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CHAPTER1 

INTRODUCTION AND LITERATURE REVIEW 

1.1 Trachearv elements 

1.1.1 Introduction 

The distinctive appearance of tracheary elements (TEs) has stimulated interest in their 

development ever since botanists began to study the anatomy of plants. Tracheary elemenf is 

not a single cell type, but a collective name for several types of cells, all of which conduct water 

and minerals in plants. All TEs have lignified secondary cell walls deposited in the course of a 

terminal differentiation process that culminates in autolysis of the protoplast. The secondary cell 

wall is often elaborately pattemed giving TEs their striking appearance. Two fundamental 

questions about the development of TEs remain unanswered: How does a cell become 

determined to differentiate into a TE and how does the pattern of secondary cell wall deposition 

arise? These questions do not pertain only to TE development. Questions about determination 

and pattern formation are being asked about organisms from bacteria to cancer cells. Thus, what 

may be learned about this specialized cell type is a small part of the fundamental questions of 

developmental biology. 

Whereas some aspects of TE development are almost completely unknown, many 

processes have been described in great detail. These include induction by plant growth 

regulators, rearrangement of the cytoskeleton, deposition of the secondary cell wall, ligniíication 

and autolysis. In recent years, calcium ions have been shown to play a central role in the 

development and function of animal cells. Even more recently, investigations into the control of 

cellular events by calcium ions have been extended to plants (Hepler and Wayne 1985). 

Repeatedly, calcium ions have been shown to be involved in processes such as responses to 

environmental and chemical signals, secretion, and changes in cell shape and motility mediated 

by the cytoskeleton. The similarities between the processes known to be regulated by calcium 

ions and those involved in TE development led me to undertake this investigation into the role of 

calcium ions in the development of these cells. The following chapíers will describe evidence that 

calcium ions do indeed mediate signal transduction and secondary cell wall deposition in TEs. 

1.1.2 What is a tracheary element? 

The characteristic appearance of tracheary elements is a manifestation of specialization 

for water and mineral transport. Cylindrical in shape and often elongated, they occur in 

continuous files throughout the organs of the plant, for ning the tissue known as xylem. The rigid 



secondary cell wall prevents collapse of xylem vessels due to tension generated by 

evapotranspiration. Autolysis of the protoplast and partial hydrolysis of the primary cell wall 

create an unobstructed pathway for water flow. Tracheary elements that mature in elongating 

tissues (protoxylem) develop annular or helical secondary cell wall thickenings (Fig. 1.1 a,b) that 

allow the cell walls to stretch with the surrounding tissue. The TEs that mature after the 

surrounding tissues have stopped elongating (metaxylem) tend to have scalariform, reticulate or 

pitted secondary cell walls (Fig. 1.1 c,d,e) that are resistant to stretching and contribute support to 

the tissue. The mechanisms that control the secondary cell wall pattern of proto- and metaxylem 

are not known. 

Tracheary elements can originate in 3 ways in vivo: 1) from the procambium, 2) from the 

vascular cambium and 3) from redifferentiation of cells surrounding a wound. The procambium 

consists of files of unspecialized, but slightly elongated cells derived from the shoot and root 

apical meristems. These cells grow, divide and differentiate into the TEs of the primary xylem as 

the surrounding tissue matures. Division within the residual procambium between the xylem and 

phloem gives rise to the vascular cambium and later differentiation of these cells produces the 

TEs of the secondary xylem. Finally, if a vascular bundle becomes severed as a result of 

wounding, surrounding parenchyma cells can redifferentiate into strands of wound xylem that 

bypass the severed bundle. 

1.1.3 How are tracheary elements studied? 

Tracheary elements normally develop deep within plant organs, which presents problems 

for experimental manipulation. As a result, many investigations of TE development have been 

undertaken using cultured plant tissue. The simplest of these experimental systems are explant 

cultures, which consist of sterile sections of tissue (often from pith or fleshy root) cultured on 

solidified culture medium supplemented with plant growth regulators. Tracheary elements also 

develop in callus and suspension cultures derived from callus (reviewed by Fukuda and 

Komamine 1985). In each case, cell division and tissue formation tend to accompany 

differentiation of clumps of TEs from cambium-like cells. 

In 1975, Kohlenbach and Schmidt reported that mechanically isolated mesophyll cells 

from Zinnia leaves differentiated into TEs after three days in suspension culture. This culture 

system was later improved by Fukuda and Komamine (1980a) to achieve higher percentages of 

diíferentiation. The use of isolated cell cultures for the study of TE differentiation has several 

advantages over in siîu studies and cultures derived from explants or suspensions: 1) isolated 

cell cultures produce only two cell types (TEs and non-differentiated cells), so interference from 

differentiaíing phloem cells, cambium, etc, is eliminated and biochemical investigations can be 



Fig. 1.1 Types of secondary cell wall patterns in tracheary elements. (a) Annular. 
(b) Helical. (c) Scalariform. (d) Reticulate. (e) Pitted. 



carried out on cell populations rather than relying on selected cell techniques such as 

autoradiography and enzyme cytochemistry; 2) mesophyll cells are clearly not "pre-determined" 

to become TEs at the time of isolation, as they may be in callus or suspension cultures, which 

produce some TEs in non-induced cultures; 3) some TEs differentiate from undivided cells, which 

simplifies the interpretation of induction experiments; 4) diffusion artifacts that may result from 

treating callus or explants with growth regulators or experimental drugs are eliminated; 5) 

differentiation occurs fairly synchronously and in high percentages and 6) cells are more easily 

manipulated for microscopic observation. 

In his 1980 review, Phillips proposed that the ideal experimental system for studying 

cytodifferentiation would be as follows: "on transfer to a defined nutrient medium, a 

homogeneous, uncommitted cell population should respond in a uniform and consistent fashion, 

resulting in the rapid and synchronous differentiation of the entire population" (Phillips 1980). 

Phillips cited Komamine (personal communication) regarding the development of the promising 

Zinnia mesophyll culture system. Today, the culture system developed by Fukuda and 

Komamine (1980a) comes closest to meeting Phillip's criteria for the ideal system. The major 

improvement remaining to be made is to increase the percent differentiation to 100% (currently 

40-60%) or to develop a method for separating differentiating from non-differentiating cells. 

A variety of methods has been used to isolate mesophyll cells from Zinnia including 

grinding with mortar and pestle (Fukuda and Komamine 1980a), homogenization using a blender 

(Falconer and Seagull 1985a) and pressing against stainless steel mesh (Church and Galston 

1988a). Culture vessels have also been vahed and include tubes agitated in a rolling drum 

(Fukuda and Komamine 1980a), plastic petri dishes (Falconer and Seagull 1985a) and 50 ml 

Erlenmeyer flasks (Haigler and Brown 1986) agitated by rotary shaker. Zinnia mesophyll cells 

also differentiate when plated on agar (Burgess and Linstead 1984a). Fukuda and Komamine 

(1980b) were able to observe cells mounted on microscope slides over a time course. Tracheary 

elements can even differentiate from cells regenerated from protoplasts of Zinnia mesophyll cells 

(Kohlenbach and Schopke 1981). I have experimented with a variety of culture vessels and have 

found that all are satisfactory provided that they are agitated at an optimal speed (see Chapter 2, 

p. 68). Incubation temperature of 25°C was used by Kohlenbach and Schmidt (1975). Most 

subsequent investigators have incubated cultures at 27°C (Fukuda and Komamine 1980a). Light 

has been shown to inhibit differentiation (Burgess and Linstead 1984a), so cultures are generally 

incubated in the dark, except for brief exposure to light when the incubator is opened. 

The culture medium originally used by Kohlenbach and Schmidí (1975) is listed in Table 

2.1 (page 61). These authors reported that 10% of the mesophyll cells differentiated into TEs. 

Five years later, Fukuda and Komamine (1980a) reported on culture conditions that yielded up to 



30% differentiation. Thecontentsof their medium isalso listed inTable2.1 (page61). Additional 

modif ications of the hormone, sucrose and phosphate concentrations were reported by Sugiyama 

et al. (1986, Table 2.1, page 61). Development of a minimal medium to support optimal 

differentiation is described in Chapter 2. 

In addition to the widely used Zinnia system, isolated cells from Macleaya cordata, 

tobacco and Lactuca saí/Va cotyledons have been reported to undergo differentiation, but not 

synchronously in high percentages (see Fukuda and Komamine 1985). In a variation on the 

Zinnia suspension culture system, Church and Galston (1989) showed that mesophyll cells in 

Zinnia leaf disks differentiated into TEs when the disks were incubated in inductive suspension 

culture medium. 

1.1.4 Structural and ultrastructural aspects 

The distinctive appearance of TEs has made them a favorite subject of study for light and 

electron microscopists (O'Brien 1981). As a result, a voluminous, and, fortunately, well reviewed 

literature has accumulated (see Cronshaw 1965, L. W. Roberts 1969, Robards 1970, Torrey et al. 

1971, O'Brien 1974, L. W. Roberts 1976, Phillips 1980, O'Brien 1981, Fukuda and Komamine 

1985). To date, no consistent structural or ultrastructural changes associated with the induction 

of cells to differentiate into TEs have been noted. In fact, procambial cells are indistinguishable 

from adjacent cells except that they are occasionally more elongated (O'Brien 1981) or slightly 

richer in endoplasmic reticulum (ER) and Golgi (Maitra and De 1971, Srivastava and Singh 1972). 

Therefore clues about the induction of differentiation are not available from structural studies and 

must be sought in biochemical investigations. In contrast, changes in the quantity and distribution 

of organelles have been repeatedly found to be associated with the commencement of secondary 

cell wall deposition. Correlations between the positions of cytoplasmic organelles and the site of 

wall deposition have lead to numerous hypotheses regarding the control of pattern formation. 

Unfortunately it is not possible to be certain of causal relationships on the basis of static electron 

micrographs. However, these studies provide an important framework for real-time studies of 

subcellular architecture that are now becoming possible. 

Light microscopy studies (Sinnott and Bloch 1944, 1945, Kirschner and Sachs 1978) 

indicated that cytoplasmic "pre-patterning" preceded the appearance of the secondary cell wall in 

developing TEs. This pre-pattern took the form of bands of granular cytoplasm. Since Sinnott 

and Bloch's reports (1944, 1945), electron microscopists have looked for an ultrastructural 

manifestation of this pre-pattern, but none has been found (Hepler and Newcomb 1963). The 

rearrangement of cortical microtubules (MTs) into transverse bands is the earliest manifestation 

of the pattern of future secondary wall deposition that has been well documented (Hardham and 



Gunning 1979). Hepler and Newcomb (1964) had previously shown that MTs occurred parallel to 

cellulose microfibrils throughout secondary cell wall deposition in TEs. In addition, disruption of 

MTs by colchicine resulted in disordered deposition of the secondary cell wall (Hepler and Fosket 

1971). In fact, evidence gathered in the study of TEs was largely responsible for the proposal 

that MTs control the orientation of cellulose microfibrils as they are deposited (see Hepler 1981a). 

Microfibrils are known to be deposited parallel to cortical MTs in many, but not all plant cells 

(Preston 1988). A cause and effect relationship has been difficult to prove; it is not known 

whether MTs orient microfibhls, or whether both MTs and microfibhls are oriented by the same 

unseen mechanism (see Preston 1988 for review). Further studies on pattern formation in TEs 

may help elucidate this relationship. 

Cellular secretion is known to involve the ER, dictyosomes and vesicles. Each of these 

organelles increases in abundance as secondary cell wall deposition commences in developing 

TEs. Cytochemical staining and autoradiography have further indicated that vesicles contain 

polysaccharides, presumed to be destined for the developing cell wall (Pickett-Heaps 1966). 

Putative fusion of vesicles in developing TEs has been reported numerous times (Cronshaw 

1965, Pickett-Heaps 1966, Robards and Kidwai 1969, Maitra and De 1971, Hardham and 

Gunning 1980, Burgess and Linstead 1984a,b, Fukuda and Komamine 1985). However, it is well 

known that membrane vesiculation can result from fixation (Craig and Staehelin 1988), so the 

appearance of membrane vesicles in fixed cells may not reflect their appearance in vivo. The 

study of suspension culture TEs may be very valuable in clarifying this point because they lend 

themselves well to freeze-fixation. 

In addition to its function in synthesis and secretion, the ER has been proposed as a 

reservoir for calcium in plant cells (Hepler and Wayne 1985). Localization of the ER is therefore 

of particular importance to the questions addressed in this dissertation. It has long been debated 

whether or not ER is localized preferentially between developing thickenings in TEs. Preferential 

localization has been noted by Pickett-Heaps (1966, 1967, 1968), Pickett-Heaps and Northcote 

(1966), Srivastava and Singh (1972), Esau and Charvat (1978), Hardham and Gunning (1979), 

Burgess and Linstead (1984a,b) and Fukuda and Komamine (1985). A more thorough 

investigation by Goosen-de Roo (1973b) used morphometric analysis to confirm the subjective 

reports. Other papers report no preferential ER localization (Cronshaw and Bouck 1965, Esau et 

al. 1966). Esau later reported the opposite results (Esau and Charvat 1978). Still other authors 

report equivocal results (Wooding and Northcote 1964, Hepler and Newcomb 1963, Hepler et al. 

1970, Robards 1968). After studying published micrographs and my own ultrathin sections of 

developing Zinnia TEs, I am convinced that ER does tend to be localized between developing 

thickenings. However, in many developing TEs, the peripheral cytoplasm is very thin, so there is 



little space to accommodate ER between the thickenings and the tonoplast. Also, the ER in plant 

cells is known to vesiculate in response to fixation with aldehydes (Allen and Brown 1988). To 

confirm the conformation seen in static micrographs, it would be useful to know whether 

movement of the ER occurs during TE development. This should be possible to learn using 

fluorescent dyes and confocal scanning microscopy. 

