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STELLINGEN 

1. Het gebruiken van alleen fluorescerende calmoduline bindende fenothiazines, 
zoals fluphenazine, voor de lokalisatie van calmoduline in planten en dieren, is 
ontoereikend en dient altijd vergezeld te gaan van andere lokaliseringsmethoden. 

Haußer et al. (1984) Calmodulin in tip-growing plant cells, visualized by fluorescing calmodulin-binding 
phenothiazines. Planta 162:33-39. 
Cotton G & Vanden Driessche T. (1987) Identification of calmodulin in Acetabularia: its distribution 
and physiological significance. J. Cell Sei. 87:337-437. 
Dit proefschrift. 

2. Aangezien het overbrengen van proembryogene massa's van de wilde peen 
vanuit medium met 2,4-D naar medium zonder 2,4-D slechts de continuering van 
een proces tot gevolg heeft, is het gebruik van de term inductie in dit geval niet 
juist. 

Kiyosue T et al. (1991) Purification and immunohistochemical detection of an embryogénie cell 
protein in carrot. Plant Physiol. 95:1077-1083. 
Dit proefschrift 

3. Het gebruiken van somatische embryo's als modelsysteem voor bestudering 
van de fysiologie van de zygotische embryogenese is nauwelijks onderbouwd 
door empirisch wetenschappelijk onderzoek en berust voornamelijk op de onjuiste 
veronderstelling dat beide processen wel vergelijkbaar zullen zijn. 

Choi JH, Sung ZR (1989) Induction, commitment, and progression of plant embryogenesis. In: Kung 
S-D, Arntzen CJ (eds) Plant Biotechnology. Butterworth, Boston, London, pp. 141-160 
Dit proefschrift. 

4. Aangezien de dissociatie-constante van calmoduline voor Ca2+ een waarde 
heeft in de orde van 10$ tot 10'6 M is het toekennen van een rol voor extracel­
lulair calmoduline in celwandvorming of -handhaving door Trewavas en Gilroy in 
strijd met de hoge Ca2+ concentratie (10"4 tot 10'3 M) die aanwezig is in de 
extracellulaire ruimte. 

Trewavas A & Gilroy S (1991) Signal transduction in plant cells. Trends Genet. 7:356-361. 

5. Het gebruik van osmiumtetroxide-kalium ferricyanide voor de bestudering van 
het endoplasmatisch reticulum in plantecellen op electronenmicroscopisch niveau 
is, ten gevolge van de grote variatie in de mate van contrastering daarvan, niet 
geschikt in kwantitatieve studies en kan derhalve beter worden vervangen door 
kaliumpermanganaat. 

Hepler P (1981 ) The structure of the endoplasmic reticulum revealed by osmium tetroxide-potassium 
ferricyanide staining. Eur. J. Cell Biol. 26:102-110. 



6. Het in de wetenschappelijke literatuur benoemen van zich ontwikkelende 
strukturen op calli van planten in vitro als scheut of embryo, respectievelijk 
aangeduid met de processen Organogenese en somatische embryogenese, berust 
vaak slechts op waarnemingen van uitwendige vormverschillen en wordt ten 
onrechte bepaald door de op dat moment bestaande interesse van de desbetref­
fende onderzoeker in Organogenese of somatische embryogenese. 

Swedlund B & Locy RO (1988) Somatic embryogenesis and plant regeneration in two-year old 
cultures of Zea diploperennis. Plant Cell Reports 7:144-147. 

7. Het beoefenen van sport als vrijetijdsbesteding verhoogt de levensvreugde en 
rechtvaardigt daarmee de kosten, onder andere als gevolg van blessure's, die het 
uitvoeren van sport met zich meebrengt. 

8. De UNCED milieuconferentie in Rio de Janeiro in juni 1992 heeft laten zien dat 
voor de 'rijke' landen nog altijd geldt: 'verbeter de wereld begint bij je buurman'. 

9. Bij de beoordeling van wetenschappelijke manuscripten door referenten ter 
plaatsing als artikel in een wetenschappelijk tijdschrift zou de objectiviteit van de 
beoordeling gewaarborgd moeten zijn door het onthouden van de auteursnamen 
van het artikel aan de referenten. 

10. Het aantal citaties van een artikel is geen goede maat voor de kwaliteit van 
het betreffende artikel maar geeft aan hoeveel onderzoekers er werkzaam zijn in 
het veld van onderzoek waarop dit artikel betrekking heeft. 

A.C.J. Timmers 

Imaging of polarity during zygotic and somatic embryogenesis of carrot 
{Daucus carota L.) 

19 maart 1993, Wageningen. 
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In het promotiereglement van de Landbouwuniversiteit is opgenomen dat op 
de titelpagina van een proefschrift uitsluitend de naam van de promovendus als 
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Louis de Jong dank ik voor het zorgvuldig doornemen van het proefschrift en 
het aanbrengen van de nodige correcties zodat het engels ook echt engels is 
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Hans-Dieter Reiss, my colleague and friend from Heidelberg. Thank you very 
much for your kindness and hospitality. My stay in Heidelberg was a fruitful 
period and two chapters of this thesis have their origin in the work we performed 
together. I sincerely hope that our ways will cross again. 

Professor Dudits, although our cooperation was less successful, for me it was 
an interesting experience to work at the Biological Research Centre in Szeged. 
Thank you for your interest in my work and the opportunity you have given me. 

You, of all people I worked with, Beata Dedicova, are the most special one. 
Thank you for your invitation to visit your country and Nitra and the wonderful 
time I had there. I admire your courage and perseverance and wish you all the 
best for the future with your work and your nice husband and children. Also 
thanks to Anna Pretova and the other employees of the Institute of Genetics who 
all made my stay in Slowakia worthwhile. 

I also want to thank P.P. Jablonsky and R.E. Williamson, from the Plant Cell 
Biology Group of the Australian National University at Canberra, for their 
generous gift of the monoclonal antibodies used in this study. 



Naast de reeds genoemde personen zijn een groot aantal mensen van meer of 
minder belang geweest voor het succesvol verloop van mijn periode binnen PCM. 
Van hen verdienen zeker vermelding Sacco de Vries en Hubert Booij van de 
vakgroep Moleculaire Biologie, Allex Haasdijk, Paul van Snippenburg, Joke 
Cobben, Truus van de Hoef-van Espelo, Regina van den Brink-de Jong, Adriaan 
van Aelst, Carmen Reinders, Juliette Janson, KeesTheunis, Paul Fransz, Clemens 
van de Wiel, Tom en Jan Brady, Gerrit van Geerenstein, Casper Pillen, Uday 
Tirlapur, de studenten Erwin van Florestein en Jeroen van Leeuwen, de overige 
niet bij name genoemde leden van PCM, El Bouw en Felix Thiel van de TFDL te 
Wageningen, Arnold Braaksma van het ATO te Wageningen en mijn vrienden van 
de turnvereniging Taxandria te Oisterwijk. Een ieder, ook degene die misschien 
ten onrechte niet is vermeld, bedankt voor zijn of haar bijdrage en interesse. 

