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SUMMARY

We investigated the development ofthe locule tissues of Gasteria

verrucosa (Mill.) H. Duval during microsporogenesis using electron

microscopy and summarized it in detailedpen-drawings.

In the early stages of development, the epidermis, endotheciumand

middle layer show no remarkable processes relating to tapetum and

pollen development.

The tapetum regulates the disappearance of the original cell walls

and the callose walls from the microspores and itself. These wall

materials partly turn into starch in both tissues.

The spherical shape of the meiotic callosewalls and the presence of

the cytomictic channels enable the pollen mothercells to divide into

equally shaped microspores, which is important for random dispersal.
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INTRODUCTION

MATERIALS AND METHODS

Intact anthers of Gasteria verrucosa (Mill.) H. Duval, at differentstages of development,

were fixed in 3% glutaraldehyde for 2 h and 1% osmium tetroxide for 45 rhin, both in

During the last decenniamany reports have appeared on tapetumand pollen development

and the relationship between them (see the reviews of Linskens 1964, 1967; Puri 1972;

Vasil 1973; Mascarenhas 1975; Shivanna et al. 1979; Bhandari 1984; Knox 1984 and the

many works of Heslop-Harrison). Few investigations were carried out on the develop-

ment of the other locule tissues and these mainly focused on anther dehiscence (many old

works, see Keijzer 1987a) or dealt with the systematics of anther tissues or endothecium

patterns (Richter 1929; Fames 1961; Davis 1966; Stanley & Kirby 1973). Although the

different locule tissues are sometimes described in reports on male sterility, where they

often show deviations (see the reviews of Edwardson 1970; Laser & Lersten 1972; Gotts-

chalk& Kaul 1974), investigations on the fertiledeveloping locule as a functional unit are

scarce (Reznickova & Willemse 1980).

In the present report the ultrastructural development of the locule of Gasteria verrucosa

(Mill.) H. Duval is investigated. This work was preceded by some studies on detailed

aspects of the stamen in this species (Willemse 1972; Keijzer 1983, 1987a,b; Keijzer et al.

1987a,b; Schroder 1985; Van Lammeren et al. 1985) and is followed by a second part

(Keijzer & Willemse 1988).
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Fig. I. The pollen mother cell stage. Epidermis, endothecium and middle layer develop in a comparable way by

early vacuolation and an almost similar cytoplasmic content. On the other hand, the dense cytoplasm of the

tapetum and the pollen mother cells resemble oneanother.
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0 07 m cacodylate buffer (pH 7-2) at room temperature to prepare them for electron

microscopy. After dehydration in ethanol they were embedded in the low viscosity resin

of Spurr (1969). Ultra-thin sections were stained with lead citrate and uranylacetate

(Reynolds 1963) and observed in a Philips EM 301 at 60 kV.

We investigated twenty cells from each locule tissue and the amount, size shape

and position of nuclei, vacuoles, vesicles, plastids, mitochondria, dictyosomes, ER,

ribosomes, membranes and walls were determined in the plane of the nucleus. Locule

segments were reconstructed by means of pen drawings on the scale 2200:1 to reflect the

mean values ofthese observations.

RESULTS

1. The pollen mothercell stage (Fig. 1)

In the pollen mothercell stage the locule ofG. verrucosa consists offive tissues: epidermis,

endothecium, middle layer and tapetum are single layered, the pollen mother cells fill the

centre. The epidermis, endothecium, and middle layer are ultrastructurally similar in

many respects (Fig. 2a). All three cell types are vacuolatedand have a centralnucleus. The

plastids contain thylakoids which colour the anther green. Most of them bear a starch

grain (Fig. 2a), except in the middle layer where the plastids are smaller. The numberof

mitochondria is almostequal to the numberofplastids; dictyosomes and lipid droplets are

scarce.

The tapetum and the pollen mother cells almost resembleone another (Fig. 2b) and can

be only distinguished by cytoplasmic details. A clear difference is the more electron-dense

cell wall of the pollen mother cells (Fig. 2c). Both cell types are isodiametric, lack any

polarity and have a prominent central nucleus. In the pollen mother cells the nucleolesare

much larger. The mitochondriaare the same size as those in the outer layers, the plastids

are much smaller, contain membranous inclusions and ribosomes, and lack starch (Fig.

