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TERMINDLOGY 1 (general)

abaxials: dirccted awéy‘from axis,

scropetal: from the base towards ihe apex.

adaxials directed towards the axis,

anticlinals: at rightlt angles to the surface of the organ,

basipetal: from the apex towards the hase,

distal: situated away from the point of attachment,

obligue: semi transverse/longiludinal,

paradermal: tangential longitudinal.

gericlinal: parallel to the surface of the organ,

proximal: situated near or towards the point of attachment of
the argan,

radial lorgitudinal: longitudinal section coinciding with a

radiuye nf a ecylindricai budy, sueh cs siam,

tangential longitudinal:' periclinal (usually applies to

epidermal cells).

transverse: across the long axis of the organ,

TERMINODLOGY ITI {Phaseolus vulparis E.)

Day D: mature air-dried seed,.
Day 1: @afler 24 hours of soaking in water,

Day 2,3,4,...¢ days of in vitro culture, or germiration.

Established callus tissue: callus derived from one cotyledon

explant after 8-10 sub-cultures.
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TERMINOLOGY _TI3 (Linum usitatissimum L.)

Day 0: mature air-dried seed (or ewbryo),

Day 1,2.,3,..+49: stages of germination in the greenhouse after

sawing at Day D,

Pay 10: fully elongated hypocotyl (this is ﬁhe average aqge;
elungation growth aof the hypocotyl ceases between 8 and
12 days).

Day 11412,13,...3 days since sowing of intsct (non-decapitated)

control seedlings, with fully elongated hypocatyls.

Day 10+1: 11 days after sowing and 1 day after decapitation of
the seedling (just beneath the votyledons)., Similarly,
Bay 10+2 indicates 12 days after sowing and 2 days after

decapitation...
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SUMMARY

The storaos cells in the cotyledons of air-dried Phaseolus
vulgaris seeds contain large quantities of polysaccharides,
protein ant Lo a lesser extent, lipids. A single multilobed
nucleus occurs in the centre of each storage cell surrounded by
largec starch grains, small plastids and mitochondria whilst the
tytoplasm cccupies the narrow channels hetueen the various
organelles., The cell walls are composed of two layers, the
outer, celluleosic, and inner, non-=cellulosic, and the latter
serves as a polysaccharide slore, After hydratian for 24 haurs
the storage cells respond to in vitro culturing, on solid medium
(Murashige and Skoog, 1962) containing 2,4-D, kinetin and coconut
milk, by producing a callus tissue which, when routinely
subcultured, eaontinues to grow for a potentially indefinite
pariad. No arganocgenesis wss observed in the callus cultures
during the ene year of cultivation., The callus appesrs on the
adaxial side of the cotyledon (which is in contact with the
medium) and, initialiy, mainly developes from the storage cells in
the vicinity of the adaxial provascular strands and progressively
spreads towards the abaxial surface, The puclear divisions
observed are mainly amitotic with mitoses apparently being
confined te storage cells which have already undergone nuclezr
fragmentation. Free-wall formation occurs frequently in
amitotically dividing cells and plays an active role in nuclear
frasomentation., Large labyrinthine wall bodies are abundant in
the dedifferentiating storage cells, sometimes apparently free
in the cytoplasm or maore often forming on the cell walls., Uall
bodies also occur, along with freely-forming walls, in the

establisbhed callus, A comparison is also made between in vivo



and in vitro development of the cotyledon; in vitro food
digestiorn proceeds slowly and it is faster on the adaxial side,
in comparison to relatively fast fopod digestion when in vivo
which occurs maore uniformly in the slorage Llissue, Neither.
cell divisionor organelle replication eccur during germination

The aip-dried Linum usitatissimum hypocotyl serves et food

storc (aloncg with the rest of the embryo) during seed dormancy,
with the main food stores being lipid, protein and polysaccharidess
during germination protein bodies are digested and give rise to
vacueles, The hypocotyl reaches its full heght at about Day 103
by thal time stomata are fully differentiated and in addition to
the normal epidermal cells and guard cells, "swollen'" cells occur
at various sites in the epidermisj all .epidermal cells contain a
spindle-shaped nuclear inclusion, Decapitation of the Day 10
hypocotyl results in the appearance of 5-20 de novo developed
adventitious buds which become macroscopically visible at the
upper end of this organ by about Day 10+8. The majority become
dormant but one bud eventually becomecs dominant and grows into

a replecement shoot, The initiation of a bud is charactericed

by several transverss divisions in the axially elongated, normal-
type epidermal cell, followed by radial and tangential longilitudinal
ones., The cortical cells, in the case uvf a non-dormant bud,
appear to dediffeorentiate more-or-less contemporansously with the
epidermal cells and s prdvascular connection becomes established
between the bud and the axial vascular tissue of the hypocotyl.

In the dormant bud this connection appears to occur later when
leaf primordia are already visible and only some discontinuous
tracheary elements differentiate in contrast to continuous strands

in the non-dormant bud. Dedifferentiation of epidermal and




cortical cél]s is apparently accompanied by the zppearence of
some highly irregular chloroplast profiles indiczting some kind
of chloroplast replication. After decapitatiaon the hypocotiyl
becomes gfeener, its top swells, the cell walls of cortical cells
become thicker, cortical chlorvoplasts develop massive starch
grains and transfer cells appear in the vascdar tissue connecting
the acdventilious bud with the axial vascular tissue as well as

in the latter itself,



1o INTRODUCTION

In the case of the higher animal, cell differentiation isusually"
finsl, whereas on the contrary a differentiated but living plant
cell, e.g. parenchyms, collenchyma, lignified cells, fibres and
even young ¢ieve tubes or vascular elements, can dedifferentiate
to a more meristematic type and eventually redifferentiate to
provide new cells that are likely to exhibit various other types
of specialization. If cellular differentiation is considered to
resuit fram a blocking or deflectian of certain encoded
cytoplasmic activities, it must be assumed that this blockinp or
deflection, which is permanent in the animal cell, is only
temparary in the plant cell (D'Amato, 1977; Gautheret, 1966).
This totipotency of the plant cvell has been expldited for
centuries by horticulturists for vegetative propagation by means
of grafting, rooting and or budding of cuttings. Ip naturey
partial dediffsrentiation may occur in the intact plant in the
formation of the interfascicular vascular cambium and cork
cambium during secondary thickening. It may also result from the
interference of microorganisms and insects (in such cases a
callus or gzll may be produced, Bloch, 1965;_Bruwn, 1969) or
result from mechanical wounding often leading to csllusing of the
exposed surface. 1In other cases organogenesis (with or without
prior callusing) may occur, &,n. Lhe production of adventitious

and
shoots from rocot stumps of JTaraxscum officinale, Lrambe maritima

(Bowss, 1971, 1976).
The first suggestions about the possibilities of the in

vitro culture of plant tissues were made by Haberlandt in 1902

(translation by Krikorian and Herquan, 1969). But it was only



considerably later in the 1930's when technical cevelopments
introduced by a number of workers (White, 1934, root tips of

Lycopersicum esculentum; Geutheret, 1937, 1938, cambial lissue

nf Salix carpaea; Nobecourt, 1937, 1938a and b, parenchyma tissue

of Daucus carota root and tuber cells of Splanum tuberosus) led

to the succesful prolonged aseptic culture of plent cells. With
the warious in vitro techniques now available (as listed in the
following paragraph)lgs nften possible to induce cellular
dedifferentiation = sometimes followed hy organageﬁesis - in
plant tissue which would normally remain quiescent in the intact
or wounded plant grown ip vivg.

Today the following types of aseptic cultures of plants

may be distinguished {Street, 197%; Butcher.and Ingram, 1976);

(a)., DOroan cultures; these are cultures {derived from root tips,

" stem tips, leaf primordia, primordia of immature parts of flowers
and immature fruits) which in culture persist growing in an

organisec manner, {(b). Embryc cultures; these are cultures of

isolated mature or immature embryos. (c). Calius (or tissue)

cultures; these ars tissues arising from the dedifferentiation
of cells derived from segments (explants) of plant organs,
Callus cultures are usually grown as a mass of cells on a sclid

medium. (d). Suspension culiures; these consist of isolated

cells (e.qg. separatec mesophyll cells derived from the 1eaf of

Nicotians tabacum) and very small cell aggregates remsining

dispersed as they grow in agitated liguid media. Suspensien
cultures are sometimes called cell cultures on the grounds that
they represent a lower level of organisation than callus cultures.
Isolated single cells can sometimes be induced to dedifferentiate

and preliferate into a cellular aggregate in which embryogenesis



or organogenesis occurs, leading to the production of new plants
from single, differentiated hut totipotent plant cells (Reinert,
19593 Pilet, 19617, complete plantlet arising from a single

cell of Daucus carota). (e). Protoplast culturess; these are

derived from single cells from whiech the cell walls have been
removed chemically. Viable protoplasts normally regenerate walls
and then divide to form aggregates which may somelimes regenerate
whole plants {Smith, 1974, production of somatic hybrid plants

from Nicotiana glauvca and N. langsdorffii leaf mesophyll

protﬁplasts).

In the current study the processes of cellular
differentiation and dedifferentistion in the higher plant have
heen followed in two contrasting systems. Firstly, the normal
germination changes (leading to rspid cellular senescence)} in the

mature colyleduns of Phaseolus vulgaris have been contrasted with

the in vitro development of the isoclated cotyledan; the latter
dedifferentiates into callus tissue which is potentially capable
of unlimited growth but without organogenesis. Secondly, the
diffcrentiation changes occurring in the epidermal and cortical

tissues of the hypocotyl of Linum usitatissimum have been Fulibwed

during germination, After elongation of this organ ihese tissues
remain quiescent until eventuwally sloughed off with the
expansion of the axis wnsequent on formation of secondary
vascular tissue and the eork cambium. However, the decapitation
of the young but fully elongated hypocotyl leads to the
dedifferentiation of epidermal cells at various positions on the
upper region of this organ. At such sites the adjacent epidermal
and cortical cells also bscome dedifferenfiated and soon the

meristematic mass of cells (in contrast to the dedifferentiated



cells of P. uulgaris) becomes organised into an adventitious bud
primordium,

In order to follow from the egarly stages the
differentiation of the cotyledons of P. vulgaris and hypocotyl

of L. usitatissimum the organs had to be examined in the air~-

dried seeds, The least explored stage, ultrastracturally, in the
l1ife cycle of the seed is the mature (air-dried) stagej this is
presumably due to two major technical difficulties, The first
problem is the generally unsatisfactory standard of specimen
preservation resulting from the use on dried sseds of the
fixatives and embedding agents normally employed for the
prepaeration (for electron microscopy) of the much more commenly
investigated hydrated, botanical specimens; the second problem

is that dry tissues are likely to undergo varying deygrees of
imbibition with the use of agueous fixatives, and sac perhaps
alter the structural state of the cytoplasm (Abdul-Baki and
Baker, 19733 Paulson and Srivastava, 1968; Swift and Buttrose,
1973). However, many workers have attempted to overcome these
difficulties by soaking in water the air-dried seeds of various
species (for periods varying from a few minutes to several hours)
and have assumed that no major ultrastructural changes occocur in
such a short period of hydration prior to fixation (Bechtel and
Pomeranz, 13877, 19?83 aﬁd b; Briarty et al., 19703 Buttrose, 196353
Horner and Arnott, 1965, 19663 Junes, 19693 Miodzianovski and
Wiowska, 19753 M{odzianovski, 19783 Neudrop, 1963; Nougarede and
Pilet, 19043 Epik, 19663 Paulson and Srivastave, 19663 Rost, 1972
Smith, 1974; Webster and Leopeld, 19773 Yoo, 1970)t Another
method used for the study of the air—dried seeds is the freeze-

etching technique but employing 100% glycerol es an anti-freeze



agent (Swift and Buttrose, 1972, 1973) instead of the 20% agueous
solution which is normally used with this procedure (Moore, 1964),

Chemical fixatier of cir-dried tissues by employing 0OsD, vapours

4
@s a non-aqueous fixative has also heen attemptec (Perner, 1965;
Simon, 1974% Swift and 0'Brien, 19723 Yatsu, 1965)., However,
comparative studies of such tissues fixed with eilther DSD&
vapours, aqueous fixatives or with the freeze-etching technigue
(Simon, 19743 Suwift ard Buttrose, 1972, 19733 Swift and 0'Brien,
1972) show that, while modifications may be effected at the
molecular level, gross structural changes are not usually induced
by agquequs fixation,

Bpik (1966) in an investigation of the changes opccurring
in the P. vulgaris butyledons during germination was apparently
unsucecessful in investigaetincg the air-dried seeds and described
only the epidermal cells of such material, She stated that these
cells generally resemble the 24 hour hydrated ones but sometimes
contain shrunken protoplasts and that the shape of all the
organelles is more engular than in the hydrated tissue., She alsco
reported in the air-dried epidermal cells the absence of
endoplasmic reticulum and suggested that the latter is reﬁlaced
by numerous small vesicles DfUQQD.Zme in diameter.

An extensive fine-structural description of the freshly
hydrated P. vulcaris cotyledon is given by Bpik {1965, 1966) and
at the licht microscopic level by Smith (1974)., According
to these authors, lhe cotyleden of P. vulgaris consists of three
systems of tissues: the storage tissue, the vascular bundles
and the epidermal and sub-epidermal cells whilst a well developed

intercellular space system occurs betwesn the cells.




(a}., The storage tissue,

The size of the storage cells varies fraom about SUFm im
diameter around the vascular bundlas, SD—BUPm uncer the epidermis
and up £a 160pm in the central regions furthest away from the
yascular bundles and from the surface. The chief food reserve
ocecurs in the starch greins {(which are up to S0pm in diameter)
and between them lie numerous protein bodies. These are more-
or-less round, delimited by a distinct single membrane and
measyre 2-22pm in diameter. The cell walls are linec with lipid
globulee, which are also found deeper in the cytoplasm, and
measure approximately U.1—1.5Fm in diameter, The cytoplasm
pccupies the narrow spaces left by the storage bedies, it
initially lacks vacuoles but contains all the usual 6rganelles,
The nucleus appears lobed (ameboid) and it measurss up ta 40pm.,
The greatly thickened walls of the storage cells are not
lignified; pits and corner thickenings are conspicuous under the
light micreoscope and under the electron microscope the outer wall
is seen to be composed of fibrillar elements, whilst the inner
thickened.wall contains in addition tubules of circular cross
section. The pits are pierced by groups of plasmodesmata,

(b)), The vascular bundles.

In a transverse section from the middle of the cotylecdon,
20 to 25 vascular hundles can be seen and the number of cells in
a vascular bundle varies fram about 50 to 250 cells, These are
closely packed, elongated and they are all thin walled and in the
ungerminated seeds, the bundles consist of procambial cells but
later vascular elements diFFerentiaté. Occasionally central
1ysiginuus spaces occur in the large vascular bundles.

{c). Epidermis and sub-epidermis.




The whole cotyledon is surrounded by the epidermis (with
a vary thin cuticle) whilst a distinct sub-epidermal layer is
only present under the abaxial epidermis. The cells of the
adaxial epidermis are slongated parallel to the long axis of the
cotylednon, they are about 1D—SDFm wide, up %o 100pm long and 1DFm
deep. The cells of the abaxiel epidermis are fairly regularly
polygonal in shape, up to 30pm in diameter and 10Fm deep.,
Stomata are not differentiated at Day 1 in either epidermal
layers. Protein bodies are present in bath the epidermal and
sub—epidermal cells but starch grains occur opnly in the sube-
epidermal cells and thesse grains are smaller Lhan in the storage
cells,

{(d)}, Intercellular space systam,

At every starage cell wall junction a triangular to
circular space is visible in section and these spaces are
interconnected to form @ complex network which ramifies throughout
the storage zone and occupies about 16% of the volume of the
ca£yledon. However, such spaces are not present in the vascular
bundles. At the adaxial side of the cotyledon the spaces
terminate below the gpidermie, but at the abaxial side they
penetratc between the epidermal cells and into the cuticle.

While most spaces svidently contain air, some are partially or

completely blocked with a proteinaceous materizl.

The main structural changes occumring during germination,
1
as they have been described by Opik (1966) and Smith (1yY74), are
as follows

(a). Storage cells. In the mitochondris, the matrix darkens,

the cristae swell and the mitochondrial ribosames disappear,

10



the rough endoplasmic reticulum becomes conspicucous and free
ribosome helices disappear. Digestion of the food reserves
commences in cells remote from the vascular strandsji the protein
bocies beain to swell and fuse to form a vacuolar system, the
lipid globules disappear and starch digestion begins. Belween
the fourth and the eighth day, the protein bodies and starch
grains are digested anc at the same time the cytoplasm
disintcgrates. The NDNA levels of nuclei of the Day 1 materisal
varies ?ram 2C to 32C but has an average value of 16C and it
decreases greatly after a few days.

(b}, The epidermal and sub~spidermal cells., The protein bodies

are digested and the cells become highly vacucolated: but unlike
the sﬁoraga cells, epidermal and sub-spidermal cells survive

until the cotyledons drop off and in the sub~ppidermal cells

(and those surrounding the vascular bundles) chloroplasts develop.
No changes mccur.Frum the 2C (epidermal) and 4C (sub~epidermal)
levels of DNA at Day 1.

(c), The vascular bundle cells. The mitochondria bscome more

numerous and moure highly cristate and ribosome helites disappear
by Day 1-4. Between Day 3 and 5 protein bodies and lipid globules
are dicested, small vacucles are formed and soms vascular elements
differentiate., 1In some cells mitochondria darken and their
cristae swell whilst paﬁallel arrays of endoplasmic reticulum
become prominent. Between Day 5~8 the mitochordrial darkening
and swelling of the cristae increase whilst the endoplasmic
reticulum forms concentriec figures and the vacuoles become
extensive, |

_Neither Epik (1965, 1966) nor Smith {1974) reported cell

divisions occurding during germination in the ceotyledons of P,

11



vulgaris and these organs after losing their fooZ =stores, underyo
rapid senescence followed by abscission from about Day 16 onwards,
Thus normally the epiyeal cotyledon in this specires iz an
evanescent orgen whose essential function is concerned with the
early nutrition of the seedling before the latter becomes
svtotrophic. However, previous investigations (Frame et al.,
1976) have shown that immature cotyledons of this species can be
induced to proliferate in vitrpo produeing a callus. The current
investigatian concerns the in vitro culture of mature cotyledons
of this species and has established that callus cultures derived
from the latter scurce can be routinely sub-culfured and continue
to flourish elthough organogeneslis is ahsent, over a prolonged,
potentially indefinite, perind, Hence growth and development in
vitro of mature cotyledonary tissue of P. vulgaris strongly
contrasts with its normal fate in the germinating seedling.
Somewhat surprisingly, neither the procambium nor epidermis
appear to divide in vitro, and the present investigation
primérily concerns certain of the changes in the storage cells

of the explant, which occur during their dedifferentiation and
callusing. 1In these e2lls the highly polyploid nuclei (Swmith,
1974) become reactivsied and mainly divide amitotically, whilst
profuse development of freely~forming wells and large,
labyrinthine wall bodies occur in the adjacert cytoplasm.

In a recent review, D'Amato (1978) sugoests that amitosis
(nuclear fragmentation) may be @ common phenomenon when plant
explants‘frum various murccs are grown in vitro on a medium
lacking auxin, or where the auxin-kinetin ratioc is unbalanced.
Cionini et al. (1978) have reported on the callusing of immaﬁure

cotyledons of \Vicia faba explanted on such a medium. Their

12



findings (which are however confined to light microscaopical
observations of squashed tissue) demonstrate that in this species
nuclear fragmentation dominates over mitosis during early grouwth
of the explant, and thai free wall formation vccurs in association
with emitotic nuclear division. The present research on P,
vulgaris cotyledans investigates in detail at the electron
microscopic level these and ether induced modifications of normal

development during in vitro dedifferentiation.

Tschirch and Oesterle (1900) described the seed of Linum

usitatissimpom L, and they reported that large aleurone bodies

(protein bodies) occur-in the cotyledons but that starch is
absent, According tg Mayer (1978, Table 2.2.) the three main

- food reserves found in the L, usitatissimum cotyledons are:
protein 23%, 1lipid 34%, and sugar 23%. An account of the
structure of the pro£ein bodies of the 24 hour hydrated
cotyledonary storage cells of the same species was given by Poux
(1965) and she reported globoid and crystalloid inclusians in
these bodies, Crooks (1933) gave & description of the external

morpholagical changes in the germination of L. usitatissimpums

this begins with the emergence of the radicle from the seed coat
by the end of the first or second dayjy the hypecotyl then
~elongates whilst the cotyledons are still in their seed coat and
the hypocoltyl, which is straight at Day 0, bends to a hook shape,
With the further elongation of the radicle and hypocotyl, thé
cotyledons are pulled uﬁt of their seed coat by about the fifth
day of germination and the hypocotyl eventually slraightens.
The'eﬁicotyl does not commence grouwth until the hypocotyl has

fully elongated and is about 4-6cm long, In a transverse section
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the lowuer part of the hypocotyl is root-iike in vascular
arrangement and a gradual reorientation of the primary vascular
tissue occurs at successively higher levels throughout the
hypocotyl, 1In the upper part of the hypocotyl, just beneath the
cotyledens,eight vascular bundles are abserved. These are
separated in two groups, each of which becomes a cotyledonary
trace.

The development of adventitious buds on the hypocotyl of

1, usitatissimum (following decapitation bensath the cotyledons)

according to Urooks (1933) and Link and Eggers (1946a),; was
reported first by Reichard (1857) and later commented upon by
Burns and Hedden (1906), Tammes (1907), Beals (1923), Adams (19724).
Acceording to Crooks (%933) plénts not more than 10 days old at
decapitation produce 5-20 buds on the lower part of the hypocotyl
and these still develop even when most of this organ is excised
to leave only a few millimeters above the ground. The
adventitious buds do not develop synchronously and when the
better developed ones are already macroscopically visible and
have already produced small leaves, others are still in
primordial stages of development. Finally one bud (which may
be at any.level in the hypocotyl in relation to the rest of the
buds) ocutgrows the D£hers. This hud is not necessarily the first
to have been iniliated on the hypocotyl and it gives rise to a
replacement shoot which grows ag an unbranched axis until the
faormation of a flower clusterj this matures at approximalely the
same time as clusters on intact plants of the same age.

The first chane occurring to the hypocotyl after
decapitatiorn is the expansion of intercellular spaces in the

cortical region. According to Crooks (1933) the initiation of

14




a bud starts with & division of a single epidermal cell and this
is quickly followed by & second division teo produce the so~called
four-cell stage., Crooks (1933) docs not specify the planes of
these first divisions, although from the illustratiuns he
provides it seems that the first division is a radial lonnitudinal
one and the second tanéential longitudinal or vice versa, In
turn the neighbouring epidcrmal cells become meristematic, whilst
the underlying cortical cells lose their chloroplasts, become
less vacunlated and begin tn divide; this activity of the
coftical.parenchyma continuous until an aclive zpne of cells
gxtends to the endeodermis. The axis of the adventitious bud isg
said to be derived from the eriginal epidermal cells, After the
bud primordium bulges out from the hypoceotyl two or three small
leaves become visible on it and they develop protoxylem elements
before a vascular conneclion is established between the maiﬁ
vasculer cylinder of the hypocotyl and the new budj this vascular
connection differentiates progres;iuely inwards from the new bud
to the axial vascular tissue of the hypocolyl.

Saome additicnal detoils on bud initiation in this species
were given by Link and Eggers (1946a); according to these morkeps,
following decapitation the hypoacotyl becomes greener and its upper
region swells due Lo an increase in the intercellular spaces.

In the material which they investigated (the same variety used
by Crooks, 1933) adventitious buds develop on both decapitated
and non-decapitated hypocotylsbut in the former macroscopic huds
develop only on the upper half of the hypecotyl whereas on the
intact hypocotyl buds are initiated on the lower hypocotyl but
do not usually deuelup.infﬁ macroscopic structures. Link and

fggers (1946a) slso reported that the first division leading to
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bud development is always a transverse division snd that this is
folloved by more transverse divisions within the mother epidermal
celly the radisal anc tangential.longitudinal divisions of the
epidermal cell (as illustrated by Crooks, 1933) only ovecur
subsequently. The initial division of an epidermsl cell is not
preceeded by a grossly detectable increase in its size, nor is
therr @ marked increase of its cytoplasmic contents ‘before anc
subsequent to the first divisians of the cell,

Gulline (1960) demonstrated that on decapitated hypocotyls
of this species which were partly covered, bud initiation only
ocecurs on areas 6? the hypocotyl exposed ta light. She also

noted that in the Ventnor variety of L. usitatissimum emplayed,

buds are only initiated on the decapitated hypocotyl.
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2. MATERIALS AND METHODS,

2.1. Culture of experimental material,

2.1«1. Phaseolue vulgaris L., var, Bush Blue Lake 274 (Dwarf Bean).

Seerds of Phaseolus vulgaris were supplied by Hurst,

Gunson, Cooper, Teber Limited, Witham, Essex, and used for both

in vivo end in vitro studies on cntyledon development,

For the in vivo observations, seeds were planted in
.Leavington's compost in pots in the greenhouse in early summer
Wnder natural lighting conditions; cotyledon samples were
collected at tweo day intervals for 12 days from sowing and fixed
and processed for microscopy (see section 2.2.)}.

for the in vitro experiments, seeds were soaked for 24
hours in tap water, then the testas were removed carefully
witheout damaging the cotyledone. The two cotyledons of each
seed were separated and the Bnds of the cotyledons between which
the embryo was located, were excised and discarded. (This
ensured that the subsequent callus formed in vitro, proliferated
from cotyledonary tissue only), The remaining § -~ 2 of sach
cotyledon was then sterilised in 0,1% mercuric chloride solution
for 10 minutes and wvashed thres times in sterile water., 0One or
two cotyledons were explanted aseptically, per 100ml Erlenmeyer
flask, with their adaxial surface firmly in contact with the
sterile nutrient medium (P1l, 7A). The flasks were incubated in
a grouth room at 25°C under continucous low intensity lighting.

In preliminary experiments on callus induction from
cotyledons, media A, B, J and K were used (see section 2.1.2.)
and medium J was finally chosen to be gsed in all subsequent

it
experiments as generally induced the most rapid callusing of
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the explant and supported good growth of the callus cultures

established from the explant, All microscopic observations were
made on material cultured on this medium,

The responses of the individual cotyledon explants to
in vitro culture on this medium were variable but within four to
five weeks the callus tissue, formed de nove, occupied most of
the surface of the nutrient medium and was in a suitable state
to be subcultured (Pl, 8A), Callus tissue derived from a single
cotyledon was then selected as a source of inoculum to
subcultlure and small pieces of about 0.Scm3 were transferred to
fresh medium. The material was subsequently routinely
subcultured every four-six weeks for a year, Tissue samples
from both the callusing explants and established cultures were

fixed and processed for microscopy (see section 2.2.).

2.1.2. Preparation of culturing media,

The basal medium is derived from that of Murashige and

Skoog (1962) and its constituents are listed telow:

Inorganic micro-nubtrients Inorganic macro~nutrients
Fesg,. 71,0 27.8mg/1 Mgso, 370mg/ 1
MNS0, «4H,,0 22.3ma/1 Cafl,.21,0 440mg/1
KI 0.83mg/1 KNO 1800mg/1
CaCl,.6H,0 0.025mg/1 NH ,NO ., 1650mg/1
ZnsS0,.7H,0 8.6mg/1 KH,PD, 170ma/1
Cuso,.5H,0 0.025mg/1

H-B0, 6.2mg/1

Na,Mo0, . 2H 0 0.25mg/1

18



grunanic constituents

Sucrose 30y/1
Glycine 2ma/1
Myo-Inositol 1DDmg/l
Vitamin B, 0.1mg/ L
Vitamin B 0.5mg/1
Nicolinic acid 0.5mg/1

EDTA {disodium salt) 37.3mg/1

All media were sclidified with 1% Agar and growth

substances were added as indicated belows

Medium A: coconut milk 10%
kinetin 0.,8mg/1
IAA 2,0mg/1
Medium 8¢ coconut milk 10%
2,4=D 5,0mg/1
Medium J: cnconut.milk 10%
kinetin 0.8mg/1
2,4=D 5,0mg/1
Mcdium K: kinetin 0.8mg/1

2,4=0 5,0mg/1

A1l ingredients were dissolved in distilled water in a
large conical flask, except Agar which was added last after the
pH of the madium had been adjusted to a value betwsen 5.8-83;
the medium was then sutoclaved for 15 minutee at 45atm., in order
to dissolve the Agar and approx,., 50ml was then poured into each

100ml Erlenmeyer flask; colour coded cotton bungs were used as
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stoppers and the medium was autoclaved agaln ¥or 20 minutes at
1%atm. in order to sterilise it, The medium was normally stored

in a coldroom at 40C in the dark.

2.17.3. Linum usitatissimum L, var, Linott,

Seeds of L, usitatissimum were kindly supplied by Dr.

Ihrahim of Carleton University, Montreal, Canada,

For the investigation of the sarly stages of germination,
seeds were placed in Petri dishes limed with filter paper, kapt
well moistened with tap water, and grown under natural
illumination in the laboratory on a bench near a window {Day 1,
2, % and 4 material), Tissue foar microscopie investigation of
these staues uf germination was selected from the hypocotyl
adjacent to the cotyledons. For the examination of the
hypocotyl at later stages of growth and during adventitious bud
formation, seede were planted in pots or trays of Leavington's
compost about 0.5cm beneath soil level. The seedlings were
grown in a heated greenhouse with supplementary irradiation
supplied by Thorn 400W MBFR/U high pressure mercury vapour lamps
to give a photoperiod of 16 hours throughout the year., After 10
days growth in thess conditions the majority of the hypocétyls
ware about 5cm high above the seoil level, fully straightened and
had ceased elongation, At this stage saedlingé vere selected
for uniformity. Frum some control specimens (Day 10), Smm
sagments were excised from the upper hypocotyl {i.e. adjacent
to the cotyledons) fixed, and processed for microscapy. The
remaining seedlings were, however, left growing} some of these
were left intact (as additional conlrols) but others wers

decapitated about {mm beneath the cotyledons and the hypocotyl/
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radicle axes allowed to continuc growth. Segments from the
upper hypocotyls ouf representative samples of both lots of
material were fixed and processed far microscepy at suitable
intervals until well developed adventitious buds had formed en
the c¢ecmpitated hypocotyls (about 20 days after germination),
Segments from malure (ebout 40 days 0ld) intact hypocotyls were
alsu fixed and processed to compare with the old {Day 10+30)

decapitated hypocotyl,

2.2. Procesginog of tigssues for LM and EM obscrvations.

2.2.1. Fixation, embeddinc and sectioning for LM and TEM.

1« The samples were normally dissected from specimens whilst
submerged in glutsraldehyde or Karnovsky Pixative (buffered as
later specified) and then transfarred to fresh fixative for

21 - 3 hours alt room temperature. During the lest 30 minutes
in the fixative specimens were placed under vacuum to remaove
air from the tissues and ensure that any floating specimens
became submerged, Usually, after fixation the tissues wers
processed’immediately, but in some cases specimens were kept in
the fixative for a few days under refrigeration at 4DC. The
fixative most frequently used was 3% glutaraldehyde huffered
with veronal acetate - HCl1 0.1M at pH 7.2, However, a mixture
of parafarmaldehyde-glutaraldehyde (Karnovsky, 1965) was
sometimes employed as an alternative fixative and this was
similarly buffered,

2, The specimens were then washed in buffer only for 3 hours
at room temperature (three to four changes) toc remove excess

fixative,
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3, The specimens were pepst-fixed in 2% 0s0, (buffered as above)

4
for 2% hours at room temperature,.