Niet wetenschappelijk, maar zeker zo belangrijk, ben ik ondersteund door jou. 
Els. Veel (ander) werk heb je mij uit handen genomen. Mijn oprechte dank 
daarvoor. 
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CHAPTER 1 

GENERAL INTRODUCTION 

Seed plants are composed of roots, 
a stem, buds and leaves which all 
consist of several types of tissues 
and cells. The proper development of 
these plants depends on the accurate 
coordination of cell division, cell 
growth and cell differentiation. The 
ultimate shape of the organs is deter­
mined by the plane of subsequent 
cell divisions and the direction of cell 
elongation during the construction of 
these organs. 

The function of the cells in an 
organ follows from their way of 
differentiation. Peripheral cells dif­
ferentiate into epidermal cells which 
together form the epidermis, the cell 
layer which forms the border be­
tween the plant and its environment, 
giving mechanical protection and 
regulating transpiration and aeration. 
In the stem, subepidermal layers 
often acquire thick cell walls, thereby 
increasing the rigidity of the stem. 
Central cells can differentiate into 
xylem and phloem, together forming 
the vascular bundles, which are 
responsible for the main part of the 
longitudinal transport of solutes with­
in the plant. 

The whole sequence of plant devel­
opment, from one cell, the zygote, to 
the germling, takes place during plant 
embryogenesis. In nearly all angio-
sperms, the zygote divides transver-
sally into a basal and an apical cell. 
In most types of embryo develop­
ment the small apical cell at the 

chalazal end is the commencement of 
the embryo, and the large basal cell 
at the micropylar end gives rise to 
the suspensor (Raghavan 1986). 
Further cell divisions and cell growth 
lead to the development of a globu­
lar-shaped embryo, demonstrating 
radial symmetry. 

The first expression of tissue dif­
ferentiation is the protoderm, pro­
duced by periclinal divisions in the 
upper part of the young globular-
shaped embryo. In dicotyledons, 
bilateral symmetry is introduced by 
flattening of the embryo and the 
emergence of cotyledons. The em­
bryo in this stage is described as 
heart-shaped. After elongation of the 
cotyledons and the then discernible 
hypocotyl the embryo reaches the 
torpedo-shaped stage, showing dif­
ferentiation of apical meristems, 
procambium and radicle (see e.g. 
Esau 1977). 

Embryogenesis involves two pro­
cesses: induction of the embryogénie 
fate and expression of the embryo-
genie program (Choi & Sung 1989). 
According to Henshaw et al. (1982) 
embryo induction includes three 
steps: 1. the acquisition of a com­
petent state, i.e. a state capable of 
receiving a developmental signal, 2. 
becoming determined, and 3. the loss 
of embryogénie potency as cells 
undergo differentiation. Embryogénie 
expression begins after fertilization 
and ends at dormancy. The start is a 



consequence of changes due to 
fertilization events as well as activa­
tion of embryogénie events with a 
well-defined timing (Epel 1990). 

Expression of the embryogénie 
program involves, besides coordina­
ted cell division, cell growth and cell 
differentiation, the establishment of 
polarity. As pointed out by e.g. Kropf 
(1992) this establishment of polarity 
is indispensable for development and 
differentiation. At the macroscopical 
level, polarity is perceptible in the 
outline of an embryo with a clear 
root apex and shoot apex. At the 
microscopical level, polarity is per­
ceptible in the distribution of orga­
nelles, especially the nucleus, vacu­
oles and plastids. Biochemically, 
polarity is, for example, perceptible in 
the distribution within a tissue of the 
intensity of DNA and RNA synthesis 
(Raghavan 1986). 

Despite the large number of obser­
vations on embryogenesis, made in 
various plants, the molecular and 
cellular basis of this developmental 
pathway is still poorly understood. 
Increasing evidence is, however, 
available that the divalent cation 
Ca2+ participates in the initiation and 
maintenance of many plant processes 
(Table 1 ) from which several are also 
important during embryogenesis. Of 
special interest are the regulation of 
cell polarity, cell division, cell growth, 
cell volume, plant hormone action 
and distribution, and enzyme syn­
thesis and activation (Timmers 
1990). The principal targets of cal­
cium signals in eukaryotes are mem­
bers of a calcium-binding protein 
family known as the calcium-modula­
ted proteins. Although many have 
been isolated from animal tissues, up 

to now only two, calmodulin and the 
calcium-dependent, calmodulin-in-
dependent protein kinase, are well-
characterized from plant tissue (Ro­
berts & Harmon 1992). 

Studies on zygotic embryos are 
hampered by the presence of sur­
rounding maternal tissue. Therefore, 
somatic embryos of carrot are often 
used as experimental substitutes for 
zygotic embryos, since the discovery 
of in vitro embryogenesis in cultures 
of Daucus carota (Reinert 1958, 
Steward era/. 1958). Carrot somatic 
embryos can be obtained, essentially 
free of surrounding tissue, just by 
transferring undifferentiated cell 
clusters from medium supplemented 
with the growth regulator 2,4-D to 
medium without 2,4-D. Embryogene­
sis can be controlled experimentally 
to achieve synchronized development 
and uniform embryogénie stages can 
be isolated in large amounts (Giuliano 
era/. 1983). Zygotic embryos can be 
obtained from flowers, which are 
very abundant in umbels of carrot 
plants, which can be cultivated easi­
ly. These features of carrot make this 
plant an ideal model system for the 
study of plant embryogenesis (see 
also Choi & Sung 1989). 

In order to establish the role of 
Ca2+ in carrot embryogenesis it is 
necessary to determine if embryogen­
esis coincides with changes in the 
level or the distribution of Ca2+ or 
with changes in the level and distri­
bution of calcium-modulated pro­
teins. As a basis for the interpreta­
tion of the localization studies, a 
description of the development of 
zygotic and somatic embryos of 
carrot will be given in the following 
account. Basic information about the 



Table 1. Published Ca2+-linked processes in plants 

Process 

Gene expression 

Cell growth and proliferation 
Cell polarity, polarized growth 
Mitosis and cytokinesis 
Organogenesis 

Germination 
Gravitropic responses 
Touch response 
Senescence 

Action of auxin 

IAA-induced leaflet opening 
Polar transport and secretion of IAA 

Action of cytokinin 
Action of ABA 
Action of GA 
Phytochrome response 

Cell wall synthesis 
Callose synthesis 
Wound healing 

Secretion and activity of peroxidases 
Carbohydrate metabolism 

Secretion and synthesis of a-amylase 
Starch synthesis 

Calcium transport 
Regulation of cell pH 
Phosphorylation of proteins 
Assembly and disassembly of microtubuli 
Cytoplasmic streaming 
Exocytosis and endocytosis 
Photosynthesis 
Control of respiration 
Closing of plasmodesmata 