2d). The ribosome density is larger than in the outer layers. The tapetum cells contain

more RER and dictyosomes than the pollen mother cells but lack lipid droplets. The

pollen mother cells contain larger vacuoles than the tapetum cells, the amount of lipid

droplets is comparable with the outer layers. Plasmodesmata cross all the cell walls in the

locule except thosebetween the pollen mother cells.

2. The zygotene stage (Fig. 3)

In the zygotene stage the epidermis and endotheciumcells grow in both a tangential and a

radial direction, as do their vacuoles. The amount and composition of their cytoplasm

Fig. 2. (a)Cross-section ofan endothecium cell in the pollen mother cell stage. In the vacuolated cell the central

nucleus is surrounded by most of the mitochondria and the starch- and thylakoid-containingplastids (bar=

10 pm). (b) Cross-section ofa tapetum (T) and a pollen mother cell (P). The contents of the cytoplasm that

surrounds the large nuclei arealmost similar in both layers (bar= 10 pm), (c) The cell walls of the pollen mother

cell (P) are very electron dense compared with those of the tapetal cells (T) (bar =01 pm), (d) The poorly
differentiated plastids(P) of the pollen mother cell can be hardly distinguished from the mitochondria (M) and

lack starch and thyllakoids (bar= 1 pm), (e) In the zygotene stage the density of all organelles, and particularly
the ribosome ofthe tapetalcells, increases comparedwith the previous stage. Theplasma membrane undulates

on all sides of the cells (arrow) (bar =01 pm), (f) The zygotene stage can be identified by synaptonemal com-

plexes (arrow) in the huge nucleus of the meiocyte (bar= 10 pm), (g) In the zygotene stage the most distended

areas ofthe meiocytes (M) are filled with callose. Intercellular spaces (arrow) are visible, especially at sites where

more than two ceils connected in the previous stage. T=tapetum(bar = 10 pm), (h) Detail of(g). The cytomitic

channel (arrow) has the same width as the borderingmitochondrium (bar=01 pm).
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Fig. 3. The zygotene stage. The tapetalcells have just become binucleate and are isolated from the meiocytesby

the disappearance of the plasmodesmata. The callose deposition turns the irregularly shaped meiocytes into

spherical cells. The cytomictic channels enable the interchangeof cytoplasm.
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Fig. 4. The early tetrad. The number of organelles increases in the ribosome-dense tapetal cytoplasm. Thin

callose walls divide the meiocyte into four equal sized microspores. The latter are also congruent due to the

spherical shape of the originalcell.
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remains unchanged, only the size of the starch grains increases. The middle layer cells are

tangentially stretched and are flattened in a radialdirection.

The tapetum cells grow strongly and become binucleate after endomitosis. The

amounts of RER, dictyosomes, lipid droplets, mitochondria and plastids increase

(Fig. 2e). The plasma membrane undulatesslightly (Fig. 2e).

Both the meiocytes and their nuclei grow strongly, inside the latter, synaptonemal

complexes are visiable (Fig. 2f). Their original walls become more electron-dense than

those of the tapetumand the site of the middlelamella widens to leave intercellularspaces

at the corners (Fig. 2g). Callose deposition starts between the plasma membrane and the

original wall and turns the cell shape into a sphere (Fig. 2g). The plasmodesmata towards

the tapetum disappear and the meiocytes are mutually interconnected by much wider

cytomictic channels in which organelles may be present (Fig. 2h). The amounts of cyto-

plasm and organelles increase.

3. The early tetradstage (Fig. 4)

During meiosis no remarkable changes occur in the epidermis, the endotheciumand the

middle layer cells. The circumference of the locule increases slightly by incidental anti-

clinal divisions in the epidermis and the endothecium, by which the middle layer cells

continuetheir tangential stretching together with a radial flattening.

The tapetum cells grow slightly in a radial direction. The amount of dictyosomes,

RER, ribosomes and vacuoles increases, and the plastids fill with starch (Figs. 5a

and b). Electron-dense droplets lie between the cell wall and the plasma membrane

(Fig. 5b).

