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Stellingen

. Endo-B-mannanase is verantwoordelijk voor de eerste stap in de verweking van

de ‘endosperm cap’ maar niet voor de tweede stap die door ABA gereguleerd
wordt, en is dzarom niet betrokken bij het remmend effect van ABA op kieming.
Dit proefschrift.

De invloed van kiemrust op de kwaliteit van commerciéle partijen zaaizaad wordt
onderschat.

. De kracht van een ‘single-seed’ assay ligt in het vermogen om binnen een

populatie onderscheid te maken mssen individuen aan de hand van een
parameter, die anders zou worden uitgerniddeld in een ‘bulk’ assay.
Dit proefschrift.
Bradford KJ (1996) Population-based models describing seed dormancy behaviour:
implications for experimental design and interpretation. Jn GA Lang, ed., Plant dormancy -
physiology, biochemistry and molecular biology. CAB International, Wallingford, UK, 313-
339.

Bij de beschrijving van de relatie tussen metabolische processen en kieming is
een accurate omschrijving van de kiemingstoestand van zaden vereist om tot
goede conclusies te komen.
Leviatov S et al. (1995) Involvement of endomannanase in the control of tomato seed
germination under low temperature conditions. Annals of Botany 76, 1-6.
Watkins JT et al. (1985) Gibberellic acid stimulated degradation of endosperm in pepper.
Journal of the American Society for Horticultural Science 110, 61-65.

Een onjuiste proefopzet bij het zoeken naar processen die verantwoordelijk zijn
voor kieming kan leiden tot het onterecht interpreteren van processen die
betrokken zijn bij onderhoudsmetabolisme als zodanig.

Bij de beoordeling van de smaak van etenswaren vormt een smaakpanel een
onmisbaar instrament dat niet vervangen kan worden door andersoortige
hulpmiddelen.

In hun streven om gelukkig te zijn maken veel mensen van hun zoektocht een
doel.

Het is mogelijk om met een trage computer een proefschrift snel te schrijven.

Het positieve effect van knoflook consumptie op de menselijke gezondheid vindt
ondermeer zijn oorzaak in de grotere fysieke afstand tussen consmmnenten en niet-
consurgenten van knoflook.

Om te voorkomen dat naamsverandering bij getronwde vrouwen de ‘follow-up’
van een eerdere wetenschappelijke publicatie onmogelijk maakt, kan het gebruik
van een artiestennaam uitkomst brengen.

stelling 11 uit het proefschrift van M.J.M. Hagendoomn, Vrije Universiteit, Amsterdam.

Het is verbazingwekkend hoe men steriel kan werken in een vies laboratorium.




12. Het is legitiem om humor als middel te gebruiken om een stelling van meer
ovenuigingskracht te voorzien; men dient er echter voor te waken dat de inhoud
van de stelling niet ondergeschikt is aan de presentatievorm,

Plasterk R, De geest van Piet Bambergen. Intermediair, 4 dec 1997.

13. De frequentie van proefschriften die vergezeld gaan van 13 stellingen volgt de

normaal verdeling voor de frequentie van proefschriften met n stellingen. Hieruit
mag men concluderen dat promovendi in Nederland niet bijgelovig zijn.

Stellingen behorende bij het proefschrift "The role of endo-B-mannanase activity in
tomato seed germination”,

Wageningen, 20 mei 1998. Peter Toorop




Abstract

The role of endo--mannanase activity in tomato seed germination was studied using
the osmotic agent PEG 6000 and the plant hormone abscisic acid (ABA). Endo-B-mannanase
is known to degrade galactomannans in cell walls, and its activity was found in the lateral
endosperm upon radicle protrusion and in the endosperm cap before radicle protrusion. The
former activity appeared to be inhibited by ABA, whereas no regulation by this hormone
could be detected for the latter activity. Completion of germination was strongly inhibited by
ABA. The isozymes that were found in the endosperm cap before radicle protrusion were
different from the ones in the lateral endosperm afier radicle protrusion. It was concluded that
endo-B-mannanase in the endosperm cap played no role in the ABA regulated inhibition of
germination. Studies with ABA analogs confirmed the observations. Puncture force
measurements with endosperm caps revealed that during germination two steps can be
distinguished in the endosperm cap weakening, required for radicle protrusion. The first step
is not inhibited by ABA and correlates with an increase in endo--mannanase activity. The
second step is inhibited by ABA and does not correlate with endo-8-mannanase activity. It
was concluded that endo-B-mannanase activity mediates the first step of the endosperm
weakening, and that a putative cell wall degrading enzyme is involved in the second step.
Attempts to identify this enzyme were unsuccessful. Osmotic priming is a treatment of seeds
resulting in improved germination. Its beneficial action appeared to correlate partly with endo-
B-mannanase activity and step 1 of the endosperm weakening. Activity of endo--mannanase
always correlated with a porous appearance of the cell walls in the endosperm cap, as
observed with eryo-scanning electron microscopy. The overall conclusion is that endo-3-
mannanase plays a limited role in the completion of germination and acts through the first

step of the endosperm weakening.
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Eindelijk, het proefschrift is af. En dat nodigt uit om even stil te staan bij de
totstandkoming hiervan. Zoals te doen gebruikelijk hebben veel mensen in meerdere of
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General introduction



General introduction

Tomato seed anatomy and germination

The dicotyledonous tomato {(Lycopersicon esculentum Mill.) seed consists of an embryo
that is embedded in a non-starchy, thick-walled endosperm. The embryo has a spiral form
with the cotyledons on the inside and the hypocoty] and radicle curving outwards. The
embryo usually lies in a symmetrical plane in the flattened seed (Fig. 1.1). The endosperm
consists of thick-walled cells that contain the reserves for the growing embryo upon radicle
protrusion. The endosperm cell walls opposite the radicle tip are thinner (Karssen et al.,
1989a) and this part of the endosperm is called the micropylar endosperm or endosperm cap.
The rest of the endosperm that is characterized by thick-walled cells is called the lateral
endosperm. This morphological and structural difference suggests that protrusion through the
endosperm cap is predestined.

