH activity in small and ABA-treated ‘Hass’ fruit harvested 40 DAT. n = 3. Error
bars represent SD. LSDgs: Seed = 56.64; Endosperm = 27.22; Seed coat = 26.29; Mesocarp =

13.21.
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Figure 6.16 o-Amylase activity in control, small and ABA-treated ‘Hass’ fruit harvested 40 DAT.
n = 3. Error bars represent SD. LSDgps: Seed = 21.58; Endosperm = 44.08; Seed coat = 6.30;
Mesocarp = 17.10.
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6.3 SUMMARY

1.

The small fruit phenotype was characterised by increased TSS, Suc, Glu, Fru and perseitol
contents during the early stage of phase II of fruit growth. The changes in sugar content
and composition were mirrored by ABA-treatment. Several novel and still unidentified
sugars were observed in the fruit tissue and these increased in the seed and endosperm from
small and ABA-treated fruit. The seed tissue from small and ABA-treated fruit also had a
reduced starch content.

Although total lipid content was unaffected by ABA treatment at early stages of fruit
growth, a distinct pattern emerged with respect to fatty acid composition in small and
ABA-treated fruit. Both small and ABA-treated fruit had increased palmitic and
petroselinic acids in the seed, and oleic acid in the mesocarp. Conversely, linoleic and vy-

linolenic acids decreased in the seed.

. Normal avocado fruit have high rates of respiration, and in the small fruit phenotype

respiration rates are further elevated. ABA-treatment increased respiration rates in ‘Hass’
fruit. Similarly, both small and ABA-treated fruit show an elevation of enzyme activity
associated with carbohydrate metabolism in most tissues. However, SSy (Clv) activity was
inhibited by ABA- and iP- treatment, although co-treatment with ABA-iP negated this
inhibitory affect. In view of these results, it is evident that the small fruit is characterised
by high rates of carbohydrate metabolism and that this phenomenon can be induced by

ABA-treatment.
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CHAPTER 7
GENERAL DISCUSSION AND CONCLUSIONS

7.1 INTRODUCTION

The initiation and occurrence of the small fruit phenotype in ‘Hass’ is a long-standing problem in
the South African avocado industry, and is believed to cause losses of up to 20% of the export
crop’. Recently, substantial advances have been made in understanding some of the metabolic
processes associated with avocado fruit growth and the occurrence of the small fruit phenotype
(reviewed by Cowan ef al. 2001). However, many of the metabolic processes associated with fruit
development, and indeed the specific stimulus that results in the initiation of the small fruit
phenotype, remain to be elucidated. One facet of this intricate phenomenon is the metabolism and
transport of carbohydrates in avocado fruit. Recourse of the literature, with exception of the work
done by our study group and recent work by Liu ef al. (1999a; 1999b), revealed surprisingly little
information on the transport and metabolism of sugars in avocado. In an attempt to lay the
foundations of an understanding in carbohydrate metabolism in ‘Hass’, with the long-term
intention of addressing the small fruit problem, the present study was undertaken. The research
presented characterises the transport and metabolism of sugars, primarily Suc, in developing

‘Hass’ fruit and demonstrates the potential role of ABA in the occurrence of the small fruit

phenotype.

7.1.1 CHARACTERIZATION OF THE SOLUTE PATHWAY AND METABOLISM OF

CARBOHYDRATE IN ‘HASS’ FRUIT
7.1.1.1 Movement of solutes into developing ‘Hass’ fruit

In the current trial, autoradiography and [14C] movement suggested that solute flow into
developing avocado fruit may occur by two routes: firstly, solutes may be unloaded along the axial

path of the phloem in the mesocarp; secondly, solutes may enter the seed coat where they are

unloaded and subsequently transported to the seed and/or mesocarp.

’D. Donkin (2001) South African Avocado Growers Association. Tzaneen, South Africa.

168



The avocado mesocarp is a large, relatively homogenous tissue with high metabolic activity and it
is unlikely that the photosynthate requirement for mesocarp growth comes via the seed coat. In
avocado fruit, the vascular tissue ramifies extensively throughout and, in some cases, ends blindly
within the mesocarp. Moore-Gordon (1997) was able to show an absence of lateral diffusion of
eosin from vascular traces, suggesting restricted symplastic unloading of the phloem in the
mesocarp and seed coat of avocado. However, the present study has shown that high amounts of
[14C]-label moved into the mesocarp tissue and there is an apparent ring of cells with numerous Pd
surrounding the vasculature in the mesocarp (as shown by staining with aniline blue). These
observations suggest radial unloading of the phloem throughout the mesocarp, and indicate that
unloading of the phloem must occur via an apoplastic step. Subsequent distribution from
parenchyma cells in the immediate vicinity of the phloem may follow a symplastic route. The high
Pd frequency within the mesocarp and the rapid cell-to-cell transfer of Lucifer yellow (Moore-
Gordon et al. 1998) provided some indication of a probable symplastic route for radial
photosynthate transport in the mesocarp. In fact, throughout the mesocarp tissue, there appear
numerous well-developed pit fields containing highly branched secondary Pd, often with large
median cavities. This is clearly characteristic of Pd that have differentiated to allow for rapid,
efficient transport. The axial unloading of the phloem and radial distribution of assimilate can be

expected to facilitate the large metabolic demands of the developing avocado mesocarp.

The avocado embryo may be likened to that of a pea. Both consist of an embryonic axis
(constituting the plumule and radicle) and two large cotyledons (where starch accumulation takes
place). The embryo develops within the seed coat, which is a maternal organ and ensures the
symplastic isolation of the embryo from the mother plant. In the pea, it has been established that
phloem unloading occurs in the seed coat and assimilate subsequently migrates toward the embryo
(Déjardin et al. 1997). The distribution of ['*C] in the developing avocado suggested that pedicel-
fed solutes do enter the seed coat. Furthermore, the relative amount of label in the seed coat
decreased over the 12 h incubation period, whilst that in the seed showed a concurrent and
significant (P<0.01) increase, suggesting that the label was being unloaded from the seed coat into
the seed tissue. The pea seed coat is not a passive layer and active starch-Suc interconversion takes
place, allowing the seed coat to act as a transient storage zone and buffer the supply of nutrients to
the embryo (Rochat and Boutin 1992). The placento-chalazal region in maize is thought to play a
similar role, facilitating the absorption and transport of photoassimilate and nutrients to the
developing albuminous seed (Schel e al. 1984). In wheat, after Suc is unloaded from the SE/CC
complex, it enters an extra-phloem Suc pool from which it is released across the Pm of the nucellar

cells into the endosperm cavity (Fisher and Wang 1993; Wang and Fisher 1994). Thus, it is highly
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likely that the seed coat, especially the pachychalazal region, may be the route for early assimilate
distribution to the seed. During early fruit development in avocado, the pachychalazal region of
the seed coat is separated from the seed by a thin layer of endosperm tissue, which is proposed to
act as a conduit between the seed and seed coat. The numerous Mi and Pd, grouped in large pit
fields in the inner layer of the seed coat (the layer adjacent to the endosperm) suggested high
metabolic activity associated with the active unloading and transport of sugar, and a potentially
high degree of symplastic continuity within this zone. During fruit development the endosperm
degenerated and was crushed by the developing seed to form a layer of flattened cells on the inner
side of the seed coat. In miniature maize mutants, the loss of the chalazal bridge leads to the near
arrest of starch accumulation and embryo development (Lowe and Nelson 1946). The loss of
structural integrity of the endosperm tissue in avocado can thus be expected to reduce or inhibit
transport into the seed, and may play a crucial role in the transition of the fruit into growth phase
1T, once seed development has progressed sufficiently to pénnit maturation. The pachychalaza
also does not adhere as tightly to the seed as to the mesocarp, suggesting a more integrated
function with the mesocarp. The testal region appears to have a number of veins ending blindly in
a region localised to the base of the seed in an area that is common to both cotyledons and the
young developing embryo. It is plausible that the supply of assimilates to these tissues may, during
later development, be localised to the testal/basal region of the seed. Thus, the seed coat may act as
a temporary unloading zone for the phloem, from where solutes are allocated to the seed and the
mesocarp. In addition, messenger molecules, e.g. hormones, synthesised in the seed may be
transported to the mesocarp via the seed coat, thereby allowing the seed to exhibit a degree of
control over mesocarp development. Assimilate import is a multi-step process, involving distinct
types of transport in unique tissues. These transport steps are anatomically separate and are to
some extent controlled independently by the transport processes that occur within the individual
tissues. The termination of the vasculature in the seed coat also provides a means of insuring
symplastic isolation of the filial tissue, permitting the existence of two distinct metabolic zones,
one geared towards the accumulation of starch and the other towards the accumulation of lipids.
Furthermore, the lack of Pd connections between seed, endosperm and seed coat will exclude the

symplastic entry of mobile elements such as viruses into the seed (Felker and Shannon 1980;
Thorne 1985).

These findings suggest that the pathway of solute flow into the developing ‘Hass’ fruit occurs
along three possible continua: pedicel vasculature —> mesocarp vasculature — mesocarp; or
pedicel vasculature — mesocarp vasculature — seed coat —» endosperm — seed; or pedicel

vasculature — mesocarp vasculature — seed coat —> mesocarp. The results presented here also
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emphasise the importance of endosperm and seed coat structural and functional integrity, in
addition to sink activity and size, photosynthesis and respiration (Henton ef al. 1999), in the supply

of carbon to the developing avocado fruit.
7.1.1.2 Metabolism of carbohydrates during growth of ‘Hass’ fruit

In plants, reproduction involves intense biosynthetic activity and large amounts of photosynthate
are allocated to developing reproductive structures (Zinselmeier et al. 1999). Suc hydrolysis is
considered to be key mediator between carbohydrate unloading and metabolism in developing fruit
and contributes to the establishment and maintenance of sink strength (Ho et al. 1987; Ho 1988,
Wang et al. 1993). Sap composition from ‘Hass’ suggested that Suc is transported to the fruit via
the phloem, and some of the enzymes involved in the metabolism of this disaccharide were shown
to exist in avocado in the present study. ['*C]-labelled Suc was incorporated into other fractions
within the fruit and the activity of the enzyme IAl, SAl, NI, SSy (in both the cleavage and
synthesis directions) and SPS were detected in ‘Hass’ fruit tissue. Generally, the activity of these
enzymes in developing ‘Hass’ fruit, with the exception of Al in the seed coat tissue, was initially

high and subsequently declined during phase II of fruit growth.

SSy activity is strongly correlated with sink strength, the control of Suc import capacity, turnover
and content, and rate of growth in developing sink tissues (Sung et al. 1989; Wang ef al. 1993;
D’Aoust ef al. 1999; Nguyen-Quoc et al. 1999; Usuda et al. 1999; Chopra er al. 2000). Hence,
SSy is believed to play a crucial role as a determinant for fruit set and development. In developing
‘Hass’ fruit, it was observed that SSy (Clv) was the major contributor to Suc cleavage and sugar
metabolism in the seed and endosperm during early fruit development. Furthermore, mesocarp
SSy (Clv) appeared to consistently contribute significantly to Suc cleavage. These results suggest
that SSy plays an important role in the provision of carbon during seed development and the linear
phase of avocado mesocarp growth. SSy has UDP-transferase activity and thus forms UDP-Glu.
This has two advantages. Firstly, the product of Suc cleavage does not require ATP-dependent
phosphorylation, and hence SSy catalysed cleavage of Suc has an energetic advantage over that of
invertase. Secondly, the sugar-nucleotide products can be used directly for the synthesis of
structural and storage polysaccharides during tissue development (Ruan and Chourey 1998; Hauch
and Magel 1998). Indeed, distribution of SSy mRNA revealed by in situ hybridisation in young
tomato fruit closely paralleled starch distribution, and SSy activity has been correlated to transient
levels of starch (Wang ef al. 1993; Wang er al. 1994). Furthermore, during early stages of fruit

development Suc is unloaded symplastically directly into the cytosol (Damon ef al. 1988; Dali et
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al. 1992). SSy, whilst localised to the cytosol, has also been reported to be part of a membrane-
bound biosynthetic enzyme complex (Ruan et al. 1997), and is thus ideally positioned to

contribute to both symplastic solute transport and cell wall development.

In developing ‘Hass’ fruit SAI activity in the seed and endosperm tissue remained relatively high.
Apoplastically transported Suc may enter the symplast by diffusion and be stored in the vacuole.
SAT will thus contribute to the maintenance of a Suc gradient into the seed and play a role in the
provision of carbon substrates primarily for metabolism subsequent to the decrease in SSy (Clv)
activity in the seed. Furthermore, it is possible that the vacuolar cleavage of Suc may contribute to
the generation of Glu-1-P for starch biosynthesis (Hendrix 1990), and thus SAI may also play a
minor role in starch accumulation in the seed, especially once SSy activity decreases and

polyphenol deposition within the seed coat restricts further carbon movement.

In the seed coat SAI activity was initially high and decreased, whilst IAI activity was initially very
low and increased during fruit development. Conversely, SSy (Syn) activity was initially high in
the seed coat and declined during fruit development. These results suggest that seemingly ‘futile
cycling’ of Suc may occur in the seed coat during early fruit development, and this may contribute
to the establishment of a concentration gradient into this tissue and to the maintenance of internal
osmotic pressure by countering the dilution of vacuolar contents caused by water uptake. The seed
coat is assumed to be the conduit between the phloem and both the seed and mesocarp, and it is
believed that the seed derives its carbon apoplastically. Initially Pm bound hexose symporters may
transport symplastically cleaved hexoses into the apoplast. The initial high levels of PDH activity
may also contribute to the supply of carbon to the apoplast and developing seed. As the fruit
matured, IAI activity in the seed coat increased. This elevation in IAI occurred concurrently with
the deposition of polyphenols in the seed coat and the associated expected loss of transport
between the symplast and the apoplast. Roitsch and Tanner (1996) proposed a model in which Suc
is released from the sieve elements into the apoplast, and is subsequently split by invertase. The
hexoses are then imported into the sink cell via a hexose transporter. IAI is uniquely positioned to
fulfil this role, and links the transport of Suc to hexose transporters (Roitsch ef al. 2000). Thus it
appears that, as seed coat integrity is lost, so is cytosolic and vacuolar Suc cleavage, and that this
apparent loss is compensated for by an increase in apoplastic Suc cleavage. A similar increase in
invertase has been observed in potato in response to the down-regulation of SSy (Zrenner ef al.