There seems to be general agreement that ER, dictyosomes, vesicles and microtubles 

feature prominently in the mechanisms of secondary cell wall deposition, but the function of each 

organelle and the interactions among them are still unknown (Torrey et al. 1971, L. W. Roberts 

1976, O'Bhen 1981, Fukuda and Komamine 1985). Further characterization of the functions of 

these organelles is limited by the techniques available. Freeze-fixation, video-enhanced 

microscopy with fluorescent dyes and functional reconstitution of organelles are all promising new 

techniques for further investigation in this area. 

Lignin deposition has been investigated at the structural and ultrastructural level using 

fluorescence microscopy (Wardrop and Bland 1959, Hepler et al. 1970), potassium 

permanganate staining (Hepler et al. 1970), autoradiography of labelled lignin precursors 

(Wooding 1968, Pickett-Heaps 1968) and peroxidase cytochemistry (Hepler et al. 1970). Fixation 

with potassium permanganate revealed that lignin is deposited first in the middle lamella and 

phmary wall beneath developing thickenings (Hepler et al. 1970, see L. W. Roberts 1976 for 

evaluation of the technique). This correlated with lignin autofluorescence, which also appeared 

first in the middle lamella (Wardrop and Bland 1959, Hbpler et al. 1970). Radiolabelled lignin 

precursors were localized to secondary wall thickenings by Wooding (1968) and Pickett-Heaps 

(1968). In addition, Pickett-Heaps (1968) noted label associated with ER, dictyosomes and 

vesicles, implicating these organelles in lignin deposition. Lignin precursors also became 

incorporated into the secondary cell walls of empty TEs, indicating that lignification continues 

after autolysis (Pickett-Heaps 1968). Polymerization of lignin is thought to involve peroxidases, 

which have been localized in the secondary wall of wound TEs in Coleus, with the heaviest 

deposits occurhng at the pehphery of the thickenings, near the plasma membrane (Hepler et al. 

1972). Peroxidase localization had been attempted previously, but the results were conflicting (L. 

W. Roberts 1969, Hepler et al. 1972). Hepler et al. (1972) proposed that conflicting results may 

be due to varying levels of activity of different species and organs; for example wound xylem may 

have higher peroxidase levels. 

The ultrastructure of autolysis in corn TEs was deschbed in detail by Srivastava and 

Singh (1972). Following deposition of the secondary cell wall, the tonoplast appeared to lose its 

integrity and vacuoles, plastids, dictyosomes, vesicles with lightly staining contents and MTs 

disappeared. The ER dilated, became lobed, then vesiculated and shed its nbosomes. Finally, 
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the plasma membrane was hydroylzed and pieces of cytoplasm and mitochondha remained while 

the phmary wall was digested. Cytochemical evidence for the association of hydrolases with 

developing TEs has been reviewed (Gahan 1981). Based on analogy with lysosomes in animal 

cells, p-glycerophosphatase was localized in TEs where it was found to be associated with 

particles and to increase in reactivity as TEs matured (Gahan and Maple 1966). Other 

phosphatases, many membrane bound, were also localized (see Gahan 1981). However, it is 

still not clear whetherthese phosphatases are activated or releasedto initiate autolysis. 

Duhng autolysis of the protoplast, areas of the primary wall that are unprotected by lignin 

or the middle lamella are hydrolyzed (O'Bhen and Thimann 1967, O'Bhen 1974, Srivastava and 

Singh 1972). The removal of mathx polysacchahdes at this stage leaves only cellulose fibers 

(O'Bhen and Thimann 1967). AII wall matehals are removed from the perforation plates of vessel 

elements, perhaps aided by transpiration. Glycosidases, thought to be involved in wall 

hydrolysis, have been localized to TEs (see Gahan 1981), but their origin is unknown. Srivastava 

and Singh (1972) suggested that the ER has a hydrolyzing function at this stage and may be 

responsible for localized wall hydrolysis. 

The comparative ultrastructure of TEs developing in mesophyll suspensions and leaves 

of Zinnia has been investigated by Burgess and Linstead (1984a,b). Many of their observations 

on cultured TEs were confirmed by Fukuda and Komamine (1985). The early changes in cell 

structure, those occurhng before wall thickening, include decrease in chloroplast starch, loss of 

pehpheral chromatin from the nucleus and enlargement and vacuolation of nucleoli (Burgess and 

Linstead 1984b). According to Fukuda and Komamine (1985), disorganization of the cytoplasm is 

the first sign of differentiation, but my own observations indicate that this occurs in non-

differentiating cultures as well and most likely represents responses to the culture environment. 

Neither Fukuda and Komamine (1985) nor Burgess and Linstead (1984a,b) noted any pre-

patterning of the cytoplasm priorto the initiation of secondary cell wall deposition. 

Duhng secondary cell wall deposition, the ultrastructure of cultured Zinnia TEs resembles 

that of developing Zinnia leaf TEs and also that of other species. The association of MTs with 

developing wall thickenings, increase in the abundance of dictyosomes and vesicles during wall 

deposition and the occurrence of ER between secondary wall thickenings are all charactenstic of 

this stage of TE development (Burgess and Linstead 1984a,b, Fukuda and Komamine 1985). 

However, dictyosomes and vesicles increase to a lesser degree in cultured cells than in leaves 

(Burgess and Linstead 1984b). Fukuda and Komamine (1985) also noted that the appearance of 

vesicle contents changes throughout differentiation as reported by Goosen-de Roo (1973a) and 

that lignification appeares to continue after autolysis of the cytoplasm. 



Most observations on cytoplasmic autolysis in cultured Zinnia TEs concerned the 

appearance of chloroplasts (Burgess and Linstead 1984a, Fukuda and Komamine 1985). Since 

procambial cells from which TEs usually differentiate have no chloroplasts (Burgess and Linstead 

1984a), this is probably of little general interest. Burgess and Linstead (1984b) also mentioned 

that the ER does not become swollen duhng autolysis in cultured cells to the same extent as in 

leaf TEs. 

The greatest differences were observed in the wall hydrolysis stages. The phmary wall of 

leaf TEs appeared fibrillar whereas the phmary wall of cultured TEs appeared granular (Burgess 

and Linstead 1984a,b). The authors could not explain this difference in appearance of the 

hydrolyzed secondary wall, but I propose that it may result from washing away of the granular 

components of the hydrolyzed wall in intact plants. When cultured TEs differentiated next to an 

undifferentiated sister cell, the middle lamella seemed to form a barrier to autolysis as has been 

observed in other tissues, including Zinnia leaves (Burgess and Linstead 1984a,b). 

Isolated cells are better suited to freeze-fracture electron microscopy than cells 

embedded in tissues. Using this technique, Haigler and Brown (1986) showed that rosettes of 

particles, thought to be involved in cellulose synthesis were abundant in areas of TE plasma 

membranes subtending thickenings. They also found rosettes in Golgi vesicles and cisternae 

and inferred that rosettes were delivered to the plasma membranes via these vesicles. Additional 

freeze-fracture replicas revealed that vesicle fusion appeared to occur phmarily between 

thickenings (Haigler and A. W. Roberts 1989). This poses the interesting question of how 

hemicellulosic polysacchahdes might be transported from the site of fusion to the site of wall 

deposition. 

Immunofluorescence studies of cytoskeletal proteins, not possible in intact tissues, have 

been accomplished with Zinnia cultures. In a senes of papers, Falconer and Seagull (1985a,b, 

1986, 1988) explored the relationship between MTs and secondary wall deposition using an 

immunofluorescent label for tubulin and the fluorescent brightner calcofluor to stain the secondary 

cell wall. In suspension cultures of Zinnia, they confirmed the transmission electron microscope 

(TEM) observations of others that MTs subtend developing secondary cell wall deposits in 

developing TEs and confirmed the results of Hardham and Gunning (1979) that the pattern of 

MTs predicts the pattern of secondary wall deposition before the wall thickenings become visible. 

Reohentation of MTs from longitudinal to transverse always occurs prior to TE differentiation from 

suspension cultures of Zinnia (Falconer and SeaguII 1985b). By stabilizing MTs in the 

longitudinal ohentation with taxol, they showed that reohentation is not necessary for TE 

differentiation. The longitudinal MTs became laterally associated into bands and produced TEs 

with longitudinally ohented secondary-cell-wall bands. 



10 

The relationship between cell shape, MT ohentation and secondary-cell-wall pattern were 

explored (Falconer and Seagull 1986) by treating Zinnia ceWs with the MT depolymerizing agent 

amiprophosmethyl (APM). When treated with APM, cells enlarged and became isodiametric 

while MTs disappeared. When APM was removed from these enlarged cells, MTs polymehzed in 

random arrays and cells differentiated into TEs with webbed secondary-cell-wall patterns. The 

hypothesis proposed by Falconer and Seagull (1986) stated that MTs control both cell shape and 

secondary wall pattern; that is random arrays lead to isodiamethc cell enlargement with webbed 

secondary walls and transverse arrays lead to cell elongation and banded secondary walls. A 

question not addressed in this paper was why freshly isolated mesophyll cells have MTs ohented 

parallel to their long axis. Others have suggested that the growth rate of the cells during 

differentiation determines the pattern. It is clear that annular and helical TEs form in expanding 

tissue, whereas scalahform and pitted TEs form in matuhng tissue. But what mechanisms control 

the pattern? According to O'Brien (1981) the evidence indicates that it is the cell expansion rate 

itself. For example, expansion growth in roots occurs before xylogenesis and root protoxylem is 

usually reticulate. Little expansion growth occurs in nodes and they usually have pitted TEs. 

When tissue growth is stopped by environmental effects, TEs that form subsequently usually 

have pitted TEs (see O'Bhen 1981). Finally, Falconer and Seagull (1988) addressed the 

formation of webbed patterns from banded patterns. They noted that MTs often occurred 

between wall bands and that additional cell wall matehal became associated with these bands in 

further developed cells to produce a webbed pattern. 

As a whole, Falconer and Seagull's work confirm the relationship between MT patterns 

and secondary cell wall deposition. The causative relationships and the mechanisms of 

interaction are still unknown. Falconer and Seagull (1985b) also proposed that their data was 

consistent with MT reohentation and transverse association (into bands) by translation rather than 

polymerization and depolymehzation. While their data do not rule out polymehzation and 

depolymehzation, translation is probably the simpler explanation. 

The involvement of actin in TE differentiation has been investigated by Kobayashi et al. 

(1987,1988). Using FITC conjugated phalloidin, they showed that the pattern of actin filaments 

changes duhng differentiation (Kobayashi et al. 1987). Actin filaments change from a longitudinal 

ohentation to a transverse ohentation with an intervening stage consisting of aggregates with 

numerous foci. When actin and MTs were double-labelled, it was found that actin bundles 

occurred between MTs and that reohentation occurred at the same time (Kobayashi et al. 1988). 

In addition, cytochalasin inhibited MT reohentation resulting in TEs with longitudinal secondary 

wall bands similar to those seen in taxol-treated cultures (Falconer and Seagull 1985b). This 

indicated that actin was involved in MT reohentation, but not in bundle formation (Kobayashi et al. 
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1988). The results presented by Kobayashi et al. (1987 1988) are consistent with the 

involvement of actin in TE differentiation, but the evidence is indirect. Again, mechanisms and 

causative relationships are unknown. More research will be necessary to understand the role of 

the cytoskeleton in TE differentiation. 

1.1.5 Hormonal induction 

Early studies on the hormonal regulation of TE differentiation produced highly vahable, 

tissue dependent results (see L. W. Roberts 1969). Gradually it became apparent that the 

physiologic state of the source tissue, in addition to the nature of the inductive influence, was 

important in differentiation. For example, many of the tissues in which differentiation could be 

induced in the absence of cytokinin were found to contain high endogenous cytokinin (see L. W. 

Roberts 1976). It is now generally recognized that auxin and cytokinin play dominant roles in the 

induction of TE differentiation both in vivo and in vitro (L. W. Roberts 1976, 1988, Phillips 1980, 

Fukuda and Komamine 1985, Aloni 1987a, 1987b, 1988), although howtissues respond to the 

hormones at the molecular level is not understood. Induction of cell division and gene expression 

have been widely proposed as mechanisms of cytokinin and auxin action, but little expehmental 

evidence supports these ideas. Also by an unknown mechanism, cultures lose their ability to 

respond to inductive levels of hormones with time. 

Both auxin and cytokinin are required for the formation of TEs in Zinnia suspension 

cultures (Kohlenbach and Schmidt 1975, Fukuda and Komamine 1980a, Church and Galston 

1988a,b). The hormonal content of Zinnia culture medium has been modified by reduction of the 

hormone concentrations by several authors as listed below: 

Reference Auxin Cytokinin 

Kohlenbach and Schmidt (1975) 

Fukuda and Komamine (1980a) 

Sugiyama et al. (1986) 

Church and Galston (1988a) 

4.5 îM 2,4-D 

0.5 |iM NAA 

0.5 |iM NAA 

0.5 îM NAA 

4.6 )j.M kinetin 

4.4 îM BA 

0.9 )iM BA 

0.5 [iM BA 

A vahety of auxins and cytokinins are suitable for TE induction. Kohlenbach and Schmidt (1975) 

used 2,4-dichIorophenoxyacetic acid (2,4-D) and kinetin, whereas Fukuda and Komamine 

(1980a) used 6-benzylamino puhne (BA) and napthylacetic acid (NAA). Church and Galston 

(1988a) thed 3 auxins and 4 cytokinins and found that NIAA and BA produced the most TE 
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induction. It appears from the data of Church and Galston (1988a) that a 1:1 ratio of 

cytokinin:auxin is optimal since they reported neahy equivalent results with 0.5 îM BA/0.5 |iM 

NAA and 1.5 |iM BA/1.5 piM NAA. Fukuda and Komamine (1980a) reported different results, but 

the total differentiation percentages in these ohginal expehments were very low. The 

modifications of Sugiyama et al. (1986) brought the BA/NAA ratios used by Fukuda's group much 

closerto a 1/1 ratio. 