Germination is defined as the event that “begins with water uptake by the seed
(imbibition) and ends with the start of elongation by the embryonic axis, usually the radicle’
(Bewley and Black, 1994). In the case of tomato protrusion of the radicle through the testa is

Fig. 1.1  Scanning electron micrograph of a fractured germinated tomato seed {(bar = 1mm).
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considered to be the end of germination, and is referred to as the completion of germination,
During seed germination the water uptake is triphasic (Bewley and Black, 1994). Phase I is
marked by a fast uptake of water, phase II is marked by a constant water content and ends at
radicle protrusion. Water uptake studies with excised embryos indicated that the enclosing
tissues prevented the embryo from taking up water, and it was suggested that embryo water
content was restricted by the constraint on embryo expansion caused by the enclosing
endosperm (Haigh and Barlow, 1987}. There was no evidence for the lowering of the embryo
water potential or the build up of embryo turgor before radicle emergence. It was concluded
that lowering of the mechanical restraint of the endosperm and testa was a prerequisite for the
expansion of the embryo, resulting in the completion of germination. In Cucumis melo a
similar mechanism for radicle expansion was hypothesized (Welbaum and Bradford, 1990). In
Datura ferox seeds the increase in embryo growth potential was insufficient for completion of
seed germination, and endosperm softening was proposed as a requirement (De Miguel and
Sanchez, 1992). Therefore, endosperm weakening not only seems to be a prerequisite for

radicle protrusion in tomato, but also for radicle protrusion in several other species.

Composition of the endosperm

Galactomannan is one of the hemicetluloses that is found in the cell walls of many
seeds, and occasionally in other cell compartments like the vacuole (Brennan et al., 1996), as
a reserve for the growing seedling (Bewley and Biack, 1994). The galactomannan structure,
its formation during development and its depletion during and after germination, have been
studied extensively in the past for physiological reasons. The polysaccharide has also been
studied for its various applications. The ancient Egypt used the substance for mummification,
more recently it is used in food, pharmaceuticals, cosmetics, paper products, paints and
plasters, well-drilling and mining, and explosives and fire-fighting (Dey, 1978). In the light of
this economical importance it is not surprising that the structure of the polymer is well-
known. The polymer consists of a 14, B-linked D-mannan backbone and is substituted to a
higher or lesser degree by single-unit o-D-galactopyranoside side chains linked 1—6 to
mannose (Reid, 1985) (Fig. 1.2). The degree of substitution varies from 20% to nearly 100%,
depending on the species that the galactomannan originates from. The higher the substitution
degree the more water soluble the polymer becomes. Presumably, the galactosyl side chains

prevent the self-association of the main chain to give crystalline aggregates. Substitution of
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Fig. 1.2 Schematic structure of galactomannan and the sites of action of endo---mannanase,
o-galactosidase, and B-mannosidase,
the side chains is not necessarily homogeneous throughout the polymer (Courtois and Le
Dizet, 1968). The endosperm cell walls of the tomato seed contain large amounts of mannose
and lower amounts of glucose and galactose (Groot et al., 1988). It was concluded that the
tomato endosperm cell walls contained galactomannans or galactoglucomannans.

Three enzymes are known to be involved in the complete hydrolysis of galactomannans:
endo-B-mannanase (EC 3.2.1.78), a-galactosidase (EC 3.2.1.22) and B-mannosidase (EC
3.2.1.25). The latter two are exo-enzymes. o-Galactosidase plays the role of debranching
enzyme, hydrolyzing the palactosyl side chains. B-Mannosidase cleaves mannose residues
from the mannan backbone. Endo-f3-mannanase is an endo-enzyme, hydrolysing the mannan
backbone in between mannose residues. The enzyme requires a minimum chain length to be
active: the required number of mannose residues depends on the origin of the enzyme
(Nonogaki and Morohashi, 1996). In galactomannans with a high degree of substitution «-
galactosidase activity is required before endo--mannanase can become active, cleaving side
chains and enabling the endo-B-mannanase to hydrolyse the backbone. B-Mannosidase
requires the action of endo-B-mannanase (McCleary, 1983). A B-galactosidase appeared to be
active on galactomannan from locust bean, which was probably caused by non-specificity of

this enzyme (Carey et al., 1995).

Endo--mannanase in the tomato seed

Endo-fi-mannanase has been studied in several species in relation to germination. A
distinction should be made between expression of the enzyme in the layers that oppose the
radicle and in the rest of the surrounding endosperm tissue. The latter activity is related to

depletion of the reserves after radicle emergence, while the former activity could be associated
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in at least a number of species with protrusion of the radicle through the surrounding plant
tissue. Growth regulators, such as the plant hormones gibberellic acid (GA) and abscisic acid
{ABA), are often used to determine their effect on germination as well as on enzyme activity
since a similar effect of growth regulators on both processes forms an indication for a causal
relationship.