1995), suggesting losses in activity of one enzyme can be physiologically compensated by

increases in others.
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In mesocarp tissue, both IAI and SAI were initially high and decreased with development.
Invertase-catalysed cleavage of sugars can affect turgor pressure. Over-expression of a yeast-
derived invertase in the vacuole of transgenic tobacco plants resulted in an increase of turgor
pressure in the cells (Hoffmann-Benning et al. 1997). Hence uptake of hexoses into developing
cells may allow for both the turgor-driven expansion of the cells and play a crucial role in the
initial establishment of sink strength and rapid cell expansion of the mesocarp during phase II of
fruit growth. Although cell division occurs throughout the ontogeny of the avocado, cell division
slows as the fruit matures, and mesocarp physiology can be expected to change with the onset of
lipid accumulation. Thus it can be expected that invertase activity will decrease, and the initial
high levels of both SAI and IAL observed in the current study, appear to play a role in the
establishment of sink strength. Once sink strength is established, SSy (Clv) and PDH activity
appear elevated and are assumed to contribute to the supply of carbon to the developing mesocarp

tissue.

Concurrent with the decrease in enzyme activity in the tissues examined, there was a general
decrease in identifiable sugars and TSS. Most obvious was the decrease in Fru and/or Glu in the
seed, endosperm and mesocarp tissues. With the exception of the endosperm, Suc levels were
consistently low in all fruit tissues. In all tissues, by 210 DAFB perseitol and manno-heptulose
represented the bulk of the identified sugars. This suggested a fundamental change in sugar
metabolism during fruit growth, in which early fruit growth is characterised by high cleavage of
sugars to Fru and Glu and this decreases as the fruit develops. Presumably these hexoses play an
important role in the supply of carbon for growth and respiration, and their utilization is vital for
the establishment of fruit sink strength. The high levels of hexoses during early fruit development
may also contribute to the control of fruit growth and the suppression of fruit maturation via sugar
sensing mechanisms. If this were the case a decrease in the enzymatic production of Fru and Glu
may play a crucial role in the transition of fruit from growth phase I to growth phase II and may
accompany the reduction of rapid cell division experienced during early fruit development. Indeed,
Bean (1958) observed that the level of sugars in avocado mesocarp tissue did not change during

the initial stages of growth, but declined rapidly as the fruit approached maturity.

The metabolism of Suc in the mesocarp and seed was interesting as it suggested a significant
amount of [*C]-labelled Suc entering the fruit is converted to manno-heptulose. Although the
mechanism of this conversion is not well understood, the potential pathways of 7C sugar
metabolism are discussed in Chapter 7.1.1.3. What is also particularly intriguing is the

incorporation of large amounts of label into an unidentified sugar with a retention time of 8.84
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min. Several sugars have previously been identified in avocado in very small quantities, including
the octuloses D-glycero-D-manno-octulose and D-glycero-L-galacto-octulose; the nonuloses D-
erythro-L-gluco-nonulose and D-erythro-L-galacto-nonulose; and the octitol D-erythro-D-galacto-
octitol (Charlson and Richtmyer 1960; Sephton and Richtmyer 1963a; Sephton and Richtmyer
1963b; Sephton and Richtmyer 1966). The large amounts of unidentified sugars detected in young
‘Hass’ fruit, especially in the seed and endosperm tissue, do not appear to be those observed by the
above authors, who only recorded extremely small amounts of sugars from large amounts of fruit.
However, it must also be noted that these researchers used mature whole fruit. The results
presented in the current study suggest that these sugars decrease in the seed as maturation
progresses. Additionally, the endosperm represents a very small portion of the fruit and
degenerates during fruit development, and thus it is expected that these sugars will occur in
smaller amounts in mature fruit. Since the unidentified sugars with retention times of 8.84 and
35.97 min could be hydrolysed under alkaline conditions, and the fact that they were retained on a
Cis cartridge, strongly suggests that these sugars may be associated with fatty acids. In bacteria,
the presence of lipopolysaccharides of 7C and larger sugars is well documented, and they are
usually associated with membrane systems, especially that of the cell wall (Sonesson et al. 1994).
It is, therefore, possible that these sugars exist as lipopolysaccharides and play a role in storage
and/or membrane function, transport or stability. The partitioning of carbon into these unidentified
(lipopolysaccharide) sugar pools and also into perseitol may assist in maintaining a solute gradient
into the developing seed, thereby contributing to the massive accumulation of starch in the
cotyledons. This is of particular interest as sugars enter starch biosynthesis via Glu-6-phosphate.
Fru-6-phosphate, a potential product of perseitol catabolism, is converted to Glu-6-phosphate by
Glu-6-phosphate isomerase, providing a possible entry point for 7C sugars into starch
biosynthesis, and hence suggesting a important role for perseitol in seed development. The activity
of the enzyme tentatively identified as PDH and the perseitol content were very high in young seed
tissue. This suggests that perseitol accumulation/import in young seed tissue may play an

important role in the provision of carbon for starch accumulation.

Three important physiological features characterise sink activity: phloem unloading and post-
phloem transport, assimilate utilization, and carbohydrate storage (Herbers and Sonnewald 1998).
Efficiency of phloem unloading is therefore determined by the sink’s capacity to remove the
imported sugar from the same sugar pool and so create a concentration gradient into the sink
tissue. This can be achieved by compartmentation within the vacuole, apoplast and symplast, or by

partitioning into other carbon forms, including high molecular weight compounds such as starch

and oil,
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In the current investigation, c-amylase activity was low in developing ‘Hass’ avocado fruit
throughout the period assayed and followed a similar trend in all tissues, being initially relatively
high and then decreasing with fruit development. Starch levels, however, increased dramatically in
the seed whilst that of the seed coat and mesocarp remained consistently low. The starch content in
the seed appeared to plateau during phase II of fruit growth, suggesting seed maturity may be
reached before mesocarp maturity, and this may be linked to seed coat (and possibly even
endosperm) degradation. These results suggest that a-amylase activity may contribute to the
provision of Glu during early fruit development and counteract starch accumulation. During the
growth and maturation of non-starch storing fruits, starch accumulated in early fruit development
is broken down to provide Suc. Starch may thus serve as a transient carbohydrate reservoir during
growth (N’tchobo et al. 1999). Starch can be degraded by the enzymes a-amylase (EC 3.2.1.1), B-
amylase (EC 3.2.1.2), y-amylase (EC 3.2.1.3) and starch phosphorylase (EC 2.4.1.1). a-Amylase,
B-amylase and starch phosphorylase have all been identified in fruit (Seymour and Tucker 1993).
a-Amylase (an endoamylase) hydrolyses the internal o-(1,4)-linkages of amylose at random to
produce a mixture of Glu and maltose, with the reducing groups in an a-configuration. Maltose is
then hydrolysed to Glu by glucosidase (EC 3.2.1.20). Endoamylases are thought to play a key role
in the coarse control of starch degradation (Abe et al. 1996; Kashem et al. 1998), although the
entire reaction sequence of starch degradation and the contribution of each enzyme is poorly
defined. The cleavage of starch by a-amylase has been suggested to be essential under some
circumstances, such as anoxia, for the continued supply of carbon (Arpagaus and Braendle 2000).
However in avocado, the consistently low starch and o-amylase activity suggested that starch
cycling may play only a minor, insignificant role in ensuring a permanent supply of free sugars for
tissue growth. a-Amylase is thought to be the primary enzyme in the hydrolytic break-up of
amyloplasts (Perata et al. 1998; Witt and Sauter 1995). However, starch accumulation and
amyloplast formation occurs during seed development and appears to be unaffected by the basal
levels of a-amylase activity. Thus it is apparent that this enzyme plays only a minor role in the

contribution of sugars to the soluble sugar pool, and subsequently the solute gradient into the seed

of developing fruit.

Total lipid content increased in the mesocarp of developing fruit but remained consistently low in
the seed. Traditionally oil content has been used as an indication of fruit maturity (Eaks and
Sinclair 1978; Young and Lee 1978), with mesocarp lipid content increasing with fruit age (Kaiser
1993), and lipid production levelling off once maturity is reached. Oleic acid has been shown to
occur in high levels in avocado mesocarp tissue (Davenport and Ellis 1959; Gaydou et al. 1987),

especially during early fruit development. In the cultivar ‘Fuerte’ palmitic, linoleic and linolenic
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acids increase in the mesocarp during development (Kikuta and Erickson 1968). The most
abundant fatty acids found by Kaiser (1993) in the mature mesocarp tissue from ‘Hass’ were
palmitic and oleic acid. In the current study, the increase in fatty acids could be largely attributed
to increases in palmitic and petroselinic acids. The discrepancies observed between these two
investigations may be attributed to differences in the age of the fruit, and the fact that Kaiser
(1993) used a 2 m x 3 mm ID glass column packed with 10% Silar 5CP on 100/120 mesh
Supelcuport 100G. This column is expected not to give as good a separation of fatty acids as the
column used in this trial, and thus not discriminate between the octadecenoic acids oleic and
petroselinic. Lipids, such as the glycolipids containing linolenic acid, are essential for chloroplast
functioning (playing a role in thylakoid orientation) and are associated with the Mi. Thus the
transition from higher octadecatrienoic acids composition to high octadecadienoic acid levels may
be associated with the reduction of chloroplast functioning and the accumulation of
triacylglycerols which act as a compact, easily-metabolised and non-hydrated energy store during

mesocarp maturation.

Studies on lipogenesis in avocado suggest that up to 30% of Glu metabolised by catabolic
pathways in the fruit was directly oxidised to provide about 50% of the total reducing power for
fatty acid synthesis (Kikuta and Erickson 1969). Furthermore, lipid accumulation in the mesocarp
is accompanied by a decrease in alcohol-soluble and -insoluble sugars (Davenport and Ellis 1959).
These observations suggest a high rate of resource allocation to lipid biosynthesis as the fruit
approaches maturity. Kaiser (1993) found that a larger seed mass resulted in lower
monounsaturated fatty acid levels in the mesocarp during fruit growth and delayed lipid
accumulation, and suggested that the seed acts as a sink for assimilates at the expense of fatty acid
accumulation. It is thus apparent that seed maturation must precede lipid accumulation in the
mesocarp. If this is the case, seed maturation and seed coat function can be expected to play a key
role in the onset of lipid accumulation in the mesocarp, and can thus be envisaged to influence

aspects of mesocarp maturation.

There may be two distinct fatty acid synthesis systems in the avocado mesocarp plastids: a
particulate system forming palmitate and oleate from acetate or acetyl-CoA, and a soluble system
forming stearate from malonyl-CoA (Wearie and Kekwick 1975). The contribution of 7C sugars to
these systems remains to be elucidated. However, it is plausible that 7C sugar metabolism
(discussed in 7.1.1.3) may be a source of glyceraldehyde-3-phosphate (G3P), a precursor in the
synthesis of glycerol, and hence in triacylglycerols (and for isopentenyl pyrophosphate, an

intermediate in isoprenoid biosynthesis). The accumulation of triacylglycerols appears to occur
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concurrently with the decrease in 7C sugars in avocado during fruit development and thus it is
possible that manno-heptulose and perseitol may contribute to lipid accumulation during fruit

maturation.

In conclusion, it appears that sink strength in avocado is established during early fruit growth by
high SAI and IAI activity, especially during the period of rapid cell division, and maintained by
SSy and PDH activity, during the phase of cell expansion. Seed maturation and starch
accumulation accompany seed coat degeneration and precede mesocarp maturation and lipid
accumulation. Maturation of the seed and mesocarp tissue is also preceded by a decrease in both

the enzymes of sugar metabolism and soluble sugar content.

7.1.1.3 Seven carbon sugars in ‘Hass’ avocado

The presence of the 7C sugar manno-heptulose (D-manno-2-ketoheptose; Figure 7.1a) and the
related alcohol perseitol (D-glycero-D-galacto-heptitol; Figure 7.1b) as the sugars in developing
avocado fruit is of much interest. Although manno-heptulose was first isolated by La Forge in
1917 and has subsequently been isolated from a variety of plants including gymnosperms from the
family Taxodiaceae, 22 dicotyledonous families (including commercially important families such
as Lauraceae, Leguminosae, Moraceae, Rosaceae, Salicaceae) and the monocotyledonous family
Iridaceae, very little is known about the function and synthesis of this ketoheptose in plants (La
Forge 1917; Nordal and Benson 1954; Charlson and Richtmyer 1960; Bevenue et al. 1961; White
and Secor 1961; Begbie and Richtmyer 1966; Ogata et al. 1972; Okuda and Mori 1974; Shaw er
al. 1980).