Volume regulation 
Nastic movements 
Closing of stomata 
Chloroplast movements 

Reference 

Guilfoyle 1989 

Poovaiah 1985, Hepler 1988 
Herth et al. 1990, Miller et al. 1992 
Hepler 1989 
Muto & Hirosawa 1987, Hush et al. 
1991 
Cocucci & Negrini 1991 
Poovaiah et al. 1987 
Braam 1992 
Ferguson & Drpbak 1988 

Ranjeva & Boudet 1987 
Felle et al. 1992 
Bourbouloux et al. 1992 
Delà Fuente 1984, Banuelos et al. 
1987 
Kaminek 1992, Saunders 1992 
Owen 1988 
Bush 1992 
Roux étal. 1986 

Brummel & Maclachlan 1989 
Kauss 1987 
Goddard & La Claire 1991 

Penel et al. 1986 
Brauer er al. 1990, Greger & Bertell 
1992 
Jones et al. 1986, Hayashi et al. 1989 
Dreier et al. 1992 

Evans et al. 1991 
Felle 1989 
Poovaiah & Veluthambi 1986 
Cyr1991 
Hepler & Wayne 1985 
Steer 1988 
Brand & Becker 1984 
Owen er al. 1987 
Tucker 1990 

Kauss 1987 
Satter & Galston 1981 
Gilroy et al. 1991 
Russ et al. 1991 



role of Ca2+ in living organisms has 
been reviewed extensively (Kauss 
1987, Hepler 1988, Rasmussen 
1989, Roberts & Harmon 1992) and 
the following section will therefore 
only give a summary of information 
which is essential in this study. Loca­
lization of Ca2+ and calmodulin re­
quires the use of specific cell biologi­
cal techniques which will be con­
sidered in a subsequent section of 
this Chapter. 

EMBRYOGENESIS OF DAUCUS 
CAROTA 

Zygotic embryogenesis 

The formation of the macrogame-
tophyte and embryo of carrot is 
described by Borthwick (1931). De­
velopment of the embryo begins after 
fertilization of the egg cell with an 
elongation of the zygote. The first 
transverse division results in an elon­
gated basal cell and a small and 
round apical cell. Each of these cells 
divides transversely, giving rise to 
four cells that are arranged in a linear 
series. The distal cell of the 4-celled 
embryo produces the cotyledons and 
the upper part of the hypocotyl. The 
supra-median cell develops into the 
lower part of the hypocotyl, the root 
tip and the upper part of the suspen-
sor. The infra-median and proximal 
cells are concerned only with the 
formation of the massive suspensor. 
From the 8-celled stage onwards the 
planes of division are less regular in 
orientation and consequently more 
than one way of development may 
occur. Through subsequent cell divi­

sions the embryo reaches the globu­
lar-shaped stage. Periclinal divisions 
produce the protoderm, the outer­
most layer of cells, and vertical divi­
sions shape out the procambium 
strands of the vascular cylinder, 
delimiting it from the ground meri-
stem of the cortex. Subsequent 
changes involve the development of 
cotyledons and flattening of the 
embryo, introducing bilateral sym­
metry (see also Esau 1977). 

In the globular-shaped stage the 
cells are isomorphic, with the excep­
tion of the protoderm with its smaller 
and tabular cells. In the heart-shaped 
stage the interior cells and the 
ground meristem become more vacu­
olated than the protoderm. Through­
out the progression from zygote to 
torpedo-shaped embryo a decrease in 
size of the individual cells occurs. 

Somatic embryogenesis 

The ability of carrot cells to pro­
duce embryos in vitro was indepen­
dently discovered in 1958 by Reinert 
and by Steward et al. Somatic em­
bryos of carrot arise instantaneously 
by diluting a suspension culture and 
transferring a sieved fraction to 2,4-
D omitted medium. In most cases, 
suspension cultures are derived from 
callus cultures of hypocotyl sections 
on solidified medium (e.g. Bhojwani 
& Razdan 1983). Alternatively, hypo­
cotyl sections can be put directly into 
2,4-D containing liquid medium (De 
Vries et al. 1988a). 

Embryogénie suspension cultures 
are composed of small and cyto­
plasm-rich cells, capable to form 
embryos, occurring in clusters or 
clumps, and of vacuolated free cells 



and small aggregates of such cells 
(Street & Withers 1974). The cell 
clusters which are able to form em­
bryos have been termed proembryo-
genic masses by Halperin (1966). 

The embryogénie potential of a 
culture is reflected by the number of 
proembryogenic masses present (De 
Vries et al. 1988a). The number of 
them in different embryogénie carrot 
suspension cultures varies between 
0.1 % and 5% of the total number of 
cells, whereas the remainder of the 
cells is present in larger aggregates 
and as single, highly vacuolated cells. 
Proembryogenic masses are derived 
from specific single cells (Nomura & 
Komamine 1985) and are composed 
of two distinctive cell types (Bho-
jwani & Razdan 1983). The central 
cells have a single large vacuole, a 
small and compact nucleus with a 
faintly staining nucleolus, a low pop­
ulation of ribosomes, very few en­
doplasmic reticulum profiles and 
normal mitochondria, just a few 
spherosome-like vesicles, low dehy­
drogenase activity, and a reduced 
number of amyloplasts. At the peri­
phery of the proembryogenic mass, 
groups of highly meristematic cells 
are present. In contrast to the central 
cells, these are characterized by 
having several small vacuoles, a large 
diffusely staining nucleus with a 
single prominently staining nucleolus, 
a higher density of ribosomes, nu­
merous profiles of rough endoplasmic 
reticulum, normal mitochondria, 
spherosome-like vesicles, higher 
dehydrogenase activity, and promi­
nent amyloplasts. Upon transfer into 
2,4-D omitted medium embryos are 
rapidly initiated from the exterior 
cells of the proembryogenic masses. 

Somatic embryos most probably 
derive from a single cell (e.g. McWil-
liam et al. 1974). They progress 
through the successive stages of 
embryogenesis, i.e. globular, heart-
shaped and torpedo-shaped, com­
parable with the development of 
zygotic embryos (Street & Withers 
1974). Each stage displays a unique 
pattern of growth. The globular em­
bryo undergoes isodiametric expan­
sion to form a spherical mass of 
cells. The transition from the globular 
to the heart-shaped embryo is 
marked by the emergence of the 
cotyledons. Schiavone & Cooke 
(1985) distinguished an intermediate 
stage between the globular and 
heart-shaped embryo, characterized 
by considerable elongation of the 
longitudinal axis without any sign of 
cotyledon initiation, which they 
named the oblong embryo. Moreover, 
they also found that no morphologi­
cal event, other than a general in­
crease in overall size, marked the 
transition from heart-shaped to tor­
pedo-shaped embryo. These authors 
propose, arbitrarily, an axial length of 
400 fjm as the transitional length 
between these two stages. 

