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The development of the male gametophyte in higher plants
provides a unique system wherein a population of genetically
dissimilar haploid cells differentiates synchronously in a
clearly defined immediate environment, produced by the tapeturn.
The fine structure and cytochemistry of Tradescantia anthers
is described at all stages of development in an attempt to
elucidate the relationship between pollen and its tapetal
environment, and to make a general contribution to the scant
knowledge of pollen ontogeny.
It is evident from this work that three widely accepted
ideas of pollen development must be discarded.

Firstly the

pollen exine is shown to be a product of the pollen protoplast
itself;

it is not synthesised by the tapeturn.

Secondly, the

events occurring subsequent to lysis of the tapetal cell
walls are shown not to constitute a degenerative process.
Thirdly, the vegetative nucleus is shown to be normally
active, replicating its DNA. and certainly net degenerating
before anthesis.
The development of intimate association between pollen cells

and the tapetal periplasmodium is described, and its
significance discussed.
Observations relevant to the question of whether certain
organelles can originate de novo from the nucleus are
described, and the significance of vacuolation in differentiating
cells is discussed in the light of the hydrolytic phenomena
observed in the pollen vacuole.
The discovery of a new sub-cellular structure occurring in
both nucleus and cytoplasm is reported, together with structures
which may have a bearing on the extrusion of gene products
from the nucleus.
Methods are described for all techniques used including those
for the preservation of fine structure in highly hydrated tissues,
and the long term storage of pollen and anthers under liquid
nitrogen.
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1.

Introduction
Early botanists devoted much effort to the study of pollen,

but perhaps because of its possible taxonomic significance or
because of the relative ease with which it could be investigated,
the emphasis in their work was on morphology.

Far less attention

was given to the problem of pollen development, although some broad
principles had been established by the end of the nineteenth
century, and indeed, in his 'Text-book of Botany' translated as
early as 1875, Sachs described the origin of microspores with a
sculptured exine inside the pollen mother cell.

The historical

review by Wodehouse (1935) provides an almost comprehensive survey
of work on pollen grains from the studies of Mohl (1535) to his
own investigations, and those of Erdtman, in the 1930's,
One aspect of pollen development which led to an early
controversy was the matter of exihe formation.

The idea arose

that the exine is deposited on pollen grains through activity of
the tapetum without any direction by the pollen protoplast, but
it was difficult to understand how, in this case, the characterlsti,
ornamentation was produced so faithfully on each grain.

This view

originated from Fitting's (1900) work on the macrospores of
Sfelaginella and Isoetes, from the observation that aborted pollen
grains invariably have a well developed exine (Tischler 1908, 1915)
and from the fact that, since the tapetum breaks down and comes by
one way or another to surround the pollen, all materials for pollen
development must pass through it.

Further evidence was the

discovery that particles produced within the tapeta of some plants
have a chemical similarity to exine (Kosmath 1927; Ubisch 1927).
Some workers, for example Drahowzal (1936) subscribed to the more
moderate view that the pollen protoplast was important in
establishing the initial pattern of the exine but thought that its
maturation, at least, could be independent of the microspore nucleus.
Nevertheless, it is rather surprising that this view ever gained
favour in the light of what Sachs had so clearly described.
With the advent of electron microscopy, attention again turned
to the study of pollen walls.

The first reports of ultrastructure,

reviewed by Steffen (1955); Afzelius (1956) and Faegri (1956), dealt
almost exclusively with the wall, largely that of the mature pollen
grain, and did little except to substantiate the concepts ot
sculpturing and structure that had come out of the early optical
analyses.

In this period Sitte (1953) and Muhlethaler (1955) used

different surface replica techniques to study the pollen wall, and
together with Fernandez-Moran and Dahl (1952); Afzelius (1954, 1955,
1956) and Erdtman (1954, 1955),made attempts to section it.
The first developmental study of pollen walls at the electron
microscope level was by Rowley (1959) for Tradescantia paludosa. He
suggested that the appearance of exine on aborted grains was more a
consequence of the late death of the protoplast rather than activity
of t'he tapetum, but he made no definite statement as to whether the
tapetum played any part in exine formation or not.

Later that year

Rowley, Muhlethaler and Frey-Wyssling (1959) reported the presence
of channels through the exine of certain grasses and concluded
that these provided a route for the transfer of materials through
the pollen grain wall.

They also described the presence of small

spheroidal exine-like bodies in the tapetum.

Similar channels

were found in the exine of Parkinsonia by Larson and Lewis (1961),
•providing', they said 'support for the view that the pollen grain
is capable of building its own ornamented wall without augmentation
from external sources.'

These authors postulated that chemical

differences existed between the ektexine and endexine in their
material, a finding not confirmed by Chambers and Godwin (1961)
working with Tilia platyphyllos.

In this plant they found no

evidence to support the theory that exine is composed of layers of
inherently different properties, but they did find 'spheroids',
similar to those described by Rowley et al (1959), associated with
the tapetal strands surrounding the pollen grains.

More recently

Heslop-Harrison (1962, 1963, 1964), working with Silene and
Cannabis, interpreted his observations as indicating that no exine
proper is present until after the microspores are shed from the
tetrads.

He suggested that the wall formed around each pollen grain

while it is still enclosed by the callose walls of the tetrad, is
cellulosic, and called it the 'primexine*.

He considered that this

wall was patterned and acted as a template for the passive
*

deposition of sporopollenin

particles from the tapeturn^ and made

The characteristic material of exine.

See Zetzsche (1932),

the claim that these particles were synthesised in mitochondria.
There seems to be little doubt that these particles are chemically
very similar to exine, and Rowley (1963) made a detailed study of
their development in Poa annua in which he referred to them as
'Ubisch' bodies.

He proposed that in Poa, the sporophyte is the

source of substrates for the exine and that polymerisation of them
occurred at the pollen grain surface.

He considered that 'lines of

transport to the male gametophyte effect the pattern of exine
sculpturing' and that 'the exine sculpturing is formed more-or-less
incidental to the transfer of substrate from the tapetum to the
microspores, with the microspores providing an adsorptive surface
for accumulation and polymerisation of sporopollenin.'

Implicit

in much of the literature of this period but not actually stated,
is the suggestion that what is required for the production of exine
is a supply of precursors, a suitable adsorptive surface, and
enzymes to effect polymerisation.

This is undoubtedly true.

»
However,

the question arises as to what is meant by the term precursors.
Simple substrates such as sugars may enter the pollen grains, be
converted to monomers, and then diffuse back out through the wall for
subsequent polymerisation at the exine or any suitable surface.
Alternatively the synthesis of monomers may take place in the tapetum.
The production of Ubisch bodies could be explained as polymerisation
of monomers at suitable extra-exinous surfaces, regardless of the
source of origin of the monomers.

Rowley (1963) appears to believe

that Ubisch bodies arise as a result of polymerisation at the surface

of membrane bounded lipid globules, which suggests, although he
does not make the point, that the enzymes necessary for polymerisation
may be membrane bound.
The combination of improved fixation methods such as those of
Sabatini, Bensch and Barrnett (1963) and Miller and Barrnett (1963)
with the use of epoxy resins as embedding media e.g. Glauert and
Glauert (1959), permitted great advances in the observation and
interpretation of fine structure.

Nevertheless, at the time that

this work was begun in 1965 little advantage had been taken of these
techniques in the study of pollen,

Rosen (1964); Rosen, Gawlik,

Dashek and Siegesmund (1964) and Larson (1965) had begun to investigate
pollen germination and the structure of pollen tubes, and Waterkeyn
(1962) and Eschrich (1962, 1964) had looked at aspects of the
structure and formation of the 'special' callose mother cell wall.
Among what little other electron microscope work there was in the
field of pollen research, apart from investigations purely taxonomic
in bias, was the study of cytomictic phenomena in pollen mother cells
by Bopp-Hassenkamp (1959), the work of Weiling (1962) on what appeared
to be pinocytotic events occurring in young pollen mother cells, and
the studies of Heslop-Harrison (1964) on cytoplasmic connections
between pollen mother cells.

The early work of Bal and De (1961)

proved a solitary attempt to study the full sequence of pollen
development at the electron microscope level.
in scope,

it

Even this was limited

paid little attention to the tapetum, and suffered

from the fact that modern embedding media were not available,

The development of the male gametophyte in angiosperms is
interesting in that the haploid cells differentiate and g,row while
enclosed by the tissues of the sporophyte, from which they differ
genetically.

How far they are autonomous, or to what extent they

derive a part of their genetic control from the parent plant is,
as yet, not clear.

However, they are dependent upon the sporophyte

for their nutrition which they ultimately receive from the tapetum.
The breakdown of this tissue is widely held to be purely degenerative,
but tapetal behaviour varies from plant to plant and little is known
of its fine structure after lysis of the cell walls has occurred.

To

date most work has been carried out on plants having a so-called
secretory tapetum (Maheshwari 1950) which loses its cellular integrity
at a relatively late stage in anther life.
Prior to the days of electron microscopy the cytolbgical
investigation of pollen had very largely been confined to a study of
nuclear events, due partly, no doubt, to the extensive use of pollen
in radiation experiments.

A wealth of evidence had accumulated to

support the belief that nuclear differentiation in the pollen grain
is dependeht on the polarity of development.

Perhaps the most notable

work in this field was that of Sax (1935); Geitler (1935) and Sax and
»

Husted (1936).

It became clear that variations in environmental

conditions could influence the development of pollen through an effect
on polarity.

Sax and Edmunds (1933) and Sax (1935, 1937a, 1937b and

1942) showed that temperature, either too high or too low, disturbed
polarity in Tradescantia, often leading to abortion of the pollen

grains.

How the cytoplasm is divided at pollen grain mitosis

depends on the orientation of the spindle, and Painter (1943);
Roller (1943) and La Cour (1949) showed that the state of the
cytoplasm has a determinative effect on nuclear differentiation.
The general problem of abortion in angiosperm pollen has
received some attention.

A range of factors have been investigated,

e.g. climate (Medwedewa 1935); carbohydrate/nitrogen ratios
(Howlett 1936); genetical unbalance (Sax 1937a); water relations
(Giles 1939) and photoperiod (Nielsten 1942).

It is clear that all

these factors influence pollen development and their interplay
must be a complex matter.

One of the difficulties in trying to

interpret the published work is that no direct comparisons can be
drawn between experiments using completely unrelated plants.
Comparatively little of the biochemistry of differentiating
pollen cells is known.

La Cour (1949) considered that cytoplasmic

protein and nucleic acid levels rise steadily, from the time that
the young microspores are liberated from the tetrads, to maturity;
also that the cytoplasm of the generative cell, once formed, is
almost lacking in these components.
qualitative.

His work however, vas essentially

The need for quantitative data was recognised by many

workers, including Ogur, Erickson, Rosen, Sax and Holden (1951) and
Evans (1963) who employed, what are now, standard biochemical methods
for the extraction and estimation of nucleic acids.

Of necessity

their results were expressed as average values per cell, and it
appears that they were unaware of the error introduced by the presence
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of tapetal nuclei, in their experiments.

Cytophotometry, permitting

direct comparison of the levels of a specific substance between
individual cells can overcome this difficulty and has been employed
in the analysis of pollen.

The use of this technique in the

determination of the DMA content of sporogenous nuclei of Lilium
(Taylor and McMaster 1954) and Tradescantia (Moses and Taylor 1955)
indicated constancy per chromosome set, except during the period of
total nuclear DNA replication.

These studies, made in conjunction

with autoradiographic experiments, allowed the phasing of DNA
synthesis in pollen to be accurately determined, but the usefulness
of optical cytophotometry has been strictly limited by the few
suitable st aining reactions available.

Even so it is surprising

that, as a technique, it has not contributed more to our knowledge
of pollen physiology.

It remains to mention the elegant biochemical

work of Stern (1958); Nasatir and Stern (1959); Foster and Stern
(1959) and Hotta and Stern (1961).

This group, concerned with the

chemistry of cell division, used anthers of Lilium as their material
and traced the changing levels of certain enzymes and nucleic acid
precursors throughout its development,

Hotta and Stern (1963) have

investigated the synthesis of messenger-like RNA and protein in
isolated cells of Trillium during meiosis.

In this casg, with large

anthers to work with, they were able to separate the sporogenous
tissue from tapetal cells by mechanical means.

Unfortunately not

even the work of this careful group is entirely above criticism for
in some of their work they took far from adequate care to phase the
development of the pollen with which they were working.

This present work is an attempt to survey the full sequence
of events involved in pollen development, including the relationship
of the tapetum to the pollen, in Tradescantia bracteata.

The

investigations were planned in the hope that some correlation could
be made between ultrastructure and cytochemistry.

One of the

particular aims has been to examine the whole problem of exine
production in the light of assertions by early workers e.g. Sachs
(16,75) and Fischer (1889), that exine is developed at a time when
the microspore is now considered to be isolated from the tapetum by
the callose mother cell wall.

It appeared crucial to try to

establish whether or not the pollen protoplast itself could produce
exine, and if so, to look to see if there were any evidence for
additional accretion from outside.

Special attention has been

given to the fate of the tapetum after breakdown of its cell walls.
A major consideration in choosing the material for this study was
to have a plant in which tapetal breakdown occurred at an early stage.
Some preliminary experiments were carried out in an attempt to
establish suitable growing conditions for the production of material
to be used in all comparative work.
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2.

General description of the experimental material
The material used in the investigations came from three clones

designated S.2A, S.3A., and 8.4A.

These were under cultivation in

the Departmental gardens at the inception of the work in 1965.

It

seems likely that they arose directly as seedlings from clone 20 of
Tradescantia bracteata as reported by Evans (1963), who found that
the same, or a very similar, basic set of six chromosomes was present
in all three clones.
Plants grown naturally in the gardens look very different from
those produced under greenhouse conditions.

They are of short habit

with broad leaves, and have deep and intense petal colours.

Indoor

plants grow: 5-6 times as tall as outdoor plants and have long narrow
leaves, and relatively pale petal colours.

A preliminary examination

of pollen cytology and the incidence of pollen abortion in the three
clones (see later) showed that plants grown subject to the vagaries
of the weather were variable material and therefore unsuitable for
comparative purposes.

In order to obtain material more stable,

physiologically, a stock of plants was maintained in a greenhouse
under a 16 hours light/8 hours dark regime, throughout the year. Pots
of young plants were then transferred at intervals from this source
to an AoRoCo Saxil growth cabinet and grown at a temperature of 20°
+ 1°C, at close to 90% relative humidity, and under the same light/
dark regime at an intensity of 1,350 lumens/sq, ft.

All material used

for electron microscopy and the cytochemical investigations was grown
in this way.
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The inflorescence in Tradescantia bracteata is terminal and, as
in all Tradescantieae is a pair of sessile cincinni united into a
bifacial unit, concrescent with the peduncle (Brenan 1966).

Under

the controlled conditions described above, one flower is produced each
day from alternate cincinni about two hours after 'dawn'.

There is a

precise diurnal timing of this event; anthesis is apparently under the
control of an endogenous rhythm which can be disrupted by illumination
during the second half of the 'night'.
for 2-3 days.

Flowering is then inhibited

Once open, a flower remains open for 4-5 hours before

deliquescence of the corolla sets in and the pedicel begins to droop.
By the next day the old flower has assumed a characteristically pendant
attitude.
Distinct cytological stages in the development of the pollen of
T. bracteata can be recognised, as illustrated by Plates 2-15,

There

have been numerous reports on the duration of pollen development
including for example, Beatty and Beatty (1953) for T. paludosa and
Roller (1943); Darlington and LaCour (1945); Lane (1951); Haque (1953)
and Evans (1963) for diploid T. bracteata.

In some of these

investigations the growth conditions have not been controlled as
strictly as might have been desirable but they do indicate that
external conditions, particularly temperature, have an effect,
especially on the duration of meiosis and pollen grain mitosis. Under
the conditions used in this work a period of twelve days was found to
elapse between the end of the tetrad stage and anthesis, using a
modification of the method adopted by Evans (1963) and this is in
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confirmation of his findings.

Examination of the stages present in

the buds of an inflorescence invariably reveals the state of affairs
shown in Fig.l.

Where an inflorescence has just produced its first

flower, pollen grain mitosis is found in the third," sLnd tetrads in the
sixth, bud below it.

However, a degree of variation usually exists

within a bud, between the two whorls of anthers.

The contents of the

upper whorl are normally a little more advanced than those of the
lower whorl as might be expected.

Within anthers, synchrony is higher

at meiosisj than it is at later stages.

At pollen grain

mitosis a considerable staggering is often seen in an anther squash,
some grains being binucleate while others are still in prophase.

Not

all pollen grains are fully mature, with a crescentic generative
nucleus, when shed from the anther, but the degree of synchrony is
higher than it is during the middle stages of development.

It appears

that many laggard grains have time to catch up the precocious ones
between pollen grain mitosis and anthesis.
Buds in each cincinnus reach maturity at intervals of 48 hours,
and since the two cincinni are 24 hours out of phase, daily flowering
occurs as described.

The same developmental pattern is seen in both

the diploid and triploid clones, but the duration of the stages in
tetraploids is variable, particularly where 1° and 2° inflorescences
are flowering together on the same stem.

For the experimental work

inflorescences were always taken at the same stage, shown in Plate 1,
with just one flower open.
'standard' inflorescence.

This is hereafter referred to as a
Those inflorescences which could not be
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immediately utilised were dissected, and the anthers from each bud
were quickly frozen at -160°C, and then stored under liquid nitrogen
for later biochemical analyses.

Mature pollen, collected in fine

glass ampoules, was also stored under nitrogen and proved viable for
periods of at least one year, as judged by its ability to germinate
on nutrient agar and undergo a successful pollen tube mitosis.

See

Techniques Section, Appendix I, for details of storage.
In the youngest buds of a standard (florescence the anthers are
quite colourless and almost sessile.

Normally 4-5 pre-meiotic buds

are easily accessible in each cincinnus.

With the onset of meiosis

in the sporogenous tissue, the walls of the tapetal cells undergo
lysis, the pollen mother cells round off, and the tapetal protoplasts
infiltrate

the spaces between them to form the so-called periplasmodium.

Maheswari (1950).

At this time the anther lobe walls show the first

sign of colour development and rudimentary staminal hairs are seen to
be present.

At the same time the peripheral region of the connective

tissue between the two anther lobes begins to turn green and to
accumulate starch.

The sporogenous cells may be easily squeezed out

of the anther, by the application of gentle pressure, once the
periplasmodium has been formed and the pollen mother cells have largely
separated.
When the young microspores are liberated from_ the tetrad the
anther lobe walls are uniformly yellow, the plasmodial cytoplasm is
yellow, and the connective contains crescentic areas of starch granules.

14

Maximum greening is attained at about stage IV of pollen development,
(Plate 16) but starch synthesis continues until, at maturity, the
whole central connective is full of starch (Plate 17).

Yellowing

of the filament starts from the base and spreads upwards to the
connective, from stage II.

Some four days before anthesis, purple

pigmentation appears, again at the bases of the filament and staminal
hairs, and at the apices of petals.

By anthesis the full flower

colour has developed and the staminal hairs form long dense purple
tufts on one side of the filaments.
during anther developments

Striking changes in shape occur

The lobes of young anthers meet above

and below the connective (Plate 18) but growth of the upper connective
region beginning at stage III, results in the separation of the top
parts of the lobes (Plate 19).

This growth is slow at first but

accelerates after pollen grain mitosis.

Localised development of

fibrous thickenings in the endothecium begins at an early stage of
anther development, in the region adjacent to the connective.

Later

thickenings appear in the endothecium of the locular walls getting
progressively farther away from the connective.
Two very important events occur during the 24 hours prior to
anthesis.

The first is that the hitherto persistent cuticle of

the anther becomes discontinuous, thus facilitating the drying of
the anther when the bud opens.

The second is that a region of the

filament, adjoining the connective, shrivels and hardens, cutting off
the water supply to the anther.

A consequence of these events is

that the tapetal Plasmodium is dehydrated and deposited as a debris
on the surfaces of the pollen grains and internal walls of the anther
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cavity.

In Tradescantia the anther is tetrasporangiate; the two

microsporangia contained in each anther lobe being separated
throughout development by a thin septum of parenchymatous tissue.
This shrivels at the same time that the tapetal Plasmodium is drying
up, and the two pollen sacs within an anther lobe become confluent.
Elongation of pedicels takes place steadily during development, from
a length of less than 0.5 mm in the pre-meiotic buds of diploids to
about 8.0 mm in the bud immediately below the terminal one in a
cincinnus.

Rapid elongation to 20-22 mm occurs in the 48 hours

before flowering, and continues for a while afterward so that pedicels
of 'spent' drooping flowers average 2-4 mm longer than this.

16

Tetrad
Diad

Dlad-Tetrad
Pre-prophas»
P.M.C.

Prophase 1

Figure 1.
Diagram of a

'standard' inflorescence with leaves and bracts removed.

Roman numerals indicate the stages of pollen development in the various
buds.

Bud (a) will flower tomorrow and then the third bud below it,

now at stage V will be at stage VI and.so on.
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Plate 2: T.8. young anther loculus showing pre-meiotic
sporogenous tissue, and intact tapeturn. Freeze-substituted
in ethanol containing 1% mercuric chloride, Araldite section
1.0|i. Stained with 1% Toluidine blue/Borax, x 425.

1

#:

i

Plate 3; Pollen mother cells early in 1st prophase of meiosis.
Acetic orcein. Phase contrast, x 700.
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I

Plate 4; 1st metaphase of meiosis in the S.2A clone,
showing six bivalents with the centromeres
just pulling out. Feulgen stain, x 1920.

%

#

Plate 5: The diad stage.

m

Feulgen stain, x 260.
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Plate 6:

The tetrad stage.

Acetic orcein x 1600.

#

* »

Plate 7: Stage I. Young pollen grain just released from
the tetrad. Acetic orcein x 1800.
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Plate 8:

Stage II. Nucleus central and larger than at
previous stage. Feulgen stain x 1950,

Plate 9:

Stage III. Nucleus at one end of grain. Vacuole
developing at other end. Feulgen stain x 2000.
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Plate 10; Stage IV. The vacuole occupies about half of the cell
volume. Nucleus at one end of the grain. Freeze substituted in
acetone containing 1% osmium tetroxide. Araldite section 1.5jU,
1% Toluidine Blue/Borax, x 1600,

Plate 11: Stage V. Nucleus central surrounded by a single
circular vacuole. Freeze-substituted in ethanol containing
1% mercuric chloride. Araldite section 1.5/i, stained with
1% Toluidine blue/borax x 2400.
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Plate 12: Stage VI, Pollen grain mitosis. Diploid metaphase.
Vacuole regressing. Feulgen stain x 1650,

r
\

V
Plate 13: Young bi-nucleate grain. Generative cell appressed
to pollen grain wall. No vacuole. Feulgen stain
X 1450.
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Plate 14: The mid-blnucleate stage. Generative cell
has separated from the pollen wall and is
elongating. Feulgen stain, x 1,500.

Plate 15: Mature pollen, as shed at anthesis. Note
~ ~ ~
fully elongate crescentic generative nucleus.
Feulgen stain, x 1,800.
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Plate 16:

Young anther showing greening of the connective and
yellow pigment development in anther lobes. Incident
light X 45.

Plate 17:

Decolourised anthers treated with iodine/potassium
iodide to show starch localisation in the
connective. Incident light x 22.5.
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Plate 18: Young, colourless anther with shiny cuticle,
photographed in incident light. Anther lobes
meet above and below connective, x 60.

Plate 19: Mature anther, showing expanded upper connective
and tops of anther lobes separated. Dull surface
due to loss of cuticle. Incident light x 45.
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3.

Preliminary investigations
La Cour (1949) described the formation of 'dwarf' pollen grains

in clone 20 of Tradescantia braeteata from which the three clones
used in this work were derived.

Examination of Feulgen stained

anther squashes made from S,2A, S,3A and S.4A inflorescences revealed
the presence of these dwarf grains only in the diploid clone (Plate
20).

A cursory examination of preparations from different plants

grown in the gardens strongly suggested that the abundance of dwarf
grains varied from bud to bud, as did that of aborted grains.

Because

of the need to have stable material for comparative cytochemical tests,
it was decided to examine abortion levels in the diploid and triploid
clones, to see if plants grown under constant environmental conditions
were less variable in this respect than those grown in the gardens.
In the first experiment, plants were grown in pots in a greenhouse
under a light/dark regime, as detailed in Part 2, General description
of the experimental material.

Inflorescences just coming into flower

were selected and marked, and successive flowers from them were collected
early each morning before dehiscence had begun.

The anthers of each

flower were then dissected into a watch glass and the pollen obtained
from them after desiccation over calcium chloride for 2 hours.

To

facilitate scoring, semi-permanent mounts were made in methyl green/
glycerin Jelly (Wodehouse 1935) with addition of eosin as a cytoplasmic
counterstaln.

(Savage 1956).

As far as was possible the total pollen

from each flower, or whorl, was transferred to a slide and stirred into
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a small drop of the mountant.

Use of a viscous medium tends to reduce

the loss of grains from under the covers!ip, and by this method the
nuclei of healthy grains appear deep green against a pale red cytoplasm.
Empty grains stain a pale-green and are easily recognised, even at low
magnifications.

A full schedule of this technique, together with the

scoring procedure and statistical methods used, is given in the
Techniques Section, Appendix 2,
A comparison of levels of abortion between the two whorls of
anthers in a flower is reported for 15 flowers, selected at random,
in Table 1.

The levels of pollen grain abortion found in the different

flowers of a primary diploid inflorescence (A), is given in Table 2.
The data for a secondary diploid inflorescence (B), produced on the
same stem as inflorescence A, is given in Table 3.

The data for another

primary inflorescence (C), from a different diploid plant is given in
Table 4, and data for a garden grown primary diploid inflorescence (D)
is given for the sake of comparison, in Table 5.

The results for two

triploid inflorescences, E and F, are given in Tables 6 and 7
respectively.
There is no significant variation in the incidence of abortion
between the two whorls of anthers within a flower, as seen in Table 1,
but there is a variation between the different buds of an
inflorescence, in diploids.
Figure 2.

This can be seen in Tables 2-5 and in

The high levels of abortion seen in the last few buds of

inflorescence A (Table 2), may well be accounted for by the diversion
of photosynthetic products from this inflorescence to the new

28

secondary inflorescence (B) on the same stem, which was just
beginning to flower at this time.

Figure 2, In fact, the last

two buds of inflorescence A never opened, but it does seem that
in any inflorescence there is a rise in abortion level in the
older buds.

That the general level of abortion may be lower in

one plant than another is seen by comparing Table 4 (inflorescence
C) with Table 2 (inflorescence A) and by comparing data for the
two triploids.

Abortion in the triploids is high, but the degree

of variation between buds in a triploid inflorescence is not
significantly different from that seen in diploids.
In the second experiment, pots of young plants were transferred
from the greenhouse to a Saxil growth cabinet and grown under the
conditions previously described in Part 2, i.e. 20°C, 90% humidity,
16 hours light at 1,350 lumens/sq ft and 8 hours dark.

When plants

came into flower, inflorescences were marked and examined as before.
The data for two primary diploid inflorescences, X and Y, is given
in Tables 8 and 9, from which it is clear that variation between
buds has been markedly reduced, although the general level of abortion
is still quite high.

Figure 3 compares the abortion levels of a

garden grown diploid (D), a greenhouse grown diploid (C) and a growth
cabinet grown diploid (X),
In all cases dwarf grains with nuclei and cytoplasm were scored
as healthy grains, but actual numbers were recorded separately only
for inflorescences A and X.

They are expressed in the tables as

percentages of total grains counted.

Again, the level is more
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Table 1
Variation of abortion level between the two whorls of
anthers in each of 15 flowers selected at random

Flower
No.

Total Grains

Aborted Grains

% Aborted

Difference
between
whorls

Whorl
1.

1351
1193

216
204

15.9
17.1

1.1

a
b

2.

1335
1326

307
296

22.9
22.3

0.6

a
b

3.

966
955

127
117

13.1

a
b

4c

958
1192

82
100

8,5
8.3

0.2

a
b

5.

983
1311

111
136

11.2
10.3

0,9

a
b

6.

1016
1051

67
72

6,6

a
b

7.

917
467

79
34

7.3

a
b

8.

720
1093

142
208

19.7
19,0

0.^7

a
b

9.

1321
1399

311
322

23.5
23.1

0.4

a
b

10,

1086
1453

190
249

17.4
17.1

0.3

a
b

11.

1853
1250

342
227

18,4
18.1

O. 3

a 12.
b'

1070
1215

223
243

20.8
20,0

0.8

a
b

13.

1466
1431

334
342

22.7
23.8

1.1

a
b

14.

1717
2571

278
397

16,2
15,4

0.8

a
b

15.

1362
1579

246
276

18,1
17.4

0.7

a

b

12.2

6.8

8.6

0.9

0.2
1.3
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Table 2
Levels of pollen abortion and incidence of dwarf pollen
grains in each "successive; bud of inflorescence A.
Greenhouse grown diploid.
Bud
No.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27

Total Grains
counted
4865
4912
5642
4764
5097
5156
5348
5782
5914
6719
5882
6212
6550
5232
5794
7766
6032
6712
7290
10091
6017
6100
5402
6158
4215
Did not flower
Did not flower

No, of dwarf
grains
105
98
101
221
201
249
286
332
216
251
149
135
268
194
306
451
421
139
246
801
446
331
542
398
276

No. aborted
grains
957
1106
1008
959
984
898
1102
1072
884
1095
1044
1206
1402
1065
1352
1530
1302
1394
1488
1828
1451
1559
1459
1889
1990

% dwarfs

2.1
1.9
1,8
4.6
3.9
4.8
5. 3
5.7
3.6
3.7
2.5
2,1
4.0
3.7
5,2
5,8
6,9
2.0
3. 3
7,9
7.4
5.4
10,0
6.4
6,5

% aborted

19.6
22.5
17.8
20.1
19.3
17.4
20,6
18,4
14.9
16.2
17.7
19.4
21.4
20, 3
23. 3
19.7
21.5
20.7
20.4
18.0
24,1
25,5
27.1
30,6
47.2

31
Table 3„
Levels of pollen abortion in each successive bud of a 2*"
inflorescence (B). Greenhouse grown diploid-

Total grains
counted

No, aborted
grains

1.

1910

104

5.4

2,

2510

C211

8.4

3.

1993

119

6.1

4.

1933

146

7.5

5.

2503

236

9.4

6.

1941

193

9.9

7.

4582

847

18.4

8.

2544

420

16.5

9.

2389

600

25.1

10,

1581

539

34.0

11.