(a) (b) (c) (d)
manno-Heptulose Perseitol Sedoheptulose Volemitol
CH,OH CH,OH CH,OH CH,OH
=0 r—OH =0 HO—

HO— HO— HO— HO-

HO— HO—- OH OH
—OH rOH EOH EOH
irOH [ OH - OH —OH

H,OH CH,OH CH,OH CH,0H

Figure 7.1 Fischer projection formulae of the 7C sugars and alditols (a) manno-heptulose; (b)

perseitol; (¢) sedoheptulose; and (d) volemitol.
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Similarly, the heptahydroxy alcohol perseitol was first described by Avequin in 1831 and, to date,
very little progress has been made with regard to the synthesis, metabolism and function of this
non-structural carbohydrate in plants.

In this study manno-hepmlose was found in relatively high leve{g in the seed, seed coat and
mesocarp tissue representing at least 15 % of TSS and constituting 27% of the sugars identified in

the phloem sap. These results are significant for several reasons.

Firstly, manno-heptulose is transported to the fruit via the phloem, an observation supported by the
fact that manno-heptulose and its monophosphate have been isolated bfrom avocado lea\}es (Nordal
and Benson 1954). Little is known about the synthesis of manno-heptulose in plants. However, the
synthesis of the 7C sugar sedoheptulose (D-altro-2-heptulose; Figure 7.1¢) is understood (Figure
7.2). Sedoheptulose is an intermediate in the Calvin cycle, playing an important role in the fixation
of CO,, and occurs universally in the plant kingdom. Free sedoheptulose has rarely been described
in plants and normally only exists in its mono- and bis-phosphate ester forms in the pentose
phosphate cycles (Hafliger e al. 1999). Sedoheptulose is also speculated to play a role in carbon
storage, cryo-protection, and as a metabolic precursor (Kull 1967; Héfliger ef al. 1999). These
roles may also be fulfilled by the structurally similar manno-heptulose. Removal of P; from the
phosphorylated forms of sedoheptulose by a phosphatase and simultaneous/subsequent rotation of
the hydroxyl group at C-4 by an epimerase may be a possible route for manno-heptulose synthesis.
It is interesting to note that the aldolase catalysed condensation of an aldehyde and
dihydroxyacetone-P (DHAP) yields a stereospecific D-threo configuration of the hydroxyl groups
at C-3 and C-4. If manno-heptulose is to be synthesised by a similar pathway, it would be
necessary for epimerase activity on C-4, or, alternatively, it suggests the presence of another
enzyme(s) in the synthesis of manno-heptulose and higher carbon sugars in plants (Jones and
Sephton 1960; Sephton and Richtmyer 1963).

Secondly, differences in phloem and tissue manno-heptulose contents suggest that this 7C
monosaccharide is undergoing active metabolism in the fruit. Again, no information could be
found regarding the metabolism of manno-heptulose and, hence, that of sedoheptulose is presented
as a guideline. Hifliger and co-workers (1999) found that crude enzyme extract from hybrid
polyanthus (Primula x polyantha) leaves catalysed the reduction of sedoheptulose by NADPH to
volemitol and proposed the existence of a novel NADPH-dependent ketose reductase called
sedoheptulose reductase. It has previously been shown that manno-heptulose can be reduced (by

sodium amalgam) to perseitol (La Forge 1917). Volemitol (D-glycero-D-manno-heptitol; Figure
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7.1d), like perseitol in avocado, appears to be a major non-structural, phloem-mobile carbohydrate
in polyanthus. Sedoheptulose reductase did not show any activity with other 7C sugars, including
manno-heptulose, and could not be isolated from avocado leaves (Héfliger es al. 1999). Thus,
although this enzyme is specific to volemitol-containing tissue, it is conceivable that a similar
mechanism exists for the metabolism of manno-heptulose in perseitol-containing tissues, in which

manno-heptulose is reduced to perseitol by the activity of a manno-heptulose reductase-like

enzyme.

Transketolase Xylose 6

E hrose-4—P

[/*

'S doheptulose—l 7-bls-P

I/’

| Sedoheptulose-7-P |

Transketolase >
| Erythrose-4-P

Fru-6-P|

'Xylulose-5-P [Ribose-5 -P|

Figure 7.2 Schematic illustration of the synthesis of sedoheptulose in plants. Adapted from
Mathews and van Holde 1990. DHAP = dihydroxyacetone-P; G3P = glyceraldehyde-3-P; P =
phosphate; P; = phosphate ion.

Thirdly, during growth phase II manno-heptulose levels increase in the mesocarp, suggesting a
role in the provision of carbon for fruit growth and respiration during the stage of rapid cell
expansion. This role supports the proposal that manno-heptulose is an active substrate for
respiration and plays an important part in the metabolic processes associated with fruit growth in

avocado (Davenport and Ellis 1959; Liu et al. 1999b).
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Finally, avocado fruit do not normally ripen whilst attached to the tree and remain in a mature,
unripe state until harvested. It has been proposed that ripening is thus delayed by a ‘factor’
translocated from the tree or pedicel (Biale and Young 1971; Adato and Gazit 1974; Tingwa and
Young 1975a). Plant hormones, namely IAA and ethylene, polyamines and calcium levels/activity
have been suggested to contribute to this phenomenon (Tingwa and Young 1975b; Adato and
Gazit 1976; Wills and Tirmazi 1982; Winer and Apelbaum 1986); however the identity and nature
of this ‘ripening factor’ remains unknown. The sugar manno-heptulose is a potent inhibitor of
respiration, preventing the entry of Glu into the glycolytic cycle (Simon and Kracier 1966; Board
et al. 1995), and acts as a specific and competitive inhibitor of HXK, potentially altering the
expression of sugar regulated genes (Salas ef al. 1965; Prata et al. 1997; Chiou and Bush 1998;
Smeekens 1998; Pego ef al. 1999). Many vital processes, such as stress response, fruit growth and
senescence are influenced by sugar signalling and/or metabolism (reviewed by: Jang and Sheen
1997; Sheen ef al. 1999). Substantial decreases in 7C sugars have been observed during ripening
of avocado fruit (Davenport and Ellis 1959; Ogata et al. 1972; Shaw et al. 1980; Liu ef al. 1999b)
and it is plausible that this phloem-derived 7C sugar acts to inhibit ripening whilst the fruit is still
attached to the tree. This may occur by the inhibition of HXK-mediated ripening processes within
the avocado fruit, such as the respiration climacteric. It is assumed that endosperm degeneration
and seed maturation precede mesocarp ripening, and hence the decrease in endosperm and seed
manno-heptulose levels observed in this trial may permit or accompany the early stages of fruit
maturation. During this stage, the mesocarp is still within the linear phase of fruit growth and the

high manno-heptulose levels within the fruit may prevent premature ripening.

Sugar alcohols are compounds in which the aldehyde or keto group has been reduced to a hydroxyl
group, and are also known as acylic polyols, alditols, polyalcohols and polyhydric alcohols.
Examples of sugar alcohols include mannitol, sorbitol, ribitol, and the 7C g@@ volemitol and
perseitol. The physiological functions of alditols include photosynthetic assimilation, translocation
and storage of carbon, the storage of reduced carbon and reducing power, osmoregulation, serve as
a compatible solute, protection against different types of stress and free radical scavenging, and
regulation of co-enzymes (reviewed by: Bieleski 1982; Loescher 1987; Pharr et al. 1995; Steinitz
1999). Like manno-heptulose, perseitol was shown to occur in high concentrations in developing

‘Hass’ fruit. This could be expected as perseitol represents the reduced form of manno-heptulose.

Perseitol was also found to constitute 15% of TSS in the phloem sap. Alditols, like volemitol,
sorbitol and mannitol function as phloem-translocated carbohydrates in some higher plants

(Zimmermann and Zeigler 1975; Bieleski 1982; Hiiﬂigér et al. 1999; Lo Bianco et al. 2000). Thus
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although perseitol is supplied to the fruit, its high composition in fruit relative to the phloem

suggests that perseitol is further synthesised in the fruit.

The conversion of perseitol to manno-heptulose observed in this trial suggests the presence of
some enzyme that catalyses the oxidation of perseitol. Sorbitol dehydrogenase (EC 1.1.1.14; SDH)
and mannitol dehydrogenase (EC 1.1.1.138; MDH) are believed to play an important role in the
metabolism of sorbitol and mannitol respectively and the eventual use of alditol-derived carbon in
growth and metabolism in sink tissues (Loescher 1987; Pharr ef al. 1995; Lo Bianco et al. 1998;
Archibold 1999). Both SDH and MDH catalyse the NAD-dependent oxidation of an alditol to Fru-
6-P. Oxidases are capable of catalysing a similar reaction; however, these enzymes only participate
in a small proportion of reactions as they use molecular oxygen as an electron acceptor and usually
form hydrogen peroxide as a by-product. NAD is readily available in the cell medium, and in all
likelihood the dehydrogenase is responsible for the oxidation of manno-heptulose to perseitol in
avocado fruit tissue (Figure 7.3). Furthermore, dehydrogenase activity would result in the
synthesis of NADH (or NADPH) required for the synthesis of various carbon reserves (Chopra et
al. 2000). The relatively high levels of PDH observed in this study suggested that perseitol may
play an important role in the provision of substrates for respiration, cell division and cell wall

synthesis, especially during early fruit growth when PDH activity is most pronounced.

Various environmental stresses, such as drought or chilling, promote the production of free oxygen
radicals, such as superoxide, hydrogen peroxide and the hydroxyl radical, in plant cells (Moran et
al. 1994; Prasad 1996; Murphy et al. 1998; Pfeiffer and Hoftberger 2001; Tausz et al. 2001).
These reactive oxygen species (ROS) are normally a consequence of the side reactions of
metabolism (in cells involved in oxidation-reduction processes), disruption of the mitochondrial
electron transport chain or electron leakage, and mediate the degradation of membrane
components (lipid peroxidation), the oxidation of protein sulphydryl groups, the formation of gel
phase domains and the loss of membrane function (Fridovich 1984; Elstner and OBwald 1994;
Quartacci et al. 1995; Sgherri ef al. 1996; Minibayeva et al. 1998; Lam et al. 1999; Navari-Izzo
and Rascio 1999). ROS levels within the cell are under rigid control by a multilevel antioxidant
system, composed of hydrophilic (ascorbic acid, glutathione) and lipophyllic (tocopherols)
antioxidants, the action of detoxifying enzymes (such as superoxide dismutase (EC 1.15.1.1; SOD)
and ascorbate peroxidase (EC 1.11.1.11)), and enzyme repair and regeneration processes (Foyer
1997; Sgherri et al. 2000). Interestingly, alditols have been shown to accumulate in response to

environmental stress (Wyn Jones 1984; Smirnoff and Cumbes 1989; Pharr ef al. 1995; Naidu
1998; Steinitz 1999; Lo Bianco et al. 2000).
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Figure 7.3 Simplified scheme illustrating the possible pathway of perseitol catabolism in avocado
fruit. Enzymes: 1 = Epimerase on C-2; 2 = Epimerase on C-3; 3 = Phosphopentose epimerase.

The activities of the enzymes 1-3 may be substituted by a phosphopentose isomerase.

Alditols are highly hydroxylated molecules and are thought to mimic the structure of water and
create an artificial sphere of hydration around macromolecules so protecting them from oxidation,
play an important role in the neutralization of ROS, act as compatible solutes and
osmoprotectants/-regulators, and stimulate the biosynthesis of secondary plant metabolites (Lewis
1984; Loescher 1987; Tholakalabavi et al. 1997; Steinitz 1999). Richings and Cowan (2000)
theorised that perseitol may act to protect enzymes, such as HMGR, from oxidative damage or
ROS-induced inactivation. These authors proposed a model (Figure 7.4) that suggests elevated
ABA and subsequently ROS levels reduce HMGR activity and so alter isoprenoid metabolism, and
impact of fruit growth. The inter-conversion of manno-heptulose to perseitol may serve to
scavenge ROS and so ensure the maintenance of normal fruit growth. It may be noteworthy that if

the proposed oxidation of perseitol by PDH is inhibited, and an oxidase-catalysed mechanism
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promoted, ROS production can be expected to increase. Thus, situations of ‘abnormal’ 7C sugar
metabolism may also negatively affect fruit growth by increasing ROS and so alter isoprenoid
metabolism. This scheme is of particular interest as environmental stress, such as drought and low
temperatures, have been associated with increases in endogenous ABA (Chen er al. 1983;
Machackovd et al. 1989; Walker-Simmons ef al. 1989, Dorftling et al. 1990; Taylor et al. 1990;
Lang et al. 1994; Grossi et al. 1995; Pruvot ef al. 1996; Veisz et al. 1996; Bravo et al. 1998;
Kadlecova et al. 2000). Treatment of avocado fruit with ABA resulted in a general elevation in
tissue perseitol content, suggesting that perseitol may be accumulated in response to stress. A
similar observation was made by Lo Bianco and co-workers (2000) who observed an elevation of
sorbitol levels in drought-stressed peaches. Ironically, ABA treatment also resulted in an elevation
of PDH activity; however, this may be associated with increased perseitol/manno-heptulose inter-

conversion.

Figure 7.4 Scheme to illustrate the possible interaction between 6C and 7C sugar metabolism,
isoprenoid metabolism and ROS in the control of fruit size. Redrawn from Richings and

Cowan (2000).