Differences between somatic and 
zygotic embryos of carrot have been 
described by Halperin (1966). He 
states that somatic embryos lack a 
clearly defined protoderm, may ex­
hibit vascular differentiation earlier 
than zygotic embryos and have 
shorter cotyledons. Mature embryos 
in vitro also lack a period of dorman­
cy like their counterparts in ovulo 
(Wetherell 1978). These differences, 
however, do not prevent somatic 
embryos from growing into normal, 
full-grown plantlets. 



Ultrastructural changes accom­
panying carrot embryogenesis are 
described in detail by Halperin & 
Jensen (1967), Wochok (1973) and 
Street & Withers (1974). Most ob­
vious are an increase in the free 
ribosomal content, differences in the 
number of ER profiles, the number 
and structure of Golgi bodies and 
mitochondria and a change in the 
orientation of microtubuli from a 
criss-cross organization to arranged 
in ordered parallel arrays. 

Besides by structural changes, 
embryogenesis is also characterized 
by a number of metabolic changes. 
During the formation of globular 
embryos a high rate of DNA synthe­
sis (Nomura & Komamine 1986b) and 
changes in protein (Racusen & Schia-
vone 1988, Slay et al. 1989) and 
polyamine (Fienberg et al. 1984) 
metabolism have been observed. For 
more information the reader is re­
ferred to Terzi et al. (1985). 

Somatic embryogenesis is influ­
enced by several exogenous factors 
(see Tazawa & Reinert 1969, Tis-
serat et al. 1979, Hari 1980, Bhoj-
wani & Razdan 1983, Smith & Sung 
1985, Michler & Lineberger 1987, De 
Vries et al. 1988b). In the culture 
medium 2,4-D, usually used in a con­
centration in the range of 0.5-1.0 
mg.l'1, is thought to be essential for 
the acquisition of embryogénie po­
tential. However, Smith & Krikorian 
(1988) demonstrated that somatic 
embryos can be obtained from meri-
carps or zygotic embryos in hormone-
free medium, if cultured at low pH. 
Embryogenesis itself is inhibited by 
exogenously supplied 2,4-D or IAA. 
Zeatin promotes, but other cytokinins 
inhibit embryogenesis. GA3 or ABA 

do not affect the number of embryos 
formed in the globular and early 
heart-shaped stages but they cause a 
decrease in the number of embryos 
in the late heart-shaped and torpedo-
shaped stages (Fujimura & Komamine 
1975). 

For normal cell proliferation in a 
carrot suspension culture at least a 
concentration of 30 fjM CaCI2 is 
essential. Between a [Ca2+] of 30 juM 
and 1.0 mM (the regular concentra­
tion in the medium), both the amount 
of somatic embryos and the cell 
density in proliferating cultures, i.e 
cultures with 2,4-D in the medium, 
augment with increasing [Ca2+]. At 
concentrations over 1.0 mM there is 
a clear increase in the amount of 
somatic embryos which does not 
coincide with a simultaneous in­
crease in cell proliferation (Jansen et 
al. 1990). High [Ca2+], i.e. more than 
7.5 mM, are also promotive for the 
initiation of embryogenesis from 
single cells (Nomura 1987). From this 
it was, originally, concluded that 
Ca2+ influx promotes embryogenesis. 
Adding the Ca2+ ionophore A23187, 
however, inhibits embryogenesis in 
the presence of [Ca2+] higher than 
approximately 0.1 mM. Only at low 
[Ca2+] a promotive effect of an en­
larged Ca2+ influx could be observed 
(Jansen et al. 1990). Experiments 
with embryogénie cells, pregrown at 
various [Ca2+] indicate that not the 
actual [Ca2 + ] is responsible for the 
increased amount of embryos but 
rather the rise of its concentration. 
The same increase of embryogenesis 
can be achieved when proembry-
ogenic masses are transferred to 
medium with a tenfold higher [Ca2+], 
regardless of the initial concentration 



(Jansen et al. 1990). 

PROPERTIES OF CALCIUM AND 
C A L M O D U L I N IN L I V I N G 
ORGANISMS 

Calcium 

Four principal roles of calcium in 
living organisms are distinguished 
(Ashley & Campbell 1979): 

1. A structural role, including extra­
cellular calcium precipitates, in 
plants, mainly calcium pectate of the 
middle lamella; also the binding to 
phospholipids, proteins and nucleic 
acids, which is required for the nor­
mal function of biological membranes 
and many intracellular structures. 
2. A chemical role as a cofactor for 
enzymes. 
3. An electrical role. 
4. A regulatory role: changes in 
[Ca2 + ] are caused by a previous 
physiological stimulus (Fig. 1). 

A number of properties of Ca2 + 

makes it suitable as a second mes­
senger. Important is its low intracel­
lular free concentration (about 0.1 
//M) relative to the concentration 
outside the cell. At elevated levels, 
Ca2+ reacts with phosphate, forming 
an insoluble precipitate which would 
strongly inhibit the phosphate-based 
energy metabolism of cells (Kretsing-
er 1979). A low intracellular con­
centration of Ca2+ is, accordingly, a 
prerequisite for the normal function­
ing of a cell. Due to this steep gra­
dient it is possible to raise the Ca2 + 

concentration very quickly which 

makes it suitable for rapid responses 
of cells to environmental stimuli 
mainly by opening Ca2+ channels (for 
review, see Schroeder & Thuleau 
1991). A low internal Ca2+ concen­
tration is maintained by actively 
pumping Ca2+ out of the cytoplasm 
(for review, see Evans et al. 1991). 
Ca2+ pumps are found in a variety of 
membranes such as in mitochondria, 
the tonoplast, the plasma membrane 
and rough ER. An important property 
of Ca2+ is its binding to a number of 
proteins in a reversible manner and 
thereby changing their activity (Fig. 
1). 

Much emphasis has been placed on 
free cytoplasmic Ca2+ as the determi­
nant of physiological triggering. In 
plants, as in animals, the resting level 
of free cytosolic Ca2+ varies between 
10"6 to 10"7 M and changes in re­
sponse to a number of extracellular 
stimuli (Table 2). 

Besides free, in the cytosol, Ca2+ is 
also present bound to membrane 
surfaces or intracellular chelating 
molecules, or is sequestered inside 
organelles where the concentration 
lies in the mM range (Poovaiah 1985, 
Bush 1992). Estimates of total cal­
cium are therefore a sum of the free, 
bound and sequestered calcium and 
reflect only indirectly any changes in 
the concentration of free cytosolic 
calcium (Caswell 1979). For a more 
detailed description of the distribu­
tion of calcium in plant cells the 
reader is referred to Kauss (1987). 