Auxin and cytokinin induced TE differentiation can be inhibited by anti-auxin and anti-

cytokinin compounds. Burgess and Linstead (1984a) demonstrated that the auxin-transport 

inhibitor thiodobenzoic prevents differentiation. Later, Church and Galston (1988a) applied a 

vahety of anti-hormone compounds with similar results. 

The timing of determination by auxin and cytokinin has been explored by transfer of cells 

between media containing high NAA, high BA (NB); low NAA, low BA (nb); high NAA, low BA 

(Nb) and low NAA, high BA (nB) (Church and Galston 1988b). Substantial levels of differentiation 

resulted when cells were incubated in NB and transferred to Nb after 24 h and some 

differentiation occurred after only 7 h in NB. In contrast exposure to NB for 56 h was necessary 

for substantial differentiation after transfer to nB. Therefore, auxin appears to have a continuing 

effect on the cells, whereas cytokinin is most important in the initial stages of differentiation. Pre-

treatment of cells with inductive concentrations of either NAA or BA promoted more rapid 

differentiation when cells were transferred to NB (Fukuda and Komamine 1985, Church and 

Galston 1988b, S. Pujah personal communication, A. W. Roberts unpublished observations). 

The percent differentiation versus time cun/es were identical for NAA or BA pretreatment, 

indicating that differentiation is induced by auxin and cytokinin simultaneously. The reduced time 

needed for differentiation when cells were pretreated with auxin or cytokinin does not seem 

consistent with simultaneous induction, but perhaps the cells require a recovery pehod after 

isolation before they can respond fully to inductive hormones. This interpretation is consistent 

with the observation that some TEs (presumably from cells that are less stressed) can 

differentiate after just 7 h exposure to BA in the presence of NAA. 

Gibberellic acid, ethylene and abscisic acid do not appear to be necessary for 

xylogenesis, but they may influence TE development. Gibberellic acid, for example, stimulates 

cambial activity (see L. W. Roberts 1969). Abscisic acid is a known inhibitor of xylogenesis and 

ethylene has been reported to both stimulate and inhibit TE differentiation (L. W. Roberts 1976). 

It has been proposed that cyclic-AMP stimulates TE differentiation (Basile et al. 1973, Mizuno and 

Komamine 1978), but this has not been confirmed. As L. W. Roberts (1976) points out, cAMP 

breaks down to adenine, which also promotes differentiation. These results are not consistent 
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with the inhibitory effect of caffeine on differentiation. Caffeine inhibits cAMP phosphodiesterase 

in addition to other effects (see Chapter 5). 

Sugars are typically added to plant tissue cultures to supply carbon and energy, but the 

regulatory role of vahous sugars in TE differentiation has also been studied. Here there seems to 

be an important difference between the induction of wound xylem and vascular nodules 

containing xylem, phloem and cambium. Jeffs and Northcote (1967) found that dissacharides 

containing an a-glucosyl radical at the non-reducing end (sucrose, maltose, trehalose) produced 

vascular nodules and other sugars (glucose, cellobiose, lactose, raffinose) produced scattered 

wound vessel members. In addition, media containing starch, which is digested to maltose by 

amylase released from the cultures, promoted the formation of vascular strands, whereas glucose 

did not (see L. W. Roberts 1976). In some cultures, fructose was found to be inhibitory when 

added with sucrose (Phillips and Dodds 1977). In general, nodule formation seems to require 

sugars with special configurations, whereas wound vessel member formation does not. In Zinnia 

suspensions, sucrose supports differentiation of single TEs (Fukuda and Komamine 1980a), but 

other sugars have not been tested. This would be interesting since Zinnia TEs develop by 

redifferentiation of differentiated cells like wound xylem, rather that from from cambium like cell as 

in vascular nodules. 

Sucrose has been singled out as a specific requirement for differentiation in some tissue 

cultures (see Torrey et al. 1971). In a classic study, Wetmore and Rier (1963) showed that 

sucrose was necessary for the formation of vascular nodules in callus cultures and that the 

concentration of sucrose influenced the formation of xylem versus phloem. This regulatory role 

for sucrose is puzzling. Some explanations include osmotic properties of sucrose and the 

possibility that sucrose contains contaminating plant hormones (Torrey et al. 1971). StiII, some 

reports strongly implicate a specific role for sucrose in xylogenesis (e.g., Jeffs and Northcote 

1967). More careful studies must be períormed before the regulatory role of sucrose can be 

evaluated. 

1.1.6 The role of the cell cycle 

The association of TE differentiation with cell division in apical mehstems, cambia, wound 

sites and vascular nodules in cultures led to the once-commonly-held idea that cell division is an 

absolute prerequisite for TE differentiation (Torrey et al. 1971). The observation that single cells 

can differentiate into TEs without mitosis demanded that this idea be reevaluated. Kohlenbach 

and Schmidt (1975) and Torrey (1975) independently reported differentiation of undivided 

suspension culture cells from Zinnia mesophyll and Centaurea callus, respectively. While some 

TEs in their cultures had septa, many did not. The occurrence of undivided TEs was considered 
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clear evidence that cell division was not required. Fukuda and Komamine (1980b) made serial 

observations of cells cultured on microscope slides to show that cells could differentiate without 

dividing. Fukuda and Komamine (1980a) claimed to be the first to show unambiguously that cell 

division is not necessary. It seems that the obsen/ations of Kohlenbach and Schmidt (1975) and 

Torrey (1975) are just as unambiguous since only cell division occurhng in the presence of the 

inductive hormones was considered in each of the three studies. It is still not clear whether the 

mitotic history of cells prior to cultuhng has any relation to which cells differentiate in culture, but 

Fukuda and Komamine (1981b) did show that freshly isolated Zinnia mesophyll cells were in G^. 

The questions frequently posed about the relationship between TE differentiation and the 

cell cycle were summahzed by Fukuda and Komamine (1985) as follows: 1) Is DNA replication 

and/or mitosis in the presence of inductive conditions a prerequisite for TE differentiation? 2) 

Does TE differentiation occur at a specific point in the cell cycle? 3) Is the sequence of TE 

differentiation compatible with the cell cycle? 4) Is minor DNA synthesis involved? Answehng 

these questions has been facilitated by the use of Zinnia cultures. 

Fukuda and Komamine (1981b) pertormed a detailed analysis of the cell cycling in Zinnia 

mesophyll cultures and its relation to TE differentiation. Using Feulgen stain 

microspectrophotometry and ^H-thymidine incorporation, they demonstrated that cells can 

differentiate into TEs duhng initial G^, G^ orthe second 0^. In addition, the appearance of 

septate and non-septate TEs was simultaneous, indicating that all cells were induced to 

differentiate at the same time (presumably in the initial G^) and that TE differentiation could 

proceed independently of and simultaneously with the cell division cycle in these cultures 

(Fukuda and Komamine 1981b). Also implied in these results is that differentiation can occur 

without replication of the entire genome. This shows that, at least in Z/nn/a cultures, induction is 

not limited to the period duhng or directly after DNA synthesis preceeding mitosis. 

Supporting evidence for TE differentiation without cell division has been provided by cell 

division inhibitor studies. TEs in y-irradiated wheat seedlings did differentiate without cell division 

(Foard and Haber 1961). Torrey et al. (1971) pointed out that this result is inconclusive because 

cells may have been determined to differentiate prior to radiation treatment; however, the same 

effect has been noted in y-irradiated Z/m/a cultures (Sugiyama et al. 1986), in which 

predetermination is not in question. Dodds (1980) showed that colchicine inhibited the formation 

of septate TEs, but did not inhibit TE differentiation in general in Zinnia. Phosphate limitation also 

inhibited cell division without inhibiting differentiation (Sugiyama et al. 1986). 

The absence of a requirement for mitosis does not exclude the possibility that TE 

differentiation is tied to DNA replication (L. W. Roberts 1976). The need for new protein synthesis 

in TE differentiation is clear, and L. W. Roberts (1976) proposed that different tissues and 
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organisms may satisfy the need for mRNA by gene amplification via any of the several DNA 

replication mechanisms. The arguments for a role for polyploidy was summarized by L. W. 

Roberts (1976) who concluded that the bulk of evidence indicates that TE differentiation is not 

associated with a particular ploidy level. O'Brien (1981) pointed out that endopolyploidy is 

common in plant cells and that it probably relates to cytoplasmic volume rather than TE 

differentiation. Synthesis of satellite DNA phor to TE differentiation has been reported in some 

cultures (see Fukuda and Komamine 1985). 

1.1.7 Biochemical aspects 

The final questions posed by L. W. Roberts (1976) at the end of his discussion on the 

role of the cell cycle in TE differentiation are as pertinent now as then: 1) Are particular 

'cytodifferentiation proteins' synthesized at the beginning of differentiation? 2) Is the synthesis of 

these proteins tied to the cell cycle? 3) Do hormones regulate the synthesis of these proteins? 

4) Are these proteins involved in the deposition of the secondary cell wall? Current evidence 

indicates that DNA replication, RNA synthesis and protein synthesis are required for TE 

differentiation. Synthesis of these macromolecules is presumed to be induced by auxin and 

cytokinin, but the mechanisms through which this occurs are unknown. In no case has a direct 

relationship between inductive hormones and macromolecular synthesis leading to TE 

differentiation been demonstrated. 

The requirements for DNA, RNA and protein synthesis in TE differentiation have been 

shown using incorporation of radiolabelled nucleotides and amino acids and inhibitors of DNA 

replication, RNA transchption and protein synthesis. Inhibition of TE differentiation by DNA 

synthesis inhibitors was first demonstrated in Coleus stem (Fosket 1968). Labeling with ^H-

thymidine indicated that DNA synthesis preceded TE differentiation in pea root explants (Torrey 

and Fosket 1970). These results have been confirmed in many othertissues (see Fukuda and 

Komamine 1985). In Zinnia cultures, Dodds (1980) found little inhibition of TE differentiation with 

the DNA synthesis inhibitor FUdR (10-"̂  M) and concluded that DNA synthesis was not necessary, 

whereas Fukuda and Komamine (1981a) did inhibit TE differentiation under the same conditions. 

These two reports appeared close to the same time and neither mentions the other, however 

Fukuda and Komamine (1981a) also do not mention Dodds (1980) work in their subsequent 

paper on the cell cycle or in their review (Fukuda and Komamine 1981b, 1985). Fukuda and 

Komamine (1981a) measured incorporation of ^H-thymidine to show that DNA synthesis was 

actually inhibited by FUdR, whereas Dodds (1980) did not provide íhis information. Clear 

evidence, deschbed in the previous section, that complete genomic replication is not a 

prerequisite for TE differentiation (Fukuda and Komamine 1981b) seems to contradict the 
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inhibition of TE differentiation by FUdR. Citing this as unpublished data, Fukuda and Komamine 

(1981 a) suggested that differential DNA replication may be involved in TE differentiation. The 

enzyme ADP-ribosyltransferase is involved in excision repair and is inhibited by m-

aminobenzamide (m-ABm), its o- and p- isomers and nicotinamide. Each of these inhibitors 

blocked TE differentiation in Z/nn/a cultures (Sugiyama and Komamine 1987) indicating that 

repair-type DNA synthesis may be involved. 

Inhibition of TE differentiation by the transchption inhibitor actinomycin D indicates the 

requirement for RNA synthesis (Fosket and Miksche 1966, Phillips 1980). In addition, RNA 

synthesis is associated with differentiation. Amplification of rRNA cistrons duhng differentiation in 

roots was proposed, but Fukuda and Komamine (1985) pointed out that the increase in rRNA 

synthesis may be related to cell division. Inhibition of TE differentiation by protein synthesis 

inhibitors (Fosket and Miksche 1966) and uptake of 3H-leucine associated with TE differentiation 

(Simpson and Torrey 1977) have also been deschbed. Fukuda and Komamine (1983) found that 

actinomycin D (transcription inhibitor) and cycloheximide (protein synthesis inhibitor) both blocked 

TE differentiation. Furthermore, both drugs were fully effective when added up to 48 h after 

cultuhng. In addition and removal expehments, inhibition was strongest when drugs were present 

from 24-60 h. Two-dimensional electrophoresis revealed that 2 polypeptides were shut off and 

two were newly synthesized between 48 and 60 h (Fukuda and Komamine 1983). Biochemical 

events known to be involved in TE differentiation in Zinnia cultures are summahzed in Fig. 1.2. 

The ability to identify "biochemical markers" prior to the appearance of secondary cell 

wall thickenings would be useful in studies of TE differentiation. Some progress in this direction 

has been made by Savidge (1988, 1989) who has demonstrated the appearance of conifehn, a 

lignin precursor, in dehvatives of vascular cambium. Keller et al.(1988, 1989a,b) have identified a 

glycine-hch protein (GRP 1.8) associated with developing xylem elements. By fusing the GRP 

1.8 upstream promoterwith a reportergene, they have demonstrated the developmental 

regulation and xylem specificity of this gene (Keller et al. 1989b). Antibodies to GRP 1.8 were 

localized specifically to the protoxylem cells of the vascular system (Keller et al. 1989a). This 

represents the first gene specifically expressed in TEs to have been studied. Unfortunately, GRP 

1.8 does not accumulate until TEs are morphologically recognizable (Keller et al. 1989a). 

In wíro translation products of mRNA isolated from differentiating and non-differentiating 

suspension cultures of Z/nn/a were analyzed by Thelen and Northcote (1989) and a 34-kD protein 

specific to differentiating cultures was found. In addition, a large increase in nucleolytic activity 

starting at about 60 h was noted; this activity corresponded to the 34-kD polypeptide. The 34-kD 

nuclease reached high levels after secondary wall deposition began, but it appeared 12 h before 

visible evidence of TE differentiation, making it useful as a marker for xylogenesis. Thelen and 
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Northcote (1989) have proposed that this nuclease may function in autolysis following secondary 

cell wall deposition. 