In grape (Vitis vinifera 1.) a Vitis vinifera hexose transporter 1 (Vvht]) gene has been identified
which appears to be potentially regulated by ethylene-, ABA-, and sugar-responsive cis-element
sequences (Fillion ef al. 1999). Interestingly, this ¥vhtl promoter was shown to possess very
similar properties to an alcohol dehydrogenase promoter expressed at the same time during

ripening. In addition, MDH activity repression appears to be mediated by HXK (Prata ef al. 1997).
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These observations suggest co-regulation of gene expression by endogenous sugars, alditols and
hormones, and that a putative alditol-responsive transduction sequence similar, to that described
for hexoses, may exist. In the current study, with the exception of the seed coat, perseitol levels
decreased slightly throughout the period observed. Furthermore, as with manno-heptulose,
perseitol levels decrease with ripening in avocado fruit (Shaw et al. 1980; Liu et al. 1999b). 1t is
thus conceivable that the expression of an alcohol dehydrogenase (such as PDH) or oxidase gene,
via a HXK-in/dependent signalling pathway during ripening may contribute to the depletion of
perseitol in maturing fruit. This obviously would occur concurrently with the catabolism of
manno-heptulose, perhaps via phosphorylation and subsequent cleavage. The depletion of 7C
sugars, especially manno-heptulose, may allow for the expression of HXK-dependant genes

associated with ripening, and thus permit this phenomenon to proceed.

These results suggest that manno-heptulose and perseitol may play an important role in the
transport and provision of carbon, protection of the fruit/plant to cold and osmotic stress and

subsequent ROS, and the regulation of fruit growth and ripening.
7.1.2 THE METABOLIC CONTROL OF ‘HASS’ AVOCADO FRUIT GROWTH

Fruit set is resource-limited (Stephenson 1981). The ability of the fruit to grow once set is also
resource limited. This limitation may not only be due to a limited source, but may arise from the
inability to establish and maintain sufficient sink strength. Sink strength, in part, is determined by
the ability of the fruit to metabolise, partition and compartment incoming photosynthate. These
processes are determined by the enzymology of the sink. In turn, enzyme activity is differentially
modulated by hormones, nitrogen supply, sugar status, intracellular pH, anoxia, water stress and
the expression of levels of enzyme protein (Mackintosh 1998). The relative rates of solute
metabolism need to be regulated in response to sugar import to allow for carbohydrate storage and

the diversion of photosynthate into pathways for amino acid, membrane and polyphenol synthesis.
7.1.2.1 Constraints to the apoplastic and symplastic transport of solutes in the seed coat

In developing cukes (underdeveloped fruits that usually do not have a seed during late
development), isolation of the embryo sac from nutritive tissue and chalazal flow of nutrients
causes starvation and subsequent cessation of embryo development (Steyn e al. 1993). In
normally developing avocado fruit, wounding of the seed coat at early stages of development can

induce fruit drop, and rapid embryo growth normally diminishes concurrently with the drying of
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the seed coat, suggesting severance from its food source (Blumenfeld 1970). Not only does the
seed coat act as a conduit for solutes and developmental/physiological signals from the tree, but
the seed has been proposed to be a major source of growth regulators (such as IAA and GA)(Lee
1987) that direct sink activities and growth. GA and CK have been shown to be high in the
endosperm and seed coat (Blumenfeld and Gazit 1971) of avocado. Blumenfeld (1970) and
Blumenfeld and Gazit (1971) were able to conclude that promotive growth substances in avocado
fruit were chiefly produced in the seed, in particular the embryo, and transported via the seed coat
to the mesocarp where they sustained and/or promoted cell division. These ‘messengers’ supplied
by the seed may act to keep the mesocarp tissue in a ‘juvenile’ state during seed development,
ensuring that the seed reaches full maturation before the mesocarp, and that the mesocarp
maintains fruit sink strength and so ensures a continued supply of assimilates to the fruit (and
seed) until the seed and embryo are suitably developed. In the current study, it was also shown that
treatment with iP negated the effects of ABA on fruit growth and phenolic composition, and
increased the amount of [*C]-label entering the seed. This suggests that in ABA-treated fruit, a
reduction in fruit growth can be correlated with increased polyphenolics in the seed coat and
reduced solute import into the seed. Interestingly, levels of inhibitory plant growth regulators
increase in the mesocarp as the fruit matures and the levels of these correlate negatively with the
rate of cell division (Cowan et al. 1997a; Moore-Gordon et al. 1998). Cowan et al. (1997a) found
that the ABA concentration declines during the course of normal fruit development, whilst the
ABA content of small fruit mesocarp was substantially higher at all stages of fruit growth. Thus
the role of the seed coat in communication is bidirectional. These observations, along with the
apparent degradation of the seed coat and the accumulation of polyphenolics during normal fruit
development and in small and ABA-treated fruit, suggested that the functional and structural
integrity of the seed coat plays a crucial role in the import of solutes and the control of fruit
development. The polyphenol deposition within the seed coat is believed to act as both a
symplastic and apoplastic barrier, reducing the transport of assimilates to the seed and, likewise,

reducing the transport of growth regulators and chemical messengers from the seed to the

mesocarp.

It must be stressed at this point that, although the seed coat appears to be senesced, it is still
metabolically active, indicating that while its function may be largely reduced, it is by no means

redundant and may still take part in communication and transport between the mesocarp and seed,

albeit at reduced rates.
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The concept of the interaction of plant stress, ABA, ROS, alditols and the manifestation of the
small fruit is very interesting due to the apparent role of polyphenols in seed coat senescence.
Polyphenols play an important role in normal plant developmental processes and response to both
biotic and abiotic stress. The mechanism of phenolic action appears to be attributed to interference
with plant hormones, especially JAA (Vickery and Vickery 1981). Phenolic synthesis is regulated
by a variety of enzymes, whose formation can be induced by diverse environmental conditions,
including light, pathogen related elicitors, nutrient deficiency and drought stress (Bussotti ef al.
1998; Noh and Spalding 1998; and the references therein). A variety of compounds can be
categorised as polyphenols, including flavonoids (e.g. anthocyanins and phytoalexins), tannins and
lignin. Avocados are rich in a complex mixture of polyphenolic acids, ranging from the simple
(+)-catechin and (-)-epicatechin to highly polymeric substances, such as tannins (Geissman and
Dittmar 1965). Numerous phenolic compounds have been identified in avocado, most abundant
being p-coumaric and ferulic acid, but also present are the phenolic acids: p-hydroxybenzoic,
pyrocatechuic, y-resorcylic, a-resorcylic, protocatechuic, gallic, isovanillic, vanillic, syringic, o-
coumaric, m-coumaric, caffeic, p-coumaroylquinic, caffeolquinic acids; the flavan-3-ols: catechin

and epicatechin; and the miscellaneous phenols: dopamine and serotonin (Macheix et al. 1990).

During normal fruit maturation, the seed coat is seen to darken in colour and then senesce. It is
thought that this occurs once the seed, particularly the embryo, has reached ‘physiological
maturity’ and is believed to occur concurrently or initiate changes in physiology that are associated
with mesocarp maturation and lipid accumulation. In this investigation, it was shown that the
darkening of the seed coat was associated with the deposition of tannins and insoluble phenols,
especially within the inner layer of the seed coat. Seed coat degeneration was also associated with
the lignification of the outer layers of the seed coat. Furthermore, it is currently accepted that
premature seed coat abortion contributes to smaller fruit size (Blumenfeld and Gazit 1974; Steyn
et al. 1993). It would, therefore, appear that one characteristic of the small fruit is premature seed
coat senescence, a phenomenon that could be induced artificially in this study by ABA treatment.
The small fruit was shown to have substantially higher levels of tannin in the seed coat than that of
the control. Similarly, both the small and ABA-treated fruit had elevated soluble and insoluble
phenol, as well as increased anthocyanins in the seed coat. This suggests that elevated ABA levels

may contribute to the initiation/occurrence of seed coat senescence.

The term senescence refers to the controlled and programmed process of cell death. Programmed
cell death (PCD) refers to the genetically-determined death of a cell through changes in nuclear

morphology, activation of proteases and nucleases, and internucleosomal fragmentation of nuclear
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DNA (Young and Gallie 2000; and the references therein). The execution of cell death involves
the influx of Ca* into the cell and is manifested by rapid collapse of the large hydrolytic vacuole
and cessation of cytoplasmic streaming (Groover and Jones 1999), a process that is likely to result
in the instant cessation of symplastic transport. In addition, the involvement of Ca® in PCD is
interesting as it is believed that Ca®" also plays a role in callose and cellulose deposition (Delmer
et al. 1985; Kohle et al. 1985; Kauss and Jeblick 1986; Hayashi er al. 1987, Kauss 1987,
Waldmann et al. 1988; Dearnaley et al. 1997; Holdaway-Clarke et al. 2000), and will thus further

contribute to a loss of symplastic transport.

PCD plays an important role in embryonic, juvenile and adult phases of plant development
(Kawasaki et al. 1999; Jones 2001), allowing for the differentiation of specialised cells within the
plant and the isolation of tissues during normal development. An example of such a situation could
be the PCD or senescence of the seed coat during normal avocado fruit maturation. Another
example that can almost be considered functionally analogous to the role of the seed coat in
developing avocado would be the death of the suspensor subsequent to embryo maturation. Many
developmental programmes culminating in cell death have been shown to be regulated by
hormones, such as ethylene, GA, CK and IAA (Dalessandro and Roberts 1971; Fukuda 1994; He
et al. 1996; Wang et al. 1996). The ordered suspensor PCD in 4rabidopsis mutants suggests that
both inductive and inhibitory signals from the embryo control the onset of PCD (Jones and Dangl
1996). Thus, it is highly likely that similar signals from the seed may control the senescence of the
seed coat in avocado. During maize endosperm development it is believed that the balance
between ABA and ethylene establishes the onset and progression of PCD (Young and Gallie
2000). Davenport and Manners (1982) found that young avocado fruit undergoing nucellus and
seed coat senescence experienced a large, transient increase in the rate of ethylene synthesis by
these tissues. It is thus possible that elevated ABA production by the seed and seed coat stimulates

ethylene synthesis in the endosperm and seed coat and triggers the onset of PCD in these tissues.

Rapid PCD at a site of pathogen entry or as a consequence of interactions with the environment is
a common feature of plant resistance, and is termed the hypersensitive response (HR) (Jones and
Dangl 1996; Pennell and Lamb 1997). HR is an active process in which accumulation of ROS
Jeads to elevated cytosolic Ca**, and triggers a protein-mediated PCD response (Pennell and Lamb
1997, and the references therein). The ROS burst can occur within minutes, and sometimes
seconds, after the stress is applied. A second burst may occur 2-3 hours after the inducing
stimulus. These elevated ROS levels induce the synthesis of enzymes that may relate to defence

against the stress (e.g. enzymes associated with phytoalexin synthesis) or for protection from the
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oxidative burst (e.g. ROS scavengers) (Murphy et al. 1998; and the references therein).
Interestingly, ABA is commonly referred to as ‘the stress hormone’, and similar to ROS, ABA is
associated with many abiotic and biotic stress factors, including water stress, cold stress and even
pathogenic invasion/infection (Westgate ef al. 1986). The seed coat from small and ABA-treated
fruit show many characteristics associated with ROS induced HR. Firstly, in cells that have
undergone PCD due to HR, the cell corpse is often crushed by the surrounding tissue (Groover and
Jones 1999). In small and ABA-treated fruit, the cells from the seed coat are typically flattened
and compressed without any distinct cytoplasm or cellular organelles. Secondly, elevated ROS and
the associated HR leads to the peroxidation of membrane lipids and cross linking of cell-wall
material, including polyphenols, so generating an impervious wall (Murphy ef al. 1998; and the
references therein). In addition, Cowan et al. (1997a) theorised that ABA accumulation may cause
the loss of membrane integrity. In small and ABA-treated fruit the seed coat showed extensive
lignification and an apparent absence of the Pm, or other membrane bound organelles. Thirdly,
environmental stress, elevated ROS and the HR have been associated with increased production of
phenolic compounds such as flavonoids and phenylpropanoids in plants (Dixon and Paiva 1995;
Grace et al. 1998; Murphy et al. 1998). Indeed, many phenolic compounds have a hydrogen-
donating anti-oxidant capacity and exhibit a strong relationship with the oxygen radical
absorbance capacity of a tissue (Cao er al. 1997; Grace et al. 1998; Phippen and Simon 1998; Prior
et al. 1998). Again, small and ABA-treated fruit had elevated soluble and insoluble phenols, and

anthocyanin levels which may represent a response to limit or quench free radical damage.

In stressed beech (Fagus sylvatica) and pine leaves, it has been suggested phenols, especially
tannins, are produced within the cytoplasm and cluster together forming droplets in the vacuoles.
These droplets fuse and ultimately completely fill the vacuole. Once this occurs the cytoplasm
degenerates, the organelles disappear and, finally, there is a release of the vacuolar contents
leading to the death of the cell (Zobel and Nighswander 1990; Bussotti et al. 1998). Furthermore,
tannins observed in the vacuoles of beech leaves and released into the cytoplasm appear to be
translocated to the cell wall, where they form an electron opaque layer (Bussotti ef al. 1998). Plant
tannins are a unique group of phenolic compounds of relatively high molecular weight, that have
the ability to form strong complex compounds with carbohydrates and proteins (Porter 1989;
Ayres et al. 1997), potentially forming an impermeable barrier within the cell wall. The plant
extracellular matrix comprises of a complex array of polysaccharides, glycoproteins, phenolics and
other macromolecules (reviewed by: McNeil er al. 1984; Carpita and Gibeaut 1993). This
macromolecular complex is a dynamic structure that plays an important role in the interaction of

the plant with biotic and abiotic factors, cellular transport processes and growth/development. The
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cell wall components will thus also play an important role in cell-to-cell communication and the
control of morphogenesis. The pattern of tannin deposition in beech and pine is very similar to that
observed in ‘Hass’ seed coat tissue, and clearly illustrates the role of polyphenolics in the isolation
of the symplast, PCD and the control of fruit growth. Phenolic compounds provide the monomeric
precursors, derived from hydroxycinnamic acids, required for the synthesis of lignin (Grisebach
1981). Lignins are polyphenolic polymers of three cinnamyl alcohol derivatives, namely p-
coumaryl, coniferyl and sinapy! alcohols (Vickery and Vickery 1981). Lignins are believed to limit
cell wall extensibility and represent a major carbon/phenylpropanoid sink in plant tissues (Boudet
1998). Thus a controlled change in lignin content, as a consequence of elevated ROS and/or ABA,
may suppress cell wall extensibility as well as alter the profile of soluble phenolics within the fruit.
These observations suggest that some of the characteristics associated with the prematurely
senesced seed coat in the small fruit phenotype may be a consequence of elevated ROS levels and

are mediated via ABA.