Calmodulin 

Calmodulin is a small, acidic, heat-
resistant Ca2+-binding protein with an 
isoelectric point of 3.9, and it is 
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Fig. 1. Schematic representation of the Ca2* messenger system. An extracellular stimulus 
leads to an increase in [Ca2+]c which eventually leads to a cellular response. The [Ca2+]c 

can be either increased through direct action of the stimulus/receptor complex on Ca2+ 

channels in the plasma membrane (top right) or through the phosphatidyl-inositol (PI) 
signalling system (top left). In the latter, phosphodiesterase or phospholipase C is ac­
tivated by the stimulus/receptor complex and causes hydrolysis of plasma membrane 
bound phosphatidyl inositol-4,5-biphosphate (PIP2), producing inositol-1,4,5-triphosphate 
(IP3) and diacylglycerol (DAG). DAG remains in the plasma membrane and activates the 
Ca2+-requiring enzyme protein kinase C (PKC), thereby leading to the activation of proteins 
through phosphorylation. IP3 moves to the cytosol and stimulates the release of Ca2+ from 
the endoplasmic reticulum (ER) and the vacuole. At elevated Ca2+ levels, Ca2+ binds to 
Ca2+-binding proteins and activates them by a subsequent change of their conformation. 
Upon binding to calmodulin, a hydrophobic domain is exposed, which binds with 
Ca2+/calmodulin dependent protein kinases, thereby increasing their activity. Ensuing 
protein phosphorylation, finally, results in a specific cellular response. The resting level of 
Ca2+ is restored by actively pumping Ca2+ out of the cytosol. Ca2+ ATPases are present 
in the plasma membrane, the endoplasmic reticulum and the envelopes of chloroplasts and 
mitochondria. Ca2+ transport at the tonoplast is achieved by H+/Ca2+ antiport, driven by 
the electrochemical potential difference across the tonoplast. In these organelles the 
[Ca2+] can reach levels which are 1000 to 10,000 times the level in the cytosol. (Figure 
and text compiled of information from Poovaiah 1985, Rasmussen 1989, Evans et al. 
1991 and Schroeder & Thuleau 1991). 

present in all eukaryotic organisms 
investigated so far. It has been puri­
fied and characterized f rom a variety 
of higher plants (for review, see Ro­
berts & Harmon 1992). It consists of 
a single polypeptide chain of 148 
amino acid residues. Characteristic 
for all calmodulins is the presence of 
tr imethyllysine at position 115, the 
lack of t ryptophan and the high con­
tent of negatively charged amino 
acids. The molecular weight of cal­
modulin f rom plants is comparable to 
the molecular weight of animal cal­
modulin. On SDS-PAGE calmodulin 
shows a apparent molecular weight 
of 14 ,500 in the presence of Ca2 + 

and 17 ,000-19,000 in the absence 
of Ca2+ (Marmé & Dieter 1983). A 
comparison of sequences of calmo­
dulins f rom various sources, including 
animals and higher plants, reveals a 

high degree of sequence identity and 
indicates that calmodulin may be one 
of the most highly conserved pro­
teins known (Roberts et al. 1986). 
For example, spinach calmodulin 
differs f rom bovine calmodulin in only 
12 amino acid residues. In contrast, 
calmodulins f rom phylogenetically 
earlier plant species markedly differ 
in amino acid sequence f rom higher 
plant calmodulins (Roberts et al. 
1986). Antibodies directed against 
bovine calmodulin cross-react w i th 
calmodulin f rom higher plants (Schlei­
cher et al. 1982). In addit ion, an-
tisera against spinach calmodulin 
cross-react w i th pea, wheat and corn 
calmodulin but do not react w i th 
bovine brain calmodulin (Muto & 
Miyachi 1984). 

Calmodulin contains four Ca2 + 

binding domains w i th an a-helix-loop-



Table 2. Cytosolic Ca2+ levels in plants 

Plant species 

Commelina communis 
(guard cells) 

Dryopteris paleacea 
(spores) 

Funaria hygrometrica 
(caulonema cells) 

Hordeum vulgare 
(aleurone protoplasts) 

Lilium longiflorum 
(pollen tubes) 

Zea mays (coleoptiles) 

Resting 
[Ca2+]c 

nM 

1 0 0 - 2 0 0 

50 

250 

200 

170 

119 

Elevated 
[Ca2+]c 

nM 

500 

500 

750 

350 

490 

oscilla­
tions 

Stimulus 

[Ca2+]c 

[K+]c 

ABA 

[Ca2+]c 

BAP 

GA3 

-

auxin 

Reference 

Gilroy et al. 
1992 

Scheurlein et 
al. 1991 

Saunders 
1992 

Bush & 
Jones 1988 

Miller et al. 
1992 

Felle 1988 

a-helix repeat composed of 11,12 
and 11 amino acid residues respec­
tively. The Ca2+ binding domains are 
numbered I,II,III and IV, starting from 
the N-terminal side. Although many 
reports are available about the coop-
erativity of the Ca2+ binding sites and 
the order of Ca2+ binding to the four 
Ca2+ binding sites, data are conflic­
ting. Most recent results of experi­
ments on Ca2+ binding to calmodulin, 
however, can be explained by the 
assumption of four equivalent sites 
that bind Ca2+ and Mg2+ competitive­
ly (for discussion, see Cox et al. 
1988). If one of the sites binds Ca2+ 

or Mg2+ , the association constant of 
the other sites for Ca2 + or Mg2+ 

increases (lida & Potter 1986). 
Ca2+ binding is affected by [Ca2+], 

[Mg2 + ] , ionic strength, pH and tem­
perature (Ogawa & Tanokura 1984). 
Over a pH range from 6.0 to 10.1 
the affinity of calmodulin for Ca2 + 

increases with increasing pH (lida & 
Potter 1986). At low pH (< 4.5), ad­
ditional non-specific acid effects, 
such as massive protonation of all 
the carboxyl groups and precipitation 
of the protein, completely abolish the 
affinity of calmodulin for Ca2+ (Cox 
et al. 1988). For some calmodulin-
dependent proteins, however, full 
Ca2+ occupancy is not required for 
either binding or activation, and 
binding to interacting proteins may 
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occur at even lower calcium con­
centrations than those needed for ac­
tivation of calmodulin (Allan & Hepler 
1989). 

Calcium activates calmodulin by 
inducing a conformational change. 
On binding Ca2 + , the helicity of cal­
modulin increases from 40% to more 
than 50% (Dedman et al. 1977), and 
a hydrophobic domain is exposed. 
This exposed site interacts with a 
complimentary hydrophobic domain 
present on an inactive calmodulin-
binding protein, resulting in a confor­
mational shift and subsequent ac­
tivation of the calmodulin-binding 
protein (Fig. 1). Phenothiazine anti­
psychotic drugs can also bind to this 
same hydrophobic domain, leading to 
the inactivation of calmodulin by 
obstructing its interaction with vari­
ous calmodulin binding proteins (Bra­
dy et al. 1985). 

