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al .. 1976; Psaras and Georghiou 1983).

GA action is essential for the germination of tomato

seeds (Groot and Karssen 1987). Although not tested here it

would appear feasible that the changes identified in the

'endosperm cells of the micropylar region of tomato seeds

could also be GA induced. That similar changes occurred

during priming would indicate that GA would be active during

this treatment. That both priming and control seeds

underwent similar endosperm changes would indicate that

these changes must be preliminary to radicle emergence not

controlling it.

and germinating

The similarity of the changes

seeds may indicate that some

in priming

degree of

endosperm weakening may occur during priming.

The radicle emerged through the cell layers of the

endosperm. There was little evidence of cell crushing as

would be consistent with a radicle push to puncture the

endosperm and seed coat. The small layer of "crushed"

endosperm cells adjacent to the emerged radicle indicated

that little destruction occurred during radicle emergence.

Separation of endosperm cell layers along a single fissure

would permit radicle emergence and result in the observed

pattern.

No evidence of cell division was found in the embryo

prior to radicle emergence nor during priming, although only

a small number of seeds were examined. Cell division was

evident in embryos at 8 h after radicle emergence in both

primed and non-primed seeds. Embryo growth during priming
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has been claimed to be the cause of the observed effects of

seed priming in carrot seeds (Austin et al ..

Tiessen 1979). This does not seem to be

1969; Weibe and

the case with

tomato seeds. However, Kurth et al .. (1986) have suggested

that cell division increased the number of cells in the

tomato embryo by about 50% (from 200 to 300 cells) prior to

radicle emergence and also during salinity treatments which

prevented germination. These treatments are analogous to

priming. My results differ greatly from those of Kurth et

al .• (1986) and support Coolbear and Grierson's (1979)

report of no change in DNA content during priming of tomato

seeds. My own estimates of cell numbers per embryo suggest

that there are about 150 000 cells. It is not clear how the

embryos measured by Kurth et al .. (1986) could have so few

cells. Smith's (1935) observations of embryo development

would suggest that it passed the 300 cell stage before 18

days after pollination, and continued to grow to maturity

for a further 30 to 35 days.

This study has shown that priming had beneficial

effects to at least two processes of germination. Endosperm

cell degradation was more advanced in a primed seed than in

a control seed at radicle emergence. Considerable vacuole

development occurred in the radicle during priming. The

cells of the emerged radicle of primed seeds expanded more

rapidly than in control radicles. During the first 12 h

after radicle emergence the cells of the radicles from

primed seeds were about 50% larger than those from non­

primed seeds. A similar fresh weight difference between
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growing primed and control embryos for the first 12 h after

radicle emergence. This is also consistent with the changes

in cell wall extensibility measured in Chapter 5.
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Endosperm Weakening during the Germination and Priming of

Tomato Seeds

6.1 Introduction

Seeds which do not have impermeable seed coats may have

tissues enclosing the embryo which may influence germination

by mechanically restraining the expansion of the embryo

(Bewley and Black 1985). In lettuce seeds two mechanisms

for overcoming endosperm restraint have been proposed: the

mechanical force of the embryo pushing against the

endosperm, and an enzymatically induced weakening of the

endosperm (Ikuma and Thimann 1963).

Prevention of endosperm weakening by Cl-releasing

compounds led to lettuce embryo expansion without radicle

emergence or in a small proportion of seeds «5%)

germination occurred by protrusion of the cotyledons or

splitting of the seed coat about midway between the

micropyle and the cotyledonary end (Pavlista and Haber

1970) . The force necessary to puncture the micropylar

endosperm tissue decreased prior to germination in both

lettuce (Tao and Khan 1979), capsicum (Watkins and Cantliffe

1983) and tomato (Groot and Karssen 1987). Endosperm

weakening was under the control of GA released by the embryo

of tomato (Groot and Karssen 1987) and was promoted by GA

application in capsicum (Watkins and Cantliffe 1983). The

testa did not weaken during germination but offered only low

resistance to radicle emergence (Groot and Karssen 1987).

Guedes et aI .. (1981) suggested that priming permitted
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lettuce seeds to overcome thermodormancy by removing the

restriction on radicle emergence imposed by the endosperm.