4, The specimens were again washed as in step 2,

5. The specimens were dehydrated in @ yraded series of acetone
at room temperature:

25% acetone for 30 minutes.

50% acetone for 30 minutes.

75% acetone for 30 minutes (ur overnight).

90% acetone for 30 minutes,

100% acstone for 1 hour (three changes).

(the 100% acetone was kept dry by placing enhydrous Cu504 in
the storage bottle).

6. Samples for infiltration in resin were placed in a 121
mixture of resin: acetone withaut accelorator at room
temperature., The amount of acetons in the mixture was gradually
decreased through evaporation by leaving the vials aopen
overnight in the fume cupboard, and the samples were Lhen
immersed in pure resin., When infiltration of the tissue was
complete the samples were transferred to fresh resin with
accelerator added., This was changed three times, ence every 15
minutes, and at this stage sampléé were placed in the oven at
60°C in order to accelerate the infiltration of the tissue with
the (otherwise viscous at room temperature) resin plus
accelerator. Finally, the samples were placed, together with
fresh resin plus accelerator, in either gelatine capsules, Beem
capsules, Beem capsule lids or small aluminium dishes;
polymerization was theﬁ carried out under vacuum at 60°C for

24=72 hours.

The epoxy resins most commenly employed, (as detailed
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below) were an EPON / ARALDLITE mixture and the louw viscosity
SPURR (Spurr, 1969) resin. A few specimens were alsou
infiltrated with EPDN, ARALBITE or DURCUPAN but generally the
cutting properties of these (polymerized) resins were inferior
to the former, All resins were thoroughly mixed first by hand
and then on a magnetic stirrer for at 1least 30 minutes before

UuSe.

Resin recipes:

EPON / ARALDITE

EPON" (Epicote) 15,.,45gm
DDSA 25.50gm resin only
resin 4+ accelerator
ARALDITE 10,00gm
DMP 30 0.75gm
SPURR
ERL 4206 10.00gm 7
DER 736 6.00gm resin anly
resin + accelerator
NSA 16 .00gm i
5-1 0.400gm

Semi~-thin (1 ar 2um) sections of the specimens were cut
en the LKDB 11880 PYRAMITOME and dried down in & drop of water
on a gelatine coated class slide. In many cases serial sections
of specimens were obtained either by wounting each section or
every 10th or Sth section {decpending on thickness) in order an
Lhe slide, Permanent preparations were made (following staining,
as in 2.2.4.) by using & drop of resin with accelerator as a

mounting medium end sealing with a coverslip,
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Ribhons of ultra—thin sections {silver-gold) were cut
with sither the LKD ULTRQTOME I TYPE 4802A or the LKB BBODO
ULTROTOME III wsing 6mm thick glass knives made with the LKE
7800 KNIFEMAKER, The ribbons were floated on to the surface of
water in a bath made fraom silver self-adhesive tape attached to
the knife. The ribbons were then flattened with chloroform and
coliected on copper grids {size either G50 or G75) coateo with
a thin collodion support film (2% cellulose nitrate in amylw-

acetate).

2.2.2, Wodified processing of some tissues for LM and TEM.

In order to obtain better fixation and infiltraticn of

air dried embryonic tissues of P, vulgaris and L. usitatissimum

the periocds in reagents were meodified from 2.2.1. as follows:

1. Fixation in glutafaldehyds - 24 hours.

2. Washing = S5 hours.

3. Pgst—fixation in USU& ~ 12 hours,

4, Washing -~ 5 hours,

5, All dehydration times were doublsed from those previously

specified.

6. Specimens were left in pure resin, without accelsrator, for

up to oné wesk and then embedded as previously indicated,
Satisfactory ultra-~thin and semi-thin sections could be

obtained only with difficulty from such specimens when freshly

embedded.. However, when the embedded material was left for

several years al room temperature, and then put in the oven at

60°C for about two houré, the ease of sectioning and section

quality was much improved.

For the study of the very early stages of bud formation
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I~
*

usitatissimum, in same specimens the epidermis of the

upper hypocotyl was stripped off carefully, with the aid of a
razor hlade and a pair of tM tweezers, after the specimens were
fixeo in glutaraldehyde.

The final infiltretion of these epidermal strips was
also modified so that they would stay flat in the polymerized
resin block in order that paradermal sections could be cut from
large areas of the epidermis: A piece of epidermsal tissue,
immersed in a drop of resin, was glaced in an aluminium dish
and covered with a flat block of polymerized resin to keep the
tissue flat. The dish was then placed in the aven and, when
the resin drop with spacihen was polymerized, the dish was
filled with more resin and put back in the oven; the resvlting
solidified block of tissue can then be cut to a suitable size
and shape for the microtome specimen hplder. This method
allowed satis?actory paradermal sections to be prepared for

both LM and TEM.

2.2.%. Section staining for TEM.

A double staining procedure with uranyl acetate and lead
citrate, was used for mosl specimens,
1. The grids were floated {section side downwards)} on the
meniscus ol & solytion of saturated uranyl acetate in water
(7.5%), at room tempereture for 20-45 ﬁinutea. The stain was
contained in an overfilled polythene cup, 6mm in diameter, The
grids then were.washed with distilled water and dried on Velin
tissue.
2. The gride were floated on a single drap (section side

downwards) of lead citrete (Reynolds, 1963) in a Petri dish.
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The 3id of this dish was lined with dental wax Lo make an air
tight seal and pellets of KOH surrounded the drop of staln on
the wax seal so as Lo absorb the C02 and hence prevent
contaminaticn of the specimens with lead carbonate crystals

which are insoluble and extremely hydrophobic (Hayat, 1970, p.

254).

2.2.4, Section staining for LM,

1., Joluidine Blue: Most sections were routinely stained for

about 15 seconds in a hot (about 60°C) 1% sclution of Toluidine
blue in 1% borax.

Cartain histochemical stains were also employed on same
specimens?

2., Aniline Blue 8lack {(C.I. 20470} 1% in 7% acetic acid was

used to locate proteins., The . slides were dipped in lhe stain
for 10 minutes at 50-60°C and then washed in 7% acetic acid to
remove excess dye, Proteins were stained blue,

3. Mercuric Bromophenol Blue was also employed to locate

proteins (Mazia st al,, 1953). Protein aeposits were stained
blus.

4, Iodipe {0.,2% iodine in 2% potassium iodide) solution was
sometimes used toc locate starch. Such deposits stained a
reddish=-purple colour,

5. Polysaccharides were traced with the Periodic Acid / Sghiff

(PAS) technique (Grimstone and Skaer, 1972). Sections were
oxidized in 1% agueous solut@on of periopdic acild (HIDa) for 10
minutes, washed in running water for § minutes, stained in
Schiff's solution for 10 minutes and finally wéshed in running

water for 5 minutes, Any polysacched.des present were stained
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red. for & control, the oxidstion with periodic acid was

omitted.

2.2.5. Preparation of cleared whole mounts for LM,

In ecrder to follow the development of the vascular tissue

in the decapilated L. usitatissimum hypocotyls, the latter were

fixed in glutaraldehyde (as in 2.2,1.) washed in distilled water
(several changes) and then treated with 5% NaOH for 24-48 hours
at &DOC. The NabH waes washed away with distilled water (several
changes)} the specimens were then stzined with a solution of 1%
tannic acid and 0.5% sodium selicylate for 1 minute followec by
1.5% ferric chlorids until black or blue black. The specimens
were finally washed with distilled water and mounted in
glycerine jelly on slides and covered with a coverslip (Bowes,

19603 Raju et al., 1977).

2e2.68, Preparatiaon of hypocotyl segments of L. usitatissimum

for SEM.

1. The specimens were fixed and washed as in 2.2.1. (Steps

2. The specimens were dehydrated in a graded saries of acetone
at room temperature as in 2.2.1. {step 5).
3., The specimens were dried in & Polaron E3000 Critical Point

dryer by using CO, and warm water lo provide the appropriate

2
critical point conditions,

4, The dried.specimens were mounted on aluminium studs with
the use of silver conducting stain,

5, the specimens wers coated with a thin layer of gold and

palladium in a Polaron sputter-coater by producing ©on argon glouw
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discharge.

2.2.7. MiCTOSCOpPES,

For LM observations a ZEISS PHOTOMICROSCOPE was used with
either a bright or phase contrast setting,

The initial twg years TEM studies were made on an AEL 6A
in the Boteny Department and abaut 25% of the electran
micregraphs result from this work. Subsequently, facilities on
a Philips 300 instrument beceme available in the Department of
Microbiology; the majority of the later studies was carried out
on this instrument, although some use has alse been made of the
Philips 301 electromn microscope recently installed in the Botany
Department,

The SEM photographs were taken with a CAMORIDGL 5600 of

the Anatomy Department of Glasqgow University.

2,2.8., Specimens examined by microscopy.

In the course of this study, section (for either LM or EM
observations) were cut from approximately 300 blocks of
processed tissue.

The phptographs illuatrated'in this thesis were selected
from approximately: 2600 transmission electron wmiecrogrephs, 850
light micrographs, 20 scanning electron wicreqraphs (a number aof
the specimens examined were not photographed since they did not
show appropriate stages of bud development) and 60 macro-
photographs. All negative material (except for colaur) was
processed and subsequently printed in the Electron Microscopy
Laboratory of the Baotany Department at Garscube,

Duripg this investigation three different electron
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microscopes were used and these were each calibrated (in the
magnification range used) with a 21601/mw standard specimen.,
However, variatiuns of up to +10% may be present from the print
magnification listed due to the inevitable errors occurring due
to inaccuracy of the enlargers and rounding off of the print

magnifications,
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3. RESULTS,

3.9, The mature cotyledon of Phaseolus vulgaris L, {Duwarf Bean):

its nprmal structure and development and modifications induced

in it by in vitro culture.

3.1.,1. General remarks concerning Lhe cotyiedon.

The structure of the freshly hydrated mature cotyledon of
P. vulgaris has been investigsted by gpik (1965 and 1966) and
Smith {1974); bowever, neither of these previous workers studied
the air dried seed of this species, pAdetailed descriptien aof
the fine-~structure of the non-hydrated cotyledon (in comparison
with the freshly hydrated organ) is therefore given here,
However, this account is limited to observations of meterial
fixed with agueous fixatives (see sections 2.2.1 & 2) and it is
pasible Lthat some hydration changes occured in the air dried
tissue before fixation was completed (see Discussian). for
unknown reasons the Day 1 cotyledonary tissue observed (taken
from several separately processed batchaes of material) generally
shows lower conlrast and usually poorer preseryation of the

membranes than at Day 0O,

3.1e2« Anatomy of the gotyledon at Day 0-1.

Plate 18 illustrates diaqgramatically s transverse section
through the mid region of the cotyledon whilst Plate OA shous
the histology of a small sector of this organ., A single-layered
epidermie is present and, on the abaxial side only, & single-
layersd sub-sepidermis ocecurs; the -ground (food storage) tissue

makes up the bulk of the cotyledon and about 20-30 (mainly
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langitudinally running) procambial strands are embedded in it,
with their distribulion more~gr~less paralleling the slightly
concave adaxial and markedly convex abaxial surfaces, These

" procambial strands are relatively inconspicuous and their
diameter usually approximately coresponds to that of the larger
storage cells (Pl, 98}, Within the storage tissue and the
abaxial sub-epidermal layer large, intercellular spaces exist
and the latter comprise about 16% of the cotyledon volume after
hydration {(Smith, 1974). In transverse section of the gotyledon
the storage cells vary from asbout SDPm or more in width in the
vicinity of the procambial strands to ﬁEDPm elseuvhere, the
procambial cells are about 5-15pm wide, the abaxial sub-epidermal
cells arc approximately 15_25Fm wide whilst the epidermal cells

are zbout 1UFm wide,

3.1.%4, Fine-—structure of the storage tissue at Day 0-1,

The cell walls of the starage tissue serve as food stores
(mith, 1974). 1In the unpitted areas they are about 5um thick
(plasmalemma to plasmalemma) in the Day 0 cotyledon (Pl. 18 and
2R) anc show two regioms (Pl. 2R). The outer, denser part (i.e.
the region on either side of the middle lamella) is cellulosic
according to Smith (1974)s it is aboﬁt 2.5Pm thick and consists
of microfibrils orientated parallel to the plasmalemma § the
inner regions of the wall (i.e. adjacent te the protoplasts)
consist af non-cellulosic polysaccharide (Smith, 1974} are less
densely staininy and composec of more loosely arranged
microfibrils and scattered vesicular structures. Numerous pits
(up to Tpm wide, P1. 2A) traverse the thickened cell walls and

the former are penetraled by plasmodesmata, Plate 20 shous the
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cell wall after 24 hours of hydrationy the inner wall is greatly
swallen, although the ocuter wall appears unchanged, Cowmpared with
pay 0 {(Pl. 2?B), very many more vesicles, of about 50nm diameter,

are present in the swellen inner wall region at Day 1 (Pl. 20)

as well as more what seem to be microfibrils, and these are
more densely stained.

The Day 0 nucleus (Pl. 3A-B and 4A) is multilpbed and
measures appraximately 10-15um in diameter. It is usually
centrally located in the cell and its lohes penetrate between
the surrounding large starch grains and nuherous protein bodies
(P1. 3A-B and 4A). The nucleus is sncleosed in a double
membraned snvelope and pores can sometimes be seen penetrating
the latter (P1l. 3B8). A single prominent nucleolue is usually
evident {P1. 3A) and highly condensed chromatin occupies most
of the nucleoplasm {Pl, 3%A) except for 8 narrow zone, up to
about O.SPm vide, adjacent to the envelope which is more-~or-less
(pl, 3A-B) free of chromatin. Plate 4B shnws the Day 1 nucleéeus
which is similar in shaps and size to Day 0 but the densely
staining condensed chromatin is now generally more peripherally
distributed {(c.f. Day 0, Pl, 3A~BE),

In the Day 0 cell numerous protein bodies (P1, 1A, 2A,
3A~B, and 4A) are also present as foed reserves and these occupy
most of the remaining cytoplasm which is nat taken up by the
nucleus and starch grains., The protein bodies vary considerably
in size (as seen in section) from abeut 0.1 to S.DFm in diameter
and they are rather anqular in outline, Their contents stain
unitformly (Pl. 1C and 4A) and they appear Lo be delimited by a
single membrane., Plates 2C and 4B illustrate the effect of the

24 haours hydration on the protein bodies; these are now somewhat
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swollen and appear rounder and more closely packed than in the
Day 0O cotyledon.

The other main food reserve of the Day 0 storage cells
is contained in the numerous large starch grains which are
10—20Fm in diameter (P1, 3R). Octasionally vacuolated
protrusions cccur fram the margins of the starch grainsj; these
regions are less dense than the adjacent cytoplasm (Pl., 6A) and
sometimes appsar to be bounded, together with the starch grains,
by membranes (Pl, 6A, arrow). It is considered likely thal such
a protrusion represents the remain; of the original amyloplast
stroma within which the single large starch grain develogped.
Several of the starch grains in Plate 38 show some slight
evidence of concentric zonation, which possibly reflects
successive layers of polysaccharidse deposition during their
development., (This zonation disappears after 24 hours of
hydration). The more readily apparent, densely staining radial
lobes on these starch grains are of very common occurrence (PI,
1A and 3A) and are considered to be artifacts resulting from
either folds in the sections or uneven thickness of the latter
(see discussion}. Such artifacts also occur in hydrated starch
grains (P1l., 4B and 5B).

Smaller plastids (as distinct from the large starch
grains) are usually observed grouped arocund the Day 0 nucleus
(P1. 3B and 4A). Their outline is sngular and rather irregular;
they messure 7—5Fm along their longest axis and are apparently
surrounded by an envelope. These plastids show thylakoid
membranes in the stroma and depasits of what appesrs to be
phytoferritin occur (P1l; 3B). Occesionally small starch grains,

up to approximately 2rm in diamster, and electron translucent
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vesicles (P1l. 41€) are present, Lipidic inclusions, similar to
the lipid ¢lobuli in the adjacent cytoplasm are snmetimes also
vigibic in the plastid stroma (Pl. 3R).

The plastids are not well preserved in the Day 1 tissues
examined,as is evident in Plate 4B; however the majority of the
plastids in this Platc now show the presence of starch greins.

Numerous-lipid globules are found in the Day 0 cells
surrounding the plastids, the large starch grains and lining
the cell walls {(P1l, 4C and 2A)}. They are densely stained and
measure approximately 50nm in diameter. However, after 24 hours
hydration, the lipid glnbuleshstain much less densely (Pl. 2C
and 4B, arrows)., Plate 58 illustrates this feature in greater
detailsy a small starch grain is surrounded by a layer of closely
packed, lightly stained "homeycomb-like" vesicular structures
which are considered to be lipid globules being digested.

The mitoohondria at Day 0 measure up to U.Spm in diameter
and they are normally lecatet! along with the plastids around
the nucleus, although some mitochondria are occasionally found
in the ocuter cytoplasm between protsin baodies (Pl. 1C). The
mitochondrial envelopes are poorly defined but the internal
membranes can sometimes be distinguished. The poor preservation
of these onrganelles at Day 1 prevents a comparative examination
uf their fine-structure.

In the Day 0 storage cell the narrow channels between
various organelles described above (Pl., 3A) are occupied by
ground eyloplasm in which numerous free ribosomes occur (P1.
38), Neither endoplasmic reticulum nar dictyosomes have been
nbserﬁed in these tracts of cytoplasm but Bpik (1968) reported

their presence at early stages of development in the immature
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sead., In the Day 1 meterial, due mainly to the hydration of
the protein bodies, the cytoplasmic tracts arec reduced in size
(F1, 7C and 4B) and the endoplasmic reticulum and dictyoscmes
are apparently absent. However, during later germination these
orgenelles again becume abundant (Pl. 418)3 perhaps arising

€ novo,

3e1eft. Fine=structure of the epidermal, sub-enidermal and

provascular tissue at Day 0~1,

Superficial tissues camﬁosing the cotyledon generally
show better preservation of their fine-strgcture at Day 0,
possibly due to the more rapid penetration of fixatives and
their lack of the large starch grains.and the lesser
concentration of protein bodies, compared to the storage cells.
Although at Day 0 the cell walls in these tissues are relatively
unthickened {Pl. 1A and 5A) theypoesees some pits {(P1. 1A, small
arrows) which, however, are not as prominent as in the storage
cells {c.f. Pl. 2R). The external wall of Lhe epidermal cells
is about 2.5Fm thick (Pl. 1A) and is covered with a very thin
cuticle; their other walls are only about ZFm thick {plasmalemma
to plasmalemma). An uncommon feature of the epidermis can be
seen in Plate 1A (large arrow) where the anticlinal wall is.
incomplete between what appear to be two distinct neighbouring
epidermal cells each one of them containing its own nucleus.

The nuclei are lobed, and in sections measure up to 5Fm,
in the epidermal, and up to 1GPm in the sub-epidermal cells.
Plate 5A shows a typical Day O epidermal cell containing
circular protein hodies up to SFm in diameter; they appear more-

or=1less translucenl but wilh some dense granular patches near
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their bounding membrane and contrast with the uniformly dense
appcarance of these bodies in the staorage tissue (Pl. 1C), The
plastids (Pl1. SA) have round profiles and occasionally contain
membraneous structures (arrow) and deposits of what appear Lo
be phytoferritin in Lheir stroma, The lightly staining
mitochondria have circular or ellipsocid profiles. The grourd
cytaplasm is more abundant then in the storage cells and mairly
contains free ribosomes and electron transparent vesicles (Pl.
5A, small arraws) and the latter measure D.1—D.2Fm in diameter.
Plate 5C shows detail from s Day 0 abaxial sub-epidermal cells
several pores can be seen in the nuclear envelope and free
ribosomes pack the cytoplasmic ground substence, Protein bodies
are present and in their close proximity several tracts of what
appears to be endoplasmic reticulum are present (P1l. G5C, small
arrows).

The Dzy O provascular cells (Pl., BC) are apparently
uniform {(with no evidence of vascular diffepentiation) and their
struclure is similar te the sub-epidermal cells but the
intercellular spaces occussing in Lhe.latter are absent.
Occasionally the provascular cells pgossess highly shrunken
protoplasts (in which, however, the various organelles are
visible) but it is not known whsther this sh%inkaqe is a fixation
artefacl, Flate 6B shows detail of anprovascular cell after 24
hours hydration, In this particular cells several crystals are
visible in the dense cytaplasm, and in one‘the plane af section
reveals the lattice sub-structure, These crystals resemble the
p=protein commonly observed in the phloem of this and other
Leguninosae species (Esau, 19783 Lawton, 1978) and it is possible

that this feature is an early indication of the future
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differentiation of this cell inteo a phloem element.

%2.1.5. The sxternal morphology aof the in vitro callusing

cotyledon,

Even though 2ll material was cultured identically, there
was oflei: cansiderable variation in the speed of callusing of
incdividual cotyledon cxplants within a batch, - The following
account of callus development {both macro and wmicroscopic) is
therefore primarily based on the extent of proliferatian fram
an explant rather than its length of time in culture.

Plates 7A-B and BA-3 illustrate successive stages of the
callusing process. DBuring the first two to thrae days of
culturing, the cutyledon explants sometimes develop green
pigmentation on their abaxiel surfaces and this may persist in
later stmyes of development (Pl. 8R). Houever, other explants
(P1L., 7A~B and 83) retain the pale yellow colour of the cotyledoen
when first inoculated. The initial sign of callus development
is normally observed in the region where the margins of the
slightly cancave, adaxial surface of the explant is embedded in
the surface of the nutrient medium (Pl. 7A, arrows).
Subsequently the spidermis in this area becomes broken by the
extrusion of the csllus proliferating from the internal tissue
(F1, 78, specimen &, small arrows).

Plates 78 (specimen b) and 8A-~B show more advanced stages,
where a considerable amount of callus tissus has already
developed but in which the ahaxial surfaces seem inactive. In
Plate 78 {specimen b) slight callus development has also occurrad
-~ in the vicinity of the abaxial vascular bundles (large arrouw)

which were cut across during excision of the explant.
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Plate BA shows a rapidly proliferating explant after only ten
days culture and csllus tissue seems Lo be developing from the
whaole of the cotyledon apart from its abaxial epidermis, 1In
such explants whieh proliferate rapidly, the original cotyledons
are hardly recognizable after several weeks from inpoculation and
Plate 8B shows the final staye ouf callusing generally attained
after 4~6 weeks in culture, The abaxisl surfasce remnants
{arrows) of the two cotyledon explants have been 1ifted same
distance from the surface of the agar medium by the vast
expansion of the cvallus furming from the internal lissues. The
medium itself has become somewhat dried out and its original
nutrients greatly depletad, so that in order to induce further
growth of the callus, sub-culturing onto fresh medium would be

urgently regquired,

3.1.6, Histological and fine—=structural observations on the

development in vitre of the cotyledon,

Plate 9A shows a transverse section of a portion of a
cotyledon explant, at the time of its inoculation, which is cut
through the margins where ab- and adaxial surfaces merge and
Plate 10 illustrates the same region from an explant but after
three days in culture (e.f. Pl. 7A). Compared to Day 1 the
storage cells near the adaxial surface in Plate 10 are no longer
isodiametric (c.f. Pl, SA) but have becoms elangated in a planc
at right angles to the nutrient medium mith-which the adaxial
epidermis was in contact. The walls of the elongated cells are
now much thinner (about 2Fm thick, plasmalemma to plasmalemms)
and the pitted areas are correspondingly less distinct at the

LM level., ODistinct protein bodies are no longer present in the
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callusing storage cells, but as their contents become digested
these budies progressively enlarge snd join together to Carm
one large vacuole. Neverthless, some granular material,
presumably proteinacescus, is usually still visible in the
vacuotes (Pl. 98, 10, 12A and 13A). Numerous large starch
grains remain clearly cvident in these vacunlated storage cells
(P1, 98 and 10). Most of the adaxial epidermal cells in Plate
10 are senescent and have collapsed; 8t the margins the
epidermal cells appear healthy but have undergone vacuolation
and are now larger {c.f. Pl, 98). Adjacenl to the callusing
tissue of Plate 10 the sub-epidermal storage cells temain
relatively quiescent bui . they are now more rounded and slipghtly
swollen compared with to the Day 1 cotyledon (Pl. 9A). 1In some
of the sub-epidermal starage cells of Plate 10 {arrows)
crystalline deposits have lormed within the limits of the
membranes demzrcating ihe protein bodies (P1. 11A). Such
crystals have not been obscrved elsewhere in the explant nor in
any tissue of the germinating coityledons investigated in the
current studyj; whilst neither gpik (1965, 1966) nor Smith {(1974)
described their presence in the latter material, Plate 11A
shows in more detail the variéty of crygtal profiles observed in
these in vitro cultgred cells and up to 10 crystals may appear
in a section of & single protein body. Their size varies from
2-10pm along their longest axis (although in some occasions
crystals of up to SOrm long and Erm wide are observed) they are
very densely stained, by both LM and EM techniques, in contrast
to the lighter staining surrounding matrix of the sub-epidermal
protein bodies. The higher resolution de£ail in Plate 118

reveals their lattice structure visible in some favouratbly
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nrientated sections,

Sopme of the erlangated explant storage cells in Plate 10
have (as shown by thinner newly-~formed walls within them)
already undergone one or several divisions. In esarly callus
development such proliferating (a; distinct frem vacuoclating)
cells tend to be locatec near the adaxial vascular bundles.

The nuclei af proliferating cells appear ta divide mainly
amitotically (see details later in section 3.1.9.) and freely-
forming walls occur in abundance in the cytoplasm, .The amitotic
divisions of the mother {sturage) cells usually produce
unequally sized cells and the orientation of the new walls
appears to be random (Fl. 8B and 10)., Plate 128 shows a typical
example of a storage cell situated adjacent to an acaxial
vascular bundle in an explant at an early stage of callus
development, The cell has already become divided intao five
deughter cells of different shapes and sizes. Most of the
newly-formed walls meet in the cantre of the mother cell in a
massive wall body, which in this section has stained densely
blue with toluidine blue. {The detailad‘structure of wall
bodies is considered in section 3.1,7.). In some of the
daughter cells of Plate 12A (arrows) freely-growing walls are
aiso present,

Finewstructural detail of a branchad tract of freely-
forming eell wall is shown in Plate 12B, (This would prohably
corfespond to the eparly stage of growth of these walls such as
occur in the area indicated by the left—hand arrow in Plate 128).
The development of the new wall in Plate 128 is uneven; in some
regions it is reletively thick {up to Tpm wide) whilst slsewhere

(large arrous) is very thin (about 50nm) and may be
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discontinuous, The frequent close association, or somectimes
apparent continuity, between the encoplasmic reticulum and the
early new cell wail (P1, 12B~C, small arrows), suggests that Llhe
rough endaplasmic reticulum might participate in the formetion
of the new wall. Plate 13A shows cytoplasmic detail fram
anpther storage cell in which the rough endoplasmic reticulum is
profusely developed and ils laoped arrangment greatly resembles
that of the new wall / endoplasmic reticulum complex in Plate
12B, It is possible that such endoplasmic reticulum elements
as in Plate 13A demarcate the sites of new cell walls, with wall
material accumulating within the lumens of the endoplasmic
reticulum cisternae. Free-~wall farmation occurs only within the
ground cytoplasm; no canclusive evidence is available as to
whether in these highly vacuolated cells the new wall formation
proceeds only through pre-existing cytoplasmic strands or
whather these strands may also develop contemporaneously with
the new walls, In Plate 130 (see also the smaller area shown in
greater detail in Plate 14A) the new cell wall lies very close
to a large vacuole and af one point the free-ending of this wall
(arrow) protrudes into a vacuole, suggesting the peotential
location of & future cytoplasmic strand. Plates 14B and 15 shouw
Furtaer examples of freely-forming walls but also demonstrate
that these new walls are associated with apparently fragmenting
nuclei (see secction 2,1.9.).

Most freely-forming walls are of uneven thickness and
their growing ends are often thickened (Pl., 136, 14B and 15,
large arrows). Thg thickenings on newly-formed walls may later

develop into exiensive wall bodies,.
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3.9 7., Structure and development of wall bodies in cotyledons

grown in _vitro.

In Lhe survey light micrograph shown in Plate 10A a
numbser of conspicuous (up to 50pm in diameter) wall bodies are
present (large arrows). These are mainly developed in storage
cells located close to the adaxial vascular bundles and these
bodies accur both cn the mother cell and newly-developed walls
(PF1, 120 and 16A). The wall body shown in Platle 46B
demonstrates the labyrinthine nature of such bodies, with
projectione extending from the margins for up to 15um inte the
ad jacent cytoplasm, whilst further out in the cytoplasm {(dense
arrow)} apparently isolated fragments of Wail are present and
many of these are probably parts of the same'body.

Plate 17 shows part of wbhat asppears toc bse an early stage
of a developing wall body; it seems that its development is
initiated by the tormation of labyrinthine wall projectians into
the cytoplasm which progressively becamc thickenerd by the
deposition of move wall materialj during this process, however,
parts of the cytoplasm together with various organelles become
trapped (P1l. 17, large arrows) snd are finally amalgamated intno
the wall bodies,

ualllmatsrial depasitiaon seems to be relalted to the
activity of the dictyosomes which are abundant near the ma;gins
of Lhe developing wall bodies {Pl, 17 and 18A~8). Plates 1BA-B
illustrate what appear to be very active dictyosomss with
straight or slighlly curved cisternae and numerous attached
vesicles, Other such vesicles occur free in the cytoplasm
{small arrows) or fusing to the margins of the wall body {(donse

arrows) and ribosomes appear mainly in clusters or coiled
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polyribosomes.

Some examples of what are interpretec as walure wsall
bodies are illustratec in Plates 15 and 19A~D. These bodies
(whieh are often extensively flecked, Plates 19A and C) are
always surrgunded by concentrations of sitochundria, small
plastids and cisternae of rough endoplasmic reticulum, whilst
the ground cytoplasm contains abundant free ribosomes. However,
dictyosomes (Pl. 19R) are very rarely seen in such locations, in
contrast to their abundance in the developing wall bodies (P1,
18A~B), suggesting thal wall material deposition has ceased and
the wall bodies have praobably reached their maximum size,
However, vesicles (which sometimes contain dense inclusions) may
occur attached to the margins of such wall bodies {(P1. 208-B)
and many others are found free in the adjacent cytoplasm; but
these vesicles do not seem to be related to dictyeseomes. The
rough cndoplesmic reticulum elements, may still show connections
ﬁo the projections from the labyrinthine margins of the wall
body and several examples are visible in Plate 21A {arvous),

Plate 208 illustrates higher resclution detail of a wall
body in which three areas are visible, 1In the external layer
fibrillar material predomipates, with the microfibrils apparently
oriantated more-or-~less parallel to the plasmalemma. Internally
vesicular and membraneous inclusions {corresponding to the
flecked areas seen in Plates 19A and C) arc enmeshed in @
fibrillar framework; these inclusions are possibly remains of
cytoplasmic orgenelles engulfed in the labyrinthine periphery
(P1. 20A) of the wall hody as it expands within the cytoplasm
(c.f, P1. 17). Finally, if the wall body is developped on an

already existing but unthickened cell wall, the latter is
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visivle as a compacl central layer (Pl. 198 and D and 20B)}.
Plate 218 shows the margins uf a wall body with some

vesicles attached tu its margins (swall arrows) and in the

cytoplasm in the vieinity of this wall body smooth as well as

rough endoplasmic reticulum is apparently present.