The calmodulin content in plant 
tissue is not constant. The level has 
found to be high in growing tissues 
and leaves (Muto & Miyachi 1984). 
The yield of calmodulin from zucchini 
hypocotyls was found to be about 10 
mg per kg of plant tissue, correspon­
ding to a concentration of about 10"3-
10"2 mol.m'3 in the cytoplasm (Marmé 
& Dieter 1983). In corn root sections 
calmodulin was mainly detected in 
the root cap cells. In terminal buds of 
spinach it was highly concentrated in 
the apical meristem and leaf primor-
dia (Lin et al. 1986). Most of the 
calmodulin is localized, free or bound, 
in the cytoplasm whereas smaller 
fractions are associated with organ­
elles. In pea seedlings calmodulin has 
been reported to be present in vacu­
oles and amyloplasts (Dauwalder et 
al. 1986). These immunocytochemi-

cal studies do not confirm the pre­
sence of calmodulin in the apoplast 
as found by radioimmunoassays (Biro 
era/. 1984). Furthermore, calmodulin 
is associated with cytoskeletal ele­
ments, which is very apparent in 
mitotic spindles (Lambert et al. 
1983). Nucleoli seem to be devoid of 
calmodulin (Dauwalder et al. 1986). 
In animal cells a correlation between 
the calmodulin level and the cell 
cycle has been found (Means et al. 
1982, Whitaker & Patel 1990). High 
calmodulin levels are present in late 
G, and early S phase. Also in yeast, 
calmodulin is required for the pro­
gression of the G, and M phase (An-
raku et al. 1991 ). Similar findings for 
higher plant cells have not been 
reported. 

LOCALIZATION OF CALCIUM AND 
CALMODULIN. 

Calcium 

Three types of intracellular calcium 
can be distinguished: 

1. Cytosolic free Ca2 + . 
2. Ca2+ bound to membrane surfaces 
or intracellular chelating molecules. 
3. Ca2+ sequestered inside organel­
les. 

Each type requires a different detec­
tion technique which have already 
been discussed in detail by various 
authors (e.g. Ashley & Campbell 
1979, Caswell 1979, Borle & Snow-
downe 1987, McCormack & Cobbold 
1991, Read et al. 1992). Here it 
suffices to give information about 
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methods which are applicable with 
the study of the distribution of cal­
cium during plant embryogenesis. 

Total cellular calcium 

Total amounts of calcium can be 
determined by atomic absorption 
spectrophotometry (Havelange 
1989), which gives an indication of 
the calcium concentration of the 
whole tissue under investigation. 
However, more important is its sub­
cellular distribution. This can be 
visualized by histochemical tech­
niques (McGee-Russel 1958, Poenie 
& Epel 1987, Sobota et al. 1987), X-
ray microanalysis (Somlyo 1985, 
Chaubal & Reger 1992), or autoradio­
graphy (Bednarska 1991). Especially 
X-ray microanalysis is promising for 
the study of the distribution of intra­
cellular calcium. A major problem, 
however, with this technique is the 
preparation of the material without 
changing the amount and distribution 
of Ca2+. The method always requires 
a fast freezing step, which is only 
possible with small specimens in 
order to avoid freezing-damage 
(Kaesser et al. 1989). Procedures 
include direct observation of frozen-
hydrated or frozen-dried sections or 
sections of frozen-dried and resin 
embedded specimens, and the use of 
freeze substitution. Unfortunately, 
however, the biological calcium con­
centrations are very close to the 
detection limits of electron probe 
microanalysis of X-rays. 

Free cytosolic Ca2+ 

Methods of measuring the cytosol­
ic free Ca2+ concentration include the 

use of photoproteins, Ca2+-sensitive 
electrodes and dyes (Thomas 1986). 
Two photoproteins that have been 
successfully used to measure intra­
cellular free Ca2+ are aequorin and 
obelin (Borle & Snowdowne 1987). 
In the presence of Ca2+ these pro­
teins emit light in direct proportion to 
the [Ca2 + ] . Aequorin is a very sen­
sitive Ca2+ indicator with a limit of 
detection of 2.10'7 M (Gilroy et al. 
1989). In animal cells, aequorin can 
be incorporated by the use of micro­
injection (Blinksera/. 1978), scrape-
loading (Snowdowne & Borle 1985) 
or centrifugation-loading (Borle et al. 
1986). In plant cells, microinjection 
has been used in cells of Chara coral-
Una (Williamson & Ashley 1982). 
Very promising with regard to [Ca2 + ]c 

measurements is the recently accom­
plished genetic transformation of 
Escherichia coli and Nicotiana plum-
baginifolia with the aequorin gene 
(Knight et al. 1991). 

The use of Ca2+ sensitive elec­
trodes for the measurement of [Ca2 + ] 
in living plant systems is limited by 
the fact that only the concentration 
in one cell at a moment is measured. 
When used in a multicellular system 
it is very difficult to see in which cell 
or cell compartment the measure­
ments take place. 

A large number of dyes, specific 
for Ca2 + , is nowadays available (see 
e.g. Thomas & Delaville 1991, Read 
et al. 1992, Haugland 1992). These 
include the fluorescent indicators 
indo-1, fura-2 and fluo-3. They are all 
able to indicate low intracellular free 
Ca2+ levels. For a single-wavelength 
indicator, such as fluo-3, [Ca2+] can 
be calculated with the equation: 
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[Ca2 + ] = K d x 
<F-Fmin) 

(Fmax-F) 

where Kd is the dissociation constant, 
Fmin is the fluorescence in the ab­
sence of Ca 2 + , Fmax is the fluores­
cence at saturating Ca2+ and F is the 
fluorescence at any known [Ca2 + ] . 
The application of these dyes to 
whole plant t issues is, however, 
l imited because of their cell imper­
meability and their tendency to se­
quester into intracellular membrane 
compartments (Hepler & Callaham 
1987). In spite of this, the membrane 
permeable acetoxymethyl ester of 
the long wavelength Ca2 + indicator 
f luo-3 (Minta et al. 1987) is very 
useful for the study of the distribu­
t ion of intracellular free Ca2+ in large 
plant t issue, especially in combina­
t ion w i th the use of confocal scan­
ning laser microscopy (Williams et al. 
1990). 