However, they provided no explanation for the prevention of

radicle emergence during priming.

The water relations studies indicated that endosperm

weakening controlled

seeds (Chap. 2).

the timing of germination

It was also concluded that

of tomato

endosperm

restraint prevented germination during priming (Chap. 3).

The histological study of germination and priming revealed

that considerable degradation of endosperm cells occurred

both prior to radicle emergence and during priming (Chap.

5) . In this chapter I have used direct measurements of

endosperm resistance to investigate the role of endosperm

weakening during the germination and priming of tomato

seeds.

6.2 Materials and Methods

Tomato seeds were imbibed in water, primed in 0.090M

K2HP04 + 0.118M KN03, or reimbibed in water following

priming and air drying in Petri dishes containing Ekwip U70

filter papers at 25°C. At various times seeds were removed

and the mechanical restraint of the tissues enclosing the

radicle were measured. Mechanical restraint was measured by

cutting seeds in half and removing the radicle tip from the

micropylar end by applying gentle pressure and using

forceps. The seed halves were placed in an aluminium

holding block over a hole of 0.8 mm diameter. A chrome­

plated needle (0.46 mm diam.), with its tip rounded to
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resemble that of a radicle, was inserted into the space

vacated by the radicle. The alignment of the needle was

maintained constant by the upper portion of the aluminium

block (Fig. 6.1). The block was placed onto the centre of a

20 Newton load cell of an Instron 1122 universal testing

instrument (Instron Ltd., High Wycombe, Bucks., U.K.). The

crosshead of the Instron was lowered onto the needle at a

speed of 5 mm min- 1 until after the needle had punctured

the tissues opposite the radicle tip. At each sampling

time 30 seeds were measured.

6.3 Results

The mechanical restraint of the endosperm and testa

opposite the radicle tip decreased during germination of

tomato seeds. The restraint fell prior to the time at which

radicle emergence began in the population of seeds (42 h)

with little change after that time. When germination was

near complete (85% at 60 h) the restraint of the enclosing

tissues of the ungerminated seeds was higher than that

measured earlier (Fig. 6.2).

During priming mechanical restraint fell gradually

throughout the first 4 d of treatment. The mechanical

restraint of the priming seed was lower than that measured

for control seeds when germination had begun in their

population (Fig. 6.3). During reimbibition of primed seeds

the mechanical restraint of the enclosing tissues was

initially low and fell a little further to values slightly

lower than those measured during priming (Fig. 6.4).
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Pig. 6.1. Workshop construction diagram of the apparatus
used to test the force necessary to puncture the endosperm
and seed coat tissue enclosing the radicle tip of a tomato
seed. The aluminium block was used to hold half seeds and
needle for puncture force measurements with an Instron 1122
universal testing instrument.
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Fig. 6.2. The force required to puncture the endosperm and
seed coat tissues of tomato seeds imbibed in water at 25°C.
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Fig. 6.3. The force required to puncture the endosperm and
seed coat tissues of tomato seeds during priming in O.090M
K2HP04 + O.118M KN03 at 25°C.
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Fig. 6.4. The force required to puncture the endosperm and
seed coat tissues of primed tomato seeds imbibed in water at
25°C.
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6.4 Discussion

The force necessary to puncture the endosperm and testa

tissues opposite the radicle tip decreased during imbibition

prior to radicle emergence (Fig. 6.2). These results are

similar to those reported in lettuce (Tao and Khan 1979),

capsicum (Watkins and Cantliffe 1983) and in tomato (Groot

and Karssen 1987) although the timing of endosperm weakening

and germination differed between the tomato variety used by

Groot and Karssen and that used in this investigation.

The results were consistent with the hypothesis that

germination of tomato seeds is controlled by the weakening

of the endosperm tissue opposite the radicle tip. The

higher puncture force values measured for slow germinating

seeds add weight to this evidence. The values measured for

priming and reimbibed primed seeds were lower than those

measured for non-primed seeds indicating that endosperm

weakening during priming may have been more extensive than

that occurring during normal germination. These puncture

force measurements parallel the extensive changes during

priming observed in the histological study (Fig. 5.8).