3.1.0, Digestion of the food reserves io the storage tissue in

the in vitro explant compared to the normslly germinating

cotyledon.

The overall digestion of reserve food in the explant
cotyledon durinyg callus deuslopment'is slow compared witn the
germinating cotyledon, Neverthless, by abaut Day 3 (PL. 10) the

in vitro mobilization of food reserves may be already quite

marked and is localised in the storage tissue near the adaxial
surface contacting the medium {(the latter containing several
sources of exogenous growth substances), Subsequent digestion
of these reserves progresses, somewhat unevenly, through the
storage tissue towards the abaxial cotyledon surféce. By
gontrast in germination, digestion {which is already advanced
by Day 3) vccurs throughout thelcutyledon but commences in the
storage cells most remote from the vascular bundles (P1. 32Aa),
IL then proygressively involves storuage tissue nearsr the bundles
until , at about Day 10, the remaining living elements are
confined tu the vascular tissue aﬁd its ensheathing cells, the
sub-epidermal and epidermal cells (Pl. 32B8). From sbout Day 16
onwards sbscission of the.cotyledoo occurs.

The digestion of reserves both in vitro and in vivo.
mainly involves the inner,luneuenly deposited, non-fibrillar

areas of the storage cell walls (Pl, 2A and 8), the protein
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bodies and the starch grains. In the freshly hydrated (Pl. 2C)
and germinaling colyledon (Pl, 34R) a considerable expansion of
the innerregion of Llhe slorage cell wall is observed and later
numerpous, extensive elements of rough endoplasmic reticulum are
present paralleling the plasmglemma (P1.3%). In the explant the
i
initial swelling of the inmner regon of the wall on hydralion ie
rapidly followed by the overall thinning of the wall as the cell
undergoes vacuolation growth (c.f, Pl, 9A at Day 1 and Pl. 10 at
Day 3)}. It is possible that the mobilized wall waterial is
incorporated in the expanding wells (whereas in the germinating
cutyledon'ﬁhe storage cells undergo little expansicn) and an
excess of such material might paossibly be a factor contributing
to the proliferation of freely-forming walls and wall bodies.
Starch digestion peccurs similarly (but proceeds at
different rates) in bath in vivg and in viira material. In many
cells undergoing digestion of storage products (especially thuse
near the vascular bundles) starch grains are frequantly
partially fragmented (Pl, 220) and contain prominent central
cavities with channels leading to the exterior (P). 33A), The
cavity is filled with Eytoplasm cantaining various organelles
(PL, 338 and 34A) including small polymorphiec plastids. Starch
digestien presumably ocnurs'prngressiuely inwards from all the
fragmented surfaces exposed to the cyteplasm. The origin of
these cytoplasmic intrusions might perhaps be related to =&
starch "explosion such as occcurs during hydration of the

cotyledon of Pisum sativum (Swift and Buttrose, 1972 and 1973).

However, in Day 1 cotyledon of PB. vulaaris the starch grains do
not appear to be fragmented. 1In later stage materizl the

i

fragmented starch grains only occur in the vicinity of the
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vascular tissue and in the more remote storaye tissue their
digestiun sgems to proceed progressively from the outside of the
intact grain towards the inside. However, in neither cases is
there accumulation around the grain of endoplasmic reticuium,
dictyosomes or vesicles which might be indicative of localised
enzymatic activity or the transportation of hydrolysed products
through the cyteplasm (Pl, 333).

Large starch grainé, which are still seeminoly intact,
are sometimes cbserved in highly vacuclated cells of the explant
(P1. 98 and 16A), and may occur in the callus resulting from the
first sub-culture,

In the germinating cotyledon both the epidermis and the
abaxial sub-epidermis remain alive until the organ is ready to
abscind (Pl. 32R-B), whilst their protein bodies retain their
amorphous deposits. By contrast in the in vitro development the
adaxial epidermal cells normally collapsg_sonn after inoculation,
whilst in the sub-epidermal cells protein crystals are formed
within the protein bodies (P1. 10).

In the storage cells of bolth the germinating and explant
cotyledon, ths digestion of the protein is acvempanied by
enlargment and vacuolation of the protein bodiesi these cealesce

and eventually form a large central vacuole (Pl. 34A),

2¢1«8. The nuclear behaviour during callusing of the explant

cotyledaon.

1"
‘fAs it has been nentioned before neither Opik (1965 and
1966) nor Smith (1974) observed any cell divisions in the
germinating cotyledon, The storage cell nuclei at Day 1 are

highly polyploid (8-32C, according to Smith, 1974) but there is
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a progressive decrease in Lhe DNA level of the nuclei from an
averaye of 16C in the Day 1 material until complete senescence
after about 16 days. No changes during cermination were noled
from the 2C epidermal and 4C sub-epidermal levels at Day 1
(smith, 1974).

The present study ceonfirms the absence (as observed from
ohservations of sectioned material) of nueclear divisions in
germinaling cotyledons, but when in vilro, the storage tissve
is induced to undergo abnormal growth and proliferate, and it
is svident that both mitotic and amitotiec divisions opccur,
Similar phenomena have also been observed (hut only at the LM
level) in callusing explants from immature cotyledons of Vicia
faba and other sources (D'Amato, 1978; Cionini et al., 1978, see
discussion},

Examination of numerous sections from various explants
at both LM and EM level, indiceted that in the dedifferentiating
Istorage cell the first division, at least, is normally amitotic,
Thue amitotic divisien stages are much more commonly encountered
than mitotic figures in the young explant whilst mitotie
divisions appear to he confined to daughter cells, Plate 26F
(detail of the cell indicated by the dense arrow in Pl. 16A),
illuslrates, however, a mitosis proceeding in a daughter cell
only partially demarcated by the freely-growing cell wall} in
thie plane of sectian, a nucleus is not visible in the other

daughter cell.

2.1.10., Amitotiec nueclear divisions in the in vitro grown storage
cells,

As digestion of the protein reserves proceeds the
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resultant vacuoles progrescsively expand and the storage cells
increase in volume. The nuclei either migrate (fram their
central position at Day 0) Lo near one of the cell walls, or
rewain suspended by cytoplasmic strands in the centre of the
cell (P1, 10), The nucleus also increases considerebly in size
(up to 6DFm in diameter) and at the same time changes in its
outline are ohserved., Plates 22A-D, 23A-0 and 248 illustrate =
selection of nuclei from activated cells; their envelopes arc
highly convoluted and deep cytoplasmic channels intrude into the
nuclei (Pl. 22R, 239 and 24R-B)}. The nucleoli are generaly
enlarged'(being up te 25Fm in diameter) and most nuclei are now
multinucleolate {P1l., 228-C and 23A-B). Almost all activated
nucleoli contain vacuoles, some of which are.uery large (P11,
22C), and there are indications that these may be connected to
the nucleoplasm (P1, 25AR, arrow), perhaps rasuvlting in a
ﬁultinucleolate condition., Plate 26BA shows a nucleolus from
anﬁther activated cell; one large central vacuole (measuring
ApProx. EPm in diameter) and several smaller ones are prasant,
These vacupoles have algranular appearance {(see detail in P1l, 26B)
whilst the Surfounding nuclemlar\material consists of very dense
(E]) and somewhat less dense (/\) zones, These possibly
corrscspond respectively to the fibrillar and grenular zanes
described by Gunning and Steer (1975) for nuclei of other
species, However, Plate 268 shows higher resoclution of these
tuo zones but even at this magnification it is not possible tao
visualise clearly a fibrillar compenent, although the granular
zone is quite apparent. (The same reservations concerning the
so-called fibrillar and granular zone applies to other

publications, e.g. Plate 19 of Gunning énd Steer, 1975, and
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fig. 1 of Feldman and Torrey, 1977).

Plate 238 is considered to illustrate an early stage in
fragmentatiuon in a now multinucleolate nucleus of a storaye cell.
The puosition of the highly convoluted nuclear envelope is
indicated by the dotted line and a deep cytoplasmic enclave (ZS)
is prescnt within the nucleus; Plate 23B shows fine-structural
detail of a similar situation. 1In both cases it seems that a
multiple fragmentation is in progress eventually leading to the
productiaon af several unegually sized nuclel. Plate 24B shous
what is interpreted as a later stage of nuclear fragmentation
where only one narrow connection (arrow) links the potential
daughter nuclei (in this plane of section), In the cytoplasmic
channels running. within the nucleus, the densely stained .
mitochondria are praminently evident, Nuclear fragmentatien is
also observed in older explants in the adaxial sub~epidermal
cells {P1., 25R),

Ag it was mentioned in section 3.1.6. segments of freely-
forming wall are sometimes visible with thelr free ends in
proximity of a nuclear isthmus (P1, 14B, 15, and 22D), In Plate
220 the ends of four freely-growing cell walls {arrows) nearly
touch the nuclesus and one of them is located against a nuclear
constriction {(solid arrow). A similar situation can be seen
at a higher resolution in Plate 14B and it is apparent that the
frec end (arrow) of the freely-growing wall is not actually
touching the nucleus but there is a thin layer of cytoplasm
separating them., 1In Plate 15 the freely—-growing wall segments
(large arrows) adjacent to the nuclear isthmus &re also isolated
from the latter by a thin layer of c?toplasm. Similar nuclear

constrictions have been reparted at LM level by lionini et =l1.
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{(1978) and D'Amato {1978) (see discussion) and they consider
these lto be advanced stages of nuclear fragmentation,

It is not known whether the apparently intruding free
ends of such walls play an active rele in the constriction of
the nucleusy it might be that such walls are always associated
wilh advanced stages of nuclear fragmsntation but are not
necessarily revealec¢ in the plane of the seclion aobserved (B.g.
P1, 24R).

from Plates 148 and 15 it is evidenti Lhat no phragmoplast
microtubules are present at the ends of the freely-forming walls,

although these are present durinpg cytokinesis (P1, 29B),

F3.17.%11« Miltotic divisions in the dauchter cells of the in vitro

grauwn explant,

Plate 26C-E shows serial sections of a metaphase nucleus
in which a large number of chromatids occur whilst the telophase
nuclei of Plale 26F slso shows numerocus chromosomeg. At higher
resolution {Pl. 27A) of a metaphase plate sectioned longitudinally,
kinetochore microtubules (plus endoplesmic reticulum) can be seen
in several regions and one is attached to a chromatid (Pl. 28A,
arrow)}. The nuclear envelope has disintegrated and tha area
which it formerly demérbéted also contains a number of rough
endoplasmic reticulum profiles and numercus free ribosomes,

Plate 288 shows the fine structural features of what seems to he
a fage view of the metaphaéc pléte; bhere it is difficult to
distinguish individual chramatids and, at least partly due to
the thinness of the section, their number is far less than
revealed from the serial sections of Plate. 260-E. The other

feature which needs te be considered is the likelihood that,
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follguing fragmentation, the daughter nuclei which uncergo
mitnses have highly irreqular chromosome complements,

Cytokinesis closely.follows mitotic nuclear division and
Plate 27B illustrates the developirng cell plate lying bectween
the neuly-formed, flattened, daughter nuclei. Each nucleus
cantains numerous nueleoli and a concentration of endoplasmic
reticulum, small plastids and mitochondria are evident in the
vicinity aof the nucleij; Plate 27C shows a similar situation at
higher resclution, Plate 293 shows in detail the margin of a
centrifugally develeping cell plate which consists of numerous
aggregated membraneous vesicles whilst some endoplasmic reticulum
@lements occur in close aséociation with the cell plate (arrows).
Numerous phragmoplast microtubuli are visible in the cytoplasm
running obliguely towards the cell plate. In the Firs?-ﬁormed
central region of the cell plate the microtubuli are no laonger
present (Pl. 27C). Plate 29A illustrates the vesicular structure
of this plate; the strands of endeplasmic reticulum which are
sametimes apparently connected with it may pessibly demarcate
the sites of plasmodesmata. The presence of several dictyosomes,
and their vesicles, in the vicinity of the cell plate suggests

that they may be concerned in the formation of the latter.

341.12. Cvtoplasmic enclaves in the nuclei of cotyledon explant
cells. |

Both LM and TEM pbservations reveal the prasence of
cytoplasmic enclaves in the multilobed nuclei of the callusing
storage cells (P1l, 22A, 23A, 25A and 31A-B). These enclaves

(which also occur in the established culture, P1l. 37R) have

circular profiles measuring up to approximately ﬁrm in diameter
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and no nuclear pores have been observed 1In the envelupe which
delimits them (Pl., 31U, arrouws). Elseuhere, however, in the
nuclear envelope pores are abundant (P1, 24, large arrows; see
also Pl, 38). 59ue¥al of the enclaves in Plate 31A-8 contain a
large number of psmiophilic bodies, measuring U.1~D.5Pm in
diameter, together with a number of vesicles, segments of rough
endoplasmic reticulum and some free ribesomes (P1. 31B). No
other organelles have been observed here thus making these
enclaves distinet from, transversely sectioned, cytoplasmic
channels in which mitochondriea are usually abundant (Pl, 24B).

Some similar cytoplasmic enclaves have been observed in
suspensor cell nuclei of P, vulgaris {(Schnepf and Nagl, 1570)
and they suggesl that these represent lysosomes,

In Plate 31A the enclaves marked with the symbol él are
electron transparent or centain a lrose fibrillar deposit and
appear similar to vacuoles. Thess enclaves might thus be larger
cytoplasmic channels with vacuolar extemnsions traversing thems
this interpretation is supported by the presence of a thin
cyteplasmic—1like layer lining them thch is apparently delimited

on the inside by a single membrane,

5,113, The fine—structure of the dedifferentiating cotyledon

storage cells cultured in vitrg.

A prooressively increasing proportion of the volume of
dedifferentiating storage cells is occupied by cytoplasm,.
Certain cytoplasmic features of such ¢ells have previously been
deseribed but this section details features not directly related
to the wall ard nucleus,

'In Plate 14B a circular enclave {lysosome) is seen
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in the peripheral cytoplasm of a dedifferentiating cell and iﬁ
presents a somewhat different appearance from the main cyloplasm,
The latter contains numerous endoplasmic reticulum elements,
dictyosomes, free ribosomes, clusters of "tailed" plastids (with
small starch grains) and mitochondria. Plate 300 shous, at
higher magnification, the whole of the large enclave {/\ ) seen
in Plate 14B, plus an addifional smaller enclave, These
enclaves are delimited by double membranes, which in places are
widely separated, from the main cytoplasm {(Pl1. 30A, large srrows),
Further detail of thesec enclaves is shown in Plate 30B-[C3; they
measure appraoximately Z*TBFm in diameter and contain osmiophilic
deposits (similar to the cytoplasmiec enclaves in the nucleus)
and the smaller enclave (P1. SDC} is mainly cccupied by vesicles
measuring approximately D.S»ﬂ.ﬂpm in diameter, although what
appears Lo be a dictyosome is also present. In Lhe larger
enclave of Plate 30A endoplasmic reticulum membramee (with very
few attached ribosames, see detail in Pl, 30B)} and profiles
resembling mitochondria pccur, The presence of organelles
interpreted as senescing mitechondria or dictycsomes, and also
tha presence of asmiophilic bodies, which are probably lipid
globules,-as well as the generally different appearance of the
contents of the enclaves from the main tytoplasm suggest that
these might represent autophagic lysasomes (Matile, 1974).

In the pressnt case it seems possible Llhat during

dedifferentiation, a part of the cytoplasm becomes invested by
a sheet of endoplesmic reticulum tou eventually form a compartment
isolated from the rest of the cytoplasm. Plate 13A possibly
shows an early stage of this‘process where the areas marked with

a 45 seem to have been almost completely surrounded by
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encoplasmic reticulum elements and separated fram the main
cytoplasm, It is passible that the large enclave in Plate 30A
represents a later stage of this auvtophagic process in which
distinct senescing oryanelles e.q. endoplasmic reticulum and
mitechondria, are still recognisable, whilst the smaller one
showe an even more advacced stage where the electron lucent
vesicles might represent the variecus, aiready psrtly autolysed,
organelles., In Plate 148 the vacuole, which is delimited by a
‘single membrane, could be considered as a lysosome at its final
stage., Possibly the external membranous element of the envelope
originally surrounding the cytoplasmie enclave, now forms the
tonoplast of the vacuole whilst the other {internal) membLrane
has been autolysed. The solid arrow in Plate 14E indicetes some
darkly stsined vesicular and membranwus structures which might
represent soﬁe of the end products of this autophagic process.
Similar autaphagic phenomena inlother species have also heen

reported by Villiers (1971), Coulemb and Buvat (1968) and

" Mesquita (1972).

The enclaves observed in the cytoplasm (Pl. 30A-C) appear
to be very similar to the cytoplasmic enclaves within the nuclei
of the explants as previously described {c.f. Pl. 31A-B), but
the former contain smaller osmiophilic deposits and more
recognisable organelles {e.g. mitochondria or dictyosomes) than
the latter, Although cytoplasmic enclaves were cbserved in the
nuclei- of the cells of the established callus no evidence of
them was found in their sytoplasm, No enclaves were observed
in either the nuclei or the cytoplasm of the in vivo germinating

cotyledon.
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In the cytoplasm of dedifferentialing storage celle in
the in vitro grown cotyledon many mcre plastids are usually
ohserved than &t Day 0~1, The profiles of these proplastids and
amyloplasts vary considerably in size from about D.5 to ?Fm and
they may vary from circular to rod.shaped, as seen in sectioned
material (Fl., 14B and 15). THe stroma is usually granular and
uniformly stained and occasionally contains saome thylakoids (P1.
208, small arrows)., The amyloplasts are easily recognisable
due to the several starch grains, measuring from 0,5 to 3Fm in
diameter, which they contain., However, the smaller proplastids
are difficult to distinquish from mitochondria (Pl. 148, 15 and
21R), The amyloplasts and plastids may occur more-or-less
iscolated or in clusters which are nbrmally located near the
nucleus (P1, 15}, \Usually the proplastids and amyloplasies are
aggregated in clusters ( /\ ), are smaller than those occurring
eingly in the cytoplasm; Lhe former sometimes show "“tails"™ (P1.
143 and 15) which are orientated towards the centre of the
clusler.,

In the storage cells of the in vwivo germinating cotyledon
neithsr type of plastids were observed but instead chloroplasts
developed in certain cells, 1In Plate 34B these measure approX.
SFm lonyg and cantain starch grains of up to 3Fm in diameter,

The stroma is granular and very densely stained and within it
very rlaosely packed grana, compoéed of up to 2D thylakoids,
DCCUT .

The mitochondriel profiles observed in the
dedifferentiating storage cells are morphologically very similar
to the ones in the Day 0-1 or the iﬂ ligg'germinating cotyledon,

These organelles, as it has been previcusly mentioned, are
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particularly conspicuous near the labyrinthine projections of

the wall bodies (Pl. 19A and ?0AR-E), and near nuclei undergeing
mitosis, 1In amitotically dividing nuclei (Pl., 23B, 24B and 25A)
the.mitochondria are found deep in the cytoplasmic channels
penelrating the nucleus, Occasionally profiles of apparently
bell-shaped mitochaondria are observed in the dedifferentiating
storage cells (Pl. 1%, dense arrows) similar to the mitochondrial
profiles described by Bagshaw (1969) for the callusing tuber

cells of Helianthus tuberosus,

J3.14%4, Histology and fine-structure of the established callus

tissue grown_in vitro;

| Macroscopically the established callus appears as an
amorphous tissue mass {as in the callus directly derived from
the explant in Plele 8A); its colour is yellow-brown, or
sometimes yellow-green, which turns to brown when senescing,
During the one year, in which the cultures uvere maintained, no
shoots or roots (or their primordia) were observed. The callus
is very F;iable, suggesting that the cells are only lawsely
connected, Dccasionally some relatively harder groups of cells
are found deeper in the callus but there is no evidence of
tracheary tissue.

LM observations indicate a high degree of hcterogeneity
in the cells camprising Lhe callus, with no cells from the
original explant being present in the material investigated,
which had been through 8 subcultures. Normally the cells near
the surface of the callus are closely packed, reletively small
{about 30~109Fm along their longest axis) and highly irregular

in shape (Pl. 368 and 378). Thelr polymorphism is also visible
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in fresh callus tissue examined under the dissecting microscofpe,
thus confirming this as a real feature of the cells rather than
an artéfact introduced during processing.

Plate 36A is a reprecentslive area from the interior of
the established callus, The highly vacuolaied cells are mostly
rounded and laﬁger (up to ZDﬂpm) than the surface cells, whilst
the outlines of the non-rounded cells are generally not as
complexly irregular as in the surface cells, The intercellular
gspaces are extensively developed thus cdntrihuting to the
friability of the callus tissue noted previously.

From the cytological point of view many differences are
found from cell to cell (c.f. Pl. 3GA and 37B); however, the
individual organelles appear similar within cells, Plafee 368
and 37B shuw meristematic-like cells in which the nuclei (eachl
usually containing a single large nucleolus of up to BPm in
diameter) lie in dener cytoplasm, either in straéds within the
vacuole or 1lining the wall. The fine-structure of a similar
cell is shown in Plate 398, here the highly lohad nucleus is

surrounded by dense cytoplasm containing free ribusumeé,

endoplesmic reticulum elements, mitochondria (with circular or
oval profiles up to 1pm wide) and numerous small (2_5Fm) "taileg"
amyloplasts without grana., Plate 38 shous detail of a nucieus
and surrounding cytoplasm from such a cell, As in the exﬁlant
the major lobes of the nucleus are intricately sub-divided,

pores are evident in the enuelupé-{arréms) and 8 cannectian
between the outer nuclear membrane and the endoplasmic reticulum
is visible (small arrow). Cyloplessmic enclaves someltimes occcur
in the nucleus {Pl., 37A, arrows). In Plate 39C a seriec of

parallel microtubules are evident in relatiaen te the cell wall/
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plasmalemma interface of a cellus cell, In neither the
proliferating explant ner germinating cotyledon have
microlubules beer observsd in this position, although
phragmoplast microtubules (Pl, 29B) occur in the explant., 1In
Plates 38 and 39C numercus ribosomes are evident in the dense
cytoplasm and many of them form in polysomes. In the highly
vacuolated cells the ground cytoplasm not located in the
vicinity of the nucleus appears very translucent with very few
ribosomes and relatively few other orgenelles (P1l.:398B), The
walls of the established callus cells are generally thin
{measuring about 1.DFm, plasmalemma to plasmalemms) and
plasmodesmatal connections through these walls have not heen
observed,

As in the cotyleoon explant the proliferation of the
established callus appears to occur by amitotic as well as
mitotic divisions.  Plate 38 shows a highly complexly lobed
nucleus and Plate 37A illustrztes what seem to be two daughter
rnuclei (with prowminent nucleoli)} which are thought to have
Fopmed amitotically. By contrast Plate 37C {detail of arrowed
cell in P1, 37B) shows & mitotic nucleus.

Freely~forming walls have been observed in the established
cultures and may participate im nuclear fracmentation. Wall
bodies (Pl., 37A and 40A~B) are comman in these cultures and are
af similar form and size range to those in the explants.
Fowever, in some cases large aggregations of myelin-like bagdies
occur in addition to the vesicular inclusions found in the

explant.
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2.2. JThe hypocotyl of Linum usitatissimum l..3 its pormal

structure and development and medification induced in it

following cdecapitation,

3.2.1. Day 0 (air dried) embryo.

The cytological characteristics of the vaerious ltissues in
both the hypacotyl and cotyledens ares All cells contain (usually
in copious quantities, see analysis figures on following page)
protein and lipild bodies and these deposits are usually
angular in outline (Pl. 42A~B), The nucleus is mnre—or-less
spherical but with a slightly irreqular, but not lobed, margin
(c.f. the Day 0 nucleus of P, vulparis, Pl, 3A). A single
nucleolus (staining more denseiy than the general cytoplasm)
usually is observed in the centre of the nucleus. In the
paeripheral nuclesoplasm patﬁhes of material of greater density
than elsevhere are commonly observed {Pl. 42, large arrows)
although this eould represent a staining artifact (c.f. 45B}.

As it is commonly thelcase in air dried seeds (see reviews by
Abdu). Baki and Baker, 1973, and Taylorson and Hendricks, 18977,
and also in P, wvulgaris) if is very difficult to identify other
organelles within the cytoplasm; in this case neither endoplasmic
reticulum nor dictyosomes apparently occur in the narrow channels
occupying the spaces between the closely packed food reserves.
However, the residual cytoplasm is densely packed with riboscmes
and also structures interpreted as plastids, but nat clearly
defined by an envelops (Pl. 42RA-8)., The latter bodies may

may gontain electraon dense granules, about 60nm in diameler
(probably repfesenting plastoglobuli) and small deposits about

D.SFm which could be either lipid or starch. In addition smaller
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structures, tenlatively classified es mitochaondria, are visible
but these are again not clearly defincc by an envelope, possibly
due to poor fixalian (P1, 42A). No plaswmodesmata have been
identified penetrating the c€ell mails, although, the "channelsg"
observed in Plates 42A and 438 {large arrows), ‘which are
considered to.be artifacts, might indicate sites whecre plasmo-
desmats occur., However, placsmodesmata are apparently absent even
at later stages of development (e.g. in the cortical cells éhcwn
in Pl., 46B and G3A=B).

The three main reserve foods are protein, lipid and sugar,
and on a fresh weight basis thesc occupy 23%, 34% and 23%
respectively of the seed (Mayer, 1978, Table 2.2.). The protein
bodies vary from approximately 1 to 12Fm in diameter and within
such a body four differemt eresps of varying density are often
nbserved (Pl. 42A and 43A-B),  In Plate 42A these ars identified
as follows: (a), is a central elec£ron transparent area,
possibly corresponding to an air space; (b), 2 region of moderate
density (usually surrounding areé (a)), whieh sometimes contains
membraneous or granular inclﬁsions {small arrow)s; (c), the main
bulk of proteinaceous material, denser than (b), which is péri—
pherally situsted and delimited by a single membrane from the
cytoplasmy and (d), arcas of greatest electron demsity located
inside (e). Poux (1965) examined seeds of this species which
had been hydrated for four hours and identifiec Lhe areas {(b}-{(d)
put not area (a).

in the present investigation, mercuric bromophenol blue
(Mazia et Ble, 1953) and aniline blue black were employed as
histochemical stains to identify proteins in 1-2Fm surTvey

sections, Only areas (b)-(d) gave positive reaction with thecse
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stains.,

The lipid bodies vary from 0.1 to 1DFm in diameter, and
the larger deposits seem to be composed of many smaller subunits
fused together (Pl. 42R).

According to Mayer (1978) the same proportion of sugars
is present in the seed as protein, however, when ZPm thick
sectiong of seeds and hypocotyls were treated with the Periodic
Acid/Schiff (PAS) technique (Grimstones and Skaer, 1372), no
positive reactipn occurred in the cytoplasm, although the cell
walls did stain positively.

The walls vary in thickness from about O.1Fm (plasmalemma
to plasmalemma) when in contact wilh other cells, to G'5Fm wvhers

contacting intercellular spaces {Pl. 42A and 43A-B).

3e2+2. Day D epidermal cells.

The epidermis cnnsisfs of a gingle layer of uniform (apart
from same variation in size) cells without differentiated stomats
or even recognizable guard cell precuseors (Pl. 43A, €=D). The
cell measure approximately 5—15Pm in the plane parallel ta the
lung axis of the hypocotyl (their future mein plane of growth),
by about 15-20Fm in a radial and 15Fm in a tangential plane (P1.
43C=D).

Their structure is similar to other tissues (as described
in section 3.2.1.)3 but the protein bodies {Pl, 43D) are smaller,
about 1—6Fm in diameter, and show less internal elaboration,
usually only consisting of dense deposits {area d) although zone
(2) is sometimms visible. Spherical nuclei are located in the
centre of the cells and measure approx. 5—8Fm. In transverse

sections the anticlinal (radial) walls sometimes appear
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corrugated (P1, 43D) and "channels"™ are sometimes evident in

these and the transverse walls (Pl, 43A and C).

3.2.%3. Day 0 cortical cells,

These are spproximately cylindricel cells (Pl. 43A-B and
44A-0), measuring 15—20Fm in the plane paraellel Lo the long axis
of the hypocotyl (Pl. 44B) and approximately 20-50pm in diameter
hut with the inper cortical cells tending to be midey (P1. 43A).

The cortical cells lic in long rows parallel to the axis
of the hypocotyl and their transverse end walls are fully in
contact with the neighbouring cells (Pl. 44A~B). However,
prDminen£ intercellular spaces uﬁcur between these rous (Pl. 42A,
43A-B and 44A) forming longitudinal channels which may facilitate
water penetration during seed hydration.

The nuclei are similer in size to those in the epidermis,
they wsually lie in the centre of the cells surrounded by lipid
bodies and a number of protein bocdies and the larger of the
latter, regions (a)~(d) are usually evident. As in the epidermis,
"channels" often occur in the cell walls (Pl. 42R, large artows,

and 42H).

3.2,4, Day O provascular tiscue and pith,
In transverse.sectieons of the hypocotyl the cells of the

provascular tissue measure approx. 5—10Fm in diameler and are

+

. wit
comparatively small compared thase of the adjacent corlex and

pith (Pi, 43A). They are fairly unifaorm in appearapce and
without signs of differentistion into vascular elements. They
contain only relatively small deposits of lipid and protein. 1In

a few specimens the provascular cells posessed shrunken proto-
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plasts; this might be a feature of tissue fram nor-viable seads,

or a proceseing aftifact probebly reflecting & more rapid

fhhydration of the wall than the proloplast, by the agueous fixative.
The conilents of the pith cells are very cimilar to those

of the cortex but normally they are somewhat smaller (about 15Fm

in dismeter), closely packed and without the intercellular spaces

occurring in the latter (K1, 43R ).

%3.2.5, Day 1-~4:; the hypocntyl during the early stages of

germination.

Figures 24.14A-D of Esau (1977) illustrate stages in

germination of L., usitatissimum from the radicle (A), through the

development of the hypocotyl hook (B}, the stréightening and
elongation of the hypocotyl and unfolding of the cotyledons (C-D).

With the hydration of the seced the mobilization of the
reserve food commences in the embryo, accompanied by vacuolation
of the Ltissue ard clongation of the radicle and the hypeocotyl.
Already by Day 1 (Pl. 44C), the protein hodies have swollen,
compared te Day G, and in some cases neighbouring bodies haue
apparently fused {arrows); area (d)} is no longer evident in the
protein bodies. Compared to Day 0O, the lipid bodies nouw appear
rounded and are more widely spaéed (P1, 45B). 1n the Day 1 cells,
membrancus structures are generally better defined; thus in Pl,
458 the nuclesr and plastid envelopecs, dictyosomes and plasmalemma
are clearly visible,

At Day 1 the radicls»hprthyl axis is straight, but by
Day 2-~3, because of greatcr vacuclation of the protein bndiés and

consequent faster elonpation of the epidermal and cortical cells

in one side of the hypocotyl thanm on the diametrically opposite



side, a hypocotyl hook develops (Pl., 45A and 46A). By Day 4 the
protein deposits have been digested and in the epidermal and
cortical cells the vacuolation is especially prominent(P1, 45A).
These newly=Tformed vscuoles are bounded by the membranes
priginelly delimiting the protein bodies, 1In Day 3 specimen
shown in Plate 46B, granular andlmemhranons inclusions (arrows)
from the original protein bodies are sometimes still persistent,
These uccur in the large, central vacuoles now occupying each of
the epidermal and cortical ceils as 3 result of the fusion of
the smaller vacuolss, 1his type af vacuclation, which ie similar
to the one observed in the storage cells of the P, vulgaris

cotyledons, has also been dascrihed in L, usitatissimum by Poux

(1965) and more recently at the light microscopic level by Dhar
and Vijayaragavan (1979).
During Uacuolation; in the cortical cells the nucleli move
from their original central position, at Day 0, inlo an
apparently random peripheral position in the cytoplasm lining the
cell wall (Pl. 458 and 46B); whilst in the epidermal cells they
migrate to the peripheral cytoplasm (Pl. 47R~B) but often close
to the inner (pDriclinal).mall. The nuclei of both tissues have
increased 1n size approximately 1D—ﬁ5Pm in diemeter and show 2 more
irregular outline (but net so markec as in P. wvul arié,-see Pl,
3A). The? Eontain a single large, nucleolus measuring about EFm
and this is sometimes vacuolated (Pl. 46B)., In the nucleolus of
Plate 473 dense and less dense areas occur, possibly corresponding
£u the fibrillar and granular zones of Gunning and Steer (1975).
In the cytoplasm nf Lhe Day 3-4 hypocntyl, lipid bodies
are still prominent {especially in the cortex, Pl. 468 and 47B)

but occupy peripheral positions and they are fewer Ulhan at Déy D
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{Pl. 428), By Day 3-4 the cytoplasm in the epidermzl cells is
reduced to a thin layer lining the walls (P1l, 458 &nd 47A) and
within it sbundant free ribosomes occur, whilst in addition rough
endoplasmic reticulum, numerous dictyosomes and well defined
plastids and mitcochondria are npw visible. The plastids are up
to GFm wide and are of varied %urpholngy; they may contain
sporsely developed granae and laroe, rounded, electron dense
inclusians (P1, 47A). The mitochondria genmrally have more—-or-—
less circular dr ellipsvid profiles and show well developed
cristae.

