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PART 1

Major contributions to pollen studies to the end of the nineteenth century.

The structure and function of pollen ﬁave long been subjects of
curiosity and speculation. Even beforé'the concept of sexuality-in plants
was generally accepted (see Wodehouse, 1935), natural scientists such as
Nehemiah Grew and Marcello Malpighi had recorded observations on pollen
morphology and hinted at some possible functions of pollen. Wodehouse
(1935) quotes from Grew's "Anatomy of Plants'", published in 1682, and from
Malpighi's Opera omnia (1687), pointing out the comparatively high degree
of accuracy in their descriptions of pollen, but at the same time
revealing their uncertainty at its."higher purpose'". A few sentences from
these works serve to illustrate attitudes to botanical investigation at

that time. Describing pollen grains, Grew says:

"The Particles of these powders, though like those of Meal or
Dust, they appear not easily to have ény regular shape; yet upon strict
observation, especially ﬁith the assistance of an indifferent Gléss, it
doth appear, that they are a Congeries? usually of so many perfect Globes
or Globﬁlets; sometimes of other Figure, but always regular. That which
obscures their Figure is their being so small: In Dogs-Mercury, Borage,
' énd véry many.other Plants, they are extremely so. In Mallows, and some
others, more fairly Qisible.

"The Colour of these small particles contained in the Theca is
also different. Bﬁt as that is usuall& white or yellow, so are these:i
sometimes Blewish; but never Red. And soﬁetimes not of the same Colour
with that of the Theca. Which further shows how scrupulops Nature is in

differentiating the Tincture of the several parts."

'Although not as detailed, Malpighi's descriptions were

essentially similar to those of Grew. However, he tended to interpret



the function of pollen in terms of human physiology:

“The pollen dust is likewise a mere secretion...prior to the
.maturation of the ovum...and may be compared perhaps to the menstrual

discharge of women."

Few advances in the study of pollen were made during the next
oentury and a half. Further work was forced to wait upon improvements in

microscopy made towards the turn of the eighteenth century.

‘Early botanists devoted much attention to the morphology of the

pollen wall, possibly because it was easy to observe. Turpin in his Essai

d'une iconographie végétale (1820) stated that the pollen wall consisted of
two layers, which he denoted "exhyménie'" and "endhyménie'". Purkinje, a
Bohemian physiologist, discussed the possible taxonomic significance of

pollen wall structure in De formis granorum pollinis relate ad familias

naturales adnota (1830). This was the second part of his major work on

pollen. He too recognised the composito nature of pollen walls, and
described some in detail, including observétions on the spines and porés of
the.externél coat, and tﬁe apparent protrusion of the inner coat at pointsv
of weakness. The French botanist Brongniart included in his investigations
the structure and development of pollen grains, and although many of his
hypotheses proved to be quife erroneous, the plausibility of his ideas is
emphasized by the fact that the Paris Academy of Sciences awarded him a
prize in experimental physiology. The paper which earned this acclaim,

Mémoire sur la pénération et le développement d'embryon dans les végétaux

phanérogamiques, was published in 1827. Brongniart described the pollen
wall as consisting of two layers, but ﬁistakenly believed segments of the
vreticulate thickening on the surface of certain pollen grains ﬁo be
.individual cells. He also believed that the functiop of all pores and

furrows in the wall was to permit the passage of "spermatic granules" into



and ultimately out of the pollen grain.

Brongniart's work, firmly backed by-the Paris Academy, influenced
"subsequent investigation to such an extent that few pollen researchers of
the time were able to approach problems of pollen structure with originality
and absence of prejudice. Von Mohl, a German botanist gengrally highly
regarded for his individuality, was unable to free himself sufficiently
from the current influence to make any real innovations in the study of
pollen surface structure, as was revealed by his major pollen work, Uber den

Bau und die Formen der Pollenkdrner (1834). A contemporary, Fritzsche, was

more successful in this respect. He produced four important works in five

years: . Beitrige zur Kenntnis des Pollen (1832), his doctoral dissertation

De plantarum polline (1833), Uber den Pollen der Pflanzen und das Pollenin

(1834), and Uber deun Pollen, which was read before the Acadery of Science in
St. Petersburg in 1836. This last work exposed von Mohl's misconceptions of
pollen structure, and its publicgtion'may well have been the factor which
discouraged von Mohl from further work in pollen morphelogy. Fritzsche was
a chemist by training, and much of'his work on the pollen wall dealt with
the chemical nature and reactivity of the intine and exine - terms which

Fritzsche himself introduced.

Pollen studies increased in popularity during the middle and later
years of the nineteenth century. Nigeli contributed much to the understanding
of pollen development through his work on pollen of five different genera.

In Zur Entwickelungsgeschichte des Pollens bei den Phanerogamen (1842) he

described the growth of the intine around each microspore, and the appearance
of the exine with its modifications for the outgrowth of_pollén tubes. .Schaéht
(1860), Strasburger (1889), and Mangin (1889) made further important
observations oﬁ wall development (see Wodeﬁousé, 1935). Fischer (1889)

investigated the structure and chemistry of the exine, and included his
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findings in his doctoral thesis Beitrdge zur vergleichenden Morphologie

der Pollenkdrner. He stated that the exine “cuticle'" showed similar

reactivity to thét of proteins, but differed from most of these in its
insolubility in alkali, differing also from cutin and suberin in this
respect. The exine itself he found to be insoluble in concentrated nitric
acid, hydrochloric, or sulphuric acid, and resistant to ''gastric digestion".
He reported that exine did react with sodium hypochlorite solution and with
chromic acid, but to markedly different degrees in different species. These
observations showed an awareness of the exceptional properties of exine
material. Fischer also commented on the higher refractive index of the
inner layer of exine, and the stronger‘affinity of the outer layer for
aniline dyes. His studies of the pollen of more than two thousand species
led him to conclude that the evolutionary trend had been towards a
strengthening of the exine, particularly by means of raised appendaggs.