Changes in [Ca2+ ] can also be 
studied w i th the f luorescent indicator 
chlorotetracycline, which is cell per­
meable and loads easily into plant 
cells. This compound is, therefore, 
very suited for the visualization of 
Ca2+ in complete plant t issue. Never­
theless, in addition to high [Ca2 + ] , 
the intensity of the fluorescence of 
CTC also rises w i th increasing hydro-
phobicity (Caswell 1979) and there­
fore CTC is used in plants as a mar­
ker for membrane-bound calcium. 
Dixon et al. (1984), however, state 
that CTC does not indicate mem­
brane-bound Ca2+ as such, but that 
the Ca2 +-CTC complex must bind to 
the membrane before the Ca2+-en-
hanced signal can be observed. It is 
not necessary to have a Ca2+ binding 

site on the membrane to see an 
enhancement of CTC fluorescence in 
response to elevations in [Ca2+]. 
According to these authors the CTC 
fluorescence response is proportional 
to the free internal [Ca2+] and CTC is 
consequentially a faithful, nonpertur-
bing indicator of the free Ca2+ con­
centration. 

Calmodulin 

Being a protein, properties of cal­
modulin can be studied by methods 
suitable for protein analysis. These 
include radioimmunoassays and im-
munocytochemistry (Wick & Duniec 
1986). With these methods, total 
calmodulin levels and its distribution 
in plant tissue are indicated. The 
Ca2+-calmodulin complex can be 
visualized by phenothiazines which 
bind rather specifically with activated 
calmodulin (Levin & Weiss 1975, 
1977). They can be photooxidized to 
fluorescent derivatives and then 
become irreversibly bound to the 
Ca2 +-calmodulin complex (Prozialeck 
et al. 1981). The brightest fluores­
cence is produced by fluphena-
zine.2HCI (Haußer et al. 1984). This 
compound is cell permeable and 
therefore applicable to whole plant 
tissues. 

SCOPE OF THE STUDY 

Despite the large number of inves­
tigations on plant embryogenesis in 
vivo and in vitro the molecular and 
cellular basis of the regulation of 
plant embryogenesis is still poorly 
understood. Therefore, the main 
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objective of this study was to attain 
more fundamental knowledge about 
this process in relation to Ca2+ meta­
bolism. As described above, Ca2+ 

and the Ca2+ binding protein calmo­
dulin play a major role in the regula­
tion of a number of physiological 
processes which are related with 
growth and development of plants. 
For that reason, localization of Ca2 + 

and calmodulin during embryogenesis 
was thought to be of paramount 
importance. Since carrot possesses a 
number of features which makes this 
plant an ideal object for the study of 
plant embryogenesis, this study was 
devoted to the localization of Ca2 + 

and calmodulin during embryogenesis 
of carrot. 

The localization of Ca2+ is given in 
Chapters 2 and 5. Chlorotetracycline, 
a membrane permeable Ca2+ indica­
tor which was used in Chapter 2, 
only gives a rough idea about the 
distribution of Ca2+ during carrot 
embryogenesis and cannot be used in 
combination with confocal laser 
scanning microscopy. More infor­
mation can be gained with fluo-3, but 
this compound is membrane imper­
meable. Therefore, a method had to 
be developed to load this dye into 
plant cells, which is described in 
Chapter 4. Using this method the 
distribution of Ca2+ was studied 
during carrot somatic embryogenesis, 

as presented in Chapter 5. 
The localization of calmodulin can 

be found in Chapters 2 and 3. In 
Chapter 2 the distribution of activa­
ted calmodulin is visualized by flu-
phenazine fluorescence. Chapter 3 
describes the distribution of total 
calmodulin investigated by immuno-
cytochemistry during somatic and 
zygotic embryogenesis and during 
zygotic embryo germination. 

Changes in [Ca2+] are often as­
sociated with changes in pH (for 
review, see Kurkdjian & Guern 1989) 
and evidence is accumulating that 
cytoplasmic pH changes play a role 
as second messenger in animal sys­
tems (e.g. Frelin et al. 1988). The 
hypothesis that this is also true for 
plants, e.g. in the action of plant 
hormones, is still a subject of much 
controversy and needs further re­
search. In Chapter 6 a beginning was 
made with the localization of chan­
ges in pH, and these changes were 
compared with the distribution of 
fluphenazine. 

During this study obvious differen­
ces between somatic and zygotic 
embryos of carrot were observed in 
the distribution of signals from the 
various used indicators. These dif­
ferences were linked with structural 
observations on somatic and zygotic 
embryos in Chapter 7. 
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CHAPTER 2 

DISTRIBUTION OF MEMBRANE-BOUND CALCIUM 
AND ACTIVATED CALMODULIN DURING SOMATIC 
EMBRYOGENESIS OF DAUCUS CAROTA L. 

A.C.J. TIMMERS1, S.C. DE VRIES2 & J.H.N. SCHEL' 

'Department of Plant Cytology and Morphology, Agricultural University, Arboretumlaan 4, 6703 BD 
Wageningen, The Netherlands 

department of Molecular Biology, Agricultural University, De Dreijen 11, 6703 BC Wageningen, The 
Netherlands 

Reprinted, with permission, from Protoplasma 153:24-29 (1989) 

SUMMARY 

The distribution of membrane-
bound calcium and activated calmo­
dulin was visualized during carrot 
somatic embryogenesis by chlorote-
tracycline and fluphenazine fluores­
cence respectively. Somatic embryos 
of all stages possessed a higher CTC 
fluorescence in comparison with the 
signal from their precursors, the 
proembryogenic masses. The CTC 
fluorescence was evenly distributed 
in the somatic embryos. In contrast, 
fluphenazine fluorescence was ob­
served in some regions of the proem­
bryogenic masses only. In the globu­
lar, heart-shaped and early torpedo-
shaped stage its fluorescence was 
restricted to the basal part of the 
embryo. In the older torpedo-shaped 
embryos also the shoot apex showed 
fluphenazine fluorescence. It is con­
cluded that during carrot somatic 
embryogenesis a polarity in the distri­
bution of the activated calmodulin 

already exists before this polarity is 
morphologically expressed. 

INTRODUCTION 

Carrot somatic embryogenesis is 
used extensively as a model system 
for early plant development (see 
reviews by Ammirato 1987, 1989, 
Nomura and Komamine 1986a). So­
matic embryos of carrot usually de­
velop from small clusters of cells, 
designated proembryogenic masses 
by Halperin (1966), after dilution and 
transfer of these masses from auxin 
containing to auxin free medium. 
Morphologically, somatic embryos 
resemble their zygotic counterparts 
when they progress through the suc­
cessive stages of globular, heart-
shaped and torpedo-shaped embryos. 
The phenomenon of differentiated 
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somatic cells, embarking on an em­
bryogénie pathway, provides a su­
perb opportunity for exploring fun­
damental questions of plant growth, 
differentiation and development 
(Cocking 1987). One approach is to 
identify biochemical markers that 
correlate with the process of embryo-
genesis, such as the expression of 
embryo-specific polypeptides (Sung 
and Okimoto 1981), changes in 
polyamine metabolism (Fienberg et 
al. 1984) or the inactivation of a-
amanitin (Pitto et al. 1985). Another 
approach has been to study the 
morphological changes during early 
embryogenesis (see e.g. Van Lam­
meren era/. 1987). 