1596

610

38.2

12.

3150

1129

35.8

13,

1887

641

33.9

14.

2271

614

27.0

15,

1636

654

39.9

16.

1254

332

26,4

17.

1714

579

33.7

18,

2099

591

28.1

19,

1661

539

32.4

20,

1448

544

37.5

21.

1993

736

36.9

22.

2005

812

40.4

23.

1446

621

52.9

24.

781

352

45.0

25.

453

256

56.5

Bud No,

Aborted
grains
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Table 4
Levels of pollen abortion in each successive bud of
inflorescence C, Greenhouse grown diploid

Bud No.

Total No.
grains
counted

Total No.
aborted

% aborted

1.

3025

305

10.0

2.

2138

261

12.2

3.

2953

279

9.4

4.

2491

274

10.9

5.

2755

214

7.7

6.

2288

228

9.9

7.

3201

112

3.4

8.

2104

150

,7.1

10.

2102

142

6.7

11.

2622

267

10.1

12.

2664

299

11.2

13.

2288

286

12.5

14.

3256

191

5.8

15.

2719

239

8.7

16.

2625

346

13.1

17.

2580

459

17.8

18.

2938

542

18.4

19.

2731

461

16.8

20.

2153

256

11.B

21.

2421

355

14.6

22.

1989

300

15.0

23.

1775

325

18.3

24.

1745

344

19.7

25.

2030

445

21.9
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Table 5
Levels of pollen abortion in the first 20
buds of a garden grown diploid

Bud No.

Total
grains
counted

Total
aborted
grains

% aborted
grains

1.

2505

373

14.9

2.

2610

581

22.2

3.

2539

439

17,2

4.

2571

197

7,6

5.

2672

223

8.3

6.

2812

564

20.0

7.

3609

561

15.5

8.

1989

343

17,2

9.

4016

368

9,1

10,

2062

124

6,0

11,

2504

372

14,8

12,

1986

384

19.3

13,

2643

201

7,6

14,

1998

351

17,5

15,

1402

226

16.1

16,

3998

333

8.3

17,

1963

468

23,8

18,

2001

507

25.3

19,

1899

311

16,3

20,

1996

399

19.9
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Table 6
The levels of pollen abortion in each successive
bud of the triploid inflorescence E

Bud No.

Total Grains
counted

Total
aborted
grains

aborted

lo

1387

1277

92,0

2,

1422

1335

93.8

3.

1820

1680

92.3

4.

1339

1224

91.4

5,

1546

1450

93.7

6.

1518

1395

91.8

7.

1078

1006

93.3

8.

1210

1136

93.9

9.

892

811

90.9

10.

801

729

91.0

11.

1184

1120

94.5

12.

921

889

96,5

13.

1950

1810

92,8

14.

1210

1100

90.9

15.

1060

978

92.2

16.

1221

1110

90.9

17.

1013

917

90,5

18.

1093

1019

93.2

19.

1115

1062

95.2

20.

1312

1256

95.7

21.

1452

1362

93.8

22.

1311

1279

97.5

23.

1414

1338

94.6

24.

1468

1323

90.1

25.

1383

1256

90.8
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Table 7
Levels of abortion in the first 20 buds of
the triploid inflorescence F

% aborted
grains

Total
grains
counted

Total

1.

817

601

73.6

2.

1975

1567

79.3

3.

988

755

76.4

4.

746

578

77.4

5.

938

714

76.1

6.

1563

1190

76.1

7.

1482

1171

79.1

8.

1501

1123

74.8

9.

1461

1141

78.0

10.

1700

1489

87.5

11.

1670

1246

74.6

12.

1441

1085

75.2

13. ,

1376

1113

80.2

14.

886

788

88.9

15.

979

824

84.1

16.

1259

1012

80.3

17.

1023

911

89.0

18,

1102

945

85.8

19.

891

823

92.3

20.

1577

1474

93.4

Bud No,

aborted

grains
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Table 8
Levels of pollen abortion and incidence of dwarf pollen
grains in the first 20 buds of inflorescence X.
Growth cabinet diploid.
Bud Total grains
counted
No,

No. of dwarf
grains

No. of aborted
grains

% dwarfs

% aborted

.

1

2724

268

492

9,8

18.1

.

2

3158

305

552

9.6

17.5

.

3

3162

232

584

7.3

18.5

. 4

2376

186

456

7.8

19.1

.

5

2721

200

528

7,3

19,4

.

6

2272

174

411

7.6

18.1

. 7

2939

221

532

7.5

18.1

. 8

2703

154

476

5.6

17.6

. 9

3052

196

607

6.4

19,8

. 10

1813

98

350

5.4

19.3

. 11

3050

154

622

5,0

20, 3

. 12

2546

123

514

4.8

20.2

. 13

2094

116

430

5.5

20,5

. 14

2788

196

546

7.0

19,5

. 15

2168

180

442

8.3

20.3

. 16

2239

181

492

8.0

21,9

. 17

3942

299

866

7.5

22,1

18

3420

242

770

7.0

22,5

. 19

2673

222

614

8.3

22.9

. 20

3002

227

681

7.5

22.6
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Table 9
Levels of pollen abortion in each of the first
" 20 "successive lauds of inflorescence T. '
Growth cabinet diploid.
Bud. No.

Total
grains
counted

Total
aborted
grains

% aborted
grains

1.

2605

384

14.7

2,

2825

455

16.1

3.

3089

429

13.9

4.

3856

643

16.7

5.

2863

452

15.8

6.

3688

642

17.4

7,

3520

613

17.4

8.

3498

626

17.8

9.

3712

653

17.5

10.

3124

546

17.4

11.

3943

681

17.2

12.

1654

279

16.8

13.

2341

386

16.4

14.

2510

409

16.2

15.

2189

366

16.7

16.

1780

313

17.5

17.

3249

582

17.9

18.

3268

631

19.3

19.

2299

458

19,9

20.

2589

583

22.5
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Aborted
Pollen

Buds
Figure 2
The levels of pollen grain abortion in successive buds of the primary
diploid, greenhouse grown, inflorescence A, A secondary inflorescence
growing on the same stem began to flower on the day that Bud 21 opened,
and this point is marked

59
40

o
Inflorescence D.

40

Abortion

O
Inflorescence C

10

Buds.

40

Inflorescence X
Figure 3.
The levels of pollen grain abortion in successive buds of
three primary inflorescences, a garden grown diploid (D),
a greenhouse grown diploid (C) and a growth cabinet grown
diploid (X),
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constant in the growth cabinet material, but it is higher than
that found in greenhouse grown plants.

Observations on the numbers

of dwarf grains in inflorescences not separately scored for them
support the view that they are far more frequent in plants from the
growth cabinet.
As a consequence of this work it was decided to grow all
further experimental material in a growth cabinet, since it appeared
that the carefully regulated environment produced a marked degree of
stability in the levels of both pollen abortion and the production of
dwarf grains.

It was felt that this might reflect increased constancy

in other metabolic activities as well.

Because the level of pollen

abortion increased in the last few buds of an inflorescence it was
also decided to use inflorescences at the youngest stage that could
be conveniently standardised; in practice when one bud only had
opened, as illustrated in Figure 1.
No investigations were carried out to ascertain what factor,
or factors, were actually responsible for changes in abortion levels,
but some evidence from an anatomical investigation may be relevant.
The pedicels of several buds from one inflorescence had been embedded
in wax, sectioned transversely, stained and photographed.

The cross-

sectional area of the vascular tissue in each pedicel was then
determined using a planimeter and found to vary by as much as 41%.
The number of vascular bundles varied between 7 and 11.

Although it

was not possible to seek a correlation fietween vascular deficiency
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and high pollen abortion from these preparations, there may be a
relationship, as recently suggested for wheat by Joppa, McNeal and
Welsh (1966).

Competition between neighbouring buds at critical

stages in their development may also contribute to the fluctuation
in abortion frequency, seen in the figures.
The first two experiments were concerned with abortion
frequency in mature pollen and gave no indication as to the stage
in pollen development at which cellular degeneration began.

Methods

were therefore sought to estimate abortion levels at all stages of
pollen development in both diploid and triploid clones.

No fully

satisfactory method was devised, but that finally used, involved
staining whole anthers by the Feulgen method and washing them
thoroughly in sulphur dioxide water, before infiltrating them with
glycerol.

Separate anthers were then transferred to slides and the

contents extruded as a stream of cells by the application of gentle
pressure with a spatula.

Fragments of anther wall were teased away

and a temporary mount made in glycerol.

This method has the

advantage over other methods that no grains are lost during
preparation.

The contents of 5 anthers at each stage, taken from

successive buds of a diploid and a triploid inflorescence, were
then scored for grains without nuclei.

The results, expressed as

percentages of grains aborted, are shown graphically in Figures 4a
and 4b,
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In interpretating these results it is important to remember
that abortion level variation between buds is present to an
unknown degree.

In the diploid clone the level of abortion before

pollen grain mitosis is low and relatively constant from stage to
stage.

Aborted grains are first seen by this method at stage II,

but it is possible that the actual degenerative process set in much
earlier, perhaps right from the time of their formation within the
tetrads

The increases seen in the stages after pollen grain division

may well indicate a second phase of abortion starting at mitosis.
However, purely on the basis of scoring grains without nuclei, the
increases could equally well be due to variation between buds,
since they are within the range that might be expected from the
first two experiments.

Nevertheless, observation of this and other

material, reveal a proportion of binucleate grains in what appear
to be early stages of nuclear degeneration..

The impression gained

from a careful study of the material is that a second phase of
abortion after pollen grain mitosis may well occur.
Judging from the first experiment it seems unlikely that bud
to bud variation will cloud the issue as far as abortion in the
triploid clone is concerned.

In Figure 4b it is clearly swamped

by increases in abortion due to genetical unbalance, and the
results indicate a steady increase in abortion level from stage 1
to stage VI,

There is a further increase during the binucleate

stages but it seems, that a high proportion of unbalanced grains
which survive pollen grain mitosis, do in fact survive until anthesis
•»
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The major part of abortion due to unbalance probably occurs before
stage VI.
The S.3A clone behaves as an autotriploid, and complete
pairing of the 18 chromosomes at meiosis would lead to the
formation of 6 trivalents.

However, pairing is normally incomplete,

producing different combinations of trivalents, bivalents and
univalents.

Random orientation on the metaphase plate, and random

segregation of these chromosome configurations, leads to the
formation of daughter nuclei with chromosome numbers ranging from
6 to 12, most of which are unbalanced.

Thus it might be expected,

on the basis of random segregation, that the chromosome numbers
would be distributed in the form of a frequency curve with 6 and 12
the least frequent types and numbers close to 9 the most frequent.
In this case the expected distribution can be derived mathematically
by expansion of the binomial (J +
chromosome number of 9.

and this does give a mean

In an examination of meiosis in this clone

Evans loc.cit., found a mean of 8.4,

He accounted for the fact

that the frequency of cells with 9, 10, 11 and 12 chromosomes was
lower than expected by his observation that lagging univalents at
anaphase I often fail to reach daughter nuclei.

Nuclei having high

prospective chromosome numbers are thus depleted, the laggards
forming micronuclei.

From a comparison of chromosome number

frequencies at meiosis and at pollen grain mitosis, he concluded
that selective abortion of pollen with certain chromosome numbers
did not occur before pollen grain division, but this is surprising?
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A re-assessment of the chromosome number frequencies occurring
at first anaphase of meiosis was therefore made.
inflorescences were used, one at a time.

To do this 10

Buds containing anthers

at the correct stage were dissected and the 6 anthers from each
were then squashed separately into drops of acetic orcein on slides,
spread gently, and covered with coverslips.

The 6 slides were then

scored immediately, 10 cells-being taken at random on each slide.
The procedure was repeated for the other 9 inflorescences and the
results for the total 600 cells (1200 daughter nuclei) are given in
Table 10.

They show a mean of 8.39 and thus agree very closely with

the results of Evans.
Chromosome counts were then made on Feulgen smear preparations
at pollen grain mitosis.

These results. Table 11, together with

those of Lane (unpublished) suggest that selective abortion of
grains with the lower chromosome numbers does occur.

At pollen

grain mitosis proportionally less grains were scored with 6 , 7 , 8
and 9 chromosomes than at meiosis, and proportionally more with
10 and 11 chromosomes.
results.

In fact this trend is evident in Evans own

The distribution for both meiosis and mitosis is given

in Figure 5.

Nevertheless, the method used, of scoring chromosome

numbers at division, is open to the criticism that it takes no
account of the fact that grains with different chromosome numbers
may tend to come into mitosis at different times.

Further, the

chromosomes of Tradescantia bracteata are very similar in appearance
and it is difficult to distinguish individual members of the basic set
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Thus it is possible that selection for certain combinations of
individual chromosomes

occurs^ , but cannot be recognised.

If

this were so it is conceivable that changes in the environment,
either externally or within the anther loculus, could affect the
ability'of a particular chromosome combination to survive.
Attempts to investigate some of these problems are described in
Part 5.
Abortion due to different causes, for example genetic unbalance,
vascular deficiency, mechanical injury, toxins, might show different
patterns of localisation in the anther.

An investigation was

therefore carried out to see tf abortion occurred generally
throughout the anther, in the material being used, or if it was a
phenomenon of localised zones.

Material was fixed in FAA, dehydrated

through an ethanol/tertiary butanol series and embedded in Paramat.
Several anthers at each stage, from{ stage VI to anthesis, were
sectioned both transversely and longitudinally at 8|U thickness. The
ft
sections were de-waxed and stained with H^idenhain's haemotoxylin.
From these preparations no evidence was found to suggest that
abortion was zoned, but because of the shrinkage and distortion
incurred during infiltration with wax at high temperature (58°C),
the work was repeated using a freeze-substitution procedure followed
by araldite embedding.

This method has the advantage that

dehydration and fixation are accomplished simultaneously under
conditions that prohibit shrinkage, followed by infiltration with
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embedding medium at low temperature.

In this latter case sections

were cut at 1.5^,, and stained with Toluidine Blue/Borax.

Details

of the Paramat method, of the freeze-substitution procedures and
the araldite embedding technique for anthers are given in the
Techniques section, Appendix 3.
At anthesis not all pollen grains have a crescentic generative
nucleus, particularly in the triploid clone.

As has been previously

stated, relatively little abortion occurs in this clone between
pollen grain mitosis and anthesis, and thus it is reasonable to
expect that pollen shed at maturity will have a similar spectrum of
chromosome numbers to that seen at pollen grain mitosis.

Pollen

sown onto nutrient agar was cultured and fixed at intervals, see
Techniques section, Appendix 2,

Permanent preparations were made

following Feulgen staining, and incorporation of colchicine into
the agar served to arrest the chromosomes at pollen tube division.
To avoid loss of pollen grains during processing the slides were
coated with celloidin.

The proportion of cells having crescentic

nuclei in the triploid is roughly that of grains having either 6
or 12 chromosomes at pollen grain division.

A proportion of the

other cells, with undifferentiated nuclei, germinate, but few of
these undergo pollen tube division.

Most chromosome numbers seen

at this stage are either 6 or 12, but a few unbalanced combinations
get through, as evidenced by the occasional mitosis of 10 or 11
chromosomes, see Plate 21.
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Table 10

Chromosome numbers in 1200 anaphase nuclei, scored at 1st
division of meiosis, from 60 anthers of the S.3A clone.

Bud No.
(each 6
anthers)

Chromosomes per nucleus

8

10

11

12

1.

3

30

51

27

8

1

0

2.

2

25

56

27

9

1

0

3.

4

21

50

30

13

1

1

4.

4

25

47

34

8

2

0

5.

3

20

49

34

12

2

0

6.

5

18

45

39

11

1

1

7,

3

17

39

43

14

3

1

8.

2

24

46

36

10

2

0

9.

6

22

45

33

12

1

1

5

26

45

30

14

O

O

Totals:

37

228

473

333

111

14

4 = 1200

Proportionately
Reduced

31

190

395

278

92

11

3 = lOOO

10.
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Table 11

Chromosome numbers in 650 cells scored at
metaphase of pollen grain mitosis, of the S,3A clone

Slide No,

Chromosomes per cell
7

8

9

10

11

12

1.

2

9

18

8

10

3

0

2.

3

9

12

12

10

3

1

3,

2

10

14

14

8

2

0

4,

2

6

17

12

10

2

1

5.

10

16

10

8

5

0

6.

9

15

11

11

3

O

7.

9

19

1?

7

2

O

8.

8

17

14

8

2

O

9.

7

18

14

9

1

O

10,

8

16

14

8

3

O

11,

8

14

16

10

1

O

12,

9

19

10

7

2

2

13.

7

19

14

6

3

O

18

109

214

161

112

32

4

ss 650

Proportionately
expanded
28

169

331

248

172

49

5

=

Totals:

1000

49
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Chromosome number frequencies at two stages of
pollen grain development in the triploid clone.
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W

Plate 20;

Two binucleate dwarf pollen grains with three
normal grains at the mid-binucleate stage.
S.2A clone. Feulgen stain, x 830,

Plate 21:

Pollen tube mitosis in an unbalanced triploid
grain, showing 11 chromosomes. Germinated on
agar containing colchicine. Feulgen stain,
X 640. (Photograph by kind permission of
Dr. G. R. Lane),
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4.

Fine structure
The first attempts to prepare anthers for electron microscopy

were unsuccessful for a number of reasons.

Tradescantia anthers

are small and during most of their life the persistent waxy cuticle
is remarkably impermeable, making penetration of fixatives a
problem.

Other workers have found anthers to be difficult material

for this reason and have overcome the problem by cutting the anthers,
transversely, in two, but this produces considerable mechanical
damage in the sporogenous tissue, especially during the meiotic
stages.

Quite often the transfer of chromatin from one pollen mother

cell to another is a consequence of this treatment giving the
appearance of cytomixis (Takats, 1959; Kamra , 1960; Bopp-Hassenkamp
1959)o

Various attempts were made to solve this problem, including

the use of long fixation times, e.g. 21 days, the use of agitators,
freeze-drying, and freeze-substitution techniques, none of which
proved successful with intact anthers.

Occasionally some Individuals

.A

from a batch of anthers would fix tolerably well, but no reliability
was established.

Eventually it was discovered that severing the

connective between the anther lobes could be accomplished without
damage to the tapetal or sporogenous tissues, and this did facilitate
penetration of the fixative.

The addition of a drop of wetting agent,

such as teepol, to the fixative proved invaluable, and in this way
fixation could be achieved in 16 hours on a specially designed rotary
agitating device.

Most of the material used was fixed first in

buffered glutaraldehyde, and then given a post fixative treatment
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with aqueous osmium tetroxide.

Penetration of the osmic solution

is relatively rapid after the glutaraldehyde treatment.
Another difficulty encountered was the fact that the
osmolarity of the sporogenous tissue changes from stage to stage
during development, and a sequence of anthers from an inflorescence
require the glutaraldehyde fixative to be isotonic for each stage,
to minimise damage.

By extruding anther contents into sucrose -

Ficoll dextran solutions of different concentrations (see Honda,
Hongladarom and Laties 1966), and observing them for signs of
plasmolysis, suitable molarities for the fixative were found,

Pre-

meiotic and meiotic pollen mother cells survived best at between
0.23 and 0.26M, young pollen from stage I to stage VI at between 0.26
and 0.31M and the bi-nucleate stages at 0.36M.

Once shed from the

anther pollen was best preserved with a 0.38M fixative.
Dehydration was carried out in the usual way through a graded
ethanol series to specially dried ethanol, before transfer to 1,2
epoxy-propane as antemedium.

Anthers were then embedded in Araldite

without addition of plasticiser.

Again, difficulty was experienced

in infiltrating the anthers and it was found necessary to add the
resin mixture in four successive daily aliquots to the anthers while
in epoxy-propane on the rotary device.
Mature pollen was easy to deal with.

After anthesis it was

collected, fixed, and then incorporated into agar to facilitate
handling.
anthers,

Small blocks of the agar were then handled exactly as the

54

nie methods described gave adequate preservation of the fine
structure of intact cells and pollen grains, but there was evidence
that the highly hydrated tapetal Plasmodium had shrunk and distorted
during the dehydration procedure.

Individual organelles of the

Plasmodium were well preserved but they were subject to changes in
physical location, and the integrity of the endoplasmic reticulum was
often disrupted.

In an attempt to overcome this, anthers, severed

through the connective, were freeze-substituted, a fixative being
incorporated into the substituent medium.

Two combinations were tried,

ethanol containing 1% mercuric chloride and acetone containing 1%
osmium tetroxide.

In contrast to other reports for plant material

(Gahan 1967), the best results were obtained by low temperature
freezing at -160°C in a methyl-cyclohexanol/iso-propane mixture.
Substitution was thereafter effected at -78.5°C during a period of 28
days.

Higher temperatures, e.,g,-50°C for shorter times resulted in

ice crystal damage.

The technique is similar to that recently

described by Sakai and Otsuka (1967), and was followed by normal
Araldite embedding.

Using this method an organised structure for the

tapetal Plasmodium was seen throughout pollen development until just
before anthesis, but the preparations contained extensive deposits of
mercury or osmium which, being electron dense, obscured large areas
of the sections.

Nevertheless, it was quite possible to examine the

ultrastructure in some parts of these preparations and to glean useful
information from them.

Unfortunately what was seen was seldom
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photogenic.

Straight freeze-substitution with subsequent fixation

was even less successful as in this case not only were heavy metal
deposits produced, but the preservation of structure was poor.
However, very recently the advantages of freeze-substitution as a
gentle dehydrating technique were coupled to ordinary glutaraldehyde/
osmic fixation, with promising results.

Full details of these

preparative methods are given in the Techniques section. Appendix 3.
Sections were cut in the silver-gold interference range using
either a Reichert or an LKB ultramicrotome, and picked up after
flattening, on Athene C 200 or C 400 grids.

Material; was examined

and photographed in either a Siemens Elmiskop I or an AEI EM 6B
electron microscope.
In examining the early post-meiotic stages, sections were stained
on the grid and examined naked.

For the pre-meiotic and meiotic

stages examination was rendered difficult by the presence of numerous
raphide crystals in the anther loculus, Plate 22.

These crystals,

which arise in the tapetum prior to lysis of the cell walls, are
distributed throughout the anther cavity when the tapetal protoplasts
stream out to form the peri-plasmodium.

They are not permeated by

the Araldite resin in the embedding process and drop out of the section
leaving a hole, as soon as the section is subjected to the electron
beam.

Tearing and distortion of that part of the section ensues.

Attempts to dissolve the raphides before embedding destroyed the fine
structure of the material, and dissolving them out of the block face
for a few microns depth serves no useful purpose.

Thus it was necessary
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to pick up the sections on carbon coated grids, or to deposit a
film of carbon on the stained section, or in fact to do both.

In

this way the sections were stabilised but with an inevitable loss
of clarity.

The raphides are far more numerous even than indicated

by Plate 22, as shadowed carbon replicas show, and they range in
size from less than 0.1^ to over lOOji in length.

During the bi-

nucleate stages there is a remarkable accumulation of dextrins as
granules, in the tapetal plastids, Plate 23, and these also tend to
render thin sections unstable in the electron beam, necessitating
the application of a carbon film, after staining.
The use of glutaraldehyde as a fixative preserves some of the
more labile proteinaceous cellular constituents and it may be that
retention of these often masks the endoplasmic reticulum, which was
difficult to see at some stages.

Other fixatives were used e.g.

permanganate and straight osmium tetroxide, but while these revealed
the endoplasmic reticulum clearly they did so at the expense of
many of the less robust cell components.

The value of osmic post-

fixation is dubious since in those cases where it was omitted, the
picture ultimately obtained was little different from that produced
by its use.

As a single fixative/stain it was used in association

with the cytochemical studies, for the localisation of lipids and
other unsaturated substances.

In this case a contrasting picture

was seen in the electron microscope and no additional staining was
necessary.

If material was pre-fixed with glutaraldehyde and then

treated with osmium tetroxide the picture obtained had very low
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electron density and almost no contrast.

A likely explanation of

this is that the sites normally occupied by osmium are taken by the
glutaraldehyde.

However, as the double fixation technique gave

good results, no doubt due to the efftcaey: , of': the glutaraldehyde,
it was adopted as standard for the principle study.
Uranyl acetate was found to be advantageous in staining
technique in that it markedly increased the contrast of nucleoprotein
components and so made observation of rough endoplasmic reticulum
and nuclear structures easier.

Lead stains appear to be the best

general stains so far used in electron microscopy but results vary
not only with the fixation procedure, but seemingly with the type
of material.

Lead citrate was found most suitable for use with

pollen, and for all routine work the ddiible staining schedule, given
in Appendix 3, was followed.

However, in studying the exine it was

noticed that sporopollenin took up uranium stains intensely, but was
not appreciably stained with lead citrate.

Thus it was often useful

to omit the first part of the staining procedure on alternate sections
of a series, when positive identification of sporopollenin could be
achieved.

An object in the tapetum of similar high electron density

to exine in a double stained preparation, could be examined in a
single lead stained preparation, and if it were sporopollenin it
would now be expected to have a low electron density, similar to the
exine again.

As lipids take up lead stains quite heavily, the

omission of uranium permits the localisation of lipids associated
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with the pollen wall, since they are very electron dense and stand
out in contrast to the pale grey exine.

(Plate 24).

Schedules for

all the staining methods employed are given in Appendix 3„
The principle investigation of this part of the work was
intended to be a survey of events at the ultrastruetural level,
during development of the pollen and tapetum, from before meiosis
until anthesis.

For this several primary inflorescences of the

diploid and triploid clones were used; the buds being dissected off
serially, fixed, embedded, sectioned and double stained on the grids.
The findings are given in sub-sections, each dealing with a particular
phase of development.

The results of supplementary studies,using

freeze-substitution techniques, to obtain further information about
the tapetum are discussed together with those of the main study.

a.

Pre-meiosis
Immediately after the final mitotic divisions preceding meiosis

the sporogenous tissue presents the appearance of normal meristematic
cells.

The nuclei are large with conspicuous, flattened, peripheral

nucleoli.

The cell walls are thin and are traversed by plasmodesmata

of typical appearance, but none have been observed linking the
sporogenous tissue with the tapetal cells, as described for a number
of other species by Heslop-Harrison (1966a).

At this stage of

development, shown in plate 2, the sporogenous cells contain relatively
few organelles and stain less intensely than the tapetal cells with
basic dyes.

Mitochondria with poorly developed cristae, pro-plastids
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with little or no visible content, a few small dictyosomes and
some small electron lucent vesicles are present.

The plasmalemma

is smooth and closely appressed to the cell wall.

Endoplasmic

reticulum can be distinguished, with ribosomes, and where the
reticulum lies in the plane of the section characteristic polyribosome
configurations are seen.
The tapetal cells have a more abundant population of organelles
than the sporogenous cells and rough endoplasmic reticulum profiles
are more numerous.

The tapetal plastids have a dense matrix and

contain several types of inclusion, often all within a single plastid.
Among the inclusions are large polysaccharide granules, small electron
dense spheroidal bodies which are strongly osmiophilic in straight
osmium fixed preparations, and large homogenous inclusions of medium
electron density, referred to in this work as 'grey bodies'.
Frequently the plastids are elongate, see plate 23 (made at a slightly
later developmental stage than this).

Carbohydrate granules are a

feature of the tapetum at this time, but are entirely absent from the
sporogenous tissue, as are raphides which begin to grow and accumulate
in the tapetal cells at this time.

(Plate 2).

The origin of these

crystals seems to be free in the cytoplasm and not within plastids or
other organelles.

What evidence there is available suggests that

these raphides bring about, or are associated with, changes in the
organisation of the endoplasmic reticulum.

They seem to become

enclosed by endoplasmic reticulum membranes, as a consequence ofwhich
the cytoplasm tends to break up into discrete membrane bound portions
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within the cell, a matter discussed later in Part 6.

Before this

process is very advanced large golgi areas are formed and a. host
of small vesicles O.ljU - 0.25^ appear in positions between them and
the plasmalemma.

During the process of cytoplasmic breakup an

interesting feature is that many of these small electron lucent
vesicles are enclosed by membranes to produce characteristic multivesicular bodies (Plate 25), which accumulate at the cell periphery.
Fusion of the membranes of the free golgi vesicles with the plasmalemma
results in the discharge of such contents as the vesicles may have,
to the outside, and gives the plasmalemma a convoluted appearance.
Lysis of the cell walls occurs only after this, possibly because
hydrolytic enzymes are discharged from the golgi vesicles, in which
case they could be considered as primary lysosomes (De Duve and
Wattiaux 1966; Matile and Moor 1968).

Wall dissolution takes only a

few hours once the process has begun, but it does not stop at the
tapetum and a wave of lysis proceeds inwards from the tapetal cells
to the centre of the anther loculus, removing the walls of the
sporogenous tissue as well.

It is at this time that the

special

mother cell"* wall is initiated, but the meiocytes may be left as
virtually naked protoplasts for a short time.

That a wave of lysis

moves inwards is seen from light microscopy, by examining sections
^
"

The tetm 'special mother cell' is an.old one, used by Nageli"
(1842) to describe the,mother cell when invested in callose.
Recently it has returned to general usage among palyndlogists
but has been wrongly ascribed to Beer, by Heslpp-Harrison (1964),
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stained for carbohydrates.

The tapetal cytoplasm with its deeply

staining dextrin granules is seen to infiltrate the mass of
sporogenous cells progressively, as the pollen mother cells lose
their walls, begin to round off, and separate.

The actual loss

of walls can also be traced.

b.

Meiosis
There is no unequivocal criterion for the onset of meiosis and

the early stages of 1st prophase are difficult to discern in
Tradescantia.

With the beginning of lytic events in the tapetum

the sporogenous nuclei have contracted markedly, and appear ragged
in outline.

The nucleoli have disappeared and it is at this time

that the first events of prophase occur.

Following loss of the

walls and increase in locular volume, the sporogenous cells tfend to
round off, if extruded from the anther, presenting the characteristic
appearance seen in plate 3,

Each pollen mother cell protoplast then

begins to secrete a callose wall, the so-called 'special mother cell*
wall.

Appearance of this wall is heralded by a sudden increase in

the number of plastids within the meiocytes, made conspicuous by
the development in them of dextrin granules.
up peripheral situations.

These amyloplasts take

Large vesicles, often 2.0^ in diameter

and remarkably spherical in shape, swell up and are pinched off
from the endoplasmic reticulum.

As seen by electron microscopy the

contents of these vesicles are electron transparent; they look empty,
but are believed to contain precursors of the callose wall.