‘The patterns appeared to be most complex in the Dicotyledons.

Although pollen wall morphology continued as a major field of
research.in the early twentieth century, botaﬁists aﬁ this time were
beginning to appreciate the importance of studying developmental processes,
and found pollen to be well éuited to investigations of this kind. The
'vcontribﬁtiéns of Sachs, who introduced several important concepts in his

developmental study of pollen, will be discussedvin Part II.



Introduction to Part II.

It would seem appropriate to introduce Part II with a generalised
~description of Angiosperm pollen érain development, so that the following
reviews of cytological, physiological and biochemical phenomena can be
related to the developmental sequence. Most pollen work has been carried
out with Angiosperms, and the wide variation in gametophyté-forms among the
Gymnosperms precludes a generalised account of their development. The
relatively small amount of relevant work on Gymnosperm microspores will

therefore be referred to in passing.

The microsporangia or.pollen sacs of Angiosperms are grouped
together in anthers, usually four at a time. Octosporangiate anthers are
known, and bisporangiate types occur asva result of precocious lysis of
tbe intersporangial septum. The microspores develop from sporogenous cells
which divide initially by mitosis for several generations, the final
division giving rise to the pollen m&;her cells. Each pecllen mother cell
devélops a thick callose wall, the "special" mother cell wall, and the
nucleus divides by meiosis to form fﬁur haploid nuciei. Cytokinesis may
occur in one of two ways, by simultaneous or successive cleavage.
Simultaneous cleavage produces a tetrad of microspores as soon as the four
nuclei are formed, while successive cleavage first produces diads and
forms the tetrads by subsequent deposition of another wall. Each cell of
the tetrad begins to develop an exine within the '"special" callose wall.
The callose is eventually degraded, and the microspores are released into
the anther loculus. After liberatioﬂ, the exine usually undergoes further
developmeﬁt. A cellulosié intine is secreted beneath it some time before
anther dehiscence. The major nuclear and cytoplasmic chénges which
~usually occur during pollen maturation are represented diagramatically

below: -



After release from the callose mother cell wall, the microspore has a
central nucleus, and the cytoplasm is not very dense. The nucleus enlarges
as it approaches S-phase, and during it. The timing of S-phase, however,

may not be correlated with the same cytological events in all species.

Small vacuoles usually develop at one pole in the cytoplasm.

The small vacuoles coalesce to form one large vacuole, which displaces

the nucleus from its original position.



The vacuole divides,

bridge of cytoplaém.

The mitotic spindle is formed asymmetrically,’in the bridge of cytoplasm.

Pollen grain mitosis occurs.



The vegetative (top) and generative nuclei are formed. A wall is secreted,
énclosing the generative nucleus in a little cytoplasm within the vegetative

- cell, Initially both nuclei are similar in appearance.

The vegetative nucleus becomes diffuse (euchromatic), whereazs the generative
nucleus elongates and becomes dense (heterochromatic). The generative cell
is now independent of the vegetative cell wall. The'generative cell wall

is 1ost; prior to this, permitting shape change and migration of cell.

The mature pollen grain in most species is binucleate at anthesis. In some
species the generative nucleus has already divided into two sperm nuclei
before dehiscence. A few species shed uninucleate pollen, i.e. anthesis

occurs before pollen grain mitosis.
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The.pollen grains are shed at anthesis, and if pollination'is
successful and incompatibility factors do not interfere, pollen tube
growth wili follow. Under appropriate conditions fertilisation occurs,
scmetimes within hours of pollination, sometimes notifor months. It is
probable that the tube produces eniymes which enable it to penetrate the
tissues of the stigma and style. While the tube growsvtowards the ovary,
the generative nucleus divides to form two sperm nuclei, if it has not
already done so before anthesis. One sperm nucleus fertilises the egg,

and the other combines with the "fusion nucleus'" to initiate the endosperm.

PART 11

Studies s_ince 1900.

A. The Pollen Wall

"It is the aim of investigétions of pollen wall growth to elucidate tBe
devices through which the intricate detail of different components is molded
in faithful conformity with genetical instruction. There is no doubt that
any evidence gained must contribute; in equal measure, to our understanding
of plant growth and morphogenesis in general, since so many mahifestations
of differentiation and development in plants do concern the cell wall."