Between Day 2-4 sinmata and "swallen" cells (see section
3.2,6.) develop within the epidermis of the hypocotyl; their
development apparentiy proceeds rapidly and their differentiation
from the uniform epidermis of Day 0-1 hss not been followed., At
the same time in all types of epidermal cells of the hypocatyl a
single, crystal-like, inclusion begins Lo develop in each nucleus
(P1, 47A)., Both mercuric bromophenol blue 2nd aniline blue black
give positive reactions with these inclusions, thus indicating
their. proteinaceous nature, During elongation of the hypocotyl,
the epidermal c¢ellechange their squat shape and become elengated
parallel to the long axis of Lhis organ, The epidermal nuclei
also become somewhat elongated in this plane and the long axis
of the spindle-shaped nuclear inclusions are similarly orientated,
In a cross section of the nucleus, the inclusions appear hexagonal
(P1. 47R) and arte up to Zpm in diameter by 3Dpm in length, No
crystalline sub-slructure has been pbserved in these inelusions
{(c.f. P. vulgaris Pl. ﬁﬁB), although in longitudinal sections at
higher resclution fibrillar components can be seen (c.f. P1, 50).

A close asspciation between the nuclear inclusions and nucleoli
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is freguently apparent (Pl. 478, see also Day 10+8 epidermis in
Hl. 508 and 52).

The differentiation of the cortex follows a similer
pathway to the epidermisj the principal cytoplasmic differences
concern the plastids, where large starch grains and prominent
granae are evident (PL, 475); also in the cortical cells nuclear
inclusions are absent.

During early germination the provescular tissue, generally
contains small guantities of protein and lipid deposits, However,
at Day 1 scattered groups of three or four provascular cells
occur (P1l. 48A) which epparently lack such food stores, are rich
in cytoplasm and contein numerous mitochendria and dictyosomes;
such cells may perhaps be destined to undergo early
differentiation into vascular elements, By Day 3-4 same mature
sieve and tracheary elements have already differentiated. Plate
4BB shows both mature and di#Farentiating protoxylemy in the
cyteplasm lining the secondary thickened walls bof thess
differentiating elements, numefohs strands of rough endoplasmic

reticulum, dictyosemes and translucent vesicles are present,

3,2.6, PDay 10¢ the fully elongated, intact hypocotyl.

A histological description of the seedling anatomy of

L. usitatissimum ie given by Crooks (1933), whilst Link and

Eggers (1946a and b) and Gulline (1960) give additional
information on the epidermal~cortical structure of the hypocolyl.
However, these workers employed the rather crude fixatives then
current for light microgcopy and examined relatively thick
sections of wsx embedded material, The cytological Dbsefvations

are therefore greatly limited; their descriptions cancentrated
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more on cell walls and planes of divisions and largely ignored
the cytoplasmic contents., Thus the present description of the
hypocotyl, which is based on material processed with medern (EM)
fixation techniques and semi-thin or ultra-thin sectians of resin
embedded material, concentrates on the various features which
were not considered hy these previous warkers.

In the epidermis four types of morphologicaly different
cells are Faund; normal epicermal celis, "swaollen" cells,
stomatal guard and subsidiary cells (Pl. 49A-B and S51A). In a
TS of the hypocotyl the "swollen® cells (Pl., 498, small arrows)
are wider {up to SUFm} than tHe normal cnes and protrude from
thie external surfacg of the epidermis. 1In a surface view the
"swollen' cells measure approx. 1DUFm long, are pointed at one
end and Flattened at the other and tend to form longitudinal rouws
(usually single) separated by seversl rows of other epidermal
cells (Pl., 49A-3 and 50A),

The normal epidermal cells (Pl, 50A-B) are elangated
(eabout 150Pm long by 40Fm wide) and in longitudinal section may
be either spindle shaped, rectangular or pointed at one end and
flattened at the other. A single large vacuole occupies most of
the eccll volume and only a thin layer of cytoplasm lines the cell
walls, An elongated nucleus, ;ith one or two nuclecli (Pl. 50B
and 52) and a nuclear inclusion, is usually abserved close to
Lhe inner periclinal wall and is normally surrounded by a
cnncentrétinn of mitochondria, rough endoplasmic reticulum, free
ribosomes and some plastids. The latter are aomeuhaf limited in
number aﬁd-their fine structure is characteristic of these cells;
the plastids contain a granular stroma with a few thylaknide, and

a central denser body, possibly of proteinaceous nature (Pl. 47A
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and 54A) No starch is normally observed in them. "Swollen"
cells have a similar cytoplasmic appesrance to Lhe normal ones,
apparently differing only in their shape and size from the latter.

The steomala of the hypocotyl are of the paracytic type
(Pl. 49A)., The stomatal guard cells measure approx, SB—ADFm
along their long axes and subsidiary cells AD-SDFm. Their
plastids are more numerous than in the other epidermal cells and
vnlike in the latter these plastids contain large starch grains
and more nNuUmMErouUs grana. Hoyever, nuclear inclusiaons are present
in both guard and subsidiary cells as in Lhe other epidermal
cells,

It should be emphasised that there is no evidence in
either the fully elongated intact hypocotyl or in preceeding
stages of germination of any ocecurrsnce of bud primordia and
there is also no cyteological indication of the existence of
specific epidermal cells which might later give rise to bud
priwmordia. Likewise within the cortex the lateral procambial
strends {which might later form vascular connections with such
buds) are alsoc ahsent,

The cortical cells (Pl. 5%A and 53A) are cylindrical,
measuring approx. 30—49Fm in diameter by EU—HOFm in lengths the
widest ones tending to be situéted in the mid cortex (Pl. 49A).
Large intercellular spaces occur, sspecially between their
longitudinal walls, forming channels along the long axis of the
hypocotyl, The thin cytoplesmic layer, which lines the cell .
walls contains relatively few mitechondria, endoplaémic reticulum
and ribospmeé but chloroplasts are prominent {Pl, S18). These
contain well developed grana but only very small or ne starch

grains {(Pl., 53A), The cell walls are very thin, about D.2rm
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(plosmalemma to plasmalemma)., The nucleus (contsining & single
mucleolus) lies in the peripheral cytoplaswm,; usually about half
the way aleong the long axis of the cell and flattened in this
plane.

The topography of the vascular tissue differs in the lower
and the upper parts of the hypocotyl due to the change from its
arranqement in the radicle to that in the hypocotyl, 1n the
upper part of the hypocotyl two cotyledonary traces (each
consisting of a few closely associated vascular bundles, Crooks,
1933) surround the prominent pith (Pl. 49), In TS each
cotyledonary trace consists of several layers of small celled
tracheary elements on the insi@e, surrounded by a broad zone of
cambium plus immathe vascular elements whilst a narrow band aof
phloem lies to the outside.

At this stage of development of the hypocotyl fibres begin
to form in the inner cortex (P1l. 494, arrods). The fibre
initials can be distinguished (before the walls thicken) by the
large size of the starch grains in their chloroplasts and the
nuwerous vesicles in their protoplasts (Pl. 548) compared to the
chlorenchymatous cortical cell (P1, 53A), PRlate 50C is an
eleciron micrograph showing some transversely sectionec fibrecsy
some of them appear to have empty lumens' surrounded by secondary
walls (which have apparently separated from the primary wall) and
these are probably mature fibres; whilst othars have thickened
walls but contain dense cytoplasm and are p;esumably still
differcntiating. Neither Crooks (1933) nor other uorkers -
previously cited mentioned Lhe presence of fibres in the young

hypocotyl of L. usitatissimumi: Esau (1943) stated that in the

growing stem of this species the fibres grow by apical
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intrusive growth, however this aspect of their development was
not investigated in the current study.

The epidermal and cortical structure of the intact
hypocotyl shows no obvious changes from about Day 10~20 but
later the hyppbcotyl undergoes extensive secondary thickening and

formation of cork cambium (see section 3.2.7.)

3.2.7. Changes occurringin the fully elorngated hypocotyl after

decapitation.

Within a few days of decapitation the hypocotyl has
assumed a deeper green colour {than the contrcl) and the region
adjacent to the excised surface has slightly swollen (P1, 417A).
LM and TEM observatians (made at various levels aleng the
decapitated hypocotyl) show a massive accumulation of starch (P11,
510 snd 538) inside the chluroplasts of the cortex and pith, and
also in the stomatal guard snd subsidiary cells but not in the
.nthef types of epidermal cells. In the upper, swollen part of
the decapitated hypocotyl (Pl. 51B) the cortical cells are mors
irfegular and with a greatly expanded intercellular space system
(comﬁared to the control materisl, P1, 51A) and are often
reminiscent of the spongy mesophyll cell of the leaf. The
cortical cells appear tﬁ be éeﬁerally wider in this reglon of ihe
experimental material compared with the cantrel {(c.f. 51A-B), the
cortical csll walls of the experimental material zre generally
thicker (D'GFm wide, plasmalemma to plasmalemma} and their
cyltoplesmic lining is now ﬁhicker and denser (Cuf. Pl.IBSH—B).
Another feature of the decapitated hypocotyls is the common
oocyrehce of microbodies in the cortical cells in close

association with the chloroplasts (Pl, 53B and S4C) whereas
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those arte rareiy seen in control material (P1. 53A).

In old, Day 10+30, decapitated hypocotyls (Pl. 55B), there
are considerable differences from Day 40 (intact) hypocotyls (P1,
55A). 1The epidermis remains active in experimental material and
both anticlinal and periclinal divisions take place, eventually
leading in pleaces to a>bilayered epidermis, By contrast the
epidermal cells of the Llnlact hypocotyl do not appear to divide
after the hypucotyl has fully elongated (Day 10) and in the
older hypocotyl the cpidermis is hbhecoming replaced due to the
activity of the cork cambium arising in the cartex (Pl. G55A,
arrou).

The cortical cells of the experimental material {at all
stages) apparently retain the same number of chloroplasts as in
the countrol but with the growth of the non-dormant adventitious
bud into a large lateral shoot the cortical chloroplasts of the
hypocotyl lpse their massive starch grains. The development of
the secondary xylem in the Day 10+300 hypocotyl is much less
exteﬁsive than in the control {Day 40) hypocotyl and in the
former a large pith cauity occurs {c.f. Pl., S5A~B)., Decapitation
also affecls the development of the fibresj by Day 10+30 there
are many more visible in a TS of the hypocotyl (Pl. 55B) compared
to control (Day 40, Pl. 55A) material and the former fibres haue
thicker walls.

The decapitation of thé hypocotyl also resulls by Day
10410 in the development of tranafer cells in relstion to the
main (axial) vascular strands of the hypocotyl {Pl, 55C) and
such cells are not observed in comparable cont¥01 material. The
xylem transfer cells develop ingrouths only on the cell walls in

contact with the tracheary elements (Pl. 56A) Lut in the phlcem
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transfer cells such ingrowths are apparently vnifeormly
distributed on all walls, However, in the older materisl
examined of both Day 40 (control) and Day 10+30 (experimental)
hypocotyls, transfer cells are not visible in relation to the
axial vascular tissue. This suggests that these wall ingrouwths
are evanescent structures, perhaps serving some temporary purpose
(e.g. active transportstion of soclutes, see review by Pate and

Gunning, 1972) and that leter the ingrowths become digested.

3.2.8. Tha initiation and eariy development of adventitious bud

afler decapitation of the hypocotyl,

L¥, TEM and SEM observations indicate that buds are
initiated from the normal epidermal cells but not from the
stomatal quard cslls, subsidiary cells or "swollen"cells, 8y
about Day 10+6 to 10+10, 5 to 20 sdventitious buds at different
stages of development are visible under the dissecting micruscope
and these are usually confined to the upper half of the hypocotyl
(P1, 418). Exemination of epidefmal strips from various
hypocotyls D% these ages (in which a large numbep af epldermal
cells from t.he same hypocotyl can I;e aobserved with a 10x objective
lens, see section 2.2.2.) shows, howsver, that numercus smaller
bud primordia, at thc stage when only one or two epiﬁermal cells
are involved, are also present.

In ane experiment, when seeds were planted undar the same
experimental conditions, but in spring instead of winter, buds
developed mainly on the lower half of the hypocotyl {P1l, 41C),
Howsver, observations on bud development have been canfined to
those nriginating in the upper hypocotyl,

Within 3-4 days of decapitation {Day 1043 to 10+4) changes
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occur in certain normal epidermal cells which are detectable
only by electron microscopy and this initial dedifferentiation
concerns mainly the plastids and nuclei.

In pon-ectivated epidermal cells the plastids have more-
or-less round profiles and are up to 5Pm in dismeter with the
same appearance a8s in the control. Plate 52 shows a 1ong%tudinal
section of the nucleus of what it is considered ta be an
activated epidermal cellj; the nuclear outline appears as slightly
convoluted with occasianally some cytaplasmic invagqinations {(thin
arrow) whilst the nucleclus has several vacuoles and dense -and
iéss dense (granular) zones. The plastids have develaoped some
starch grains and ip addition they contain some dense bodies with
irregular outlires (large arrows) together with some granular in
appearance (small arrows) and smaller circular or oval (solid
arrows) bodies in their gtroma. In Lhe cytoplasm of such cells
cendoplasmic reticulum elements and dictyosomes are frequently
seen together with some miﬁrobudies. No chenges, however, are
yet observed in the fine-structure of the nuclear inclusion.

In some activated {but as yet undivided) epidermal cells
of the experimental material (Pl, YGB) the plastids now appear
different and have developed oﬁe to several starch grains
measuring up to 2pw, more thylsekoids, and one or more osmiophilic
bocies up tao 2pm in diameter comﬁared to the plastids in the
control epidermis, The plastids are now polymoerphic and in Plate
568 the plastid on the wight has developed a long tail and might
represent a stage in theg replication of this organslle.

The longituqinally sectioned nucleus shown in Plate 568
is now énndderamy shorter (about i2um long in the plane of this

section compared to about 3DFm long in the Day 0 hypocotyl),



However, it has increased in width to sbout 1Cpm {(camparec to
about 5-7um in the control) &end is as wide as the epidermal cell
itself., The nuclear inclusion is also much shorter {sbout 10Fm
-long compared to SUPm long in the control) and it now lies
transverse rather than parallel to the long axis of the epidermsl
cell. The daughter nuclei resulting from this first mitosis (P1,
59A) no longer centain inclusions anc it seems that the latter
are digested just prior to this process,

Prior fo mitosis in an activated epidermal cell the
nucleus migrates from its peripheral position and comes to lie
in the centre of the cell, suspended in the vacuole by cytoplasmic
strands cunnécted to the peripheral cytoplasm, The mitotic |
spindle of Lhe first mitosis is naormally orienlaled so that the
cguatur lies transversely, or somewhat obliquely, to the long
axis of the mother cell (Pl, 57A=B). Subseguent centrifugal
development of the cell plate (apparently resultiné from
increased activity of dictyosomes and endoplasmic reticulum
elements, Pl, 57C) divides the epid&rmal cell inte two {usually
equal) still highly vacuolated daughter cells, Closely following
the firsi divisian of the mother cell there follow more
transverse divisions in the daughter cells and the derivative
cells Lhen further dividg.by tangential anﬁ radial lengitudinal
divisiens. Plate 57A shows s paradermal section of the Day'10+8
epidermis where a normal epidermal cell (arrow) has divided
transversely into six daughter cells which are still highly
vacunlated. These first transverse divisions were missed by
- Crooks (1933) wholdéécribes the radiél and tangential
longitudinal divisions as occurmng first but Link and Eggers

(1946} describe the same sequence of divisions in the epidermis
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{as currently eohserved) and comment on the misinterpretation made
by Crooks {1933). At this early stage of the bud initiation the
daughter cells are still retained within the confinas of the
mother ¢ell wall and vary in appearance from densely cytoplasmic
cells with prominent nuclei (primary mervistematic cells,
GCautheret, 1966) to still considerably vacuolated cells (Pl,
58A-B).

Although initial activation of hypocotyl accurs.in isplated
epidermal cells, the cells adjacent to thesec loci subsequently
become involved, The sequence in which the neighbeouring cells
undergo dedifferentiation varics: most commonly the next
eoidermal cells to‘differentiate are those contacting either the
proximal, dietal or both ends of the ocriginal mother cell, uhilst
‘the lateral cells become involved later (Pl. 5BA-B); or all the
rpidermal cells surrounding the initiating cell undergo
dedifferentiation moreor less simultaneously (P1l. 58D). Finally
more peripheral epidermal cells also become involved, so that a
prominent bud primordium (bulge stage, Crooks, 1933) develops
around the original epidermal locus., The SEM mictographs (Pl,
63A-C) show surface views of different stages of development of
the adventitious bud primordiumi Plate G3A shows a very early
stage where ons epidermal cell has apparently undergone several
transverse divisions whilst in Plate 638 a few radial longitudinal
divisions appear to haveoccurred and in Plate 63C the latter
divisions are more abundant,

FPlate 59A illustrates a daughter epidermal cells from a
bud initial (c.f. Pl, SBé—C); segveral varying sized vacuales are
present and plastids still contain comparatively large {up to

T 5pm wide) starch grains. The nucleus is about EFN wide and is
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slightly canvoluted in outlinej; the large vecuolated nucleolus
(which is about 4pm wide and reminiscent of that of the callusing
cells of P. vulgaris, Fl. 268 ) shows some dense {possibly
fibrillar) and less dense (granular) zones. In Plate 50A the
cytoplasm conbains abundant free ribosomes but rough endeoplasmic
reticulum is sparse. The mitpchendria have oval or circular
profiles and the plastids bave irreguler outliness the plastid
indicated by an arrouw shows a tail which Jlacks starch.

After a pumber of divisions have ocnurred within the Iimits
of the mother cell (Pl. SBC) the smaller dsughter cells (P1, 593
and 61A) are characterised by an increasing proportion of
cytoplasm and smallgr vacucles with granular contents, The denser
cytoplasm contains mainly free ribosomes.mhilst endaplasmic
reticuluwm and dictyosemes are lese comman, The plastids are more-
or-less similar in sHape and size to those previously described,
but with smaller starch greine of up to U'EFm in diameter. The
.nuclei are of similar size to Plate 59A but are now rounded and
contain a single non=-vacuolated nucleclus (Pl, 59B), This
containg dense and less dense zones, whilst some isolated patches
of densely stained material are observed in the nuclegplasm near
the nuclear envelope.,: The arrows indicate the mother cell walls
{ori.ginal cell walls of the epidermzl cell) which are thicker
than the newly-formed cell walls., The latter are penetrated by
plasmodesmata (smell arrows).

Following the ectivation of the epidermal cells to form a
bud initial further divisions in verious planes in both the
epidermis and the cortex give rise to the bud primordium on which
normally the first two leaf primordia arise an either side of the

apex (Pl, 63A) proximally and distally in relation to the long
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axis of the hypocotyl. However, some apparently aberrant,
oversized bud primardia are occasinnally observed; Plate 63B

shows a face view of one of these buds and Plete 66 is a RLS of

8 similar bud., It seems ppssible that these buds are formed by
the synehronous development of several bud primordia very close

to each other thus procucing thesec terstomatous buds. The
oversized bud abserved in Plate 66 seems tn be & dormant one since
no provascular tissue is observed {see section 3.2.9,) within the
corlkex,

From the large number of specimens investigated it is
apparent that initiation of the adventitious bud occurs anly from
normal epidermal cells, but "swollen" cells become involved later
and divide like normal epidermel cells (Pl, 62C, arrow and 6G3A),
The stomatal guard ecells, however, do not dedifferentiate even
at later stages of bud development; intact stomata can be

distinguished in Plate 63R (arrows) on the bulging bud primerdium.

Je2+9, The later development of the adventitious bud and its

vascular connection with the main hypocotvledonary vascular

tissue.

According to Creooks (1933) and Link and Eaggers (1946a) the
adventitinus bud develops exclusively from the epidermal cells.
However no clear evidence of the exclusion of cortical
participation in bud development is produced in either
publications. 0On the contrary, in the present study, careful
examination of transverse, tangenlial and paradermal serial
sections indicates that both cortical and epidermal derivatives
participate in the development of the bud (Pl, 67B-D). However,

after dedifferentiation begins in the cortex, it is difficult to
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unambiguously distinguish the derivatives of the cuter corlex
from those of epidermal origin. flne distinction might be based
on the presence of chloroplasts (similar to Lhe ones pressnt in
the curtibai cells) or plastids (similar to the ones present in
the epidermal cells) but it is likely that some chloroplast
containing cells may also originate from the epidermis e.g. in
the potential mesophyll of the leaf primordium (Pl. 670~L)s in
the deeper cortex of the hypocotyl Lhe origin of the provascular
tissue from cortical derjvatives is very clear (Pl. 67B~F and 68),
Plate 578 is @ low pouwer electron microaraph {of a
paradermal section of the hypocotyl) showing the hase of a
transversely sectioned bud primordium at a stage similar to the
one shown in Plates 63A and 68, The cells illustarated in this
Plate are at different stages of dedifferentiation., The cells
&t the top have undergone one or more divisions but the
longitudinal outlines of the mother cortical cells are still
quite distinct; these daughter cells contain large chloroplasts
which, however, have lost their massive starch grains and seem
to be dividing (see section 3.2.10.)}. These cells are still
highly vacuolated but with the nucleus occupying a central
position instead of being peripherally located. Ths cells in the
mid-left of Plate S57B (detail in Pl. 61B) are clusely packed and
withoul intercellular spaces between them., They are still
pruminently vacuclated and contain chloroplasts with well
developed thylakoids, although these plastids are smaller than
in phe contrel cortical cells; same small agranal plastids (P1.
618, ar?ow) are also pgesent in these cells. In one of the
cells shown in Plate 60B,a circular chloroplast profile can be

seen (large arrow) and it seems that this is undergoing changes
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leading to the formation of a modified plastid characteristic of
sieve tube phloem elements (c.f. Pl, 70A~-0, large arrows ) thus
indicatinc that Llhis cell wmight be a potential sieve tube element.
The cells on the mid-right of Plate 60B are morc highly
dedifferentiated, containing dense thnplasm, smell vacuules,
small agranal plastids (Pl. 61A, arrows) and large nuclel with
more-or=less circular profiles, each usually containing one
prominent nucleclus., The cytoplasm in these cells (Pl. 61A) is
occupied by closely packed free ribosomes and within it lightly
staining mitechondria nccur; multi-~-membraneoue myelin-like bodies
are also commonly observed,

Crooks (1933) briefly mentions the vascularisation of the
adventitious bud bu£ only describes the development of xylem; he
suggested that protoxylem elements are differenliated in the
first leaves of the new bud before cell division has begun in the
inner laysrs of the cortex of the hypocotyl. The differentiation
of the wvascular tissue proceeds inwards from the bud to the
endodermisc of the hypocelyl with the formation first of many
ispolated tracheary elements which ;ater join into continuous
strands. However, Crooks (1933) does not mention if there is any
difference belween dominant adventitious buds (those giving rise
to a replacement shoot). and darmaht (arrested) buds, in relation
to the development of their vascular connection, 1In the present
work this particular problem was studied by employing both
serially sectioned and cleared specimens, since the exsmination
of Unlyla few randomly culb sections is likely Lo be misleading.
Careful observation af cleared decapitated hypocotyls shows that
sometimes tracheary elements cén be found running obliquely in

the cortex towards the epidermis at sites where no obviocus bud
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primordia are present (Pl. 640). On the other hand, sometimes
buds which have already reached an advanced stage of development
may either have no tracheary elements, or only a few, which, do
not form continuous strands (Pl, 64A)., Plate 65 shouws a hypocotyl
wvhere the dominantadventitious bud has already ceveloped into a
replacement stem about 5em high and it has a massive vascular
connection with the main cylinder, whilst the other two dormant
buds (srrows) hsve only developed several discontinucus Llracheary
elements, The axial vascular tissue of the hypocotyl above the
point of the attachment of the dominant bud ceases develaopment
after decapitation.

The timing of protoxylem differentiation, as indicated by
‘cleared speocimens, depends on whether the bud is dormant or not.
In the former (Pl. 64A) this process is relstively slow. and
occurs after the bud primordlium is already visiblej however, in
the latter (P1, 64B) this process seems to be more-or-less
synchronous with the bulging of a bud primordium or even occurs
before this swelling is visible. In the radially lonpitudinally
sectioned specimens the cell plates of dividing ccrtical‘cells
are formed in ablique planes corresponding to the orientation of
the future procambial strands (Pl. 68, large arrows) and these
are accompanied by radial (P1, 67j and tangential longitudinal
divisions, The first divisions seem to occur more-or-less
simultaneously throughout the cortex and no evidence was found
in.the prasent stucy Qf a basipetal dedifferentiation and
vascularisation as described by Crooks (1933). Howrver, the
latter canclusion might appear to be correct if only isalated
transverse sections through the upper part of a bud primordium

were nbserved (c.f. Pl, 67A-B) or = few random radial lengitudinal

80



sections examined,

The degree of dedifferentiation of the cortical cells
varies considerably depending on their tuture., Some daughter
cells, sven after several divisions remain vacuolated and similar
in contents to the mother cortical cells, whilsl others
dedifferentiate further into provascular cells and then
redifferentiate to phleoem and tracheary elements {P1, A#%9R) of the
vascular strands which {at least in the dominant bud) eventually
connect the adventitious bud with the axial vascular tissue of
the hypocatyl, Examination of serial sectiaons {at the EM level)
of the cortex in regions where provascular stands are located,
indicates that the first vascular elements which redifferentiate
are phloem, recogni;able by their sieve plates and modified
plastids (Pl. 60B, large arrow, and 698), Thie is followed hy
the development of phloem transfer cells and tracheary elements,
Serial transverse sections through the base of a dominant bud
(paradermal section of the hypecotyl, Pl. 72B=F) reveal that
about 15 provascular strands develop {(giving an oval outline in
section) connecting the bud with the axial vascular tissue of the
hypocontyl. Observations made at both LM and LM levels indicaste
that within these provascular strands, transfer cells
differcntiate only in relation to the phloem slements., The
transfer cells may vary considefably in shape and sizej; Plate 694
il2ustralss some of these cells and how they are reléted
topographically to phloem and tracheary elements and Plates 70A-3
and 71 show more details of their fine struclure. -These tells
contain the characteristic tortuous finger-like cell wall
ingrowths, which extend deep inside the cytoplasm and are

surrounded by an electron translucent area (which may represent
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slight plasmnlysis) delimited by the tunoplast. Their cytoplasm
is packed with free ribosomes and contairs some rough endoplasmic
reticulum elements (Pl1, 71)}. Some chloreplasts, measuring up to
4pm long, are observed and these contain well defimed grana and
plastoglobuli in their stroma, Mitochondria are numerous and
mainly located in between the wall ingrowthss these mitochondria
measure up to 1Pm in diameter, their profiles are either circular
or oval and they contain well defined cristee; however, some of
them posess translucent matricés and this could represent either

an artifact or a sign of senescence.

3.2.10, Dedifferentiation and replicaetion of the cortical

‘chloroplasts,

Rs previously mentioned {section 3.2.7.)}, deeapitation of
the hypocotyl results within a few days in the swelling of its
upper reqion (Pl, 41A) due both to an inerease in the
intércellular space system within the cortex and to soms growth
in the constituent cells {(e.f. Pl., 51A=B}. This uacuﬁlation
grouth of the cortieal cells is widespread and not confined to
regions adjacent to bud primeordia forming in the epidermis,
Accampanying the increase in cortical.cell size there is a general
enlargmenf of the chloroplasts and considerable accumulation of
sterch, In Day 10 {control) cortical cells, the chloroplasts
are approximately S»BFm long by S—SFm wide, they mainly 1line the
longitudinal.cell walls and are generally orientated so that
their long axes parallel thesé walls and contain little or no
starch (P1. 53A). Within a few days of decapitation the
Ichlufoplasts have épproximatgly doubled in size to about 15Fm in

length by BPm in width and within ~ the stroma of each plastid
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one to several starch grains opccur (P1l. 53B and 54C). The starch
grains tend to be oval in outline and generally their long axes
co-incide with those of the plastids containing them. When only
a single starch grain is visible in a chloroplasl (Pl. £33) the
grain is often very large (up to SFm long by ZPm wirde for the
densely staining core or ?Fm long by SPm wide, if the translucentl
zone is also innluded), whereas when multiple grains occur these
are smaller {Pl. S4C and 73). It is possible that the translucent
peripheral region of the starch greins may represent a shrinkage
artifact, possibly opeccurring during fixation our later during
processing., 0On the other hand similarly translucenl sreas
-sumetimés uccur uiﬁhin the densely staining core of the grain
(P1. 75A). UWhithin the dsnse core of the starch grain more
densely staining bands are usually visible. These may represent
artifac£s of similar origin to those already described from the
callusing cotyledon of P, vulgaris (see discussiaon).