They

Page 62 was
not included
in the bound thesis.
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fuse with the plasma membranes giving them a highly convoluted
appearance and discharge their contents in the process.

Both the

amyloplasts and large vesicles are easily seen by phase contrast
microscopy (Plate 22).

Other smaller vesicles, OoljU - 0„2^

diameter, also discharge at the plasmalemma and these are clearly
products of dictyosomes, which are seen, with stacks of 4-5
cisternae.

The appearance of callose can be demonstrated concurrently

with these phenomena, see Part 5, and it is suggested that the
carbohydrate precursors of the callose are transported in the large
vesicles, and enzymes for their polymerisation in the golgi vesicles.
It may be that the membranes of the small vesicles have enzymes
bound to their inner surfaces and are incorporated into the plasmalemma
in such a way that the enzymes would then be on the outside ready to
effect polymerisation of suitable substrates.

Such a system would

clearly be more efficient than one in which free enzymes could drift
away.

Some findings relevant to membrane bound enzyme systems of

this type have recently been discussed by Matile and Moor (1968).
The mother cell wall is normally well developed by metaphase I,
but not all meiocytes within an anther loculus produce callose
walls at the same time, indeed a noticeable staggering of callose
development is frequently observed.

Plates 26 and 27 show this and

emphasise the correlation of full callose development with nuclear
events.

In the electron microscope the 'special mother cell' walls

are initially electron transparent and featureless, but later formed
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regions are granular and often appear pale grey.

This change can

be correlated with a change in the chemical properties of the wall,
discussed in Part 5.

Much has been written on the structure of

callose (Aspinall and Kessler 1957; Kessler 1958) and of its
appearance in the electron microscope (Muhlethaler and Frey-Wyssling
1956; Kessler 1958; Eschrich 1962).

In these accounts it is said

to form extremely pure deposits in plants and to reveal no sub-structure
whatever the method of preparation.

The present findings are clearly

at variance with these reports.
With lysis of the tapetal cell walls the tapetal protoplasts
flow out to establish the periplasmodium.

The regions of tapetal

plasmalemma appressed to the middle layer cell walls remain smooth
and intact, but where the radial walls have been lost, adjacent plasma
membranes fuse.

This is followed by confluence of cell contents.

The

cytoplasm then shows a structure suggestive of streaming in electron
micrographs (plate 23), and long evaginations of the plasma membranes
project into the sporogenous mass and appear to fuse with each other
where they meet.

Mitochondria, plastids, nuclei and raphides are

carried out toward the centre of the loculus.

The cytoplasm is

densely populated with ribosomes but little endoplasmic reticulum
can be seen.

The golgi areas disappear when streaming begins.

As

the Plasmodium forms, small vacuoles develop in it at peripheral
sites, presumably in response to the increase in locular volume which
begins at this time.

Tapetal cytoplasm comes, very largely, to
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engulf each pollen mother cell, establishing membranes around them
and there is soon little area of surface contact between sporogenous
cells.

Often a meiocyte is completely isolated by the tapetal

cytoplasm at this stage, so that effectively it is contained in a
vacuole, particularly in the case of those cells at the edge of the
sporogenous mass.

The Plasmodium contains numerous microtubules and

a few free spheroidal bodies seemingly derived from ruptured plastids.
The tapetal nuclei appear lobate, often with deep invaginations so
that, in section, they often give the impression of having inclusions.
The staining reaction of the nuclei, with the standard double
procedure, is distinctive at this time in that they appear pale and
electron lucent, more so in fact than the surrounding cytoplasm.

The

state of affairs seen in a newly formed Plasmodium is shown in plate
28.
Callose deposition is much more massive in dicotyledons, as
described by Waterkeyn (1962), than in monocotyledons, as judged by
this study and Angold's (1967) work on Endymion. According to HeslopHarrison (1964, 1966a, 1966b) and Angold (1967) the original pollen
mother cell wall is retained outside the callose in the species that
they worked with, but no evidence has been found for this in
Tradescantia.

In his 1966 papers, Heslop-Harrison described the

presence of 'cytomictic' channels which develop to different extents
between the early meiocytes of a variety of species, including
Lilium, Cannabis, Sllene and Ipomoea, and these channels were also
found in Endymlon by Angold.

In Tradescantla, points of contact
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between pollen mother cell plasma membranes are seen during the
early stages of callose deposition, but they appear to be purely
a consequence of the fact that callose deposition is at first
uneven, arid has not yet been laid down at these points.

No evidence

was found to suggest communication between the cytoplasm of adjacent
meiocytes.
By telophase of the first meiotic division signs of the diad
cross wall are evident (Plate 5).

Plastids with much accumulated

dextrin become arranged in flat fields on either side of the
equatorial plate and parallel to it, (Plate 29), but the large
vesicles, associated with the production of the first callose wall
are absent.

Instead, numerous endoplasmic reticulum profiles are

seen, swollen in places to give the appearance of a string of
sausages.

Where these profiles approach the newly forming cross wall

they are often seen to be continuous with the plasmalemma.

Thus it

would seem likely that callose precursors are synthesised in or near
the endoplasmic reticulum, and then pass along its cisternae, which
are topologically outside the plasma membrane, to the developing wall.
The small dictyosome-derived vesicles are still present.
At the time that the first callose wall is forming any vesicles
t>snenis.Tefl>S
To '>ws».w vf AS
full of sugar type precursors might be expected to behave asy^a result
of water intake.

The fact that individual organelles within cells do

show osmotic volume changes, independent of the cell itself, has been
discussed by Merriam (1966).

It seems likely that this phenomenon
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accounts for the large size of the spherical vesicles which are
pinched off from the reticulum.
probably swell in this way.

They are discrete entities and

This avoids what might be a disadvantageous

situation if vesiculation did not occur and the endoplasmic reticulum
opened directly to the naked cell surface.

At the subsequent stages

however, either the sausage shaped vesicles are not completely pinched
off, or they do not swell for other reasons, but it seems that the
origin of the precursors is from the reticulum in both cases.
The orientation of the diad wall is probably determined by bands
of microtubules which are seen to run round the' cell circumference in
the plane of the new wall at the time of its initiation.

The importance

of microtubules in establishing the orientation of cell walls in wheat
meristems, and in the stomatal complex of young wheat leaves, has
recently been shown by Pickett-Heaps and Northcote (1966a and 1966b
respectively).
Second division follows the first after an interval of about 24
hours, producing the distinctive tetrad configuration. (Plate 6),
Normally the pollen mother cells round off at the time that callose
production first begins, but this is not always the case.

Frequently

the whole process of meiosis is accomplished with the meiocytes
tightly packed, each retaining the polygonal shape that it had in the
pre-meiotic tissue.

There appears to be no increase in the volume of

pollen mother cells from metaphase I to the mature tetrad just before
dissolution.

Formation of the tetrad terminates the meiotic phase.
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c.

The tetrad stage
Development of the exine begins shortly after the individuality

of the microspores has been established, and while they are still
enclosed within the callose of the tetrad.

On completion of meiosis

the nuclei are seen close to the outer walls, but within hours they
assume a more central position, and occupy a large part of the cell
volume.

The cytoplasm, as might be expected, is initially similar

to that of the mother cell, having a prominent plastid population,
and a cell membrane closely/apposed to the callose walls.

The first

sign of new activity is an impressive increase in the number of
ribosomes, and in the general density of the cytoplasm.

Bands of

microtubules are again in evidence, this time stretching out from
the nucleus towards the plasma membrane.

Vesicles containing

electron dense material appear to originate from dictyosomes and an
increase in thickness and electron density of the plasma membrane
precedes the actual appearance of exine.

The membrane first

convolutes and withdraws slightly from the smooth inside of the
callose wall.

Then, outside the apices of the convoluted membrane,

between it and the callose, small deposits of material appear, but
the precise details of how they form are not clear.

A dark layer

develops along the outer surface of the plasmalemma and connects
the deposits which are destined to become baculae.

The electron

density of these increases with time, probably as a consequence of
polymerisation.

Plate 30 shows a stage at which the young baculae
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are crowded together and are indistinct.

As development continues

the centre region of the outer microspore wall becomes more and
more concave.

This process is accompanied by expansion of the cell

surface, and the separation and elongation of baculae.

The

beginning of this event is shown in plate 31, and it is illustrated
in Figure 6.
By the time that the young microspores are released from the
tetrads the ektexine is close to maximum development.

The baculae

do not increase in height after this, but through much of the life
of the pollen grain there is an accretion of endexine.

Appertural

and non-appertural regions of the exine are clearly defined by this
time and narrow channels are seen traversing the endexine from
cytoplasm to the pollen grain surface, see plate 34.

Once the

constraint of the special mother cell wall is removed there is a
rapid increase in pollen grain volume resulting in an expansion of
these channels to a diameter of SOmjU - 50m^.

Beneath the young

endexine, but outside the plasmalemma, tubular membrane structures
are seen running around the circumference of the pollen grain at
right angles to its long axis (Plate 34).

It is thought that

polymerisation of sporopollenin occurs at these membrane surfaces,
imparting to the endexine its fibrillar structure, revealed in the
aborted grain shown in plate 37.

In this picture the plane of the

section passes tangentially through the thickness of the endexine
in places where the wall has buckled inwards.

Under these conditions

the stress of sectioning has caused the endexine to split into
aggregate bundles of fibrils.
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The tetrad stage lasts for approximately 48 hours and during
this period the plasmodial cytoplasm undergoes a phase of reorganisation.
The principle visible sign of this is the appearance of numerous
endoplasmic reticulum profiles, absent in the streaming cytoplasm as
it left the old tapetal cell zone.

Plastids are the most noticeable

organelles, having carbohydrate granules which now begin to show
signs of dissolution.

Where a granule has completely disappeared

from a plastid a group of concentric membrane rings is characteristically
left. (Plate 52).

No grey bodies are seen in the plastids by the end

of this stage and it appears that the synthetic function of the
tapetal plastids turns, during this period, to the production of
lipid globuli.

These are spheroidal electron dense bodies, the first

of which appeared at the meiotic stage, and many plastids become
packed full of them.

The vacuoles enlarge and have densely staining

contents among which cytoplasmic remhants and degenerate organelles
can occasionally be identified.
Break up of the tetrads is brought about by a callase
demonstrable

in the tapetal cytoplasm, see below.

Large numbers

of small vesicles appear towards the end of the stage and are seen,
in electron micrographs, fusing with the membranes bounding the
tetrads.

These vesicles almost certainly contain the callase, and

once this process has begun, the surface of the membrane becomes
deeply divided.

Long amoeboid, finger like processes develop.

Lysis of the callose proceeds with great rapidity, indeed the speed
with which this polysaccharide is both synthesised and degraded in
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plants has been remarked upon by Currier (1957) and Eschrich (1963).
The outer callose wall first becomes granular and progressively
more electron dense before disappearing.

The finger like processes

of the Plasmodium then stream down between the pollen grains
degrading the callose of the cross-walls in front of them, see
plates 32, 33, 35 and 36.

Frequently the young microspores expand

and separate as soon as the outer wall is lost, leaving the centre
cross-walls free and visible in stained optical preparations.

If a

pollen mother cell at metaph^e I, with a well developed callose wall,
is taken from an anther and transferred to the extruded contents of
an anther containing pollen grains just liberated from the tetrads,
its callose wall is seen to be degraded within a matter of 1 - ij
hours, at room temperature.

This fact, and evidence from the

micrographs, strongly suggests that the callase comes from the tapetum
and not from the microspores themselves.

The ability to degrade

callose is retained by the tapetum until stage III.

In parallel with

the loss of all callose from the loculus, the dextrin granules of
the plastids are also lost, but as previously mentioned, this process
begins before any callase activity can be demonstrated and is not
complete until stage II, long after all callose has gone.

Plastids

inside the young pollen grains however, do not begin to lose their
dextrin granules until later.
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d.

Stage I to stage V.
It is convenient to describe together, all the events occurring

during these stages of pollen development prior to mitosis, since
most of the changes occur as gradual transitions extending over more
than one of the standard stages.
Young microspores increase in volume as soon as they are free
in the lociili, and their walls stretch so that they quickly assume
the pollen grain shape.

Increase in volume continues steadily

throughout development until anthesis.

The cytoplasm of stage I

microspores reveals a low concentration of organelles.

PlaStids

Containing carbohydrate granules are present, together with mitochondria
of roughly spherical shape, and a few small dictyosomes.

As reported

by Bal and De (1961), the mitochondria of young pollen grains do not
show differentiated cristae and have fairly dense contents, in fact
at stage IV when the plastids have lost their dextrins, it is not
easy to distinguish between plastids and mitochondria, as may be seen
from plate 38.
From the time of their formation the nuclei begin to contract
in volume, reaching a minimum at stage I, but thereafter a progressive
increase in volume occurs until mitosis.

An interesting feature of

both pollen grain and plasmodial nuclei during these early
developmental stages, is the apparent extrusion from them, via the
hucleopores, of small circular bodies.

The staining of these is

, greatly enhanced by uranium salts and it is thought they they are
probably nucleoprotein bodies.

At first, i.e. when they are still
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inside the nucleus, or in transit through the pores, they appear as
continuous circles or elipses, but once outside their appearance
changes to a pattern of dots closely ressembling polyribosome
configurations.

These structures may be seen in plates 23, 39, 41,

43, and particularly well in plates 44 and 45.

The careful

examination of many sections has occasionally shown objects of this
nature in pores of the nuclear membrane, and there is little doubt
that those circular bodies seen outside the nuclei are the same as
those seen inside.

During these stages the cytoplasm of the pollen

and Plasmodium contains numerous polyribosomes, although in the
latter case this is not always clear because of shrinkage damage
due to dehydration.
The most conspicuous change occurlring in pollen grains between
stages I and V is the formation of a large vacuole in the cytoplasm,
the importance of which is discussed in Part 6.

The process of

vacuolation is initiated at a number of sites, the first formed
irregularly shaped electron lucent vacuoles fusing to form a larger
spherical vacuole, close to one side of the nucleus.

No evidence of

nuclear participation in this event has been observed but at later
stages, see plate 42, the space between the double nuclear membrane
is seen to be continuous with the vacuole.

Throughout its life the

vacuole has a close association with the nucleus although this may
not be obvious when a section is not median, as in plate 39,

In thin

sections, what appear to be vesicles of the order of l.Opi - 2.0^
diameter, are seen in attitudes suggesting that they are fusing with
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the vacuole, but in the absence of a three dimensional examination
the possibility cannot be excluded that what is seen is a swollen
endoplasmic reticulum profile, and not a true vesicle.

As the

nuclear envelope is continuous with the endoplasmic reticulum and,
at least at times, with the vacuole it seems likely that the
endoplasmic reticulum itself may well be directly connected to the
vacuole.

One of the difficulties in interpreting thin sections is

that; despite the ease with which serial sections can be obtained,
grid bars so often obscure critical pieces of material that three
dimensional analyses often cannot be made.

Transport of material

into the vacuole from the endoplasmic reticulum could of course
take place either through direct channels between the reticulum and
the vacuole, or by vesicles pinched off from the reticulum
subsequently fusing with the vacuole.

The end result would be the

same in either case, but from the standpoint of whole cell
physiology it is important to know the situation.

An examination

of serial sections, of which plate 46 is one, indicates that the
four vesicular structures adjacent to the vacuolar membrane are in
reality, contiguous elements of the endoplasmib reticulum.

This is

not the case for the smaller vesicles seen in the same section,
although they almost certainly originate from the reticulum.,
Expansion of the vacuole leads to a migration of the nucleus
and most of the cytoplasm to one end of the cell leaving a thin
peripheral layer around the vacuole itself, (Plates 39 and 40).
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Regions of cytoplasm, sometimes containing mitochondria or plastids,
frequently protrude into the vacuole and appear to be cut off by
constriction of the base of the protrusion, see Figure 7.

Small

vacuoles containing cytoplasmic material may further fuse with the
main vacuole, discharging their contents into it.

No doubt this

accounts for the frequent appearance of sub-cellular debris in the
vacuoles. (Plate 47).

A particularly massive complex inclusion is

probably taking place in plate 42, made at the time of transition
from stage IV to stage V.

From the recognisable 'ghosts' of

organelles so commonly seen in the large vacuole, it may be inferred
that it functions in bringing about the lysis of any included
material.
Towards the end of stage IV cytoplasmic movements bring the
nucleus to a central position surrounded by an annular, or C shaped,
vacuole.

This is stage V. (Plate 43).

Once the pollen wall has expanded and the baculae separated,
the appertural and non-appertural regions of the exine are easy to
distinguish.

Much of the non-appertural exine is baculate, but

some fusion of the tops of baculae during the period of inclosure
within the tetrad gives rise to extensive areas of tectate ektexine.
See Figure 8 for terminology adopted in this work.

Synthesis of

endexine continues over most of the inner surface during these
early stages of pollen development, but not under the apperture
where it soon becomes discontinuous as the pollen grain expands.
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It is here that deposition of the intlne first begins and its
thickness in this part is always much greater than elsewhere.
(Plate 51).
Before intine deposition begins the carbohydrate reserves
of the plastids are mobilised.

All polysaccharide granules

appear to be lost before the end of stage III, except in cells
that abort before pollen grain mitosis.
granules, nor do they develop Intine.

These neither lose their
La Cour (1949) remarked

on the disappearance from the cytoplasm of the refractive 'protein'
bodies, which in fact are the plastids with their included
polysaccharide.

He considered that this event was correlated with

the activity of the vacuole, but there is little evidence to
suggest that this is so.
The endoplasmic reticulum is closely associated with the
intine throughout its development, and polyribosomes abound at
this time.

At first long narrow profiles parallel to the

plasmalemma are involved (Plate 48), and vesicles pinched off
from the ends of their cisternae apparently discharge at the
plasma membrane.

Later, much wider channels of the reticulum are

seen opening directly to the growing intine.

(Plates 49 and 50).

Perhaps it is significant that a parallel can be drawn between
this sequence of events and that seen during callose synthesis
where the first precursors are transported to the plasmalemma in
vesicles, but later the reticulum opens directly to the surface
of the new cell wall.

Deposition of the cellulose forming the
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intlne may be ordered by microtubules which are seen at this
time both in the peripheral cytoplasm and in the growing intine
itself (Plate 50).

In thin sections of mature intine the

microtubules are sometimes seen passing from the plasma membrane
to the endexine.

At those places where intine deposition is

taking place the plasmalemma, seen at low magnification, has the
typical irregular outline associated with reverse micro-pinocytosis.
(Plate 41).
How polymerisation of the cellulose precursors is effected is
not clear.

The enzymes involved may well be attached to the outer

surface of the plasma membrane, or they may be associated with the
microtubules, the precise role of which is not known,

Dictyosome

activity occurs throughout the early stages of pollen development
and some of the vesicles cut off can be traced to the outer cell
membrane.

It is therefore conceivable that the enzymes necessary

for cellulose production are transported to the cell boundary in
this way.

However, a variety of vesicle types are seen to be

produced by dictyosomes at this time, including the small electron
lucent ones that go to the cell membrane, and other larger ones
having dense granular contents.

(Plates 41-43).

Determination of

the factors that govern the migration of different vesicles to
different sites in the cell is a problem that remains for
elucidation.
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As the pollen matures and grows there is a general increase
in the density of the cytoplasmic background, and later formed
mitochondria tend to be larger and less electron dense than their
predecessors.
In the tapetum, following dissolution of the callose, membranes
come to enclose the young microspores.

At first, during these early

stages, no„intimate association exists between the plasmoflial
tonoplast and the pollen surface. (Plate 42),

Throughout this

period the number and size of the raphides dwindles until, at pollen
grain mitosis, very few are left.

By stage I most of the tapetal

plastid dextrins have disappeared and been replaced by lipid globuli.
These vary from O.lji to about 0.4p in diameter, inside plastids, and
are often extremely electron dense; as their synthesis continues
they are extruded into the surrounding cytoplasm by reverse pinocytosis,
and once free they show a sharp volume increase concomitant with a
decrease in electron density. (Plates 52-54),
With increase in anther volume the level of hydration of the
Plasmodium rises, vacuolation becomes extensive between the pollen
grains, and the individual organelles become easier to see as the
background density falls off.

It is from this time on that the

plasmodial ultrastructure Is difficult to preserve using straightforward chemical fixation and dehydration.

The appearance in plate

55, which was obtained from one of the first freeze-substitution
experiments, is essentially different from that seen in plate 56,
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where traditional methods were used.

It will be noticed that the

structural integrity of the endothecial and middle layer cells is
quite well preserved but that the plasmodial cytoplasm has broken
up into membrane bound portions, and some free organelles. (Plate
56).

The higher power micrograph of a portion of this field

(Plate 57) makes the state of affairs clearer.

While plate 55 gives

a Similar superficial appearance, and while many of the plastids show
damage, the cytoplasmic masses are not evident, and the vacuolar
membranes are preserved together with such delicate endoplasmic
reticulum structures as dictyosomeso

However, as explained in the

introductory paragraphs to this part of the work, the best evidence
for structural integrity in the Plasmodium came from the later
freeze-substitution method, photographs of which are not yet
available.
The extruded lipid globules frequently show a rim of darkly
staining material and a less dense centre, (Plate 68) and become
increasingly more numerous as development proceeds.

In a very few

preparations, made at stage IV, what appeared to be aggregations
of exceedingly electron dense lipid globules were seen.

These were

seldom free and were usually seen at the edges of the anther cavity
resting on the middle layer cell walls.

Superficially these

aggregations could be mistaken for sporopollenin but they are
definitely more electron dense than the exine, even in double
stained preparations.

While they may be polymerised lipid substances

they are quite distinct from sporopollenin.
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The tapetal nuclei continue to be deeply lobate but preserve
a double membrane with nucleopores and show the same signs of
activity as do the microspore nuclei.

(Plates 44 and 45). It is

remarkable that the appearance of the chromatin and nucleolar
structure of tapetal nuclei closely parallels that of the pollen
nuclei in the stages before pollen grain mitosis.

When the pollen

chromatin ^ecomes finely granular before prophase, that of most of
the tapetal nuclei looks

the same.

This stage is shown in plate

45 and should be compared with the earlier stage shown in plate 44.
During this period the fibrous thickenings of the endothecium
develop and are first seen in the endothecial cells adjacent to
the connective, at about stage III.

In the later stages they are

formed progressively around the anther lobe walls, until their
development is completed in the region of the line of dehiscence,
just prior to anthesis.

Secretion of these structures is initially

effected by massive complex regions of smooth endoplasmic reticulum,
which have direct continuity with the developing thickening. (Plate
58).

Later these zones of reticulum regress and a secondary phase

of deposition occurs as a result of vesicular activity.

The

secondary deposits have a different electron density from the
primary deposits, and a more granular structure. (Plate 60),
A range of plastid forms is found in the anther.

Those of

the pollen grains and tapetum are very similar except that the
microspore plastids do not synthesise lipid globules, at least in
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the early stages of development.

Within the anther wall there

is a gradation from tapetal type plastids in the middle layer,
to true amyloplasts producing multiple starch granules in the
endothecium. (Plate 61).

In the outer endothecial cells where

there are two layers, in the epidermis, and in the surface layers
of the connective, immature chloroplasts develop as seen in
plate 59, and these are responsible for the short phase of greening
seen.

e.

Pollen grain mitosis to anthesis
Towards pollen grain mitosis a more intimate association

between the tapetal cytoplasm and the microspores is established.
The tonoplast membrane surrounding each pollen grain becomes
tightly appressed to the ektexine surfaces and comes to envelop
the baculae closely; it passes down between them, lining the interbacular cavities.

Where a tectate region of ektexine exists the

tapetal cytoplasm penetrates the perforated roof and fills the
spaces between tectum and endexine.

Elements of the tapetal

endoplasmic reticulum are occasionally seen in the channels through
the endexine.

Plate 62 shows the tapetal tonoplast passing down

between two baculae and into such a channel, and plate 63 is of a
section taken tangentially through a tectate portion of the ektexine.
This latter picture shows a dark membranous lining to every hole
through the tectum.

Both of these photographs were made from

material stained only with lead citrate, in order that lipo-protein
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membranes should s t a n d o u t clearly as dark layers against a pale
grey exine.

Figure 9 illustrates the state of affairs found in

tectate exine at this stage of development..Both plates 62 and 63
were made from a microspore in mitosis.
From this time onwards the anther grows rapidly, an indirect
consequence of which is that the extent of tapetal vacuolation
increases greatly, plate 64,

This leads to the nuclei and

cytoplasmic organelles being drawn close to the surfaces of the
pollen grains and to the peripheral membrane lining the anther
cavity.

Nevertheless, those areas of cytoplasm that exist between

pollen grains and around nuclei, still show a degree of structural
integrity as shown in plate 65.

In this photograph numerous dark

lipid droplets are seen, together with a number of small vacuoles
and many small vesicles believed to originate from the endoplasmic
reticulum.
At pollen grain mitosis the tapetal plastids again change their
synthetic activity, reverting to the production of carbohydrates.
Prior to this it is difficult to detect any carbohydrate in the
periplasmodium, but at this time there is a fresh surge of synthesis
and granules are produced in almost every plastid.

Before granules

do appear however, the lipid globules left in the plastids undergo
a rather curious transformation.

The globules are bounded by a

membrane and in this transformation, the contained lipid appears
to dwindle or to contract to wedge shapes, leaving electron-
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transparent spaces on either side.

Plastids in this condition

have a very characteristic appearance, as plate 66 shows.

It is

only after this transformation that carbohydrate granules begin
to appearo

Plate 68, from a freeze-substitution preparation,

shows a plastid with transformed globules and a growing polysaccharide granule at a higher magnification.
of this new carbohydrate is not known.

The exact nature

It is not starch and is

remarkably unstable in the electron beam, a property that it has
in common with carbohydrate produced within the pollen grains at
this time, see later.

Carbohydrate synthesis continues in the

tapetal plastids until the Plasmodium finally degenerates just
before anthesis, at which time the loculus contains a great deal
of granular polysaccharide.
By the mid-binucleate stage other curious structures are seen
in plastids which have not begun carbohydrate synthesis, and these
are shown in plates 69 and 70.

Whatever these are they seem to

arise from the transformed lipid globules and it is thought that
the parallel stripes are related to the layered membrane structure
of the plastid.

Possibly, at this late stage of anther development,

these plastids are in decline and electron dense lipid material
accumulating between the equally electron dense protein layers of
a unit membrane system, might well give a picture of white lines.
In this case the electron lucent lines would represent the lipid
moiety of the unit membrane which, because of its chemical
association with protein in the membrane, does not bind the heavy
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metal stains as do free lipids.

This clearly accounts for the

pictures seen when elements of the tapetal endoplasmic reticulum
become encumbered with free lipid droplets in the last phase of
tapetal life.

In plate 71 for example, a droplet is traversed

by four layers of unit membrane, two of which can be seen quite
clearly outside the droplet.

The unstained lipid moiety of a

membrane shows as a white line, but the dark protein edges merge
with the dark mass of the droplet.
Finally, some 12 to 18 hours before anthesis, the tapetal
Plasmodium is deposited as a debris on the surfaces of the pollen
grains and pollen sac walls.

This is a consequence of rapid

drying when the water supply to the anther is terminated by
necrosis of a region of the upper filament, and the accompanying
loss of the cuticle.

Plate 72 shows some of this debris, termed

tryphine by some authors.
In the pollen grain at stage V the nucleus is at early
prophase, in fact signs of prophase are sometimes apparent before
this.

During the earlier stages of development the nucleoli are

compact, but towards mitosis they enlarge and show a central lumen,
eventually adopting an annular shape before their regression in late
prophase.

(Plates 73-75),

At the time when chromosomes first

become apparent in optical preparations, small circular structures
are seen in the chromatin in electron micrographs. (Plate 76).
The significance of these is not clear but it is interesting that
they are seen concurrently in the tapetal nuclei.
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Immediately before loss of the nuclear membrane, the microspore
cytoplasm shows evidence of a new surge of activity.

The number

of dictyosomes increases and a great many vesicles derived from
them are seen.

The plastids begin the accumulation of more dextrins,

often several granules per plastid.
body are recognised.

Two new kinds of cytoplasmic

Large bodies, of up to loOjU diameter, with

very characteristic appearance (Plate 77), have an interior of
moderate electron density and a broad rim of higher electron density.
This rim has a clear inner boundary and a diffuse outer one, and
these bodies are frequently seen to be associated with elements of
the endoplasmic reticulum.

The other new bodies are bounded by

single unit membranes and contain material of homogeneous
appearance and moderate electron density.

This latter class of

organelle seldom attains a diameter greater than

0,8fX

and invariably

shows a small protrusion of the membrane, enclosing a transparent
space.

What is interesting about these latter organelles is that

they are seen both in the nucleus and in the cytoplasm, (Plate 78)
but their origin, composition and function is unknown.

One or

more conspicuous contorted regions of endoplasmic reticulum arise,
and the cytoplasm has a greater density of organelles than at any
previous stage. (Plate 79).
Mitotic divisions have been described at the electron
microscope level by many authors and there are no special features
of the pollen grain division in Tradescantia which occurs in the
central mass of cytoplasm. (Plate 43).

The generative cell is
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cut off towards the flat wall of the pollen grain which was
innermost in the tetrad, while the vegetative nucleus is formed
towards the convex wall which was outermost in the tetrad.
Cytokinesis does not apparently provide the generative cell
with cytoplasm qualitatively different from that of the vegetative
cell.

At first thetwo cells show an equal density of organelles.

The two cytoplasms are separated from anaphase by newly formed
plasma membranes, the narrow space between which sometimes shows
evidence of an electron lucent substance believed to be callose.
However, if this is so, it is extremely transitory.
Regression of the main vacuole begins when the daughter
nuclei are formed and at the young binucleate stage it is reduced
to scattered groups of small vacuoles at each end of the pollen
grain. (Plate 80).

The male gametophyte then enters upon the

major synthetic phase of its existence and there follows an
impressive increase in the development of organelles.

The cytoplasm

of both cells becomes packed with mitochondria and endoplasmic
reticulum.

'

Numerous dictyosomes appear, often with 7-8 cisternae

reaching over l^OjU in length and having small vesicles of O.OSji
diameter at their ends (Plate 92),

The plastid population

continues to produce and store carbohydrate in granules, and in
common with that formed in the tapetum at this time, it is unstable
in the electron beam,

(Plates 80 and 81).

At this stage a great

deal of protein is present in the cytoplasmic matrix of both cells.
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The appearance of the vegetative nucleus, as seen in the
electron microscope, begins to differ from that of the generative
nucleus,at the young binucleate stage.

By the mid-binucleate

stage (Plate 81), when elongation of the generative cell has
begun, they are in sharp contrast.