3

Heslop-Harrison (1968)

Inferest in pollen wall development greﬁ during the middle years
of the nineteenth century. Sachs recorded his studies of pollen in his
"Textbook of Botany', the third edition cf which appeared.in English in
1875, and included the observation that microspores bore‘sculptured exines
even before their release from the callose motﬁer cell wall. This fact

received scant attention until the publication of Fitting's work (1900)
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on the development of spores in Iscetes andFSeﬂaginezﬁa. Dispute afose
ovér,the matter of control of exine formation, since Fitting had observed
that exines developed normally on .many aborted spores. This was widely
regarded as evidence for control over exine secretion by the anther
tapetum - for how could non-functional cells produce their own walls? On
the other hand, if the tapetum was responsible for deposition of exine on
the naked surfaces of microspores, how should one interpret Sachs'
observaﬁion of exine inside the callose mother cell wall, in physical
isolation from the tapetum? The rdles of the tapetum and the pollen

protoplast were obviously far from clear.

‘Among the early workers who studied this problemwere Tischler
(1908, 1915) who found well—de?eloped exines on aborted microspores of
Mirabilis, and Kosmath (1927) and Ubisch (1927) who independently showed
that in some Angiosperms the tapetum produced microscopic bedies of a
chemical nature éimilar to that of the exine. These are comonly known as
"bisch bodies", althougﬁ they were first described by Rosanoff in 1865.
At the time, their presence was almost universally accepted as prbof of
Fitting's contention that the tapetum controlled exine synthesis. However,
Beer (1911) had already suggested thét.early exine pattefning may be
initiated by the pollen protoplast, but that subseqpent wall developmént
came under thé influence of the anther taﬁetum. Thié was also proposed
by Drahowzal (1936). Sachs' important observations were apparentiy either

ignored or forgotten.

The chemistry of the exine attracted attention from early workers
concerned with wall development. The first detailed anélyses for a wide
range of species were made by Zetzsche (1932), who pfoposéd a géneral
formula fqr a material which he named "sporopollenin", the méin component

of all exines. Sporopollenin appeared to be a highly unsaturated polymer'
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characterised by resistance to acetolysis and to non-oxidative chemical
attack (cf. observations of Fischer, 1889). The nature of the polymer
remained an open question for some years, until Swiss chemists (Karrer

et aﬂ., 1935, 1949, 1950) resurrected the work of Bertrand and Poirault
(1892) who had observed the accumulation of»carotenoids in bo;h anthers
and pollen. Karrer was concerned to discover whether carotenoids were
implicated in the synthesis of sporopollenin, since their unsaturated
nature suggested that they may be a suitable precursor. However, nothing
definite emerged from these investigations. Studies into the chemical and
physicél properties of sporopollenins, largely sponsored by the oil
industry, intensified towards the end of the sixties. At an iqternational
symposium in 1970 Brooks and Shaw presented convincing evidence that
sporopollenins largely consist of polymers formed from carotenoids and
cgrotenoid esters. VWhile a few workers still believe there td‘be a
refractory component other than sporopollenin, tﬁe work of Brooks and Shaw

is generally accepted as the best analytical study to date.

Work on pollen wall.structure éontinued sporadically throughout
the forties_and early fifties, but it was the development of electron
microscopy which provided the techniques needed to observe the mechanisms
_of wa;l secretion. Following the deveiopment of the carbon replica

technique for studying pollen surfaces (Mihlethaler, 1955) a stream of
papers appeared describing the topography‘of hundreds of types of pollen.
In this context the contributions of Afzelius, Erdtmann, Miihlethaler,
Frey—wyssling, Sitte, Faegri, Ferndndez-Mordn and Dahl are important, but
the significance of their work was largely t;xonomic and contributed little
to the understandiﬁg of exine development per se.. At this time, published
works were purely descriptive, and electron microscopy did little more
 than substantiate the findings of light microscopy. With improvements in

techniques there was a growth of interest in the potential use of pollen
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as a material for studying several fundamental morphogenetic processes.

Ehrlich (1958) voiced this interest in the introduction to a paper on

pollen walls of Saintpaulia.:

"The ontogeny of the pollen grain, especially the development of
its characteristic wall, poses a number of basic problems in the cytology
of growth. Among these are the relafionship be;ween pollen wall formation
and ploidy or genetic control, and the degree to which the protoplasm is
involved in pollen wall development." In the first truly éntogenic study,
Rowley (l959)Irevived the old controversy fegarding the réle of the anther
tapetum in exine secretion. As the most convincing evidence for tapetal
control had come from studies of aborted pdllen, he paid special attention
tq sterile grains of Thadebcdntia and was able to confirm at the electron
microscope level that their exines were in fact perfectly formed. He
suggested however that the presence of a well developed exine on aborted
pollen may be due to the late death éf the protoplast, rather than dipect

tapetal activity.

Rowley's investigation was concerned with sequential changes in
the pollen wall, ana made no mention of changes in the cytoplasm of either
the tapetum or the pollen protoplast. To elucidate the fine-structural
mechénism of exine secretion it is cleariy necessarf to study the
cytoplasm responsible, and the first productive moves in this direction
Qere ﬁade by Heslop-Harrison. In his paper '"Origin of Exine" (1962) he.
stéted that microspores of Sifene and Cannabis did not actually bear an
exine at the tetrad stage, but that exinous material, formed in mitochondria,
aécumulated on the microspore surfaces. In contrast to Rowley, he regarded
the exine on aborted pollen as evidence for tapetal contrﬁl of exine
deposition. At the First Internation Symposiuﬁ cn Pollen Physiology énd