During the depletion of reserves, which is a post-germination event, the
galacto(gluco)mannans in tomato seeds are hydrolysed by endo-B-mannanase (Nonogaki et
al., 1992). The mobilized reserves supply the growing embryo with oligosaccharides and,
possibly, monosaccharides. Endo-B-mannanase was found in the endosperm cap opposite the
radicle tip prior to radicle protrusion and this activity was associated with the decrease of the
endosperm restraint (Nonogaki et al., 1992). The two enzymes, found before and after radicle
protrusion, did not only differ in spatial and temporal expression: the action pattern was also
different, as was concluded from the reaction products formed in vitro (Nonogaki and
Morohashi, 1996). Groot and Karssen (1987) hypothesized that a GA is excreted from the
embryo to the endosperm cap where it induces a decrease of the mechanical resistance. This
weakening was assumed to be mediated by endo-B-mannanase activity, which was induced by
GA,,; in isolated endosperms (Groot et al., 1988). GA,,, also enhanced B-mannosidase and o.-
galactosidase activity. From experiments in which wild-type and gibberellin-deficient gib/
mutant seeds were detipped and placed on different concentrations of osmoticumn it was
concluded that GAs stimulated the growth potential of the embryo (Karssen et al., 1989b).
Pormant seeds did not display a decrease of the puncture force which may imply that endo-63-
mannanase is not induced in dormant seeds. The gib/ mutant, having a blocked GA synthesis,
also does not germinate under favourable conditions. However, it has to be realized that the
absence of GA in the endosperm cap may also inhibit other enzymes than endo-B-mannanase.
Plant hormones are known to have pleiotropic effects, and so many processes may be
inhibited by the absence of GAs. Endo-3-mannanase may simply be one of the many
enzymes, and cell wall hydrolysis one of the many biochemical activities, that are induced by
GAs.

ABA inhibits germination of many species when applied exogenously. Tomato seed
germination is also inhibited by ABA, and this effect was accounted for by‘inhibition of endo-
B-mannanase in the endosperm cap (Nomaguchi et al., 1995) resulting in an unchanged

puncture force (Groot and Xarssen, 1992). In a few other species a decrease in the restraint of
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the tissues surrounding the radicle tip during germination has been described (De Miguel and
Sanchez, 1992; Tao and Khan, 1979; Welbaum et al., 1995), yet none of these reports
describe the effect of a germination inhibitor like ABA on this mechanical restraint.

Endo-B-mannanase in seeds of other species

Lettuce is one of the most widely studied species for galactomannan degrading enzymes
(e.g. Halmer et al., 1975, 1976). It appeared that the phytochrome stimulated enzyme activity
was expressed under conditions that correlated with germination, but only after the
completion of germination (Dulson et al., 1988). Only recently it was shown that a cell wall
bound endo-B-mannanase, that was GA induced and ABA inhibited, was present in excised
thermodormant lettuce endosperms prior to the completion of germination (Dutta et al., 1997).
Interestingly, this enzyme is hardly capable of hydrolysing purified lettuce endosperm cell
walls in vitro.

In Datura ferox the induction of endo-8-mannanase in the endosperm cap opposing the
radicle tip is under the control of a phytochrome response by the embryo, which can be
circumvented by exogenous GA, (Sanchez and de Miguel, 1997). Paclobutrazol, an inhibitor
of gibberellin synthesis, inhibited endo-B-mannanase more strongly than it inhibited B-
mannosidase, indicating that the latter activity is enhanced and the former induced by
gibberellins, as was found for isolated tomato endosperm (Groot et al., 1988). Germination in
paclobutrazol treated D. ferox seeds was strongly corrclated with endo-i-mannanase activity.
In Capsicum annuum gibberellins controlled the speed of germination through the lowering of
the mechanical resistance of the endosperm opposite the radicle (Watkins and Cantliffe,
1983). Endo-B-mannanase was postulated as a requirement for this weakening (Watkins et al.,
1985). Nevertheless, from the presented data it appeared that post-germinative enzyme
activity was observed and not enzyme activity in the endosperm cap prior to radicle protrusion
(Bewley, 1997). Therefore, in C. annuum seeds the mechanism behind the completion of
germination remains to be elucidated. In Apium graveolens seeds endo-B-mannanase was
hypothesized to be involved in the hydrolysis of the endosperm to support embryo growth
before radicle emergence (van der Toorn, 1989). All experiments lead to the conclusion that
endo-B-mannanase activity as well as endosperm weakening is induced by gibberellins,
resulting in the completion of germination. However, for D. ferox and C. anauum no

expetiments were performed using inhibitors of germination like ABA or PEG, to see if these
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affect endo-B-mannanase activity.

Other enzymes and their role in the control of germination

Enzymes other than endo-B-mannanase have been investigated for their presumed role
in the completion of germination. In the photodormant seeds of Nicotiana tabacum GA,
substituted for light as a requirement for germination (Leubner-Metzger et al., 1996). ABA
delayed seed coat rupture marginally and endosperm rupture considerably. 8-1,3-Glucanase
activity followed seed coat rupture and preceded endosperm rupture, and correlated with the
completion of germination. Prior to radicle emergence the enzyme was expressed in the
micropylar region of the endosperm only. 0.04 M PEG-6000 delayed the onset of endosperm
rupture more strongly than 3-1,3-glucanase activity, and could be antagonized by GA,.
Interestingly, the enlargement of the radicle was not inhibited by ABA, indicating that the
growth potential of the embryo was not decreased and that the inhibition of germination was
through the micropylar endosperm only {Leubner-Metzger et al., 1995). In lettuce, a GA that
is produced in the axis upon red light irradiation and transported to the cotyledons, induces a-
galactosidase activity in the cotyledons from where it presumably diffuses into the endosperm
(Leung and Bewley, 1981). However, germination and enzyme activity are not essentially
linked.