The meiocytes become spherical by further deposition of callose, which also closes

the cytomictic channels(Fig. 5c). They divideinto four microspores ofequal size and shape

by the formation of additional thin callose layers, which are bordered by dictyosomes

(Fig. 5d). The haploid nuclei are situated near the periphery of the original diploid cell.

The plastids contain a few single-membranous structures and sometimes small globules

(Fig. 5d). A few nucleoids appear in the cytoplasm (Fig. 5e).

4. The late tetradstage (Fig. 6)

The ultrastructure of the epidermis, the endothecium and the middle layer remain

unchanged, the circumference of the locule increases slightly and the middle layer

continues to flatten.

The tapetum cells stretch in a radial direction accompanied by an increase in both

cytoplasm and the number of vacuoles. In addition, the amounts of RER, ribosomes,

Fig. 5. (a) In the early tetrad stagethe tapetal plastids contain starch. The cytoplasm is rather electron dense and

contains many ribosomes (bar= 1 pm), (b) In the early tetrad stage the plasma membranes of two bordering

tapetumcells are covered with electron-dense droplets.W =cell wall (bar= 1 pm),(c) In the early tetrad stage the

growing callose walls close the cytomictic channels that originally crossed the cell walls (W) and the middle

lamella (M) in the previous stage (bar= 1 pm), (d) Many dictyosomesborder the thin callose walls (C) that divide

each meiocyte into four microspores. The plastids are undifferentiated (bar= 1 pm), (e) In the early tetrads free

nucleoids can be found in the cytoplasm (bar= 1 pm). (I) In the late tetrad stage the numbers ofmitochondria

(M) and starch-less plastids (P) in the tapetal cells are larger than in the early tetrad stage (bar = 1 pm), (g)

Pro-orbicules are depositedbetween the plasma membrane (PM) and the cell wall in the tapetal cells. C =callose

of the (late) tetrads (bar= I pm), (h) Electron-dense material is found inside the intercellular spaces between the

tapetal cells (T) and the late tetrads (bar= 10 pm).
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Fig. 6. The late tetrad. Both the tapetalcells and the microspores depositsporopollenin structures between the

plasma membrane and theoriginalcell walls, i.e. the pro-orbicules and the exine. The colpus is situated near the

periphery ofthe original mother cell.
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mitochondria and plastids increase, the latter sometimes contain starch (Fig. 5f)-

Along the centripetal part of the cells pro-orbicules appear between the wall and the

plasma membrane (Fig. 5g). The middle lamella between the tapetum and the tetrads

widens and partly dissolves, in some of these sites electron-dense material appears

(Fig. 5h).

The nuclei of the microspores move to the centre of each four-celled complex. The

callose wall formationaround the cells finishesand a primexine is deposited, invadedby

thebaculae of theexine and accompanied by the presence of dictyosome vesicles (Fig. 7a).

Near the future colpi the exine is very thinand here the plasman membrane is partly lined

with RER. The nucleoids are still present. The plastids contain more membranesthan in

the previous stage.

5. The youngfree microspore stage (Fig. 8)

The ultrastructure of the epidermis, the endothecium and the middle layer remains

unchanged, the circumference of the locule increases slightly and the middle layer con-

tinues to flatten radially.

The tapetum cells reach their maximal size, accompanied by a combined vacuolation

(Fig. 7b). In their plastids grey materialapears and the starch grains are enlarged (Fig. 7b).

Dark droplets are often visible between the mitochondrial membranes (Fig. 7c). The

amount of lipid droplets increases strongly. The pro-orbicules are covered with fusing

drops of sporopollenin and are connected by an electron-dense granular tapetal mem-

brane outside the plasma membrane (Fig. 7d). This surrounds the entire cell and is

associated with the extracellular dark droplets which appeared in stage 3 (Fig. 7e). The

original cell wall has disappeared (Figs 7d and e).

The microspores lose both their original (pollen mother cell) walls and the callose

walls, while the exine thickens and still contains the primexine between the baculae

(Fig. 7f). They float in locular fluid. Their plastids grow strongly and store small

starch grains (Fig. 7f). A few stacks of RER border the nucleus (Fig. 7g). The nucleoids

disappear and near the colpus a few large vesicles are confluentwith the plasma membrane

(Fig. 7h).