The vegetative nucleus has

become large and diffuse, while the generative nucleus retains
very much the appearance of the microspore nucleus before division.
At first both nuclei have prominent nucleoli but, in normal
pollen, these persist only in the vegetative nucleus»

During

elorigation of the generative cell, its plasma membrane, initially
appressed to the pollen grain wall, separates from it so that the
whole cell is engulfed by the vegetative cell.

The density of the

cytoplasm of the generative cell decreases during elongation and
it is likely that a large part of its reserves are consumed in
the process.

Certainly, at anthesis, the generative cytoplasm is

far less rich in ribosomes and endoplasmic reticulum than it is
in the stages shown in plates 80 and 81,

The apparent reduction

in numbers of organelles may however be due to their wider
separation as the cell expands.

The cytoplasm of the mature

generative cell shrinks proportionately more than that of the
vegetative cell during dehydration and therefore probably has a
higher water content.

The generative nucleus finally develops a

scolloped outline, seen in section, and this form is reflected by
the cell periphery. (Plate 82).
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The persistent nucleoli of the vegetative nucleus assume the
hollow shape seen in the microspore nucleoli preceding mitosis,
and in some aberrant grains the vegetative nuclei divide to give
a tri-nucleate grain at anthesis. (Plate 83).

In normal grains

the vegetative nucleus becomes homogeneous in appearance and
deeply lobate. (Plate 84),

The vegetative cell cytoplasm contains

no obvious vacuoles, masses of mitochondria having an apparently
random distribution, and numerous plastids with included polysaccharide granules.

There is much granular endoplasmic reticulum,

and many small golgi-derived vesicles of transparent appearance.
In addition to this rather usual complement of organelles, dark
bodies of variable shape and uniform electron density, and spherical
vesicular bodies with a dense granular rim, are present.

Both are

bounded by single unit membranes and are of the same order of size
as mitochondria.

Pollen, as shed at anthesis, is dehydrated and

swells visibly on contact with water, but during this process no
vacuolation occurs,, even as seen at the electron microscope level.
In the final phase of maturation, some 12-24 hours before
anthesis, lipids synthesised in the peripheral vegetative cytoplasm
accumulate under the plasmalemma.

They then exude through the

intine and channels of the endexine, to the inter-bacular spaces
of the pollen surface.

When the anther is about to dehisce

accumulations of lipid can be seen under the tapetal debris but
quite distinct from it.

In thin sections this lipid exudate shows

parallel arrays of fine electron lucent structures which pass
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between baculae and occasionally over parts of the tectum, or
through the endexine to the intine.

The same pattern of parallel

layers is seen whichever way the section is cut, indicating that
these structures are layers rather than narrow tubules which would
show as cut ends.

(Plates 85-89).

It is interesting to speculate

as to the nature of these electron lucent structures and it seems
likely that they may be the lipid moiety of the endoplasmic
reticulum elements seen in the channels of the pollen wall at
earlier stages of development, and now 'fossilised' in the lipid
exudate.

Certainly they bear a visual similarity to the white

lines seen passing through the tapetal globules described earlier
(Plate 71), and they are of the same dimensions.

Occasionally

similar structures appear in the tryphine (Plate 72) probably
derived from tapetal membranes encumbered with lipid, like those
in plate 71,

Aborted pollen grains do not show this accumulation

of lipids between the baculae although they do sometimes show some
of the superficial covering of tryphine derived from the tapetum.
(Plate 90),

Where the channels of the endexine become full of

lipid it is sometimes possible to see the electron lucent lines
in them, passing through to the intine, as in plate 87, made from a
preparation stained only with lead citrate in order to leave the
exine pale,in contrast to the lipid.

However, not all of the

channels through the endexine fill with lipid and they are then
bes& seen in double stained preparations, so that the exine stains
darkly in contrast to the electron lucent channels, as shown in
plate 91,
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Plate 22:

0

Pollen mother cells at 1st metaphase of meiosis.
Numerous raphides (R) are present in the
plasmodial cytoplasm and the large spherical
vesicles associated with callose synthesis are
clearly seen (LSV), Plastids with polysaccharide
granules (P) are also evident. Unstained. Phase
contrast, x 1,200.
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Plate 23:

Tapetal cytoplasm immediately after lysis of
the cell walls. The plastids contain 'grey
bodies', small lipid globules and polysaccharide
granules. Double stained on the grid and filmed
with carbon, x 3000.
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Plate 24:

Section through part of the wall of a mature
pollen grain showing lipids containing electron
lucent structures between and over baculae. Note
the electron lucent nature of the exine. Lead
citrate only, x 60,000,
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Plate 25: Multivesicular body in tapetal cell just before
lysis of the cell walls. Some inclusions have a
double membrane, others a single membrane. The
outer, enveloping membrane has been cut obliquelyDouble stained on the grid, x 16,800.
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Plate 26: Meiocytes fluorochromed with aq aniline blue,
1 in 2500, and excited with incident blue light.
Viewed by phase contrast in transmitted light.
Callose fluoresces a greenish colour. Some cells
are seen to be completely devoid of callose.
X 500.

Plate 27: Meiocytes from the preparation shown above after
infiltrating acetic orcein under the cdverslip'to
show nuclear events, x 500.
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Plate 28:

m

Newly formed periplasmodium. The lobate nucleus
appears less electron dense than the cytoplasm.
Double stained on a carbon coated grid, x 7,500,
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Plate 29:

Pollen mother cells at 1st telophase of meiosis,
with plastids containing polysaccharide
granules in flat fields on either side of the
equatorial plate, and parallel to it, PAS
stained, x 1,025,
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Plate 30: An early stage of exine formation. The microspore
nucleus is large and the cytoplasm dense. Note
that the callose of the special mother cell wall
is electron lucent at this stage. Double stained
on carbon coated grid, x 17,000.
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Plate 31: Furrow developing in the young pollen wall, while
still enclosed in the tetrad, Callose granular
and becoming electron dense. Double stained on carbon
coated grid, x 36,000,
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Plate 32: Part of a tetrad during dissolution of the
special mother cell wall, showing amoeboid
processes of the plasmodial cytoplasm. The
callose of the cross walls is granular. Note
that the exine is well formed. Double stained
from an acetone freeze-substituted preparation.
Carbon filmed, x 5,000.
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Plate 33: Part of field shown in previous plate showing
detail of the tapetal cytoplasm that is
invading the region of the cross-walls, between
young microspores, x 40,000.
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Plate 34: Part of young microspore still partly enclosed
by callose, showing well developed ektexine and
tubular structure (TS) at the surface of which
polymerisation of sporopollenin for the endexine
is believed to occur. Note the narrow channels
through the endexine (*). From an acetone freezesubstituted preparation. Double stained on a
carbon coated grid, x 30,000.
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Plate 35: The tapetal Plasmodium at stage I. The small
electron lucent vesicles that are believed to
carry callase to the tapetal tonoplasts are
marked *, Acetone freeze-substituted preparation,
double stained on a carbon coated grid, x 40,OCX),
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Plate 36: The tapetal Plasmodium at stage I, showing
membranes enclosing an abortive young microspore.
Acetone freeze-substituted preparation, double
stained on a carbon coated grid, x 15,000.
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Plate 37: Section through aborted pollen grain that had
been shed at anthesis. The endexine has split
to show aggregate bundles of fibrils as a
consequence of tangential sectioning. Double
stained on grid, x 3,000.
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Plate 3^.: Cytoplasm of stage IV microspore. Both plastids,
which are without polysaccharide granules at this
stage, and the mitochrondria have dense contents,
fcf plate 23, Intine deposition is Just beginning
and polyribosomes are abundant. Double stained on
the grid, x 14,000.
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Plate 39: Longitudinal non-median section through a stage
III microspore, showing spherical vacuole at one
end of the cell. Only one plastid can be seen
that retains any polysaccharide. Double stained
on the grid, x 2,800.
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Plate 40: Median longitudinal section through a stage IV
microspore. The vacuole is well developed and
many long endoplasmic reticulum profiles (ER)
are visible, bfelieved to be associated with the
development if the intine. Double stained on
the grid, x 2,100.
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Plate 41: Transverse section through the end of a stage IV
microspore, showing nucleus with nucleopores
(NP) and the cytoplasm with dictyosomes (D),
mitochondria (M), plastids (P) and endoplasmic
reticulum (ER). Elements of the vacuole are at
this stage, extending around the side of the
nucleus prior to the transition to stage V. Double
stained on the grid x 3*000.
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Plate 42: Transverse section through a microspore during the
transition from stage IV to stage V. The nuclear
membrane is in continuity with the tonoplast of the
vacuole (X) and small vacuoles containing plastids
in a state of degeneration are present in the central
mass of cytoplasm. The electron lucent, dictyosomederived vesicles that appear to be involved in intine
development can be seen (DV), also other vesicles
with dense contents at (*). The tapetal tonoplast is
seen in loose association with the ektexine. Pollen
plastids are beginning the second phase of carbohydrate synthesis. Double stained on the grid.
X 2,300.
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Plate 43: Median section through a stage V microspore.
dictyosomes (D) are seen at various locations
and in places marked (*) the contents of the
vesicles can be seen. Numerous free lipid
globules are present in the tapetal cytoplasm.
Some sub-cellular debris is seen in the main
vacuole and plastids have included polysaccharide
granules (PG). Double stained on the grid, x 2,100,
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Plate 44: Section through a lobate tapetal nucleus at stage
II. Note circular bodies (CB) close to nuclear
membrane. Double stained on the grid, x 3,400.
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Plate 45: Section through a tapetal nucleus at the
transition period between stage V and stage VI.
The chromatin is more disperse than that seen
in the nucleus in the previous plate. Note
extrusion of small circular bodies from the
nucleus (CB). Double stained on the grid, x 6,100.
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Plate 46: Cytoplasm of a pollen grain showing 4 swollen
endoplasmic reticulum profiles (ER) adjacent
to the tonoplast of the main vacuole and several
small electron lucent vesicles that have probably
been derived from the reticulum (ELV). Double
stained on grid, x 15,000,
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Plate 47: Section through part of the main vacuole of a
pollen grain showing sub-cellular debris. Double
stained on the grid, x 20,000.
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Plate 48: The microspore cytoplasm at the beginning of
intine production, A long narrow profile of
rough endoplasmic reticulum (RER) is seen with
vesicles developing at its end. Double stained
on grid, x 24,400.
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Plate 49: The cytoplasm of a pollen grain during the later
stages of intine development showing swollen
endoplasmic reticulum profiles (SER) fusing with
the plasmalemma. Double stained on grid, x 21,800.
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Plate 50: Oblique section through the pollen wall during
deposition of the intine, showing swollen
endoplasmic reticulum profiles (SER), polyribosomes
(PR) and microtubules (MT). Cut membrane surfaces
do not show clearly because of the obliqueness of
the section. Double stained on the grid, x 13,700.
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Plate 51: Part of a section through a stage VI pollen grain
showing extra thick development of intine (I)
under the apperture, in which region the exine is
clearly discontinuous. Part of one of the
characteristic regions of contorted endoplasmic
reticulum (CER) can be seen. Double stained on
grid. X 6,200.
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Plate 52: Tapetal plastids at stage I showing polysaccharide
granules in the last stages of dissolution (*) and
some electron dense lipid globules. Polyribosome
configurations are seen in the tapetal cytoplasm
(PR). Freeze-substituted in acetone containing
osmium tetroxide. Double stained on carbon coated
grid. X 30,000.
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Plate 53: Part of the tapetal Plasmodium at stage I showing
small lipid globules (LG) in a plastid and expanded
globules with dark rims and lower electron density
outside. Freeze-substituted in acetone containing
osmium tetroxide. Double stained on a carbon coated
grid. X 30,000.
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Plate 54: Part of a tapetal plastid at stage I showing a
stage in the extrusion of a lipid globule.
Preparation by freeze-substitution in acetone/
osmium tetroxide. Double stained on carbon coated
grid. X 80,000.
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Plate 55: Section through part of the tapetal cytoplasm at
stage IV, Freeze-substituted in ethanol/mercuric
chloride. Double stained on grid, x 5,200.
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Plate 56: Section through part of the anther wall and tapetal
Plasmodium at stage IV. The tapetal cytoplasm has
broken up into small membrane bound masses often
containing organelles, but the structural integrity
of the endothecial and middle layer cells has been
preserved. Standard double fixation. Double stained
on grid, x 1,600.

124

V.'>55

, St

-"V V

*a

Plate 57; Part of the field from the previous plate at a
greater magnification, x 5,000.
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Plate 58: Section through part of an endothecial cell showing
an early stage in the development of a fibrous
thickening. Polyribosomes (PR) are abundant in the
cytoplasm, also mitochondria (M) the membranes of
which have been cut obliquely and which therefore
appear blurred. An immature chloroplast (CP) is
present at the top right. Double stained on grid.
X 14,000.
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Plate 59: Section through part of the pollen wall showing
endothecial cells with developing fibrous
thickenings (F). Three areas of smooth endoplasmic
reticulum involved in the secretion of these
thickenings are marked (*). Immature chloroplasts
(CP) are seen towards the lower right hand side,
and plastids of the tapetal type (TP) on the left,
and the upper right hand side. Double stained on
grid. X 2,800.
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Plate 60; Section through a mature fibrous thickening
showing electron lucent primary structure and
more electron dense secondary structure. Double
stained on grid. X 40,000.
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Plate 61; Section through part of the anther wall showing
true amyjoplasts containing multiple starch granules.
Double stained on grid, x 20,000.
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Plate 62: Section through part of the pollen wall of a stage VI
pollen grain showing membranes of the tapetal
Plasmodium closely appressed to the exine surfaces,
and penetrating the endexine, (Some damage has been
caused to the exine by leaving the section in the
electron beam too long during focussing, giving it a
granular appearance). Stained with lead citrate only.
X 60,000.
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Plate 63; A tangential section through a region of tectate
ektexine, showing dark lipo-protein membranes
lining the perforations. Stained with lead citrate
only. Stage VI, x 30,000,
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Plate 64: Section through part of the tapetal Plasmodium
showing the extensive vacuolation between pollen
grains, which occurs as the anther grows and
locular volume increases. Freeze-substituted in
acetone/osmium tetroxide. Unstained. X 5,000,
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Plate 65; Section through a region of tapetal cytoplasm
between pollen grains at stage VI with numerous
small electron lucent vacuoles, lipid globules,
and some plastids with transformed globules.
Freeze-substituted in acetone/osmium tetroxide.
Stained with lead citrate only, x 7,500.
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Plate 66: Tapetal plastids, adjacent to the middle layer
wall, containing transformed lipid globules, and
showing the early development of polysaccharide
granules at the beginning of the second phase of
carbohydrate synthesis in the tapetum. From an
anther containing mostly young binucleate pollen
grains. Standard fixation. Double stained on grid.
X 10,000.
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Plate 68: A plastid in the tapetal Plasmodium containing a
~~
~° developing polysaccharide granule and transformed
lipid globules (TG). Several large lipid globules
(LLG) are seen free in the tapetal cytoplasm,each
having an electron dense periphery- Small electron
lucent vesicles and elements of the endoplasmic
reticulum are also present. Freeze-substituted in
acetone/osmium tetroxide. Double stained on a
carbon coated grid, x 30,000.
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Plates 69 and 70:

Layered structures seen in some tapetal
plastids during the last stages of
existence of the periplasmodium. Double
stained on grid, x 30,000 and 20,000
respectively.
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Plate 71: Membranes of the tapetal endoplasmic reticulum
showing as electron lucent lines where they are
encumbered with a lipid droplet. Freezesubstituted in acetone/osmium tetroxide. Double
stained on the grid, x 100,000.
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Plate 72: Section through part of the pollen wall of a mature
pollen grain showing some of the superficial
tryphine deposit. The exine is electron lucent in
comparison with the lipids. Some electron lucent
lines are seen in the tryphine. Some exuded lipid
is present in the inter-bacular cavities and a
lipid accumulation is seen in the peripheral cytoplasm
of the pollen grain (LA), Stained with lead citrate
only. X 40,000,
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Plate 73: Section through the nucleolus of a stage II
pollen grain showing chromatin threads radiating
from it. Double stained on the grid, x 15,000,
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Plate 74: Section through the nucleus of a stage V pollen
grain. The section has been taken transversely
through the central cytoplasmic mass. Only narrow
channels from the main vacuolar system are present
(VC). Normally there is a wide vacuole around at
least one side of the nucleus at this stage. Contorted
regions of endoplasmic reticulum (CER), characteristic
of this stage and one of the nuclear inclusion bodies
(NI) are seen. Straight osmium fixation. Double
stained on grid, cf density of cytoplasm with that
in plate 79 made at the same stage, using standard
double fixation, x 5,000.
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Plate 75: Section through a nucleus just before pollen grain
mitosis to show the annular nucleolus. Note small
electron lucent vesicles (ELV) that appear to be
involved in disorganisation of the nuclear envelope,
Straight osmium fixation, double stained on grid.
7,500.
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Plate 76:
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Section through part of a tapetal nucleus at
the time when the pollen grains are entering
mitosis. Note circular structures in the
chromatin. Double stained on the grid.
X 23,500,
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Plate 77: Section through one of the characteristic large
bodies that are first seen in the pollen grain
cytoplasm at stage VI. Note electron dense periphery
with diffuse outer boundary. Double stained on grid.
X 40,000,
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Plate 78: Section through one of the organelles (NI) found
both in the nucleus and in the cytoplasm of stage
V - stage VI pollen grains. Double stained on
grid. X 80,000.
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Plate 79: Section through part of a stage VI pollen grain
showing high background density of cytoplasm, high
density of organelles and a contorted region of
endoplasmic reticulum (CER). Double stained on
grid. X 4,300.
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Plate 80; Longitudinal section through a young binucleate
pollen grain. Generative cell (GC) appressed to
wall. Vegetative nucleus not in section. Small
patches of vacuoles are all that is left of the
main vacuole. Polysaccharide granules (PG) of
plastids have decomposed in the electron beam.
Tapetal cytoplasm close to pollen wall and in interbacular spaces. Double stained on grid, x 1,500.
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Plate 81: Section through part of a pollen grain at the mid
binucleate stage, showing both nuclei. The
vegetative nucleolus has a lumen. Note the high
density of the cytoplasm in both cells. Double
stained on grid.x 3,000.
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Plate 82; Section through a mature pollen grain showing
the scolloped outline of the generative cell.
Double stained on grid, x 7,500.
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Plate 83:

Plate 84:

A trinucleate pollen grain from the S.2A clone.
The vegetative nucleus has divided, the
generative cell is still appressed to the
pollen grain wall. Feulgen stain, x 2,350.

Section through mature pollen, shed at
anthesis, showing lobate vegetative nuclei.
Araldite section at l,5jU thickness. Toluidine
blue/borax, x 1,400.
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Plate 85: Section through part of the pollen wall and
peripheral cytoplasm of a pollen grain shortly
before anthesis, showing electron dense lipids.
Lipid globules are present in the cytoplasm, some
of which appear to be entering passages through
the intine. Some already exuded lipid is seen
between baculae. Note electron lucency of the
exine. Lead citrate only, x 40,000.
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Plate 86: Section through part of the pollen wall and
peripheral cytoplasm showing aggregation of
lipids below the plasmalemma, and exuded lipids
below baculae. Some tryphine (TR) is present.
Lead citrate only, x 20,000,
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Plate 87: Oblique section through a region of the pollen wall
and peripheral cytoplasm of a mature pollen grain
at dehiscence. Note electron lucent intine and pale
grey exine. Dark lipid deposits showing electron
lucent lines are present in the inter bacular
cavities and at places (*) can be traced through
the endexine. Some lipids are seen between the
intine and endexine (X). Lead citrate only, x 20,000.
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Plate 88: A part of the field from the previous plate at
greater magnification, to show the electron lucent
lines in the lipid exudate more clearly. Lead
citrate only, x 80,000,
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Plate 89: Tangential section through a tectate part of the
"
ektexine of a mature pollen grain showing electron
lucent lines in the lipid deposit. Lead citrate
only.x40,000.
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Plate 90: Section through part of the pollen wall of an
aborted pollen grain that had been shed at
anthesis. Note absence of lipids. Lead citrate,
X 40,000.
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Plate 91: Section through the pollen wall and peripheral
cytoplasm of a mature pollen grain showing channels
through the exine that have not been blocked with
lipid exudate. Double stained on the grid. Note
that the exine is electron dense after this staining
procedure, x 30,000.
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Plate 92: Section through part of ayoung binucleate pollen
grain showing numerous long dictyosomes in the
cytoplasm, x 6,000.
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Figure 6.

Showing indentation of young microspore while
enclosed in the tetrad.
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Stages in the isolation of a portion of cytoplasm
in a vacuolep
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tectum
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Figure 8.
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Terminology adopted in describing the exine.
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Part 5o

Cytochemistry

The object of this part of the work was to learn something of
the qualitative chemistry of the anther tissues during development,
to attempt at least a partial chemical characterisation of some
sub-cellular components, and to follow quantitatively, changes in
the nucleic acid levels of the tapetal and sporogenous nuclei.

The

cytochemical methods are fully described in the Techniques Section,
Appendix 4, and only brief mention is made of them here.

The

investigations are described in sub-sections, each dealing as far
as possible, with one broad aspect of anther chemistry,

a.

Polysaccharides of the anther
In the first experiment to determine the general distribution

of polysaccharides, the successive buds of standard inflorescences
of both S.2A and S.3A clones were fixed in Carnoy (6:3:1), dehydrated
through an ethanol series and embedded in Paramat.

Sections were

then cut at 6|i thickness on a Leitz rotary microtome and the material
stained by the periodic acid-Schlff (PAS) reaction (Appendix 4,1),
As a complementary investigation using whole pollen cells, the
contents of two adjacent anthers(consequently one from each whorl)
from each bud of a diploid and triploid inflorescence were extruded
separately onto a slide, spread gently with a needle, and processed
in the same way as the sections.
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It was found that all cell walls gave a positive PAS reaction
except the first formed special mother cell wall and that of the
young microspores between stages I and III,

In very young anthers

no PAS positive structures other than the cell walls were visible,
but intensely PAS positive particles appeared in the tapetal cells
just before breakdown of their cell walls, and were carried into
the loculus by the tapetal cytoplasm once the walls were lost.
During the period of establishment of the periplasmodium the abundance
of these particles increased substantially.

With initiation of the

special mother cell wall similar particles having a marked peripheral
distribution were seen in the pollen mother cells.

Closer examination

of these revealed that they were not of uniform size, those of the
plasmodial cytoplasm being less variable than those of the pollen
mother cells, where the largest were distinctly spherical and had a
diameter of at least 2.0^,

The smallest were at the limits of optical

resolution and barely discernible.

The particles in the tapetal

cytoplasm reached a peak of abundance at telophase II, subsequently
declining in numbers until they were virtually all lost during stage
I of pollen development.

In meiocytes the large spherical particles

were lost during the first meiotic division, but the others remained
and were seen to lie in a field parallel to the surfaces of the crosswalls during their formation. (Plate 29).

These particles persisted

in the young microspores until the period of intine development began
and were not lost at the same time as those of the tapetal cytoplasm.
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The periplasmodium was clear of

positive particles between stages

I and V but at pollen grain mitosis a second phase of polysaccharide
synthesis began and a mass of PAS positive particles of widely
differing shape and size developed between that time and anthesis. At
dehiscence mature pollen grains were found to have large numbers of
PAS positive granules adhering to their surfaces, no doubt a part of
the tryphine.
The special mother cell wall remained PAS negative until telophase
I, but the later formed cross-walls gave a positive reaction from the
first,

the

intensity of staining increasing towards the time of

their dissolution.
In these preparations evidence of the intine was first seen as a
weak pink colour under the exine at stage III,
indicated by electron microscopy.

This is earlier than

That there was a correlation between

the development of intine and dissolution of the PAS positive particles
of the microspore cytoplasm, is clear from the fact that they were lost
in grains which developed Intine, but remained in those which failed to
do so, and subsequently aborted.
The fibrous thickenings of the endothecial walls were strongly
PAS positive throughout their development, and a weak background
reaction was given by the smeared tapetal cytoplasm of the squash
preparations, at all stages except that just before anthesis.

Its

staining intensity appeared to be greater immediately after dissolution
of the tetrads than at the later stages.
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With the appropriate blocking procedures (Appendix 4,11) as
controls, no staining occurred in any of the structures mentioned
above.

No significant changes were observed following lipid

extraction (Appendix 4;iii) except that the number of tapetal PAS
positive particles seen after pollen grain mitosis might have been
reduced; but it was difficult to assess this accurately.

Any

reduction in numbers that occurred was probably among the larger
particles.

Thus the colour developed in these preparations is

attributable to carbohydrates or the carbohydrate moieties of
complex substances, but it tells nothing of the specific nature of
the reacting substances.
In the PAS test a positive reaction is given by substances
containing 1,2 glycols, or l-hydroxy-2-amino, l-hydroxy-2-alkylamino,
l-hydroxy-2-keto groups, but not all carbohydrates give a positive
reaction and elementary text-books are often misleading in this
matter.

Free hydroxyl groups, in the groupings given above, are a

pre-requisite for periodic acid oxidation, but if they are esterified
as they are in acid polysaccharides, they are not attacked by
periodic acid, nor are they attacked if they are involved in glycosidic
linkages.

Moreover, depending on the position of the links between

sugar units, even unencumbered hydroxyl groups may not react, e.g. if
they are not in a 1,2-configuration as in a p-1,3-glucan.

With this

in mind some further investigations were made, to obtain more precise
information on specific components.
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The problem of localising specific polysaccharide components
in plant cell walls is difficult with present techniques, but
methods are available for the identification of broad classes of
materials such as the pectins and cellulbsic substances.

Beyond

this it seems unwise to go, since sub-division of these groupings,
e.g. of cellulosic substances into cellulose, hemi-celluloses etc.
is probably misleading.
To investigate this problem, FAA fixed, Paramat sections at
6|i thickness were used and subjected to various treatments after
de-waxing.

Following the application of Schultze's chlor-zinc-

iodide solution the walls of the connective, endothecial, middle
layer and epidermal cells developed a pale violet colour, the
prescribed positive reaction for cellulose.

With the iodine-potassium

.iodide, sulphuric acid method (Appendix 4,iv) a blue colour indicating
the presence of cellulose was seen in the same regions.

The walls of

the tapetal and young sporogenous cells gave negative reactions to
both of these tests.
Treatment of a series of sections with aqueous ruthenium red,
at a concentration of 1 in 5000, resulted in the development of a
pale pink colour in all walls of the anther except meiocytes and young
microspores.

Since the tapetal and pre-meiotic sporogenous cell walls

gave a positive reaction to this test and a negative one in the
cellulose tests, Reeve's (1959) hydroxylamine-ferric chldride method
for pectins was employed as a confirmatory measure (Appendix 4,v),
essentially substantiating the results of the ruthenium red experiment.
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Further PAS tests were made, with acetylated controls (Appendix
4,ii), on a series of sections from both diploid and triploid plants,
following pectinase digestion (Appendix 4,vi).

The pre-meiotic

tapetal and sporogenous tissues were degraded and lost, but the rest
of the anther tissues appeared relatively unharmed on the slide, and
stained well.

The experiment was then repeated using a cellulase

digestion (Appendix 4,vii), when the connective and anther walls were
degraded after 24 hours, leaving the above-mentioned tapetal and
sporogenous cells intact on the slide.

Since no purity criteria were

available for the enzymes the results of this work can be interpreted
only with reservations.

Nevertheless, extraction of pectins with

ammonium oxalate (Jensen 1962) proved confirmatory in removing the
same tapetal and sporogenous cells as pectinase.

(Appendix 4,viii).

It was concluded that in Tradescantia the pre-meiotic tapetal and
sporogenous cell walls are largely pectic while those of the other
anther tissues are cellulosic.

Tests for lignin using lignin pink,

phloroglucinol/hydrochloric acid, and leucobasic fuchsin without
prior acid hydrolysis, all gave negative results.
Series of squash preparations from both diploid and triploid
inflorescences were used to investigate the chemical nature of the
cytoplasmic particles.

Preparations of extruded meiocytes, subjected

to osmotic shock prior to fixation, showed total loss of the large
spherical particles.

It is therefore suggested that they represent

the large spherical vesicles (discussed in the section on electron
microscopy) which are apparently involved in the production of callose.
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It seems probable that they contain soluble carbohydrates, lost
after rupture of the bounding membrane, hence their disappearance
in osmotically damaged preparations.

The other particles of the

early tapetal and sporogenous cytoplasm almost certainly represent
the polysaccharide inclusions, seen by electron microscopy, in the
plastids; the phasing of their appearance and disappearance
throughout pollen development exactly paralleled that of the
plastid inclusions.
Squashes, and sections fixed in carnoy (6:3:1) were treated
with iodine-potassium iodide solution.

This revealed the presence

of starch granules, which stained a deep blue-black and were removed
by ptyalin digestion, in the connective and anther walls.

The

'

granules of the meiocytes, pollen cells, and tapetal Plasmodium
however, stained differently.

The large spherical vesicles did

not stain and were therefore difficult to discern in these
preparations.

The smaller particles stained a light yellow to

golden brown colour and were lost after a short diatase (Appendix
4,ix) or ptyalin digestion.

It has been suggested by a number of

workers,see Jensen (1962), that the reaction between starch and
iodine depends on the accumulation of iodine in the centre of the
helical starch molecule.

The final colour is said to depend on

the length of the molecule; the shorter the chain the lighter the
colour and vice versa.

Newly formed starch produces a far deeper

colour than that seen in these granules, and it seems probable
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that they are composed of short dextrin molecules.
Using fresh anther squash preparations the intine gave a
weak reaction for pectin with the hydroxylamine-ferric chloride
test, and was not destroyed by pectinase digestion, nor was its
PAS reaction significantly reduced after digestion.

In the IKI-

sulphuric acid test, the wall of pollen grains after stage V,
developed a green colour.

While this is not a definite positive

reaction for cellulose, the colour produced in this test is known
to be modified by associated wall substances (Jensen 1962),
However, PAS staining was completely prevented by prior cellulase
digestion and it was concluded that the intine in this plant is
largely a cellulose structure.

This is in agreement with the

reports of many authors for other species, e.g, Sitte (1953).
The special mother cell wall stained a clear blue with dilute
aqueous lacmoid (1 in 10,000), the osmotic tension being
maintained by addition of sucrose to 0.3M to prevent the cells
from swelling.

This reaction is characteristic for callose

according to Cheadle, Gifford and Esau (1953).