Fertilisation at Nijmégen he presented the keynote paper (Hesldp—Harrison;
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1964) in which he reported the observation of protoplasmic continuities
between sporopollenin "plaques' (Ubisch bodies) at the tapetal surface,
and the exine., This phenomenon he regarded as part of a series of
constantly changing interconnections between sporophyte and gametophyte,
and it appeared to strengthen his argument for tapetal control of exine |
deposition. In another paper (1963) Heslop-Harrison suggested a possible
réle fof the endoplasmic reticulum of the pollen protoplaet in determining
the wall pattere. He proposed that parts of the ER close to the plasmalemma
might become oriented in a particular way to assist the formation of the

' &primexine", a term he coined for the initial patterned wall which he had
observed within the callose mother cell wall. He believed the primexine
to be cellulosic in nature (although no convincing evidence was presented
to support this contention) and therefore did not regard it as a "proper"
exine, He suggested that the primexine became progressively impregnated
with sporopollenin, eventually forming the acetolysis-resistant wail which
appeared after the dissolution of the-callose. In this way, the pattern |
of the exine was supposedly determined by that of the primexine. As
HeslopQHarrison had stated only the previous year that a true, patterned
exine was apparently not present at the tetrad stage, the concept of a

"primexine'" may well have developed as a face-saving device in the light

" of new data - although it became widely accepted at the time.

In the same year, Rowley (1963), who had investigated the
development of Ubisch bodies in Poa, proposed that the tapetum was the
source of monomer precursors for sporopollenin and that polymerisation
could occur on any suitable surface. So far, Ubisch bodies had only been
detected in plants with the "secretory" type of tapetum, and Rowley
suggested that, among sporophyte tissues, only the degenerating cells of
a "secretory" tapetum provided a suitable surface. The newly formed

microspores provided another such surface. = The precise nature of the
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surface was not known, nor was the precurscr. All that was known was that
sporopollenin accumulated at specific sites at specific stages of
development. The fact whicﬁ led Rowley to believe the tapetum to be the
sole source of precursors was the current belief that "true" ccetolysis-
resistant sporopollenin was synthesized in the anther only after release
of the microspores from the tetrads. 'Both exine and Ubisch bodies were

known to develop after this.

The physicél structure of exines was clarified to some extent
about this time. By the sixtiés ig had been confirmed that ﬁost>exines
consisted primarily of two layers, an outer ornamented ektexine and an
inner endexine (using Faegri's_terminoldgy) or a sexine and negine
respectively (using tﬁat of‘ﬁrdtman). lImprovements-in ultramicrotomy led
to the detection of both lamellate and amofphous components in exines,
the sexine being charaéteriétically amorphous, while the nexine invariably
displayed both structures. Gullvég.(1966) discussed the significance of
the two components in relation to taxoﬁomy and function, and Skvarla and
Larson (1966) reported the as;ociation of membranes with developing exines
and Ubisch in Zea, an important step forward in the understanding of
lamellate structures. It was postulated that Uibisch bodies might be formed
around pieces of membrane-bound ¢ytoplasm deriving from ruptured microspores.
This was follpwed'shortly by the recogniﬁion that lamellate exine was
produéed by deposition (polymefisation?) of sporopollenin on membraﬁes in
spores of Anthurium and the liverwort,Scapania (Rowley and Southworth,
1967). Lepousé and Romain (Oenothera,; 1967), Godwin et al., (Ipomoea,
1967), and Angold (Endymion, 1967) were able to confirm this. Rowley and
Erdtman (1967) observed the progfessivé accumulation of sporopollenin on
membranes in the space between the plasmlemma and the sexine, giving rise

'to the lamellate component of.the nexine on microspores of Populus and.

Salix. Dickinson and Heslop-Harrison (1968) asserted (contrary to Godwin
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et al., 1967), that "all stratified exine originated cn or neaf lamellae
which are produced near the plasmalemma." They emphasized the r6le of the
plasmalemma, from which they believed the lamellae arose, in determining
exine patterning (cf. Heslop-Harrison, 1963). 1In another study of ﬁbisch
body development Echlin and Godwin (1968a) described "pro-{ibisch-bodies"
originating in close association with the-ER of tapetal cells in HellLebonus .
They appeared to be membrane-bound structurés with lipoid content. Once
lysis of the inner walls of tapetal éells had begun, these bodies passed
through the plasmalemmae and developed acepolysis-resistant properties
only after liberation into the thecal fluid. Echlin and Godwin suggested
that Uﬁisch bodies might develop from fragments of degenerating tapetal
cytoplasm which still retaingd some synthetic capacity. They noted the
presence of 'white lines', apparently membrane profiles, in both Ubisch
bodies and in mature lamellate nexine. The fact that sporopollenin always
developed extra-cellularly, in situations between the plasmamembranes of
microspores and the cells of the tapetum, they regarded as evidence for
the tapetal origin of precursors - a conclusion which cannot have been

very carefully considered. ,

It should be noted that most publications 6f the time referred
to "the" exine, as though all exines wére identicai, and it is clear that
many workers expected to discover a universal system governing the detailed
strucpuré, and mode and phasing of éynthesis of all exines. Nowhere was
this attitude more prevalent than at Cambridge, where Echlin (1968), having
summarised the developments of the past few years, asserted confidently:-
"Ihe results of other investigators...together with our own work indicate
that there appears to be a common sequence of developmental events during
pollen maturation", and also: '"it would be wise to seek a general
ontogenetic scheme that brings Ubisch body and exine development into a