DISCUSSION

I. The development ofthe epidermis, endotheciumand middlelayer

In the younganther stages the development ofboth the epidermis and endotheciumshows

no remarkable processes which can be related to the development of the inner anther

tissues. The circumference of both layers increases due to tangential cell divisions. The

Fig. 7. (a) The primexine (P) of the (late) tetrads is invaded by the baculae (B) of the exine, which is often

accompaniedby dictyosome vesicles (arrow) (bar =0-1 pm), (b) In the young, free, microspore stage the tapetal

cells contain many vacuoles. The amount of starch (arrow) has increased compared with the previous stage
(bar= 1 pm), (c) Dark droplets appear between the membranes of the tapetal mitochondria at this stage (bar=

0-1 pm),(d) A granularmembrane (arrow 1) connects the orbicules that fuse with drops ofspropollenin(arrow 2)

(bar= I pm), (e) At this stage two bordering tapetum cells are separated by their plasma membranes (PM) and

tapetal membranes (arrow), the latter associated with the electron-dense dropletsthat appeared in the previous

stage. This outer part of the radial cell border lacks orbicules (bar=0-1 pm), (f) In the exine cavities of the free

microspores theprimexine (arrow) is still present.Many small starch grains fill theplastids (P) (bar= 1 pm), (g) A

RER-stack borders the nucleus of the youngfree microspore (bar= 1 pm), (h) A large vesicle (arrow) is continu-

ous with the plasma membrane ofthe colpus (C) of the young free microspore (bar= 1 pm).
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Fig. 8. The young, free microspore stage. The tapetum has reached its largest volume and shows the first signs of

degeneration.The original hydrophylic cell walls have been replaced by hydrophobic structures on the border

between the sporophytic and gametophytictissues, i.e. the orbicule-covered tapetal membranes and the exines.

The starch in the microspores and the tapetalcells may originate from the breakdown of the callose and cellulose

walls.
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increase in the amount ofstarch, already present before the pollen mother cell stage, may

be due to photosynthesis in the thylakoid-rich plastids themselves. In contrast with the

findings ofReznickova & Willemse (1980) in the Liliumhybrid ‘Enchantment’ (as far as

we know the only study on this topic), there are no similarities between the plastidial

contents of the middle layer and the tapetum in G. verrucosa.

2. The roles of the tapetum

Part of the tapetal functions, reviewed by Pacini et al. (1985), can be divided into three

main groups, depending upontheir finalgoal. Firstly, the regulation ofcellwall changes in

the locule; secondly, the supply of energy-rich substances to the developing pollen grains

(PAS-positive materials) and, thirdly, the preparation of the pollen grains on recognition

and germination (the transfer of sporophytic pollen wall enzymes). Aspects that can be

related to our observations will be discussed here.

The organization of the cell wallchanges. Our previous histochemical data(Keijzer 1987b)

and the present ultrastructural observations indicate that the tapetum has an organizing

role in the changes of the cell walls of both the tapetum itselfand the developing pollen

grains. Shortly after the callose deposition starts, the middle lamellas around both the

tapetumand the pollen mothercells desintegrate. Themore electron-denselayersof the cell

walls in both tissues remain and later disappear in synchony with the callose of the

meiocytes. These ultrastructural observations agreewith the histochemically tested disap-

pearance ofpectins, cellulose and callose, respectively (Keijzer 1987b). The synchrony in

both the tapetum cells and the meiocytes, concerning the pectin and the cellulose break-

down, indicates a similarorigin for the necessary enzymes. Thepresence ofthe callose walls,

which may be impermeable to large molecules (Heslop-Harrison & MacKenzie 1967),

during the pectin and cellulose digestion makes an enzyme supply from the meiocytes

unlikely. Therefore, the tapetumis the source ofpectinases and cellulasesfor both tissues.

Mepham & Lane(1969) demonstratedthatcallase, necessary to digest the callosewalls, also

orginates fromthe tapetum. This infers that the tapetumdirects the differentsteps involved

in the release of the microspores. The dictyosome vesicles outside its undulating plasma

membrane inthe meiotic stages mayplay a role in these excretions (Echlin 1971).