As a confirmatory

measure, a modification of the aniline blue fluorescence method,
Arens (1949) was employed, (Appendix 4,x),

The contents of

alternate anthers, i.e, anthers from the same whorl, were extruded
separately onto a slide.

One mass of cells was then mounted in

0.3M sucrose in distilled water, the other in water soluble
aniline blue (1 in 2500) in 0.3M sucrose.

The preparations were

examined by either incident ultraviolet or short wavelength blue
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light, using a Leitz Orthoplan microscope equipped with suitable
barrier filters.

After ascertaining the intensity and colour of

any intrinsic fluorescence in the cells mounted in aqueous
sucrose, the fluorochromed preparation was examined.

Callose

fluoresces intensely with little fading, but the colour observed
varies with the quality of the exciting light and by the range
of transmission permitted by the barrier filter in use.,

Plate 93

shows the walls of a tetrad fluorescing a greenish-yellow.

The

principle advantage of the fluorescent technique in the detection
of callose is that it is far more sensitive than ordinary
staining methods,

A pollen mother cell Just beginning callose

synthesis will barely show any blue colour after lacmoid staining,
but will fluoresce intensely if fluorochromed.

Using more dilute

fluorochrome, (1 in 30,000) it was found possible to examine
preparations for the presence of callose and then, by drawing a
drop of acetic orcein under the coverslip, to obtain good nuclear
staining.

Thus the state of callose development could be

correlated with nuclear development.

From this work the special

mother cell wall and the cross-walls of the tetrad were all seen
to contain, or be composed of, callose.

It was seen that callose

is first laid down when the paired chromosomes are moving towards
the metaphase plate and that sometimes within an anther,some cells
are metaphase with well developed callose, while others appear as
naked protoplasts with nuclei still at very early prophase, see
plates 26 and 27.

This is discussed further in Part 6,

167

From the change in reaction to the PAS test, shown by the
special mother cell wall, it may be inferred that its chemical
composition changes in some way.

That the wall becomes PAS

positive at the stage when its electron density was seen to
increase in the electron microscope studies, provides further
evidence for some sort of change.

However, the fluorescent

emission did not appear to alter in either intensity or quality
at this time.

How these observations may be interpreted is

considered later, in the light of information from other tests.
The background PAS staining seen in the tapetal cytoplasm
was not attributable to either pectic or cellulosic materials.
The increase in staining density which appeared following
dissolution of the tetrads may be due to trapping of callose
degradation products in the'Plasmodium, which on the basis of
reported structure (Aspinall and Kessler 1957; Kessler 1958)
might be expected to be glucose or short polymers of glucose
units," However, such products would be very labile and it is
conceivable that in fact, the increase is due to the synthesis
of a new insoluble substance.

In this ease the reduction in

stain density seen in the subsequent stages could be accounted
for simply by its dilution in the expanding anther loculus.

In

order to investigate this matter further, and to obtain
information about the relative acidity of the different anther
components, a methylene blue extinction test was performed
according to the method of Dempsey and Singer (1946) and
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Dempsey et al (1947),

Details of the method together with some

theoretical considerations, are given in Appendix 4,xi.

Sections

and squashes at each stage, fixed in 10% formalin containing
0,5% cetyl pyridinium chloride, were immersed for 24 hours, in
methylene blue solutions buffered to different pH values over a
range from pH 2.0 to pH 8.0, with intervals of 0,5 pH.

At pH

5.0 the staining of the smeared tapetal cytoplasm was largely
extinguished.

Below this value the nuclei, exine, and fibrous

thickenings of the endothecium stained strongly, while the tapetal
cytoplasm continued to give a weak reaction.

Extinction of

staining in the fibrous thickenings was observed between pH
values of 4.0 and 4.5.

Extinction of nuclear staining occurred

below pH 3.0 while young exine (stages I-III) continued to
stain at pH 2,5,

Mature pollen walls showed a higher extinction

at approximately pH 3.5,
Methylene blue staining in the plasmodial cytoplasm must be
due in some part to nucleic acids, but the relatively intense
staining, extinguished at pH 5.0 is probably due to the presence
of mucoproteins which are usually PAS positive and frequently
have isoelectric points in the slightly acid range, close to pH
5,0,

The tapetal cytoplasm did in fact give a positive reaction

for acid protein, see later.
The fibrous thickenings appear likely to contain acid
polysaccharides, on the basis of their extinction pH,
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Staining in the exine is less easy to interpret, but it is
clearly a very basophilic structure.

The fact that the

extinction value was higher for mature pollen than for young
pollen may be due to the older exine being in association with
the intine and/or other wall components, while the young exine
is not.

Acid PAS negative structures could contain polysaccharide

esters, and to examine this possibility the gentian violet method
for sulphated polysaccharides of Harada (1956) was used.
4,xii).

(Appendix

This method is said by its author to be specific for

polysaccharide sulphate esters and it is further claimed that
variation in dye concentration permits differentiation of carboxyl
and sulphate groups.

The method is simple, uses fixed material,

and depends upon the fact that in very dilute solution (1 in
1,280,000) the dye is preferentially adsorbed by the most acid
components present.

FAA fixed sections and squashes, from both

clones, were immersed in the unbuffered aqueous solution for 24
hours,

Exine alone stained.

The special mother cell walls remained

unstained, and within them the young microspores were seen to be
colourless, but they did take up stain if extruded from the callose
by bursting it with gentle pressure.
Thus, if Harada is to be believed, it appears that the exine
contains sulphated polysaccharides throughout its existence.
Further support for this view may be drawn from Pearse (1953) who
reported that if nucleic acids were excluded, the ability to bind
methylene blue below pH 4 almost certainly indicated sulphate groups,
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'Jradescantia polish exine, apparently in common with the exine
of other species examined, see for example Rowley (1963), resists
acetolysis (Appendix 4;Xiii) and boiling in 10% potassium
hydroxide.

In later parts of the cytochemical work further

information was obtained on exine structure, but there is clearly
a need for further chemical studies, possibly by analysis of the
degradation products of exine obtained after ozonolysis, or
treatment with 2-amino-ethanol according to the method of Bailey
(1960).

b.

Lipids
The term 'lipids' refers to a heterogeneous collection of

substances which have in common the property of being variably
soluble in organic solvents.

This fact constitutes one of the

principal difficulties in their localisation.

Since lipids are

not easily fixed, indeed fixation frequently results in loss of
lipids from a tissue (La Cour, Chayen and Gahan, 1958), fresh
or frozen material is preferred.

The histochemical techniques

available for demonstration of lipids may be classified as,
a) physical methods depending on inherent properties like primary
fluorescence, b) physical methods involving coloured lipid soluble
stains like the sudans, and c) chemical methods, the theoretical
basis of which may or may not be understood.

Lipids occur in

cells either free as small globules in the cytoplasm, or in
association with other substances such as carbohydrate or protein.
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In the chemically bound form they are not easily demonstrated
histochemicallyJ and are then said to be 'masked'=

A

characteristic feature of lipids is their occurrence in complex
mixtures so that demonstration of a particular molecular species
is often difficult.

Free lipid droplets are easily demonstrated,

but their degree of dispersion influences visualisation; optical
demonstration is impossible at the colloidal level.

The usual

methods for free lipids using the sudan dyes are open to the
criticism that they involve use of organic solvents.

This problem

can be overcome if aqueous solutions of fluorescent dyes are used.
Penetration of these dyes is poor, but this is offset by the
extreme sensitivity of the fluorescence technique.
In a preliminary investigation using sudan black B (Appendix
4,xiv), performed on fresh and fixed squashes, staining in
unfixed preparations was light in the early stages.

Young

microspores and pollen mother cells did not stain, while the
tdpetal cytoplasm appeared a pale grey with darker areas around
the sporogenous cells.

Numerous black globules of variable size

were seen in the Plasmodium after pollen grain mitosis, at which
stage the pollen wall began to stain.

Mature pollen walls were

black and opaque, preventing observation of the cytoplasm. After
calcium-formol fixation (Appendix 4,xv) staining was generally
more pronounced, presumably due to unmasking effects.

Mitochondria,

plastids and other phospholipid containing cytoplasmic components
became stained but they appeared greyer than the free lipid droplets.
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In the pollen cells deeply staining spherical bodies of about
l.OjLi diameter, were seen in the cytoplasm at stage VI, but
increasing opacity of the wall at later stages precluded their
observation at these times. These bodies were quite distinct
from mitochondria and plastids.
In both fixed and unfixed preparations, sudans III and IV
(Appendix 4,xvi) produced much lighter staining.

Little colour

was developed before pollen grain mitosis in either tapetal
cytoplasm or pollen grains..

The pollen walls stained lightly

at maturity but were not opaque.

During the binucleate stages

some large globules (l-SjU), often aggregated into groups,
appeared in the Plasmodium.

The large spherical bodies were

not seen in the pollen cytoplasm in these preparations.
The demonstration of lipids using lipid soluble dyes in
this way is a physico-chemical process.

Staining is due to the

presence of dye within the lipid substance and the staining
effect of this method is determined by partition of the dye
between its solvent, 70% ethanol, and the lipid in which it is
preferentially soluble.

Boundary surface clearly plays an

important adsorptive role in this process.

Since staining is

of a physical nature it is clear that chemically different lipids
cannot be distinguished on this basis as they may have similar
physical properties, and therefore similar staining characteristics.
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These dyes are more soluble in low than high melting point lipids,
thus solid fats and waxes stain poorly but their surface 4%e&/
volume ratio is generally low, hence their visualisation is good*
Sudans III and IV stain fats, oils and waxes, i.e. the socalled neutral lipids.

In addition to these, sudan black B stains

free fatty acids and phospholipids, the so-called acid lipids.

It

appears from sudan III and IV staining that the tapetal cytoplasm
contains globules of neutral fats, probably triglycerides, and that
the mature pollen wall also shows evidence of these, possibly as
components of the tryphine.

The grey background and numerous black

globules seen by use of sudan black are therefore due to acidic
lipids and probably represent the globules synthesised in the
plastids mentioned in Part 4.

Their finely divided nature during

the early stages would then account for the pale homogeneity of
the staining at that time.
An examination of fresh squashes was made with an aqueous
fluorochrome, phosphine 3R, using the method of Popper (1944) see
Appendix 4,xvii.
sterols and soaps.

This reveals all free lipids except fatty acids,
The distribution of lipids found was little

different from that seen with sudan black B,

There was a strong

fluorescence from the tapetal cytoplasm from meiotic stages onwards.
Most of the fluorescence emanated from narrow zones around the
sporogenous cells, particularly during the later stages.

This

might have been anticipated from the electron microscopy where it
was seen that tapetal cytoplasm is preferentially associated with
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pollen walls during the binucleate stages, see plate 80.

In

these preparations it was difficult to distinguish between the
large neutral lipid globules and the smaller acid ones (Plate
94),

The fact that the acidic lipid globules are visualised

by this technique and not by sudans III and IV implies that
they contain phospholipids, but since free fatty acids do: not
fluoresce with phosphine 3R they cannot be said to contain
phospholipids only.

The fluorescence obtained is silvery-white

and the mature pollen wall was brilliant, making examination of
the pollen cytoplasm impossible in whole grains.

With frozen

sections cut in a cryostat, with a Cambridge rocker microtome,
at 4 ^ thickness, the difficulty was not resolved because of halo
effects on both sides of the wall, so bright was the fluorescence.
However, the distribution of fluorescence in the tapetal cytoplasm
at the early stages was far more uniform than in squash
preparations, where structural integrity was necessarily destroyed.
It was seen to have a very finely particulate origin.

At later

stages, by focussing up and down, definite globules were
resolvable.

An interesting discovery made from the sections was

a strong fluorescence from discrete particles within the pollen
cytoplasm, during the middle developmental stages.

This was

obscured by wall fluorescence after the young binucleate stage,
and may be from the spherical bodies seen with sudan black B;
This would suggest that they too contain phospholipid.
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Acetone extraction abolished the staining reaction of
sudans III and IV and greatly reduced that of sudan black B.
Acetone extracts neutral lipids, especially triglycerides,
and is generally thought to remove a percentage of phospholipids.
Baker's (1946) pyridine extraction (Appendix 4,xviii) abolished
all staining and fluorescence in these tests.
It is generally agreed among histochemists that the acid
haematein method of Baker (1946) is specific for phospholipids
if performed with care.

In practice a modification adapted for

use with plant tissues by La Cour, Chayen and Gahan (1958) was
used, see Appendix 4;XiX; with pyridine extraction as a control.
Material was fixed in calcium-formol as recommended by Baker,
embedded in Paramat and sectioned at lOfX.

The presence of

phospholipid was confirmed in the tapetal globules, the spherical
bodies of the pollen cytoplasm, the mature pollen wall, and as
dense aggregations in peripheral cytoplasm of mature pollen.
Mitochondria and plastids (presumably) were faintly stained in
the pollen cells, but in the tapetal Plasmodium plastids were
more distinct.

It is likely that the darker staining of tapetal

plastids is due to included phospholipid globules.

Pollen

plastids do not synthesize lipid globules as mentioned in Part 4,
The phospholipid aggregations seen in mature pollen cytoplasm
presumably represent the lipid which is exuded prior to anthesis,
shown in the electron micrographs.

(Plates 85-89).

The
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phospholipid globules of the tapetal cytoplasm are almost
certainly those extruded from plastids and seen in plates 51,
53, 54, 65 and 68.
The deeply staining phospholipid bodies are few in number,
seldom: more than 10 per cell and have all the characteristics
of spherosomes at the light microscope level, see Wildman and
Cohen (1955); Sorokin (1955, 1956); and Sorokin and Sorokin
(1956).

Electron microscopists have not agreed on the ultra-

structural appearance of spherosomes, but frequently they have
been described as ovoid bodies, often of irregular outline,
containing a granular material of moderate electron density and
0.7^ - 0.9jLl in maximum diameter, see for example Muhlethaler
(1955b); Perner (1957); Paleg and Hyde (1964).

Frey-Wyssling,

Grieshaber and Muhlethaler (1963), in a general discussion of
spherosomes, consider them to be bounded by a unit membrane and
report their occurrence in pollen, among other places.

Much of

the early work was said to suffer from poor fixation by Jensen
(1965a and 1965b) who examined the appearance of spherosomes
after different types of fixation and concluded that with
permanganate and osmium they appeared as described above, but
that with a double glutaraldehyde/osmic fixation they were
spherical and extremely electron dense,

Sorokin and Sorokin

(1966), in a detailed cytochemical and electron microscopical
study, identified bodies with an electron dense cortex and an
electron lucent centre as spherosomes.

Their micrographs and
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figures bear a remarkable ressemblance to the 'large bodies' seen
in this work (Plate 77), which appear coincidently with the
phospholipid staining bodies.

They further claim that spherosomes

can be identified by staining with crystal violet in absolute
ethanol after osmic fixation and partial (acetone) lipid
extraction.

Under these conditions they claimed that mitochondria

and plastids stained a pale lavender and spherosomes a deep
purple.

Attempts to stain the phospholipid bodies of the pollen

cytoplasm in this way were successful (Appendix 4;xx).

However,

the electron microscope studies of glutaraldehyde/osmic fixed
material in Part 4 of this work showed two bodies simultaneously,
at this stage, both of which could be considered spherosomes in
the light of the previous descriptions (Plates 77 and 78).

Which

of these represents the 'spherosome', as described at the light
microscope level, is discussed in Part 6.
Removal of th,e surface lipids, both exuded lipids and those
of the tryphine, was easily accomplished, using ethanol:
chloroform:ether 1:1:1 followed by light petroleum, in pollen
extruded from the anther immediately before anthesis.

However,

the lipids could not be extracted by this procedure from pollen
that had been exposed to the air for some hours after dehiscence.
An explanation may be that the lipids are unsaturated and are
oxidised by atmospheric oxygen, causing cross linking and
consequent changes in physical properties.

This phenomenon is

not uncommon among plant lipids, and acidic lipids such as these,
are often unsaturated.
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A chemical method, the theoretical basis of which is well
understood, is available for the demonstration of unsaturated
lipids in the peracetic acid-Schiff reaction (Appendix 4,xxi).
Oxidation by peracetic acid produces aldehyde groups which are
then demonstrated by Schiff's reagent (leucobasic fuchsin).
Prior bromination (Appendix 4,xxil) of the double bonds prevents
this reaction and is used as a control together with lipid
extraction.

The reaction was performed according to the method

of Pearse (1951) using calcium-formol fixed sections at 10^
thickness, and fresh squashes.
The cytoplasmic globules in the Plasmodium stained strongly
as did the peripheral cytoplasm of the mature pollen cells.

The

presumed spherosomes and plastids were visible, but stained only
very lightly.

Unexpectedly the pollen wall stained quite strongly

from stage I to about stage V, while during the binucleate stages
it did not stain, except immediately prior to anthesis.

Lipid

extraction abolished the above staining except for that of the
young pollen wall while bromination extinguished all staining.
Thus it appears that staining in the young pollen wall is not due
to lipids.

A reappraisal of PAS stained material at times when

no plastid dextrins were present suggested that at least in some
preparations, plastids were still faintly PAS positive.

As the

plastids are both PAS and peracetic acid-Schiff positive, the
former reaction being suppressed by acetylation and the latter by
bromination, glycolipid is indicated.
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Osmium tetroxide reduction was used in another experiment for
comparison with the peracetic acid-Schiff staining.

Calcium-formol

fixed sections and squashes were used as above and stained in 1%
aqueous osmium tetroxide for 30 minutes, washed and mounted in an
aqueous medium.

Neither the small plastid nor the spherosome sites

were positive, but intense black staining was seen in the tapetal
globules, the peripheral cytoplasm of the mature pollen grains and
the mature pollen wall.
very intensely.

The young wall also blackened but not

As a control, bromination reduced this staining

but did not extinguish it completely.

However, complete abolition

of osmic blackening after bromination is not to be expected
according to Hess (1959).

As the usefulness of osmium tetroxide

in fixation depends upon its reaction with a variety of chemical
constituents in the cell, its histochemical specificity seems to
me doubtful.

Nevertheless, Adams (1960) regards it as specific

for double bonds.
In summary, the tapetal cytoplasm contains neutral lipid
globules and numerous smaller unsaturated globules containing
phospholipid, both of which are deposited in the tryphine.

The

spherosomes contain phospholipid and have an unsaturated component
which may be phospholipid.

Plastid glycolipids were visualised.

The peripheral cytoplasm of mature pollen grains contains unsaturated
lipid, probably phospholipid.

Staining of the mature pollen wall

is due to exudation of lipid from the pollen cytoplasm and deposition
of lipids from outside.

The young pollen wall has a polyenic

structure, not due to lipids.
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c.

Proteins and enzyme histochemistry

1.

Proteins
Several protein staining procedures were investigated with

two objects in view.

Firstly to find a satisfactory visual

method for comparing the changes in total protein levels in
pollen cells and in the tapetum, and secondly to develop a
staining method that might be used for micro-spectrophotometric
quantitation of total protein in pollen cells.

Protein

localisation procedures can be divided into those which stain
all proteins in a cell, by reaction with some component common
to all, and those which react with specific amino-acids or
specific groups.. The latter type of procedure normally has a
well understood chemical basis, but inevitably gives deeper
staining in some proteins than others because of differences in
amino acid content in different proteins.

For this reason these

methods are unsuitable for total protein work.
Choice of fixative is important as it is well known from
electron microscopy that considerable amounts of protein are
lost from a cell during fixation.

Fixatives which minimise this

loss are therefore preferable, but among the best of these some,
like glutaraldehyde, are objectionable because they introduce
interfering groups into the tissue.

Freeze-dried or freeze-

dubstituted material is probably the most satisfactory, but
embedding procedures necessarily have to follow, and for the
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present work a method of looking at whole pollen cells was
desired for quantitative purposes.

Among the range of fixatives

available alcohol does not cause irreversible changes in the
active groups and has been widely recommended for use in protein
histochemistry (see Pearse 1952), but being a poor fixative it is
often used in combination with other substances.

Carnoy 6:3:1

has been suggested by Barka and Anderson (1965) as a good general
protein fixative, and L. G. E. Bell (personal communication) has
used methanol with success.

In the present work a 6:3:1,

methanol: chloroform: acetic acid mixture was used as a standard
fixative for extruded pollen preparations.

Material freeze-

substituted in ethanol containing 1% mercuric chloride was also
prepared and embedded, some in paraffin wax and some in araldite.
Wax material was sectioned at 6jU for comparison with the whole
pollen work, and araldite sections cut at Ijj, thickness were used
to investigate the usefulness of araldite embedded material in
histochemistry.
Histochemical methods examined, included the bromosulphthalein
technique of Silverman and Glick (1965), the 2,4 dinitrofluorobenzene (DNFB) technique of Sanger as modified by Burstone (1955),
the bromophenol blue technique of Mazia, Brewer and Alfert (1953),
the ninhydrin-Schiff technique of Yasuma and Itchikawa (1953) and
the naphthol yellow S technique of Deitch (1955).

Of these the

first procedure was simple, but colour development was weak and
unstable.

The DNFB method has the merit that its stoichiometry is
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known (Zerlotti and Engel, 1962) and it has been recommended for
quantitative studies by Jensen (1962), however, in this work it
was found to produce too weak a colour.

The bromophenol blue

method gave the most intense colour development of all the methods
investigated, but its chemistry is not understood and while its
authors claim it to be specific and quantitative, with anther
material the stain was found to be extremely labile during the
'blueing' and differentiating stages.
satisfactory of the methods.

This was the least

The last two techniques gave

satisfactory staining and were found to give reproducible results.
Of these the chemistry of the ninhydrin-Schiff reaction (Appendix
4,xiii) is well known and depends on the oxidative deamination of
a-amino groups by ninhydrin (triketohydrinene hydrate), producing
aldehyde groups which are subsequently demonstrated with Schiff's
reagent.

The specificity of the reaction can be checked by prior

acetylation (Appendix 4,ii) or deamination (Appendix 4,xxv), and
colour development is satisfactory.

The mechanism of the naphthol

yellow S method (Appendix 4,xxiv) is unknown but it appeared to be
specific for proteins in tests on filter paper.

Deamination and

acetylation reduced staining but did not abolish it completely,
which means that binding at sites other than a-amino groups must
occur.

Colour development is very good as measured on a

spectrophotometer, with a sharp absorption peak at 435mjU but from a
visual point of view the stain is virtually useless because of the
absence of contrast between the yellow stained tissue and the
brightfield background.
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In squash preparations stained by the ninhydrin-Schiff method
the smeared plasmodial cytoplasm had a finely particulate appearance
at all stages.

Nuclei and chromosomes stained well and a marked

increase in nuclear stain density occurred in the stage before
pollen grain mitosis indicating an increase in protein content.
Cytoplasmic organelles, probably plastids with their high protein
content (see Kirk and Tilney-Bassett 1957), stained throughout
development.

However, in the pollen cells they appeared to decline

in numbers between the tetrad stage and stage II, thereafter
increasing again.

Pollen mother cells were rich in protein, as

judged visually, but the concentration diminished throughout the
tetrad stage so that stage I microspores showed virtually no
cytoplasmic staining..

Increase in cytoplasmic protein concentration

began during stage II but appreciable staining was not obtained
until stage VI.

Development of the vacuole was seen clearly in

these preparations.

During the binucleate stages intensive protein

synthesis occurred and cytoplasmic staining became so dense that it
obscured the nuclei.

In sectioned material the young tapetal cells

were seen to have a greater cytoplasmic protein concentration than
any other cells in the anther.

The newly formed Plasmodium also

stained deeply, but with increase in anther volume the density of
staining decreased until stage IV (Plate 95) at which time
vacuolation was apparent, and stain density was approximately half
that at meiosis.

Tapetal nuclei and plastids stained, together

with large bodies of roughly spherical shape, some as large as the
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nuclei. (Plate 96)»

These were seen only in araldite embedded

material, where preservation was better than in wax preparations.
It is probable that these bodies are the same as the structures
marked (O) in plate 44.

Both were of frequent occurrence,

characteristically situated close to the outside of the loculus,
and their large size precludes confusion.

They were seen at the

optical level both in sections stained with toluidine blue/borax
and by the ninhydrin-Schiff methodU

The latter method was found

to give good results with thin araldite sections, no doubt
because ninhydrin is used in alcoholic solution and penetrates
the resin well.

The use of warm (50°C) Schiff's reagent facilitated

good staining, and this part of the process was carried out in an
oven.
The method of Alfert and Geschwind (1958), see Appendix 4, xxvi,
was used for the detection of basic proteins after nucleic acid
extraction.

Nuclear staining was intense at all stages, both in

the pollen and in the periplasmodium, but cytoplasmic staining was
low, even in mature pollen, in preparations where nucleic acids had
been extracted by chemical means.

However, in preparations which

had been treated with RNA-ase, cytoplasmic staining was deeper.
Evidently the removal of RNA from cytoplasmic nucleoprotein results
in at least the partial loss of the protein moiety as well.

This

method, with RNA-ase or DNA-ase digestion, (Appendices 4,xxxiv and
xxxv) as reported by its authors, appears reproducible and suitable
for quantitative photometric determinations.
preparations were used.

Whole pollen
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2.

Enzyme histochemistry
Some enzyme histochemistry was carried out in an attempt to

investigate the activity of mitochondrial enzymes in the tapetal
periplasmodium, and to ascertain the distribution of certain
hydrolytic enzymes in both pollen and tapetum throughout development.
Problems arise in the localisation of enzymes that are more complex
than those encountered in normal cytochemistry.

It is necessary to

preserve enzyme activity and this almost always precludes fixation.
Cryostat sections are often recommended in cases where freezing does
not impair enzyme activity, but fresh material is preferable if it
can be suitably prepared, e.g. by pressing out small pieces of tissue
(Avers 1958, 1961) or extruding anther contents onto slides as in
this present work.

Maintenance of cytological integrity is important

if accurate localisation is to be achieved, e.g. in a mitochondrion
or at a membrane surface.

Thus the incubation media used must be

isotonic with the cells to avoid osmotic damage, and organic solvents
cannot be used in any step.

Care must be taken to preserve all

possible sites of enzymatic activity in a cell before valid
conclusions can be drawn regarding the actual localisation obtained.
The substrate chosen must be specific and in reaction with the enzyme
that it is intended to reveal, it should deposit a highly coloured
indiffusible substance, normally resulting from the cleavage of this
moiety from a complex substrate by the enzyme.

In systems where the

substance released by the enzyme reaction has to react once or twice
more to produce the coloured compound a less accurate localisation
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may result because of diffusion.
the better.

Ideally the simpler the system

Preparations must be mounted in aqueous media.

Localisation of succinic dehydrogenase activity was attempted
using the method of Nachlas, Tsow, De Souza, Cheng and Seligman
(1957), see Appendix 4, xxvii.

Use of the tetrazolium salt nitro

BT permitted a degree of intracellular localisation which could
not be obtained with the more common tetrazolium compounds, but
its diffusion into whole cells was a relatively slow process, no
*

doubt because of the large size of the molecule.

Anther contents

were extruded onto specially cleaned slides which were incubated
for up to 1 hour in isotonic substrate/tetrazolium medium.
Localisation of enzyme activity was seen, by deep blue staining,
to be exclusively mitochondrial and was present in pollen cells
throughout development.

In mature pollen, staining was so dense

owing to the large numbers of mitochondria that the individual
organelles were difficult to distinguish.

In the tapetal Plasmodium

activity was seen until the mid-binucleate stage, but after pollen
grain mitosis it was restricted to narrow zones surrounding the
pollen grains.

Satisfactory localisation in the smeared tapetal

cytoplasm could be achieved after 5 minutes, but the longer time
used was necessary to visualise activity in the pollen.

As controls:

(1) an incubation medium containing p-phenylene-diamine as an
*

Nitro BT = 2,2'-di-p-nitrophenyl-5,5'-di-phenyl-3,3'-(3,3
dimethoxy-4,4'-biphenylene) ditetrazolium chloride.
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inhibitor was used, (2) the medium was used without substrate
(3) the medium was used containing malate instead of succinate.
Esterase activity was investigated using the procedure of
Holt (1958), see Appendix 4,xxviii; using fresh pollen extruded
from anthers onto especially cleaned slides, and formol-calcium
sectioned material.

Esterase activity, although greatly reduced,

survives this fixation and the method was used to preserve some
structural integrity in the tapetum.

Wax sections at 4jU were

brought to water and, together with the whole pollen preparations,
were incubated in the 5-bromo-4-chloroindoxyl acetate medium for
45 minutes.

Preparations were mounted in glycerol after suitable

washing. Sites of activity were stained a light blue-green.

In

the periplasmodium staining was diffuse; in young pollen, between
stages I and VI,it was seen in the vacuole only, and in mature
pollen some patchy cytoplasmic staining occurred at the ends of
the grains.
5-nucleotldase activity was localised by using Avers' (1961)
modification of Lillie's (1954) original method.

Fresh extruded

pollen on specially cleaned slides was incubated in a reaction
medium (Appendix 4,xxix) for 30 minutes, washed in water, cobalt
nitrate solution, and ammonium sulphide solution, before mounting.
Details of the controls used are given in Appendix 4,xxx.

Sites

of activity were black, and in young grains this colour was confined
to the vacuole.

No activity was visualised in mature grains.
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Staining in the smeared periplasmodial cytoplasm could not be
interpreted owing to loss of structural integrity.

Fixed material

gave no reaction, and freeze-drying of anthers with subsequent
paraffin embedding was unsuccessful.

Frozen sections could not be

used since it was not possible to keep them intact while they
floated on a drop of the incubation medium.

Unlike ordinary

tissue sections these were unstable because the microspores fell
out.

A similar thing happened during the incubation, to sections

pressed onto slides.

Thus no conclusions could be drawn regarding

the localisation of this enzyme in the periplasmodium.
Acid phosphatase (phosphomonoesterase II) was localised by
the Gomori (1952) procedure, as modified by Jensen (1962) for
plant tissue*

(Appendix 4,xxx)o

Extruded pollen preparations

and half anthers were incubated, the controls detailed in the
appendix being used.

The half anthers, after washing in isotonic

buffer for 5 hours, were fixed in glutaraldehyde and embedded in
araldite for electron microscopy.

At the light microscope level

enzyme activity was localised at the vacuolar periphery and in
some cytoplasmic particles.

In mature pollen, staining in the

cytoplasm was particulate but in the Plasmodium it was difficult
to localise.

By electron microscopy the dense deposits of lead

associated with the sites of enzyme activity were clearly seen.
In young pollen these sites were the vacuolar tonoplast, the
surfaces of sub-cellular debris in the vacuole and a few small
vesicles in the cytoplasm.