The period of starch accumulation within the majority of
cortical chloraplasts appears to be relatively short-lived.
Sections of hypocotyls on which a new lateral shoot hes become
established from the outgrowth of an-adventitious bud (Day 10+15
or older), reveal that the chloroplasts in>cortical tissue
situated 2t some distance fror the new axis now posess only small
starch grains, nr none are prcsent, and that the chloroplasts are
similar in dimensinns to those in cortical material. The géneral
fine-structural features of thesc cells also resemble those of
the control cortical cells, By contrast, however, cortical cells
which are involved in the development of the provascular strands
éhow marked dedifferentiatioﬁ changes accompanying cellular

division. In relation to the plastids of these dedifferentiating
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cells Lup main types are evident: chlaroplasts (P1, 74A, on the
left) and smzller plastids with a dense stroma which lack
thylakoids or starch grains but contain a number of Lranslucent
vesicles (Pl, 74A, on the right). The chloroplasts are most
comman in the larger (but slready sub~divided) cortical rells,
wher=zas the olher type of plastid represents most of the
populsiion in the smallser cells resulting from numerous divisions
of amn original cortiecal cell. Thus accompanying the
dedifferentiation snd division of the cortical cells the originsal
chiloroplast populalion apparently undergoes replication and the
progeny heéome progressively modified, Plate 74Ashous a2 daugh{er
cell with several chloroplasts present, These contain prominentl
starch grains and are generally similar to those previously
described, which are encountered throughout the cortex soon after
decapitaLion of the hypocotyl, and show large translucent areas
surrounding the dense core of the starch grains. However, the
three larce chlnroplasls in the‘centre of Plate 74A &re spparently
connected through narrow constrictions {large arrows) with each
segmenl ceontaining its ouwn thylakoid system, starch grains and
plastoglobuli. Chloreplast profiles showing constrictinns of
this type are commonly encuuntfel-'ed in these cells (P1. 74ﬁ-and
758), Although there are inevitably considerable problems
concerning the correct intarpretatiun of ‘dynamic celluiar
processes as reconstructed from the evidence of static pictures
of the cell, it is neverthless considered that such profiles
represent lale stages in the approximately wqual division of a
mature chloreaplast. The three potential daughter chloroplasts

in Plate 74B measure about Sum by 3pm and chloroplast sections

of similar dimensions ere of frequent occurmnce (e.g. smaller

84



chloroplasts in Plate 74B), Jn other apparently dividing
chloroplasts (P1., 75A=B) the silhauette and internal morphology
of the parent chloroplasts may be much less regular than
descrited above. Thus in FPlate 'Y5A the isthmus cornects a
smaller (as seen from a single section) component with a much
larger (partner) chloroplasl. 1n Plate 758 the outline of the
large plastid is highly M"amoeboid", Each main segment cantains
thylskoid membrenes but their drientisation differs; the grana in
the central segment (l.) are spparently seen in approximately
Face view whereas the crana are mainly transversely sectianed in
one of Lhe other segments Iof‘ the mother chloroplast (. c:r‘).
Plate 76A shows a nearby section of this same chloroplast with
the orientation of Lthe thylakoids in the central lobe the same
as In the previously detailed illustration. But one of the
terminal lobes (‘), which in Plate 758 is sttached ta the other
chloroplasts, lies apparently dﬁt;ched from the mother plastid
in Plate 76A, Plate 76B shows {from another secticn) a large
area of the celllcontaining the mother cell shown in Plates 75B
and 76A3 the terminal lobe (.) of this plastid is seen at the
upper left of Plste 768. In the latter plale snother two
polymorphic‘chlurnplasts are also visible.

Plate 77R illustrates a chloroplast with a long "tail" and
in this latter region neither thylaksoids nor starch are present.
Plate 78A shaows a group of apparently separate plastids (pussibly
all parts of a single plastid complex}; one of these chloroplasts
shows an agranal tail and several similar, but isolated, profiles

around it, Another of the chloroplasts posesses a swollen
agranal eﬁd (arrow), which contains a large cytoplasmic enclave

{bounded by the plastid envelope) which is of similar appearance
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to the ground cytoplasm. The chloroplast in Plate 778 shous an
irregularly outlined agranal region at its base and & section
cut along the plane indicated hy the dotted line would
demonstrate an area of cytoplasm bounded by the plastic envelope
(c.f. P1. 7BA, cytoplasiwic enclave in agranal end of.plastid).
The sgranal "tails" (Pl. 77A) or otherwise irrcgular blebs
(P1., 778B) projectinyg from chloroplasts are considered to
represent an alternative mode of plastid replication giving rise
in this case to small proplastids, containing few or no membranes
within the stroma (Pl. 74A and 78A-~B8) instead of the small
chloroplasts predominantly formed in less dedifferentiated

tissues,
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4, DISCUSSION

In connection with the ultrastructural examination of air
dried seeds, there are two major problems, The first is the
generally unsatisfactory standard of specimen precservation
resulting from the use, onlair dried seeds, of the fixatives and
embedding agents normally employed for the preparation {for
electron microscopy) of the more common hydrated, botanical
. specimens, The second problem is that dry tissues are likely to
undergo varying degrer of imbibition with the use of anueous
fixatives, so perhaps altering the structural state of the
cytoplasm {(Abdul Beki end Baker, 19733 Paulsoun and Srivastava,
19683 Swift and Buttrose, 19?3);

However, many workers have soaked air dried seeds of
various species, for periods varying from a feuw minﬁtea to
ssveral haurs, and have assumed that no major ultraslruclurasl
changes occur in such short periods of hydration (Briarty et al,,
19703 Buttrase, 19633 Horner and Arnott, 1965, 19663 Jones, 1969;
M{odzianowski and wiowska, 19753 Niodzianuwski, 19783 Nieudrop,
19633 Nougard&de and Pilet, 1964 Bpik, 1865, 19663 Paulson and
Srivastsva, 1968; Rost, 1972; Smith, 19743 Webster and Leopold,
19773 Yoo, 1970).

It is, neverthless, evident that such a procedure limits
tuv some extend the validity of comparative studies aof features
such as membrane systems in dry and germinating seeds. This
limitation is demanstrated in the stucdies by Swift and Buttrose
f1972, 1973), They ﬂtilised the freeze-etching technique, but
with the unusual precedure of employing 100% glycerol as an anti~

freeze agent instead of the 20% agueous solution which is
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normally used with this procedure (Muor , 1964, Litile or no
etching occurs to the specimens before.replication since very
little water is present in the air dried seed tissue to

sublimate. Cumparison of specimens processed without prior
hydration with tissues briefly hydrated befoure freeze-etching

(aﬁd also with sections of chemically fixed materiasl) demonstrated

that in the scutellum of Triticum aseslivum both protein bodies

and 1lipid droplets, after only a few seconds of imbibition,
thanged trom angular outlined bodies to rounded onesj; whilst the

cell walls ot storage cells of Pisum sativum cotyledons changed

from "straignt™ to "wavy" after a few seconds of imbibition,

Attempts have also been made to employ ﬂsﬂa vapours as
a non-acueous Tixative for dried seeds. In studies by Perner
{1965), Swift and 0'3rien (1972), Simon (1974) and Yatsu {(1965),
it was found that fixation with these vapours of air dried
tissues frequently results in poﬁr definition of‘the plasma
membrane, bad infiltratinon nf.the resin and difficulties in
sectioning., (According to Hayat, 1970, p. 68, the usc of &gueous
glutaraldehyde, now widespread in use as a fixative, generally
increases the permeabilitg of the tissues to the embedding media).
Houever, comparative studies of such dried tissues, fixed with
eitlher 0504 vapours or agusous fixatives, made by Simon (1974)
and Swift and 0'Brien (1972) show that while modifications may
be'effﬁcted at the molecular level, gross structural changgs are
not inducsd by agqueous fixation,

In the present study air dried cotyleddns of P. vulgaris

and hypocotyls and colyledons of L. usitatissimum were fixed

with equeous fixatives without pre-soaking in water., The

quality of sectioning of tihe resin blocks was very poor
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imrediately after the tissues were processed, but 2 dramatic
improvenent was noticed when Lhese blecks were re~sectioned
several years later., Although there appears to he little
discussion af Lhis phenomenon in the literature, it is commonly
recognisedc amongst eleclron ricroscopists that sir-curing of
tissue blocks for périuds ranging from a few days tu several
yeers {(depending on the nature of the tissue) coneiderably
facilitates sectioning. Thelquality of fixation observed in the

sections of air dried tissues of the species currently

investipated generally wppears satisfactory as compared with
previously investigated seed tissues, O0Organelles such as
plastids, milochondria and nuclei are easily recognised,
although the tripartste fine-structure of their envelopes cannot
be resolved,

Preliminary attempts were also made (in the current
studies) to examine the alr-dried cotyledons of P. vuluaris by
the modified freeze-~etching method as described by Suwift &nd
Buttrose (1972, 1973) using 100% glycerol bul some problems were
experienced., Ffirstly the 100% glycerol did not act as a very
succesful adhesive when frozen, and as a result the specimens
would not stay an the specimen stage during fracturing. Secondly,
‘the air dried tissue was very hard {especially at thev tcmperature
of —1DDDE employed in this technique) and therefore the razor
blade was damaged very easily during fracturing of the tissue
prior to replication, In the few replicas obtained with this
tocchnigue the only clearly visualisable features observed werc
nuclei in whicnh the distribution of the nuclear pores was apparent,
These preliminary results are encourapging and suggest that Turther

experimentatior with this procedure might be profitable.
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Gpik (1966) in her investigation of the gerrinatien
charges in the cotyledons of F, vulgaris described the epidermal
cells af the air dried seed but witheut producing protographic
evidence, The preservation of the inner tissves of the dried
seed was inzdequate, so that in general her description of the
non-germinated cutyledon is in fact based upon that of the 24
hour hydrated seed. Accurding to Epik (1966) the epidermal cells
appear similar in structure in both the dry and hydrated state.
Similar results were obtained in Lhe present study; the cells
contain very few food stores, mitochondria and ﬁlastids are
easily recognisable whilst smsll electron translucent vesicles
are abundant in the cyteplasm. However, no shrunken protoplasts
were ever observed in the epidermal cells such as described by
Hpjk {1966)., The latter might perhaps represent cells of nor=-
viable or damaqged seeds, or artifacts introduced during
procéséing of the tissue,

The differences observed in the current study betueen
Dsy 0 and Day 1 storage cells of P. vulgaris mainly concern the
plastids, nuclei and fcod stores. Within 24 bours of hydration
most plastiuds have developed praominent starch grains in their
stfoma in contrast to the rare, small starch érains agbserved in
the plastids of the Bay O storaqeicells. The most 1likely soﬁ?ces
of carbohydrate for these newly-formed sterch grains lie in the
large slarch grains and non~cellulcsic parls of the walls of the
storage cells Epik (14966) did not mention the occurrcnce of
plaslide ir these cells, althoﬁqh the small starch grains, about
SPm in diameter, clustered aroumd the nucleus of the sforage
cells of the hydrated cotyledon desqribcd by Smith (1974) at the

light microscopic level, presumably represent the starch grains
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fermed in Lhe plastids currertly observed, A similsar
accumulation oi starch has also beer reported by Smith and tlinn

(1967} in the plastids of the storage cells of Pisum arvense.

The shape of the Day 0 and Day 1 nuclei appear rather similar
although their nucleoplasm differ@. By Oay 1 the chromatin,
which is scattered within the Day 0 nucleus, is more comdénsed
and meore peripherally distributed, The anly differences observed
betueén Day 0 and Day 1 protein bodies were a change in shape
from engular te rounder and their slight expansion. The lipid
globules become densely stained after 24 hours of hydration., Nao
comparable observations were made on these variocus features
described above by Bpik (196€) or Smith (4974), The outer,
micrifibrillar region of the storage cell wall appears unchanged
at Day 1 but the inner layer is considerably swollen (in comparison
to Day 0} and more vesicular structures oeccur within it and these
are now more densely stained. Epik (1966) described the Day 1
{or older) cell walls of the storage cells of this species as
being non=lignified, thickened (especially at the corners) and
conspicuous with pits penetrated by plasmodesmata and that the
wall consists of two layers. Smith (1974) mentioned that these
walls stained fairly stroncly with the perindic acid=Schiff's
reagent (PAS) Lul the corner thickening stained anly fainlly,
Chanpes were also observed in the present study, in the
fing~structure of the large starch grains which probably reflect
changes in their chemical composition before and afler hydralion,
Preliminary examination of starch grains which had been
scraped off an eir dried P. vulgaris colyledon and mounted in
100% glycerol, shows that before imbibition, starch .grains are

not holluw although they posscss concentric zonation, However,
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when water is applied aon air cried starch grains under the
microscop&, the faormer Yexplode" as they rapidly zbsorb water
and their diameter inecreases by about 30%; these hydrsted starch
grains appear hollow. The scame "explosion™ and size increace
ere also observed when agueous fixative is appliec instead aof
weter and this means thal the structure of the Day O starch
grains currently observed in cotyledons processed for electron
microscopy, has already changed, In in situ, howvever, il seems
that the same changes occur in the starch grains but these take
place slowly protahly due to space availability and the thick
walls of the storage cells which restrict an "explosion™ occurring,
Swift and Buttrose (1973) reported that a starch "explosion®

occurred as sopon as air cried cotyledonary tissue of Pisum sativum

came into cuntact with water and the resulting eroded starch
grain centained non-starch material in their cavities., HHollow
starch grains were reporlted at the light wmicroscopic level by
Smith {1974) in ungerminated (but hydrated) cotyledons of P,
vulgaris and he described them as containing air in their
cavities.

Following hydration, digestion of the starch ograins begins
by intrusion of cytoplasm into the cavity of the grain but no
evidence was found of how this occurs. Digestion then pruceeds
mainly from the inside towards the ocutside of the grain and
eventually this leads to the fragmentation of fthe grain.

Farris (1976) noted a similar sequence of events in

germinating sceds of Phaseolus aurebs and he suggested that
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cytoplasm initially intrudes into the erogded stsrc- grein through

a pure, Since the dismeter of Lhe parlly digeslecd grain measures

approximately.the same as in the intact grains, he suggested

that hydrolysis proceeds mainly from the inside of the grein

rather than the outside, although without explaining how he

determined the size of the starch grain before digestion began,
Eain and Mercer (1966) noted that some starch greins in

germinating cotyledons of Pisum arvense had a wavy ocutlinc which

perhaps indicated intensive localised enzyme attsck, whilst the
smooth outline of other grains suggests that the enzyme attack
might be taking place more evenly.

In the present study of the in vitro callusing cotyledonary
storage tissue of P, vulgaris fragmentation of the starch grains
was initially mainly restricted to the vicinity of the abaxial
procambial strands whilst elsewhere intact looking starech grains
were found {(even in cells of well develeoped callus). In the
germinating cetyledon starch fragmentation occurs to the vicinity
of all the procambial strands and all starch grains digesied by
about Day 8-10,

Most slarch grains currently observed (see also discussion

on L. usitatissimum) posess some radial, darkly stained bands

which are probably artifacls resulting either from folds in, or
uneven thickness of the ssctions; it seems likely that the
chemicals used for processing of the tissues for electron
microscopy result in the change of the nature of starch and its
sectioning properties, As a result, when sections are floated

an the surface of the water bath during sectioning, the starch
grains in the section expand, but when the latter\are then placed

on the coated grid and dried oult the seclipned starch grzins
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become fclded, Such folds become mcre evident im starch grains
of hydrated cotyledonary tiscsue, where occesionally the folded
expanded starch grain section vverlape parts of the area which
surrounds the starch grain (c.f. Pl. 2C, S8 and dark shadow at
the lower part of Pl., 22B).

RosiL (1972) reviewed the literature on protein bedies and
described them as being membrane bound bodies usually messuring
U.S-S.UFm in diameter and he alsc divided them into three
categories, according to the presernce or absence of inclusions:
without inclusions, with globoid inclusions only, and with both
globold and crystelloid inclusions. All three protein body types
are chemicglly similar,

The protein bodies vurrently observed in P. vulysris are
without inclusions. According to gpik (1966) and Smith (1974)
during germination the protein bodies first swell and their
contents become more ¢iffuse; the individual bodies then fuse
te form large vacwoles occupying Lhe one end of the cell whilst
the ather end is otcupied by starch greins, probably due to
precipitation of the latter. The current findings are in
agreement with these aobservations. [owever, in the in vitro
grown cotyledons, in addition to the fusion of prolein bodies as
pccurs in vivo some apparent lysosomal activity was noticed
taking part in both protecin body digestion as well es digestion
of parts of the cyteplasm. During this autoohagic process
endoplasmic reticulum elements seem to surround parts of the
cytoplaém together with occasinnal protein bodies and isolate
them from the rest of Lthe cytoplasmi at the next stage the twe
unil membranes composing the cisterna separate and whilst the

external one forms the . tonoplast. the internal one still
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delimits the cytoplassmic ericlave within which the carious
organelles are eventually being digested (together with their
delimiting membrazne) and thus finally leaving a vzcuole with some
darkly stainecd deposits enclosed in it, The role of protein
bodies and their lyscsomal activities have been summarised by
Malile (1974, 1978): (a). they store certain reserve substances
(e.g. phytin, metals and protein}; (b). during germination they
bocome lysosome-like and thzir food reserves arse mohilised and
(c). they may subsequently form a cell compartment (vacuole) in
which cell constituents are broken down, Ilowever, these protein
body dEPiUBd.lySDSDmBS are normally bpunded by a single membrans
unlike the double membrane bounded onss currently observed.
Lysosores, initially bounded by a double membrane and hence
simiter to these in P, vulgaris, have also been observed by
Coulomt (1968), Mesquita (1972) and Villiers (1971) and they
suggest an autophagic mechanism similar to the wne currently

vbeerved in the P. vulgaris in vitro grown storage cells.

Matile (1974) suggested that the autopbagic mechanism, described
above, and the autophagic activity of vacuoles either accur
simultanevusly, or the former may proceed the lattery by ecaomparing
the two processes he suggested that they appear rather similar.
Occasionally some cytoplasmic enclaves (similar in fine-
structure to the cytoplasmic enclaves described above of P,
vulgaris) were observed in the nuclei of the callusing explants
nf this species and in the nuclei of the cells of the established
cellus tissue., These enclaves apparently contain osmigphilic
deposits, mitochondria- and dictyosome-like structures,. and are
delimitecd by a double membrane which, however, does not posess

nuclear pores, Similar nucliear enclaves have also been reported
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by Schrept zna Nagi {(1970) within the nuclei of Lhe suspencor
cells of P. vulcaris developed in vivo and they suggest that
these mightl represert lysosome-like structures,

Neither Bpik (1966) nor Smith (1974) im their studies cn
the germinating P, vulgaris cotylecon abserved any protein
crystals in the protein bodiesi likewise such crystals were absent
in the in vivg material currently studied, By contrast numerous
crystals occur in sume protein bodies of the sub-epidermal
storage cells of the in viire cultured cotyledon. It seems that
this crystalisation of the protein iIs in some way affected by
the prasence of the nutrient medium since crystals were wonly
observed in the sub-cpidermal storage tissue of the adaxial
surface of the cotyledon which is in intimate contact with the
sollidified surface of the medium. 1t would be interesting te
further investigate this phenomenon, by determining whether
protecin crystals would form in other sites, e.g. near the excised
surface of cecper localed cells if placed in contact with the
sglidified medium, ur whether this potential is confined to the
adaxial storage cells only. Further experimentation might
determine what role may be played by the varisus nutrients and
growth sutstances within the medium, 1t seems from & survey of
the literature thal no other such experimental syslem has yet
been studied.

Another depogsit of apperently proteinacecus nature
chserved at Day 0-1 in ihe present study of the P, vulgaris
cotyledon are the p-protein crystals (formerly called slime)
located only in cells of the procambial strands anr having square
profiles in transverse sections. These crystals hzve been

reported in sieve elsments of various species (Bouck and
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Cransbzw, 19653 Esau, 1971, 19783 tseau and Gill, 19713 Lewton,

1., 1970) but

19788 and by Lawlon and Newman, 19793 Wergin et
they have not been described in air driecd sceds. In general
there seems tou be one p=prolein erystal in each sieve element of

the Papiliunacese (Lawton, 1978b), tc which P, vulgaris belongs.

According to Esau (1977) this protein is initially aggregated
inta one vr more bodies but sutsequently 1t spreads out in the
cytoplasm, furming strands of a network; after the tonoplast
disappears, the dispersed p-protein is found in & parietal
position im the cell lumen and sieve plate pores. Esau (1978)
describes the crystals as eitharaspindle-shaped structure, square
when sectioned transversely, with tail-like extensions at both
ends or non-~tailed and consisting of tubular sub-units in more~
nr-less orderly aggregates, The crystals currently reported in
the procambial tissue of air driéd seeds of P. vulgaris have not
bean ohserved from such a source in pther species and their
presence is perhaps an indication that the cells containing them
are daestinecd to differentiate into sieve elements during
germinalion,

fernording to gpik (1966) and Smith (1974) during the in
vivo germination of the P. wvulgaris cutyleduns, mobilization of
food stores is relstively fast; the reserves disappear first
from the proecambial tissue {Dey 1-3} whilst in the storace tissus
mobilization of food reserves begins in the central cells remote
from the vascular bundles and epidermis (Day 3=7). By Day 5-8
it has progrcssced to the tissue underlying the abaxisl epidermis
and at this stage the empty cells collapse, The reserves nhou
become removed from the abaxial epidermis and sube«epidermis and

the reserves then disappear from the cells around the vascular
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bundles and near the sdaxial epidermis {(Dsy 10-16). Finally from
Dey 16 onwards the cotyledons abscirnd, Nuclear and cell division
is absent during germinetion anc the storage cell nuclei show a
prmqressivehdecrcase in DNA leveles from the model value of 16C
gt Day 1 (Smith, 1974},

Cotyledan explants have not been used very often in
tissue cultures and when they are used they have either be=n

left to germinate for several doys (L. usitetissimum, Rybeczansky,

19753 Ibrahim gt al., 1975) or explanted immeture (Cionini et al.,

19783 D'Amato, 19783 Freme et el., 19763 Marks ang Davies, 1978).

t al., 1876) have shown that

Previous investigations {Frame
immature cotyledons of P. vulgaris can be induced to proliferate

in vitro and in the present study it bas been established that

cotyledons from the mature alr-dried seed of the same speciess

will also underqo callusing, although, organogenesis 1s absent.
Calius cultures dcrived from the latter source can he routinely
sub-culturedand continue to flourish over a prolonged, potentially
indefinite, peried, Thus the growth and development in vitro of
mature cotyledonary tissue of P, vulgaris strongly contrasts

with ifs normal fate in the germinating seedling.

Neither the procambium nor the epidermis appear to divide
in vitrg, and in the current study certain ehanges concerning
primarily the storage tissue have heen investigated, 1In thsse
cells the highly polyploid nuclei {(Smith, 1974} become reectivated
and mainly divide amitotically, whilst profuse development of
freely=forming walls and large labyrinthine bodies ocecur in the
adjacent cytoplasm. In his recent review D'Amato (1978} cites

evidence for the common occurence of amitosis, later fallowed by

mitosis, when explants of plant organs are grown in vitro on a
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medium lacking auxin or in which the auxin-kinetin ratio is
unbalanced. Euiaence of amitotically as well as milaolically
proliferating calli hac also been found by Bennici et al. (1976)
in callus derivec from the suspensor of P, coceineus cultured in
an hormone free mediumj B88% of the divisions observed were
amitotic and each amitosis was followed by mitosis of both nuclei
resulling freom the amitosis.. Ir their investication of callus
induction from immature cotyledons of Micia faba, Cienini et sl.
(1978) employed licht microscopical anc cytophotometric technigues
to examine sguashes (presumably mainly consisting of storage
cells) and described the following phenomena: (a), From about
Dey 4 onwards resumption of DNA replication which increased the
DNA content of the largest nuclei to 64C and higher {(at excision
the nuclear DNA vslues range from 2-32C) accompanied by extrusion
into the cytoplasm of nucleoli and/or Feulgen-positive material,
(b). Furrowing (lobation) of nuclei eventually resulting, at
Day 10-18 of culture, in nuclear fragmentation responsible for
the production of binucleate or multinucleatg cells. The nuclear
fragmentation was confirmed by DNA cytophotometric measurements,
ard in the fragmented nuclei maximum DNA levels are about 16C,.
In some hi- or multinucleate cells cellularization occured later
on., (c¢). Dzourrence, between Day 6 and 25 af culture of rare
mitoses in both intact nucleil anc nuclesr fragments resulting
from nuclear fragmentatiqn. (d). Rise of the mitotic index
atter tranmsfer to fresh medium of calll produced from Lhe
cotyledonary explants and rather rapid mitotic selsction in
favaur oftQSploid chromosome number.

Although the study made by Cionini gt al. (197B) is more

concerned with the genetical rather than the fine-struclural
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changes occuring during callusing (as currentily studied in P.
vulgaris) from their above description it is spparent Lkhat many
of the changes pccuring in the mature storege celle of the
callusing cotyledons of P, vulgaris rlaosely parallel those of Lhe
immature cotyledonary tissue of Vicis faba. In P. vulgeris the
nuclei are already polyploid st explantation (ranging from B=32C,
Smith, 1974) and this sccords with the situation in the latter
epecies., Howevuer, since the DNA chepgea have not been currently
examined, it is not known whether (as in M. faba) a resumption
of nuclear DNA synthesis occurs in P. vulgarig prior to
fragmentation and this would be an interesting point for further
research.

There is evidence that prior to nuclear fragmentsetion in
P. vulgaris there is a great increase in the degree of lobing of
thke nucleus and in the intricacy of convolutions of the |
individusi lokes, whilst multiple nuclenli replace the original
single nucleolus. Irn their studies Cionini et al, {1978)
describe an extrusion into the cytoplasm of i eulgen-pnsitive
material and/or nuclei. However, in fact the illustrations of
this phenoméncn given by the akbtove authors are from squashes anc
theré is no convincing evidence that the small and apparently
isolated patches of Feulgen—positive materisl (surreunding the
main nucleus) represent extruded nuclear material rather than
microngclei or small lobes still setiached to the main nucleus,

as fragquently obhserved in this study, Neverthless, time lapse

poservations on living malerial from Nicoliana gleuca X

langsdorffii callus, made by Martini and Nuti Ronchi (1577) show

some evidence in certain cells of an occasional nucleoli

extrusien from the multinucleolate nuclei into the cytouplssm,
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Extrusion of nuclear materisl into the cytoplasnr +a2s not observed
in the present study, although, small, apparently detached, nuclei
which might represert micronuclei have been repeztiedly noticed in
the cytoplasm of dedifferentiating cells,

The cbservations on cellularisatian, following nuclear
fragmentation, in VY. faba (Cionini et al., 1878) and N, glauca
. (Muti Ronchi et al., 1973) are greatly limited due to being
confined to squashec material examined with Lthe 1ight micrusgope.
It is not possible, therefore, tc judge from their work whether
the initial development of the freely-forming wells is more—-or-
less contemporanecus (as in P. vulgaris) with the first amitotic
division. In P. vulgaris several examples of the close pruximity
of the ends nf the freely~forming walls to & nuclear isthmus have
been obeerved, and it is possible Lhat these new waslls play an
active role in nuclear fragmentatinon, However, occasionally
nuclear fragmenrtation apparently ocours kefore any new wall
farmation is eapparent and it might be that freely~forminc walls
are not present at early stages of activation of the rnucleus when
increased lobing first becomes evident. The variaous methods used
for the examination of these phenomena (Feulgen -stained squashes
of fresh material, sometimes counterstained with Light green)
used by Cionini et al. (1976), Martini and Nuti Ronchi (%977)
and Nuti Ronchi ct al. {(1973), and light and electron microscopy
of fixed and sectioned material, as currently emgloyed have both
advantages and disacvantages. The =qguash technigue sulfers from
lack of resolution in the specimen (e.g. details of the nuclear
chuclape) and possible distoftion of the three dimensional
structure of the cells but on thelather hand is guick and easy.

The abservations on seclions of fixed wmaterial reveal more detszil,
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but are in general made on random sections from w-Ich it is
difficult to reconstruct the three dimensiorzl siroclure.
Cvtolocicel and autoradiocgraphic methods were used by

Nuli Ronchi et al. {1973) to study the nuclear fregmentotien in

t

dedifferentiating cells of N. glauca pith tissue crown in vitro;
they found that application o% colechicine (which uisrupts the
mitotic spindle arganization, Borisy at al., 1967; Yaylor, 1965),
completely inhibits the formation of multinucleulete cells of the
explants, wheras normal mitotic divisions are resumed after
recovering fror this treatment, They therefure pustulated that
", ..spindle fibers, similar te the mitotic apparatus are
necessary for the nuclear {amitotic) divieiorn®™,., 1n the P.
vulgaris explant there is no evidence of the presence of micro-
tubulee at the margins of the freely-forming walls, although,
phragmoplast microtubules are present at the margins of the cell
plate developing alfter mitosis.

Marks and Davies {(1979) reporied mitoses in the cotyledons

of Pisum sativum when cultured in vitro; by sxamining wmetaphase
nuclei of Feulgen stained squ%shes end sections of wax émhedded
proliferating colyledons, they observed diploid, polyploid and
polylene cells and these mitaoses were meinly observed at the
sites of procambial strands.

freely~forming cell walls have been frequently obsrrved
in the P. vulgaris explants and more rarely in.the establiished
callus tissue, In in vitro protoplest cultures ottained from

leaves of Antirrhinuim majus, Prat and Poirier-Haman (1975)

observed some '"embryoids" frequenrtly posessing incomplats walls,
either connected to the mother cell wall or apparently isoclated

in the cytoplesm, Wall ihveginations, which subdivide the cells
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vilhoul apparent mitosesocecurring and resembling freely-Torming

cell walls, have also Leen noted in esteblished celius cultures

ot Andrographis paniculata {(Bowes, 1959; Butcher end Bowes, 1969)

as well as in cortical explants of the radicle of Pigum sativum

(Bowes and Torrey, 1976). In these examples there is no evidencc
of centrifugally developing cell plates as occur between the
mitotically, divided nuclei in the P. vulgaris explant. 1n the
"embryoids" of A, maojus, Pret and Poirier-Hamon {1975) alsa
reparted the presence of myltilobed nuclei as well as cells with
several nuclei, but neverthless they assumed that the nuelear
divisions were mitotic.

In vivo, freely~forming cell walls have been reportec

during the transition from frec nuclear to cellular endosperm of

Triticum aestivum (Moricson and G'Brien, 1976), Stellaria medis

{(Newcomb and Fouwke, 1973) and during tlie development of the

embryo sac of Helianthus anuus after fertilizationj; in these

cases freely~forming cell walls develap fram the micropylar
towards the chalszal region of the embryo sac and the mode of
their development seems in many respects similar to the situation
ir P, vulgaris cotyledon explagt. In He 2nuus the dictyosomes
produce profuse vesicles in the vicinity of the ends of freely-
growing walls and Newcomb (ﬁ??S) stated that the;e walls are
apparently formed from coslescence of the dictyosome vesicles,

On the other hend Newcomwb and Fowke (1973) recorded Lhat the
concentration df endoplasmic reticulum and dictyosomes is very
variable in the vicinity of freely-forming walls of S. media, and
they suggested that the large vesicles {of unknown origin)
occurring near the ends of such waells may play & role in the growth

of the latter, In T. gestivum (Morrison and 0'Brien, 1976)
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dictyosomes and endoplasmic reticuium ere scerce nesr the ends
of freely~forminc walls in the endosperm develogping in the derssl
regior of the grain., However, in the ventral rezion, encoplasmic
reticulum is abundant and the houndaries between the sheet of
endoplasmic reticulum and the freely-forming walis are 2lmost
indistinguishable in sume grazing seclions, whilet the ends of
the fracly-forming walls are composed of eggreysting vesicles,
Morrison et &l. (1978) consider that both dictyosome vesicles
and endogplasmic réticulum may well be inconrporaled either wholly
pr in part inta the growing wall,

Wall bodies are observed in dedifferentialing storage
cells of the P, vulgaris explanﬁ grown in vitro, particularly
in ecrlls in the qicinity of the vascular tissue, and also in
cells of thsz established callus tissue but not in the cells aof
the in vivo germinating cotyledons. The first description nf
wall bodies in cells corown in: vitro was apparently given by
Bowes and Butcher (1967) and Bowees {1969)in callus tissus of

Androqraphis paniculata, According to these authors such bodies

appear as lhickened regions of the wall conteinimg numerous
membrane bounded bodies, complex membransus configurations,
isolated membranous. elements or myelin-like hodies and hence
these wsll overgrowths were termed membranous well bodies.