basically similar pattern, and we believe that...the Helleboms system may
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prove to be a general one'" (Echlin and Godwin, 1968a). Nevertheless Mepham
and Lane (1968) questioned certain assumptions implicit in current reports.
Their own work with Tradescantia bracteata suggested -that the exine was not
in.fact deposited -through direct activity of the tapetum in this plant, but
that it was ''wholly a secretion of the pollen protoplast', an acetolysis-
resistant exine being formed in quantity prior to loss of the special
mother cell walls.. They found no evidence that sporopollenin was formed

in tapetal mitochondria, as had been suggested by Heslop-Harrison (1962),
and in fact found no evidence at all of sporopollenin in the tapetum of
fnadeAcaniia, a plant with an "amoeboid" tapetum. Their work was the first
ultrasﬁructural study of such-a system. They prouposed that the breakdown
of cell walls in the "amoeboid" tapetum was not a degenerative process,
preferring to regard it as a process of constructive reorganisation. In a
later paper (1969a) they described evidence for continuing synthetic
activity in the tapetal periplasmodium until shortly before anthesis (é.g.
mitochondrial phosphorylation, and a late phase of starch production) and
also reported the formation of apparently fully developed exines with
apertural regions,vinside callose mothef cell walls (cf. Rowley, 1959).
While these findings were regdily accepted, they initially attracted
criticism from membe;s of the Cambridge school, who disputed the validi;y

" of some observations. Godwin (1968b) was not prepared to accept the
presence of "true" exine inside the special mother cell walls, despite an

" amount of published evidence, and despite the fact that he had ailuded to

its presence himself in an earlier paper (1968a).

The problem'of participation of the microspore nucleus in the
control of exine development was also a matter of contention at this time.
Echlin and Godwin (1968b) took the view that available evidence favoured
genetic control by the haploid nucleus of the microspore, and Heslop~Harrison

(1968a) stated that, while the matter was unsolved and the balance of
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evidence favoured sporophytic control, there was'no evidence to completely
exclude participation of the microspore nucleus. The most persuasive
evidéﬁce agains; microspore nuclear control has come from studies of

| genetically deficient microspores. Savage (1956) working witn Pulmonaric
observed proper'development of exine on "miniature' microspores. These
arise at telophase 11 when simultaneous cleavage provides a mass of
éytoplasm around each nucleus, whether the nucleus is complete or consists
only of one or more chromosomal laggards. In Savage's plants, which were
»polypioids, laggards frequently led to the formation of such "micronuclei",
which then became centres for the development of "miniature" spores. It

is difficult to conceivevthat in all "miniature" p&llen grains the very
limited genome would élways carry the genes necessary to direct exine
development. If it is accepted that exine does in fact develop inside the
callose mother cell walls, then one must conclude that'the'cytdplasm of the
pollen mother cell is already "programmed” to produce exine at the right
time. This hypothesis was restated following observations with L{num by
Rogers and Harris (1969), and again by Mepham (1970) who had used triploid
clones of Tnadebcantia and‘;bserved perfect exines on géneticallyvunbaianced
and deficient'microspores, using.scanning electron microscopy to support
transmission work. In thic paper Mepham states that there is plenty of
evideﬁce to show that microspore protoplasts can and do synthesize exine,
and that it is ﬁot necessary to invéke tapetal synthesis to explain any
phenomena observed to date. He summarises the conditions probably required
for sporopollenin production: a surfgce for polymerisation, enzymes to
cérry this out (possibly attached to the surface), a supply of precursors,
and suitable environmmental conditions such as pH and ionic concentration.
He believes that precursors may well arise in both tapetum and sporogenous

tissue (cf. Echlin, 1968, who recalled the common origin of tapetal and

sporogenous cells, suggesting that both may have the potential for
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sporopollenin precursor production). The enzymes necessary tobeffecﬁ
polymerisation may also arise in both tissues. If these are present, but
- environmental conditions are not eonducive to polymerisation, no exine |
or Ubisch bodies can develop. A sudden change, such as a pH or ionic
change, could induce deposi;ion of sporopollenin on suitable surfaces.
Mepham suggests that the enzymes may be of two types: those that are
membrane-bound, which initiate polymerisation,aﬁd'soluble enzymes which
continue polymeriéationAonce it has begun. He expleins that the outward
grbwth of sexines, and the increése in girtﬁ of Ubisch bodies after
libefation into the thecel cavity, may be attributed to activity of this
second fype of enzyme. The iﬁcrease in thickness of nexines by lamellar
appositioﬁ of sporepolleein may be due to the development of successive
'layers of membranes from the plasmalemma which carfies the initiator
enzyme. Mepham points out that two-enzyme syetems of this type are not
uncommon, and are involved in the synthesis of several polysaccharides
such as glycogen and some starches (aithough there is no cer;ain'evidence
that any particular enzyme in these cases is membrane-bound). His ideas
provide cone possible explanation of the observation, so freQuently made, -

. of membranes associated with newly formedfsporopollenin.