Tubulin synthesis reaches its highest rate between 24 and 36 h (Fukuda 1987). Although 

tubulin synthesis continues at a slightly decreased rate between 48 and 60 h, tubulin content 

decreased substantially (Fukuda 1987). Colchicine was shown to promote tubulin degradation 

(Fukuda 1989), but did not depress tubulin synthesis in Zinnia cultures (Iwasaki et al. 1988). The 

time of greatest tubulin degradation also corresponded to the time of greatest dynamic change in 

MT arrays (Fukuda 1989). Taken as a whole, these results prompted Fukuda (1989) to propose 

that tubulin degradation was induced by the increase in free tubulin associated with dynamic 

changes in tubulin arrays. Another factor influencing the tubulin content of Zinnia ceWs involves 

DNA synthesis. Tubulin content increased 4-5 fold duhng auxin and cytokinin induced DNA 

synthesis and decreased in response to DNA synthesis inhibitors (Iwasaki et al. 1988). One 

interpretation of these results is that tubulin synthesis is dependent on the reinitiation of the cell 

cycle. 

Like ultrastructural studies, most biochemical studies of TE differentiation have focused 

on changes associated with cell wall formation, i.e., polysacchahde synthesis (Northcote 1979), 

lignin synthesis (Fukuda and Komamine 1985) and autolysis (Gahan 1981). Northcote and his 

colleagues have conthbuted nearly all of what we know about the polysaccharide composition of 

TE cell walls (see Northcote 1979 for review). Hemicellulose (mostly xylan) and cellulose 

synthesis increase and pectin (mostly arabinan) synthesis decreases duhng secondary cell wall 

deposition (Northcote 1963). This is reflected in the increase in xyIose:arabinose ratio (Jeffs and 

Northcote 1966) and the increase in activity of UDP-glucose dehydrogenase and UDP-

gluconurate decarboxylase, the enzymes responsible for producing UDP-xylose (Dalessandro 

and Northcote 1977a,b). Xylan synthetase activity has also been measured and shown to 

increase with PAL activity (Bolwell and Northcote 1981). Arabinan synthetase activity decreases 

duhng xylogenesis (Bolwell and Northcote 1981); however, epimerase activity, which supplies the 

precursors for pectin synthesis, remains constant (Dalessandro and Northcote 1977b). 

Compahson of the cell wall composition of differentiating versus non-differentiating 

cultures of Zinnia has made it possible to investigate changes associated with secondary cell wall 

deposition (Ingold et al. 1988). Changes that occurred only in differentiating cultures included 

increase in the cellulose fraction, decrease in the uronic acids in the pectic fraction and a 20-fold 

increase in the /lose found in the cellulose fraction. The xylose was shown to occur as a xylan 

deposited with cellulose (Ingold et al. 1988). Lignin, as detected by absorbance at 280 nm and 

phloroglucinol staining, also increased in differentiating, but not non-differentiating cultures 

(Fukuda and Komamine 1982). 
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Evidence for the induction of lignification enzymes has been reviewed by Fukuda and 

Komamine (1985). Phenylalanine ammonia lyase and extractable and wall bound peroxidases 

(Fukuda and Komamine 1982) and 4-courmarate: coenzyme A ligase (Church and Galston 

1988C) are all induced in differentiating Zinnia cultures. Developmental regulation of peroxidase 

enzymes has also been deschbed (Masuda et al. 1983). Fractionation of peroxidases, followed 

by electrophoretic separation, revealed that the activity of tightly bound peroxidase increased 

between 72-84 h in differentiating, but not non-differentiating cultures. In the extracellular 

fraction, a new isozyme appeared at 86 h, but no increase in activity was obsen/ed in this 

fraction. In the ionically bound fraction, one isozyme appeared and 3 others increased between 

72-84 h and a fourth isozyme, l̂ , increased in the first 60 h. The authors minimized the 

importance of l̂ , presumably because its activity increased before detectable lignification, but this 

enzyme may be very useful as an early marker for differentiation. 

1.1.8 Prospects 

Clearly, many of the processes in TE differentiation have been deschbed in detail. 

However there are at least two aspects of TE differentiation about which we know very little. 

These are 1) the transduction of the honnonal signals that initiate differentiation and 2) the factors 

that establish and maintain the pattern of secondary cell wall deposition. Some of the questions 

on which future research into signal transduction must focus are: 1) How do cells respond to 

hormones? 2) What are the elements of the signal transduction chain? 3) What is the 

determining event? 4) What is the role of gene expression? 5) What proteins are newly 

synthesized and when? 6) What events occur between hormonal stimulation and visible 

differentiation? Some of the answers that have been proposed for question 6 include cell 

expansion, cell division, gene amplification, RNA synthesis and protein synthesis. There is even 

substantial evidence that some of these processes occur, but virtually nothing is known about 

what role they play in signal transduction. An understanding of pattern formation in TE 

development will come from explohng questions such as: 1) How is the arrangement of MTs 

established? 2) What is the role of actin? 3) Do MTs control the deposition of cellulose? 4) 

How is the secretory machinery (i.e., ER, Golgi and vesicles) regulated? 5) How is lignin 

deposition localized? 6) How is localized hydrolysis controlled? 

Substantial evidence forthe involvement of Ca^^ in signal transduction and pattern 

formation in animal cells and some plant cells has led me to investigate the involvement of Ca^* 

in the differentiation of TEs. The remainder of íhis literature review will deschbe what is known 

about the regulation of developmental events by Ca2+ and provide a background for my 

investigation into the role of Ca2+ in TE differentiation. 
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1.2 The DQtential for a role of Cag± in TE differentiation 

1.2.1 Signal transduction 

Many plant cell functions are known to be influenced by plant hormones, but almost 

nothing is known about the transduction of the hormonal signal into a physiological response. In 

animal cells, signal transduction (or stimulus-response coupling) mechanisms for a vahety of 

hormones have been elucidated. Animal hormones bind to specific receptors located on the 

surface of the plasma membrane. Binding of the hormone to the receptor activates a cascade of 

events, usually involving a "second messenger," which amplifies and transmits the extracellular 

signal to the intehor of the cell. The term "second messenger" was first applied to deschbe the 

role of cyclic AMP in the adrenergic response (Sutherland et al. 1968). A generalized deschption 

of this response will serve to define the concept of a "second messenger." In cyclic AMP 

mediated signal transduction, a hormone binds a specific receptor, dissociation of a G protein is 

stimulated, the active subunit of the G protein complexed with GTP activates adenylate cyclase 

(so far all events have occurred within the plasma membrane), adenylate cyclase catalyzes the 

formation of cyclic AMP in the cytoplasm and cyclic AMP stimulates protein kinases, which can 

alter the activity of enzymes through phosphorylation. Thus, cyclic AMP is the "second 

messenger" that transfers extracellular information to the cell intehor. It appears that plants have 

no comparable signal transduction mechanism. Although cyclic AMP has been isolated from 

plant cells, neither cyclic AMP-dependent protein kinases nor G proteins have been identified 

(Honwitz1989). 

Blowers and Trewavas (1989) believe that plant biologists may be misdirecting their 

efforts by relying too heavily on mechanisms of animal signal transduction for their working 

models of plant signal transduction. They point out that plant hormones (a.k.a. plant growth 

regulators), unlike many animal hormones, are amphiphilic and therefore able to cross the 

plasma membrane to act directly as intracellular messengers. In addition, plant hormones often 

have an effect within the cells or tissues in which they are synthesized. Plants also exhibit a 

greater degree of developmental plasticity in response to environmental factors than animals. 

For these reasons, Blowers and Trewavas (1989) propose that plant hormones be thought of as 

"second messengers," to emphasize their function in coordinating the response to environmental 

fluctuations. Some examples of "first messengers" in their scheme would be: phytochrome, 

gravity, blue light, stress, turgor, sucrose, temperature, CO^, oxygen tension, protons, nitrate and 

ammonia. The point made by Blowers and Trewavas (1989) is well taken in that it is important to 

recognize the physiological and developmental difference between plants and animals in order to 

create the most deschptive models for plant signal transduction. However, receptors for auxins 
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have been identified (see Morré 1989 for review) indicating that some hormone responses involve 

receptor binding. 

Calcium ions are widely recognized as playing a part in plant signal transduction (Marmé 

1988, Allan and Trewavas 1987, Poovaiah and Reddy 1987, Roux and Sehin 1987, Blowers et al. 

1987, Gilroy et al. 1987a, Hepler and Wayne 1985, Marmé 1985, Roux and Slocum 1982). The 

calcium binding protein calmodulin also is known to play a role in many of these mechanisms 

(Marmé 1989, Piazza 1988, D. M. Roberts et al. 1986, Dieter 1984, Dieter 1987). In fact, many 

components of the calcium-mediated regulatory mechanisms in animals are now known in plants, 

e.g., calcium/calmodulin-dependent protein kinases, the phosphatidyl inositol signalling pathway, 

calcium-regulated ion transport, calcium-binding proteins and calcium-regulated enzymes. 

Calcium regulates such fundamental processes in cells (including ion transport, cytoskeleton 

function and protein phosphorylation) that it seems natural to expect great similahties among 

diverse eukaryotes. It is with the cautions of Blowers and Trewavas (1989) and the 

encouragement of the many known examples of calcium regulation in plants, that I set out to 

explore the role of calcium in TE differentiation. 

1.2.2 Pattern formation 

In TEs, the secondary cell wall is the manifestation of pattern forming mechanisms that 

come into play before secondary cell wall deposition begins. Microtubules become arranged in a 

pattern that predicts the pattern of secondary cell wall deposition, but the mechanisms 

establishing the MT pattern and the role of MTs in cell wall deposition are unknown. The 

membrane particle rosettes assumed to mediate cellulose synthesis have a patterned disthbution 

duhng secondary cell wall deposition, as do Golgi vesicles and ER. The correlation of calcium 

gradients, and presumably localized calcium influx, with areas of active cell wall deposition in 

plants is well known (Hepler and Wayne 1985). AIso, calmodulin has been colocalized with MTs 

in cells that are undergoing transitions in cytoskeleton arrangement, such as dividing cells (Wick 

et al. 1985, Wick and Duniec 1986, Wick 1988). These correlations may indicate a generalized 

role for calcium in pattern formation in plants. With these ideas in mind, I explored the possibility 

of correlations between calcium, calmodulin and the developing secondary cell wall in TEs. 

1.2.3 Research approaches 

Lionel j ffe (1980) proposed three criteha for demonstrating the involvement of calcium 

in physiological process. First, the process must be accompanied by a change in cytoplasmic 

[Ca2+]. Second, artificial induction of a change in cytoplasmic [Câ +J should stimulate the 

process. Third, blockage of the change in [Ca^+J should inhibit the process. The availability of 
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calcium ionophores and calcium-channel blockers and activators have made it possible to fulfill 

the second and third criteha for many physiological and development processes in plants. 

However, the measurement of cytoplasmic [Ca^+j in plant cells has proved difficult (see section 

5). As a result, Jaffe's first chtehon has been fulfilled in only a few instances, including 

cytoplasmic streaming in Characean algae (Williamson and Ashley 1982) and root hairs 

(Clarkson et al. 1988), polahzed growth in pollen tubes (Brownlee and Wood 1986, Reiss and 

Nobiling 1986, Nobiling and Reiss 1987) and Fucus embryos (Brownlee and Pulsford 1988), 

turgor regulation in the alga Lamprothamnium an6 mitosis in Tradescantia stamen hairs (Hepler 

and Callaham 1987). All of these are large cells with small or absent vacuoles. Direct 

determination of changes in cytoplasmic [Ca^+J in highly vacuolate, differentiating Zinnia cells is 

fraught with technical difficulties (see section 5.1). Indirect evidence of changes in free [Ca^+J 

can be obtained, however, using the permeable fluorescent antibiotic chlorotetracycline (CTC), 

which indicates membrane associated calcium (see section 5.3). 

1.3 Elements of calcium reaulaton/ mechanisms 

1.3.1 Overview 

The usefulness of Ca2+ in an intracellular signalling mechanism is dependent on the 

ability of cells to change the cytoplasmic Ca2+ concentration quickly in response to external or 

internal stimuli. This is possible because intracellular Ca2+ is maintained at a very low 

concentration (on the order of 10'^ M) relative to the external environment (often lO-^ M). The 

plasma membrane is very impermeable to Ca2+ under normal circumstances (Bohe 1981). Any 

Ca2+ that does enter the cytoplasm as a result of leakage, injury or activation of calcium channels 

is quickly removed by plasma membrane and organellar calcium pumps. These pumps are 

stimulated by the complex of Ca2+ and the calcium binding protein calmodulin, so they operate 

only when the cytoplasmic Ca2+ concentration exceeds the resting level (Schatzmann 1985). As 

a result, the maintenance of very low cytoplasmic Ca2+ is highly efficient. 

The steep Ca2+ gradient across the plasma membrane facilitates rapid, passive influx 

when plasma membrane calcium channels are opened. Cells also mainíain internal Ca2+ stores 

inside membrane-bound organelles. The best characterized example is muscle cells, in which 

Ca2+ is stored in the sarcoplasmic reticulum (SR). Following depolarization of the muscle cell, 

calcium channels in the SR open and release Ca2+ into the cytoplasm. The Ca^" interacts with 

the calcium bin ' ng protein troponin C (a close relative of calmodulin) and contraction results. 

Thus, Ca2+ acts as a second messenger coupling excitation and contraction. Excitation-secretion 

coupling in nerve synapses is also mediated by Ca2+. In nerve cells, depolarization opens 

plasma membrane calcium channels. Elevated cytoplasmic Ca^^ then promotes the fusion of 
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vesicles with the plasma membrane, resulting in secretion of neurotransmitters. The second 

messenger function of Ca2+ was first recognized in excitable cells such as nen/es and muscles in 

which Ca2+-regulated events are rather dramatic. It is now clear that non-excitable cells, 

including plant cells, have similar regulation mechanisms. 