The role of GA sensitivity in germination

Not only GA levels, also GA sensitivity plays a role in the control of germination or
dormancy (Hithorst et al., 1986; Hilhorst and Karssen, 1992). In dormant Arabidopsis
thaliana seeds increased GA sensitivity is induced by prolonged dry storage or chilling,
resulting in the breaking of dormancy (Karssen et al., 1989b). In excised sunflower embryos
ABA ievels did not correlate with release from dormancy during dry storage. On the other
hand dry storage for 3 days drastically increased the germination response to GA; compared
to not drying (Bianco et al., 1994). This indicates that during dry storage the sensitivity to
GAs plays a decisive role in the relief of dormancy, as was also concluded previously
{reviewed in Hilhorst and Karssen, 1992). A similar change in GA sensitivity is conceivable

for tomato seeds, but has never been investigated.
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The role of ABA in germination

ABA plays a role in primary dormancy in tomato, as can be concluded from a high
correlation between ABA content of seeds and germinability (Hilhotst, 1995). The ABA
deficient sit? mutant showed low ABA levels during development in the seeds, whereas the
wild-type showed high ABA levels (Groot et al., 1991). The maternal ABA levels in the seed
reached a maximum around 30 days after pollination (DAP) while the zygotic ABA levels
were lower and reached a maximum around 40 DAP. During maturation ABA is present in
endosperm, embryo and testa, and drops to low levels in the mature seed (Hocher et al., 1991).
The high ABA levels during development, probably in concert with the subsequent
dehydration, control premature germination of the maturing seeds (Finkelstein et al., 1985).
Maternal ABA appeared to play a role in the induction of primary dormancy next to zygotic
ABA (Groot and Karssen, 1992). Due to the absence of ABA the seeds of the sit# mutant
showed no dormancy and even vivipary in overripe fruits. A subset of harvested sir? seeds
contained higher amounts of endo--mannanase in the endosperm cap of which the
mechanical restraint was lower (Downie et al., 1997). This subset commenced radicle
protrusion almost immediately upon imbibition and the seeds were less sensitive to ABA and
far-red light irradiation, probably due to the irreversible onset of radicle protrusion. A
difference was found in the testa structure of sit? seeds. In dry seeds of the mutant the testa
was only 1 cell layer thick, while in the wild-type the testa consisted of 4-3 cell layers. This
difference in structure might add to the difference in germinability. Sensitivity to ABA
throughout dévelopment also plays a role in the germinability of several species, regardless of
ABA levels (reviewed in Hilhorst, 1995). Changes in ABA sensitivity were not reported for

tomato seeds, but may play a role in the germinability.

Priming

Qsmotic pre-treatment, also called osmotic priming, is a good technique to improve the
germination of seeds (Heydecker et al., 1973). A good correlation between endo-B-mannanase
activity of tomato seeds during and the increase of germination rate after priming has been
reported (Karssen et al., 1989a). Tomato seeds showed endo-B-mannanase activity during
incubation in PEG, which persisted upon redrying (Nonogaki et al., 1992). The level of
enzyme activity immediately increases after transfer of primed seeds to water, whereas

unprimed seeds do not show activity until after 1 day. Therefore, faster and more uniform
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germtination after priming may be caused by metabolic activities during priming, reducing the
time required until radicle protrusion. Priming also increases the germination rate of seeds of
which the micropylar endosperm and testa have been removed (Dahal and Bradford, 1990).
This indicates that priming may also have an effect on the embryo. Finch-Savage and
McQuistan (1991) found that priming of seeds in ABA was as effective as priming in an
osmoticum. ABA priming also resuited in a faster and more uniform germination and a higher
germination percentage after redrying and imbibition in water. Seeds had a very different
water status during treatment by the two methods, indicating that it is unnecessary for seeds to

encounter an osmotic stress to achieve a priming effect.

Germination models

Ni and Bradford (1992) have proposed a model that provides quantitative values for the
germination of a population. Predictions can be made based on the effects of ABA and water
potential. Both the interactive and independent action of ABA and water potential, influencing
physiological processes required for radicle growth such as the accumulation of osmotic
solutes, can be determined. The model also explains the rate and level of germination of the
wild-type, the GA-deficient mutant, and the ABA-deficient mutant with or without exogenous
hormones (Ni and Bradford, 1993). Hormonal effects on endosperm weakening opposite the
radicle tip determine the threshold water potential for germination, which determines the rate
and extent of germination. The threshold temperature and water potential for metabolic
advancement are considerably lower than the corresponding thresholds for radicle emergence
of the same seed lot. This allows the accumulation of hydrothermal priming time, whereas
radicle protrusion is blocked. This is expressed as more rapid germination with increasing
temperature or water potential (Bradford and Haigh, 1994). Several aspects of this
germination model, like metabolic advancement and threshold water potential, wilt be

discussed in this thesis.

Scope of the thesis

Endo-B-mannanase is widely accepted as a potential key enzyme in the regulation of the
completion of germination in a few species. However, for tomato only preliminary attempts
have been made to see if this hypothesis is true. Two reports presented evidence that ABA

inhibits both the decrease in mechanical restraint (Groot and Karssen, 1992) and endo-B-
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mannanase activity (Nomaguchi et al., 1995) in the endosperm cap of tomato. Yet no
elaborate experiments were performed to validate this hypothesis. This thesis is an attempt to
describe the role of endo-B-mannanase in the germination event in relation to the influence of
ABA, GA and osmoticumn. The hypothesis that endo-f-mannanase acts as the limiting factor
in the completion of germination was tested. GA,,; and ABA were used to study both the
endo-f3-mannanase activity in the endosperm cap and the post-germinative enzyme activity,
quantitatively and qualitatively {chapter 2). The role of endo--mannanase in the weakening
of the endosperm cap and the influence of ABA on this process were investigated (chapter 3).
An attempt was made to visualize the weakening of the endosperm cap with a low-
temperature scanning electron microscope. ABA analogs were used 1o see if certain structures
of the ABA molecule could influence the level of endo-3-mannanase activity similarly as
germination (chapter 4). Also the influence of ABA analogs on post-germinative endo-53-
mannanase activity was investigated. A correlation of germination with endo-B-mannanase
activity before and after radicle protrusion was presented. Several other hydrolytic enzymes
were investigated to see if they played a role in the inhibition of germination by ABA (chapter
5). The role of endo-B-mannanase in the mechanical weakening of the endosperm cap during
osmotic priming was investigated (chapter 6). The general discussion describes a model for

the role of endo-f3-mannanase in the completion of germination.
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and embryo of tomato seeds, but are not essentially linked

to the completion of germination
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Endo-f-mannanase isoforms in tomato seeds