The induction of polarity, as re­
viewed by Schnepf (1986), is con­
sidered to be an important control 
factor, not only during polar growth 
of unicellular organisms, but also 
during the development of multicel­
lular systems. Morphological polarity 
during carrot somatic embryogenesis 
was observed earlier by Halperin and 
Jensen (1967). More recently, Nomu­
ra and Komamine (1986b) reported 
polarity of DNA-synthesis during 
somatic embryogenesis from single 
cell systems of carrot. There is in­
creasing evidence that the divalent 
cation Ca2+ participates in the initia­
tion and maintenance of this polarity 
in plant cells (Hepler and Wayne 
1985, Hepler 1988). Nomura (1987) 
observed a polarized distribution of 
free Ca2+ in proembryogenic masses 
with the use of the fluorescent Ca2 + -
indicator fura 2-AM. Furthermore, the 
frequency of somatic embryogenesis 
was enhanced by raising the Ca2+-
concentration of the basal medium 

(Jansen et al. 1990). In the light of 
these observations we have begun a 
more detailed study of the distribu­
tion of calcium during somatic em­
bryogenesis of carrot, combining the 
data with the distribution of activa­
ted calmodulin because of its domi­
nant role in the regulation of the 
calcium metabolism (Roberts et al. 
1986, Marmé 1989). 

The use of fura-2 for the localiza­
tion of Ca2+ is not without difficulties 
(Borle and Snowdowne 1987). The 
acetoxymethyl ester form might be 
loaded into cellular membrane com­
partments before being cleaved by 
esterases and then becomes useless 
as a cytoplasmic indicator (Roe et al. 
1987). Further, metallochromic and 
bioluminescent calcium indicators do 
not penetrate well into plant cells and 
can therefore only be used by means 
of microinjection, which is quite 
feasible for single cell systems such 
as stamen hair cells (Hepler and 
Callaham 1987), but rather compli­
cated for multicellular plant embryos. 
These problems can be circumvented 
by the use of chlorotetracycline 
which has a good cell permeability 
and easily loads into plant cells (Cas­
well 1979, Blinks et al. 1982). For 
these reasons, CTC was used in this 
study in spite of the drawback that it 
is only indicative for membrane-
bound calcium. Calmodulin can easily 
be detected, also in plant cells, by 
the use of fluphenazine.2HCI (Haußer 
et al. 1984) which binds specifically 
with activated calmodulin (Prozialeck 
et al. 1981). This compound was 
used to study the distribution of 
activated calmodulin during different 
developmental stages. 
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MATERIALS AND METHODS 

Plant material and culture conditions 

Embryogénie callus was obtained 
from hypocotyl sections of Daucus 
carota L. cv. Flakkese sg766 Trophy, 
on solid B5 medium with 2 //M 2,4-
D. Embryogénie callus was trans­
ferred to liquid medium with 2 JJM 
2,4-D and was maintained on a rota­
ry shaker at 100 r.p.m. under an 8 h 
light period at 25 °C on a 14 day 
subculture cycle. Embryogenesis was 
initiated essentially as described 
earlier (De Vries et al. 1988b) by size 
fractionation of suspension cells 
between 125 and 50 //m nylon 
meshes. The resulting purified 
proembryogenic masses were inocu­
lated at a density of 2x104 cells ml"1 

in 2,4-D free B5 medium. 

Localization of membrane-bound 
calcium and calmodulin 

Membrane-bound calcium was 
visualized by CTC-fluorescence, 
while calmodulin was visualized by 
fluphenazine-fluorescence. CTC was 
added to the medium in a final con­
centration of 1.10"4 M. We found 
that an incubation time of 20 min­
utes was optimal. The fluorescence 
was observed with a Zeiss fluores­
cence microscope (BP355-425/DM 
455/LP460). Fluphenazine.2HCI was 
added to the medium in a final con­
centration of 2.10"5 M. Also after 20 
minutes the fluorescence was ob­
served with a Nikon UV-fluorescence 
microscope (365/10/DM 400/ 
LP420). With both fluorescent 
probes, observations were made im­

mediately after the initiation of em-
bryogenesis until 12 days after em­
bryo initiation. Photographs were 
recorded on Kodak Ektachrome 
P800/1600 film with automatic ex­
posure by the Nikon UFX system. 

RESULTS 

Distribution of membrane-bound 
calcium during embryo development 

The fluorescence signal of CTC 
was very intense immediately after 
irradiation but decreased rapidly. 
Results were therefore recorded 
within ten seconds after irradiation. It 
was proved to be important to avoid 
damaging the embryos during incuba­
tion with CTC, because damaged 
cells were strongly fluorescent. 

At the onset of embryogenesis (0 
d.a.i.) the small cells in the embryo-
genie masses showed a faint diffuse 
fluorescence (Fig. l a , large arrow.). 
In some cases, however, only the 
borderlines of these cells were fluo­
rescent (Fig. 1a, small arrows). At 2 
d.a.i. several regions with a more 
bright fluorescence were observed 
within the proembryogenic masses 
(Fig. 1 b, large arrows). These regions 
represented the developing globular 
embryos as could be deduced from 
the number and orientation of their 
cells. These cells often also showed 
an increased fluorescence near their 
borders (Fig. 1b, small arrows). De­
pendent on the size of the proembry­
ogenic masses the number of the 
globular embryos varied between one 
and ten. Later developmental stages, 
up to the torpedo-shaped embryo. 
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Figure 1. CTC fluorescence, indicating the presence of membrane-bound calcium during 
various stages of carrot somatic embryogenesis. a. 0 d.a.i. A faint fluorescence is present 
over some cells (large arrow); sometimes only the borderlines of the cells are fluorescent 
(small arrows), b. 2 d.a.i. Several regions with an increased fluorescence can be observed 
within the proembryogenic masses (large arrows); here also, in some cases only the 
borderlines are positive (small arrows), c. 7 d.a.i. A heart-shaped embryo with an uniform 
fluorescence, d. 8 d.a.i. A torpedo-shaped embryo, having also an uniform fluorescence. 

Figure 2. Fluphenazine fluorescence, indicating the presence of activated calmodulin during 
various stages of carrot somatic embryogenesis. a. 0 d.a.i. A proembryogenic mass at the 
onset of embryogenesis; a diffuse fluorescence is present, b. The same stage, but now 
showing fluorescence in some regions of the proembryogenic mass (arrows), c. At 2 d.a.i. 
the outer region of the proembryogenic masses are clearly fluorescent (arrows), d. 5 d.a.i. 
A globular embryo, showing a distinct polarized distribution of activated calmodulin as 
indicated by the one-side orientation of the fluphenazine label (arrow), e. 6 d.a.i. A heart-
shaped embryo with a strong fluorescence at the basal part (arrow), f. 12 d.a.i. In some 
torpedo-shaped embryos also the shoot apex is fluorescent (arrow). 
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