In order for elevated cytoplasmic Ca2+ to carry out a signalling function, it must be able to 

modulate the function of the cell. Two examples of this, binding to troponin C in muscle cells and 

facilitating membrane fusion in nerve cells, have been deschbed. Other cell types contain a 

vahety of calcium binding proteins and enzymes that are modulated directly or indirectly by Ca2+. 

A common mechanism of indirect enzyme modulation by Ca2+ is mediated by Ca2+-dependent or 

Ca2+/calmodulin-dependent protein kinases. These kinases respond to elevation of cytoplasmic 

Ca2+ by phosphorylating proteins, thereby modulating their activity. Plant cells are known to have 

protein kinases (Ranjeva and Boudet 1987) and some are activated by Ca2+ in vitro, although 

regulation by Ca2+ in vivo has never been demonstrated. Calmodulin and Ca2+-modulated 

enzymes have also been isolated from plant cells. Finally, calcium regulates the transport of 

other ions. 

A vahety of stimuli can activate plasma membrane and intracellular calcium channels. In 

animal cells, the link between electhcal depolahzation or hormone binding and calcium channel 

activation has been clearly established. In plant cells, these links are not nearly as clear. 

However, considerable indirect evidence indicates that calcium channels in plants may be 

stimulated by plant growth regulators, light and gravity. 

A generalized scheme for cellular regulation of plant cells by Ca2+ is illustrated in Fig. 1.3. 

In plant and animal cells, a stimulus opens plasma membrane or internal calcium channels 

allowing Ca2+ to enter the cytoplasm passively. Calcium ions, alone or bound to calmodulin, 

activate protein kinases, enzymes or other cellular mechanisms before they are quickly removed 

by Ca2+/calmoduIin-activated calcium pumps, which return the cytoplasmic Ca2+ concentration to 

resting levels. 

1.3.2 Maintenance of low cytoplasmic [Ca2+] 

The mechanisms of Ca2+ transport in animal membranes have been reviewed recently by 

Carafoli (1987). The plasma membrane, SR, ER and mitochondha each have Ca2+ transport 

systems with unique charactehstics. The plasma membrane of animal cells has a Na+/Ca2^ 

exchanger and .: Ca2+ transport ATPase. The Na+/Ca2+ exchanger is especially active in 

excitable cells, but erythrocytes have no activity at all. The Na+ gradient across the plasma mem-

brane contains enough energy to maintain low cytoplasmic [Ca2+], however, the affinity of the 

transporter for Ca2+ is too low to reduce cytoplasmic [Ca2+] to 0.1-0.2 fiM. The Ca2+ transporting 
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ATPase, on the other hand, has very high affinity but low capacity and is present in the plasma 

membrane of all cells. The high activity of the Na+/Ca2+ exchanger in excitable cells probably 

reflects the need to eliminate rapidly large amounts of Ca2+ that enter the cell duhng activation, 

whereas erythrocytes can maintain low cytoplasmic [Ca2+] with only the ATPase. The ATPase 

has been studied extensively in erythrocytes because of the lack of interference from the 

Na+/Ca2+ exchange transporter. An important regulatory feature of the Ca2+ transport ATPase is 

its stimulation by calmodulin. Using a calmodulin affinity column, the ATPase has been isolated 

and reconstituted into liposomes (Niggli et al. 1981). Interestingly, up to 60 kD of the 138 kD 

protein can be removed without loss of activity. The calmodulin binding domain is near the C 

terminus and resembles the calmodulin binding domains of other calmodulin regulated proteins 

(Carafoli 1989). The SR and ER have a Ca2+ transporting ATPase, but no Na+/Ca2+ exchange. 

The ATPase from SR has been isolated, has a molecular weight of 100 kD and is regulated by 

phospholamban, which is the substrate for cAMP and calmodulin dependent protein kinases. 

The ER ATPase has not been isolated, but indirect evidence indicates that it has a similar 

molecular weight and is regulated in a different way that involves calmodulin and cAMP-

dependent protein kinase. Isolated mitochondha take up large amounts of Ca2+ and it was once 

thought that they played an important role in the regulation of cytoplasmic [Ca^+j. More recently, 

it has been shown that mitochondha do not contain large amounts of Ca2+ in vivo and that their 

affinity for Ca2+ is very low. Mitochondrial Ca2+ transport probably sen/es only to regulate the 

calcium concentration withinXhe mitochondhon itself (Carafoli 1987). 

In plants, Ca2+-transport activity is associated with membranes derived from the plasma 

membrane, tonoplast, endoplasmic membrane, mitochondha and chloroplasts. Unlike 

mammalian cells, no Na+/Ca2+ exchanger has been identified in plant plasma membranes. 

However, the plasma membranes of plants do exhibit ATP- and Mg2+-dependent Ca2+ transport 

(Gross and Marmé 1978). Calcium ion transport activity has since been demonstrated in plasma 

membrane vesicles isolated from a variety of plants and ionophores and protonophore have been 

used to show that Ca2+ transport activity is tightly coupled to proton transport (see Evans 1988 

for references). Regulation of Ca2+ transport by calmodulin has been demonstrated in some 

membrane preparations (Dieter and Marmé 1980, Zocchi and Hanson 1983, Malatialy et al. 1988, 

Zocchi 1988), but not in others (Butcher and Evans 1987, Gráf and Weiler 1989). Whereas Gráf 

and Weiler (1989) noted inhibition of Ca2+ transport by calmodulin inhibitors, inhibition was not 

overcome by cr modulin and the apparent inhibition was atthbuted to the induction of Ca2+ 

leakage by the drugs. Dieter and Marmé (1981, 1983) noted that the calmodulin regulation of the 

Ca2+-transport activity of dark-grown plants was lost when the plants were treated with light. The 

Ca2+-transport activity from plasma membranes of some plants are vanadate sensitive (Giannini 
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et al. 1987b, Rasi-Caldogno et al. 1987, Malatialy et al. 1988) as is the Ca2+-transport ATPase 

from animal cells (Carafoli 1987), however, the ATP-dependent Ca2+ transport system from C. 

communis is relatively insensitive (Grãf and Weiler 1989). This facilitated investigation of the 

properties of the ATP-dependent Ca2+-transport system because it could be separated from the 

bulk of the plasma membrane vanadate-sensitive H+-translocating ATPase. 

Calmodulin-regulated [Ca2+-Mg2+]-ATPase has been identified in phase partition puhfied 

plasma membranes from light grown tissues (Robinson et al. 1988), but it has not yet been 

identified as the Ca2+ transport ATPase. Whereas plant plasma membranes contain ATPase 

activity and Ca2+ transport activity suggestive of a plasma membrane Ca2+-transport ATPase, 

unequivocal proof awaits reconstitution of isolated pumps in artificial membranes. The strongest 

evidence so far is the isolation by calmodulin affinity chromatography of a 140 kD polypeptide that 

cross-reacts with polyclonal antibodies to erythrocyte Ca2+ transport ATPase (Bhars et al. 1988). 

When calmodulin affinity chromatography is períormed in the absence of protease inhibitors, 76 

kD and 62 kD polypeptides predominant. This could indicate further similahty with the animal 

enzyme, which is still active after removal of 60 kD. 

Vesicles derived from the ER also exhibit ionophore- and protonophore-insensitive, ATP-

dependent Ca2+ transport (Buckhout 1983, see Evans 1988 for others). Like that of the plasma 

membrane, the ER Ca2+-transport activity is sensitive to vanadate and insensitive to nitrate, 

however regulation by calmodulin has not been demonstrated. A calcium-dependent A23187-

stimulated ATPase activity from beet root ER vesicles has also been identified (Giannini et al. 

1987a). It was proposed that this ATPase may mediate ATP-dependent Ca2+ transport in the 

ER. 

Unlike plasma membrane and ER vesicles, the ATP-dependent uptake of Ca2+ into 

tonoplast vesicles is sensitive to protonophores (Blumwald and Poole 1986, Schumaker and Sze 

1986, Butcher and Evans 1987). This is indicative of a Ca2+/H+ antiporter. Tonoplast Ca2+-

transport activity is strongly inhibited by nitrate due to inhibition of the proton pumping ATPase 

(Schumaker and Sze 1986, Butcher and Evans 1987). Pumping of Ca2+ into the vacuole 

probably occurs after large influx of Ca2+ into the cytoplasm as the tonoplast Ca2+ transporter has 

a lower affinity for Ca2+ than that of the plasma membrane or ER. In this way, the tonoplast Ca2+ 

transporter may serve the same function as the plasma membrane Na+/Ca2+ exchanger from 

animal cells (Evans 1988). 

As is tru;* for animals, isolated plant mitochondha take up Ca2+, but the role of this 

transport mechanism in the regulation of cytoplasmic Ca2+ has been questioned on the same 

grounds. As an interesting sidelight, Roux et al. (1981) showed that red light induces efflux ot 

Ca2+ from isolated plant mitochondha. Evans (1988) proposed that the phytochrome mediated 
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efflux of Ca2+ from protoplasts noted by Hale and Roux (1980) may be due to stimulation of the 

plasma membrane calcium transporting ATPase by elevated cytoplasmic [Ca2+] resulting from 

efflux from mitochondha. 

Little is known about the mechanisms or physiological significance of chloroplast Ca2+ 

transport. It is known that chloroplasts are stimulated to take up Ca2+ by light (Kreimer et al. 

1985). Most studies of ER and plasma membrane Ca2+ transport have been done on dartc-grown 

tissues. Chloroplasts may be important in regulating cytoplasmic [Ca2+] in illuminated tissues, but 

more research is needed. 

1.3.3 Rise in cytoplasmic [Câ +J 

1.3.3.1 Introduction. Calcium channels are of central importance in the understanding of 

cellular regulation by calcium. It is the opening of these channels that results in elevation of 

cytoplasmic [Ca2+] and therefore the calcium signal. lon channels can be characterized by five 

properties: 1) selectivity of particular ions over others, 2) conductance rate, 3) mechanism of 

gating or activation, 4) inactivation or closing following activation and 5) pharmacology. lon 

channels that are more or less selective for calcium ions are classified according to their gating 

mechanism (reviewed by Meldolesi and Pozzan 1987). Voltage-operated channels (VOCs) are 

activated by membrane depolahzation, whereas gating of receptor-operated channels (ROCs) 

and second-messenger-operated channels (SMOCs) results from binding of an activator to a 

receptor. The VOCs for calcium are the best charactehzed and can be subdivided into 3 types 

(Nowycky et al. 1985, reviewed by Tsien et al. 1988). L-type or long-lasting channels are 

characterized by activation in response to strong depolahzation and sensitivity to dihydropyhdine 

(DHP) calcium channel blockers. Conductance is large and these channels function in the 

regulation of cytoplasmic [Ca2+]. T-type or transient channels are activated by small 

depolahzations and are insensitive to dihydropyridines. Conductance is small and they usually 

do not function in the regulation of cytoplasmic [Ca2+], but instead act as pacemakers. Finally, N-

type channels are activated by strong depolahzation, but their conductance is intermediate and 

they are insensitive to DHPs. N-type channels were first detected in neurons and appear to 

function in neurotransmitter release. 

L-type calcium channels are the best charactehzed and most similar to the calcium 

channels in plants. They have been purified by photoaffinity labeling with DHP dehvatives (Curtis 

and Catterall ir^4, Borsotto et al. 1984), allowing the use of biochemical and molecular biological 

techniques, in addition to biophysical methods, to gain an understanding of structure and function 

relationships at the molecular level. Voltage-dependent L-type calcium channels share structural 

and functional charactehstics, as well as evolutionary ancestry, with voltage-dependent sodium 
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and potassium channels, so our understanding of calcium channels has been enhanced by 

drawing analogies with their well-studied relatives (review by Catterall 1988; Jan and Jan 1989). 

In contrast to those dehved from animal tissues, the calcium channels of plant cells are not well 

charactehzed. Until the last few years, suggestions of the existence of calcium channels in plant 

cells were purely speculative, based only on membrane binding and inhibition of cellular 

processes in plants by DHPs and other blockers of animal cell calcium channels (Gilroy et al. 

1987a). Recently, biophysical evidence for calcium channel in giant algal cells has been obtained 

(Shiina and Tazawa 1987) and DHP-binding proteins have been partially puhfied from plant cells 

(Han/ey et al. 1989a,b), paving the way for reconstitution in artificial membranes. 

1.3.3.2 BioDhysinR The biophysical study of ion channels, pioneered by Hodgkin and 

Huxley (1952), deschbes the flow of ions through membrane channels in terms of potential and 

current governed by Ohm's law: E=IR where E is the membrane potential, I is ionic current and R 

is resistance. This phnciple has been used to investigate channel permeation (including ion 

selectivity and blocking due to ion-ion interaction) and channel gating (including activation and 

inactivation mechanisms). The voltage clamp technique facilitates the measurement of current in 

response to an applied potential maintained by intracellular electrodes (see HiIIe 1984). The 

current measured by voltage clamp is the average for many channels, therefore currents due to 

permeation and gating are not differentiated. The patch clamp technique (Sakmann and Neher 

1984) is used to measure currents across a small patch of membrane that is tightly adhered to a 

fire polished pipette. This technique makes it possible to record the activity of single channels 

leading to clear differentiation of the permeation and gating conthbutions to the total current. The 

patch clamp technique also has the advantage that the membrane patch can be detached from 

the cell so that the solutions on both sides of the membrane can be controlled and modified. 

Calcium channels are capable of high fluxes and extreme Ca2+ selectivity (Tsien et al. 