Ikuma and Thimann (1963) proposed that there were two

processes involved in the germination of lettuce seeds: the

embryo push and endosperm resistance. It was argued in

Chapter 3 that only the removal of the endosperm resistance

could result in radicle emergence, i.e .. that the embryo can

have no expansive push until the restraint is removed. This

argument can be supported by the additional data presented

in this Chapter.
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The ~~rr from the embryo to the external environment was

1.8 MPa for both primed and non-primed seeds (Figs 2.4 &

3.4), while that for reimbibed primed seeds was about 2.0

MPa (Fig. 4.4). The puncture force measurements can be

converted into pressure measurements by division by the

cross-sectional area of the needle used. From this

calculation non-primed seed endosperm and testa layers would

require a pressure of 2 MPa to puncture them. Thus these

layers would be capable of restricting embryo expansion.

However, the endosperm and testa of priming and germinating

primed seeds require less pressure to puncture them (about

1.5 MPa) than would be appear to be generated by the

measured ~~rr between the embryo and the environment.

For radicle emergence to occur some cell expansion must

be necessary and cell expansion requires water uptake. This

water uptake can only result from the removal of restraint.

The maintenance of restraint results in ~ equilibrium

between the restrained tissue and the environment and thus

prevents water flow. Therefore, for radicle emergence to

occur a further weakening of the endosperm would be

necessary. Thus the process of endosperm weakening would

appear to occur in two steps.

The values of puncture force were constant within the

latter parts of each experiment also suggesting that

endosperm weakening for radicle emergence may be a two steo

process.

of cell

The first step being composed of a slow

wall material resulting in softening
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resistances measured by the Instron technique. A second

endosperm weakening would be necessary to release the embryo

during radicle emergence. This second weakening process

would be short and immediately precede radicle emergence.

It would probably be a cell separation process perhaps

similar to abscission rather than an extensive breakdown of

wall material.

The first step in tomato endosperm weakening was

accompanied by the induction of endo-R-mannanase activity

and the release of mannan from the endosperm cell walls

(Chapter 3 of Groot 1987). The second step would require

the rapid synthesis of a cell separating enzyme to remove

the restraint on radicle expansion. Such a separation would

be consistent with the observed histological changes

associated with radicle emergence (Figs 5.11 « 5.12).

In abscission zones cell separation occurs in a

layer.

cell wall

discrete

results

1 to 3 cell wide separation

from the hydrolysis of the

Separation

and the

development of mechanical stresses (Sexton et al. 1985).

Two wall hydrolases have been found in many abscission

zones: 81:4 glucan 4 glucan hydrolase (cellulase) (Abeles

1969) and polygalacturonase (Riov 1974).

In an attempt to test whether polygalacturonase may

have been involved in the weakening of endosperm of tomato

seeds, studies were undertaken with an anti-

polygalacturonase polyclonal antibody. These

studies were inconclusive, but showed that the

reacted with a molecule found in the endosperm
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seeds. This molecule had a much greater molecular weight

than that of polygalacturonase. Considerably more research

effort would be required to identify this molecule and its

action during endosperm weakening than was possible for me

to undertake as part of this study.

The low values necessary to puncture the enclosing

tissues of priming seeds indicated that part of the time

reduction for germination of primed seeds may result from

the weakening of the endosperm which occurred during priming

as was suggested by the water uptake data for germinating

primed seeds (Sect. 4.4). Whether priming also facilitates

the second step in endosperm weakening, namely at radicle

emergence, cannot be determined from this data or by using

this technique.
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General Discussion

It was the aim of this thesis to investigate the

mechanisms involved in priming of tomato seeds. These

investigations were framed around attempts to answer two

questions: why do tomato seeds prime and why do tomato seeds

germinate more rapidly after priming?

7.1 Why do Tomato Seeds Prime?

My approach to answering this question has involved a

water relations study. This has followed from regarding

germination as a growth phenomenon. Expansive growth of

plant cells results from cell wall yielding and water

absorption. Expansion is initiated with a yielding of the

cell wall and continues under the effects of ~p' Wall

relaxation reduces the cell W by dissipation of Wp and gives

rise to water influx, which in turn increases cell volume

(Cosgrove 1986).