Abstract

A current hypothesis is that endo-f-mannanase activity in the endosperm cap of tomato
(Lycopersicon esculentum Mill, cv. Moneymaker) seeds is induced by gibberellin (GA) and
weakens the endosperm cap thus permitting radicle protrusion. We have tested this hypothesis.
Incubation of isolated endosperm parts shows that the expression of endo-B-mannanase in the
endosperm after germination is induced by gibberellins (GAs), but the expression of endo-8-
mannanase in the endosperm cap prior to radicle protrusion is not induced by GAs. Also,
abscisic acid (ABA) is incapable of inhibiting endo-B-mannanase activity in the endosperm cap,
even though it strongly inhibits germination. However, ABA does inhibit enzyme activity in the
endosperm and embryo after germination. There are several isoforms in the endosperm cap and
embryo prior to radicle protrusion that are tissue-specific. Tissue prints showed that enzyme
activity in the embryo spreads from the radicle tip to the cotyledons with time after the start of
imbibition. The isoform and developmental patterns of enzyme activity on tissue prints are
unaffected when seeds are incubated in ABA, even though germination is inhibited. We
conclude that the presence of endo-B-mannanase activity in the endosperm cap is not in itself

sufficient to permit tomato seeds to complete germination.
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Introduction

The tomato seed (Lycopersicon esculentum Mill. cv. Moneymaker) consists of an embryo
which is embedded in a thick-walled endosperm surrounded by a seed coat. The endosperm
walls contain relatively large amounts of galactomannans (Groot et al., 1988) which are a source
of stored reserve (Reid, 1985). Three enzymes are involved in the hydrolysis of galactomannans;
o-galactosidase (EC 3.2.1.22), a mannchydrolase, and endo-B-mannanase (EC 3.2.1.78). The
latter endo-enzyme hydrolyses 1—4-mannan chains with the required minimum degree of
polymerisation (McCleary et al., 1976). Endo-B~mannanase activity has been reported in seeds
of several species following germination (McCleary and Matheson, 1975; Halmer et al., 1976;
McCleary, 1978; DeMason at al., 1985) and in storage tissues of bulbs (Wozniewski et al.,
1992) and is involved in the degradation of gluco- or galactomannans, which are present in the
cell walls of numerous higher plants (Bewley and Reid, 1985).

In the tomato seed, endo-8-mannanase not only plays a role in reserve food mobilization
but has also been suggested to play an important role in germination. The thin-walled
endosperm cap opposite the radicle tip exhibits endo-B-mannanase activity prior to completion
of germination (Nonogaki et al., 1992) and has been associated with endosperm weakening, thus
allowing radicle protrusion (Groot and Karssen, 1987). Only after radicle protrusion can enzyme
activity be detected in the rest of the endosperm.

GAs stimulate and ABA inhibits germination of tomato seeds. Also GAs induce and ABA
inhibits endosperm cap weakening (Groot and Karssen, 1992). GAs induce endo-B-mannanase
activity in the GA-deficient gib! mutant (Groot et al., 1988). Hence expression of endo-B-
mannanase activity is expected to be controlled by ABA, as predicted by Ni and Bradford
{1993) in their model for GA-induced cell wall hydrolases.

Studies of endo-B-mannanase have been facilitated by the recent development of a gel
diffusion assay by which it is passible to quantify endo-B-mannanase activity; this assay is based
on the staining of galactomannans by the Congo Red dve (Downie et al., 1994). The same
staining procedure has been used to detect endo-B-mannanase isoforms in an activity overlay
from isoelectric focusing (IEF)} gels (Dirk et al., 1995). Tissue printing is an easy and effective
tool in locating enzyme activity in situ (Varner, 1992), but so far no suitable technique has been
available to detect endo-3-mannanase. In this paper, we have used the diffusion assay, activity
overlays from IEF gels, and a tissue printing technique to further characterize the occurrence of

endo-B-mannanase activity in the different seed tissues during and after germination. These
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techniques have allowed us to question the hypothesis that endo-f-mannanase activity is an

integral part of tomato seed germination.

Materials and methods

Seed material. Tomato plants were grown in a
greenhouse in 1993 or 1994 for seed production of
wild-type (Lycopersicon esculentum Mill. cv.

Moneymaker) and the GA-deficient genotype gibl. @
Seeds were stirred in 1% (v/v) HCI for 2 h to remove

the locular tissue, rinsed, dried and stored at 5 °C.
Seeds were surface sterilized in 1% sodium
hypochlorite, rinsed in demineralized water and
imbibed in demineralized water, ABA solution

e

(racemic mixture, Sigma, St. Louis, Mo. USA) or

GA,,, solution (Sigma). Volumes used for imbibition Fig 2.1  Schematic representation of tissue
were 2mL. in 50mm diameter Petri dishes or 6ml in parts of a tomato seed; endosperm cap (ec),
100 mm diameter Petri dishes. During imbibition fateral endosperm (le), embryo (¢). The
seeds were kept at 25 (£ 1) °C in the dark. Sceds

were dissected laterally in halves with a razor blade,

orientation corresponds with the tissue

prints in Fig. 2.4,

and embryo halves were scparated from the endosperm halves. Endosperm caps adjacent to the
radicle tip were cut from the remaining lateral endosperm (Fig. 2.1). These seed parts still
contained part of the testa. After a short rinse in demineralized water, leachates were collected
by incubating isolated seed parts from 10 seeds in 250 uL Hepes (Sigma) buffer (100 mM pH
8.0) for up to 24 h at 4 °C to minimize interfering activity by infection. Extracts were made by
grinding parts from 10 fresh seeds in a mortar in 250 pL Hepes buffer (100 mM pH 8.0). The
samples were centrifuged in a microfuge for 10 min at 14000 rpm. The supernatant was used for
protein and enzyme assays.