They sometimes occur in meristematic rcells but they reach their
fuill development in highly vacubnlsted senescing cells, It has
been suggested (Bowes, 1969) thet in A, paniculata, the
memoranous wall budies arc formed by Llhe activity ancd eventual
coalesc%nce of several adjacent lomasomes which occur in
profusion et the plasmalemma/cell wall interface. The lomasomes

are small, wart-like bodies {containing both membiranous and

104



fibrillar material) which project into the cyloplesm from the
wall, bul are demarcated fram the former by an outer membrane
continuous with the plesmalemma. In the ezllus tissue of

Taraxacum officinale (Bowes, 1979) it is also possible thet wall

bodies may be derived fram the amalgamation of lomasomes.
However, lomasomes are not observec in P, vulgaris explants or
established callus tissue, In the latter species it seems likely
that the labyrinthine margins of the growiny bodies enclose
numerous tracts of cytcplasm and it is therefore rather
surprising thatentrapped membraneous elements are not cammonly
pbserved in the mature wall bodies.

The wall bodies observed in P. vulgaris reach their full
development whilst the éxplant storage cells ere still
dedifferentiating and the ones observed in the esteblished callus
celis are considersbly smaller. Wall bodies develop both on
pre—~existing (mother)} walls and also on freely-forming walls
and sometimes arise in isolation in the cytoplasm. Dictyosomes
ara abundant near the margineg of the developing weall bhodies and
numerous vesicles which are apparently fusing with them may
contain wall material and ﬁhus contribute to their growth.
Endoplesmic reticulum elements are aléu seen attached to the
wall bodies (and freely-forming walls) and it seems likely that
these may also participate in wzll material deposition., Wall
bocdies of the established callus never oaccur in isclation in the
cytoplasm.

These observations, however, greatly differ from tHe
observations made on wall boﬁies on A, peniculata (Bowes and
Butcher, 1967; Bowes, 1969) and T, officinale (Bowes, 1979)

where their development is assaciated with the presence of
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lomasomes, although, the development of wall thickenings: observed

in Acer psevdoplatanus {Davey and Street; 1971) ie associated

witn the presence of dictyosomes and opaque globules probably of
dictyosome arigin. Davey and Street, {4971) suggest that the
wall thickenings observed by them may be related to the wall
invaginations of the transfer cells described by Gunning, Pate
and Briarty (1968),. Gunning and PRate (1969), Pate and
Gunning (1969) and that these well thickenings may be involvec
in short distance membrane-mediated transfer of solutes within
the cellular aggregates; however, transfer cells are alweys seen
in close association with vascular elemenis {see also discussion

on L. usitatissimum) and never isolated in parenchymatous tissue.

In P, vulgaris explant wall bodies sometimes appear in cells in
the vicinity of vascular bundles hut these cells are not
necessarily in contact with the vascular clements as this is
normally the case in transfer cells,

1t might be that the wall bodies currently obscrved are
gevanescent structurss serving as temporary stores of excess
polysaccharides originating from the non-cellulosic substance of
the walls of the storaye cells, the starch grains ar the sucrase
in the medium. These hydrolysed products of these polysaccharidesa
ere not translocated elsewhere (as in the germinating seedling)
but are mainly deposited in the dedifferentiating cells occurring
neat the vascular tissue of the cotyledon, rather than in Lhe
irntecrmediately situated storace cells which cccur at a similar
distance to the surface of the agar medium. The development af
thewall hodies could alisn belrelated to the production of an

extracellular polysaccharide, found in suspension cultures of

cells derived from P. vulgaris cotyledons {Mante and Boll, 1975,

7z
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1976 and 1978). The oplimun prouduction of this polyscacchiaride
requires the presence of both 2,4~D and kinetin in the nutrient
medium, and both these reguleators are prescnt in the nutrient
medium used in the current investigatiom, The later fete of the
wall badies in the explant hae not been exsawmined and it would be
interesting to find out whether these are digested during later
callus development when the medium and tissue is depleted of
nutrients, 1In the highly polyploid suspensor cells of the
developing embryo in P. vulgaris (Schrepf and Nagl, 1570) wall
invaginations occur which cen give rise to wall labyrinths and
their Figure 6 shows a proliferatiobn of the externél wall which
is identical to the labyrinth margins of the wall bodies in P,
vulgaris cotyledon explants, Péarce et al. (1974) reported the
developmenrt of wall bodies in regenerating protoplasts of

Lycopersicum gsculentum, Nicotiana tabacum and Secale seriale and

they describe them as internal structures often not in contact
with the plasmalewma cor rtegenerated wsll. Similar results have
also been obtained by Gigot, Schmitt and Hirth (1972) in

Nicotiamna glutinosa proloplast clusters.

In in vivo grouwing higher plants structures similar tq
wall bodies have only been observed in virus infected tissues
(Spencer end Kimmins, 1970, in E. vulgaris leaves inoculated
with TNU(U1]; Kim and Fullton, 1973, in P, vulgaris leaves

inoculated with BPMV; McMullen et al., 1977, in Hordeum vulgare

leaves incculated with BSI"’IU).‘ In all virus infected plants the
reaction of the cells after imoculation with virus particles
appears to be quite similar: paramural bodies are developed
after the infection and this is followed by the development of

abnormal ¢ell wall protrusions. However, no fine-structural

4
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evidence has been found of a viral infection in the materisl
currently investigated of P. Uuigaris and none of the previpus
descriptions of wall bodies in in vitro culfures reported sucnh
an infection.

A number of morphelogical or fine-structural studies have
beern made on the initiation of callusing in ap explant in
comparisan with the structure of the established in wvitro culture,
These observations have been made on parenchymatous explants

derived from the root of Daucus cerota {(Israel and Steward, 1965,

19663 Jorcan and Chapman, 1973} the Helianthus tuberosus tuber

cells (FDwke and Setterfielc, 1968, 196%; Yeoman et al., 19703

o=l

Bagshaw et al., 1969), Pisum sativum roots (Bowes and Tarrey,

19763 Feldman and Torrey, 1977). In these psrenchymatous explants,
when freshly isplated, the cells contain a larce central vacuole
end a thin layer aof cyloplasm which lines the cell wall whilst
sometimes cytoplasmic strands treverse the central vacuole,
Storage products arec occasionally present, either in the vacuoles
{e.g. sucrose) or in the plestids and chloroplasts (starch,
phytoferritin). The nuclei are usually flattened against the
cell wall and contain one, sometimes vacuolated, nucleolus, The
respirataory activity of the fresh explant is very low (Yeoman et
al., 1965) but thé fine=structure of the mitocnandria appears
quite normal and their shape may be as simple as spherical, oval
or rod shaped (P. sativum, Howes and Torrey, 1976) to more
camplex structures like the cup-shaped mitochondria encounted in
. tuberosus (Bagshaw gt al., 196Y). Quiescent cells are usually
poor in polyribosoumes and most of the ribosomes in H, tuberosus
tuber cells (Yeoman and Street, 1973) are not found in clusters

but scattered singly in the ground substance whilst some

7
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ribosaomes may be seen attached to the endoplasmic reticulum orx

to the nuclear envelope. 1n such tissues dictyosomecs are ususlly
rare (Fowke and Setterfield, 196B; Tran Thank Van and Chlyah,
1976) and the ones observecd are composed of curved ar straight
cisternac with few vesicles (Molenhauer and Morre, 196635 Bowes
&nd Torrey, 19763 Yeoman and Street, 1973)., The appearance of
the plastids depends on the origin of the tissue; in the cortica:
cells of P,sativum root explants amylopasts containing several
starch grains have Lbeen observed (EBowes and Terrey, 1976), In
the tuber cells of H. tuberosus, plastids contain a granular
strama with some unbranched tubules; although chloroplasts of
parenchymatous cells of photosynthetic tissue (N. tabacum, Tran
Thanh VYan and Chilyah, 1976) usually pussesswell developed grana
and occasionally starch grains, Generally the plastids are
scattered wilhin the cells, but in sowe occasions they are found
in tight clusters as in tuber cells of H. tuberosus (Tulett i
al., 1969). The plastids of the guiescent cells from D. carota
root explants are without imternal lamellar struclure but contein
starch grains and somectimes carotene crystals (Israel and Steward,
1967). Frederick 8t al. (196B) reported the presence of crystal
containing bodies (CCB's), bounded by a single membrane, in

quiescent cells of Avena sativa and Nigotiana tabacum and

suggested that these represent a specialised type of microbody
characteristic of metabolically less active cells and that may

be functional ecguivalent of lysosomes or micrnbodieé in animal
cells. CCB's were also observed by Fowke and Setterfield {1968),
Bagshaw (1959) in guiescent cells of H. tuberosus and in N,

tabacum by Tran Thanh VYan and Chlyah {1976). In the parenchymatous

explants the plasmalemma is generally closely adherent to the
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cell wzll but sometimes lomasomes may occur {(Fowke and
Setterfield, 1968). A well developed intercellular space system
is usually present in quiescent tissues (Bowes and Torrey, 1976).

The tissues of the freshly hydrzied cotyledon explant of
P. vulngaris investigated in ths present study differs consicerably
from the explant tissues described abave sincec the storage cells
of @ cotyledon are non-vacuolated and packed with food s%oring
organelles, In the air dried seed neither dictyosomes nor
endoplasmic reticulum are apparently present, although, these
begin to be discernible by Day 1 when the cotyledon is explanted,
The food reserves become progressively digested during in vitro
culture, leading to the early appcarence of highly vacuoclated,
thin-walled cells in the adaxial storage tissue. At this stage
this tissue generally resembles the parenchymatous explants
derived from the other sources detailed previously.

The process of callus Fformation fram guiescent cells of
an explant may be divided inta three stages, according Lo Yzoman,
(1970): The lag phase (activation phase); the division phase,
in which also an organized wound cambium ié formed st the
damaged surface of the tissuej and the differentiation phase,

Most of the microscopicel observations on the first stage
of development have been made on parerchyma cells of D. caropta
rooi. explant {isreel and Steward, 1966, 19673 Jordan and Chapman,
1973}, H. tuberosus tuber (Fowke and Setterfield, 1968; Jordan
and Chapman, 19713 Bagshsuw, 1969; Tulett et al., 1969 Ypoman et

al., 1970), N, tabecum (Nitschand Lsnce-Nougardde, 1967; Ross,

Thorpe and Costerton, 1973), Lathyrous oderatus {Vvasil, 1971,
1973), P. sativum (Bowes and Torrey, 19763 Feldmen and Torrey,

1977)}. The changes occurring at this stage are summarised by
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Yeoman and Street (1973, 1977) and Davidson et sl. {1976). The
structural difterences largely reflect changes in the metabolism
of the cells anc normally leac to cell division, Within one
hour of excision of H. tuberosus an increasg in the number of
pelyribosomes, feorming either spirals of helices, is detectable;
the spirals are associated with the surface of the endoplasmic
reticulum but the helices are scattered in the ground cytaoplasm,
Parenchyma cells usually contain storagas products and their
mobilisation starts during the preperation for division,
0, cargla raool cells lonse Llheir slarch grains and H, tuharosus
Ltuber cells start forming starch in their plastids and lose their
phytoferriting the plastid population increases, The number of
mitochondria alse increases and is accompanied by an increase in
the I‘H.Spiratior'l rate. The excision also affecls the shape of
mitochondria and a large variety of shapes and sizes occursin H.
tuberosus (DBagshauw et al., 196Y). C(rystal containing bodies are
found to decrease in size during culturing (Baqshaw, 1969},

s the
Ainocther indication of the cell activation! increase in number of
the dictyosomes which now have many uesiclés of assorted sizes
and flal cislernae in contrast to the eurved ones with very few
vesicles in the quiescert cells {Yeoman and Street, 1973). Thé
changes occurring to the nucleus start with its change in shape
and contentsy soon after the excision it appears rounder but
with an irregular outline (a 65% increse in surface area has been
estimaterd by Jordan and Chapman, 1973, for the nucleus of D.
carots rool cells after 24 hours). There is an incresse in the
number of the nuclegear pores and the nucleus migrates towards the

centre of the cell, The nucleolus also undergoes changes during

this activation period; nucleolar vacuoles appear and they contain



granular particles similar in size to ribosomes; the fibrillar
and granular zones become interminged. 1In addition clectron
transparent regions, smaller than the nucleolar vacuoles, form
in the fibrillar zone surrouncing the centrzl granular arec.

The chances occuring in the nucleus are accompanied by changes in
the surrounding cytoplasm. With the excision of the explant the
vaolume. of the cytoplasm increases and starts extending through
the vacuole forming the phragmoscme3 the nucleus then moves into
the phragmosome and settles somewhere away from the cell wall,
but not necessarily in the centre of the cell (see Fig. 6.7, of
Yeoman and Street, 1973). After the formation of the phragmosome
during prophase, nhuclear extensions appear in the cultured H.
tuberosus cells (Yeoman gt al., 1970)3 these structures differ
from the nuclear envelope in not having nuclear pores and
microtubules are often in asscociation with these nuclear
extensions, These microtubules may be invelved in the movement
of the nucleus as well as determining the point at which the

. phragmosome is formed {Dsvidsen et al., 1976). Once the nucleus
has reached its fipal location within the phragmosome, it can
begin to divide mitotically. The changes in the metaboulism of
explant cells and the mechanical concditions under which. they
develop affects the appearance and the fine structure of their
organelles. The range of forms of the various mitochondria]l
profiles which are found in clusters in H. tuberosus tuber tissue
(Bagshaw et al., 1969) tend tec increase during culture and they
are divided into those appearing as long cylindrical rods,
branched structures or plates (which all contain matrix end
cristae and are probasbtly derived from simple spheres and rod~

shaped mitochondria) and another group consisting nf plates and
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ball=shaped forms which show the vsual mitocharndrial structure
around the rim, hut contain no cristac in the centre,
The development and fine structure of plastids has been

studied in callus tissue of H. tuberosus {Tulett st al., 1969),

D. carots root (Israel and Steward, 1967), Ranunculus sceleralus

(Thomas et al., 1972) Streptanthus tortuosus (Sjolund and Weier,

— am—

1971). The clusters of plastids observed by Tulett et sl. (1969)
become fewer during culturing &snd starch is formed. Both Tulett
et al, (1969) and Israel and Steward (1957) abserved the

"prethylakoid body", the corpo ppaco, as it was described by

Gerola and Dassu (1980),in H. tuberosus tubers.

In the P. vulnaris cotylédon explant cells an increase in
the number of organelles is observecd accompanying reserve food
mobilisation and dedifferentiation. Endoplasmic reticulum
elements are numerous (especially near the nuclei), amyloplasts
are found esither scatiered im the cytoplasm or in clusters located
near Lhe activated nuclei and a variety of mitochondrial prafiles
is also ouserved in these cells similar to lhe previously.
described ones by Bagshaw &l al, (1969). for the H. tuberosus
explant. Diclyosovmes are often found scattered in the cytoplasm.
The fine structure of the-'cytoplasm of the storage cells in the
inm vivo germinaling cotyledon appears very different from that
of the explant cells; mitochondria and dictyosomes are rare and
after mebilisation of their food reserves most cells senesce,
Houever, the sub-spidermal celis are longer lived and their
plastids develop very extensive grana and ure photosynthetic,

In the dedifferentiating and dividing storage cells of P, Uﬁlgaris
explant it seems that replication of orgsnelles o;curs but {epart
from nuclear divisions) this aspect has not been investigated in

detail in the present study.
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The first psrt uf this study has examined a syslem
(E. vulgeris cotyledon explant cultured in vitro) where cell
proliferation is induced by exogenous growth substances in an
organ which would inr normal development undergo rapid senescence.
The end product of Llhis dedifferentiation is an amorphous mass
of cells (the callus) which is potentially capable of proliferasting
indefinataly (hut without organogenesis) if routinel} subecultured
under aseplic conditions onto fresh nutrient medium. In the
sccond part, of this thesis however, the dedifferentiation, which

occurs spontaneously in vivo when young Linum usitatissimum

seedlings are decaplitated beneath thelr cotyledans, has besn
investigated., Ffollowing localised dedifferentiation of the
epidermal cells de novo production of adventitious buds occours;
this capscity of the hypacotyl for organogenesis is apparently
controlled both by endogencus and environmental factors {(Link
end fggers, 1938, 1946a and b, and Gulline, 1960) and it is a
short lived phesnomenon which disappears after the hypocotyl is
aboul 20~30 days old {Link and Eggers, 194G).

A description of the morphological stages of yermination

of L. usitstissimum and the histolegy of advaentitious bud formation

_on the decepitsted hypocotyl is given by Crooks (1933); saome
additional information is provided by Link and Eggers {1938, 1Y46a
and b) and Guliine (1960). According Lo Crooks (1933) the L.

usitatissimum cotiyledons, still enclosed within the seed coat,

eshow above the ground by about Day 4-53 the initially hook-cghaped
hypacotyl then straightens and at the same time the cotyledons
are pulled free from the seec coat. The major zene of elongation
of the hypocotyl is initially alt ground level and this zone then

progresses acropetally; the hypocotyl ceases elongation by Day
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15=-20 (Crooks, 1933) but hicher temperstures gyive more rapid
germinatieon, The lower part of the hypocotyl is raoot-like ir
vascular arraengement and there is a gradual recrientation of the
primary vascular tissue at successive higher levels throughout
the hypocotyl,

In the present study of L. usitatissimum the norwmal

differentiation of the epidermis anc cortex of the hypocotyl
during germinatien has been followed and is contrasted with the
dedifferentiation changes in these ltissues after decapitation of
this organ. When examining the air dried hypogcotyl (and cotyledons
in preliminary experiments) the same technical proklems in the
processing of such material for microscopy, as previously listed
for the P, vulgaris coutyledonary tissue, werse faced. The cells
of all tiséues are packed with food reserves (protein 23%, lipid
34% and sugar 23%, Mayer, 1978, Teble 2.2.). In the protein
bodies four regions {(a-d) are observed, and regions (b) and (d)
seem to correspond to the glouboid and crystalloid inclusions

described by Poux (1965) for the storage cells of L. usitatissimum

cotyiedons. However, in the present investigation an additional
region (&), which possibly represents &n air space, is visible

in the protein bodies of thec air dried seed whereas Poux (1965)
only examinad hydrated seeds in which this region was not evident,
presumably due to the swelling of the surrounding region (b).

When all protein is digésted, the protein bodies progressively
join tagether and expand to form one cenlral large vacuplej this
digestion was also observed at the light microscopic level by

Dhar andg Uijayaragavaﬁ (9979) in the protein badies of the
cotyledons of the same species.

As currently observed, protein body vacuolation, and
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accompanying elongation of the cortical and epidermal cells is
initisally uneven. The hypocotyl (which at Day O is straight)
becomes hook-shaped, with short celis {which are still packed
with faod reserves ) un the cancave side and relatively elongated
and vecuolated cells orn the convex side., Later the hypocotyl
straightens as the food reserves are depleted on the concave
side. As vacupolation proceeds, the nuclei of the cortical cells
migrate from their original central pﬁsitian towards the peripheral
cytoplaem lining the cell walls, ky Day 2-4 the several types

of cpidermal cells have differentiated from the uniform cells
present at Day 0O, The epidermal nuclei migrate to the cytoplasm
lining the inner {(periclinal) walls and at the same time elongate
and davelop crystalline inclusions. The plastids in the cortical
-cells develop grana and some starch grains which are, however,
digested by Day 8-10, The plastids in the nermal and "swollen®
epidermal cells do net develop grana but only some scattercd
thylakoids, and no starch is normally observed in the plastids.
The stomatal guard and accessory cells do, however, develop
mature e¢hloroplasts and starch grains,

Lrooks (1933) in his studies of the L. usitatissimum

hypocotyl does not specity the presencse of the "swcollen" epidermal
cells nor describe the nuclear inclusions in the epidermal cells,
The "swollen" spidermal cells have been observed in all hypocolyls
currently investigated aﬁd they develop at about Day 2-4; however,
at considerably later stages of development, in both the intact
(Day 40) and the decapitatec (Day 10+430) hypocotyl, such are no
longer present. No special functions are known for these cells
but their srrangement in longitudinal ribs and their shape suggest

that they might add some mechanical strength to the hypocotyl
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until the xylem is well develeped eand alsco the fibres from the
inner cerlex.
Nuclear inclusions arz aobserved in all types of epidermal

tells of the hypocotyl of L. usitatissimum; they are absent in

tl:e embryo and first become evidentafter several days germination.
It serms thal a single inclusiorn occurs per nucleus and thig is
characteristically orientated with its long sxis parallel to that
- of the hypocotyl. It is generally considered that such iﬁélusions
in other species are proteinaceous (mgrgin ct al., 1970) and in

L. ugituatissimum these may originale from the protein bodies

present in the embryn. However, nuclear inclusions are sbsent
from thie cortex aithough this lissue also contains abundant
protein in the embrye. According to Wevgin 8t al., (1970) nuclear

inclusions are commonly tissue specific as in L. usitatissimum,

Although in L, usitatissimum the nuclear inclusions are clearly

visible with the light microscope in semi-thin sections (71 or me)
these could easily be cunfuséd with the nucléolus if only
transverse sections were investigated. ﬁlso the older and cruder
fixation and embedding fechniques employed by Crooks (1933},
Gulline (1960} and Link and Eggers (1946a), for light microscopic
observations on this specimen may possibly not preserve these
structures; at any raée these authors failed to identify them.
Nuclear inclusions very often oceur in plant and animal cells

and Wergin et al. (1970) in their report on nuclear inclusions in
plants classified them as amorphous, crystalline, psaracrystalline,
fibrous and spherosomc-like egccording to their structure as
observed with the slectron microscopej the nuclear inclusions

observed in the L. usitatissimum hypocotyledonary epidermal cells

could be described as fibrous although in a TS they appear as
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hexagonal crystals., In the nuclei of the epiderm&l cells of L,

usitatissimum the nucleolus and the nuclear inclusions occur in

proximity Lo each other, This is also the case in many other
species and in some there appears to be an inverse relationship
during develeopment between the size of the nuclear inclusions

and the nucleoli (Meyer, 19203 Weber, 19263 Barton, 1967;.Pickett—
Heaps, 19673 Villiers, 19683 Weintraub et al., 1968), However,
from Lhese studies no definate conelusions can be made on the
relation between these two types of nuclear bodies. The close
association between nuclear inclusions and nucleoli in L.

usitatissimum might be due to the limited nuclear space availehle

but this does not uxcludeaphysiological relationship between them.
It is interesting to note that after the hypocot&l is decapitated,
the nuclear inclusion may become re-orientated in a plane
transverse to the longitudinal axes of this organ., This marks the
orientation of the cell plale forming after the first mitosis in

a bud primordiumji the nuclear inclusions are absent from the
daughter nuclei of this first division.

At ahout Day 4-=5 the devclopment of scattered fibres is
visible in the inner cortex and further fibres develop in the
older hypocotyl. Aceording to Esau.(1943) these Tibres grow by
apical intrusive erowlh in the young stem of the same species but
their develapment has not currently been studied in detail in the
hypocotyl. Occasionally fibre cells, up to 2=3mm long are
observed in longitudinal sectians of the Day 10 (intact)-hypocatyl
and such cells may contain up to 6 nuclei. The presence of fibres
is more spparent in older hypocotyls and decapitatian of the
latter results in Lhe development of more fibres (at Day 10+30)

than in the intact (Day 40) orgens; None of the previous workers
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vho examined the L., usitatissimum hypocotyl mentiors the presence

o fibres in the latter.

in the present study some dedifferentiatior changes are
vbserved in the young hypocotiy]l afier decapitation which are not
related to adventitious bud development. The upper end of the
hypocotyl suells {but without forming wound cambium), in the
cortex the intercelluler spaces increase, the cell walls ﬁf the
cortical cells become thicker, the cytoplasmic layer lining these
cells becomes denser and wider whilst the chloroplasts increase
in size and develop large starch grains. However, thesc changes
ara only temporéry and when the new shoot is established from the
putgrowth of the dominant adventitious bud most cortical cells
revert to their eoriginal appearance. In the epidermal cells sone
accumulation of starch is ohbserved but only in the'stomatal guard
Ehd accessaory cells and in same normal epidermal cells and theses
are possibly the ipitiative cells of adventilicus buds., In the
older{Day 40) intact hypocotyls several changes are evident
compared to Day 103 the epidermis becomes replaced due to the
activiity of the cork cambium arising in the outer cortex whilst
the hypocotyl becomes considefahly thickened duelto the
development of a central mass of secondary vasculer tissue
(mainly xylem). However, in the Day 10+30 (experimental) hypocatyl
the epidermic remains active {(and shows some divieicns) and the
development of secondary vascular tissue is much sparser.

fareful examination of epicermal strips at both light and
electron microscopic levels of control (Day 10) indicate that all
normal epidermal cells of the hypocotyl possess similar
cytological features and no indication exists as to which cells

are going to give rise to advenlilious buds. According to Crooks
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(1933) 811 L., usitatissimum (var. Bison) seedlings produce 5-20

adventitious buds on the lower part of the hypototyl even when
only @ lfew millimeters of stump is left above the ground level,
However, Link and Eggers (19462 and b) reported bud ipitiastinns
on both decepitated and non-decapitated hypocotyls of the same
variety of this speciee and stated that buds develop fraom the
upper half of the hypocotyl only if the latter is decapitated.
Gulline (1950) using the variety Ventnor, noled bud development
ohly on decapitated hypocotyls and this occurs from the upper
regians only., Likewise, no bud development is observed on the
intact hypocotyls of the variety of this species currently
irvestigated and on the decapitated ones the sites of development
{upper or lower half of the organ) seem to depend upon the tims
of the yearj in decapitations carried out duriag Spring-Summer,
the buds develop mainly on the lower half whilst in thesc
experiments {(the majority) carried cut in Winter buds develop
mainly on the upper half of the hypocotyl. In any event, one bud
of the many initiated usuzlly outgrows all the others,but this is
not necessarcily the first to haﬁa been initiated on the hypocotyl,
The development of an adventitious bud beéins with a
division in one af the normal spidermal cells., According to Crooks
(1933) this division is a longitudinal, although acrording to Link
and Eggers (1946a) several trensverse divisiens first cccur and
this is confined in the present study, It seems that Crooks (1933)
only examined transverse sections of the hypocotyl and therefore
he in fact only stiudied what was & somewbat later stange of
development. In the current study no incresse in the densily or
amaunt of cytoplasm in the epidermél cells was observed before the

initial cell division and this agrees with the results obteined by
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both Crooks (193%) anc Link and Eggers (1946a). The present
investigation shows thal division in the hypocutyledonary:
gepidermal cells occurs several days after decapitstion af the
fully elaongated hypocotyl and the only prior changes which seem
to indicete which epidermal cells are going to divide concern
their plastids and nuclei, The plastids develop small starch
graine and the elongated or tailed profiles samatimes\uisiblé
sﬁggest that plastid replication wey be occurring, Some -epidermal
nuclei are wider anc sharter than in the contreol &nd on a few
occasions the nuclear inclusions are seen to be much shorter than
in other epidaermal cells and 1lying at right angles to their usual
position parallel to the long axis of the epidsrmal cells. 1In
such &n epidermal ccll the nucleus lies suspended in the central
vacuole surrounded by plastids of the type described above.
Follewing the first mitosis the two daughter cells guickly divide
again transversely eand further transverse divisions then occury
at this stage thec cytoplaswr becomes more prominent, vacuoles
become smaller and the nuclel contain a single large nucleolus,
sometimes vacuolated, with granular and fibrillar zones. No
inclusions are observed in.the daughter nuclei;

In Euphaorbia esula L, both decapitated and non-decapitated

hypocoiyls develop adventitious buds from the dedifferentiation
uf the sub—epidenmal cortical pélls and also, infreguently,
endogerously from the more peripheral stelst tissue. (Raju, 1975)

Adventiltious bud formation has also heen repnrted in excised

explants of leaves and .hypocotyls of TJorenia furnieri (Bajaj,

1972) and Anagalis arvense (Bajaj and Mider, 1974); these buds

arise from the epidermal as well as the sub-epidermal layers and

the cells which initiate bud development are distinguishable from
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the others by being smaller in size, highly cytaplasmic and with

prominent, demsely staining nuclei. By contrast in L.usitstissimum

it eppears that bud initials way form in any nermal epidermzl cell
and there are epperently no cytological indications as Lo which
cells will form bud primordia prior to decapitaticon of the hypocotyl.
Tran Thanh Van and Trinh, (1978), make the generalisatiﬁn (in
respect to de novo development of adventitious ovrgans that Yhuds
erise from epidermal cells of stems or lwaves or in some cases
from parenchyma or cortical cells, i.e, mainly from superficial
:ellé of the aerial parts of the plant. 0On thc contrary, :aots
originate from inner tissues such as perivascular cells near

cambial or pericyclic zones", In the L. usitatissimum hypocotyls

the buds are exagenous in origin since the first divisions are
aluays restricted to the epidermal cells,

In the present study, ususlly the young buds ohserved on

the hypocotyl of L. usitatissimum consisted of several leaf
primordia cleosely surfounding an apexs; however, ocCasionélly same
more complicated, elongated structures, wers observed; it is
possible that these represented several buds (situated very close
to each other) whieh had started toidevelop simultaneously so
producing teratomatous organs (Bloch, 1965; Brown, 1969).

Link and Eygers (1938, 1945bL) suggested that the plumular
apex has an inhibitory effect on the development of adventitious

buds on the hypocolyl of L. usitatissimum and showed that

application of IAA on the decapitated surface of the hypocotyl
suppresses bud development. The role of the apex in the develop-
ment of lateral buds has been examined extensi&ely by many
workers and has been reviewsed by Phillips (1975) and Rubinstein

and Nagao (1976). 1In the non-decapitated hypocotyls of L.



gysitetissimum currently exawined no adveniitious bude were ever
phserved, Such buds were, however, observed by Link and Eggers
{1946) but these were restricted ta Lhe lower half of Lhe non-
decapitated hypocotyl whilst decapitatiqn results in bud develop=-

ment on the entire length of this organ. In Euphorbia esula

hypocotyls {Raju, 1975) the location of adventitious bud formation
ig not affected by decapitation, although, it is affected by the
age of the seecling.

In preliminary experiments, in the course of this study,

it was found that when hypocotyls of L.usitatissipum are inoculated

in liquid {Muraskige and Skoog, 1962) nutrient medium, containing
only the basal constituents {i.e.no grouth substances) only =&
small amount of callus tissue is produced at the excised endes and
no organogenesis occurs even after several weeks of incculatiaon,
Gembarg and Shyluk (1976} showed that hypocotyl explants of this
species can be induced to proliferate in vitro to form bath whole
plants as wall as callus tissue. tlowever, it is likely that the
bud initiating process had already started in the explants befare
the inoculation, since the hypocotyl used had becn decapitated
five days befﬁre the inoculation.and therefore the growth
substances in the medium in this case only stimulated the
development of bucs which had already been initiated. Rybciynski
(1975) has shown that depending on the ratio kinetin : NAA in the

medium, cotyledon explants of L. usitatissimum when cultured in

vilro may be induced to produce roots, shoots and whole plants as
well as callus tisswue of varying texture.