As seed priming involves the soaking of seeds in a

solution of appropriate osmotic potential to permit the

preliminary processes of germination but prevent radicle

emergence, it was hypothesised that this prevention may

result from interference with the normal water relations of

germinating seeds. Before it was possible to ask relevant

questions about the mechanisms involved in prevention of

germination during priming it was first necessary to study

the water relations of normally germinating tomato seeds.

The water relations study of germinating tomato seeds
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revealed that the seeds came into ~ equilibrium with the

imbibitional solution (Fig. 2.2), whereas, the embryo was

measured at a much lower~. There was no evidence for a

lowering of embryo ~~ during phase II prior to radicle

emergence (Fig. 2.4), as was suggested by Bradford (1986).

The embryo ~ measurements should be interpreted with

caution for they are ex situ measurements and thus do not

directly measure

thermodynamically

maintained within

could be

Thus the

these properties in the seed.

existence of a

improbable that

the seed during

large endosperm

a large A~

imbibition.

resistance to

It is

embryo

expansion can be inferred from these measurements.

The endosperm tissue enclosing the embryo was found to

restrict the hydration level of the embryo prior to its

emergence. As it was shown that the embryo was capable of

expansive growth prior to radicle emergence (Fig. 2.6), it

was concluded that the weakening of the endosperm was the

controlling process in germination of tomato seeds.

During priming radicle emergence is prevented. The

water relations study of tomato seed germination revealed

that radicle emergence could be prevented by a number of

mechanisms. Firstly, the ~W~ from the embryo to the priming

solution may be insufficient for water uptake to occur for

radicle expansion. Secondly, the radicle cells may not be

capable of expansion. Thirdly, endosperm restraint may

prevent radicle expansion.

Water relations studies of priming tomato seeds showed

that the seed was in ~ equilibrium with the priming solution
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(Fig. 3.2), but the embryo was not. The A~~ from embryo to

solution during priming was the same as that for embryos of

germinating seeds in water (Figs 3.4 & 2.4). As the embryo

was capable of growth after 2 days of the 6 day priming

treatment (Fig. 3.5) it was concluded that germination was

prevented by the maintenance of the endosperm restraint at a

level which prevented radicle expansion.

The force necessary to puncture the endosperm and seed

coat decreased prior to radicle emergence in tomato seeds in

water (Fig. 6.2). Consistent with a hypothesis of control

of radicle expansion by the weakening endosperm, the slower

germinating seeds within the population had higher values

for endosperm resistance. Priming led to endosperm

weakening which resulted in values for endosperm resistance

which were lower than those measured from a population of

germinating non-primed seeds (Fig. 6.3).

Gibberellic acid (GA) produced by the tomato embryo

caused the mechanical restraint of the endosperm layers

enclosing the radicle tip to decrease prior to radicle

emergence (Groot and Karssen 1987). Endosperm weakening is

associated with the induction of endo-B-mannanase activity

and the degradation of the mannan-rich endosperm cell walls

(Chapter 3 of Groot 1987). However, as Instron-measurable

endosperm weakening occurred to a greater extent during

priming than during germination of non-primed seeds, an

additional weakening process would appear to be necessary

for radicle emergence to occur. This second step would be
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immediately precede radicle emergence and would probably

resemble a cell separation process similar to abscission

rather than be an extensive breakdown of wall material. As

it is impossible to predict the exact time of radicle

emergence in individual seeds, this second stage would be

very difficult to measure.

These studies have shown that tomato seeds prime

because the endosperm does not weaken sufficiently to permit

expansion of the radicle. The mechanism by which some

endosperm weakening was permitted but the final weakening

for radicle emergence was prevented was not identifiable

from these studies. There are two main areas for

investigation. Firstly, what enzymes are involved in the

second step of endosperm weakening. Secondly, how does the

seed sense the suitability of the external environment.

7.2 Why do Primed Tomato Seeds Germinate Rapidly?

The second fundamental question asked about seed

priming was why do primed seeds germinate more rapidly?