Diffusion assay and protein assay. A modified diffusion assay (Downie et al., 1994) was
used for determining endo-B-mannanase activity. Gels (0.5 mm thick) were used containing
7.5% (w/v) polyacrylamide and 0.07% (w/v) locust bean gum (Sigma) in 0.1 M citric acid - 0.2
M disodium phosphate buffer (pI 5.0). Holes were punched in the gel with a 2 mm paper
punch, and samples of 2 pL were applied. Gels were incubated for 16 to 18 h at 25°C, and then



Chapter 2

washed with deionized water for 20 min, stained with 0.4% (w/v) Congo Red (Sigma) for 30
min, washed with 96% (w/v} ethanol for 10 min, and destained in 1 M NaCl. Commercial endo-
B-mannanase from Aspergillus niger (Megazyme; North Rocks, Sydney, Australia) in various
concentrations from 0.03 to 14.00 pkat was used to create a standard curve. Calculation of
activity in extracts was according to Downie et al. (1994), a-Galactosidase was purchased from
Megazyme.

Isoelectric focusing and overiays. Isoelectric focusing gels were cast between 125 x 260
mm glass plates with a 0.5 mm spacer. Ampholytes with a pH range of 5 to 7 or a combination
of pH range 5 to 7 and 6 to 8 were used (Bio-Rad). Gels were run for 2 h at 2000V while cooled
at 5 °C. Afler focusing, the IEF gel was laid on top of an activity gel, containing 7.5% (w/v)
polyacrylamide and 0.07% (w/v) locust bean gum (Sigma) in 0.1 M citric acid - 0.2 M disodium
phosphate buffer (pH 5.0) (Torrie et al., 1990; Dirk et al., 1995), The gel-sandwich was
incubated at 23 °C for 16 to 18 h in a closed dish lined with moist paper towels to prevent drying
out. Activity gels were stained with Congo Red as described above. [soforms were visible as
clear bands on a red background. A pH gradient was measured by cutling 1-cm strips from each
IEF gel before incubation with the overlay gel, and incubating the strips overnight in 2 mL
deionized water at 25 °C, Isoelectric points were determined by measuring the distance from
each isoform to the cathode, using the pH gradient as a standard.

Tissue printing. Imbibed seeds were cut in half with a razor blade and the embryo was
separated from the endosperm; sometimes the endosperm was divided into endosperm cap and
lateral endosperm. At least 10 seed parts per sample were washed briefly with deionized water,
blotled dry on a filter paper, and laid on top of an activity gel, cut side down. Activity gels were
incubated for 2 h at room temperature. The seed parts were then washed from the gel with

deionized water. After incubation the gel was stained with Congo Red as described above.

Results

Activity pattern. In the lateral endosperm no endo-8-mannanase activity was detected in
the diffusion assay using extracts from seeds sampled prior to completion of germination, while
in the endosperm cap there was an increasing amount of activity prior to radicle protrusion (Fig.
2.2a). After radicle protrusion, activity increased sharply in both the lateral endosperm and
endosperm cap (not shown). In the axis there was an increase in activity starting after 16 h which

reached a constant level after about 30 h from the start of imbibition. The cotyledons showed an
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increase in activity only
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activity of endo-8-
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mannanase in the lateral

endosperm, endosperm .
Fig. 2.2  Endo-B-mannanase activity of ungerminated seeds imbibed

cap, axis, or cotyledons in water (a) or in 1 pM ABA (b).

of ungerminated seeds
was the same at all concentrations of ABA (0.1 puM, 1 pM, and 10 pM) used, regardiess of

germination capacity (data not shown).

Enzyme activity in isolated parts of the seed. Wild-type seeds were dissected into
endosperm halves and whole embryos, and incubated separately in water under sterile
conditions. No enzyme activity could be detected in the endosperm when incubated in water
(Fig. 2.3a). Activity was induced when endosperm halves were incubated in 10 pM GA,.,.
Further dissection into lateral endosperm and endosperm cap, and incubation separately in 10

uM GA,.,, vielded no activity in the endosperm cap, but increased activity in the lateral
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Fig.23 Endo-B-mannanase activity after incubation of isclated
parts of the wild-type tomato seed. Activity in endosperm
halves, lateral endosperm, and endospenm cap, with or
without 10 uM GA,,, (a); activity in the lateral endosperm
and embryo after detipping and subsequent incubation in
water or 10 pM ABA (b); activity in axis and cotyledons
after isolation and subsequent incubation of the intact embryo
or incubation of the separated embryo parts (c).
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cndosperm after 48 h. Incubation
in water in the presence of
isolated embryos did not induce
detectable activity in either the
lateral endosperm or endosperm
cap (not shown). When 2-day-
imbibed ungerminated sesds
were detipped and incubated in
water or in 10 uM ABA, endo-B-
mannanase activity in the lateral
endosperm was strongly inhibited
by ABA, while activity in the
embryo was slightly inhibited
(Fig. 2.3b). Incubation of isolated
embryos in water resulted in
activity within 24 h. Incubation
of cotyledons and axis separately
resulted in activity in both parts
of the embryo, although the
cotyledons did not show activity

until 48 h (Fig. 2.3¢).