The appearance-of spofopollenin at sites other than exines and
ﬁbiscﬁ bodies was first described by Banerjee (1967), who found that a
fenestraeed membranous structure developed over the inner surface of the
tapetal cells in certain grasses. This strueture,-which was acetolysis-
resistant, bore projections reachiﬁg into the thecal cavity among the
pollen grains, which often appeared‘entangled iﬁ’the network. Heslop~Harrison
(1969) then located a spofopollenin "membrane" around the outside of the
tapetun in some Compositae with an "amoeboid" tapetum. The entire tapetal

periplasmodium and microspores were therefore contained in a sporopollenin

"sac'". Similar extratapetal structures have subsequently been demonstrated
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in other species (e.g._Dickinson, 1970a) and they appear to Be a widespread
phenomenon aﬁong plants with "amoeboid"_tapeta. Where a fenestrated structure
develops inside the thecal cavity; as descfibed by Banerjee, it is likely

that polymerisation occurs over the surfaces of the exposed plasmalemmae

of the tapetal cells, once their inner walls have.been lost. The sporopollenin
projections may perhaps develop around finger-like projections from the

tapetal protoplasts.

Some of the mosf produétive recent work has been that ofFWaterkeyn
and Bienfait (1970) and Dickinson (1970b), aimed at uncoveringvthe precise
mechanism of exine patterning. _Interpreting data obtained from Liﬁiﬁm,
Dickinson suggests that the pattern is established by outgrowths of the
plasmalemma into a fibrous layer befween the callose wall and the microspore
protoplast. In fact, it appears frpm his micrographs -that the fibroqs layer
may be an area of callose dissolution. Waterkeyn and Bienfaig, using |
phase-contrast and fluorescence microscopy,iobserved a pattern on the inside
'of thé callose wall, which appeared to act as a hollow template for exine
deposiﬁidn in Ipomoea purpwiea. It seems likely that both papers are
describing the same phenomenon: the formation of a hollow template by
dissolution of patches of the callose wall, into which the micréspore
»plaémalemma'protrudes. The shape of the plasmalemma may then determine'the

eventual shape of the exine.

Whether or not contributions are ever made to the exine by
adherence of {bisch body material (perhaps in.a plastic state) is still-a
matter for debate. It is clear that in some species most, if not all of the
exine develops inside the tetrad wall, whereas in Songhum,for example, it
appearé that very little exine is present until after dissolution of the
tetrads (Christepsen et al., 1972). Certainly in éome species the main

exine development occurs after the tetrad stage, but whether tapetal
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material in the form of polymerised speropollenin is actually involved in
this: growth, is not yet clear. The consensus is that Ubisch bodies do not
éontribute in this way, but Risueiio et af. (1969) and Banerjee and Barghoorn-
: (1970) have presented contrary views. The latter paper suggests that new
spinules may be added to the ekfexine by Ubisch bodies. It is quite
possible that this method of exine growth does occur ét times in certain

species.

In summary, it Qould appear that the '"'primed" pollen mother cell
cytoplasm, bequeathed to the microspores within tﬁe tetrad, is the
.controlling factor in exine synthesis. The tapetum may be implicated in
the tranéportation of sporopoilenin precursors, bnt it is likely that the
microspore itself can synthesize theée from basic materials supplied Qia
the tapetum. Evidence from "miniature" grains suggests that the microspore

genome plays no major part in exine formation.

B. The Pollen Protoplast

Pollen has become increasingly popular as a matérial for
studying the mechanisms invoived in many fundamental cellular processes.
It is readily obtainable, and can be stored in the viaBle state for
' felatively long periods, but iﬁs main advantage is that.it provides'a

simple haploid system, the developmental fate of which is well known.: The
" development and differentiatién of pollen can be easily studied, because

an anther contains a population of pollen grains developing in relative’
synchrony, particulafly in the early stages. Being small and easy to

handle in quantity, pollen has many of the advantages which have made
bacteria so popular in biochemical and cytological research, with the

added advantage of being eucaryotic. Its major disadvantage is that, being,A

a gametophyte, it is only part of a life-cycle, and there is at present no
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knéwledge of the proportion of its genome that is expressed during its life.

A basis for: understanding the problem of génetic control qf céllular
. _growth and differentiation was prévided by the Watson and Crick model for

the structure of DNA (1953), a proposal which has been substantiated with
only'very minor modificationsf Nevertheless, it is only a basis and many
far—reaching problems remain to be investigated.- These inélude the influence
of the internal céllular envirqnment on gene function; the influences

exerted on a cell by its ekternal environment, including that constituted

by neighbouring cells; the detailed mechanism of protein s}ﬁghesis, which

is still poorly understood; the interrelationships between biochemical
pathways and their feedback mechanisms; and the exact structure and function
of sub-cellular organelles. To be acceptable, anyvmodel of gene action

must embrace all observed phenomena, biochemical, biophysical, and
thological, and this means that apparent anomalies such as e#tranuclear

DNA must be included. The complexity'of the problem has increased rather

than decreased since the historic paper of Watson and Crick.

Contributions made by pollen workers to the understanding of

fundamental processes will be discussed in Parts IIB and C.