Throughout the sections a granular
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deposit was seen but this was probably due to precipitation of
lead carbonate, always a hazard to electron microscopists working
with lead stains.

Distortion of the periplasmodial cytoplasm,

which no doubt occurred during the incubation, precluded valid
interpretation.
The significance of these findings is that activity of the
hydrolytic enzymes investigated was associated with the vacuole,
supporting the view that it has a lytic function.

This matter is

discussed further, in Part 6, in relation to the problem of
organellogenesis, and cellular differentiation in general.

Further,

the demonstration of enzyme (succinic dehydrogenase) activity in
the periplasmodium until a late stage in pollen development
supports the electron microscope evidence that the tapetal
cytoplasm does not degenerate for some time after formation of
the Plasmodium.

d.

Raphides
Raphides were obtained from anthers, and separately from

stem sections, of both diploid and triploid clones, as described
in Appendix 4,xxxi.

The crystals were found to be colourless,

insoluble in water and acetic acid, but readily soluble in dilute
hydrochloric acid.

The crystals decolorised potassium permanganate

in acid solution at 60° with the evolution of a gas shown to be
carbon dioxide.

This is confirmatory for oxalate.

A standard

qualitative analysis confirmed the presence of calcium in the
crystals.
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The optical properties of a sample of clean dry raphides
were determined using a Leitz Dia-Lux Pol microscope.

The crystals

were monoclinic with a maximum R.I, = 1.649 and minimum R.I. =
1.500; and |3 = 107° 18',

These properties agree closely with those

given for calcium oxalate monohydrate by Winchell (1954),

More

highly hydrated forms of calcium oxalate are known but these are
ruled out on optical grounds.

e.

Anther pigments
Identification of the anther pigments was not undertaken, but

something may be said briefly of their nature.

The blue-purple

anthocyanin pigment of the petals and staminal hairs is free in
the cell sap and is preceded in every location by a water soluble
yellow pigment.

Pigmentation of the initially colourless staminal

hairs, for example, begins at the base of the hair, with the lowest
cells becoming yellow.

The development of yellow colour spreads

upwards from cell to cell to the tip of the hair, after which the
basal cells turn purple.

The purple-blue colour then spreads

upwards to the tip of the hair.

The yellow water soluble pigment

is present in the periplasmodium and in the sap of the

epidermal

cells and plays a large part in determining the colour of the
anther.

The water soluble anthocyanins contain a carbohydrate

moiety linked to an aglycone unit.

Related to these substances

are the flavones, flavanols and flavanones which are hydroxylated
compounds, also water soluble, and mainly yellow in colour.

Many
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of these occur as glycosides and it is conceivable that the yellow
pigment is of this nature and is a precursor of the blue/purple
anthocyanins.
Another yellow pigment, shown to be lipid soluble, is present
in the Plasmodium and this, from its absorption spectrum is
probably a carotenoid, or an oxygenated derivative, a xanthophyll.
It is apparently this pigment, present in the tryphine, that
gives mature pollen grains their yellow colour.

As might be

expected with a yellow carotenoid, on exposure to air, oxidation
occurs and the yellow colour is lost.,

Tradescantia pollen whitens

in a matter of 4-5 hours after dehiscence.

This carotenoid

pigment is probably synthesised in the tapetal plastids, which
are always rich in carotenoids, and extruded in the lipid globules,
into the plasmodial cytoplasm.

The unstained globules are

difficult to receive optically and the detection of yellow colour
in them against the yellow background of the plasmodial cytoplasm
is not possible by optical microscopy,

f.

Nucleic Acids
Preparations stained to show the distribution of nucleic acids

were made from diploid, triploid and tetraploid material, in order
that changes in nucleic acid levels and distribution could be
followed visually, and for the quantitative photometric estimation
of nucleic acids in pollen and tapetal nuclei.
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The specificity of the Feulgen reaction for DNA is generally
accepted,

A negative reaction is given after complete removal of

DNA with hot trichloracetic acid (Schneider 1945) or enzymatically
(Brachet 1946).

RNA and protein do not give

(Feulgen and Rossenbeck 1924; Lessler 1951).

the Feulgen reaction
In vitro studies

have shown that the purines of RNA are susceptible to removal by
acid hydrolysis, but only the deoxy-sugars behave as true aldehydes
and hence only these give the Feulgen reaction (Vischer and
Chargaff 1948).

Moreover, RNA is rapidly extracted from fixed

tissue during the acid hydrolysis procedure, whereas DNA is only
removed after much more prolonged treatment.
Hydrolysis has been conventionally carried out in IN
hydrochloric acid at 60°Cj but since high temperature, more than
acidity, leads to depolymerisation and consequent loss of DNA
(Aiello 1966), in this work hydrolysis was effected in 5N hydrochloric
acid for 35 minutes at room temperature.

This treatment produces

a more stable level of colour development than achieved with the
conventional method, as depurination is effected long before
significant depolymerisation occurs.

In contrast, at 60°C,

depolymerisation sets in after about 6 minutes depending on the
type of fixation used, often before depurination is complete.
Fixatives containing aldehydes are clearly unsuitable for this
reaction and acetic alcohol 1:3 was chosen as it has been reported
to give satisfactory results (Di Stephano 1948; Swift 1955),
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Fresh anther contents extruded onto slides, and de-waxed sections
at 10^ thickness, were used and stained under rigorously
standardised conditions.

(Appendix 4,xxxii).

For a complementary series of studies, preparations were
stained in gallocyanin-chrome alum (Einarson 1951) at pH 1.6,
(Appendix 4,xxxiii),

Stoichiometric binding with ilucleic acids

occurs at this pH and competition with proteins is negligible
(Einarson).

Gallocyanin-chrome alum stains all nucleic acids and

therefore RNA was removed from one series of preparations
enzymatically (Appendix 4,xxxiv) for determination of DNA, and
DNA-ase digestion was carried out on another series (Appendix 4,
xxxv) for determination of RNA.
Ordinary optical examination of these preparations showed
little cytoplasmic RNA in young pollen.

Staining first became

appreciable at stage VI and throughout the full development period,
staining for RNA roughly paralleled that for total protein.

During

the binucleate stages the generative nucleus of normal grains
became rich in RNA, in contrast to the microspore nucleus in the
stages before pollen grain mitosis, and the vegetative nucleus.
Fully differentiated crescentic generative nuclei were seen to be
rich in RNA, but often in the triploid, grains were seen at
anthesis with undifferentiated generative nuclei, and these were
frequently, by contrast, deficient in RNA,
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The tapetal cytoplasm was very rich in RNA in the period
immediately before lysis of the cell walls.

The density of RNA

in the periplasmodium, as judged by stain intensity, was
progressively reduced during the early stages of pollen development.
It was not possible to say if this was consequent upon an increase
in anther volume or if the total tapetal RNA content was actually
reduced.

At stage IV staining was less dense than it was at

meiosis, but later when the cytoplasm had become appressed to the
pollen surfaces it again stained strongly.
In araldite sections stained with gallocyanin chrome alum at
60 C in an oven, the large bodies seen in the protein work
(Plate 96) were conspicuously unstained.

With toluidine blue,

metachromatic staining was obtained in these structures; the nuclei
and cytoplasm staining deep blue while these bodies appeared pink.
It seems from this that these structures do not contain any
appreciable amount of RNA, and ribosomes were not apparent in
them in the electron microscope work.

The nature of these bodies

is discussed below.

Microspectrophotometry
The aim of this part of the work was to obtain quantitative
information on nucleic acid and levels of pollen cells during
development.

As previously mentioned, biochemical analyses

invariably deal with anther homogenates in which the indentity of
the tapetal and sporogenous tissues is lost.
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Absorption cytophotometry depends upon adaptation of the
traditional methods of chemical spectrophotometry, and measures
the amount of chromophore present by measuring the intensity of
light before and after its passage through the region of interest
in a cell.

The Beer-Lambert Law, the logical basis of the method,

describes the exponential relationship between the absorption of
monochromatic light and the amount of absorbing material the light
traverses.

In its simplest form the law may be stated as:

T = lo'kcl

(1)

where T = the transmittance defined as the probability that a
photon of specified wavelength (energy) will not be absorbed in
traversing a pathlength 1, containing material of concentration
c, and absorbtivity k.

The absorbtivity is a characteristic of

the material under study and is a measure of its capacity to
interact with photons at the wavelength (energy) specified.

When

light is measured by a photomultiplier a current is produced,
directly proportional to the intensity (number of photons per unit
time) of light striking the sensitive surface.

If the light

source is stabilised the transmittance can be re-defined as:

T = _I_
I

(2)

where I^ is the intensity of the light beam incident to the field
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of material under study, and I the intensity after being
transmitted through the field.

In practice

is determined by

measuring the transmittance through a reference field which, in
microscope spectrophotometry, is a clear field of the slide
adjacent to the field to be measured, of equivalent area.

The

logarithmic form of equation 1 facilitates the calculation of
concentration of chromophore from the measured transmittance.
The form of the expression makes it clear that the negative
logarithm of transmittance is proportional to the product of
concentration and pathlength, and the term 'absorbance', A,
synonymous with -log T is introduced to represent the optical
half of this simple proportion.

-log T = kcl = A

(3)

To determine discrete amounts of chroirtophore, rather than
concentrations, equation 3 can be re-arranged;

_ (-log T) B
=
k

^
=

^
T

(4)

where m = mass of absorbing material in the field under study,
and B is the calculated area of the field.

If the absorbtivity

(k) for the chromophore is unknown and the relative amounts of
chromophore are required:

mk = (-log T) B = AB

(5)
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Biological material usually shows variation in the
concentration of chromophore throughout the field being measured.
This can lead to serious errors, known as distributional error
and a number of procedures have been devised to overcome this.
In any measuring procedure, reproducibility demonstrates the
variables which cause fluctuations in the results when the same
object is measured repeatedly, and systematic error is the
consistent departure from a correct result due to inherent bias
in the technique.

Reproducibility is easily determined by making

a number of replicate measurements on each field investigated.
Among the procedures devised for overcoming distributional
error the two wavelength method, introduced simultaneously and
independently by Ornstein (1952) and Patau (1952) is perhaps the
best that can be performed with relatively simple apparatus.

The

two variations of the method are essentially similar but in this
work that of Patau was used as it is more convenient for manual
operation.

Measurements were made on a Leitz Ortholux microscope,

using a Leitz MPV microscope photometer,with illumination through
a Leitz in-line mirror monochromator being supplied by either a
stabilised 30 W tungsten source or a stabilised 75 W high pressure
mercury vapour source.
The two wavelength method measures the average transmittance
of a photometric field at two different wavelengths, pre-determined
to give absorbtivities of 2:1 for the chromophore being studied.
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The method is based on a set of equations which solve for
distributional error when the photometric field consists of a
fraction free of chromophore and a second fraction containing
chromophore homogeneously distributed.

Although cellular images

are never this simple the equations strikingly reduce
distributional error for a wide range of conceivable distributions
of chromophore.

In effect the method operates by establishing a

mean for all point absorbances in the field that are close to
zero and another mean for high absorbances.

The reduction of

distributional error is a reflection of reduction in variance
about these two means.

The two measurements made on a single

nucleus may differ from those madte on another nucleus, for example,
but what is important is the difference, if any, between the ratio
of the two means calculated for the first field, and that for the
two means of the second field.

The two wavelength method does

not require a sharp focus and thus it is the only method available
for working with objects of heterogeneous chromophore distribution,
thicker than the depth of focus of the microscope objective.
However, very careful alignment is necessary for accurate work.
Under favourable conditions measurements can be made with an error
of only 1-2%.

Transmittance must be read to at least 1%, and

where possible the sensitivity of the galvanometer should be
adjusted to permit readings to be made to one or two decimal places.

199

Details of the mechanical procedure, and the equations used are
given in Appendix 5.
Preliminary measurements were made on both the Feulgen and
RNA-ase digested, gallocyanin/chrome alum stained preparations.
Eventually the Feulgen stained material was used for the main
investigation because of its accepted specificity for DNA,
468mjU was chosen as wavelength 1 and 478m|Lt was found to give an
extinction twice as great.

Measurements were first made on

somatic nuclei of the 8.2A clone, taken from the anther walls
and connective tissues.

These were found to give values of

16.4 + 0.5 arbitrary units of chromophore, and 16.4 was therefore
accepted as the 2C value.

The young microspore nuclei at stage I

gave values of 8.2 + O.3 units, in fact the anticipated IC value.
Prior to pollen grain mitosis the value for the microspore
nucleus was recorded as being 16.0 + 0,3 units, the 2C value.
The young daughter nuclei each revealed a chromophore content of
8.0 + 0 . 3 units, but during the later binucleate stages it was
possible only to measure the chromophore content of the
vegetative nucleus, or the whole cell.

That of the vegetative

nucleus was recorded as 15.9 + 0 . 6 units at anthesis, in 10
successive cells measured.

Determinations of the chromophore of

the whole of these cells varied quite widely, but none was
recorded as approaching the anticipated 4C value of 32.
levels varied between 25.4 and 28.9 units.

The

The two wavelength

method is more reliable the closer the area of the measuring
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field to that of field used to select the wavelengths, but the
error introduced through increase in field area is negligible
in measuring single nuclei.

However, it seems likely that the

large discrepancies and departures from the anticipated value
in the whole cell measurements were due to the use of a large
field with its relatively great area of clear field.

Further,

the high optical density of the generative nucleus precludes
making accurate measurements, unless it is very flattened, but
in practice this degree of flattening could only be achieved
by disruption of the cell.

Where this procedure was adopted

values of close to 16.0 arbitrary units were obtained for the
generative nucleus at anthesis.
Tapetal nuclei were found to contain the 2C value, in fact
16.1 + 0 , 4 units of chromophore until the mid-binucleate stage.
10 tapetal nuclei were measured at stage I, stage IV, and at the
mid-binucleate stage.

The value of 16.2' is the mean for these.

The value for 10 somatic nuclei from the S.3A clone was 25.0
+ 0 . 6 units of chromophore, close to the 3C value, and cells from
the S.4A clone gave values 31.1 + 0 . 4 units, close to the
anticipated 4C value.

Measurements were made of 10 vegetative

nuclei in mature S.3A grains and found to give the following
values:
12,7, 12.3, 13.7, 13.2, 12.6, 15,1, 12,6, 12.5, 12.2, and 12.4,
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Since the chromosomes of Tradescantia "braeteata are very
similar in size and probably contain approximately equal amounts
of DNA, these results suggest that the technique could detect
varying degrees of aneuploidy.

The theoretical values for pollen

grains with 9, 10, 11 and 12 chromosomes are 11.97, 13.30, 14.63
and 16,00 units of chromophore, assuming a 2C value of 16.00, and
equal amounts of DNA in each chromosome.

Thus, in future, it may

be possible to determine the chromosome numbers of triploid
nuclei during interphase,and therefore make more objective
assessments of whether selective abortion of pollen grains with
certain chromosome numbers occurs or not.

It should also be

possible to evaluate the distribution of chromosome number
frequencies surviving to anthesis and which of these fail to
germinate.

It may even prove possible, using flattened chromosomes

at pollen tube mitosis, to distinguish the individual chromosomes
of the basic set on the basis of their DNA content, (see plate 21)
in which case it may be possible to determine which chromosome
combinations are the successful ones in unbalanced triploid grains.
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Plate 93:

Plate 94:
~

Tetrad fluorochromed with aniline blue in
0,3M sucrose solution illuminated with short
wavelength blue light, showing fluorescence
of the callose walls, x 800.

Mature pollen extruded from the anther,
fluorochromed with aqueous phosphine 3R.
Illuminated with U.V. light showing silverywhite fluorescence of plasmodial lipids, x 160.
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Plate 95:

1.5^ Araldite section of a stage IV anther,
from a freeze-substituted preparation. Stained
by the ninhydrin-Schiff method for total
protein, and counterstained with alcoholic
gentian violet to show pollen walls. Vacuolation
developing between pollen grains, x 300,

Plate 96:

1.5^ Araldite section through a stage IV anther,
from freeze-substituted preparation, stained
with toluidine blue/borax. Note the large
bodies (*) believed to be the same as the
structure (0) in plate 44. x 1,320.
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Plate 97:
~ ~ ~

Araldite section through part of a pollen grain,
stained to show the sites of acid phosphatase
activity by the method of Gomori (1952)„ Note
dark deposits of lead in the vacuole and around
the tonoplast. x 5,000.
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Plate 98:

Tapetal nuclei and pollen mother cells extruded
from the anther, stained with gallocyanin/
chrome alum. Note staining of RNA in plasmodial
cytoplasm (PC) and thick callose walls, x 540.

Plate 99:

The rotary device used in the fixation and
embed&ng procedures for electron microscopy.
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6.

Discussion

The picture that has emerged from this study of pollen
development in Tradescantia differs in many respects from
that for other species mentioned in the introduction, and
suggests that new interpretations might be better but on
certain previous observations,
a.

Early tapetal development
A major difference between anther development in

Tradescantia and that described for most other species, is the
early dissolution of the tapetal and sporogenous cell walls,
before meiosis.

Lysis of the original pollen mother cell walls

has not before been reported at this stage.

However, the

demonstration that the pre-meiotic tapetal and sporogenous cell
walls are similar in nature, being largely pectic in composition,
while the walls of the surrounding cells are largely cellulosic,
provides a partial explanation for this behaviour.

They are

both sensitive to degradation by pectolytic enzymes and if these
are released their dissolution will ensue, while cell walls of
the surrounding tissues will be unharmed.

Lysis is first

apparent in the tapetal cells which suggests that the pectolytic
enzymes are produced there, although the possibility cannot be
excluded that the pollen mother cells also produce lytic enzymes.
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The observations made here that the pollen mother cell walls
are dissolved only a short way in advance of the invading
tapetal protoplasts, strongly suggests that the tapetal
cytoplasm is in fact the sole source of these enzymes.
A striking feature of pre-meiotic tapetal cytoplasm is
the rapid growth in it of raphides.

These crystals are

conspicuously absent from all other anther tissues, and indeed
throughout the whole plant they occur only in cells which
subsequently undergo lysis.

The richest source of raphides

in Tradescantia is the mucilage canals of the stem cortex,
where bundles of crystals occur with individual lengths in
excess of 160|U, three times as long as a mature pollen grain.
In immature regions, a few mm. behind the stem apex, these
canals are not present.

From longitudinal sections it is clear

that raphide production occurs in cells which later suffer
dissolution of their cell walls.

The cells developing

raphides occur in files in the cortex and by loss of their
walls longitudinal canals are formed; the contained mucilage
would seem to be derived from the fused protoplasts.

A further

relevant observation is that, some hours after anthesis, the
corolla deliquesces and this event is also preceded by the
develdpment of small raphides in the petal cells.

All that is

ultimately left of the petals is a mucilage between the
corrugated cuticle, all traces of the cell walls being lost.
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Whether or not the presence of raphides in pre-lytic
tissues has any significance is uncertain, but perhaps they
are engulfed as foreign bodies by elements of the endoplasmic
reticulum to form vacuolar inclusions as suggested by the
E.M„ studies.

Fusion of lysosomes with these vacuoles would

then probably occur according to the scheme proposed by
De Duve and Wattiaux (1966); Allison and Mallucci (1965); and
Allison (1967).

It is conceivable that raphides resist

digestion, rupture the vacuolar tonoplast, and release into
the cell cytoplasm any hydrolytic enzymes contained in the
vacuole.

This could lead to a loss of cytoplasmic integrity,

and if any pectolytic enzymes were present, of the cell wall.
Systems such as these are known in animals, and have recently
been reviewed by Allison loc. Q±t^

The production of small

vesicles by the dictyosomes in the tapetal cells, though not in
the pollen mother cells, is intensive during this pre-meiotic
period, many of them appearing to fuse with the plasmalemma,
and it seems probable that they contain the lytic enzymes
responsible for the loss of the tapetal walls.

It may be that

the presence of raphides in some way stimulates the production
of lysosomes which fuse with both the plasma membrane and the
tonoplasts.

If this is so then the raphides are indirectly

responsible for tapetal lysis.
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Another feature of the pre-meiotic phase of anther
development is the appearance of characteristic multivesicular
bodies outside the plasma membranes of tapetal cells. (Plate
25).

These have been described in similar location for llpomoea

by Echlin, Godwin, Chapman and Angold (1966a).

The inclusions

seen in these structures in Tradescantia comprise a heterogeneous
collection of small bodies of varying electron density, some
bounded by double and some by single unit membranes.

The origin

of these multivesicular bodies is obscure, but they are often
seen in attitudes suggesting that they are engulfing smaller
cytoplasmic components, in particular the vesicles produced by
the dictyosomes.

b.

The Callose Special Mother gell i#ll
In contrast to Tradescantia, it appears from the reports of

Waterkeyn (1962) and Heslop-Harrison (1964), and from more
recent publications (Heslop-Harrison 1966b; Angold 1967; Echlin,
Godwin, Chapman and Angold 1966b)

that the original mother

cell wall is not lost in the plants described, prior to callose
formation.

However, in another paper (1966a) Heslop-Harrison

writes of the dissolution of the mother cell wall at an early
stage of callose development, although it is not clear what
plant he is describing, since the paper deals with several.

It

seems that the production of the special mother cell wall is a
constant characteristic of pollen grain ontogeny in flowering
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plants, and Heslop-Harrison (1966a,b) has discussed the
significance of this wall.

He suggests that the young

microspores, being the products of meiosis, need to be
isolated from each other and from the parent tissues, from
which they are genetically different, and that thils isolation
is established by the callose wall.

He presents evidence

that the pollen mother cells do not take up labelled thymidine
at times when the callose wall is continuous, and infers from
I
this that callose is a highly impermeable material.
As a chemical substance, callose was first recognised by
Mangin (1892)'who introduced the term 'callose' to describe
the substance and differentiate between it and the structure
'callus' with which it is so frequently associated.

Callose

from different sources invariably produces glucose as the
product of hydrolysis (Mangin 1910, Eschrich 1954, Aspinall and
Kessler 1957, Kessler 1958) and it seems to be accepted that it
is a p-1,3-glucan, normally highly hydrated, but it is unlikely
that a polysaccharide of this nature would inhibit the passage
of small molecules like thymidine.

What seems more likely is

that the cell membrane, .itself forms the barrier, and that the
callose wall prevents any direct connection between the
cytoplasm of the newly formed pollen grain, e.g. by plasmodesmata,
and hence ensures a complete barrier for large molecules or
organelles.

A similar barrier is formed when callose in sieve
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tubes closes the sieve pores which have previously ensured
protoplasmic continuity, and the possibility of the transport
of large molecules between one sieve element and another.
The fact that complex dye molecules, such as orcein and the
rosanilins penetrate the special wall easily, argues against
its having a function in providing complete physiological
isolation for the young microspores.

Where large 'cytomictic

channels' (see Heslop-Harrison 1964, 1966a,b) are initially
present and are later closed by callose development, it is
probably the closing of the gap by new plasma membranes which
changes the permeability of the cell to solutes such as
thymidine.

It might be instructive to investigate the

permeability of callose invested pollen mother cells to a range
of small inorganic ions and non-polar molecules in order to
test whether selective transport occurs across the membranes.
Such selectivity is well known and it is possible that
thymidine is a DNA precursor excluded at specific times.
The association of callose with wound tissue has long been
known (Mangin 1890, 1892) and among the polysaccharides, the
speed with which it can be both synthesised and degraded is
remarkable, and has been discussed by Currier (1957), who showed
it to be deposited in pits and over wall surfaces as a rapid
response to injury.

In Tradescantia, callose laid down at the

surface of the pollen mother cell protoplasts, when their walls
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are being degraded, could be interpreted as a response to the
presence of a naked protoplast.

In other species where the

original mother cell walls persist, this may not be the case,
but in most dicotyledons very considerable shrinkage of the
protoplast occurs away from the original cellulosic wall, at
the onset of callose deposition, see Waterkeyn (1962),

When

the protoplasts begin to round off, they separate first from
the old wall at the corners of the cells, and it is at these
sites that callose is first deposited.

Thus perhaps the two

systems are similar in that callose is laid down at least at
first, on naked plasma membrane surfaces.
During the period when the callose wall is first thickeningand growing, the plasmalemma of each mother cell has been
reported to become discontinuous and to develop complex
invaginations in Cannabis (Heslop-Harrison 1964) and at this
stage Weiling (1962) reported the occurrence of pinocytotic
events in Lycopersicum.

In his 1966b paper, Heslop-Harrison

cannot reconcile the 'ingestion of droplets' by the pollen mother
cell plasma membranes at a time when they are covered with
callose, but does not question Weiling's interpretation of his
observations.

Before discussing this matter in the light of the

present work it seems worth remarking that many authors, engaged
in general discussions of pollen development, imply that there
is one basic pattern of development for all angiosperm pollen,
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and attempt to incorporate all findings into it.

They therefore

find it difficult to reconcile reports that a structure is made
of say, cellulose in one plant, and pectin in another.
The initial discharge of callose precursors and enzymes
through the plasmalemma, by reverse pknocytosis, as seen in
Tradescantia, may well give rise to the appearance of material
being ingested as reported by Weiling.

Changes in the relationship

of endoplasmic reticulum to the plasmalemma occur during
deposition of the special mother cell wall in Tradescantia, as
described in the section dealing with electron microscopy.

Once

the wall has been established, further precursors are probably
discharged from the cisternae of the reticulum, which are then
seen to open directly at the cell surface.

Expressed another way,

the plasma membrane becomes deeply invaginated as reported by
Heslop-Harrison and is seen to be in continuity with the endoplasmic
reticulum.

That it might be advantageous for early transport of

precursors to be made to the protoplast surface in vesicles has
been mentioned in part 4, since if the cisternae of the endoplasmic
reticulum opened directly to the protoplast surface before
deposition of the callose wall, a channel from the anther cavity
to the cell cytoplasm and nucleus would be open.
The special mother cell wall in Tradescantia is at first
PAS negative, but the cross-walls of the tetrad, and eventually
the outer wall, give a progressively stronger positive reaction
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to the test towards the time of dissolution of the tetrads.

In

an unbranched 1,3-linked glucan, only the terminal glucose units
will be subject of periodic acid oxidation, and thus if callose
molecules are large, little binding of basic fuchsin will occur
and staining will be negligible.

However, it seems reasonable to

suggest that callose deposits are not as pure as they have been
reported to be (Aspinally, Kessler 1957, Kessler 1958), and that
variations, at least in degree of polymerisation, will be found
in the plant kingdom.

If this is so then the shorter the callose

molecules in a given mass of callose, the more free ends there
will be, and the heavier will be the staining.

The change of

staining reaction seen in the callose walls of Tradescantia is
of course, open to more than one interpretation.

First formed

callose may be of high molecular weight, and the later formed
material could be of lower molecular weight.

Alternatively, the

later formed walls may contain material other than callose, i,e.
the glucose units may be linked in ways other than the -1,3- form.
Enzymatic degradation of callose, by cleaving long molecules to
produce oligosaccharides, would also promote an increase in
staining Intensity.
Electron microscopy reveals structural changes during the
second meiotic division in the outer callose wall only.

Initially

both cross-walls of the tetrad are electron lucent and structureless.
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As vesicular activity at the tapetal tonoplast increases
towards the end of the tetrad phase, so does the electron
density of the outer callose wall, until eventually it is
seen to be in a state of dissolution.

With progressive

invasion of the Plasmodium between young microspores the
cross-walls (plates 32 and 33) also begin to appear electron
dense and granular, strongly suggesting that the observed
changes in structure are a consequence of degradation.

It

therefore seems appropriate to attribute the positive PAS
reaction given by these walls to the chemical composition from
the time of their inception, and the structural changes and
change in staining seen in the outer wall, to the onset of
dissolution.

Whether reduction in degree of polymerisation

should alter the fluorescent emission of callose treated with
aqueous aniline blue

is not clear, as the theoretical basis of

the method is not understood.

In Tradescantia there were no

detectable changes in either the intensity or the spectral
quality of the emission from the callose walls as the staining
and structural properties altered;

C,

Development of the Exine
Heslop-Harrison (1964) has expressed the view that no

exine proper is present until after the microspores are shed
from the tetrads, in S H e n e and Cannabis.

He states that a

cellulosic wall is formed around each microspore while it is
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still enclosed within the tetrad and calls this the 'primexine',
suggesting that it acts as a template for the later deposition
of exine material synthesised in the tapetum.

He says that

sporopollenin synthesised by tapetal mitochondria is delivered
by them to the inner surfaces of the tapetal cells, in the form
of 'plaques' or 'cupules'o

The mitochondria are then

'sacrificed', passing through the cell membranes to the locular
cavity.
Rowley (1959), in a description of pollen wall formation
in Tradescantia paludosa, makes no definite statement as to the
origin of the exine, but states that it is well formed 48 hours
after the microspores are released from the tetrads, and
suggests that differentiation of the apperture occurs two days
later than this.

He considers that the exine increases in

thickness throughout development, particularly in the apertural
region.
What has emerged with clarity from the present work is
that, in Tradescantia braeteata, the exine is very largely
synthesised while the microspores are enclosed by callose. At
the time of callose dissolution the exine, although unstretched,
is fully differentiated into apertural and non-apertural
regions, (plate 32).

It appears that the endexine, but not

the ektexine, continues to grow for a part of pollen life.

No

evidence was found to suggest accretion of particles from the
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tapetal Plasmodium, or that sporopollenin is synthesised by
mitochondria.

The exine in Tradescantia appears to be wholly

a secretion of the pollen protoplast,

Angold (1967), and

Godwin, Echlin and Chapman (1967) in reports of pollen
development in Endymion and Ipomoea have also reported the
development of exine within the tetrad.

Godwin e^ a^ (1967)

and Echlin (1968) uphold the concept of 'primexine' formation,
but at least in Tradescantia,this cannot be justified.
Heslop-Harrison (1964) distinguishes this wall on the basis
of its positive PAS reaction developing, he says, inside the
special mother cell wall.

Both he (Heslop-Harrison 1963) and

Echlin (1968) make the point that, at the electron microscope
level, the first formed microspore wall structures have
different and variable electron density, (seen also in these
studies of Tradescantia) but this could be a consequence of
differences in degree of polymerisation and concentration of
sporopollenin during these early stages.

In Tradescantia

regions of the ektexine often remain electron lucent until
stage III of pollen development, but no evidence was found to
suggest that the first formed wall structures were chemically
different from the older wall.

Careful extrusion of young

microspores from the callose showed their walls to be PAS
negative, while the callose itself was PAS positive, as
previously discussed.