Crooks (1933) stated that in L. ugitatissimum hypocotyls

the "derivatives of the original epidermal cells by subseguent

divisions gventually constitute the axis of the adventitious bud",
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however, he does not provide evidence in the 1llustrations of the
bud development for the exclusion of cortical involvment in this
process. In the present study of the hypocotyl in this species,
an attempt has been made to distinguish betweern dedifferentiated
cells of epidermal or cortical origin hased on fine-structural
differences in the plastids., Thus in some cells (possibly epider-
mal in origin) Lhese appear small and agranal whilst in other
neighbouring cells {possibly nf corticel origin) they appear as
mature chleroplastsy however, it is also possible that the former
type may also ba of cortical oricin bul represent a8 more advanced
sltage of dedifferentiation., The dedifferentiation of the ocuter
cortical and epidermal cells leads to the formation of the primary
(apical=-type) meristematic cells (as termed by Gautheret, 1966)
which can then redifferentiate in sub-apical regions tp produce
the various tissues (e.g., epidermis, pith, cortex, vascular tissue).
The fact that both epidermal and cuter cortical cells can revert
to a primary meristematic state suagests that these two typss of
cells are totibotent; no evidence has been found indicating that
the outser cortical cells_do not participate in the formation of
the bud primordium, although their contributien to the multi-
cellular mass of the bud apex is possibly less than that of the
epidermis, Ggmborg and Shyluk (1976) cultured protoplasts from

the hypocotyl of L. usitatissimum and Lhe majority of these

contained chloroplasts and hence were of cortical origin,

Although tHeee protoplasts could be cultured and give rise to
callus tissue no sheots could be induced. It would be interesting
to attempt the in vitro culture of the isvlated epidermal and
isolated cortical tissues (as employed by>Tran Thanh VYan and

Trinn, (1978}, to determine whether both have an equal capacity
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for organogenesis. It seems, however, that during dedifferenti-
ation not all cells involved revert to the primary meristematic
stage; for instance at leasi some of these in the mid-inner cortex
{(which form the procambial strands linking the bud to the axial
vascular tissue of the hypocotyl) appcar to underge only partial
dedifferentiation and still contain chloroplasts, and one or mecre
relatively large vacuoles when their redifferentiation intu mature

vascular elements occurs.

In contrast to the L., usitatissimum hypocotyl, no orcano-

genetis pracess is ever observed inm the ip viltro cultured P.
vulgaris cotyledons even in the presence of strong stimulants

such as coconut milk, 2,4-0, kinetin and IAA and this was also
found by previous workers (Frame et al., 1976: Liau and Boll,
19703 Msnte and Boll, 1978) in their attempts to induce organo~
genesis in P. vulgaris cotyledons. The absence of organagenetic
capacity might be related to the high ploidy levels of storage
cells ir the mature cotyledons and also to the anomalous{emilotic)
nuclear division ocouring in vitro.

According to Crooks {(1932) vascular bundles are differenti-
ated in the first two or three leaves of ithe new bud by the time
the growing point (shoot apex) is well established and before
cell division has Eegun in the inner cortex of the hypocotyl;
then the cells of the inner cortex become meristematic and
vascular tissue differentiates progressively inward from the new
bud through the cortex to the endodermis. Crooks (41933%) does not
distinguish between non-dormant and dormant adventitiocus buds,
but the results currently obtzined suggest thet two such hategaries
of buds exist and that they differ in their vascular linkagés to

the axial vascular tissue of the hypocotyl. For technical reasons
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it is very difficult to distinguish the daminant from the dormant
huds a2y only examining sectioned malerial of a2 hypocotyl; only one
pr two buds per hypocotyl can be examined by serial sectioning and
usually only one (out of sbout 20 adventitious buds initiated on
the hypocotyl) will subsequent grow out inteo a lateral replacement
shoal. The externmal morpholagy or size of a bud cannot, unfortu-
nately, be used to icentify this bud at an early stage, but in
sleared hypocotyls ithe presence or absence of protoxylem in these
provascular strands can be investigated. O0Observations made on =
nuﬁber of both cleared and cectioned {transverse, longitudinal snd
paradermal serial sections) specimens indicaté tha£ {in certain
buds crly) dedifferentiation occurs throughout the cortex
immediately after the first divisians haue occurred in the epider-
mis. Such carly changes in the cortox are thought to be associss
ted with a non-dormant bud whereas in relatlon to potential
dormant buds the provascular strands only begin to differentiate
in the cortex much lztsr when leaf primordiz are already visible
an the bud, 1In the non~dormant bud, by the time the first leaf
primordia are visible, numerous tracheary alements have alrcady
differentiated within the-cortical provascular strands and these
sometimes seem to form long protoxylem strands,

Studies by Raju and Marchuk (1977) on the inhibited hypo=-

cotyledonary adventitious buds of Euphorbia esula (which occur on

intact hypucatyls) using cleared specimens, indicate that at their
bases Lhe *ylem strancs are ‘uninterrupled by partly differentiated
tracheary elementsj this contrasts with the buds which have been
released from inhipition by decapitation, where unintefrupted
xylem strands (cahtaining uessels) cannect with' the hypocaotyledaon-

.ary stele.
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Crooks {1933} describes the development of the protoxylem
elements as progressing inwards from the hypocotyl Ltowerds the
main {(axial) vascular tissus. However, no such evidence is found
in the hypocotyls currently observed by using serial sections and
cleared specimens. On the contrery dedifferentiating cortical
cells appear to occur simultaneously throuchout the cortex along
the paths of provascular strands and within these the protoxylem
elements differcntiate and then, in the case of a non-dormant bud
these form continuous vessels whilst in the case of a dormant bud
it seems likely that the xylem strands ars discontinuous. It
seems that Crooks (1933) examined gnly a small number of random
sections which probably led him to draw his incorrect conclusions
on this matter.

Phillips (1975) in reviewing the literature an the
development of vascular tissue in relation to correlative inhibie-
tion of buds states thati.although suggestions have been made
repeatedly that apical diminence invalves regulation ef the
development of vascular connections between buds and stem, no gene~
ralisatiaons can be made eince the degree of vascularisation varies
from one species to znother, from one bud to another in a sgincle
plant, and also envizronmental conditions such as those of light

and nutrienl stetus influence bud trace development.

Transfer cells in plants possess an intricate system of
canvoluted, tubular inwerdly projecting wall ingrowths from the
wpain wall into the cytoplasmy the plasma membrane follows the
labyrinthine contours of this well and therefore the surface
area is greatly ihereased; within the cyloplasm of such cells

mitachondria are generally abundant (Gunning and Steer, 19753

127



Pate and Gunning, 1972}, Transfer cells arc thouoht to be
concerned with retrieval of solutes and their tranefer to the

sieve elements or exchange ol solutes with the external environment
and apparently both apoplastic and symplastic mavements are
possible (Pate and Gunning, 1872). These cells have bzen observed
in a wide variety of species and at various anatomical pesitions in
the plant, like leaf traces, root nodulas, sceretory glands (Bowes,
197%¢: Briarty, 19783 Czaninski, 19773 Gurning and Pate, 1969;
Qunning et al., 19705 Pate and Gunning, 19723 Gunning and Steer,
1975). Pate and Sunning {(196Y9) reporled that transfer cells are
faund in 22 of 200 families of dicotyledons and in one

(Zosleraceae) of the 42 families of the monocotyledons studied by

them.
A stereological analysis of micrographs has been made by
Briarty (1978) in order to examine the development nf root nodule

xylem transfer cells in Trfolium repens. In the sarly stages of

development, transfer cells and xylem vessels are rather similar,
Briarty (1978) suggects that endoplasmic reticulum and dictyosomes
may be involved in the deposition of wall material., As thess
transfer cells dsvelop, an increase in vacuolation is observed and
their nuclei become lobed., 1n the senescent stage of the nodule,
transfer cells breakdownj their cytoplasm becomes slectron~lucent
. and organelles become filled with electron dense dfuplets. In the
provascular tissue aof the germinating cotyledon of Vicia faba
(Briarty et al., 1970) wall ingrowths are found in the transfer
cells surrounding both xylem and phloem and sometimes develop
before the differentiation of these tissues; as in other species
these transfer cells are characterised by numercus plastids and

mitochondria, extensive endoplesmic reticulum and cytoplasm
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densely populsted with ribosomes. In the case aof Linum

usitatissimum transfer cells occur in the young shoot (Bowes,

1973} in proximity to the leaf trace protoxylem; the transfer
cells are found to develop moust ingrowths on the walls adjacent
to protoxylem elements., In the present study of the hypocotyls
of this species transfer cells occur in two locations following
decapitation but are not observed in the intact organ, The first
site is adjacent to the main {axial) vasculer tissue of the
hypocotyl where wall ingrowths develop only on the walls in
contact with xylem eglements but are uniformly distributed on all
walls of transfer cells adjacent to phloem elements., The other
position in which transfer cells develop is in relation to the
ploem elements of de nova formed Uaécular tissue connecting the
adventiticus bud with the main vescular tissues the wall ingrowths
are uniformly distributed on all walls of these transfer cells.
The transfer cells occurring in the decapitalec nypocotyl seem to
lose their wall ingrowths during the later development of the
adventitious bud since no such cells can be identified in older
hypocotyls {Day 10430}, The fine-structure of the transfer cells

in L. ugitatissimum appears similar tu that generally encountered

in nther species (Gunning and Steer, 1975).

Follnwing decapitation of the hypocotyl in L. ugsitalissimum

the cortical cells in the vicinity of the bud primordia undergo
varying degrees of dedifferentiation; the characteristics of the
plastid populatios of such cells are apparently related to the
extent of cellular dedifferentiatiaon. Thus in cortical cells
which have anly divided once or twice the plastids are uniformly

chloroplasts whereas in the more fully dedifferentiated cells
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compusing the provascular stresnds only proplastids ccecur, In
between these two extremes daughter cells containing bo?h
chloroplast—-like and pronplastid gpopulations are present, lﬁ such
cells plastid replication is especially evident, it &ppears to
oceur in some cases by constrictive division into two (or sometimes
more} equal portions or by the production of smeller "buds" from
the main body of the plastid.

Leech (1976) in a recent review concluded that thore is now
well esteblishad evidence that young chloroplasts can divide and
indeed this has been observed in vitreo (in & medium lackiny growth
substances) after isclation from growing leaves {Ridley and Leech,
19703 Kameya and Takahashi, 1971}, In mature chloroplasts Leech
(1976) states that there is no clear evidence that their division
cen be inducec in illuminated leaf discs cultured in a nutrient
medium supplementéd with kinetin (Boessson et al., 1972; Laetch

and Boasscn, 1971). In L., usitatissimum it scems possible Lhat

an accumulation of endogenous substances occurs in the upper
hypocotyl in relation to the initiation and develapment of Lthe
adventitious bude (exogenous mpplication of cytokinins to the
in vitro grown hypocotyl stimulates bud initiation, Gamborg and

Shyluk, 1976).
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P, vulgaris
Plate 1h: TEM {(Day 0) illustrating a TS5 of the abagial
epicdermis, together with the unilayered sub-epidermis anc the
nuter layer of the storage tissue, Note the relative size of
the three types of component cells, the absence of larqe starch
grains in both epidermis and sub-epidermis but the occu-rence of
protein bodies in all tissuee, differences in cell wélls of the
various cell types andopecurrence of intercellular spaces. The
large arrow indicates 8 discontinuity in the anticlinal wall
partly separating what appear to be two epidermsl cells each
conteining a separate nucleus, The small arrows indicate pit

areas, M: 1200x

Plate 1B: Oiagramatic representation of & TS5 from the middle
of & Day 0-1 cotyledan; 20-30 provascular strands {which are
mainly longitudinally orientated) are visible, ‘The adaxial
surfacé is siightly concave ahd the abaxial surface is markedly

convex, T1he position of the sub-epidermal layer is indicated

by the thick black line on the abaxial surface., M: 12x

Plate 1C: TEM {Day G)-illuatrafing the cytaplasm of a storage
cells nate the density of the graound cytoplasm (packed with

free ribosomes) and crowding of the numerous organelles, which
mainly here consist of anqular protein bodies. Several proplastids
are also present; these contain some membranes and sometimes
electron traHSlucént vesicles (arrow), whilst a prominent starch
grain is visible in one plastid. Swall lipid-like vesicles

frequertly closely surround the plastids. M: 12500






P, vulgaris
Plate 2a: TEM (Day 0) showing ihe thickened cell well of a
5£Drage cell (interrupted by a pit) and consisting of tuo
layers ([l‘and[:], see detail in Pl. 2B) of wall material.

M3 13N00Dx

Plate 2B: TEM (Day D), detail of P11, 2zA, showing the fipe-
structure of the bilayered cell wall; cuter filrillar,
cellulosic layer (Z\ )3 inner non-fibrillar layer { [j).

M: 3G000x

Plate 2C: TEM (Day 1) showing part of a storege cell; the inner
non-cellulosic layer ([] ) of the cell wall has swollen
considerably (especially on the site near the intercelluler
space) compared to Day N3 (/\ ) shows the outer cell wasll in
which there is no apparent chsnge., The arrows indicate the
layer of cytoplasmic lipid globules lining the cell wall,

M:  4400x

Plate 2D: TEM (Day 1), detail of Pl. 2C, showing the fipe -
structure of the inner (nnn—c;llulosic) region of the cell
wall of a storage cell, Note?the great increase in fibrillar

and vesicular-like structures. M: 26400x






P. vulgaris

Plate 3p: TEM (Day 0) illustrating a typical storage cell with
the multilobed nucleus vecupying a central location surrounded
by protein bodies, very large starch grains and various
organelles. WNote the radially arranged decnser rregions in the

starch grains which probably represent artifacts. [M: 6000x

Plate 3B: TEM (Day 0) shouing grealer detail of & part of a
nucleus, protein bodies (and their uniformly staining amnrphous
contents), proplastids and lipid globbles surrounding the
plastids, Note the densely crowded ribosomes in the ground

cytoplasm. Ms: 23200x







. vulgaris

Plate 4A: TEM {Day 0) showing pert of the multilobed nucleus,
penetrating in between the surrounding organelles of a storage

cell (c.f. B1, 4B). M: 11200x

Plate 40: TEM (Day 1) illustrating the nucleus and the
surrounding organelles of & storage celly note the abundant
starch accumulation inside the proplastids, the more rounded
and more crowded protein bodies and the changes which have
nccured in the distribution of the chromatin compared toc Day 0
(c.f. Pl., 3A and 4A); the arrows indicate the lipid globules

surrounding the small plastids , M: 5000x






P. vulgaris

Plate S5A: 1EF (Day 0) of an abaxial epidermal cell; the

protein bodies aré smaller than in the storage cells and their
contents are not of uniform densily. Note that starch grains

da not apparently occur in the proplastids, The small arrows
indicate some cytoplasmic vesicles which . it is thpught may

give rise to the endoplasmic reticulum (Epik, 1966) and the large
arrow indicates some thylekoid membranes inm one of the proplastids,

M3 10700x

Plate 5B: TEN (Pay 1) storage cell showing a small starch

grain surrounded by numerous "honeycomb-like" vesicles which

arc thought to be lipid globules being digested, M: 10000x

Plate 5C: TLCM (Day 0) showing part of a sub-epidermal cell;

note the presence of nuclear pores (large arrouws) and endoplasmic

reticulum (small arrows) close to the protein bodies. M: 25700x






P. vulgaris

Plate 6A: TEM (Day 0) of a storage cell showing the margin of
a large, densely staining starch grzin which is partly
surrounded by an irregular area (ZX) of malerial (Jdiffering in
density from the oround cytoplssm) which may represent the
remains of the amyloplast siroma, lhe arrpw indicates what
appears to be part of a membrane boundiny Lhe amyloplast,.

Ms 12000x

Plate 6R: TEM {Day 1) illustrating part of a provascular cell,
Note the presence of what appsar to be p-protein crystals and
also the multivesicular structurecs (arrows) possiEly representing

pro~dictyosomes, M: 31000x

Plate 6C: TEM (Day 0) illustrating & TS of a provascular strandj
note the absence of stsrch graimns and the difference in density
of the protein bedies in comparisun to the storege cells (c.f.

Pl, 1L), M: 6000x






P. vulnaris

Plate 7A: Day 3 in vitro cultured cotyledons; note that the
adaxiél;sideé of the nearest cotyledon (arrows) are beginningto

callus., Mz 2x

Plate 7B: Day 7 in vitro culﬁured cotyledons; note the very
pronounced adaxial callus development (cotyledon a,small arrows)
and the small swelling on the transverse excigsed surface of
cotyledon b (large arrow) corresponding to the provascular

strands, which zre transversely cut, M: 2x






P, vulgaris

Plate BA: DOay 10 in vitro cultured cotyledons; here the plastids
in the anaxial sub-epidermal cells have developed green
pigmentation but the newly-formed callus lacks chloroplasts,

Mme 2%

Plate GB: Day 30 in vitro cultured cotyledonssy the casllus

tissue has occupied most surface of the nutrient medium {(which

is now somewhat dried-oul) and the callus tissue needs to he
subcultured, The arrows indicate the abaxial surfaces of the
cotyledans; in this case no green pigmentation has been developed.

M: 1.5%







Plate 9A: LM (Day 1)3 TS through the margins of a cotyledon
shawing the adaxial surfacé at the basej note the existence of

e unilayered sub-epidermis on the abaxiél side (small arrows),
Several small prnvascular strands (large arrows) are scattered
between the large storage cells which contein conspicuous starch

grains (these are the white "holes" in Lhe wmicrograph). [M: 100x

Plate 9B: LM (Day 3) of in vitro cultured, dedifferentiating
storage cells. Thesc have bern sub-divided by freely-growing
.walls and several of these walls (small arrows) remain inomplete.
Note alsao the large nuclei yith praminent nucleclij the darkly
stained deposits inside the vacuoles (large arrowus) are considered

to be remains of the protein bodies. [t 650X






P, vulgaris

Plate 10: LM (Day 3); TS through the adaxial margins of an

in vitre cwllured colyledon. Note that the adaxial storage cells
(apart from the sub-epidermal cells) have undergoune considerable
glongaticn and some have been sub-~divided by freely-forming walls,
The adaxial epidermis has collapsed but the adjacent layer ol
storage cells is ctill intact, although showing little enlargment
from Day 1. GSome of these cells (arrows) contain crystalline
depasits in the protein bodies. The selid arrows indicste

vascitlar bundles, M: 100x







P. vulgaris

8

Plate 1iA: TCM (Day 3) showing several protein crystals (/\)

in a8 protein body in a sub-epidermel storage cell of an in vitro

cultured cotyledon, M: 5160x

Plate 118: TEM (Day 3) of a protein crystal, such as in Plate
11A, illustrating the fine structure of the crystal lattice, the

arrows indicate the margins of the protein body., ™M: 44000x







P. vulgaris

Piate 12A: LM (Day 5) of @ dedifferentiating iﬂ vitro cultured
storage cell; this nell has already divided inlo six daughter
cells and Lhe new cell walls meel in a central, massive wall
body; also note the isclated freely growing cell walls {(arrows),

M: BOOXx

Plate 12B: TEM (Day %) showing freely=forming cel] walle in a
dedifferentiating in vitro cultured storage cell (gimilar to the
one shown in P1, 12A); note the prescnce of numerous profiles of
endoplasmic reticulum which at places seem to be associated with
the cell walls {small arraug); the large arrows indicate the
very thin areas of thc developing.wall (see also P1l, 12C).

M: S5160x

Plate 12C: TEM (Day 5) of a part of a freely—-growinc cell wall
in an in vitro cullured storage cell; note its vesicular structure;
the arrows indicate the sites where the endoplssmic reticulum is

closely associated with the developing cell wall., WM& 10750x
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P, vulgaris

Plate 13A: TEM of an in uitrq cultured dedilferentiating storage

<

cell, showing rouygh endoplosmic reticulum {large srrows) possihly
demarceting sites of new cell wellsy also nole the cisterapac
(/\) formed by the cndoplasmic reticulum elements which ceem to
represent cither erRrly slages of lysosoaes or protein bady

vartuonltes, M: 15800x

Plate 43H: TEM of an in vitro collured storzoe cell shouing

the freely-growing end (arrow) of @ celi wall which is protruding
into 8 vacuoley this may indicate tihe location ef a future
cylonplasmic strand in mhichlthe freely—-growing wall would traverse

the vacuole, [z 10000x%







P, vulgseris

Plate 14A: TEM showinp higher resolution detail of Pl., 13B3 note
the lesser density of the growing end of the cell wall (A\ ) and

the labyrinthine outline of this cell wall, M: 2B500x

Plate 14B: TEM showing free wall formation asecciated with an
apparently fragmenting nucleus in an in vitro cultured sctorage
celly note the tip af the grewing wellis {arrows) ending in the
vicinity of the fragmenting nucleus, Note also the cytoplasmic
enclave which is considered to be a lysosome, The solid arrow
indicates what appear to be some organells remains after digestion

bas occurred., M: 12500x%






P. vulgaris

Plate 15: TEM showing free cell wall formation associated with
the puclear fragmentation in an ip vitro cullured storage cell.
On either side of the isthmus (small arrows) connzcling the
larger and smaller lobe of the nucleus, tracts of freely-forming
wall are visitle (large arrows). #Note also the numerous plastids
in the cytoplasm; some of these are amyloplasts with multiple
starch grains whilst clusters (Zﬁ) of proplestids alsoc occur.
The sclid arrows indicate what appears to be bell-shaped

mitochondria cut at various ancles. M: 5160x







P. vuloaris .

Plate 16A8: LM (Duy 5); TS of an in vitrp developing colyledon
showing & number of sub-divided storage cells, wall bodies (large
arrows), freely-growing cell walls (small arrows) and a mitotic

division (solid arrow). M: 220x

Plate 16B: LM from an in vitra cultured sterage cell illustrating
the labyrinthinpe structure aof a wall body; the arrows show

projections inteo the cytaplasm, ™M: 1000x
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P. vulgaris *

Plate 17: TFM (Day 3) of an in vitro storage cell showing part
of a developing wall body. The arrows indicate parts of the
cyloplasm entrapped inside the wall body and within these

aregas membranails struectures can be seen., Note the presence of
endoplasmic reticulum elements, mitochondria and dictyosomes

with asspcialed vesicles., M: 165300x%
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P. vulgaris

Plate 1BA~B: TEM's showinyg parts of the margins of a develcping
wall body from a Day 3 in vitro cultured storage cell, 0Oictyosones
have.straight or slightly curved cisternae with vesicles attached

to them whilst numeraus vesiecles can alisgo be seen free in the
cytoplasm {small arrous) or attached to the wall body (large
arroms). The solid arrows shaw some connections betueen endoplasmic
reticulum and wall bodies., Nota also the preéence nf polyribosames

either in clusters or helices, M: 27500x






P. vulgaris

Flate 19: TEM's (Day 3~7) showing a selection of labyrinthine
wall bodies observed in the densc cytoplasm of dedifferentiasting

storage cells of in viftro cultured cotylecdons.- M: A: 6500x

| B: 5000x

C: 2750x

s 2750x







P, vulgaris

Plate 20A3 TEM showing part of the periphery of a wall body
from an in vitrg cultured storage cellj note the vesicles (large
arrows), some containing electron dense inclusions, attached to
its margins, The small arrows indicate thylakoids in the

amyloplasts. M: 15600x

Plate 20B: TEIM showing further detail of a wall body from an

in vitro cultured storage cell, Note the variability of its
appearance {c.f. Pl1. 19A and C), ranging from a uniform Fibriliar
structure to a denser flecked region, and the vesicles (large

arrows) attached te the margins, M: 27300x






P, vulnaris

Plate 21A: TEM showing detail of the projecting margin of a
labyrinthine wall body from an in vitro cuiltured storage cell,
Mole the rough endoplasmic reticulum clements associated with
the wall body (arraws), and the presence of electron translucent
vesicles (Zl }, sometimes containing electran dense particles,
which are found either attached to the wall body or free in the

cytoplasm., fM: 23200x

Plate 21B: 7TEM of a wall body from an in vitro cultured staorage
cell., The margins af the wall bady show some attachecd vesicles
(arrows); note the presence of apparently smooth endoplasmic

reticulum in ihe vicinity of this wall body. W: 21000x

Plate 24C:. TEM from an in vitro cultured storage cell showing
a cluster of plastids. Such clusters are observed only in the in

vitro dedifferentiating storage cells. M: 6450x
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P. vulgaris

Plate 22R~D: LM's {Day 5) illustrating different stages of
nuclear and nucleolar fragmentation in storage cells of the jin
vitre cultured cotyledon, MNote the cytoplasmic enclaves {(P1, 4,
arrows) and complexity aof the nuclear marginsj the size and shape
of the multiple nucleeoli, which often contain vacuoles {Pl, B=D);
and the freely-growing cell walls (P1l. D, arrows) in relation

to the nuclear fragmentation, The solid arrow {(Pl. D) shows a
freely-growing cell wall with its growing end agzinst a nuclear
constriction. In all illustrations clusters of small piastids

vccur adjacent ta the nuclei. M: All 1600k






P, vulgaris

Plate 23A: LM (Day S} iliustratinc fragmentation of a
multinucleclate nucleus (the nuclear envelope is indicated by
the dotted outline) occuring in in vitro cultured storage cell,
Within Lthe nucleus a cytaplasmic enclave (ZS.) is visible.

M: 2200x

Plate 238: TEM (Day 5) from an in vitro cultured sturage cell
illustrating fragmentaticn of a multinucleclate nucleus (c.f.

Pl. ?3A)}, Note the amyloplast (A) with multiple starch grains,
whilst there is an accumulation of mitochondria inside Lhe
cytoplasmic channels.penetrgting the nucleus. The arrows indicate

the nuclear envelope. M: 5160x







P. vulcaris

Plate 24A: TFEM from an in vitro cultured storace cell showing
the fine-structure of the nuclecar lobes (detail of Pl. 31A)3
note the numerous pores in the nuclear envelope {(large arrows)
and the elements of the rough endoplasmic reticulum in which
laogalised swelling within their lumens (small arrows) are

observed, M: 135000x

Plate 24B: TEM of a late stage of nuclesar Tregmentatien from

an in vitro cultured storage cell; the two nuclei are only
connected {in this plane of section) by an isthmus (arrow).
Mote also the presence of numerous mitochondria in the cytoplasmic

invaginations. (s 7200x






’ P. vulgaris

Plate 25A: TEM (Day 5) showing nuclear fragmentation in a
sub-epidermal storasge cell of an in vitrp cultured cotylcdon,
Note the presence of cytoplasmic enclaves (ZB’) within the
nuclei and the protein crystals in the protein bodies, The
arrow tndicates & nuclileoplasmic channel penetrating the

nucleolus. M:  5160x

Plate 258: TEM (Day 5) showing = nucleus from an in vivao
(germinating) catyledon storage cell, Neote that the nuclear
outline is less complex.than in the comparable nucleus from
an in vitro grown storage cell and that the nucleolus is
relatively small, Few organelles (except for large starch

grains) occur in the surrounding cytoplasm. M: 7000x






P. vuloaris

Plate 26A: TEM illustrating a highly vacunlated nuclecolus fram
the fragmenting nucleus of a storage cell cultured in vitro.

This shows the occurence of the granular (Z} } and so-called
fibrillar zone (E]). @ote alsc the difference in density bstween

the large nucleolar vacuole and the nucleoplasm., M: 21000x

Plate 26H: TEM showing higher resolution of the nucleolus

from a fragmenting nucleus of an in vitro cultured storags cell.
Note the differentiation into granular (425) and the so-~called
fibrillar zones ([:]); the nucleolar vacuoles alsno cantain

granular material. M: 50000x

Plate 26C-E: LM's {Day 5); serial sections of a metaphase stage
in a mitotically dividing nucleus from an in vitro yrown slorage

cell. Note the large number of chromatids pfesent. e 320%-

Plate 26F: LM (detail of Pl, 16A)} from an in vitro cultured
storage cell illustrating a telophase in which a large number

of chromosomes-(arrows) are visible. M: 1600x






P, vulgaris

Plate 27A: TEM from an in vitro cultured storage cell showing

a metaphase plate in L5} note the kinetochore microtubules (large
arrom) attached to one of the paired chromatide (see also P1, 28R},
Note alsco the newly-formed cell wall which shows secnndary wall
depesitian in connecticn with the develaping tracheary element

on the right, M: 6000x

Plate 278: LM from an in vitrg cultured storage cell showing
two newly-formed daughter nuclei with & cell plate (arrows)
developing between themj each nucleus contains approximatcly 20

pucleoli. M3z 1600x

Plate 27C: TEM from an in vitro cullured storage cell (C.F. P1.,
278) showing two newly-formed daughter nuclei showing multiple
nuclenli. Nole the association of rough endoplasmic reticulum

with the developing cell plate (arrows). M: 5040x






P. vulpgaris

Plate 28A: TEM (detail of Pl. 27AR) from an in vitro cultured
storaye cell showing the metaphase plate and two kinetochaore
microtubules (arrow) attached to a chromatide., Strands of rough
endaplasmic reticulum and nomerous ribosomes are also evident,

M: 16200x

Plats 28B: TEM showing a face view of the metaphasz plate of a
mitatically dividing storsge cell cultured in vitro; note the
rough endoplasmic reticulum and free ribosomes interspersed
betwsen the chromatids, Numerous mitochondria and plastids

surround the metephase plate. M: 9600x







P. vulgaris

Plate 29A: TEM from an in vitro cultured storage cell showing
part of the cenlral region of the cell plate formed between

two nuclei; note its vesicular structure with elements of the
rough endoplssmic reticulum in close association with it,
sometimes apparently fusing and, possibly,demarcating the sites

of plasmodesmata {arrows}. M: 11650x

Plate 29B: TEM from an in vitrs cultured storage cell showing
the margin of the centrifugally developing cell plate; note the
rough endoplasmic reticulum elements in close association with
it (arrouws) together with a. large number of cytoplasmic vesicles

and microtubules, Ms: 23200x







P. vulgaris

Plate 30A: TEM from an in vitrog cultured storage cell showing
two circular enclaves (ZS) af the cytoplasm, delimited by daoutle
membrsnes (small arrows) from the main cyloplasm. In placges
{large arrows) the two membranes are widely separated, Within
the regions demarcated by the double membranes osmiophilice
deposits, vesicles, elements‘of endoplasmic reticulum and
profiles resembling mitochondria are abundant (see detail in P1,

308 ard C). M: 6500x

Plate 30B: TEM showing greater detail of part of the larger
enclave of Pl. 30Aj note the endoplasmic reticulum (large arrow)
with few attached ribasomes, vesicles (small arrows) which are
possibly transverse profiles of endoplasmic reticulum and

csmiophilic deposits, M: 21000x

Plate 30C: TEM showing detail of the smaller enclave in P1, 30A;
note the large translucent vesicles (Z} ), osmiophilic globules,

and what appears to be @ dictyocsome. M2 10000x






P, vulgaris

Plate 31A: TEM of a highly lobed nucleus, from a storage cell
cultured in vitro, with cytoplasmic enclaves containing

osmiophilic globules, vesicles, rough endoplasmic reticulum
segments, and some free riboscomes (see also Pl. 22R), (ék) indicate

transiucent erclaves in the nucleus. M: 5160x

Plate 31B: TEM showing detail of a cytoplasmic enclave from the
nucleus of Pl, 317A. Note the osminphilic globules, endoplasmic
reticulum segments, vesicles and free rioosomes. The arrows show

the double membrane bounding the enclave, M: 31000x
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P. vulgaris

Plate 32A: LM (Day 3) showing 2 TS of an in vivo germinating
cotyledon; many of the storsge cells appear empty since a large

part of their reserve food has already been digested. M: 65x

Plate 328: LM (Cay 5) showing a TS of an in vivo germinating
catyledon; the cotyiedon has swnllen considerably, most of the
resefuc foud has been digested {hawever, around the vascular
strands the stprage cells still contain some deposits of protein
and starch) and the empty storage cells arc senescing, Some
storage cells situsted near the surface develop chloroplasts

and become briefly photosynthetic. M: 65x






P, vulgaris

Plate 33f; LM of a TS of an in vivo germineting cotyledon
showing part of 8 wascular bundle together with some storsge
cells., MNote that some of the starch grsins {ndicated by arrows)

have developed cavities containing cytoplasm, M: 64Dx

Plate SEB: TEM of & starch grain from an in vitro developing
sterage cell being digested; note the occurrence of cytoplasm
within the digesled cavity of the starch yrain lLeogether with
endoplasmic reticulum elements, mitochondria and filamentous

plastids (arrows). Ms: 11600x
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P, vulparis

Plate 34A: TEM (Day S5) of an in vivo stourage cell; note the

expansion of the imner, non-cellulosic, part of the cell wall
and also the fragmentation and digestion of the starch grains.