Tissue printing. Tissue printing
was used to locate endo-B-
mannanase activity in the several
tissues of a single seed (Fig.
2.4a). The lateral endosperm
caused no clearing on the tissue
prints before completion of
germination, but after
germination the clearing became

detectable. Activity in the
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endosperm cap was initiated at 12 h of imbibition. This activity increased and reached a
maximun at 48 h prior to radicle protrusion. Enzyme activity in embryos was also initiated at 20
h from the start of imbibition. The radicle tip was the first site within the embryo to display
enzyme activity, and activity then spread throughout the embryo with time, the cotyledons being
the last parts to show enzyme activity at 40 to 48 h afier the start of imbibition. When the outside
of the embryo was used for tissue printing by putting the embryo on the activity gel cut side up,
a weaker clearing was found, and no leakage from the cotyledons was observed (Fig. 2.4b).

Endosperm caps and embryos from seeds imbibed in 1 uM ABA, 10 pM ABA, or 100
pM ABA showed the same pattern of enzyme activity on tissue prints at 24 h, 48 h, and 72 h of
imbibition when compared to sceds imbibed in water (not shown). Again this was regardless of
germination capacity due to the differences in ABA concentration. Lateral endosperms showed
activity only after seeds had completed germination.

In gib! seeds, deficient for gibberellins, enzyme activity was not present and the seeds did
not germinate. When the seeds were imbibed in 10 uM GA,_; both enzyme activity in the seeds
and germination capacity were restored (not shown). Imbibition in 10 pM GA,,, plus 10 pM
ABA restored enzyme activity in the endosperm cap and embryoe in tissue prints, even though
germination was inhibited completely (Fig. 2.4¢).

IEF, Activity overlays of IEF gels run with leachates from embryos and endosperms
showed differences in their endo-B-mannanase isoforms. The embryo contained several isoforms
before the completion of germination, of which the ones with pl 4.3 and 4.1 were more abundant
than the one with pl 4.7 (Fig. 2.5b). The axis showed more activity at an earlier stage of
germination than cotyledons (Fig. 2.5¢), supporting the tissue print data showing that the initial
activity in the radicle tip spread throughout the embryo with time. The pattern of isoforms did
not change until after germination, when additional bands became visible. The endosperm cap
showed the presence of several isoforms, of which three were more apparent (pI 5.2, 5.5, and
5.8; Fig. 2.5a). Activity started to become detectable at 40 h after the start of imbibition. After
radicle emergence more isoforms were visible on the gels. The lateral endosperm as well as the
endosperm cap, showed traces of isoforms which correspond well with the two abundant
isoforms in the embryo (pl 4.3 and 4.1). This activity was not detectable in the diffusion assay.
Only after germination wete high amounts of endo-8-mannanase isoforms detected in the lateral

endosperm, and the isoform pattern was identical to that in the endosperm cap afier germination
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H,O

GA

ABA

Fig- 2.4  a: Tissue prints using parts of ungerminated (t8-t64) or germinated (t72 G) seeds after imbibition in
water for varicus times. Endosperm cap (ec), lateral endosperm (le) and embryo (¢) were separated before
printing. The line drawing in the first pane] illustrates the position of the tissues, b: Tissue prints of
ungerminated seeds showing embryo cut side down (ed), endosperm cut side down (en}, and embryo cut side
up (en), after 29, 38, and 47 h imbibition in water. ¢: Tissue prints of ungerminated gib ! seeds imbibed for 42
h in water, or 10 pM GA,,; and 10 pM ABA; endosperm (en) and embryo (¢). Tissue prints shown are

representative examples of 10 seed parts.
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{not shown).

In all tissues a dark red band with an pl of about 4.1 was found. This was presumed to be
a-galactosidase. Commercially prepared a-galactosidase showed isoforms with the same red
colour, but never a clearing zone of the type caused by endo-B-mannanase. Galactose side chains
cleaved from the galactomannan leaves a mannan backbone that probably binds more strongly
to Congo Red, causing the dark red coloration in a red background.

Discussion

Endosperm caps weaken prior to radicle protrusion (Groot and Karssen, 1987).
Endosperm cells opposite the radicle tip appear eroded after prolonged incubation in -0.8 MPa
PEG, which is correlated with increased activity of endo--mannanase (Nonogaki et al., 1992),
From these observations it was concluded that endo-B-mannanase facilitates radicle protrusion
through the surrounding endosperm by weakening it in the area close to the radicle tip. Tissue
printing not only confirmed the presence of endo-fi-mannanase in this area, but also allowed the
detection of low amounts of activity in the endosperm cap and embryo of early imbibed seeds.
The increase in activity in the endosperm cap coincided with the decrease in endosperm cap
restraint (Groot and Karssen, 1987). Leachates used for IEF overtays, presumably containing
proteins present in the apoplast (including mature endo-3-mannanase enzyme), showed only
after 40 h that the activity in the endosperm cap was due to isoforms that were specific for the
endosperm cap. Both the diffusion assay and tissue prints showed very low, if any, endo-3-
mannanase activity in the lateral endosperm prior to germination. Enzyme activity in the lateral
endosperm probably did not contribute to radicle proirusion but more likely was involved in cell
wall reserve mobilisation after germination.

In the diffusion assay, the embryo showed a typical pattern of endo-B-mannanase activity,
increasing first in the axis and, with a delay of approximately 16 h, in the cotyledons. Tissue
prints consistently showed the same pattern of endo-B-mannanase activity in the embryo before
radicle protrusion. Activity started simultaneously in the radicle tip and the endosperm cap, and
then spread throughout the embryo with time. Detipping did not influence this pattern, and
neither did cutting the endosperm at the opposite end from the endosperm cap (not shown). Thus
a diffusion gradient within the eml:;ryo during imbibition as a result of facilitated water uptake
through the endosperm cap in the intact seed was not responsible for this specific pattern.