(i) Synthesis of nucleic acids and nucleoproteins

Nucleic acid metabolism in pollen has aﬁtracted much attention
during the past three decades. The most extensive early work Qas carried
out by von Euler of alf. (1945, 1948) who determined the DNA and RNA
contents of pollen of Betfula pube#cené and éther plants, and by’
Sosa—Bourdouil.(l949, 1952, 1954) who dndertook comparative biochemical

.studies of the pollen of several higher plants. Biochemical eétimation
'methods are limited in #hat they can only give an "average'" picture of the

" nucleic acid content of many nuclei, and workers at the time tried to
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adapt‘newly'developed micrdphotometric methods to use instead of, or in
conjunqtiog with biochemical analysis. For example, Caspersson (1936)
develéped a photometric technique.which made use of the high absorption of
nucleic acids in the UV région. Pollister and Ris (1947) employgd a
fechnique in which nucleic acids were reacted with selected.compounds to
produce insoluble coioured derivatives with absorption peaks in the
visible part of the spectrum. The principal advantage of these techniques
is that they permit the examination of individual nuclei, and comparisons
can be made bétween them. Errors arise due to heterogeneous distributions
of chromophqre, but these can be reduced and standardised by making
absorption measurements on each nucleus at two wavelengths, and processing
results mathematically. However, mﬁch cf the early work is now known to be
unreliable, involving errors of 30% or mofe, and all work is strictly
comparative; Bryan (1951) chosé microspectrophoﬁometry to investigate DNA
and nucleoprotein synthesis in pollen of Trandescantia paludosa; from the
tetrad stage to the mature gametophyté. In comparing his data with results
obtained by Ogur ei al. (1951) for Litium LongLgolium, using biochemical
extraction and UV-absorption methods, hé claimed good agreement on relative
estimates of changes in levels of ﬁNA per nucleus,_at most stages of
development, but his technique was essentially unreliable for quantitative
evaluations. The results of Bryan, and Ogur ef al., contraryvto those of
Swift (1950) indicated that the vegetative and generative nuclei came to
contain the diploid amount of DNA, alfhough their chromosome complement'was
apbareﬁtly only haploid. The increase in total DNA just beforevanthesis,
reported by all three parties, was attributed by Swift to the expected
replication of DNA prior to generative cell mitosis. Bryan did not agreé'
with this interpretation, as he regarded the generative nﬁcleus.as already
diploid with respect to DNA. Although the morpﬁology of the differentiating

generative riucleus made it impossible to measure DNA levels with any degree
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of accuracy, Bryan concluded that the observed increase in DNA béfore
anthesis was entirely associated with the vegetative nucleus. On the other
ﬁand, Ogur et dﬁ. assumed that the increase was shared by both nuclei.
Bryan found that the rate of nucleoprotein synthesis was much faster than
that of DNA. He reported a phase of rapid protein synthesis in the
vegetative nucleus just after pollen grain mitosis, but did not suggest a
reason for this activity, and in fact questioned the plausibility of
unequal nucleoprotein levels in nuclei haQing equal DNA content. The
inherent inadequacies of the photometric technique at the time, and the
possibility that unknown contaminétion from tapetal nuclei may have
affected tﬁe quantitative eseimates, leave the results open to doubt.
Bryan was well aware of this, and stressed that the data obtained could
not be regarded as definitive. Perhaps the most important point arising
from this is that one should not expect all pollén to behave in the samé
way. In some species DNA replication may occur simultaneously in both

\.

nuclei; in others it may be staggered.

Taylér and McMaster (1954) used autoradiography and
microspectrophotometry to determine phosphorus incorporation into DNA, and
from this obtained reputedly quantitative data on changes in fhe DNA

content of pollen during anther development in L{&ium Longiglorum. Their
purpose was to.test the hypotheéis that DNA incorporates phosphorus only
when the amount of DNA per cell is increasing. Their technique permitted
‘the simultaneous estimation of 32P incorporated and the amount of DNA per
nucleus of microspores at equivalent stages of develepment. Autoradiog%aphs
showed that incorporation of 32P into DNA occurred during three separate
interphases: before pollen mother cell meiosis, microspore mitosis, and
generative cell mitosis, in three'"S" phases in fact. Feulgen photometry
indicated within its liﬁits of accuracy tﬁat the amount of DNA in each

nucleus was constant at all stages of development, except for the "S"
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phase periods, when it doubled, and during nuclear division, when the
expected halving occurred. Moses and Taylor (1955) also used 32P-
autoradiograpﬁy and Feulgen microspectrophotometry to investigate DNA
 synthesis during microsporogenesis in Tradescantdia paludosa. Their 'class
values" for DNA'subport the work of Swift (1950), but conflict to some
extent with Bryan's values. The autoradiographic data did not permit them
'to decide conclusively whethef 32p incorporation preceded or accompanied
DNA synthesis. One importaﬁt point raised by Moses and T;§lor was the
bossibility of variation from species to species, and even from organism
to orgénism, in the precise time of DNA synthesis. They found that
synthesis in Tradescantia paﬂudo&a.was not necessarily fixed to a clearly
defined period, observing that it occurred in early prophése of meiosis,
in late interphase preceding microspore mitosis, and in mid-interphase
.preceding generative cell mitosis. It has been known for some time that
the length 6f the various stages of nuclear division tends to vary under
different environmental and experimenéal conditions, and it would therefore
seem rather futile to attempt to assign a fixed time in the cycle to DNA

synthesis, as some workers have done (Moses and Taylor refer to Pasteels

and Lison, 1950, and Thoday, 1954, in this respect).