It was hypothesised that the time necessary for radicle

emergence could be reduced by changes in any or all of the

three main steps of germination. In primed seeds,

imbibition could be more rapid, embryo cell wall loosening

could occur earlier and/or endosperm weakening could proceed

more rapidly than during the germination of non-primed

seeds.

Primed tomato seeds germinated more rapidly than non­

primed seeds because all three major steps in germination
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occurred more rapidly.

Water uptake by primed seeds was more rapid than that

by non-primed seeds (Fig. 4.1) and may have resulted from

the lower ~~ of primed seeds during imbibition or from

improved hydraulic conductivity (Fig. 4.2). It was

concluded from the water relations studies of germinating

primed seeds that some solute accumulation occurred as was

suggested by a number of authors (Hegarty 1978; Khan and

Karssen 1981; Khan and Samimy 1982; Liptay and Schopfer

1983; Cantliffe et oZ .. 1984; Bradford 1986). These results

are consistent with Bradford's (1986) data on primed lettuce

seeds where primed seeds had higher RWC when imbibed at the

same Wn . However, it appeared that the solute accumulation

occurred during drying following priming. The effects of

this solute accumulation appeared to be short lived during

embryo expansion after germination.

Primed embryos were capable of expansion at the

earliest time at which they could be excised from the seeds.

This indicated that the cell wall loosening which occurred

during priming was not reversed by drying. Thus the 31 h

normally necessary to initiate cell wall loosening during

germination of non-primed seeds had been completely

eliminated by priming. However, as the timing of radicle

emergence was controlled by endosperm weakening, the changed

embryo cell wall properties may not affect the timing of

germination, but merely the rate of subsequent expansion.

During imbibition in water of primed and dried seeds

the mechanical resistance of the enclosing tissues was
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initially low and fell a little further to values slightly

lower than those measured during priming (Fig. 6.4). This

indicated that a large part of the time reduction for

germination of primed seeds resulted from the weakening of

the endosperm which occurred during priming as was suggested

by the water uptake data for germinating primed seeds (Sect.

4.4) .

The endosperm of tomato seeds was found to consist of

two distinct cell types found in separate locations within

the seed (Fig. 5.1). At the micropylar end of the seed the

endosperm cells had thin walls (Fig. 5.3), whereas those in

the rest of the seed had thickened walls (Fig. 5.2). All

cells, except those of the root cap, contained protein

bodies (Fig. 5.4). During priming protein body breakdown

was more extensive in the micropylar region endosperm cells

(Fig. 5.13) than was observed prior to germination in non­

primed seeds (Fig. 5.9). These changes during priming

appear to associated with the measured endosperm weakening

as measured by Instron-puncture force (Fig. 6.3). The

changes in endosperm morphology are part of the enhancement

of germination caused by priming.

After radicle emergence expansion of primed radicles

of

4.7) .

PEG

was more rapid than that of non-primed radicles (Fig.

The large differences in embryo growth rates in

solutions indicated that the cell wall extensibility

primed embryos was higher than that of non-primed embryos

(Fig. 4.9). There was no identifiable change caused by
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growth.

after

priming in either the cell wall yield threshold nor in the

hydraulic conductance. Therefore, the changes in embryo ~rr

caused by priming were of little consequence to radicle

emergence.

The relative growth rates of primed embryos were

significantly different from those of non-primed embryos for

12 h after radicle emergence. This indicated that only

those radicle cells which had had their wall properties

modified during priming affected subsequent radicle

The histological study of radicle expansion

germination showed that cell division began by 8 h after

germination in both primed and non-primed embryos.

This study of germinating primed tomato seeds has shown

that priming advanced the timing of radicle emergence by

improving the rate of water uptake by the seeds; by

eliminating the time necessary for the loosening of embryo

cell walls and completing the first step of the endosperm

weakening process. Embryos from primed seeds were found to

have improved cell wall extensibilities which permitted

higher relative growth rates during the first 12 h post

radicle emergence.

7.3 A Theory of Seed Priming

A number of general points arise from this study of the

mechanisms involved in the control of germination and the

changes induced by priming of tomato seeds.