Isolation of cotyledons and axis and separate incubation resulted in activity in both parts of the
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Fig. 2.5 Endo-B-mannanase activity overlays from IEF gels with leachates from endosperm caps at a pH range 5-
7/6-8, measured pH gradient 4.1-7.0 (a), axes at a pH range 5-7, measured pH gradient 3.5-5.6 (b}, cotyledons
at a pH range 5-7, measured pH gradient 3.5-5.1 (c). Activity spots in the top of each panel are the sites of the
application paper containing the sample and the electrode wick.

embryo. Development of endo-f-mannanase activity in cotyledons, therefore, was independent
of the axis and vice versa. Tissue prints of the outside of embryos showed slight activity
compared to the inside. The reason for the developmental pattern of endo-f-mannanase activity
in the embryo remains unknown.

Detipping of seeds also showed that endo-B-mannanase activity in the embryo developed
independently of the endosperm cap. On the other hand the decrease in puncture force of the
endosperm cap was dependent on a diffusable factor from the embryo (Groot and Karssen,

1987) which is probably a GA. Decrease in puncture force was ascribed to endo-f-mannanase
activity in the isolated endosperms (Groot et al,, 1988). However, separation of isolated
endosperms into endosperm caps and lateral endosperms yielded a different result. Incubation of
isolated endosperm caps with 10 uM GA,,, did not result in endo-B-mannanase activity within
the endosperm caps, while incubation of isolated lateral endosperms with 10 uM GA,,; did. This
result suggests that the expression of endo-B-mannanase involved in the hydrolysis of
galactomannan after germination is under the direct control of a GA, while the expression of the

enzyme prior to radicle protrusion is not. Therefore the postulation that endosperm cap
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weakening is mediated by an endo-B-mannanase that is induced by a GA cannot be supported by
our data (Groot et al., 1988). When seeds were detipped before germination and transferred to 10
puM ABA, endo-B-mannanase activity in the embryo was only slightly decreased while activity
in the lateral endosperm was strongly inhibited. Expression of endo-f-mannanase in the lateral
endosperm, involved in the hydrolysis of the endosperm after completion of germination,
therefore seems to be regulated by ABA as well as GA.,

The several isoforms present within germinating and germinated tomato seeds might be
correlated with site-specific functions of the enzyme. The presence of endo-B-mannanase in the
endosperm cap can be correlated with a physiological function, namely weakening the
endosperm cap, thus facilitating radicle protrusion. In the lateral endosperm the enzyme plays a
role in the catabolic processes, allowing the embryo to resorb all galactomannan resources from
the endosperm. The reason for there being endo-B-mannanase in the embryo, however, is not so
clear. The enzyme may be involved in cell wall extensibility, like other cell wall proteins
{Schopfer and Plachy, 1985; Karssen et al., 1989; Fry, 1993; Hilhorst, 19935; McQueen-Mason
and Cosgrove, 1995), thus promoting cell growth.

Groot and Karssen (1992) showed that the puncture force of the endosperm cap does not
decrease in the presence of ABA. Nomaguchi et al. (1995) found that both endo-A-mannanase
activity in endosperm caps and germination were completely inhibited by ABA, and GA, could
restore both. We have found that ABA hardly influences endo--mannanase activity in the
embryo or endosperm cap from wild-type seeds before radicle protrusion, although germination
is strongly inhibited. Also, in the gib! mutant, ABA could prevent germination but not enzyme
activity, both induced by GA,,,. Apparently, ABA can antagonize the action of GA in the
germination process, but ABA cannot inhibit the expression of endo-B-mannanase prior to
radicle emergence. Removing the endosperm cap of imbibed seeds atways results in growth of
the embryo of at least | mm when incubated in ABA (data not presented). This indicates that a
lack of germination cannot be due to the inability of the radicle to develop enough thrust to
extend. Consequently the mechanical restraint of the endosperm cap needs to be the limiting
factor in radicle protrusion. A possible explanation for the inability to positively correlate
inhibition by ABA of germination and of endo-f-mannanase activity is that this enzyme is not
(exclusively) responsible for the weakening of the endosperm cap. ABA might inhibit the
activity of other (GA-inducible)} enzymes that are responsible for breakdown of cell wall

components, thus influencing the mechanical restraint of the endosperm cap.
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Endosperm cap weakening during germination

Abstract

The role of abscisic acid (ABA) in the weakening of the endosperm cap prior to radicle
protrusion in tomato (Lycopersicon esculentum Mill. cv Moneymaker) seeds was investigated.
The endosperm cap weakened substantially in both water and ABA up to 45 h of imbibition.
In the second phase of imbibition after 45 h the puncture force levelled off in ABA, whereas
in water a further decrease occurred until the radicle protruded. During the first 2 days of
imbibition endo-f-mannanase activity correlated with the decrease in puncture force and with
the appearance of porous cell walls as observed by scanning electron microscopy. Prolonged
incubation in ABA resulted in the loss of mannanase activity and the disappearance of
porosity, but not in a reversion of the puncture force. ABA did not inhibit transcription of the
mannanase gene, gibberelling appeared to be necessary for its transcription in the gibberellin
deficient gid/ mutant. ABA also had a distinct but minor effect on the growth potential of the
embryo. However, endosperm cap resistance played the limiting role in the completion of
germination. It was concluded that a) inhibition of germination by ABA is through the

endosperm cap b) endosperm cap weakening is a biphasic process.
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