During the fifties, the general consensus among bioleogists
working on DNA turnover was that synthesis only occurred in cells
preparing to divide. Later studies, however, gave evidence of DNA
synthesis in non-dividing cells. Working with tube (vegetative) nuclei
of germinating pine pollen, Stanley and Young (1962) used autoradiography
to investigate the incorporaﬁion of labelled nucleosides (thymidinev~3H)
into DNA. From their data it would seem that DNA turnover was in fact
taking place in the vegeta;ive nucleus; although the authors tﬁemselves
admitted uncertainty as to whether end-group fixation or short nucleotide'

synthesis may have occurred rather than actual incorporation. They
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questioned the general phenomenon of DMA synthesis in a non—dividing-cell,

suggesting-two possible reasons for such a synthesis:

i) the vegetative nucleus, being derived from the same parent cell as
the generative nucleus, may retain totipotency and therefore not only
replicate DNA but alsc divide under certain conditions.

ii) the large amounts of enzymes producea by the razpidly growing pollen
would require a considerable amount of mRNA, and possibly extra DNA
template would be needed to cope with the increased démands.

These findings lead to speculation as to whether or not Stanley and Young

were bbserving the synthesis of '"metabolié¢'" DNA. This term was coined by

Pelc, and describes a DNA fraction which can be manufactured or lost without

affecting the basic genetic complement cf the cell. Pelc (1972) suggests

that this DNA fraction comprises reproductions of the cistrons that are
active in a cell at particular stages of development, and that these
copies carry out the "metabolic" functions of the genes, e.g. RNA
transcription. . Tﬁey deteriorate whilé in use, and are reg;aced by further
synthesis. Pelc puts forward the hypothesis that, at leas£ in eucaryotes,
the production of extra copies of appropriate cistrons is the first step
to follow activation of a gene. In this way, the "hereditary' DNA is
protected from the repeated risk of damage occurring while in the single-
stranded state. Roels (1966) has reviewed photometric investigations up
to the early sixties which suggested the presence of "metabolic" DNA, but
the iﬁformation obtained from these has been superséded by more recgnt
auforadiograﬁhic data, particularly that of Pelc ahd La Cour (1959) with.
differentiating root cells of vicia gaba, Sampscn and Davies (1966) also
with Vicia, Owen (1963) and Owen and McPherson (1963) with osteocytes,

Pelc and Viola-Magni (1969) using adrenal medulla cells of rats, and

Lima-de-Faria et al. (1968) with insect oﬁgonia} Synthesis of '"metabolic"

DNA appears to be common during cellular differentiaticn, and lesses have
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been observed during periods of high metabolic activity. Stanley and

Young may well have observed the incorporation of precursors into

"metabolic" DNA in the vegetative nucleus in P{nus. 1In a later paper

(Young and Stanley, 1963) they indicate an awareness of certain similarities’
with events described in other.orgaﬁisms, referring to the work of Pelc

(1959) with seminal vesicle cells of mouse.

Steffensen (1966) studied RNA synthesis in L{Ziwn LongLfLorvm
pollen and observed that major syntheses occurred just before pollen grain
mitosis in G and after this division. Column chromatography indicated
that most of the RNA synthesized at these times was of the ribosomal type.
Steffensen was not able to detect the presence of nucleoli and rRNA in
germinating pollen of L{&{um, although active ribosomes have been seen in
tubeé of other species (see p. 71 ). Mascarenhas (1966a) demonstrated the
incorporation of labelled nucleosides into unspecified RNA by both the
vegetative and generative nuclei in gérminating pollen of Tradescantia
vpdludo&a, substantiating the evidence of Young and Stanley (1963). Treatmént
with actinomycin-D failed to inhibit germination and initial elongation
of pollen tubes, implying that the requisite RNA for these processés
must have been synthesized before anthesis, and must therefere be of the
,"long'lived meséenger" type of RNA. Actinomycin-D inhibited subsequent
RNA synthesis, preventing further tube glongation and generative cell
mitosis. Moss (1967) and Moss aﬁd'Heslop—Harrison (1967) undertook
cytocﬁemical studies of DNA, RNA and protein levels in the developing
anther and spore tissue of Zea mays, using spectrophotometric techniques.
They intended to investigate the possibility that the anther tapetum
supplied nucleic acids to the de&eldping microspbres. Their data for
microspore DNA content and timing of synthesis substantiated the evidence
of Taylor and McMaster (1954), but did.not support the hypothesis that

tapetal nuclei provide discrete DNA, RNA and protein for the sporogenous
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tissue or the microspores. However, it was considered possible that the
tapétal cells supplied soluble DNA and RNA precursors to the.sporogenous
tissue during early anther develépment, from degeneration of <apetal

protoplasts. It is now recognised that microspores have the capacity to
synthesize their own precursors, and the réle of the tapetum is believed

to be little more than that of a transport tissue for basic materials.

Improved techniqdes have enabled workers in the lﬁst few years
to obtain more reliable data on nucleic acid synthesis in pollen.
Mascafenhas and Bell (1969, 1970) héve provided further evidence that
extensive rRNA synthesis ceases well before anthesis in Tiadescantia
pollen, and Mascarenhas (197la, b) has also produced evidencé for absence
of transfer-RNA synthesis after the obset of gefmination. The function of
small molecular weight RNA synthesized in pollen tubes is still under
investigation (Mascarenhas and Goralnick, preliminary report 19715.
Mascarenhas and LaFountain (1972) ha&e developed a method of separating
yegetative and generative nuclei, and have used 32P?autoradiography to
demonstra;e qualitative and quantitative differences in the RNA's
synthesized by the 