It does not seem justifiable to propose

a new and different wall structure purely on the basis of its
initially different electron density.
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Exactly how the ektexine pattern is determined is not
clear, but it appears that changes in the topography of the
plasma membrane are involved^

In section these give the

membrane a wavy and convoluted appearance, but serial analysis
indicates that each protrusion and depression is an insular
feature.

The evidence available from this work on Tradescantia

suggests that polymerisation of sporopollenin occurs first at
the surface of the plasmalemma, and later at the surface of
other membrane systems.
tubular.

Probably these later systems are

Those parts of them, seen in sections (plate 34)

suggest tubes passing in and out of the section, rather than
flat sheets, and if polymerisation occurs at these surfaces
as seems likely, it may well explain the fibrillar structure
seen in the endexine of this plant (plate 37),

Recently, Rowley

and Southworth (1967), Angold (1967) and Godwin, Echlin and
Chapman (1967) have published observations supporting the view
that polymerisation of sporopollenin occurs at membrane surfaces,
but while their micrographs suggest a system fundamentally
similar to that observed in Tradescantia, they provide no
evidence of a fibrillar

structure,

The chemical composition of the exine remains an enigma.
From the fact that exine from all angiosperm pollen resists
such harsh chemical treatments as acetolysis and boiling in
ION potassium hydroxide it must be Inferred that they have some
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chemical similarity, although minor differences might be
expected to occur between plants, as they do in other wall
components.

The present cytochemical study indicates both

that exine is strongly basophilic and unsaturated.

It seems

likely that the gentian violet technique of Harada (1956) is
not as specific as he stated since he was apparently only
concerned with animal tissues, and would visualise substances
other than polysaccharide sulphate esters if they were
sufficiently basophilic, e.g. other sulphated components.
However, Taylor (1959) in autoradiographic studies with Lilium
35
considered that S

had been incorporated into a wall

polysaccharide of young microspores, rather than into protein,
but Rowley (1963) discounts this on the grounds that Zetsche
(1932) stated that 'sporopollenin contains no sulphur*.

It

would seem unwise to assume that all sporopollenin has an
identical chemical composition as Rowley implies.

Zetsche

certainly did not analyse the exine of all species and in any
case it seems that there is a case for a re-examination of
sporopollenin chemistry along the lines suggested in part 5 of
this work.
No Ubisch bodies were observed in Tradescantia in
accordance with the observations of Schnarf (1923) and Clausen
(1927) who found these structures only in species having a
secretory tapetum.
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d.

The Pollen grain cytoplasm throughout development
Through the full period of differentiation, the pollen grain

cytoplasm shows striking changes in its complement of organelles.
There seems to be a decline in numbers of mitochondria and plastids
from the time when the microspores are enclosed in tetrads, to
stage II.

During stage III there is some evidence of an increase

in their numbers and this continues until the binucleate stages.
The development of the large vacuole may have a bearing on these
changes, since it has been shown to be the site of hydrolytic
enzyme activity and organelles are frequently seen in it in various
states of degradation,.

Vacuolar activity may account for the

decrease in numbers of organelles in the early stages.

Other

authors have put forward evidence to show that the plant cell
vacuole has a digestive function (Matile and Moor, 1968),

However,

from the continuing signs of lytic activity seen in the vacuole
during stages IV to VI it may well be that a regular turnover of
organelles occurs during this phase of differentiation, raising
the problem of organellogenesis,

It is thought that mitochondria

and plastids are self replicating bodies, but there is little if
any evidence for the division of differentiated plastids, such
as those containing polysaccharide granules in the young pollen
grain.

According to Kirk and Tilney-Bassett (1967), only pro-

plastids are known to divide and these are uncommon in pollen
during stages I and II, although they do appear quite abundant
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at stage IV, see plate 38. Since differentiated plastids are
not known to regress to the immature state it seems that the
relatively large numbers of plastids seen after pollen grain
mitosis must arise from the stage IV pro-plastids.

What is

not clear is whether these pro-plastids are inherited from
the pollen mother cell, or whether they have a ^

novo origin.

During the early developmental phase some mitochondria are
seen in what could be interpreted as divisive stages, and it
may be reiterated that mitochondria in the young pollen are not
well differentiated and have little apparent internal structure.
They too may divide while in an immature condition, to produce
the large numbers seen during the binucleate period.
In pollen at stages III and IV, but not at other times,
bodies are frequently seen in the space between the double
membranes of the nuclear envelope, some of which are seen in
plate 41,

It is not uncommon to see as many as 8-10 in a thin

section and thus there may easily be a hundred or more over the
whole nuclear surface.

Three dimensional analyses of these has

revealed little of their nature, they appear quite devoid of
internal structure at high magnifications, except for a rather
fibrous content of moderate electron density.

It could be

argued that they are either mitochondria or pro-plastids,
arising from the inner nuclear membrane, as suggested by Bell
and Muhlethaler (1964) in their study of the egg cell of
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Pteridlum.

What appear to be stages in the formation of these

structures are frequeotly seen, inside the nucleus.

However,

they could equally well be interpreted differently, as bodies
in the process of being ingested into the nucleus.

That they

are a significant feature of nuclear activity at this phase of
differentiation, is clear from the fact that they are seen
regularly in all preparations of the same developmental stage
whatever the kind of fixation used.
In differentiating cells there must be a turnover of
enzymes and messenger RNA molecules, but how these are disposed
of when no longer required, and how replaced by new ones, is
not clear,

A feature of most differentiating plant cells is

thai: of vacuolation, and portions of cytoplasm containing
disposable endoplasmic reticulum and ribosomes may protrude
into the vacuoles and be cut off and degraded.

The products of

dissolution of material digested in the vacuole could then be
transferred back to the cytoplasm across the tonoplast for resynthesis into new components^

In a system such as this

synthesis and lysis proceed simultaneously.

With regression

of the vacuole after pollen grain mitosis there is little
evidence of the breakdown of cytoplasmic components, and the
vegetative cell becomes packed with organelles and storage
products.

Evidently the vegetative cell stores food and develops

the physical system of endoplasmic reticulum and mitochondria
necessary to mobilise it on germination.

A thorough cytochemical
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analysis of the vegetative cytoplasm will be possible only by
use of the new hydrophilic embedding media for electron
microscopy.

These media permit the high resolution of the

electron microscope to be coupled to enzymatic digestion
techniques so that direct information of the various structures
can be obtained.

The generative cell appears to utilise most

of its reserves during elongation.
Immediately prior to pollen grain mitosis two new types
of organelle appear in pollen grains.

One of these (plate 77)

bears a striking similarity in both chemistry and structure to
the body described by Sorokin and Sorokin (1966) as a spherosome.
The term 'spherosome' was first coined from optical microscopy
to describe a cytoplasmic body of characteristic appearance, and
it is possible that different types of organelle give this
appearance.

Moreover, it is certain that confusion has arisen

in regard to this particle.

As mentioned in part 5 of this work,

the other new structure (plate 78), also resembles objects
described by other authors as spherosomes.

These latter bodies

are remarkable in that they occur inside the nucleus, both
deeply inside it and at its periphery, as well as in the
cytoplasm.

However, the origin, function and composition of

both these two bodies is obscure„
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e.

Nuclear events
The haploid nucleus apparently directs synthetic activities

in the young microspore during the developmental stages, prior
to pollen grain division.

After mitosis the daughter nuclei

begin to differ; the ultrastructural appearance of the vegetative
nucleus is not one of degeneration, in contrast to the widely
held view of early botanists, recently re-expressed by
Brewbaker and Emery (1962),

The vegetative nucleus seems to be

a normal physiologically active nucleus.

It differs from the

generative nucleus in its very normality, in releasing into its
cytoplasm, the products of RNA synthesis.

That it enters an S

phase and replicates its DNA prior to anthesis is evident from
the microspectrophotometry, and from the fact that vegetative
nuclei sometimes divide, see plate 83.

This is in agreement with

the findings of Moses and Taylor (1955) who recorded a doubling
of the DNA content in vegetative nuclei of Tradescantia, and
more recently, in an autoradiographic study, Mascarenhas (1966)
showed the vegetative nucleus to be active in synthesising RNA.
The vegetative nucleus must be responsible for directing the
intensive synthetic activity that occurs in its cytoplasm after
pollen grain division.
Although, after elongation, the cytoplasm of the generative
cell is largely devoid of organelles, the generative nucleus
also enters a synthetic phase.

Not only does it replicate its
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DNA but it becomes very rich in RNA, possibly the messenger and
ribosomal RNA needed for pollen tube mitosis,

Nucleopores were

not detected in the generative nucleus and it seems probable
that the relatively featureless cytoplasm of the generative cell
is a reflection of the fact that the gene products are retained
within the nucleus.
The tapetal nuclei are initially diploid and do not appear
to degenerate visually or to lose DNA until the mid-binucleate
stage.

However, at the time of pollen grain division some

tapetal nuclei also appear to be preparing to divide and there
may well be a decline in the numbers of tapetal nuclei from this
stage, but no tapetal nucleus was actually observed in division.
Whether or not the small circular structures, plate 23,
and 45, are in fact polyribosomes is not clear, but if messenger
RNA were released from the nucleus already in association with
ribosomes, the system would undoubtedly be more efficient than
one in which the two components were released separately, at
different times, and had to 'find each other' in the cytoplasm.
No doubt the chemical nature of these structures can be
elucidated by RNA-ase and protease digestions on electron
microscope sections in water soluble resin.
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f.

The fate of the perlplasmodiuin and its relationship
with the pollen cells

In Tradescantia a re-organisation of ultrastructure in the
tapetal periplasmodium begins during meiosis.

In the early

stages of pollen development the microspores are invested by
a tapetal membrane, but after pollen grain division a more
intimate association develops.

Regular stacks of endoplasmic

reticulum are seen to develop around the pollen grains, in
association with the tapetal nuclei.

It seems likely that

the electron lucent structures seen in the lipids of the anther
cavity, both in the Plasmodium and the exudate from the pollen
grains, are in fact 'fossilised' endoplasmic reticulum membranes,
see plates 71 and 88,

Outside the investing lipid, the

membranes shrink following preparative procedures.

These

'membrane' structures are commonly seen, surrounded by lipid
exudate, in passages through the pollen wall (plate 87), strong
evidence for a direct association with the re-organised tapetal
Plasmodium.

Obviously nutrients for the developing pollen must

pass through the Plasmodium, and at first they have to traverse,
not only the pollen cell membrane but also the tonoplast of the
tapetal vacuole, in which the pollen grain is engulfed.

Thus

it is clear that the Plasmodium could exercise a selective
influence on materials passing in solution to the microspores.
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Once the relationship has become more complex after pollen
grain mitosis it is possible that molecules from the Plasmodium
can pass directly into the pollen cells and vice versa, without
encountering a membrane barrier, and it is worth noting that
material entering the pollen at this time would not be subject
to degradation in the large vacuole, which has disappeared.
It is widely believed that degeneration of the tapetum occurs
after lysis of the cell walls, but this is clearly not so in
Tradescantia.

The structural re-organisation that follows

meiosis must involve a great deal of dissolution and re-synthesis
of membrane components.

Apart from this the changing synthetic

activity of the tapetal plastids, producing polysaccharides,
lipids, and carotenes, bears witness to the vigorous nature of
the tissue.

The number of tapetal plastids is far greater

during the binucleate stages than at stage I, and the mitochondria
are^numerous and active only a day before anthesis.
While it is clear that details of tapetal behaviour vary
from plant to plant it may well be that a process of re-organisation
to form intimate association with the whole mass of pollen cells
is common to all typeSo

It is tempting to suggest that, even in

plants with so-called secretory tapeta, the events which occur
after lysis of the tapetal cell walls may in reality represent
the formation of a Plasmodium as in Tradescantia.

It is notable

that the plants with secretory tapeta, so far described.
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apparently have much longer pollen maturation times than
Tradescantia and while full tapetal lysis occurs in them at a
later stage than in Tradescantia, an establishment of association
between Plasmodium and the pollen could be achieved at a similar
stage of pollen development,

Heslop-Harrison (1964) refers to

the pollen coming to 'lie for a period in a brei composed of
detached organelles', and other authors have described the
presence of free organelles in the loculi, e,g. Skvarla and
Larsen (1966).

Further, it is evident from published micrographs

that this 'brei of organelles' is often present by the end of
meiosis, see for example Heslop-Harrison (1963) - plate 8.

This

present work has shown that improved dehydration of the tapetal
cytoplasm tends to reveal organisation that would not be
suspected from preparations made with conventional techniques.
Preparations of Tradescantia anthers dehydrated with ethanol at
room temperature reveal a 'brei of organelles' similar to that
described by Heslop-Harrison in his plants.
It is perhaps worth mentioning the large spherical structures
(plates 44(0) and 96) which occur in the Plasmodium, at this
point.

At the light microscope level they appear only in Araldite

sections, apparently being destroyed by the paraffin wax method.
In electron microscopy they appear in all preparations from about
stage III to stage VI, surviving ordinary chemical dehydration.
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From their staining reactions they contain protein, but no
appreciable amount of RNA, and thus do not appear to be portions
of cytoplasm that have rounded off inside membranes.

Moreover,

if this were so one might occasionally expect to see organelles
in them.

They do not look as if they contain 'conventional'

storage protein, i„e, their contents are not crystalline, but
they could provide temporary reservoirs for newly synthesised
material.

In size they range from about 2jU to

diameter.

In

plate 40 what could be interpreted as a similar structure is
seen inside a pollen grain, adjacent to the vacuole.

In pollen,

these structures arise as swellings at the end of endoplasmic
reticulum cisternae, although they seldom reach the size of the
one seen in this particular micrograph.

The tapetal bodies are

rarely seen to be associated with the endoplasmic reticulum, but
if their only connection with it were a narrow funnel, as in the
pollen grains, it is hardly surprising that this is not often
seen in thin sections.

However, in plate 45, marked (X) one of

these bodies is seen so connected.

No doubt more information

concerning these structures will be obtained from material freezesubstituted after glutaraldehyde fixation, the method which gives
the best preservation of plasmodial cytoplasm so far observed.
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g.

Conclusions
It is clear that three widely accepted ideas concerning

pollen development must be discarded.

Firstly the controversy

over exine formation seems to have been resolved by this and
the other recent work cited, as it is now clear that the exine
is produced by the pollen cells themselves.

Secondly the tapetal

periplasmodium can no longer be regarded as a degenerating
structure.

Thirdly the vegetative nucleus remains normally

active, at least until the pollen is shed and is not degenerate.
Since variations in the mode of pollen development occur
between plants it seems important that future work should search
for the common aspects as these are likely to be the fundamental
ones.
Anthers should provide fruitful research material, not only
for further investigation of pollen development, but for
investigation of some of the more general problems of
differentiation, since they provide a system wherein a population
of cells differentiates relatively synchronously in a clearly
defined environment.

Changes in the tapetal environment may

produce detectable changes in the pollen that could yield
information bearing on the problem of pollen abortion.
This work indicates that the pollen cell may provide an
answer to the question of whether or not certain organelles can
originate de novo from nucleus, and that pollen may also prove
useful for investigating the form in which gene products are
released from the nucleus.
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It seems likely that a new class of sub-cellular organelle,
having both a cytoplasmic and nuclear distribution, has been
dispovered (plate 78),
The evidence for direct cytoplasmic communication between
pollen and Plasmodium opens a new sphere of interest since the
transfer of protein, or other material, from the sporophyte to
the gametophyte generation might occur.

The application of more

sophisticated preparative techniques together with hydrophilic
embedding media for electron microscopy should provide a
powerful system for the investigation of this relationship which
deserves further study.

252

Acknowle dgemen t s

I would like to express my gratitude to Dr. G. Roy Lane,
my supervisor, for his helpful advice and criticism, and for
his enthusiastic support throughout this work.
I am indebted to Dr. Roger Tapp for his advice on
matters of electron microscopy, and to the technical staff of
the Botany Department for their generous assistance, in
particular Mr, John Bailey and Mrs. Margery Woodland.
I wish to thank Mr. J. Moody for maintaining the clones
of Tradescantia, Mr, John Barrs for his help in preparing
data for computer analysis, and Miss Sandra Crook for her
industry in typing the final copy in such a short time.
Finally, I gratefully acknowledge the award of a Research
Studentship from the Science Research Council, which made this
work possible.

253

Appendix 1.
The liquid nitrogen storage technique

i.

Storage of anthers
A mixture of 8 parts methylcyclohexanol and 92 parts

isopentane is prepared in a 100 ml beakeij, which is suspended
by wires so that it dips l" below the surface of liquid nitrogen
contained in a 1 litre wide mouthed Dewar flask.
stirred slowly until it freezes below -160°C.

The mixture is

Addition of

methylcyclohexanol promotes even freezing; without it the
isopentane freezes to a white mass resembling meringue.
Anthers freshly dissected from a bud, and placed in a pocket
at the end of a strip of aluminium foil, are plunged below the
surface of the melting methylcyclohexanol/isopentane mixture, and
left there for 1 minute.

They are then transferred to labelled,

pre-cooled polythene vials, with perforated sides, by cutting off
the pocket with a pair of scissors so that the anthers plus
enclosing foil fall into the vial.

The vial is then stoppered

and dropped into a 4 litre Dewar flask containing liquid nitrogen
for storage.
Since liquid nitrogen freezes out oxygen from the atmosphere,
and since the stored preparations inevitably contain traces of
isopentane, an explosive hazard exists if the liquid nitrogen is
not completely changed at weekly intervals.

During the change,

the vials are quickly transferred by means of pre-cooled forceps,
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to a 1 litre Dewar flask of liquid nitrogen.

The contents of the

main storage vessel are poured onto the floor.

Liquid nitrogen

should never be poured into a sink.

ii.

Pollen storage
Flowers are harvested shortly after dawn and the anthers

dissected into a watch glass.

This is loosely covered with a flat

sheet of glass and transferred to a desiccator containing calcium
chloride for two hours.

A weak vacuum is useful in facilitating

dehiscence, but release of the vacuum must be slow to avoid
disturbing the pollen.

The watch glass is removed and residual

pollen brushed from the open anthers with a fine paint brush, the
bristles of which have been cut off squarely at a length of 5 mm.
Anthers can be held down with the point of a fine needle during
the brushing procedure, and then removed.

Gentle tapping of the

rim of the watch glass causes pollen to slide to the centre.
Melting point determination tubes, already sealed at one end, are
used to scoop up the pollen, by pushing the open end gently through
the pollen mass.

The tube is then stood up and the base tapped on

the bench so that the pollen falls down inside, leaving the open
mouth free for sealing in a Bunsen burner flame.

These glass tubes

are frozen directly by dropping them into the storage container of
liquid nitrogen.

Pollen remains viable for at least 1 year and no

special precautions are needed in thawing.

The tubes are simply

removed, broken open, and the pollen sown onto agar, or used in any
other way.
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Appendix 2
i.

Preparation of mature pollen samples for estimation of
percentage abortion.
Flowers are harvested shortly after dawn and anthers

removed from each flower, are placed in an embryo dish over
calcium chloride in a desiccator.

Pressure is reduced with

a filter pump, and dehiscence is effected within two hours.
Each anther is then held down with the point of a needle and
any adherent pollen brushed off with a fine sable paint brush,
the bristles of which are cut off short and square.
anther husks are then removed.

Empty

The pollen from all six anthers

of a bud is mixed thoroughly and about a quarter is transferred
to the centre of a slide, using the sable brush.

A drop of

acetic ethanol 1:3 is then added to the pollen, spreading it
slightly and washing off some of thd yellow tapetal debris.

If

separation is too great the pollen may be scraped together with
the side of a needle, and in practice this can be done with
negligible damage.

Before the pollen has dried, a small drop

of melted neutral glycerin jelly, containing 1.5% eosin Y and
0.75% methyl green, is added to the pollen which is stirred into
it with a needle.

Finally a coverslip is placed over the
*

stirred blob of jelly which spreads easily under it.

Preparations

*

The neutral glycerin jelly of E. Gurr is recommended. That
supplied by other makers requires heating on the slide to
promote spreading under the cover slip, causing much of the
pollen to burst.
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are left overnight, when nuclei stain green and the cytoplasm
of healthy grains a pale red.

Aborted grains stain a pale-blue

green.

ii.

Scoring procedure and statistical methods

To ensure accuracy in estimation of percentage abortion in
samples of mature pollen, the method of scoring was carefully
standardised.

In order to prevent non-random distribution of

aborted grains a viscous medium was used, and preparations were
well stirred.

This overcame the tendency of lighter aborted

grains to accumulate near the edge of the coverslip.

Further,

when scoring, the area under the cover slip was traversed from
edge to edge using a mechanical stage, and four transects were
made on each slide.

A micrometer eyepiece with a squared grid

was used when scoring, and only those grains falling within the
upper and lower limits of the grid were counted, using a hand
counter.

Recounts were made of numerous fields and transects,

but in no case was any significant difference recorded.
Inevitably some pollen was damaged in preparing the slides, and
because of this any obviously damaged grains were neglected
during

scoring,

A problem often encountered in this kind of

investigation is that the small depth of field obtained at high
magnifications leads to some grains being overlooked.

However,

with the methyl green/eosin staining technique, a low magnification
(200x) may be used, and this gives a depth of field suitable for
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most preparations.

Nevertheless, the minimum glycerin jelly

was used.
As the extent of variation between individual transects on
any one slide was so small, seldom exceeding 0.2%,
of 95% confidence limits was not undertaken.

the calculation

The significance of

the observed variation between the different buds of an
inflorescence was determined after calculation of the mean
percentage abortion for each inflorescence.

The calculations

were made on an ICT 1900 computer.

iii.
A.

Agar technique for germination of pollen
Preparation of nutrient agar
Nutrient agar is prepared using specially purified BDH
*

Japanese agar,

by dissolving 0.75 g agar and 5 g A.R. lactose

in 48 mis of boiling glass distilled water.

The mixture is

stirred vigorously to avoid sticking and burning, and because
frothing occurs a large (600 ml) beaker is used.

When the agar

has dissolved, the solution is cooled and 1.5 mis of a Ca,Mg,K
stock solution containing 3% CaCNOg)^. 411^0, 2% MgSO^.THgO, 1%
KNOg 1:1:1 is added, together with 0.5 ml of a 1% H^BOg solution.
The mixture is further cooled to 45°C when 0.5 mis of 0.5%
colchicine solution is added.

The agar is stirred well, poured

into clean Coplin jars pre-heated to 45°C in a water bath, at
which temperature it reamins liquid.
while making the slides.

It is kept at this temperature

Allow at least an hour to elapse before
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preparing the slides, to permit bubbles to rise to the surface
from where they can be scraped off.

B.

Making the slides
Clean slides are placed in agar in the Coplin jars, leaving

about

of slide above the agar surface.

Slides are left for

30 minutes to allow the glass to warm to the temperature of the
agar, and to permit air bubbles on them to rise.
withdrawn.

They are then

One side of the slide is wiped clean of agar using

a Kleenex tissue wetted with hot distilled water, and the slide
is then placed in a humidity chamber while the agar solidifies.
A suitable chamber is prepared by placing a round of wet filter
paper in the base of a clean Petri dish and laying a glass
triangle on this.
face upwards.

C.

The slide is then placed on the triangle, agar

The dish is closed while the agar solidifies.

Sowing the pollen
Pollen may be sown onto the agar surface by dusting it with

a small sable brush over the mesh of a fine copper gauze held
about 2" above the slide.

The use of the gauze ensures a more

even distribution than is obtained by flicking the pollen off
the bristles of the brush.

The lid of the dish is again replaced,

and the container maintained at a temperature of 20-22°C during
germination and pollen tube growth.

This is a convenient system,

and has the advantage over many others that condensation tends
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to occur only on the underside of the slide, and does not
therefore cause bursting of the pollen tubes.

Cleanliness is

essential throughout all pollen germination procedures, since
very small quantities of contaminants can cause either complete
inhibition of germination, or defective growth of pollen tubes.

*

Agar purification procedure

1.

(J.R.K, Savage-personal communication)

Sprinkle agar powder onto water in a dish, allowing it to
sink before adding more.

This ensures thorough wetting and

good dispersion,

2.

Wash for 24 hours in cold running tap water«

3.

Allow to settle, drain off as much water as possible and
then soak overnight in 5% aqueous pyridine, continuously
agitating with a mechanical stirrer.

4.

Allow to settle, drain off excess pyridine solution, and
rewash in running tap water until there is no trace of
pyridine (test by smell).

5.

Centrifuge and resuspend in distilled water, twice.

6.

Centrifuge and resuspend in absolute ethanol, twice,

7.

Centrifuge and resuspend in acetone, twice.

8.

Filter, using a Buchner funnel, and spread powder out on
large sheets of paper to dry in a warm atmosphere.
inflammable vapour.

Caution,
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9.

When all traces of acetone have gone, bottle powder for
use, regrinding with a pestle and mortar where necessary.
The loss is about 70%.
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Appendix 3.

i.

Freeze-substltution technique
Anthers are frozen in a methylcyclohexanol/isopentane

mixture as described in Appendix l,i, and on withdrawal the
pocket in the aluminium foil is opened with a pre-cooled
spatula, the frozen anther falling into the substituent medium
already cooled to -78.5°C,

The substituent medium is contained

in either a 50 or a 100 ml round bottomed Quickfit flask
immersed in an ethanol-dry ice slush bath.

The stopper is

removed only for a minimum time as each anther is dropped in,
and no more than 6 anthers are substituted per 50 ml of medium.
The stopper is then firmly tightened and the junction between
stopper and flask sealed with polythene tape.
The substituent medium must be anhydrous, since at the low
temperatures used the solubility of water in the normal
dehydrating media is very reduced; 50 ml of substituent medium
may be saturated by less than 0.5 ml water.

Ethanol can be

dried by use of Linde molecular sieve, type 4A, as supplied by
B.D.9.

However, this must first be baked at 200°C under high

vacuum for 24 hours to obtain optimal drying properties.

Enough

molecular sieve to dehydrate 100 mis of ethanol is placed, while
still under vacuum, into glass vials which are then sealed with
a blow-torch.

These can be broken open when required and the

dry molecular sieve poured into a flask containing the ethanol.
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After drying the ethanol is decanted to the Quickfit flask,
mercuric chloride is added to give a 1% solution, and the flask
is placed in the slush bath to cool.
For electron microscopy, acetone containing 1% osmium
tetroxide gives better preservation than the ethanol/mercuric
chloride method.

The procedure is similar but unless the

acetone is very pure indeed, it reduces the osmium tetroxide,
even at -78.5°C.

In practice 'Aristar' acetone, as supplied

by B.D.H. was found satisfactory, and has the merit that it
does not need drying.

Solid osmium tetroxide is added to the

cold (-78.5°) acetone, and the flask is covered with aluminium
foil to exclude light.
Anthers are substituted for 28 days, broken dry ice being
added to the slush bath at intervals to keep it topped up.

Use

of a large excess of substituent medium obviates the need for
changing the medium every few days as recommended by some workers,
e.g. Jensen (1962).

ii.

The Paramat wax method for embedding anthers
Fixed anthers, either from chemical methods or one of the

freeze-substitution procedures are transferred after dehydration,
to chloroform,through a graded ethanol/chloroform series.
Material in chloroform is warmed to 60°C in an oven and then
transferred to pure molten wax (Paramat. G.T. Gurr) at 60 C,
through a graded chloroform/wax series.

Material is given two
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changes of pure wax for 1 hour each, before infiltration is
completed in a vacuum embedding oven.

Blocks are cast in

porcelain embedding boats.

iii.

Araldite embedding technique
Fixed anthers, cut longitudinally through the connective,

and fixed mature pollen in agar, are both handled in the same
way.

Material is dehydrated through an ethanol series to

ethanol dried over anhydrous cupric sulphate.

Dehydration is

best effected in small stoppered glass weighing bottles, and
following a second change of dried ethanol (30 minutes), material
is transferred to 1,2 epoxy-propane, three changes of 30 minutes
each.
The weighing bottles containing the material in about 1 ml
of epoxy-propane are placed on the rotary device, plate 99,
Araldite resin is mixed in disposable graduated plastic beakers
(Nalge Co.) by pouring in 27 ml Araldite resin (CIBA CY212), 23 mis
hardener (CIBA HY 964), and 0.8 mis benzyldimethylamine (TAAB) as
accelerator.

Concentration of accelerator is critical and it

should therefore be carefully measured.

The mixture is stirred

thoroughly before 1 ml aliquots are added to each bottle of
material on the rotary device, using a disposable pipette.

A

further two 1 ml aliquots of freshly prepared resin are added at
daily intervals.

On the fourth day the pieces of material are

removed using fine forceps and placed on the top of fresh resin
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in gelatin capsules.

Material that has been satisfactorily

infiltrated sinks quickly, any that does not is examined for
small air bubbles which are removed where possible.

Material

that does not sink is discarded.
Polymerisation of resin is carried out by placing the
capsules in a well ventilated oven at 40°C for 24 hours.
Material is then transferred to a 60°C oven for a further 72
hours.

On removal the gelatin capsules are dissolved in running

hot water.

The blocks are finally left on the bench for 2-3

days to cool and complete the hardening process.

Material is

never fully hardened immediately after it has cooled to room
temperature.
N.Bo Disposable, stoppered plastic pots may replace the .glass
weighing bottles, e,g, those produced by the Nalge Co,

iv.

Glutaraldehyde/osmic fixation for mature pollen
Flowers are harvested shortly after dawn and the anthers

dissected into an embryo dish placed in a desiccator over calcium
chloride.

Pressure is reduced with a filter pump and dehiscence

is effected within two hours.

The dish is removed from the

desiccator, covered with fine copper gauze, and another embryo
dish inverted on top.

The dishes are then turned upside down

and the pollen knocked through the gauze into the lower dish.
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The pollen is then transferred to a centrifuge tube and 1,5 mis
of 0.38M glutaraldehyde solution, buffered to pH 7.4 with 0.04M
Sorensons phosphate buffer, is added.
at 4°C.

Fixation is for 3 hours

If after 15 minutes, the pollen still floats it is spun

gently at 2,000 r.p.m. for 1-2 minutes, and the pellet so formed
is dispersed by agitation with a fine glass needle.

Fixation is

then timed from this point.
The pollen is gently spun down after fixation and the
supernatant carefully drawn off with a Pasteur pipette.

Polarisation

of cytoplasmic organelles occurs if centrifugation is too vigorous,
thus the pollen is only spun to a gentle aggregation at the bottom
of the tube and the supernatant has to be drawn off; it cannot be
decanted.

2 mis of pre-cooled washing medium (0.38M sucrose

buffered to pH 7,4) is squirted into the tube to disperse the
pellet.