Apart from directing these wall digestions the tapetumis also involved in the synthesis
ofnew walls. The sporopollenin-containing tapetal membranesand orbicules, andpart of

the sporopollenin precursors for the exines are tapetal excretes, while the early exine and

inline originate from the microspore itself (Heslop-Harrison & Dickinson 1969, Heslop-
Harrison 1971). This means that the tapetum regulates the shift from hydrophylic (pec-

tins, cellulose, callose) to hydrophobic (sporopollenin) wall substances on the border

between the sporophyte and the gametophyte. This change is important for pollen

dispersal (Keijzer 1987b).

The tapetalreserves. During theyoungmicrospore stagethe tapetum cells reach theirlargest
size. The enlarging vacuoles (presumably filled with PAS-positive materials (Pacini &

Franchi 1983)) the increase in cytoplasmic lipids and ER, as well as the plastidial increase in

starch and greymaterials(presumably carotenoids (Reznickova & Willemse 1980)) reflect

the accumulation of different substances. In many species there is a close correlation

between the tapetal degeneration and the appearance of reserve substances in the devel-

oping pollen grains (Echlin 1972, Christensen & Horner 1974). In G. verrucosa the
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microspores store a large amount ofstarchbefore the tapetal degeneration becomes visible,
this is duemore to the callose breakdown than to tapetal supply (see below).

3. The developing microspores

The cytoplasm duringmeiosis. During meiosis, dedifferentiationofribosomes, plastids and

mitochondria, as reported by Dickinson & Heslop-Harrison (1977) in Lilium hybrida,

is not observed. This means that cytoplasmic changes from the diplophase to the

haplophase (Dickinson & Andrews 1977) are not observed in G. verrucosa. In contrast, the

presence of nucleoids related to cytoplasmic redifferentiation (Dickinson & Heslop-

Harrison 1970) is evident.

Possiblefunctions of the meiotic callose wall. The meiotic callose wall, also histochemi-

cally demonstrated in this species (Keijzer 1987b), presumably originates from ma-

terials in the dictyosome vesicles in the proximity of the plasma membrane (Echlin &

Godwin 1968; Willemse 1971a,b). Different reports have appeared on the role of these

walls and their cytomictic channels. Waterkeyn & Bienfait (1970) demonstrated a nega-

tive replica of the exine pattern on the inside of the callose wall of Ipomoea purpurea

(L) Roth, and supposed a possible role in the determinationof this pattern. Such a

pattern was also found (M.T.M. Willemse, personal communication) in G. verrucosa.

Heslop-Harrison & MacKenzie (1967) and Southworth (1971) demonstrated that cer-

tain molecules cannot penetrate the callose while others can, which suggests that the

wall may act as a selective barrier during meisosis. The observation that premature

callose digestion is often accompanied by male sterility indicates that a selective role

during development is likely (Izhar & Frankel 1971).

We assume a third function for this wall. In G. verrucosa, as in many species, most of

the callose is initially deposited in the corners of the original cell walls and turns the

differently shaped meiocytes into spherical, equally shaped cells (Van Lammeren et al.

1985). This enables them to divide into four microspores of equal size and shape, which

excludes any selective influence of size and shape during pollen dispersal. This equal

shaping is also effected by the symmetric arrangement of the colpi in the callosic

sphere. Furthermore, the amount of callose necessary to reach the spherical shape

depends on the size of each individual pollen mother cell and differs between the cells.

This causes different voluminal changes in the cells during the callose deposition. As a

result the cytomictic channels may play a role in equalizing the pressure between the

cells. In this action organelles are also transported. Heslop-Harrison (1968) suggests a

different function for these channels, namely the creation of a syncytium which may

synchronize the meiotic divisions. This may be true, although synchronous processes

also occur in species without cytomictic channels, e.g. Pinus sylvestris L. (Willemse

1971a,b).

There are indications for the recycling of a considerable amount ofcallose breakdown

products during the furtherdevelopment. Larson & Lewis (1962) reported that the supply

ofcompounds fromthe callosewall is in favour ofthe cellulosicprimexine. In G. verrucosa

we founda sudden increase in the amount of starch in both the tapetum and the micro-

spores shortly after the callose digestion. We presume that these two tissues take up

callose-derived sugars from the locular fluid for their starch production, the callose can be

regarded as an early reserve substance of the future pollen grains. In addition the pecto-

cellulosic walls of both the tapetum and the pollen mother cells may play such a role

(Pacini & Franchi 1983).
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