Essentially, tomato seeds prime because of the presence

of endosperm tissue enclosing the embryo. Endosperm tissue
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reported for

and TiessenWeibe

weakening for radicle emergence was inhibited as was

to be the case for tomato seeds.

Embryo growth during priming has been

carrot seeds (Austin et al .. 1969).

prevents radicle emergence during priming by maintaining

sufficient resistance to prevent radicle expansion. Because

the radicle is prevented from expanding it is possible for

changes to occur to the cell wall extensibility of the

radicle.

Most of the seeds which have been successfully primed

have endosperm which restricts the expansion of the radicle.

Many of these seeds have extensive endosperm tissue and

small embryos. In some of these species, the development of

the embryo is arrested when still immature. Germination of

these seeds follows a period of embryo development after the

seed is shed from the mother plant (Bewley and Black 1978).

Reinterpretation of the work of Hegarty and Ross (1978

1981; Ross and Hegarty 1979) provides additional evidence

for the crucial role of the endosperm during priming.

Hegarty and Ross (1981) determined that radicle emergence of

a range of species was prevented at higher solution osmotic

potentials than that which inhibited radicle growth

subsequent to germination. Hegarty and Ross (1981)

interpreted their results as indicating that the initiation

process for cell elongation was inhibited. Rather these

results should be interpreted as indicating that endosperm

found

(1979) showed that embryo size correlated with the time to

radicle emergence in both primed and non-primed carrot
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theand

seeds. This embryo growth during priming would follow the

degradation of the endosperm tissue. As radicle emergence

is prevented during priming of carrot seeds, the radicle

must still be constrained by some endosperm. Control of

endosperm degradation must be independent of the processes

which weaken the endosperm layers enclosing the radicle tip

to permit radicle expansion.

The breakdown of endosperm cell walls

mobilization of mannans has been shown to occur during the

germination of some dicot seeds. The induction and activity

of endo-B-mannanases in the mobilization of carbohydrates

from lettuce endosperm cell walls has been demonstrated

(Halmer and Bewley 1979). Endo-B-mannanase activity was

also evident in the endosperm of tomato seeds prior to

radicle emergence and could be induced in GA-deficient seeds

by GA application (Chapter 3 of Groot 1987). However, as

was demonstrated by measurement of endosperm weakening

during priming (Fig. 6.3), additional processes must be

necessary for the endosperm weakening which permits radicle

emergence.

Most work on the endosperm of germinating seeds has

concentrated on the mobilization of the reserves after

radicle emergence, particularly in cereals. The similarity

between the changes occurring in the cereal aleurone layer

and the dicot endosperm cells has been recognised (Jacobsen

1984), but little attention has been paid to the control of

endosperm weakening during the germination of dicot seeds or
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to the role of the aleurone layer enclosing the cereal

embryo.

It is probable that the weakening processes occurring

in dicot endosperm also occur in the aleurone layer

enclosing the embryo of cereals. Similar to tomato seeds,

in wheat this aleurone layer is thin-walled (Bradbury el

at .• 1956). This layer has been shown to control the

dormancy of Avena fatua seeds by controlling the uptake of

water by the embryo (Raju et at .. 1986). Therefore, priming

should be able to be used to enhance the germination of all

seeds that have endosperm which constrains the expansion of

the radicle, should the manipulation of the weakening of

this endosperm layer be achieved.

Priming has not been particularly successful for seeds

without extensive endosperm tissue, particularly when the

primed seeds have been dried before subsequent germination.

Drying of primed soybean and sorghum seeds reduced the

benefits considerably (Bodsworth and Bewley 1981). However,

the disadvantageous effects of drying may be independent of

the small endosperm layer. When radicle emergence is

constrained by the enclosing endosperm tissue priming should

be of benefit to germination.

The control of radicle emergence during germination and

priming may benefit from studies of the mechanisms involved

in other processes of tissue weakening such as fruit

ripening and abscission. These studies may provide means

for manipulating endosperm weakening to permit priming. In

addition to studies of endosperm weakening, the most
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fundamental process needing investigation is the mechanism

by which the seed can determine the suitability of the

external environment for germination.
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