Not only do phenolics limit cell wall extensibility, cellular transport and play a role in PCD, but
they also have growth regulatory effects (Vickery and Vickery 1981). The o-diphenols are
believed to inhibit [AA-oxidase activity, whilst the monophenols, such as p-courmaric acid, are
believed to be activators of IAA-oxidase activity (Lee ef al. 1982). Thus it is possible that the
accumulation of monophenolics will result in the reduction of free IAA and so reduce both the
polar transport of IAA, and impact directly on cell wall plasticity, reducing fruit growth. JAA is
involved in the de novo synthesis of ethylene and endogenous avocado phenolic compounds have
been shown to inhibit the in vitro oxidation of ACC to ethylene (Vioque et al. 1981; Sitrit et al.
1988), it is thus plausible that the phenolic content and/or the ratio of diphenols to monophenols
during fruit growth may impact on many physiological processes influenced by ethylene, such as
fruit ripening and the formation of abscission zones. Furthermore, several naturally occurring
flavonoids have been shown to block Glu uptake in animal myelocytic cells (Park 1999). It may,
therefore, also be possible that elevated polyphenols may further affect fruit growth not only by
altering hormone metabolism, but also by interfering with sugar uptake, and hence all processes

affected by sugar content and composition.

Phytoalexins are low molecular weight flavonoid compounds produced by plants in response to
infection or stress. In cotton, sesquiterpenoids that include the terpenoid phytoalexin ‘gossypol’
and its derivatives are synthesised through the isoprenoid pathway and hence subject to control by
HMGR activity (Joost ef al. 1995; Loguercio et al. 1999). Furthermore, parasitization of tobacco

plants by the parasitic angiosperm Orobanche (broomrape) has been shown to induce the
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expression of hmg2, a gene that encodes HMGR and is associated with the production of
sesquiterpene phytoalexins (Westwood ef al. 1998; and the references therein). Thus, it is apparent
that phytoalexin production can be induced by stress. These observations suggest an additional
link between ROS and isoprenoid biosynthesis and an important role for HMGR in the interaction

between stress, ROS and ABA.

During early fruit development, especially at the highly vulnerable stage of early fruit set, it is
possible that a short period of water stress, an unseasonal drop in daily temperature, or any
pathogen- or insect-induced damage may induce a burst in ABA and/or ROS levels in the young
fruit and initiate the premature senescence of the seed coat (Figure 7.5). The period of this stress
does not need to be long. ROS bursts have been documented to occur within minutes and
sometimes seconds after a stress is applied (Murphy ef al. 1998; and the references therein), and
may thus only affect fruit that are at a crucial stage of development. As the period of anthesis in
avocado is extended and pollination occurs throughout this period not all fruit set are of exactly the
same age. Neither will they all be set under the same conditions or be at the same stage of
development and will thus differ in sensitivity and response to stress. During early fruit set the
implications of this change in ABA and/or ROS may not be apparent and may only be visually
manifested during the linear phase of fruit growth (phase II). This would explain the apparent

anomaly of small and normal fruit occurring side-by-side on the same branch.

The huge input of resources into secondary plant metabolites, such as tannins, phenols and
anthocyanins, represents a significant energy investment in developing avocado fruit and may
impact on the partitioning of assimilates in the developing fruit. Although no research was
undertaken on the subsequent metabolism of polyphenols in the avocado, it is known that phenol-
degrading enzymes such as polyphenol oxidase (EC 1.10.3.1) occur in these fruit (Knapp 1965;
Golan er al. 1977, Van Rensburg and Englbrecht 1986). However, the partitioning of sizable
proportions of sugars into this metabolic fraction may contribute to the maintenance of a solute

gradient and sink strength, between the parent plant and the fruit, and the various tissues within the

fruit.
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Figure 7.5 Scheme to illustrate the possible interaction between stress, polyphenol accumulation
and seed coat senescence. Young fruit subjected to stress, such as water stress, exhibit a
temporary burst in ROS resulting in altered HMGR activity and increased ABA content and
ethylene synthesis. The resultant change in hormone balance stimulates polyphenol
accumulation/deposition, which has a two-pronged effect. Firstly, PCD occurs within the seed
coat and endosperm resulting in reduced symplastic and/or apoplastic transport and cell wall
extensibility. Secondly, the polyphenols interact with plant hormones, especially IAA, and
impact directly on cell division and carbon utilisation. Consequently there is a reduction in the
supply of growth promotive factors to the mesocarp from the seed, a reduction in solute import

via the seed coat and an overall reduction in cell division activity, manifested as a ‘small fruit’.
7.1.2.2 Control of intercellular solute flux

Symplastic transport is the movement of small molecules (that, with the exception of viruses and
some proteins, are usually less than 1 kD) and water from cell-to-cell via the Pd (Goodwin 1983;
Terry and Robards 1987; Robards and Lucas 1990; Balachandran et al. 1997; Imlau et al. 1999).
Many of these molecules, such as simple sugars, small proteins and some nucleic acids, play

important roles as signalling molecules, substrates or intermediates involved in gene expression,
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metabolism and the cell cycle, growth and development (Fisher et al. 1992; Lucas et al. 1995;
Goshroy et al. 1997, Ding 1998). Under vegetative and developmental circumstances, symplastic
transport is considered to be the primary route for the movement of these molecules. Thus any
factor that affects symplastic transport can be expected to impact on overall tissue growth and
development. One such factor would be the conductivity of the Pd. Pd are connections that link the
cytoplasm of adjacent protoplasts, forming a symplastic continuum and are functionally analogous
to gap junctions in animal cells. These dynamic pores traverse the plant cell wall and allow for
high rates of cytoplasmic transport between contiguous cells (reviewed by: Gunning and Robards
1976; Robards and Lucas 1990; Beebe and Turgeon 1991; Lucas and Wolf 1993; Lucas et al.
1993; Oparka 1993; Mezitt and Lucas 1996; Overall and Blackman 1996; Goshroy et al. 1997;
McLean et al. 1997; Crawford and Zambryski 1999; Oparka and Roberts 2001), with Pd
frequencies having been used (though not conclusively) to characterise symplastic pathways

(Overall and Gunning 1982; McLean et al. 1997).

Seed, seed coat and mesocarp tissue from normal fruit had numerous well-developed branched Pd
grouped into large pit fields, that were often joined by a MC within the cell wall. Small fruit
showed very few Pd in all tissue types examined, whilst no significant differences were observed
in Pd number or ultra-structure between ABA-, iP-treated and control fruit. However, both small
and ABA-treated fruit showed poor [14C] uptake and distribution. In the small fruit this may be
attributed to a reduction in Pd number, whilst in ABA-treated fruit this must suggest that there is a
reduction in Pd function and not number. Pd function may therefore be inhibited by ABA
treatment.

Primary Pd are simple channels formed during cell plate formation during cytokinesis (Ghoshroy
et al. 1997), and appear simple and unbranched. Such Pd were commonly seen in tissue taken
from small fruit. In phenotypically normal fruit the Pd appeared to be more branched, occurred in
large pit fields and were often associated with rough ER, i.e. characteristics commonly associated
with secondary Pd. Similar observations were made in phenotypically normal avocado fruit by
Botha ez al. (1996). This suggests that the normal fruit (and ABA-/iP-treated fruit) have secondary
Pd. Secondary Pd are formed de novo in pre-existing cell walls, by the deposition of cell wall
material over branched ER strands, and allow for greater cytoplasmic integration of cells (Lucas et
al. 1993). The formation and the nature of Pd may be regulated during the course of
morphogenesis (Kwaitkowska and Maszewski 1985). Hence, the small fruit phenotype appears to
have limited Pd development. Contrary to the findings in this study, Moore-Gordon er al. (1998)

found ABA application resulted in reduced Pd branching in avocado mesocarp tissue. Thus
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clevated ABA may contribute to the inhibition of secondary Pd in the small fruit phenotype and,

subsequently, to reduced symplastic continuity and cell-to-cell transport.

Application of ABA also resulted in the deposition of an electron dense, particulate material in the
neck region of the Pd in the mesocarp and seed coat tissue (Moore-Gordon ef al. 1998). This was
not visible in iP-treated fruit or observed in the current trial, although an osmiophilic substance
was observed in the Pd channel. However, micro-iontophoretic techniques confirmed retarded
dissipation of Lucifer yellow, and hence reduced cell-to-cell transport, in ABA-treated seed coat
and mesocarp tissues (Moore-Gordon et al. 1998), suggesting the deposition of some material as a
consequence of ABA treatment within the Pd that reduced Pd conductivity. Pd are lined by the Pm
and traversed by the ER, which is tightly appressed to form the desmotubule (Gunning and Overall
1983; Thompson and Platt-Aloia 1985; Overall and Blackman 1996). This axial component 1s
surrounded by proteinaceous electron lucent particles that are thought to be associated with actin
and/or myosin (White et al. 1994; Ding er al. 1996; Blackman and Overall 1998; Radford and
White 1998). The Pd mouth is also frequently associated with a distinct raised collar (Willison
1976), below which lies an extracellular ring of opaque structures. Transport through the

plasmodesmata occurs via two possible routes:

1. Through the ‘central rod’ of the desmotubule, which has been suggested to form a
proteinaceous channel and serve as a pathway for molecular transport when the
desmotubule is dilated (Waigmann ef al. 1997);

2. Through the cytoplasmic sleeve between the two cytosolic components.

Control of transport through these two routes is, in part, determined by the hydrodynamic radius of
molecules (Terry and Robards 1987) and the size of the Pd, i.e. the SEL, which is normally in the
range of 0.8-1 kD (diameter 3 nm). This is, in part, a consequence of the tortuous route created by
the cytoplasmic sleeve subunits and the presence of proteins embedded in the inner and outer
leaflets of the endoplasmic reticulum and the plasma membrane, which form a supramolecular
complex that divides the annulus into 8-10 micro channels. The SEL has also been suggested to be
controlled (often rapidly) by the action of the external molecules acting as sphincters or valves
(Olesen 1979; Robards 1982) as regulated by transcellular turgor pressure gradients (Oparka and
Prior 1992), protein kinases (Yahalom er al. 1998), cytosolic ATP levels and chemical signals,
such as Ca®" (Tucker 1988; Tucker 1993; Cleland er al. 1994; Salisbury 1995; Tucker and Boss
1996; Trewavas and Malho 1997; Holdaway-Clarke et al. 2000). Alterations in the size (even
complete closure) (Robards and Lucas 1990), structure (van Bel and Kempers 1990) and
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macromolecular organization (Thompson and Platt-Aloia 1985) of the Pd allows the SEL to be
regulated throughout development in a temporal and position-dependant manner (Crawford e al.
1999). This permits the Pd to have different functional states and hence play an important role in
controlling (Lucas and Wolf 1993) and synchronising (Ehlers and Kollmann 2000) developmental
processes, including the demarcation of symplastic domains that is believed to be prerequisite for

differential morphogenesis (Ehlers ef al. 1999) in plant tissues.

The deposition within the Pd microchannel and in the Pd mouth (forming a cap-like structure
which occluded the Pd) in avocado (Moore-Gordon ef al. 1998), and the similar occlusion of Pd by
the deposition of an osmiophilic, dense material located in the microchannels of the Pd
cytoplasmic sleeves in protoplast cultures of Solanum nigrum (Ehlers et al. 1999), can thus be
expected to play a crucial role in intercellular transport and growth/development. In avocado,
Botha and Cross (2000) observed the rapid deposition, within 10-15 min, of an electron opaque
material, interpreted as a mixture of proteinaceous and éarbohydrate material, in the collar region
of Pd following wounding. These authors defined this material as callose and suggested that the
deposition of this material may play a role in conformational sub-structural changes in Pd and
hence in Pd gating. Such closure of Pd is expected to result in loss of functionality and the
termination or down-regulation of transport. It must be noted, however, that under normal
circumstances callose is electron lucent (Kauss 1996). Callose is a structural polysaccharide
consisting of spirally arranged glucose residues linked by B- (1—3) glycosidic bonds, which is
frequently deposited in response to wounding or stress in plants. Callose has been localised to the
Pd aﬁd/or the micro-domain that surrounds the Pd (Northcote et al. 1989; Turner et al. 1994,
Kauss 1996; Enkerli et al. 1997; Roy ef al. 1997), and has been suggested to play a role in the
transient blocking/gating of Pd (Olesen and Robards 1990; Lucas ef al. 1993). In the present
investigation, callose was localised to the Pd by light microscopy with aniline blue. Furthermore,
contrast staining at the electron microscope level suggests that callose may form a ring-like
structure surrounding the outer Pd. Frequently the Pd also appeared to be associated with an
osmiophilic substance that was localised within the Pd channel. These results suggest that callose
may play a role in controlling the conductivity of the plasmodesmata by either occluding or
constricting the Pd and so reducing cell-to-cell transport. It is also is possible that the rings merely
provide structural support to the Pd and loss of these callose rings may similarly be expected to

result in the collapse of the Pd and hence loss of transport function.