After 10 minutes the pollen is spun down, and the

supernatant drawn off.

The pollen is then re-washed three times,

each time leaving the pollen to wash for 30 minutes.
The osmic fixative is made up with pre-cooled ingredients,
in a wide mouthed bottle with a stopper,

12.5 mis 2% aqueous osmium

tetroxide solution, 2.5 mis glass distilled water, and 5 mis Palade's
veronal acetate buffer are mixed, and the pH adjusted to 7.4 with
O.IN hydrochloric acid (about 5 mis).
concentration of 0.38M.

Sucrose is then added to a

The stain is cooled in a refrigerator and

1.5 mis is transferred to each tube of pollen, after removal of the
washing fluid.
tubes stoppered.

The pollen is dispersed with a glass needle and the
Fixation is for two hours at 4°C,
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After osmication the pollen is spun down and washed three
times with distilled water, 15 minutes each time.

Finally the

tubes are warmed to room temperature, and then to 45°C in a water
bath.

Most of the supernatant is drawn off and 1 ml of a 1.5%

solution of Oxoid No,3 agar, at 47°C, is added to each tube.

On

cooling to room temperature the agar pellets are removed and
subdivided; portions rich in pollen are dehydrated for embedding
in Araldite,

V.

Standard glutaraldehyde/osmic fixation for anthers
Anther lobes, severed by a longitudinal cut through the

connective, are placed in buffered glutaraldehyde fixative
prepared as in Appendix 3,iv, but diluted to the molarity suitable
for the stage of pollen development, present in the anthers being
used, i,e,0,25M for pre-meiotic and meiotic stages, 0,3M for stages
I to VI, and 0.36M for the binucleate stages.

Since glutaraldehyde

has a molecular weight of 100,0, the 25% stock solution has a
molarity of 2.5, and dilution is simple.

Fixation is made at 4°C

for 16 hours and is carried out in stoppered glass weighing bottles
on the rotary device, see plate 99.

Each bottle contains the

anthers from 3-4 buds, and 4 mis of fixative plus 1 drop of teepol.
Without teepol anther surfaces are not wetted and fixation is poor.
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Washing is then carried out in cold buffered sucrose as
described in Appendix 3,iv, but with half anthers this has to
be for much longer.

Three changes of a large excess (10 mis)

of medium are used for 2 hours each, on the rotary device.
Osmication is then made with a 1% buffered solution, as
described in Appendix 3,iv, for 6 hours on the rotary device.
Final washing is in distilled water on the rotary device,
two changes of 1 hour each.

Material is then dehydrated prior

to Araldite embedding,

vi.

Technique for double staining E,M. sections on the grid
A. Uranyl acetate stain
Perfectly clean forceps are prepared by puncturing filter

paper wetted with methanol with the points, and spotting tiles
are cleaned.

Fresh stain is prepared by saturating absolute

methanol with uranyl acetate at room temperature.

The solution

is poured into a centrifuge tube, the top covered with Parafilm,
and spun for 5 minutes at 5,000 r.p,m.

This solution must be

used within 15 minutes of preparation.

Stain is placed in the

requisite number of wells in a spotting tile, the Parafilm is
pierced with a Pasteur pipette and the necessary stain withdrawn.
Addition of stain to the wells is made drop by drop, counting
the drops.

Then one drop of methanol is added to each well for

every 9 drops of stain to prevent crystallisation.

Grids are

248

placed in the wells, never more than three grids per well.
Grids are put in edgeways and flattened under the stain, leaving
the grids face upwards,

A small flange, bent on the edge of

each grid, facilitates handling.

The wells are covered with a

flat sheet of clean glass and the grids left to stain for 20-30
minutes.

This period is not critical*

The next two rows of

wells are filled with absolute methanol and after staining the
grids are transferred, one at a time, to the methanol.

When

all grids are in methanol they are further transferred, in the
same order, to the second row of wells, care being taken to blot
the forceps between the points with a piece of filter paper
between each transfer.

The grids are passed through the next

three rows of wells which contain 80%, 50% and 30% methanol.
Finally they are washed in wells of glass distilled water, two
changes, and are dried with a hair dryer equipped with a filter
to exclude dust.

B.

Lead citrate stain
The stain is prepared by dissolving 1.33 g lead nitrate

(AR) and 1,76 g sodium citrate (AR) in 30 mis glass distilled
water.

After allowing 30 minutes for reaction, shaking

occasionally, 8 mis of IN sodium hydroxide solution is added and
the suspension so formed diluted to 50 mis by the addition of
glass distilled water.

Turbidity is removed by centrifugation,

decanting the supernatant.

The stain is stable for three months
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if stored in a refrigerator at 4°C.

The pH is about 12.0.

The

stain is always centrifuged before use even if it has Just been
prepared since any precipitate will be disturbed on decanting.
Precipitate is also formed on exposure to atmospheric carbon
dioxide and stain is therefore kept in tightly stoppered bottles.
Centrifuge tubes are used covered with Parafilm and stain is
removed by piercing the film with a Pasteur pipette.
As far as is possible staining is carried out in the
absence of carbon dioxide by working in a Petri dish, the base
of which is covered with a round of filter paper soaked in IN
sodium hydroxide solution,

A square of clean dental wax is

prepared and laid on the soaked filter paper.

Small drops of

stain from a pipette are placed on the dental wax and grids,
touched on top of them, float.
left to stain.

The dish is covered and the grids

Time of staining depends on the fixative used:-

If fixed in osmium tetroxide, in any buffer other than
phosphate, staining is for 15-20 minutes.

If fixed in phosphate

buffer, or fixed with glutaraldehyde, the stain is diluted 1/5
before centrifugation, and used for 5 minutes.

If double

fixation has been used, e.g. glutaraldehyde followed by osmium
tetroxide in veronal buffer, the diluted stain is used for 5
minutes.

After staining in lead citrate the grids are transferred

to 0.02N sodium hydroxide solution in the wells of a clean
spotting tile as rapidly as possible.

Two changes of dilute

sodium hydroxide are used and it is imperative that the forceps
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be blotted between the points after lifting each grid off its
drop of lead citrate stain.

Finally the grids are washed in

two changes of glass distilled water and dried with a hair dryer.

vli.

Toluidine blue/borax staining for 'thick' Araldite sections

Araldite sections cut at 1-1.5ji thickness can be stained
for light microscopy using a 1% aqueous solution of toluidine
blue containing 1% borax.

Sections are cut in the normal way

using a glass knife, but are picked up on small pieces of coverslip.

This is more easily done if the sections are cut onto 20%

acetone than if they are cut onto water, and it is advisable to
change the knife or re-fill the bath with 20% acetone when
beginning to cut 'thick sections'.

The sections are then dried

onto the piece of coverslip, covered with a large drop of dye
and placed on a hotplate until the dye solution is seen to begin
to steam.
water.

The sections are then removed and washed in distilled

They may be examined naked, even with oil immersion

objectives.

However, permanent preparations can be made by

mounting in euparal, which causes some distortion of that part
of the Araldite not containing embedded material or they may be
mounted in Araldite, which has a less satisfactory refractive
index.
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Appendix 4
Schedules for Cytochemical Tests

i.

Periodic acid-Schlff test

1.

Fix in Carnoy 6:3:1 for 2 hours,

2.

Bring squashes or sections to water.

3.

Oxidise preparations with 0.8% aqueous periodic acid.

Sections require 10 minute oxidation.

Squashes 20 minutes.

4.

Wash in running tap water for 5-10 minutes.

5.

Place preparations in Schiff's reagent for 30-40 minutes.

6.

Rinse in three changes of freshly prepared bisulphite,

^olution for 2 minutes each.

The bisulphite solution consists of

10 ml N HCl + 10 ml 10% NaHSO^ + 200 ml distilled water,

ii.

7.

Wash in tap water 1-3 minutes.

8.

Dehydrate and mount.

Acetylation

1.

Place preparations for 24 hours at room temperature in

a 2:3 mixture of acetic anhydride:pyridine.
2.
water.

Rinse in ethanol 1-3 minutes, and briefly in distilled
For squashes, bring quickly to distilled water through a

graded ethanol series.
3.

Stain by PAS method.
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ill.

Lipid extraction (method 1)

1-

Immerse fresh preparations in a large excess, e.g. 2

slides per Coplin jar, of ethanol:chloroform;ether 1:1:1, for
24 hours at room temperature^

iv.

2o

Transfer preparations to light petroleum for 6 hours.

3,

Rinse in ethanol for 5 minutes and bring to water,

IKI-sulphuric acid test for cellulose

1.

Place the preparations in IKI solution for 15 minutes

or longer,

(IKI solution is made by dissolving 2 g KI in 100 ml

water, and then dissolving 0.2 g Iodine in this solution),
2.

Mount preparation in IKI under a coverslip, add a drop

of 65% sulphuric acid at the side of the coverslip, and allow it
to diffuse under.
Walls containing cellulose stain a dark blue.

iroxylamine-ferric chloride test for pectins
1.

Place the preparations on a slide in 5-10 drops of an

alkaline hydroxylamine solution for 10 minutes, using fresh
reagent.

(Make the reagent by mixing equal volumes of sodium

hydroxide solution (14 g of 100 ml in 60% ethanol) and hydroxylamine
hydrochloride solution (14 g in 100 ml 60% ethanol).
2o

Add to the slide an equal volume of a solution of 1 part

concentrated HCl and 2 parts 95% ethanol to acidify the reaction
mixture.

255

3.

Remove the excess solution from the preparation, and

flood with 10% solution of ferric chloride in 60% ethanol
containing O.IN HCl.
Esterified pectins will appear red.

vio

Pectinase digestion
1„

Prepare pectinase solution by mixing 1 part 0.07M EDTA

solution with 2 parts 2% pectinase (E. Gurr) and 1 part IM
phosphate/citrate buffer at pH 5.5.
2.

Digest preparations for 24 hours at 37°C.

N.B. Care must be exercised in removing slides from the enzyme
medium as sections and pollen grains become loosened and tend to
float off.

The method is best carried out by placing slides on

glass triangles in petri dishes and filling with medium until
they are covered.

On completion of digestion the level of the

medium is reduced by sucking some of it out using a Pasteur
pipette, until the slides are uncovered.

They are then left to

dry before removal.

vii.

Cellulase digestion
1,

Prepare 1% solution of Cellulase (B.D.H.) in IM phosphate

buffer at pH 4„0.
2,

Digest preparations in this medium for 24 hours at 40 C,

Take precautions indicated in vi. above, to avoid loss of material.
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vilio

Ammonium oxalate extraction of pectins
1„

Immerse fixed preparations in 0.5% ammonium oxalate in

Coplin jars kept at 90°C in an oven or water bath, for 12 hours,

ix.

2.

Rinse in distilled water.

3.

Proceed as necessary.

All pectins are removed.

Diastase digestion
1.

Prepare solution of 0.1% diastase (E. Gurr) in 0.02M

phosphate buffer at pH 6.0.

The solution contains 0.8% sodium

chloride.
2.

Digest preparations for 2hours at room temperature.

3.

Rinse in distilled water.

Stain by the PAS reaction or

proceed as required.

X.

Aniline blue florescence method for callose
1.

Mount fresh or fixed preparations in a 1 in 2,500 aqueous

solution of water soluble aniline blue in 0.3M sucrose.

If fixed

preparations are used they should first be washed free of acidic
fixatives.

The addition of a drop of 0.880 ammonia solution to

the stock dye solution is recommended.
2„

Examine preparations after 5 minutes by incident light

using a Leitz 5 mm BG 12 exciter filter, and a Leitz K 530 barrier
filter*

Callose fluoresces an intense yellow-green colour that

does not fade appreciably.
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xi.

Methylene blue extinction
The determination of isoelectric point is used in the

histochemistry of polysaccharides and may help in distinguishing
between proteins, mucoproteins, and acid polysaccharides.

If

sections of complex tissues are stained with a series of dilute
methylene blue solutions buffered to different pH, the staining
of single structures will be extinguished toward the acid range.
This phenomenon is called methylene blue extinction.

Proteins

and other macromolecules are polyelectrolytes whose physical
properties are determined by the ionisable groups present within
the molecule.

Proteins, like amino acids, exist as complex

cations in acid solution.

As the pH is increased they are first

transformed into zwitterions and then into protein anions.

At

the isoelectric point, proteins exist as electrically neutral
zwitterions; at this pH the protein will not migrate in an electric
field, and its osmotic pressure, swelling capacity, viscosity, and
solubility are minimal.

Acid dyes stain proteins on the acid side

of the isoelectric pH while basic dyes, such as methylene blue,
stain on the alkaline side.

The isoelectric pH of proteins and

other ampholytes can be approximately determined in tissue sections
by using staining solutions of different pH„

If, for example, a

protein is isoelectric at pH 5.0, it will be stained with basic
dyes above this pH but not below.

The staining of structures

because of the presence of this particular protein will then be
extinguished as the pH drops to 5.0 or below.
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Method:

1„

Prepare a series of 0.64% aqueous methylene blue

solutions, in veronal acetate buffer, over a range of pH values,
at pH intervals of about 0.5 pH,

2,

Stain preparations for 24 hours in these solutions.

3,

Rinse sections in distilled water, mount in glycerin
jelly and evaluate immediately,

xii.

Gentign violet method for sulphated polysaccharides

1.

Stain preparations fixed in FAA or Carnoy 6:3:1, after

thorough washing, in aqueous gentian violet, 1 part in 1,280,000
for 24 hours.
2,

Rinse in distilled water, mount in glycerin jelly and

evaluate immediately.
N.B.

Permanent preparations can be made following rapid

dehydration and mounting in euparal, but the dye is very labile
during dehydration.

xlii. Acetolysis
1,

Prepare a mixture of 9 parts glacial acetic acid and 1

part ION hydrochloric acid.
2,

Immerse pollen in this medium and raise temperature to

100°C,
xiv.

Sudan Black B method for total lipids
1.

Rinse preparations, either fresh or calcium-formol fixed,

in 70% ethanol.
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2„
4°C,

Stain in 70% ethanol saturated with sudan black B at

The solution should be freshly filtered at 4°C prior to

staining,

A staining time of 5 minutes is usually sufficient

for sections but 15-20 minutes is necessary for extruded pollen
preparations,
3„

Rinse in 70% ethanol,

4o

Wash in tap water,

5,

Mount in glycerol, glycerin jelly or Aquamount (E. Gurr),

N.B. Decomposition of the dye occurs below pH 4.0 and the products
of the decomposition stain non-lipid components.

A check on the

acidity of the staining solution is therefore advisable.

XV.

Calcium-formol fixation

1.

Prepare fixative by dissolving calcium chloride to a

concentration of 1% CaCl^ in 10% formaldehyde solution.

Filter

after some hours, pour into a storage bottle and add to this a
few marble chips to maintain the solution at neutral pH.
2»

Fix material for 24-48 hours but no longer.

3,

Rinse material in running water for several hours,

4.

Proceed as required.

xvi. Sudans III and IV for fats, oils and waxes
1.
ethanol.

Rinse fresh or calcium-formol fixed material in 70%
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2o

Stain for 5 minutes in a saturated solution of a mixture

of sudans III and IV (equal parts) in an acetone/70% ethanol
mixture 1/1, at 4°C.

The staining solution is filtered at 4°C

prior to use.
3.

Rinse in 50% ethanol.

4o

Wash in tap water and mount in an aqueous mountant.

The

nuclei may be counterstained with haematoxylin before washing,

xvii.

Phosphine 3R

1,

Stain fresh extruded pollen preparations for 15 minutes

in 0,1% aqueous phosphine 3R,

Sectioned material may be stained

for 1-3 minutes.
• 2,

Rinse briefly in water,

3,

Mount in 90% 'Analar' glycerol,

4,

Examine in incident U.V. light using a Leitz 2 mm UG5

exciter filter and a Leitz K530 barrier filter, when lipids
fluoresce a silver-white.

xviii.
1,

Lipid extraction (method 2)
Place preparations in pyridine at room temperature for

30 minutes.
2o

Place tissue in fresh pyridine at 60°C for 24 hours,

3.

Wash in running watgr for 2 hours.
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N.B, All classes of lipids are removed, but pyridine is a strong
base and causes changes in other cell constituents.

This

extraction is best carried out in a fume cupboard in Coplin jars
sealed with aluminium foil.

xix. Acid haematein method for phospholipids
1c

Fix in calcium-formol for 24 hours.

2.

Wash for 2 hours in running water,

3.

Place material in dichromate-calcium solution (5 g

potassium dichromate, 1 g anhydrous calcium chloride, 100 ml
distilled water) at 60° for 5 hours.
4.

Wash in distilled water, 10 minutes.

5.

Place preparations in acid haematein solution (place

0,05 g haematoxylin in a flask, add 48 ml distilled water and
1 ml of 1% NalO^,
acetic acid.

Heat until boiling, cool, and add 1 ml glacial

Use fresh), for 5 hours at 37°C.

6.

Wash in distilled water for 10 minutes.

7.

Mount in glycerol or glycerin jelly.

N.B. Phospholipids and nucleoproteins are stained a dark blue or
blue-blacks

XX. Crystal violet method for spherosomes
1,

Fix material with 1% aqueous osmium tetroxide for 3 hours

2,

Wash in several changes of distilled water.

3,

Dehydrate through an ethanol series.
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4.

Transfer to acetone for 12 hours at room temperature,

5.

Transfer to dried ethanol.

6.

Stain in 0.1% crystal violet in absolute ethanol, 30

minutes.
7.

Rinse in ethanol,

8.

Mount in euparal.

xxi. Peracetic acid-Schiff test for unsaturated lipids
1.

Fresh material may be used but often shows considerable

shrinkage.
for 2 days.

Alternatively material may be fixed in calcium-formol
The material must not be paraffin embedded.

2.

Wash preparations in tap water for 1 hour,

3.

Oxidise the sections with peracetic acid for 3 hours at

room temperature.

Peracetic acid may be prepared by mixing 10 g

glacial acetic acid, 0.4 g concentrated sulphuric acid and 28.8 g
30% (100 volumes) hydrogen peroxide in a flask maintained at 2223°C, and agitated continuously with a stirrer, for 90 hours,

A

concentration of approximately 8.6% peracetic acid is reached at
this time and this is sufficient for histochemical purposes.

The

solution is stored at 4°C with sodium pyrophosphate (100 parts
per million) added as stabiliser.

The solution may be used for

several months.
4.

Wash in tap water for 10 minutes. Rinse in distilled water,

5^

Stain in Schiff's reagent for 40 minutes.
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6.

Rinse in three changes of freshly prepared bisulphite

solution for 2 minutes each (See Appendix 4,1 for details of
this solution).
7.

Wash in running water for 10 minutes.

8.

Mount in glycerol.

N.B. Use lipid extraction and bromination as controls. Unsaturated
lipids are coloured magenta,

xxii. Bromination of double bonds
1,

Rinse preparations in ethanol.

2.

Rinse preparations in carbon tetrachloride.

3„

Transfer preparations to a solution of 1 ml bromine in

in 30 ml carbon tetrachloride (Pipette bromine with a safety
pipette) for 30 minutes.
4.

Wash in two changes of.carbon tetrachloride.

5.

Rinse in 95% ethanol, 50% ethanol and in distilled water.

6,

Wash preparations in 5% sodium thiosulphate solution for

5 minutes.
7,

Then rinse in distilled water.

Proceed as required.

N.B., This method is satisfactory for sections, but causes shrinkage
in whole pollen cells and has the disadvantage that some lipid may
be extracted in carbon tetrachloride.

As a control for this a

straight carbon tetrachloride extraction can be used.
method, using aqueous bromine is:-

An alternative
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1.

Treat preparations with bromine water (1 ml bromine in

40 ml distilled water) for 3 hours at room temperature, in a
covered Coplin jar*
2„

Wash for 10 minutes in running tap water.

3.

Wash for 5 minutes in 5% sodium thiosulphate solution.

4.

Wash for 5 minutes in running tap water.

Rinse in

distilled water.
5.

Proceed as required.

xxiii. Ninhydrin-Schiff method for total protein
1.

Use material fixed in methanol (or ethanol), chloroform,

acetic acid, 6:3:1.
2.

Wash in ethanol, two changes 10 minutes each.

3.

Immerse preparations in 0.5% ninhydrin in absolute

ethanol for 24 hours at 37°C.
4.

Wash in 50% ethanol and then in distilled water.

5.

Stain in Schiff's reagent for 40 minutes.

6.

Wash in three changes of freshly prepared bisulphite

solution for 2 minutes each (See Appendix 4,i for details of this
solution).
7.

Wash in running tap water for 5 minutes, dehydrate and

mount in euparal.

263

xxlv. Naphthol yellow S for total prdtein
1.

Use material fixed in methanol, chloroform, acetic acid

6:3:1,
2.

Wash preparations in ethanol for 10 minutes.

3.

Bring preparations to water.

4.

Stain in 1% naphthol yellow S in 1% acetic acid for

15 minutes,
5.

Differentiate in 1% acetic acid for 15-24 hours at room

temperature,
N.B. For quantitative work use a standard differentiating time.
6.

Wash in distilled water for 10 minutes.

7.

Dehydrate, clear in xylene, mount in DePeX.

XXV. Deamination procedure
1.

Prepare a mixture of 20 ml 60% sodium nitrite and 60 ml

1% acetic acid.
2,

Immerse preparations in this mixture for 24 hours at

room temperature.
3,

Wash in three changes of distilled water for 5 minutes each.

4.

Proceed as required.

xxvi. Alkaline fast green FCF for basic proteins
1,

Use fixed material (6 hours neutral formalin).

2.

Wash overnight in running water.
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3.

Wash in distilled water, 2 changes of 10 minutes each.

4.

Immerse preparations in 10% trichloroacetic acid, 15

minutes.
5.

Wash in 70% ethanol, 3 changes of 15 minutes each.

6.

Wash in distilled water, 10 minutes.

7.

Stain in 0,1% aqueous fast green FCF at pH 8,1 for 40

minutes,

(Adjust pH with 0.02N sodium hydroxide solution).

8.

Rinse in distilled water, 2 changes of 3 minUtes each.

9.

Rinse in 90% ethanol,

10. Absolute ethanol,
11. Clear in xylene and mount in DePeX.
N.B. Considerable distortion occurs with whole pollen preparations
and the procedure gives better results with sectional material.
However, for photometric purposes whole nuclei in whole pollen
preparations can be used satisfactorily.

xxvii. Nitro BT method for succinic dehydrogenase
1.

Use fresh material.

2.

Immerse preparations in a solution composed of 10 ml of •

a stock solution of equal volumes 0.2M phosphate buffer at pH 7.6
and 0.2M sodium succinate, and 10 ml of aqueous nitro BT ( 1 mg/ml)
and sucrose to 0„3M.

Incubate in this solution for 60 minutes at

37 °C.
3.

Wash in distilled water for 5 minutes.
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4.

Mount in glycerol or glycerin-jelly.

Sites of activity are stained deep blue.

For controls use:

a.

the medium without substrate.

b.

medium containing malate instead of succinate.

c.

medium containing p-phenylene-diamine at 10 ^M, as inhibitor.

xxviii.Indigogenic method for esterases

1.

Use fresh or calcium-formol fixed material.

2.

Immerse preparations in a substrate solution composed

of 1.4 mg 5-bromo-4-chloroindoxyl acetate in 0.1 ml ethanol,
2,0 ml 0.IM tris buffer at pH 8.5, 1.0 ml of a solution of equal
- 2

parts 5 x 10

M potassium ferricyanide and 5 x 10

- 2

M potassium

ferrocyanide, 0.1 ml of IM calcium chloride, 5.0 ml of 2M sodium
chloride, and double glass distilled water to make 10 mis and
sucrose to 0.3M.
3.

Incubate for 45 minutes at 37°C.

Transfer preparations to 30% ethanol containing 0.1%

acetic acid.

Use glass or steel instruments to effect the

transfer.
4o

Rinse in double distilled water.

5,

Mount in glycerol or glycerin-jelly.

The sites of activity appear a blue-green.

For controls use the

medium without substrate and heat killed material.
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xxix. Method for 5-nucleotldase
1.

Use fresh material„

2.

Immerse preparations in a substrate medium composed of

110 mg anhydrous calcium chloride (final concentration O.IM),
24.3 mg of MgSO^ (final concentration of O.OOlM Mg^^), and 17.4 mg
adenylic acid (final concentration 0.005M) to 10 ml O.IM tris
buffer at pH 7.8 and sucrose to 0.3M.

Incubate for 30 minutes

at 37°C.
3.

Wash in distilled water and immerse preparations in a

2% solution of cobalt nitrate for 1-3 minutes,
4.

Wash in water and place in dilute ammonium sulphide

solution for 5 minutes.
5.

Wash in distilled water and mount in glycerol or

glycerin-jelly.
Sites of activity appear black. The control consists of:
a.

preparation incubated in medium minus substrate.

b„

preparation incubated in medium containing O.OOlM sodium
fluoride.

c.

preparation placed in ammonium sulphide withodt prior
incubation.

do

preparation heat killed before incubation. (5 minutes
boiling water).
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XXX. Method for acid-phosphatase (phosphomonoesterase II)
1.

Use fresh material,

2.

Imirierse preparations in substrate solution composed

of 0,6 g lead nitrate in 500 ml 0.05M acetate buffer at pH 4.5,
to which is added 50 ml of O.IM sodium ^-glycerophosphate +
sucrose to 0.3M.

Before use pH is adjusted to 5.0 and the

solution is filtered.

Incubate preparation for 1-5 hours (use

a standard time) at 37°C.
3o

Rinse in distilled water.

4o

Rinse in 2% acetic acid.

5.

Rinse in distilled water.

6.

Immerse in dilute ammonium sulphide solution (about 2%)

for 5 minutes.
7.

Rinse in distilled water, 70% ethanol, 90% ethanol and

finally transfer to dried ethanol for araldite embedding.
Alternatively mount in glycerin-jelly or glycerol after rinsing
in water.
Sites of activity appear black.

The control used is the same as

that given in Appendix 4,xxix.

xxxi. Extraction procedure for raphides
Anthers or small stem segments are homogenised in water in
a Waring blender for 10 minutes and the resultant mush squeezed
in muslin. The juice obtained is spun at 3,000 r.p.m. for 4 minutes
and the supernatant discarded, the pellet resuspended in
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distilled water and again spun down.

The supernatant is again

discarded and the pellet of raphides is suspended in a large
volume of distilled water and allowed to sediment slowly, in
such a way that the raphides drift to one side of the base of
the vessel for easy collection.

xxxii. Feulgen staining for DNA
1.

Use material fixed in acetic ethanol 1:3.

2.

Wash in ethanol for several hours.

3.

Bring preparations to water.

4.

Hydrolyse in 5N hydrochloric acid at room temperature

for 35 minutes,
5.

Wash in tap water, 3 changes of 5 minutes each.

6.

Stain in Schiff's reagent for 90 minutes,

7.

Wash in three changes of bisulphite solution for 2 minutes

each.
8.

Wash in distilled water for 30 minutes, three changes of

10 minutes each.
*

9.
10.

*

Dehydrate through an ethanol series.
Mount in euparal.

Alternatively a drop of 45% acetic acid may be added to the

preparation on the slide, it may then be covered with a cover slip
and tapped or pressed out to obtain flattening of cells, and made
permanent by the dry ice method of Conger and Fairchild (1953),
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xxxiii.

1,

Gallocyanin chrome alum technique for nucleic acids

The dye solution Is boiled for 10 minutes according to

Einarson (1951), and contains 150 mg gallocyanin, 5 g chrome alum
and 100 ml distilled water.

The solution is filtered, the

volume re-adjusted to 100 ml and the pH adjusted to 1.6 using
either hydrochloric acid or sodium hydroxide.

Freshly prepared

dye solutions are required for quantitative work.
2.

Fixed material is stained for 24 hours.

3»

Wash in tap water for 30 minutes.

4.

Dehydrate through an ethanol series.

5.

Clear in xylene for 15 minutes.

6.

^ount in DePeX.

xxxlv. RNA.-ase digestion

1.

Prepare the digestion medium using 2x crystallised

ribonuclease (G.T, Gurr) at a concentration of 0,5 mg/ml in
double glass distilled water, the pH of which has been adjusted
to 6,8 with either 'Analar' hydrochloric acid or 'Analar'
sodium hydroxide,

N,B. The use of buffers may extract RNA and

proteins thus interfering

with evaluation of the digestion

(Opie and Lavln, 1946; Sandrltter, Pillat and Thelss 1957),
2.

Digest In the enzyme solution for 2-3 hours at 60°C, or

8 hours at 37
3.

Wash in distilled water and proceed as required.
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XXXV.

DIJA-ase

digestion.

I. Prepare the enzyme solution by dissolving crystalline
deoxyribonuclease in phosphate buffer (O.I ll) at pH 7-0 to a
concentration of 0.2 mg/ral. Magnesium chloride (AE) is added
to a concentration of 0.003M, as an activator.
2. Digest preparations at 37°C for 4 hours.
3. Rinse in O.OI N hydrochloric acid, and then in
distilled water.
4. Proceed as required.
N.B. All water used in enzyme work should be double glass
distilled water, except where crude pectinase and cellulase
preparations are being used.

271

Appendix 5
Procedure and calculations used In mlcrospectrophotometry

The material is searched for areas of relatively transparent
and homogeneous chromophobe and a small square field is defined
in such an area, using the measuring diaphragm.

Transmission

through a clear field of equivalent area is then used to calibrate
the galvanometer to give readings between O and 100% transmission
by adjusting either the sensitivity controls of the photomultiplier,
or the galvanometer, or both.

A pair of monochromator readings

is then obtained in the stained field to yield the following
equivalent relationships:
. SAg,

Tj = T / ,

where the subscripts 1 and 2 refer to measurements at the first
and second wavelength respectively.

Once this relationship has

been established the monochromator slit width is maintained for
all subsequent readings with that particular chromophore, but
the field size may be varied, calibrating for 100% transmission
each time it is varied.
A nucleus or cell is selected, and moved into an appropriate
measuring field taking care that it is surrounded by a clear rim
of field and that no overlapping material is present.
of the photometric field B, is recorded.
measured at both wavelengths.

I and

The area

are then

In practice it is convenient to

measure the two I's and then the two IQ'S.

272

;

Tg

^10

=

^2
^20

is then calculated, followed by:

= 1-^1

h

;

Lg = 1-T2

followed by:

«=S

(Lj < Lg)

followed by;
C =

— —
2-Q

In
Q-1

Then:
LgCB
m

=

—
kglnlO

is calculated and gives the amount
of chromophore in arbitrary units.
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