1987). In a sehes of investigations, Tsien and coworkers, as well as others (reviewed by Tsien et 

al. 1987), have provided strong evidence that the selectivity mechanism involves binding of 

calcium to specific binding sites within the pore. In their model, the calcium channel consists of a 

single-file pore with two calcium binding sites. The argument against a size exclusion mechanism 

for Ca2+ selectivity is two-fold. First, there is a lack of independence of single channel fluxes for 

different ions, e.g., Na+ (or other monovalent) flux through calcium channels is much greater in 

the absence of Ca2+ (or other divalents). Second, the pore diameter of the calcium channel, in 

the absence of Ca2+, was found to be 6A by permeation of organic molecules; this is the same 

size as hydrated Ca2+, but much larger than hydrated Na+ or K+. The binding of calcium to the 

channel as a mechanism for selectivity is supported by saturation of calcium current at high 

extracellular concentrations and competition between permeable ions with different binding 
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affinities. These obsen/ations alone do not explain the rapid flux of calcium because ions that 

bind tightly to the channel will be released slowly. Hess and Tsien (1984) explained rapid flux in 

terms of a calcium channel consisting of a single-file pore with two binding sites. Binding of Ca2+ 

(thermodynamically favored) in the pore excludes other ions, whereas electrostatic repulsion 

between two bound calcium ions promotes flux of calcium ions through the pore by overcoming 

slow dissociation of Ca2+ from its binding site. 

Voltage-dependent gating of ion channels was first noted by Hodgkin and Huxley (1952). 

They found that voltage dependence was described by a steep, sigmoidal cun/e and proposed a 

mechanism involving movement of charged "gating particles" in response to voltage (reviewed by 

Chad 1989). Hodgkin and Huxley's mechanism predicted that a gating current would accompany 

gating and this current was finally detected by Armstrong (1981), who proposed that sthngs of 

negative charges paired with positive charges span the membrane and move with respect to one 

another in response to voltage changes. Charged groups conforming to this prediction were 

found when the calcium channel amino acid sequence was elucidated as deschbed below. 

In addition to the open state and closed or resting state, ionic channels have an 

additional closed state, the inactivated state, from which they cannot open in response to 

depolahzation (Hille 1984). An understanding of inactivation phenomena is essential for 

interpreting the mechanisms of action of channel blocking drugs. Inactivation is a property of 

single channels, however it was ohginally studied in populations with voltage clamp techniques. 

In voltage clamp studies, inactivation manifests itself as a decrease in current duhng 

depolarization and reduction in the peak current duhng subsequent depolahzations. When single 

channel activity was recorded by patch clamping, inactivation was shown to result from 

decreases in opening probability (Reuter et al. 1982). Inactivation, regulated by both intracellular 

calcium and voltage, has been shown to be highly vahable depending on the tissue measured 

(Tsien 1983). Much of this vahability can be accounted for by differences in inactivation behavior 

of different calcium channel types (Chad 1989). 

Ca2+-dependent inactivation of some L-type calcium channels is now thought to be due 

to dephosphorylation of a calcium channel protein (Reuter 1983). The evidence is as follows 

(reviewed by Chad 1989, Hosey and Lazdunski 1988): 1) excised membrane patches lose their 

ability to conduct Ca2+ very quickly, a phenomenon known as 'wash-out,' 2) 'wash-out' can be 

prevented by applying cAMP-dependent protein kinase and Mg-ATP, or Ca2+ buffers to the 

cytoplasmic sideof the membrane, 3) the Ca2+-activated protein phosphatase calcineunn 

enhances the rate of inactivation in a Ca2+-dependent manner, 4) a subunit of isolated calcium 

channels has been shown to be phosphorylated by cAMP-dependent protein kinase and 

dephosphorylated by calcineuhn. In addition to inactivation, cAMP-dependent phosphorylation 
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may regulate calcium channels in response to neurotransmitters (reviewed by Hosey and 

Lazdunski 1988). Electrophysiological studies have also shown that calcium channels are 

regulated by protein kinase C and cGMP-dependent protein kinase. Calcium channels can be 

phosphorylated in vitro by Ca/calmodulin-dependent protein kinase, but the functional role has 

not been tested. Finally calcium channels are also regulated by G-proteins (reviewed by Dunlap 

etal. 1987). 

1.3.3.3 Biochemistrv. The DHP-receptor was first puhfied from rabbit skeletal muscle by 

lectin affinity chromatography and DHP photoaffinity labeling (Curtis and Catterall 1984, Borsotto 

et al. 1984). Further refinement of the purification methods (see Campbell et al. 1988) showed 

that the receptor consists of 4 subunits, one of which can be cleaved by disulfide reduction into a 

large and a small subunit (reviewed by Campbell et al. 1988, Caterall 1988). Strong evidence 

that the DHP-binding complex is actually a calcium channel has been supplied by reconstitution 

expehments (Curtis and Catterall 1986; Flockerzi et al. 1986). The reconstituted protein was 

shown to bind DHP and conduct calcium currents as determined by ^^0^2+ uptake and 

electrophysiology. However, only 5% of the DHP receptors functioned in Ca2+ transport (Curtis 

and Catterall 1986), indicating that regulatory mechanisms have yet to be understood. Muscle 

has 50-100 times the DHP receptors as other tissues, a property that has facilitated receptor 

isolation from this tissue. One explanation for the low reconstitution percentage is that some of 

these DHP receptors may function as voltage sensors for SR calcium release and not as calcium 

channels. This suggestion was made on the basis of a more direct correlation between drug 

binding and effectiveness in other tissues (Sanguinetti and Kass 1984). 

Biochemical charactehzation of calcium channels has also paved the way for 

investigations in other areas. Isolated channels have been visualized by electron microscopy 

(Leung et al. 1983) and puhfied subunits have been used to generate antibodies (see Campbell 

et al. 1988). Phosphorylation of some subunits has been proposed to serve regulatory functions 

(Flockerzi et al. 1986). Finally, sequence determination of a portion of the channel protein has 

led to complete sequence determination by cloning (Tanabe et al. 1987). 

1.3.3.4 Molecular bioloov. Cloning and sequencing of the DHP-sensitive calcium 

channel â  subunit has shown that this subunit contains four homologous domains, each 

containing 6 hydrophobic a-helical domains (Si-Se) that are thought to be membrane spanning 

(reviewed by Catterall 1988). The â  subunit sequence is remarkably similar to that of the a 

subunit of the vo'tage-dependent sodium channel from rat brain (29% of the amino acid sequence 

is identical and another 36% consists of substitutions with chemically similar amino acids). 

Furthermore, the potassiumA channel isolated from shaker mutants of Drosophila is similar to one 

of the four homologous domains of calcium and sodium channels. The transmembrane 
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organization proposed forthe sodium channel (Noda et al. 1984) is thought to apply to the DHP-

sensitive calcium channel as well (Tanabe et al. 1987). In this model, the channel has six 

membrane-spanning segments per homologous domain with hydrophilic domains projecting into 

the cytoplasm or cell surface. 

Specific structural regions of voltage-dependent ion channels have been linked with pore 

formation and voltage sensitivity. Based on electron microscopy and analogy with nicotinic 

acetylcholine receptors, the four homologous domains of sodium and calcium channels are 

thought to form a square with a pore in the center (reviewed by Catterall 1988). Potassium 

channels appear to occur as tetramers with four identical subunits surrounding the pore. 

Transmembrane segments from each of the four homologous domains or subunits are thought to 

line this pore. Oiki et al. (1988) have shown that synthetic peptides corresponding the S3 

segment of the voltage-dependent sodium channel can form ion conducting channels in artificial 

membranes, indicating that this segment may line the pore in intact channels. Voltage-sensitivity 

of ion channels is thought to reside in another of the transmembrane segments, S4, found in each 

of the homologous domains or subunits and highly conserved among the voltage-dependent ion 

channels (reviewed by Catterall 1988, Jan and Jan 1989). S4 is charactehzed by basic amino 

acids in every third position; these positive charges may function as the voltage-sensitive gating 

particles first proposed by Hodgkin and Huxley (1952). The "sliding helix" or "helical screw" model 

(reviewed by Catterall 1988) proposes that S4 forms a helix with its positive charges paired with 

negative charges on S ,̂ S^ and S3. When the membrane depolahzes, S4 moves in a outward 

spiral and forms new ion pairs, thus changing the conformation of the channel to allow ion 

conductance. 

1.3.3.5 Pharmacoloov. Calcium channel binding drugs or ligands have been used in 

several ways to advance our understanding of calcium channel function. First, drugs have been 

used as biochemical probes to help identify and purify calcium channels. Second, application of 

drugs in conjunction with electrophysiological techniques have led to a better understanding of 

channel functions such as gating and inactivation. Third, calcium channel blockers and activators 

have helped identify calcium-mediated physiological processes in a vahety of cells and tissues. 

The best charactehzed calcium channel binding drugs are all effective against L-type 

calcium channels. These drugs fall into 3 classes: the DHPs mentioned previously, the 

benzothiazipines (e.g., diltiazem) and the phenylalkylamines (e.g., verapamil and D600). Drugs 

of each class bind to separate receptors that are allostehcally linked such that the binding of a 

drug from one class influences binding to other receptors (reviewed by Hosey and Lazdunsky 

1988). Dihydropyhdines are especially interesting in that some members of this class activate 

whereas others block calcium currents. In particular, stereoisomers of DHPs BAY K 8644 



32 

(Schramm et al. 1983) and 202-791 (Hof et al. 1985) have opposite effects on channel activities. 

There is some question whether activating and blocking DHPs bind to the same or different 

allostehcally-linked receptors (see Hosey and Lazdunski 1988). It is also not known how DHP 

binding alters channel conductance, but it has been proposed that the gating behavior of calcium 

channels is influenced by drug binding (Hess et al. 1984). They proposed that calcium channels 

have three gating states: channels in state 0 are unavailable for opening, those in state 1 open 

frequently for a short duration and those in state 2 open infrequently for a long duration. The 

opposite effects of activating and inhibiting DHPs was explained by channel blockers favohng 

state 0, whereas activators favor state 2. This may also be related to regulation by cAMP, G-

proteins and protein-kinases. The modulation of ligand-binding has been determined phmahly by 

voltage clamp and vesicle reconstitution studies. Drug binding is strongly voltage-dependent, 

leading to the suggestion that DHP binding is state dependent, the highest affinity being for 

inactivated channels (reviewed by Hosey and Lazdunski 1988). 

The modulation of calcium currents by calcium channel ligands is strongly tissue specific. 

This specificity may arise from a vahety of factors (reviewed by Triggle and Janis 1987); 1) 

pharmacokinetics; 2) Ca2+ pool mobilized (intra- or extracellular); 3) Ca2+ channel class; 4) state-

dependent interactions; 5) non-specific effects (action at sites other than calcium channels) and 

6) pathologic state. The influence of extracellular pH (Sanguinetti and Kass 1984; Uehara and 

Hume 1985; Kass and Arena 1989), although not mentioned by Triggle and Janis (1987), is of 

particular importance to those studying plant cells. Whereas most expehments with animal tissue 

are carhed out at neutral pH, many plant tissue cultures are incubated at pH 5-6 (e.g., Murashige 

and Skoog 1962), which can have a profound influence on the effectiveness of channel blockers. 

The influence of extracellular protons on the interaction between channel ligands and their 

receptors is complex. These interactions are deschbed here because of their relevance to the 

use of channel blockers in plant tissue cultures. 

The modulated-receptor hypothesis proposed by Hille (1977) addresses pH- and state-

dependent interactions of local anesthetics with sodium channels in terms of voltage- and time-

dependent conformations of the receptor and multiple physical pathways by which the drugs 

reach their receptors. The modulated receptor hypothesis, shown below, states that channels 

can exist in 3 interconvertible states: open (O), resting (R) and inactivated (I). 

R I 

O 

O* 

R* r 
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Drugs can bind to receptors in any state, the drug-receptor complex being represented O*, R* or 

r (all non-conducting states). The kinetics of drug binding are altered by the receptor state with 

increased affinity in state O and I. In addition, R-O-l transitions differ kinetically from R*-0*-r 

transitions. The drug receptor is thought to occur in the channel pore, separated from the outside 

by the selectivity filter (Fig. 1.4). Neutral drug molecules can access the binding site directly via 

the membrane (hydrophobic pathway), whereas ionized drug molecules access the receptor from 

the cytoplasm through the intracellular mouth when the channel is open (hydrophilic pathway). 

Note that only neutral drug molecules can gain access to the cytoplasm in the first place. 

Therefore, permanently charged drug molecules applied extracellularly are prevented from 

binding to the receptor because they cannot gain access to the hydrophilic pathway from the 

cytoplasm. The ionization state of the bound drug also influences recovery because neutral drug 

molecules can leave the binding site via the hydrophobic pathway whereas ionized drug 

molecules must leave via the hydrophilic pathway when the channel is open. Decrease in 

extracellular pH reduces access to the receptor and slows recovery by altering the proportion of 

the drug that is in the neutral versus the ionized form. 