Interestingly, callose synthesis can be rapidly induced by elicitors such as polycations or

amphipathic compounds, which are known to cause changes in membrane permeability, as
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determined by the leakage of cellular elecrolytes into the medium (Waldmann et al. 1988; and the
references therein). Indeed, callose formation normally occurs after membrane perturbation (Kauss
1996), one of the consequences of elevated ROS levels. Like ROS, callose deposition is a well-
characterised response to wounding and stress (Pooviah 1974; Van de Venter and Currier 1977;
Jaffe and Goren 1988). From the results of this study, small fruit had slightly elevated callose
contents, a phenomenon that could be induced by either ABA or simultaneous ABA and iP
treatment in vivo. However, small and ABA-treated fruit showed a reduction in the rates of callose
synthesis. Furthermore, ABA treatment increased callose levels in vitro and transiently increased
1,3-B-glucan synthase activity. These observations suggest that ABA treatment, although
transiently increasing the rate of callose synthesis, plays a more important role in the inhibition of
callose turnover. Callose has been shown to undergo degradation and turnover by enzymes present
in wall preparations, such as exo-1,3-B-glucanase (EC 3.2.1.84) and B-glucosidase (EC 3.2.1.21)
(Bucheli et al. 1985; 1987, Francey et al. 1989). Thus it is possible that the small and ABA-treated
fruit have high callose levels as a consequence of reduced callose turnover, not increased callose
deposition, and the ABA-induced reduction of callose catabolism may be a means in which the
conductivity of Pd can be reduced or controlled. Conversely, the sugars Glu, Fru and Suc
increased the rate of callose synthesis, but were associated with reduced callose contents,
suggesting these sugars contribute to elevated rates of callose turnover. Callose deposition also
occurs, normally transiently, in a developmentally regulated manner at specific sites within the
plant, such as sieve plates, pollen tubes and around the Pd in primary walls (Northcote ef al. 1989;
Turner et al. 1998). Taking into account the localisation of callose to the Pd, callose may thus act
as a short-term method for the crude control of Pd conductivity. These results, therefore, suggest

that avocado symplastic continuity is controlled developmentally and/or in response to stress.

Finer control of Pd function may occur via changes in conformation of Pd-localised proteins.
Actin, myosin and centrin have been localised to Pd in higher plants and show Ca2+-dependant
interactions or contractions. These proteins may thus play a role in the constriction of the
cytoplasmic annulus and the restriction of cell-to-cell movement of ions and small molecules
(White et al. 1994; Blackman and Overall 1998; Radford and White 1998; Blackman et al. 1999;
Holdaway-Clarke et al. 2000). Similarly, Epel and co-workers (1996) found a 41 kD protein in the
soluble fraction associated with the Pd, and suggested it may be located at or within the Pd pore
and/or the desmotubule. Botha and Cross (2000) have suggested that a mixture of protein and
callose forms a plug that prevents transport via the Pd and that this plugging can be stimulated by
ABA treatment. There is also evidence that plugging of the Pd by osmiophilic electron-dense

material precedes desynchronization of mitotic cycles (Kwiatkowska and Maszewski 1976). As
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the Pd is lined by the Pm it is speculated that the production or deposition of this material must
occur via a Pm-localised enzyme. 1,3-B-glucan synthase has been localised to the Pm (Kauss et al.
1983; Delmer et al. 1993; Turner et al. 1998). However, in the present investigation, little
difference was observed in the membrane-bound proteins between small and normal fruit. A 26.6
kD protein was isolated from the Pm fraction, and although not identified, it may relate to the plant
homologue of a protein with the same mass from the connexin family of gap junction proteins
(Meiners et al. 1991; Yahalom et al. 1991). The presence of such a polypeptide within the Pd
would allow for organisational control of the transit channel between plant cells, and changes in
the macromolecular organization of the Pd would be indicative of different functional states during

development and maturation.

Both callose and protein deposition or conformational changes in the Pd offer very promising
means of altering the SEL of Pd. Callose levels, via reduced callose turnover, have been shown to
be increased by ABA treatment. ABA-treated and the small fruit phenotype both display elevated
callose levels. Symplastic transport is believed to be more efficient and permit the greater flux of
solutes from cell-to-cell transport, and the stress or ABA induced loss of this can be expected to

negatively impact on phloem unloading, sink strength and fruit growth.
7.1.2.3 Effects of ABA on carbohydrate metabolism and fruit growth

Results presented in the current investigation provide good evidence to support an interaction
between elevated ABA levels and the appearance of the small fruit phenotype. In addition, it is
noteable that both small and ABA-treated fruit showed similar responses with respect to sugar
content. The small fruit phenotype was characterised by high TSS, Suc, Glu, Fru and perseitol
during the early stages of phase II of fruit growth. ABA-treatment resulted in an increase in Suc,
Glu, Fru, perseitol in all tissues, and manno-heptulose in the seed and seed coat tissue. Of
particular interest was the increase (almost double) of Glu and Fru in the endosperm tissue of
small and ABA-treated fruit relative to control and iP-treated fruit. Both small and ABA-treated
fruit were also associated with an increase in the content of the sugars with a retention time of 8.84
and 22.3 min in the seed and endosperm tissues respectively, as well as a significant decrease in
starch content. Prior to endosperm degeneration, the sugars with the retention times 8.84 and 22.30
min were seen to increase in the endosperm tissue from the normal fruit phenotype. This
observation may suggest a relationship between the presence of these sugars and the onset of
endosperm and seed degeneration. These results are not surprising as ABA and stress have been

documented to influence carbohydrate partitioning, increase the levels of free sugars, decrease
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starch levels and increase sugar uptake (Sowokinos ef al. 1985; Schiissler et al. 1991; Roitsch et
al. 2000). A similar pattern of altered sugar metabolism was observed in small and ABA-treated
‘Hass’ fruit. In addition, the changes in sugar profile, especially increased Glu and Fru levels can
be expected to have far-reaching effects on fruit growth through the control of gene expression.
This is a result of the fact that both substrates and products of sugar metabolism can act as signal
molecules. Like hormones, and in combination with hormones and other stimuli, these sugars can
regulate many aspects of plant development from gene expression to long-distance nutrient

allocation (Roitsch et al. 2000).

Sugar sensing in plants is thought to occur by two mechanisms, HXK and SnRK 1. HXK is the first
enzyme in hexose metabolism and believed to be one of the glucose sensors in plants and to
mediate sugar regulation of gene expression. HXK activity has been detected in extracts from
mature avocado mesocarp (Copeland and Tanner 1988). However, as HXK is competitively
inhibited by manno-heptulose (Pego et al. 1999), and this sugar occurs in very high concentrations
in the avocado mesocarp (Richtmyer 1970, Ogata et al. 1972, Shaw et al. 1980), its role in the
control of avocado fruit growth remains questionable. Sucrose nonfermenting 1 protein kinase
(SNF1) 1s a protein-serine/threonine kinase that has been shown to play a key role in the main Glu
repression/derepression pathway in yeast, regulating fundamental metabolic pathways in response
to nutritional and environmental stresses that deplete ATP or induce alterations in AMP/ATP
ratios (Hardie er al. 1998; Gibson and Graham 1999; and the references therein). This
calcium/calmodulin-dependent protein kinase (Stone and Walker 1995) is believed to be a central
component in a highly conserved protein kinase cascade that appears in most eukaryotic cells
(Hardie ef al. 1998). SnRK1 is the higher plant homologue to yeast SNF1, and is thought to protect
the cell from nutritional and/or environmental stresses by regulating both metabolism and gene
expression (Halford and Hardie 1998). Interestingly the plant HMGR kinase has been found to be
related to SnRK1 (Barker ef al. 1996). SnRK1 rapidly phosphorylates and inactivates HMGR,
nitrate reductase and SPS in vitro (Sugden et al. 1999), and its activity has been detected in
avocado mesocarp tissue (MacKintosh et al. 1992). SnRK1 thus may potentially regulate Suc
synthesis, nitrogen assimilation and isoprenoid biosynthesis in avocado fruit, and hence play a role
in the control of sink strength, carbon partitioning, the interaction between carbon and nitrogen
metabolism, and the cell division cycle (Purcell et al. 1998; Dickinson et dl. 1999). The sugars
Glu, Fru and Suc have also been shown to induce the autophosphorylation of several Ca-
dependant protein kinases associated with the regulation of sugar transport across the Pm (Ohto
and Nakamura 1995). In addition, transnodal transport via the Pd in ANitella fexilis is partly
‘active’ and requires the input of metabolic energy (Trebacz ef al. 198 8). Though this might not be
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the case in avocado, the interaction of sugars with solute transport suggests changes in HMGR
activity, ABA levels, sugar content and metabolism, and symplastic continuity are intrinsically

linked.

With the exception of SSy (Clv), all enzymes assayed showed a general increase in relative rates
of activity in small and ABA-treated fruit. Similarly, ABA-treatment of seed coat discs in vitro
resulted in the elevation of IAl, SAIL, SSy (Syn) and SPS activity. This increased activity was
delayed by 4-8 h, suggesting that ABA may be responsible for inducing changes in gene
expression and the de novo synthesis of enzymes such as IAl, SAI and SSy (Syn). On the other
hand, SSy (Clv) activity was decreased by incubation with ABA in vitro. In vivo, SSy (Clv)
activity was inhibited by ABA- and iP- treatment alone; however, when simultaneously treated
with ABA and iP, this inhibitory affect was negated. SSy activity in the cleavage direction was
inhibited by treatment with Glu, which was elevated in both small and ABA-treated fruit. Results
from the current investigation suggest that SSy (Clv) plays a major role in the provision of carbon
during seed development and the linear phase of mesocarp growth. Thus a loss of SSy (Clv)
activity in small fruit and ABA-treated tissue, is expected to significantly reduce carbon
metabolism and hence fruit growth. Purcell ef al. (1998) observed that SSy gene expression was
decreased by the expression of antisense SnRK1 in potato tubers. Furthermore, SSy activity is
modulated by tissue carbohydrate status (Koch et al. 1992). The accumulation of Glu mediated by
ABA, and the elevated levels of ABA in the small fruit may, therefore, via SnRK1 activity result
in altered Suc channeling into certain metabolic pathways by SSy and possibly reduced sugar

uptake.

Interestingly, SSy (Clv) is thought to be the source of UDP-Glu needed for callose synthesis
(Carpita and Delmer 1981; Nolte er al. 1995). Exogenous application of UDP-Glu has been shown
to increase the rate of callose deposition (Clark and Villemez 1972; Jaffe and Goren 1988). Thus
the reduced rates of callose synthesis in small and ABA-treated fruit may be linked to a reduction

in SSy (Clv) activity as a consequence of either elevated ABA or Glu levels.

Exogenous ABA treatment has been previously documented to increase SAL, NI and Glu
activity/levels (Morris and Arthur 1984b; Ackerson 1985; Goupil ef al. 1998). Similarly, stress-
related stimuli and Glu have been reported to stimulate Al or elevate mRNA levels associated with
invertase (Matsushita and Uritani 1974; Sturm and Chrispeels 1990; Ohyama et al. 1995: Roitsch
et al. 1995; Ehness and Roitsch 1997; Godt and Roitsch 1997). In the current investigation, both
small and ABA-treated fruit had elevated IAI activity. This high extracellular invertase activity

198



appeared concurrently with an apparent loss of symplastic continuity. Furthermore, the genes for
invertase are expressed maximally when supplies of metabolizable sugar are limited (Xu et al.
1995). Evidently there appears to be a limited supply of sugars to the seed, which is compensated
for by increased IAI activity. And, indeed, hydrolysis of Suc by IAI is believed to contribute to the
establishment of sink strength (Weber et al. 1995; Roitsch 1999). Overexpression of Al has,
however, been associated with morphological changes (Tymowska-Lalanne and Kreis 1998),
stunted growth (Dickinson et al. 1991) and the arrested development of secondary Pd (Ding et al.
1993). All of these being traits observed in both small and ABA-treated fruit.

Miller and Chourey (1992) presented genetic evidence to show that the developmental stability of
maternal cells in the pedicel at the base of maize seeds is determined by the genotype of the
developing endosperm. These authors suggested that the pollen donor may influence the
development of the maize kernel. Interestingly, in the same research they were able to show that
miniature seed mutants had very low levels of SAI and IAJ, and suggested that the invertase-
mediated maintenance of a physiological gradient of photosynthate between the pedicel and
endosperm constitutes the rate-limiting step in the structural stability of the maternal cells as well
as in normal development of the endosperm and seed. Miller and Chourey (1992) also proposed
that the cellular changes associated with the cellular destruction of placento-chalazal region and
the formation of a gap between the pedicel and endosperm in miniature maize seed mutants may
arise as a consequence of a transient osmotic imbalance due to the impaired movement of
photosynthate in the endosperm. This reduced photosynthate movement arises from a change in
invertase activity in the basal endosperm region, which drives the continuous flow of
photosynthate from the maternal tissues to the cells into the filial generation. Anatomically the
pedicel and endosperms tissues of miniature and normal maize seeds were indistinguishable, but
histochemical staining for invertase showed a marked reduction of this enzyme in the miniature
variant. Furthermore, this phenomenon (refered to as xenia where only the seed is affected and
metaxenia where the morphology of the whole fruit is affected) has been observed in some one-
seeded fruits, such as pecan nuts, pistachio nuts, chestnuts and dates, in which fruit size is
influenced by pollen donor (Sedgley and Griffin 1989). This research by Miller and Chourey
(1992) offers many exciting new facets to the occurrence of the small fruit phenotype. Firstly, it
brings into play the question of pollen donor viability. The potential role of pollination in the
occurrence of the small fruit phenotype is a theory of long standing. The avocado exhibits
dianthesis and synchronous dichogamy when flowering (Davenport 1986). Thus it appears to
outcross, and self-pollination is normally only permitted when the weather is cool enough to allow

an overlap in flower opening. It is known that cross-pollination increases the yield in some
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cultivars, including ‘Hass’ (Bergh 1975b; Davenport 1986), reduces the rate of fruit abscission
(Degani et al. 1989) and increases embryo size and sink strength. There is, however, substantial
evidence to suggest pollination is not the limiting factor in fruit set and size in avocado (Clark
1923; Cintron 1947; Degani and Gazit 1984). However, if pollen compatibility/viability was to
cause structural instability in the maternal cells of the pachychalazal region and, subsequently, an
osmotic imbalance (i.e. a stress) and further structural instability within the endosperm and hence
between the filial and maternal tissue, it is plausible that these tissues might experience a rise in
ROS and ABA levels. Such a response would result in poor sink establishment, an altered enzyme
profile and, subsequently, reduced fruit growth and even fruitlet abortion. This response would be
exacerbated by environmental stress, such as drought stress, cold stress or excessive heat during
pollination and fruit set. This proposal also emphasises the intimate link between plant stress,
ABA, sugar metabolism and the developmental interactions between the endosperm and the
maternal cells. It also provides a very plausible explanation for the occurrence and random
distribution of the small fruit phenotype. Furthermore, the metaxenial influence is also proposed to
occur via plant growth regulators produced by the embryo and endosperm (Sedgley and Griffon
1989; and the references therein). The loss of communication between the embryo and the
mesocarp at this early stage of fruit development can be expected to have a profound effect on

overall mesocarp physiology and morphogenesis.