M: 3300x.

plate 348: TEM {Day 5) of chloroplasts from an in vivo storage

cell lacated near the surface ol Llhe cotyledon; note Lhe large

numher of grana and the densely stained stroma. M: 21500x






P, vulysris

Plate 35; TEM (Day 5) showing cell wall digestiuvn in a storage
cell from an in vivo germinating cotyledony note the rough
endoplasmic reticulum elements lying parallel to the swollen

inner cell wall and Lhe numerous assorialed vesicles. The arrows

indicate the plasmalemma, M: 21500x



o

.

39



P. vulnaris

Plate 36A: LM of a sectiorn through the established crallus tissue
derived from a cotyledon explants note the highly irregular size
ang shape of the greatly vacuolated cells and the large intercellular

spaces, M: 190x

Plate 36B: LM illustrating some meristematic-looking cells
from the periphery of the established callus; note the irregular
outline of the nueleus indicated hy a large arrow and the

multinucleolate nucleus on the richt (small arrow). M: SUDx







P. vulpgaris

Plate 3783 LM showing nuclear fragmentation in an esitablished
callus cell; note the nuclear enclave (arrow) and the mascive

wall body {/\ ). M: 2000x

Plate 378B: LM of @n established callus section showing some cells
from near the periphery of the callusj note their highly irregular
shape, the large nuclei with prominent nucleoli and the mitotic

division in one cell {arrow)., M: S00x

Piate 37C: LM detail of the mitasis from Pl. 378 showing the
anaphase plate in more detail; note ils similarity to the one
in Pl., 26C~E, Clusters of small amyloplssts are ohserved near

the nucleus. M: 2000x







P, vulgaris

Plate 38: TEM of the nucleus of an estsblished callus cells
note its highliy irreqular autline showing nuclesr pores (large
arrows) and the continuity of an element of the endoplasmic

reticulum with the nuclear ecnvelope (small arrow). M: 12500x
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P, vulgaris

Plale 39A: TEM sheowing the nucleus of a highly vacuolated cell
fraom the established callust note the presence of agranal
amyloplasls with tails and the densely stained mitochondria iﬁ

the thin layer of cytoplasm, M™M: 5400x

Piate 39B: TEM illustrating part of the cytoplasm nof a highly
vacuolated established callus cell; the swollen dictyosome, tﬁg
very translucent cytoplasm with very few ribosomes and the 3
organelles indicated by the arrows (possibly representing

mitochondria) suggest that this cell has become senescent,

Ms 13500%

Plate 39C: TEM illustrating part of the cytoplasm of a highly
vacuaolated cstablished callus cell in which numerous microtubules

and coiled polyribgsomes are present., M: 18000x
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M: 5H400x

P, vulgaris

Plate 40A: TEM showing & wall body in an gstablished callus cell.

L 14

Plate 408B: TEM showing at higher resolution part of a wall

body from an eslablished callus cells note the membranous
struntures and myelin-like fiqures enclosed in it; possibly
representing remnants of eryanelles engulfed by the expsnsion

of this body in the cyteplasm, #: 10000x
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L. usitatissimum

Plate 41A: Macrophotogqraph showing a Day 10+4 decapitated
hypocotyl {on the left) and s Day 14 {(caontrol) seedling. Note
Lhe bud primordium, which haé (exceptionally) devaloped at the
base of the hypocotyl (arrow), and the swollen upper region. No
adventitious bud primordia are evident on the intact hypocoty]

(on the right). M: 2x

Flate 41B: Macrophotograph showing a Day 10+10 hypocotyl; Lhe
dominant adventitious bud hasnglrEEQy grown cansiterasly giving
rise to a replacement (lateral) shoot; at the same time a numbar
of other adventiticus buds at different stsges of development
(ranging from leaf primordia to leafy buds) 2re presenl on the
upper half'of the hypocotyl; the arrow indicates the decapitated

hypocotyl surface, M: 2x

Plate 41C: Macrophotograph similar to Pl. 418 except for the
location of the budsj Lhis experiment was carried aout during
Spring and the majority of adventitious buds were developed an
the lower half of the decapitsted hypocotyl instead of the upper
" region as normally occurredin most experimenté (c.f. PL. 418).

Ms 2x






L. usitatissimum

Platc 42A: TEM (7S) showing a Day D cortical cell from tke upper
part of the hypocotyl. The arcas (a)}, (b), (c) and (d) are the
partc of the protein bodies identified as sir spaces, globoid
inclusions, crystalioid inelusians and ground protein respectively,.
Note tke variation in lipid globuli size and the prescnce of
cytaoplasmic organelles tentatively iderntifised as plastids and
mitochondria, The arrows indicate saome "channels™ which might

be either artifacts or represent sites where plasmodesmata occur,
The small arrow indicates sume granular inclusions observed inside

area (b} of a protein body. M: 5160x

Plate 428: TEM (1T5) of a Day O cortical cell from the upper partl
of the hypocolyl, Neither the nuclear envelepe nor other membranes
are clearly defined, but some Drganelles-arc identified~as plastids
because of the presence of plasteglotuli (small arrows). Note the
angular outlines of the lipid globules. The large arrouws indicate
some peripheral darkly stained oranular areas of the nucleus;
however it is not certain whether this is a staining artifact (e.f,
Pl. 45B) or a genuine densely stained area of the nucleus.

Ms 13000x






L, usitatissimum

Pilate 43A: LM {1S) from a Day 0 hypocotyl showing the various
tissues (epldermis, cortex, provascular tissue and pith). The
difference in staining intensity with toluidine blue betueen
cortex and all other tissues possibly reflect differances in the
amount of fond reserves. The cortical cells are more densely

packed with food stores than other tissues. M: 450x

Plate 438: TEM (TS) showing some cortical cells of the Day O
hypocotyl, Note the occurrence of the "channels'" which are
frequently present on walle in contact with other cells but not

on cell walls contacting intercellular spaces, M: 1200x

" Plate 43C: LM (PS) of the Day @ hypocotyladunary cells. Ths
arrow indicates ths long axisluf the organ (acropetzl directiofi).
NMote the presence of M"channels™ on the cell walls and the squét
shape of the cells (c.f. the Day 10 epidermal cells in P11, 50A,

which are about 15-20 times longer). M: 1600x

Plate 430t LM (rS) of the Day U hypocatyl showing part of the
epidermis, The arrows indicate the anticlinal walls which

appear corrugated separating the otherwise well preserved
epidermal cells., Note the difference in protein deposits bstween
epidermal and cortical cells; the former cantain fewer and smaller

protein bodies than the latter., M: 1600x






L, usitatissimum

Plate 44A8-B: LM's (RLS) of the Day 0 hypocotyl showing part of

the cartex. The thin arrow indicates the long axis of the
hypocatyl. Note the presence of the long channels (Pl. A, arrtouws)
formed by thz intercellular spaces betmegn cortical cells.

M: A:  750x

s 1800x

Plate 44C: LM {(¥S) of the Day 4 hypocotyl., The protein bodies
are now bigger than in the Day 0 hypoeotyl {c.f. Pl. 43A) and
some af them have fused together (large arrows) civing rise to
vacuolss,., The small arrows indicate some provascular cells which
appear less densely stained because of lack of food stores and
these are possibly the c¢ells which differentiate into Uasﬁular

elements, M: 450x






L, usitatissimum . ’

Plate 45A: LM (T5) of the Day 3 hypocotyl (hook stage); note

Lthat food digestion is faster on the left side of the micrograph
which corresponds to the canvex side of the hypocotyl {c.f. Pl.46A)
than on the right which corresponds to the concave side. The

small arrows indicate cortical nuclei which on the concave side
appear ta occupy a more central position, On the convex side,
nuclei cccupy a more peripheral position and they are more rarely
sectioned because cells on this side of the hypocotyl are more

elongated, M: 180x

Plate 45B: TEM (T75) of a Day 1 hypocotyledonary epidermal ccla.
The lipid glebules are ruunaﬂr than in the Day 0.cells; the
membranes bounding erganellas such as plastids, cictyosomss and
the puclear esnvelope are now visible. Note the granular, densely
stained erea of the nucleus indicated by the arrowsj houever,

this could represent an artifact introduced during staining or

due to contamination of the specimen in the micronscope. M: 2000Dx






L. usitatissimum

Plate 46A: LM (RLS) of a Day 3 (haok stage) hypocotyl. The
~large arrow indicates the concave side with still short epidermal
cells and the small arrows some epidermal cells prolruding to the
outside (M"swollen cells™) naw visible in the convex surface, The
distal end of the hypocotyl is on the left of the photograph,

Me 60x

Plate 46B: TEM (TS} of a Day 3 hypocotyl showing several cortigal
cells which have already been considerably vacuolated; note the
presence nf membranecus or granular inclusions (1arge arrows)
originally found in the protein bodies {glaoboid inclusions) of the
Day O cortical cells. Numerous lipid glohbules are still present
peripherally arranged, #fAlso note the nuclei with large, sometihes

vacuolated (small arrow) nucleoli, M: 450x
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L. Usitatissimuin

Plate 47A: TEM (TS) of Day « epidermal cells, The peripheral
nuclei contain inclusions (with hexagonal profiles in a cross
section) which are closely associated with the nucleolus (lLarge
arrvu). The plastids contain scome thylakoids and a large densely
stained bady. The small arrow indicates the external cell wall

which is thickened andcuvered by a thin cuticle, M: 6000x

Plate 47As TEM (TS) showing part of a Day 4 cortical e=ll, Tha
nucleus is peripherally located and numerous small lipid globules
are still present in the cytaoplasm; note the presence of relatively

large starch grsins &nd some thylakolids in the plastids,., M: 5400x
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L, usitatissimum

Plate 4BA: TEM (TS) from the provescular tissue of a Day 1
hypocotyl. Noite the absence of food stores in the cvells marked
with a (Z} } and the presence of several dictyosomes, mitochondria
end small vacuoles in their cytoplasm. These cells possibly are

destined to differentiate into vascular elements. M: 10750x

plate 48B: TEM (TS) frem a Day 4 vascular bundle; some fracheary
glements are already mature ZB) whilst others are still developing
(E]) and in their peripheral cytoplasm dictyosomes, endoplasmic
reticulum, nitochondria and Lranslucent vesicles are often observed.
The arrows indicate the secondary thickened walls of the tracheary

gelements, M:  G000x






L, usitatissimum

Plate 49A: LM (7S) of a Day 10 hypocotyl (about Smm beneath

the cotyledons)} illustrating the lucatien of the various tissues.
The small arrows indicate the "swollen" epidermal ceclls and the
large arrows the fibres which appear as flattened cells with

secondary thickened walls. M: 1256x

Plate 498: 5EM showing part of the Day 10 upper hypocotylg
note the rous of "swollen" epidermal cells with the normal

epidermal cells and stomata (arrows) in between them. M: 9UDX
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L. usitatissimum

Plate 50A: LM (PS} of an epidermal strip from a Day 10 hypocotyl.
Note the presence of the normal epidermal cells, 'swollen"
epidermal cells and stomatal guard and subsidiary cells. The

arrow indiczles a nuclear inclusion in one of the subsidiary cells,

M:  450x

Mlate 50B: LM (PS) showing several Day 10 epidermal cells., Note

. the presence of nuclear inclusions (arrows) inside the uni—~ or

binucleolate nucleli. M: 450

Plate S0C: TEM (TS) of a Day 10 hypocotyl showing fibre celis.

The tweo eells on the right sppear as highly vacuolated and the

sgcondary walls have pulled away from the primary walls whilst
““the two central cells still contain dense cytoplasm and the walls

have not separated. M: 10800x






L, usitatissimum

Plate 51A: LM (TS) of a Day 10 hypocetyl showing thec outer cortical
and epiderwmal tissues, Note that the shape of Lhe corlical cells is
more=or-=less roundj; although these cells contain relatively few
chloroplasts they are nevertheless mare abundant than in trhaose

in the mid and inner cartex (c.f. Pl. 49A). M: 450x

Plate 518: LM (TS) of a Day 10+5 hypecotyl showing part of the
cortical and epidermal tissues., Noute that bthe shape of cortical
cells is npw irregular and somewhat reminiscent of spongy
mesophyl, whilst more chloroplasts are now present, sven in the

inner corticel cells. M: 450x

Plate 51C: TEM {TS) of a Day 1048 hypocotyl showing some epidermal
.and cortical cells. MNote the presence of massive starch grains
inside the chloroplasts of the cortical cells {(large arrcuws).

The presence of small starch grains {absent at Day 10, c,f. Pl.

54A) in the plastids of some epidermal cells (small arrows) may
indicate cells begining to dedifferentiate, Note also the cartical-
nucleus (solid arrow) which lies in the centre of ane cell and

with cytoplasmic extensions from its margins which presumably

link with the peripheral cytoplasm. M: 1200x






L. usitatissimum

Plate %2: TEM (PS) from a Day 10+8 Hypacotyl. The plastids have
developed some starch grains which probably indicates the initiation
of the dedifferentiatiorn process leading to the development of an
adventitious bud., The large arrous indicate some densely stained
bodies in the plastids with irregular outlines, possibly representing
lipidsy the small arrows indicate densely stained, aranular bodies

of phytoferritini whilst the solid arrous indicate some plastoglobuli,
The outline of ihu nucleus appears somewhat irregular and a
cytoplasmic invagination is visible (thin arrow). Note the presence
shape, size and sub=-structure eof the nuclear inclusion and also

its close association with Fhe nucleolus; the latter appears

"tp be vacuolated and with some dense and less dense {(granular)

zones, MNote also the presence of microbudiesAin the cylagplasii.

M:  15000x






L., usitatissimum

Plate 53A: TEM {(18) aof a Day 10 cortical cell of the hypocotyl,
Note the very thin ecytoplasm lining the thin cell walls and the
occasional relatively small starch grains in the chloroplasts.

Ms: 57160x

Plate 53B: TEM (TS) of a Day 10+8 cortical cell of the hypocotyl.
Note the increased amount af cyloplasm lining the thickened cell
walls and the larger chloroplasts with massive starch grains as

compared to Pl., 53A. M: 5160x






L. Usitatissimum

Plate S4A: TEM of a typical plastid of an epidermal cell of a
Day 10 hypocotyl. Note the few thylakuids and the amorphous
central densely stained body., All epidermal plastids appear
similar except for some decapitated hypocotyls, where in some
cells small starch grains occur {e.f. Pl, S2) and such cells are

considered to te gites of bud initiation. M: 7500x

Plate S54B: TEM (75) of the inner cortex of a Day 10 hypocotyl;
These cells sre considered to be the initials of the
hypocotyledonary fibres (c.f. Pl. 49, large arrows); note the
presence of praminent starch orains in the chloraplasts and
numerous vesiecles in their prutuplaéts which are features that
are not normally observed in the adjacent cortical cells, (c.f.

Pl. S3A)., M: 3300x

Plate 54C: TEM (RLS) from the cortex of a Day 10+8 hypucotyl;
note the irreguiar outlines of tﬁe chloroplasts and their large
starch grains showing an inner densely stained reglon and a
translucent area surrounding ity alsc note the presence of

microboudies in the cytoplasm. M: 63500X






L, usitatissimum

Plate 55A: LM (TS) of the Day 40 {control)} hypocotyl., Nole
the extensively developed secaondary xylem and the developing
cork cambium (arrows) beneath the senescent epidermal cells,
The fibres appear no further developed than these at Day 10

(c.f. P1. 49A). M: 450x

Plate 558: LM (TS) of the Day 10430 (experimental) hypocotyl
beneath a dominant bud, WNote the limited develupmeni af
secondary xylem, the large pith cavity, the extensive development
of fibres and the intact epidermis in comparison to Day 40 (e.f.

P1. 55A) hypocotyl. M: 450x i

Plate 55C: TEM {TS) of a Day 10410 hypocotyledonary main (axial)
vascular strand, Note the presence nf transfer cells in relation
Lo phloem elements, The transfer cell wall ingrowths are uniformly

distributed on all cell walls, M: B5600x
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I, tsitatissimum

Pléte 5GA: TEM (TS) af a Day 10+10 hypocotyledonary axial
vascular strand, Note the presence of transfer cells which
possess wall ingrowths (arrows) only on the walls in contact with
xylem rlements (in contrast to the uniform development of wall
ingrowths in relation to phloem,’c.T. Fl, S5C)

Ms 5600x

Plate 568: TEM (PS) of a Day 1048 epidermel cell; the nucleus
has lost its normal spindle shape and the nuclear inclusion,

now lies across the long axis of the cell; also note the shape
of the plestids which now contain same small starch grains, E
The abhsence of these features from the other epidermal cells

of the same material (which are of similar cytological character
to the control material, c.f., Pl. S54A) suggests that this

epidermal cell might be beginning to dedifferentiate. M: 7200«






L. usitatissimum

Plate 57A: LM (PS) of a Day 1048 epidermal cell illustrating
the obliguely orientated anaphase plate of what it is helieved
to be the first division in the initiation of an adventitious

bhud, ™M: 2400x

Plate 578: TEM (PS) of a Day 10+8 epidermal cell showing the
formation of the cell plate (arrouws) between the daughter nuclei

resulting from the first division of an epidermal cell. M: 7200x

Plate S7C: TEM (PS) detail of Pl. 578 illustrating the tormation

of the cell plate {arrows). M: 20000x






L, usitatissimum

‘plate 58A: LM (PY) of a Day 1048 hypocotyl showing a bud initialiaong
. the arrow indicates the daucghter cells which are derived from a
single mother epidermal cell and these are still within the

original limits of the cell walls of the mother cell. HM: 450x

Plate 588: (M (PS) of an adventitious bud initiation; several
epidermal cells have undergone divisions and some of the daughter

cells have reached the primary meristematic stage, M: B00x

"pPlste 58C: TEM (PS) of an adventitious bud initiation; several
"mother epidermal cells have undergone divisian and
dedifferentiation and become meristematic whilst some others have
divided less frequently and they are still highly vacuolated,

M: 1200x

Plate 58D: TEM (PS) similar to Pl, 58C but here all epidermal
cells surrounding the mother eell undergo dedifferentiation at

the same time. M: 8O0Ox






L. ysitatissimum

Plate S9A: TEM (PS) of a daughter epidermal cell during
dedifferentiation leading to adventitions bud development; this
cell has not reached yet the primary meristematic-stage; some
relatively large starch grains are present in the plastids,
vacuoles are still prominent and the nucleus has an irregular
outline wilh a vacuolated nucleolus showing granular and fibrillar
zones. 1he arrows indicate some plasmadesmata penetrating ihe

cell walls, M: 12500x

Plate 59B:; TEM {P5) of daughter epidermal cells which seem to
have reached the primary meristematic stage. Some starch grains
are still present in the plastids which afe much smaller in non-
activated epidermal cellss only small vacuagles are found in the
cytoplasm, the nuelear outlines are more regular {round) and
nucleoli are non-vacuolated, although the fihrillar and granular
zones are visiblej the dense cytoplasm is crowded with free
ribosomes, The small arrows indicate some plasmodesmata
penetrating the deughter cell walls whilst the large arrows show

the thicker mother epidermal cell walls. PMs 9000x






L, usitatissimum

Plate 60A: TEM (PS) of a dedifferentiating daughter epidermal
cell showing what appears to be dividing plastids. Note the
packed cytoplasm with free ribosomes. The arrows show rough

endoplasmic reticulum elements. M: 2000x

Plate 60B: TEM (PS to the hypocotyl and TS5 to the bud primordium)
showing a group of cells at different stages of development during
dedifferentiation. The cells at the top represent cortical cells
which have undergone one or two divisions, they contain large
chlaroplasts (possibly dividing) and lhey are still highly
vacuolated, The smaller, dedifferentiating cells {centre of
micrograph) contain chloroplasts raelatively smuall vacuoles and

dense cytoplasm in comparisaon to the cells at the top. M: 1100x






L, usitatiassimum

Plate 61A: Detail of Pl, 608 ( cells from right hand side of the

micrograph). Note the presence of dense cytoplasm and numerous

small vecuonles, The arrows indicate some small agranal plastids,
a

filso note the presence of Ymulti-membrareous body and lightly

stained mitochundria. These cells may be of either epidsrmal

or cortical origin and if the latter is the case, are more

dedifferentiated than the ones shown in P}, 6818. Mt 5600x

Plate 61B: Detail of Pl. 608 {cells fram left hand side of the’
micrograph) showing dedifferentiating cells which are censidered
to be of cortical origin since they contain small chloroplasts
with grans as well as small agranal plastids (arrow). Alsou note
the presaence of a multi-membraneous bady and lightly stained

mitaochondria, M: 5600x






L. usitatissimum

Flate 628-C: SEM's illustratinmg successive stages of adventitious
bud development; (A) shows a very early stage where one epidermal
cell hass apparently undergane several transverse divisions,., In
{B~C) about 4 rows of normal epiderwmal cells are involved with
numerous transverse divisione; in (B) a few radial longitudinal
givisions appear to have =lso occurred whilst in (C), ihe latter
divisions are abundant, Note that the "swollen"™ cells do 1ot
initiate bud formatiaon but are involved later (C, arrow). No
“abvious relation between bud initiation and stomata is obscrved,

Me A: BOOx

B—-C: 300x






L. usitatissimum

Plate 63A—B: SEM's of later stages of adventitious bud primordia;

in A two leaf primordia are visible whilst in B8 these arec moyre
numerousy possibly due to the presence af two bud initials at
the same site; note the guard cells (8, arrows) do not undergo
dedifferentiation even at later stayes .uf developmznt, The
shrivelled appearence of the leaf primordia is presumably an
artifact, perhaps related to the thinner cuticle present in ths
compact cells compared to the mature epidermal cells of the

bypocotyl., M: 750x






L, usitatissimum

Plate 64A: LM of a cleared specimen showing a dormant adventitious
bud primordiumj note Lhe absence of protoxylem connection to the
main hypocotyledonary vascular cylindery the arrows indicate

some blindly ending tracheary strands and the long arruw indicates

the direction of the long axis of the hypocotyl. M2 165x

Plate 640: LM of a cleared specimen showing protoxylem elements
differentiated in the cortex but (a2t verying levels of focus);
no bud primeordium has apparently developed in relation to them.
The long arrow indicates the acroupetal direction of the organ.

Ms 165x%







1. usitatissimum

Plate 65¢+ LM of a cleared specimen of a Day 10415 decapitated
hypocotyl (c.f. PI. 418); note that the two dormant buds
(indicated by the arrows) have no protoxylem connections to the
main cylinder, although the dominant bud (on the left) forms an
extension of the main vascular cylinder, The part of the
hypocotyl above the connection with the dominant bud ceases

development and later abscinds. M: 5S0x
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L., usitatissimum

Plate 66: LM (RLS) of an "oversized" adventitinus bud {c.f.
Pl, 638). The morphology of tnis type of bud appears more
complicated than the normal bud primerdium (c.f. Pl. 03A) and
possibly results from more than one initials. The absence of
provascular tissue in the cortex underneath the bud suggests

that this is a dormant bud. M: 110x







L. usitalissimum

Plate 67A=F: 1M's {T5) serial sections (approx. 0,2mm apart)

of the hypocotyl showing an adventitious bud, Plate A shaus

the upper end of the bud and the cortical cells show little
degifferentiation at this level whereas in B~L the cortical

cells show considerable involvement.. The predominantly radial
longitudinal divisions in relation te the formation of provascuiar
strands are particularly evident in the cortical cells at level £,

M: BOx






L., usitatissimum

Plate 68: LM {(RLS5) of an adventitious bud where leaf primordia
have developed (large arrows); note the divisions of the cortical
célls indicating the oblique direcltion of the differentiating
provascular strands, The cells of the bud apex are densely
staining whercas beneath this region the cells are less
dedifferentiated., The dolled line shows the approximate plane

of the section shown in Pl, 60B and 61A-B, M: 500x
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L, veitatissimum

Plate 69A: EM (RLS) through the cortex showing the development
of the tracheary and phlecem elements connecting the adventitiopus
bud to the main (axial) vascular tissue of the hyporotyl., Note
the presence of transfer cells only in relation to the phloem

elements, The thin arrow shows the acropetal direction. WM: 1500x

Plate 698: [N (PS to the hypocotyl and TS to the bud primordium)
showing a face view of a developing sieve plate. MNote that the
surrounding cells are still meristematic suggesting that phloem
elements differeﬁtiate before transfer cells and protoxylem

elements, M: 19800x







L. usitalissimum

Plate 70A: O0Oetail of P11, 69A showing transfer celle in relation
to phloem elements; note the dense cytoplssm in the former cells
and the finger-like wall protrusions; the arrow indicates a highly

modified plastir characteristic af sieve tubes, M; 5160x

Plate 70B: EM from an adjacent srea to Pl. 69A showing further
detail of the phloem Lransfer cells. The large central transfer
cell appears vacuolated and wall ingrowths are mainly observed
on the walls where the peripheral cytaoplasm is more extensive.
The arrow indicatés a highly modified plastid characteristic of

sieve Lubes, M3 5160x%







L, usitatissimum

Plate 71: TEM showing a phloem transfer cell (as in P1, 66A=B);
note the dense cytoplasm conteining free ribosomes, rough
endoplasmic reticulum elements, and small chloroplasts. The
numerous mitochondria possess some translucent areas {small arrows)
and these possibly represent sn artifacty also the development

of the larpe vacuoles by amalgamation of smaller uvnes. The

large arrows indicate translucent areas wusually surrounding the

densely stained regions of the wall ingrowths, ™M: S000x
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L, ugitatissimum

Plate 72R: LM (RLS) showing the .upper hypocotyl sl the point
uhere, what is believed to be, a non-dormant adventitious Lud

hes alrcady grown out considerably (ahout 1cm), From a single
section like Lhis it is not pessible to tell whether a continuity
of vascular tissue is established between bud and main axis.
However, more information can be obtained, if serial sections

are cut transversely to the bud, M: 40x

Plate 73B-F: LM sections cut at Qarious leqels paradermal to

the hypocotyl (TS to the bud axis) showing the ring of vascular
bundles connecting -the bud tn the main cylinder of the hypocotyljg
B is at the base of the bud whilst F lies near the axial vascular

tissue of the hypacotyl. M: 40x
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L. usitatissimum

Plate 73: TLCM showing a chlorpplast of a Day 10410 cortical cell

(in LS) of the hypocotyl from an area remote from adventitious
bud development; note the central densely stained regions of the
rod shaped starch grains and the translucent areas around them,
the well developed thylakoid system and also the presence of

microbodies, [l: 18000x
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L. usitatissimum

Plate 74A: TEM showiny a possible late stage of chloroplast
division in a dedifferentiating cortical cell (Day 10+10);
note also the other type of plastids shown by the large arrous
which are more densely stained and contain some translucent

vesicles in their stroma, M: 10000x%

Plate 740: TEM showing @ group of chloroplasts which are apparently
undergoing replication in a dedifferentiating cortical cell

(Day 10+10). The three large chloroplasts in the centre are
apparently connected through narrow constrictions (large arrous)
whilst the chlaoroplast on the right appears iselaled, The
chloroplast at the top has developed enclaves occupied by cytmplasml
(small arrows); also note the agranal plastids at the bottam right
(solid arrows) which may be conﬁected to the group of the large
chloroplasts although this cannot be clearly visualised in this

plene of section. Ms 8800x







L. usitatissimum

Plate 75A: TEM showing a possible late stezge of chlouroplast

division
Note the
aress of
are seen

from the

in a dediffercntisting cortical cell (Day 10+10),.
large translucent areas around and inside the denser
the starch grains; also note that although most grana
in a t"side™ view, same of .them (large arrows) are seen

Ttop" (small arrows)., M: 11000x

Plate 75B: TEM shouing a possilile stage of a multiple chloroplast

division in a dedifferentiating cortical cell. Note the highly

irrsgular outline of the chloroplast ang alsoc the different angles

the grana are seen in the three parts (M) . .) of the chloruplast

(see also adjacent sections in Pl., 76A-B), M: 9600x







L., usitatissimum

Plate 76A-B: TEM's from closely adjacent seclions to Pl. 750,

The symbals (4 . ..) indicate the same chloruplasts in the

three plates (P1. 758 and 76A-B). In A the unit ( 4k ) appears

as a separate chloroplast whilst units (.) and (.) are otill
Eonnected through a narrow isthmus. Néte that no envelope can

be clearly seen delimiting chloroplast units ( £ ) ond (.) but

this is visible (arrowsl) in unit (.). In B some oversized
thloroplasts sre vigsible which are highly irregular in shnape snd content.
M: A: 9600x

B: 5160x%
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., usitalissimum

Plate 77RA: TEM showing a chloroplast of a Day 10410
dedifferentiating cortical cell of the hypocotyl possessing a

long agranal tail, This might represent.a division stage giving

rise to a larger chloroplast component and a smell agranal plastid.

.

Ms: 9600x

Plate 778: TJEM showing a chloroplasl of a Day 10+10
dedifferentiating cortical cell of the upper hypocotyl. The
large arrows show some vesicles pregsent in the stroma of the
chldroplasts,”” Note that no envelope can be seen delimiting the
chloroplast (especially on the irrequler side) although membrane
preservation seemsreascnably gonod (see chloroplast at bottom
right and mitochondria at top left of micrograph); on the left
irregular side of the chloruplast (small arrows) it seems as

if chloroplast stroma and cytoﬁlasm are in continuity. The
grana in this chloroplast are obliquely sectioned, tharefore
the latter cannot be clearly seen. The dotted line shows the
plane of an imaginary section which might perhaps give a

picture similar to the one shown in P11, 78B., M: 20000x
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L, usitatissimum

Plate 78A~B: TEM's showing groups of chloroplasts snd agranal
plastids from Owy 10+10 dedifferentiating cortical cells of

the hypocolyl. It is possible that all or most of the plastids
shown here are derived Trom one large mother chleroplast from

which they are budding, Mt 10000x
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ABBREVIATIDONS

a 1 amnyloplast nv ¢ nuclear vacucle
ab : abaxisal p i plastid
ad 1 adaxizgl pb ¢ protein body
ce 3 cortical cell pc ¢ proutein crystal
ch ¢ chloroplast ph ¢ phleem
cr : chrumatin pp : p-protein
cp ¢ cell plate pPr ¢ polyribosome
cw 3 cell wall pt z pit
d ¢ dictyosome pv ¢ provascular
cc : epidermal cell r ¢ ribosome
EM ¢+ electron miecroscope rer: rough endoplasmic reticulum
fb ¢« fibre sg ¢ starch grain
g i Qrana sect swollen epidermel cell
is 3 intercellular space SEM: scanning electron microscope
lg ¢ 1lipid globule sers smooth endoplasmic reticulum
LM 3 1light microuscope sp ¢ sieve plate
- ly + lysosome st ¢ storage cell
m ¢ mitochondrion t s tonoplast
mb : microbody tec 2 transfer cell
mm ¢ multi-membranous body te : tracheary element
mt : microtubule TEM:2 transmission electron micr.
n ¢ nucleus v $ vacuole
ne ;3 nuclear enclavs ve ¢ wvesicle
ni 3 nuclear inclusion vb ¢ wvascular bundile
nl ¢ nucleolus wb ¢ wall body
np i nuclear pore X 3 xylem
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