The modulated receptor hypothesis was developed to explain the observed 

charactehstics of sodium channel block by local anesthetics (Hille 1977, HiIIe 1984). One of 

these charactehstics, use- orfrequency-dependence of block, is identified by applying repeated 

depolahzing pulses to voltage clamped cells in the presence of channel blockers (Hille 1984, 

Hondeghem and Katzung 1984). If block increases (calcium current decreases) with repeated 

pulses, block is considered to be use-dependent (see Hille 1984, Hondeghem and Katzung 1984 

for review). The depolahzing pulses cause channels to activate then inactivate, so if the drug has 

a higher affinity for open or inactivated channels than for resting channels or if the voltage- or 

time-dependence of gating is different for bound versus free channels, then use-dependence 

occurs. Another charactehstic is voltage dependence of inactivation or recovery (see Hille 1984, 

Hondeghem and Katzung 1984 for review). The 1* state is more stable than I, so duhng repeated 

depolahzing pulses, the 1* state accumulates. Recovery from block occurs along one of two 

paths: r->l->R or l*->R*->R. The l*->R* pathway can occur only at negative membrane 

potentials, thus increasing the rate of recovery under these conditions, i.e., voltage dependence 

of recovery. Use-dependence and voltage dependence of recovery can also occur due to 

increased access to the hydrophilic pathway for the release of the charged form of the drug from 

the receptor. 
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extracellular 
space membrane cytoplasm 

Fig. 1.4 Hydrophobic and hydrophilic pathways of drug binding. The 
hydrophobic pathways (straight lines) are accessible to neutral forms of the drug 
( O ). The hydrophilic pathways (curved lines) are accessible to both neutral and 
charged (-f-) forms of the drug. 
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The observation that calcium channel blockade also exhibits use-dependence and 

voltage-dependence of recovery along with pH-dependent effects indicates that the modulated-

receptor model also applies to calcium channel blockers (Heschler et al. 1982, Lee and Tsien 

1983, Sanguinetti and Kass 1984; Uehara and Hume 1985, Kass and Arena 1989). Verapamil 

and diltiazem were initially found to express strong voltage- and frequency dependent block 

(reviewed by Hondeghem and Katzung, 1984). In addition, Heschler et al. (1982) found that a 

permanently charged form of phenylalkylamine effectively blocked calcium current when applied 

internally, but not when applied externally. Initially, DHPs were thought not to express voltage-

and use-dependence, but later it was found that under the right conditions DHP block is indeed 

voltage dependent (Sanguinetti and Kass 1984, Uehara and Hume 1985). Unlike 

phenylalkylamines and benzothiazipines, most DHPs are entirely neutral at physiological pH, but 

when charged DHP dehvatives were tested, block was found to be frequency-dependent as well 

(Sanguinetti and Kass 1984, Uehara and Hume 1984, Kass and Arena 1989). 

Several differences between sodium and calcium channel blockers have also been 

pointed out and the modulated receptor hypothesis has been modified accordingly (Uehara and 

Hume 1985, Kass and Arena 1989). Uehara and Hume (1985) found that part of the pH-induced 

changes in the blocking kinetics of diltiazem were independent of the effect of ionization. They 

proposed that diltiazem binds to a second binding site, inaccessible to extracellular protons and 

that occupation of both sites influences calcium current. Kass and Arena (1989) proposed a 

second model for DHP-receptor interactions, which they felt must be considered along with the 

modulated receptor model. In their model, the DHP-receptor is not in the channel pore, but in the 

bilayer near the extracellular surface of the membrane. Dihydropyhdines are lipophilic even when 

ionized so both forms can reach the receptor by the hydrophilic pathway. The alternate forms of 

the drug occupy a different position in the bilayer with the ionized form occurhng closer to the 

polar head groups. State-dependent conformation changes could therefore influence the access 

of the different forms of the drug to the receptor. In addition, the drug-receptor complex would be 

accessible to extracellular protons as indicated by expehmental results. Since diltiazem and 

DHPs bind to different receptors, these are not competing models, but may describe different 

positions and mechanisms for different classes of receptors. 

1.3.3.6 Calcium channels in plants. Charactehzation of calcium channels in plants lags 

far behind studies in animal tissues. The phmary reason for this is the low concentration of 

calcium channels in plant cell membranes. Skeletal muscle, hch in DHP-binding sites and the 

only tissue from which calcium channels have been isolated, has no counterpart among plant 

tissues. Still, some progress has been made, particulahy over the last few years, toward 

demonstrating the occurrence of calcium channels in plants and attempting to characterize them. 
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The first biochemical evidence suggesting that plant cells have calcium channels was the 

demonstration that the DHP [3H]nitrendipine binds specifically to membranes isolated from pea 

shoots (Hethehngton and Trewavas 1984). Subsequently, Andrejauskas et al. (1985), using 

fractionated zucchini membranes, demonstrated that specific [3H]verapamil binding sites occur 

pnmahly in the plasma membrane. Further studies revealed that the auxin transport inhibitor 

3,4,5-thiodobenzoic acid stimulates specific [3H]verapamil binding to zucchini membranes as well 

as to rabbit skeletal muscle membranes (Andrejauskas et al. 1986). The correlation between 

inhibition of 45ca2+ uptake by carrot protoplasts and membrane binding of 10 different calcium 

channel blockers was demonstrated by Graziana et al. (1988). In contrast to the results of 

Hethehngton and Trewavas (1984), Graziana et al. (1988) could not detect binding of any of the 

four DHP drugs they tested. These compounds were also ineffective inhibitors of 45ca2+ influx. 

The definitive proof of the existence of a calcium channel protein in plant cell membranes 

demands reconstitution of channel function in lipid vesicles with isolated proteins. This has not 

been accomplished, but Harvey et al. (1989a,b) have isolated a protein from Zea mays that they 

believe to be the calcium channel protein. The verapamil-binding protein was enhched 120-fold 

by ion-exchange, gel-filtration and hydrophobic-interaction chromatography. The major 

component of the enhched fraction was a 169 kD polypeptide, comparable in size to the major 

subunit of the skeletal muscle calcium channel. However, antibodies to phenylalkylamine and 

verapamil receptors from skeletal muscle did not cross-react with this polypeptide (Harvey et al. 

1989b). 

Biophysical investigations of plant calcium channels have focused largely on the 

Characean algae. The cells of these algae have the advantage of being large and their 

membranes exhibit excitability. Most important, it is possible to remove the tonoplast from 

Characean cells by perfusing the vacuole with ethylene glycol bis-(amino-ethyl ether) N,N,N''Ni-

tetraacetic acid (EGTA)-containing medium (Williamson 1975). Unlike intact cells, only one 

current is activated during action potentials in tonoplast-free cells. The presence of Ca2+ 

channels was unequivocally demonstrated in tonoplast-free cells of Nitellopsis obtusa by Shiina 

and Tazawa (1987). This conclusion was based on the Nernstian behavior of action potential 

current and voltage in response to changes in [Ca2+], reduction of the current by La3+ and 

nifedipine, increase of the current by BAY K 5552 (Ca2+-channel activator) and failure to detect 

evidence of a chlohde current associated with the action potential. The inward Ca2+ current was 

balanced by an outward K+ current. Although calcium channels have not been demonstrated 

hgorously in higher plants, the dependence of the action potential on extracellular Ca2+ channels 

in excitable cells of higher plants is similar to that of N. obtusa (lijima and Sibaoka 1985, Hodick 

and Sievers 1989). This strongly indicates the presence of voltage-dependent Ca^* in higher 
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plants. Some regulatory aspects of Ca2+ function have also been explored in Characean cells. 

ATP and Mg2+ are required for action potentials in tonoplast-free cells, indicating the need for 

metabolic energy (Williamson 1975). Membrane excitation has also been shown to be regulated 

by protein phosphorylation (Shiina and Tazawa 1986). Finally, a role for cAMP in the regulation 

of Ca2+ channels in N. obtusa has been proposed on the basis of stimulation of Ca2+ current by 

theophylline (an inhibitor of cAMP phosphodiesterase) and inhibition by the cAMP phosphodi-

esterase stimulator forskolin (Zherelova 1989). 

The first reported effect of calcium channel blockers on plants deschbed the inhibition of 

cytokinin-induced budding in Funariaby the phenylalkylamines D600 and verapamil (Saunders 

and Hepler 1983). Since then, the effects of these drugs on organisms from algae to higher 

plants have been reported (Fig. 1.5). 

1.3.3.7 Intracellular calcium release. In addition to plasma membrane Ca2+ channels, 

intracellular compartments such as the ER and SR contain Ca2+ channels. Release of Ca2+ from 

the SR in muscle cells has been studied extensively (reviewed by Fill and Coronado 1988). 

Using the SR Ca2+-channel blocker ryanodine, the channel protein has been isolated and 

functionally reconstituted. The so-called ryanodine receptor is a large protein that spans the SR 

and the sarcolemma. Besides ryanodine, SR Ca2+-channels are blocked by ruthenium red and 

activated by caffeine. It is not clear whether release of Ca2+ from the SR is regulated by direct 

voltage transmission or second messengers. However, there is evidence of regulation by 

calmodulin, nucleotides, Ca2+, Mg2+, proton and inositol thsphosphate (review by Fill and 

Coronado 1988). Alternatively, the ryanodine receptor has voltage sensing capabilities indicating 

direct voltage regulation. 

Recently, attention has turned to the release of Ca2+ from intracellular stores in non-

excitable cells, which is regulated by the products of the inositol phosphate pathway (see 

Berhdge and Irvine 1984 for review). The components of the transduction cascade, as they are 

known in animal cells, are as follows. First, a membrane receptor binds an extracellular signal 

molecule, such as a hormone. The bound receptor interacts with a G-protein to stimulate 

phospholipase C (PLC). PLC catalyzes the hydrolysis of phosphatidylinositol-bisphosphate 

(PIP2) to form inositol thsphosphate (IP3) and diacylglycerol (DAG). The formation of these two 

metabolites results in a bifurcating pathway; IP3 releases calcium from intracellular stores and 

DAG lowers the calcium threshold for activation of protein kinase C. IP3 and DAG are then 

recycled via inositol-1-phosphate phosphatase and CDP-DAG inositol transferase. 

Some components of the PI pathway have been identified in plants, but sthking 

differences in the metabolism of inositol phospholipids have also been recognized (see Boss 

1989 for review). Polyphosphoinositides have been isolated from vanety of plants and identified 
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PROCESS REFERENCE 

cytokinin induced betacyanin accumulation 
cytokinin induced bud formation in Funaria 

cytokinin induced bud formation in Torenia 
lAA induced elongation 
lAA regulated xyloglucan glycosyltransferase 

phytochrome-mediated movements in Cassia 
red light-induced protoplast swelling 
red light-stimulated fern spore germination 

photopehodic flower induction 
reversal of TMB-8-induced inhibition 

callose depostion 
phytoalexin accumulation in potato tubers 
tubehzation in potato 
injury and cold shock in corn roots 
metaphase transit in Tradescantia stamen hairs 

growth and development, cytoplasmic streaming 
germination and tip growth in Fucus embryos 
cell plate initiation 
root initiation and growth 
cell division in Vittaria 
rhizoid elongation, anthehdium formation 

growth inhibition in stressed soybeans 
Polar growth in lily pollen tubes 
cytoplasmic calcium detected by Fura-2 
calcium gradient visualized with Fura-2 
membrane current 
action potential and cytoplasmic streaming 

pollen germination 
callose formation in pollen tubes 
shape change in Euglena 
xylogenesis in lettuce pith explants 
TE differentiation in Zinnia cultures 

Vallonetal. 1989 
Saunders and Hepler 1983 
Conrad and Hepler 1988 
Tanimoto and Harada 1986 
Cunninghame and Hall 1986 
Brummell and Maclachlan 1989b 

Roblinetal. 1989 
Bossenetal. 1988 
Wayne and Hepler 1984 
Wayne and Hepler 1985 
Fhedmanetal. 1989 
Brummell and Maclachlan 1989a 

Grotha 1986 
Zooket al. 1987 
Balamani et al. 1986 
Rincon and Hanson 1986 
Wolniak and Bart 1985 
Hepler 1985 

Lehtonen 1984 
Kropf and Quatrano 1987 
Hepler1985 
Muto and Hirosawa 1987 
Ruthetal. 1988 
Ruthetal. 1988 

Jones and Mitchell 1989 
Reissand Herth 1985 
Clarkson et al. 1988 
Brownlee and Pulsford 1988 
Tsutsuiet al. 1987a 
Tsutsuietal. 1987b 

Bednarska 1989b 
Bednarska 1989c 
Lonergan and Williamson 1988 
L. W. Roberts and Baba 1987 
A. W. Roberts and Haigler 1990 

Fig. 1.5. Processes inhibited by lanthanum and organic calcium-channel blockers in plants. 
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by chromatography against known standards (see Boss 1989 for review). In addition, the plasma 

membrane of plant cells is enhched in PIP, PIP^ (Wheeler and Boss 1987), PI and PIP kinases 

(Sandelius and Sommahn 1986, Sommahn and Sandelius 1988) and PLC (Melin et al. 1987, 

Pfaffman et al. 1987, Tate et al. 1989). HPLC is the preferred method for separating inositol 

phosphates from plant matehals, since ^H inositol labelled cell wall components may comigrate 

with IP3 on Dowex columns (Morse et al. 1987a). HPLC has been used to demonstrate the 

presence of IP3 in several plants (Dillenschneider et al. 1986, Coté et al. 1987, Morse et al. 

1987b, Ettlinger and Lehle 1988). In contrast, IP3 has not been detected in carrot cell extracts 

(Boss 1989). 

The demonstration of Pl turnover in plants has been a bit more problematic. The 

amounts of PIP and PIP^ are very low compared to animal cells, and the amount of IP3 resulting 

from their hydrolysis may be near the limits of detection (Boss 1989). In addition, the appearance 

of IP3 in animal cells peaks shortly after stimulation and then becomes undetectable. With a few 

exceptions, plants respond slowly to external stimuli so the IP3 peak may be difficult to resolve. 

Ettlinger and Lehle (1988) reported a transient increase in IP^ and IP3 in G^ arrested suspension 

culture cells in response to auxin. However, Boss (1989) claimed that the amount of IP^ and IP3 

recovered was too high to have been dehved from reported amounts of PIP and PIP^. According 

to Boss (1989), results from Satter's group (Morse et al. 1987b) are more credible. They 

demonstrated the recovery of 30% more IP^ and IP3 from Samanea pulvini after a 30 sec light 

treatment. More recently, Zbell et al. (1989) reported that Pl turnover was stimulated by auxin in 

isolated carrot membranes, but their separations were performed by ion-exchange 

chromatography, not HPLC. Strasser et al. (1986) identified no change in inositol phosphates or 

phosphatidylinositides when fungal elicitors of phytoalexins were added to parsley and soybean 

cultures. These authors suggested that the response to elicitors may have been too rapid to 

detect by their methods. It is interesting to note that changes in IP3 have been identified in 

pulvini, which react very rapidly, but not from slow reacting tissues. 