Plant growth regulators such as GA and IAA, synthesised by the embryo, also play an important
role in the control of the activity and de novo synthesis of sugar-metabolising enzymes (Broughton
and McComb 1971; Gordon and Flood 1980; Schaffer et al. 1987b; Estruch and Beltran 1991; Wu
et al. 1993b; Miyamoto et al. 2000). Bangerth (1989) presented a hypothesis termed ‘primigenic
dominance’, which proposes that the polar export of IAA from earlier developed sinks inhibits the
IAA export of later developed sinks and so leads to the inhibition of subordinate sink/fruit growth.
Taylor and Cowan (2000) postulated the ratio of CK and IAA to ABA plays a key role in the
control of fruit size, and that reduced IAA oxidase and elevated ABA aldehyde oxidase activity
contributes to decreased IAA and increased ABA levels in the small fruit. The effect of this would
be two-fold; firstly, an environment unfavourable for cell division would be created; secondly, the
polar export of IAA may be reduced. Polar TAA transport has been proposed to play a role in the
differentiation of vascular tissue, direction of assimilate transport, inhibition of organ abscission
and the regulation of calcium status (Bangerth 1989; and the references therein). Normally nutrient
status and cell size must be allowed to reach certain critical values before the transition from Gl
phase to S phase in the cell division cycle can occur (Hirt 1996). The direction of assimilate import

and metabolism by hormones, such as IAA, ABA and CK, will affect sugar composition and
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availability in the fruit, and so impact on cell differentiation and cell cycle activity (Webster and
Henry 1987). The availability of some of these hormones is also determined by the condition of
the seed coat, which is affected by endogenous ABA levels. ABA has also been shown to cause
the strong transcriptional down-regulation of cdc2 gene expression (John et al. 1993). The cdc2
gene is normally expressed prior to cell division (Hemerly er al. 1993) and plays a crucial role in
the cell division cycle. Artlip ef al. (1995) observed that water deficit reduced the rate of cell
division in developing maize endosperm and concluded cell division is highly responsive to water
stress. Conversely, CK levels-were positively correlated with the mesocarp growth rate in avocado
(Blumenfeld 1970). These observations suggest that stress and elevated ABA levels, or rather, an
altered ABA to CK and IAA ratio, impact directly on the cell division cycle by reducing entry into
the phase of DNA replication and histone synthesis. Furthermore, seed senescence will alter
communication between the seed and mesocarp, and between the seed and parent tree. This will
consequently impact on sugar supply, metabolism, content and composition, and subsequently cell

division, hormone and sugar homeostasis, and ultimately fruit growth.

Avocado fruit has very high rates of respiration. When comparing avocado cultivars of different
size, Blanke and Whiley (1995) proposed that ‘Hass’ was smaller than ‘Fuerte’ due to the higher
respiration rates and hence greater energy demands during fruit growth and development. The
current investigation showed that the small fruit variant had much higher respiratory rates, and that
ABA treatment resulted in increased respiration rates. During the climacteric of avocado, the
respiration rates, as well as the ability to produce ABA, increase (Adato and Gazit 1976). Fruit
respiration is closely related to fruit size in persimmon and is important for maintaining sink
strength (Nakano et al. 1998). Many processes controlling assimilate import, such as phloem
unloading, sugar uptake by sink cells, and compartmentation of sugars within cells require
respiratory energy, and a close relationship between dry mass accumulation and respiration rates
has been observed in several fruit (Walker and Thornely 1977; Hole and Barnes 1980; De Jong
and Goudriaan 1989). The high respiration rate in the small fruit may contribute to its reduced
size, or be a result of assimilates being allocated to respiration instead of processes associated with
growth and development. In addition, the high respiration rates in the small fruit may be indicative
of earlier fruit maturation/climacteric, a phenomenon, not unlike the premature senescence of the

seed coat, that can be induced by ABA application.

Also associated with avocado maturation is the accumulation of starch and oils in the seed and
mesocarp, respectively. Normal and iP-treated fruit accumulated more starch, predominantly in the

seed. On the other hand, small and ABA-treated fruit had lower starch levels in the seed. Small
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and ABA-treated fruit were also characterised by elevated a-amylase activity. It has been reported
that in maize, feeding of substrate quantities of Suc to the stems of excised parent plants, resulted
in the persistence of starch and a reduction in the arrest of embryo development (Zinselmeier et al.
1999). This suggests that interruption of carbohydrate supply during development may induce
starch degradation to ensure the continued supply of carbohydrates to sustain metabolism. In the
event of insufficient sugar supply to sustain embryo growth, early embryo abortion may occur. It
is thus proposed that in the small fruit senescence of the seed coat together with elevated
respiration rates results in reduced assimilate supply to the seed and necessitates the hydrolysis of
starch by a-amylase to sustain embryonic development/respiration. The same suggestion may be
applicable to ABA-treated fruit. Ironically, the inhibition of ABA biosynthesis by fluoridone has
been shown to increase a-amylase activity (Pagano ef al. 1997). Similarly, treatment with (+)-
trifluoro-ABA, an ABA analog, has been shown to inhibit the formation of a-amylase (Kashem ef
al. 1998). However, these observations were made in the presence of adequate carbohydrate
substrates and it is assumed that the demand for carbon needed for respiration overrides the

inhibition of a-amylase by ABA in small and ABA-treated fruit.

In avocado, although total lipid content shows little difference in the early stages of fruit growth, a
distinct pattern emerges with respect to fatty acid composition in small and ABA-treated fruit.
Both small and ABA-treated fruit showed an increase/decrease in the same fatty acids, namely, an
increase in palmitic and petroselinic acid in the seed and oleic acid in the mesocarp, while linoleic
and vy-linolenic acids decreased in the seed. The changes in seed fatty acid content associated with
small and ABA-treated fruit mimic the changes seen in the fatty acid profile of normal fruit during
development. These observations suggest that small and ABA-treated fruit may be undergoing
premature maturation and, although they are chronologically the same age as the control fruit, they

may be developmentally more mature.

The metabolism of carbohydrates, sugar sensing and hormone homeostasis within the fruit are thus
intrinsically linked. The small fruit phenotype displays distinct characteristics with respect to sugar
metabolism and carbon content and storage. These characteristics appear to be inducible by
treatment with ABA and thus it is suggested that ABA plays a crucial role in the metabolic control
of developing ‘Hass’ fruit.
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7.1.2.4 An integrated model for the metabolic control of ‘Hass’ fruit growth

What can be considered as the ‘normal’ pattern (associated with the normal fruit phenotype) of
carbon metabolism, seed coat senescence and fruit growth has been established by the current
research. The small fruit phenotype is believed to arise as a consequence of some form of stress
and displays a distinct pattern of early seed coat senescence, altered carbohydrate metabolism and
transport, and apparently premature maturation. These characteristics can be induced by ABA
treatment, both in vivo and in vitro. ABA is considered a ‘stress-hormone’ and many of the
characteristics observed in both the small and ABA-treated fruit have been associated with various
plant stress responses. Presented in Figure 7.6 is a model integrating the stimulus and metabolic

responses believed to be associated with the induction and manifestation of the ‘Hass’ small fruit

phenotype.

In this model, fruit size is determined by cell number and hence by the extent and duration of cell
division. The small fruit is believed to undergo premature maturation and, as a consequence, the
period of cell division is very much reduced. The precise stimulus for the induction of the small
fruit phenotype still needs to be elucidated, but it is proposed to be tissue stress, as a consequence
of reduced placento-chalazal stability associated with pollen donor and/or environmental stress,
especially water, cold or heat stress, during the period of pollination and early fruit set when the
tissue is most sensitive. Such a stress is proposed to induce the synthesis of ROS and ABA.
Elevated ROS and ABA may result in HR, PCD, the synthesis, accumulation, and deposition of
polyphenolics, and a reduction in 7C sugars. Polyphenolic accumulation and PCD within the seed
coat results in the reduction of communication between the seed and the mesocarp. In addition,
membrane perturbation and changes in Ca*" associated with PCD will result in increased
association of callose with the Pd and a reduction of symplastic continuity. Accompanying this
will be a reduction in the movement of promotive growth factors (such as IAA and CK)
synthesised in the seed, into the mesocarp, and consequently a reduction in cell division and
growth. Associated with the alteration in 7C sugar levels and profile may be the loss of the so-
called ‘juvenility factor’ and hence the induction of premature maturation. Premature maturation
can be expected to be associated with the reduction of secondary Pd formation and hence a further
reduction in symplastic continuity. Isolation of the seed and seed coat from phloem-derived carbon
as a consequence of PCD (i.e. premature senescence) of the seed coat, and callose deposition
within the Pd, will result in the establishment of a pattern of carbon metabolism similar to that of
tissues subjected to stress and carbon starvation. Consequently, hexose levels would increase and

the genes regulated by sugar levels will be differentially expressed. Through the action of HXK
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and SnRK1 the activity of key enzymes such as HMGR, AO, XDH, SSy and Al could in turn be
altered and thus sugar-regulated gene expression would further impact on sugar metabolism,
hormone homeostasis, PCD, solute movement, cell division énd fruit maturation. Of particular
importance in this model would be a loss of SSy (Clv) activity and increased apoplastic Suc
cleavage in the seed coat. The consequence of this entangled, spiralling chain of events will be a
reduction in fruit growth, premature seed coat senescence and fruit maturation as manifested by

the small fruit phenotype.

Pollen donor < Abiofic stress

\/

Tissue stress

a* | Membrane perturbation

_@@

Callose

Loss of seed coat
and Pd function

Figure 7.6 Hypothetical scheme illustrating the relationship between ABA, sugar transport,

metabolism and sensing, and the appearance of the small fruit phenotype.
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7.1.3 PRACTICAL IMPLICATIONS OF THIS RESEARCH

The small fruit problem is physiological and occurs without pathogen involvement (Blanke and
Bower 1991). It is, however, aggravated by poor cultural techniques and becomes more
pronounced with tree age (Cutting 1993). This problem is also more prevalent in orchards situated
in drier/warmer climates (Hilton-Barber 1992; Whiley and Schaffer 1994). Studies by Moore-
Gordon and Wolstenholme (1996) revealed that mulching reduced the incidence of premature seed
coat senescence and pedicel ring-neck, both characteristics associated with plant water stress and
the small fruit phenotype. These observations, the results from the present investigation, and the
scheme illustrated in Figure 7.6, suggest plant stress plays a key role in the occurrence of the small
fruit phenotype, and confirm the proposal by Moore-Gordon (1997) that the small fruit phenotype
is associated with plant stress. Whilst logistics and current technology limit the practical
applications of the current research, the work presented here facilitates the understanding of the
small fruit problem and lays a foundation for further research that can be more practically applied.
However, it does emphasise the importance of good orchard management practices, such as careful
irrigation, and the use of pine bark (Moore-Gordon and Wolstenholme 1996; Moore-Gordon et al.
1996; 1997) and sugarcane filter-press mulches (van Niekerk e al. 1999) to alleviate/minimize

water stress during crucial periods of fruit set and growth.

Robbertse and co-workers (1996) have investigated ‘Hass’ yield and fruit size as influenced by the
pollen donor. Their study suggests ‘Ettinger’ pollen outperformed ‘Hass’ pollen in terms of
germination and pollen tube growth. Pollination with ‘Ettinger’ pollen resulted in increased ‘Hass’
fruit and seed size. It is therefore possible that the interplanting of ‘Hass’ orchards with high
quality pollen donors such as ‘Ettinger’ may alleviate the small fruit problem. The question of

pollen source/compatibility/viability also needs to be addressed to ascertain the significance of the

contribution of pollen donor to the occurrence of the small fruit phenotype.

Ultimately fruit size is fundamentally determined by genome. Thus the most logical long term
approach to address the ‘Hass’ small fruit problem is to breed or select new high yielding, larger
fruit cultivars that are less susceptible to both abiotic and biotic stress, especially water or cold
stress. Progress is being made in this field with a breeding programme being undertaken by the
Institute for Tropical and Subtropical fruits (Bijzet et al. 1996). In addition, testing of ‘Hass’-like
cultivars, such as ‘Lamb Hass’, ‘Iriet’ and ‘Gil’ has revealed some promising results (Kremer-

K&hne 1999; 2000). In the interim, it may be beneficial to find new/improved ways to manage
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orchards, especially during the crucial period of fruit set when the small fruit is believed to be

induced.

7.2 CONCLUSIONS AND FUTURE PROSPECTS

The limited literature available on solute transport and metabolism in avocado has necessitated a
lot of speculation, based both on the findings of the current investigation and published research in
other plant species. However, this study has, in part, elucidated the metabolism of Suc in
developing ‘Hass’ fruit. In so doing, the role of stress, ABA and potentially ROS has been linked
to the induction and expression of the small fruit phenotype. Furthermore, efforts have been made
to address the potential role of 7C sugars in the supply of carbon for metabolism, growth and
storage in developing avocado fruit, and the contribution of these sugars to fruit maturation and the

expression of the small fruit phenotype.

Of equal importance is the fact that this research has highlighted the need for further investigations
into the role of ROS in the induction of the small fruit phenotype during early fruit set, the
mechanism of Pd gating and in particular the role of callose as a ‘gate-keeper’ in these dynamic
intercellular channels, and finally the pathways of synthesis and catabolism of manno-heptulose
and perseitol and the role of these abundant 7C sugars in avocado physiology. In addition, this
study has emphasised the need to find a practical method to reduce plant stress, or the synthesis of

ROS/ABA during fruit set, and thereby to minimize the occurrence of the small fruit phenotype.
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APPENDIX A

STANDARD PROCEDURES NOT COVERED IN DETAIL IN MATERIALS
AND METHODS

A.1 Wax embedding for light microscopy

Fruit tissue was sectioned into 4x4x4 mm blocks and placed in F.A.A. solution for at least 24 h at
4°C. The samples were then removed from F.A.A. and placed in 50% alcohol solution (Table A.1)
for 2 h and in 70% alcohol overnight. The tissue was dehydrated through 85, 95 and 100% alcohol
for 2 h at each stage, placed in pure tertiary butanol for 2 h and then put in fresh tertiary butanol
overnight The dehydrated material was placed in liquid paraffin: tertiary butanol (1:1) for 24 h.
After this period small glass vials were half filled with molten paraffin wax, allowed to cool until
the surface solidifies, the sample in the liquid paraffin:tertiary butanol (+ equal volume to the
paraffin wax) was poured on top of the wax and the vial placed in an oven at 62°C for several h,
allowing the sample to sink into the wax slowly. The molten wax was decanted off, replaced with
fresh molten paraffin wax and the vial left open in the oven overnight, allowing any remaining
solvent to evaporate off. On a clean wooden board brass L-pieces were arranged to give 10x20
mm wells, which were rapidly filled with molten wax. The bottom of the wax block was allowed
to cool and the sample carefully positioned with a hot needle, two per block, to give a sample in a
10x10 mm block. The wax block was allowed to cool for a few min, picked up and gently
dropped onto the board to release the brass L-pieces and the wax blocks then allowed to cool for
several h. The blocks were cut into two and shaved with a scalpel to give a small flat topped four

sided pyramid with the sample located at the top. The base of this was melted with a flat metal

object and mounted onto wooden stubs.

Table A.1. Alcohol dehydration series for wax embedding.

% alcohol ~ Water (mL) ethanol tertiary
(mL) butanol (mL)
50 52 38 10
70 32.5 47.5 20
85 17.5 47.5 35
95 2.2 42.8 55
100 0 25 75
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The wax blocks were sectioned to give continuous wax ribbons. These ribbons were picked up
with a fine paint brush and placed on a drop of 37% (w/v) formaldehyde on a clean glass slide
evenly smeared with a very thin layer of Haupt’s adhesive. The slides were then placed on a slide
drying bench (Electrothermal, Southend, England) at 40-50°C and allowed to spread evenly, fix
and dry overnight.

A.2 Rehydration and mounting of wax embedded sections

Wax embedded sections had to be dewaxed and rehydrated before staining. The slides were
immersed twice in clean 100% xylene for 10 min, xylene:ethanol (1:1) for 5 min and then put
through an alcohol rehydration series at 100, 80, 70, 50 and 0% (v/v) ethanol, for 10 min at each
step. Sections were taken at the 70% (v/v) ethanol stage for alcoholic stains, and at the 0% (v/v)
ethanol stage for aqueous stains. Alcoholic stage sections were stained as described in 2.8.2 and a
drop of Canada balsam, diluted with xylene, was placed on the section and a glass cover slip
gently laid on this, taking care not to trap any air bubbles or to move the cover from side to side
and so damage the section. The slide was dried overnight at about 30°C on the drying rack and

viewed.
B.3 Epon-Araldite resin embedding for transmission electron microscopy

Fruit tissue was fixed for a minimum of 56 h in 3% (m/v) glutaraldehyde in 0.05 M sodium
cacodylate buffer (pH 7.2). Fixed material was washed twice for 30 min with 0.05 M sodium
cacodylate buffer (pH 7.2) and post-fixed, to stain phospholipids and fats, with 2% (w/v) osmium
tetroxide in 0.05 M sodium cacodylate buffer (pH 7.2) for 1 h. The specimen was washed twice for
30 min each time with buffer and block stained, to stain proteins and lipids, with freshly prepared
2% (m/v) uranyl acetate in 2% (v/v) ethanol for 45 min. The specimen was washed with double-
distilled water twice for 10 min and dehydrated through 10, 20, 30, 40, 50, 60 and 70% (v/v)
ethanol, for 10 min at each level. At 70% (v/v) ethanol the sample was left overnight; the
following day the sample was dehydrated (10 min each step) through 80, 90, 100% (v/v) ethanol,
with three changes at 100% (v/v) ethanol. This dehydration was followed by two 30 min changes
in 100% propylene oxide. The tissue was then embedded in increasing Epon-Araldite resin
concentrations (25, 50, 75% (v/v) made up with propylene oxide) for 2 h each time, with 1 mL of
DMP added for each mL of resin used. The infiltrated tissue was placed in fresh 75% (v/v) Epon-
Araldite resin, 25% (v/v) propylene oxide with DMP and left in the fume cupboard with the vial
caps off overnight. The next day the resin was replaced with 100% Epon-Araldite resin with DMP
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and left for 24 h (with the caps on). After this period the resin was replaced with fresh 100% resin
with DMP for 6 h and the tissue sections removed gently with a sharpened wooden rod and placed

‘0 small aluminium dishes containing fresh 100% resin and DMP, and polymerised at 70°C for 48

h.
A.4 Spurr’s resin embedding for transmission electron microscopy

For embedding by Spurr’s the fixation and dehydration described for Epon-Araldite resin was
followed until the resin embedding stage. Once the tissue had been dehydrated to 100% (v/v)
cthanol, the tissue was embedded in increasing Spurr’s resin concentrations (25, 50, 75% (v/v)
made up with 100% (v/v) ethanol) for 2 h each time. The tissue was placed in fresh 75% (v/v)
Spurr’s, 25% (v/v) ethanol and left in the fume cupboard with the vial caps off overnight. The next
day the resin was replaced with 100% Spurt’s and left for 24 h (with the caps on). After this period
the Spurr’s was replaced with freshly made up Spurr’s for 6 h and the tissue sections removed
gently with a sharpened wooden rod and placed in small aluminium dishes containing freshly

made up 100% Spurr’s and polymerised at 70°C for 16 h.
B.5 LR White resin embedding for transmission electron microscopy

LR White resin embedding for immunolabelling of callose was adapted from the methods of

Elliott (1993), Newman and Hobot (1993) and Enkerli ef al. (1997).

Fruit was harvested with a 15-20 cm portion of branch attached to the pedicel and placed on ice to
reduce possible stress responses involving the synthesis of callose. The fruit was split into seed,
endosperm, seed coat and mesocarp tissue, cut into 1x2x3 mm blocks and placed into 0.05 M
sodium cacodylate buffer (pH 7.2) containing 4% (w/v) paraformaldehyde and 0.05% (v/v)
glutaraldehyde for at least 24 h. The fixed tissue was washed twice for 30 min in 0.05 M sodium
cacodylate buffer (pH 7.2), dehydrated through 10, 20, 30, 40, 50 and 60% (v/v) ethanol for 10
min at each stage and then placed in 70% (v/v) ethanol overnight. The next day the tissue was
dehydrated at 80, 90, 100 and 100% (v/v) ethanol for 30 min at each step. The tissue blocks were
then transferred to increasing amounts of LR White resin in ethanol (1:2 for 2 h; 1:1 for 2 h; 2:1
for 2 h) and then placed in pure resin overnight at room temperature. The next day fresh resin was
dispensed into ‘0’-gauge gelatine capsules (Eli Lilly (S.A.) Pty. Ltd., Isando, R.S.A.) and the
tissue blocks placed on top of the resin (taking care to minimize resin carry-over), and allowed to

sink to the bottom. The caps were closed and two small holes punched into the top of the capsule
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using a 0.5x16 mm needle. Through the lower hole fresh resin was injected (1 mL Terumo®

Syringe, Tokyo, Japan) until it flowed out the top. Care was taken to ensure the holes were as
small as possible and as close to the highest point of the capsule as possible to ensure minimal air
being trapped in the capsule, as aerobic conditions inhibit polymerisation. The capsules were
polymerised at 50°C for 24 h. The blocks were stored in sealed vials containing silica desiccant

beads at -18°C to preserve immunoreactivity.
A.6 Critical point drying for scanning electron microscopy

Samples dehydrated to 100% (v/v) ethanol were placed in baskets submerged in 100% (v/v)
ethanol. The CPD was cooled to -10°C and flushed with liquid CO,. The Baskets in the ethanol
were sealed in the CPD, flushed three times with liquid CO; to remove the ethanol, the chamber
was flooded with liquid CO, and left to stand for 1 h. The chamber was {lushed again with liquid
CO,, the CO> source closed and the chamber heated to 35°C. The CO; gas was leaked slowly from
the chamber over a period of 30 min until the chamber pressure reached 0 Kgf cm?, after which

the sample was taken out and stored in a desiccator until mounted.
A.7 Sputter coating of samples of scanning electron microscopy

Mounted dehydrated samples were inserted into the bell jar on the specimen stage of the sputter
coater and the target length from the cathode (gold:palladium (40:60)) to the anode (specimen)
adjusted to 4 cm. The bell jar was sealed and evacuated to 5x 107 torr, flushed with argon, pumped
down and flushed again. The voltage was then turned on to 2.2 kV for 2-3 min and the plasma
current maintained at 10 mA by adjusting the argon leak valve. After this period the voltage was

turned off, air leaked into the jar and the samples removed and viewed.
A.8 Tricine gels for the electrophoretical separation of membrane proteins

The glass/aluminium plates were clamped together and, in the case of the Mighty Small vertical
slab unit, the bottom space sealed with 1% (m/v) agarose at 60°C and allowed to solidify. The
running gel (10% acrylamide) was prepared by mixing 5 mL 3 M Tris-HCI buffer (pH 8.45)
containing 0.3% (m/v) SDS, 3 mL solution of 49.5% (m/v) acrylamide and 3% (m/v) bis-
acrylamide, 50 L freshly prepared 10% (m/v) ammonium persulfate, 7.5 4L TEMED and 7 mL
ultra-pure water, poured to 3 cm from top of plates, overlaid with ultra-pure water and allowed to

polymerise for 1 h. The stacking gel was then prepared by mixing 1.5 mL 3 M Tris-HCI buffer
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(pH 8.45) containing 0.3% (m/v) SDS, 0.5 mL solution of 49.5% (m/v) acrylamide and 3% (m/v)
bis-acrylamide, 30 uL freshly prepared 10% (m/v) ammonium persulfate, 15 ©L. TEMED and 4
mL ultra-pure water. The water overlying the running gel was discarded, the stacking gel poured in
its place, the combs placed in, taking care not to trap air and the gel allowed to set for 30 min. The
combs were removed, the wells rinsed with distilled water and the top chamber of the unit (the
cathode) filled with 100 mM Tris-HCI buffer (pH 8.25) containing 100 mM tricine and 0.1% (m/v)
SDS. The lower chamber (the anode) was filled with 200 mM. Tris-HCI buffer (pH 8.9), 5-10 uL
membrane extract was loaded into each well and the gel run at 80 V until the proteins had stacked
evenly at the base of the stacking gel. Thereafter the voltage was increased to 100 V and the unit
run for 30 min after the tracker dye had reached the end of the gel (total run time 2.5-3 h).

A.9 Silver staining of proteins on tricine gels

After separation of proteins, the gels were removed and fixed in a solution consisting of 50% (v/v)
methanol, 12% (v/v) acetic acid and 0.5% (v/v) formaldehyde overnight on a gentle shaker (IKA-
Vibrax-VXR, IKA® Labortechnik, Staufen, Germany). The gels were then washed 3x20 min with
50% ethanol, soaked in 0.02% (m/v) Na;S,03.5H,0 for 1 min, washed 3x20 sec in water, soaked
in 0.2% (m/v) AgNOs in 0.75% (v/v) formaldehyde for 23 min, washed 2x20 sec in water and
soaked in 6% (m/v) Na;CO;3, 0.0004% (m/v) Nay$;03.5H,0 in 0.5% (v/v) formaldehyde until all
the expected bands were clearly visible. The stained gels were rinsed in distilled water and the
development stopped by placing in 50% (v/v) methanol, 12% (v/v) acetic acid solution for 10 min.

The gels were washed in 50% (v/v) methanol for 10 min and observed.

Gels could be preserved for several months by sealing in clear polyethylene bags containing a little

50% (v/v) methanol to prevent drying out.
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