The second product of PIP^ hydrolysis, DAG, has also been identified in plants (Morse et 

al. 1988). However, Morré et al. (cited in Boss 1989) has reported that DAG levels in soybean 

hypocotyls do not change in response to 2,4-D. Stimulation of in vitro protein phosphorylation by 

DAG and its analogues has been reported in plants (Morré et al. 1984, Schafer et al. 1985, Oláh 

and Kiss 1986, Elliott and Skinner 1986). A Ca2+-dependent protein kinase from wheat embryos 

has been shown to have substrate specificity very similar to that of animal protein kinase C (Polya 

et al. 1989). However, the PKC from plants is different from that of animals in that it does not 

bind to phorbol esters (Elliott and Skinner 1986). Stimulation of mitosis by the DAG analog 1.2-

dioctanoylglycerol (1,2-DOG) and inhibition by protein kinase inhibitors has been reported 
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(Larsen et al. 1989). Inhibition of mitosis by the PKC inhibitor neomycin is reversible with DOG 

(Chen et al. 1988). However, to date, there are no reports of DAG stimulated protein kinase 

activity in vivo in plants (Boss 1989). 

Even though the demonstration of induced IP3 synthesis in plants is less than definitive, 

release of calcium from plant-dehved microsomes in response to IP3 has been shown (Drobak 

and Ferguson 1985, Reddy and Poovaiah 1987, Schumaker and Sze 1987, Canut et al. 1989). 

The IP3 sensitive membranes from plants appear to be derived from the vacuole (Schumaker and 

Sze 1987, Ranjeva et al. 1988). Calcium was released from permeabilized protoplasts by IP3, 

but the role of the vacuole was not clear (Rincon and Boss 1987). Sequestration in the ER of 

plant cells has been proposed on the basis of CTC fluorescence (Palevitz and Hodge 1984, Allen 

and Brown 1988, A. W. Roberts and Haigler 1989, Chapter 3), antimonate precipitation (Wick and 

Hepler 1980, 1982) and lndo-1 ratio imaging (Bush et al. 1989). Calcium accumulation by the ER 

of aleurone protoplasts was induced by gibberellic acid (Bush et al. 1989). Recently, Allan et al. 

(1989) showed that GTP induced calcium release from zucchini microsomes. GTP hydrolysis 

was required indicating the G-proteins were not involved. In animal cells, it has been proposed 

that GTP promotes the fusion of IP^-sensitive and IP^-insensitive pools. GTP may have a similar 

effect in plant cells, although IPs-induced calcium release was not detected in the expehments of 

Allanetal. (1989). 

A blockerof intracellularcalcium release, TMB-8 (Malagodi and Chiou 1974), has been 

shown to be effective in plant cells. This drug inhibited IP^-induced calcium efflux by intact 

vacuole (Ranjeva et al. 1988) and tonoplast vesicles (Schumaker and Sze 1987). Saunders and 

Jones (1988) noted that CTC fluorescence increased when Funaria protonemata were treated 

with TMB-8. Inhibition by TMB-8 has been demonstrated for adventitious root growth (Muto and 

Hirosawa 1987), auxin stimulated growth and cell wall synthesis (Brummel and MacLachlan 

1989b), budding in Funaria (Saunders and Hepler 1982) and cell plate formation in Funaria 

(Saunders and Jones 1988), implicating the involvement of intracellular calcium release in these 

processes. 

Plant cells have the chemical intermediates known to be involved in the Pl pathway in 

animals. In addition, they appear to have IP3 and DAG sensitive amplification mechanisms (i.e., 

PKC and IP^-sensitive calcium release). The definitive test for the Pl second messenger system 

is the demonstration of hydrolysis of PIP^ in response to a stimulus, followed by an increase in 

cytosolic calcium and activation of PKC. This has not been demonstrated in a plant. Several 

observations indicate that the Pl pathway may operate in different ways in plants and animals. 

Inositol is used in a vahety of biosynthetic pathways in plants such as polysacchahdes and phytic 

acid (IPe) synthesis (see Loewus and Loewus 1983). Incorporation of inositol into the Pl pathway 
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is also more complex in plants than in animals. Inositol can exchange with PI independently of 

CDP-DAG inositol transferase (Sexton and Moore 1981, Sandelius and Morré 1987). Another 

difference between plants and animals is that PLC is not activated by G-proteins in plants (Melin 

et al. 1987). The synthesis of inositol is not rate-limiting in the formation of PI in plants (Loewus 

and Loewus 1983) and plant inositol-1-phosphate phosphatase is not very sensitive to lithium 

(Loewus and Loewus 1982), which effectively inhibits Pl turnover in animals (Hallcher and 

Sherman 1980). Nonetheless, lithium has been shown to inhibit budding in Funaria (Conrad and 

Hepler 1986), cell plate coalescence duhng cytokinesis (Chen and Wolniak 1987) and mitotic 

progression (Wolniak 1987). In each case, the effects of lithium were reversible by addition of 

inositol following lithium removal. Lithium also increases the yield of inositol phosphates isolated 

from plants (DiIIenshneider et al. 1986, Ettlinger and Lehle 1988). As mentioned before, plants 

have high levels of lysophospholipids (Wheeler and Boss 1987) and phospholipase A, which 

catalyzes their formation, may be activated by stress (Leshem 1987). PIP and PIP^ occur in 

correspondingly small amounts in plants and IP3 may occur in amounts that are nearly 

undetectable. Based on these obsen/ations, Boss (1989) has suggested that PI mediated signal 

transduction in plants may differ from the pathway that has been so extensively charactehzed in 

animals. In particular, molecules such as IP^, IP4, IPe and LPIP may act as signals in plants. The 

details of this regulatory mechanism remain to be charactehzed. 

1.3.4 Calcium-binding proteins 

Overview. Calcium binding proteins act as effectors in mediating intracellular Ca2+ 

signals. The variety of calcium binding proteins accounts, in part, for the diversity of roles of 

calcium in cell physiology and development. The best characterized of the animal calcium-

binding proteins include: troponin C, which mediates Ca2+-dependent contraction in muscle; 

ubiquitous and multifunctional calmodulin; parvalbumin, which is involved in muscle relaxation; 

the S-100 protein, which has unknown function; vitamin D-dependent Ca2+-calcium binding 

protein, which mediates vitamin D-stimulated calcium absorption; and calsequesthn, a calcium 

storage protein (see Dieter and Marmé 1988 for review). Other calcium-binding proteins with less 

well charactehzed functions include the annexin family (including calpactin, calelecthn and 

lipocortin, Burgoyne and Geisow 1989), centhn (Baron and Salisbury 1988) and the calcimedins 

(Moore 1986). 

Several alcium-binding proteins have been identified in plants, some of which have a 

great degree of similahty with animal calcium-binding proteins. These include calmodulin 

(Anderson et al. 1980), calcimedins (Dauwalder and Roux 1986), the calciprotein subunit of 

quinate NAD:oxidoreductase (QORase, Graziana et al. 1984), calsequesthn (Krause et al. 1989), 



42 

annexins (Boustead et al. 1989), ferredoxin (Surek et al. 1987), fructose-1,6-bisphosphatase 

(Hertig and Wolosiuk 1983), calmodulin-independent NAD kinase (Kreimer et al. 1987) and 

centhn (Salisbury et al. 1984). Calmodulin and calsequesthn appear to be involved in TE 

differentiation, so only these proteins will be discussed in detail. 

Calmodulin. Calmodulin is the best charactehzed, most widely disthbuted and most 

versatile of the calcium binding proteins. When bound to Ca2+, calmodulin can modulate a 

vahety of cellularfunctions. Since the isolation of calmodulin from plants (Anderson et al. 1980), 

the role of this protein has been studied extensively (see Marmé and Dieter 1983, Dieter 1984, D. 

M. Roberts et al. 1986, Poovaiah and Reddy 1987, Piazza 1988 for review). Calmodulin has 

been identified in many higher plants and algae and has been purified from several (reviewed by 

Piazza 1988). The amino acid sequence is highly conserved among animals, plants and algae. 

Additional similarities include the affinity towards Ca2+, potency in activating calmodulin-

dependent enzymes (both plant and animal) and binding to antipsychotic drugs (reviewed by 

Dieter1984). 

Analysis of the amino acid sequences of calmodulins from different organisms has lead 

to the development of a functional model. The calmodulin sequence consists of four homologous 

structural domains, each of which contains a high aff inity calcium-binding site. These calcium-

binding sequences take the form of the "EF hand," a model developed by Kretsinger (1980) that 

is applicable to several related calcium-binding proteins. Although plant and animal calmodulins 

are highly similar, the differences that do exist have been useful in studying the structure-function 

relationships of calmodulin (reviewed by D. M. Roberts et al. 1986). For example, plant 

calmodulins are more effective than animal calmodulins in activating the plant enzyme NAD 

kinase. The structural features that account for these differences are not completely understood. 

Interestingly, many other calmodulin-sensitive enzymes are activated to the same extent by 

animal and plant calmodulin. Plant and animal calmodulin also share immunological cross-

reactivity (Schleicher et al. 1983). 

Plant calmodulin, like animal calmodulin, can be enhched by heat denaturation or 

ammonium sulfate precipitation at low pH and puhfied by phenothiazine-sepharose affinity 

chromatography (Anderson 1983). The molecular weight of plant calmodulin estimated from 

SDS-PAGE in the presence of EGTA is 17,000 for zucchini, 17,300 for peanut and 17,000-19,000 

for spinach (see Marmé and Dieter 1983). Both plant and animal calmodulin exhibit a 

charactehstic d.- ;rease in apparent molecular weight in the presence of calcium. 

The distnbution of calmodulin in plants has been studied using enzyme activation assays, 

radioimmunoassays and fluorescence microscopy (see D. M. Roberts et al. 1986, Poovaiah and 

Reddy 1987, Piazza 1988). The results of these studies should be viewed with caution, however, 
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because there are many possible sources of error (see Piazza 1988 for details). In studies of the 

tissue disthbution of calmodulin, higher concentrations have been found in proliferating tissues 

(Muto and Miyachi 1984, Allan and Trewavas 1985, Lin et al. 1986). Calmodulin mRNA localized 

with a cDNA probe was most abundant in stolon tips of potato (Jena et al. 1989). Fractionation 

studies have revealed that most calmodulin occurs in the soluble fraction of plant cells, however 

some activity was found in mitochondha, chloroplast and microsomes (Muto 1982). Non-specific 

binding of calmodulin to organelles was not ruled out. Calmodulin has also been localized to 

nuclei and the apoplast (Biro et al. 1984), puhfied chromatin (Matsumoto et al. 1983) and 

chloroplasts (reviewed by D. M. Roberts et al. 1986). 

Indirect immunofluorescence using antibodies to calmodulin showed that calmodulin is 

associated with the spindle in dividing cells of onion root (Wick et al. 1985, Wick and Duniec 

1986, Wick 1988), Haemanthus enúosperm (Vantard et al. 1985), and pea seedlings (Dauwalder 

et al. 1986). Calmodulin appeared to be dispersed in the cytoplasm duhng interphase. In 

Euglena, the calmodulin immunofluorescence pattern coincided with those of actin, tubulin and 

myosin. Removal of extracellular calcium resulted in dismption of the actin, myosin and 

calmodulin patterns (Lonergan 1985). Calmodulin immunofluorescence was also associated with 

that of MTs in pollen tubes (Thompson and Brower 1985) and guard cells (Thompson and Brower 

1984). The phenothiazine calmodulin antagonists exhibit photoactivated fluorescence when 

bound to calmodulin. These compounds have been used to demonstrate the accumulation of 

calmodulin in the growing tips of pollen tubes, root hairs (Hausser et al. 1984) and Acetabularia 

(Cotton and Van den Dhessche 1987). 

Little is known about the regulation of calmodulin synthesis in plants. Using a cDNA 

probe from potato stolon tip, Jena et al. (1989) found that accumulation of calmodulin transchpts 

in deachened strawberry fruits was increased by auxin and that pollinated fruits contained more 

calmodulin mRNA than unpollinated fruits. They also found that light increased the calmodulin 

mRNA in Merit corn root tips, which require light to develop gravitropic sensitivity. Light 

decreased calmodulin mRNA in bahey leaves (Zielinski 1987). In potato, only a single calmodulin 

transchpt hybridized with the cDNA probe. However, in bahey, four transcripts hybhdized with an 

animal calmodulin probe (Zielinski 1987). Animal cells also contain multiple calmodulin 

transchpts. The multiple transchpts may represent different calmodulin mRNA species or mRNA 

for related calcium-binding proteins. 

Only a t. w calmodulin-dependent enzymes from plants have been directly characterized 

(i.e., shown to be stimulated or inhibited by exogenous calmodulin). These include 

Ca2+/caImodulin-dependent protein kinases (section 3.5), Ca2+/Mg2+-ATPase (section 3.2), 

QORase, NAD kinase, isoflohdoside phosphate synthetase, phospholipase and aspartate kinase 



44 

(reviewed by Piazza 1988). QORase produces an intermediate in the shikimate pathway, which 

provides the precursors for lignin synthesis. In dark grown plants, QORase contains a Ca2+-

binding subunit (Graziana et al. 1984). In light grown plants, QORase is activated by a 

Ca2+/calmodulin-dependent protein kinase. NAD kinase, isolated from chloroplasts and 

mitochondha, catalyzes the phosphorylation of NAD. This enzyme can be puhfied by calmodulin-

Sepharose affinity chromatography and was the first calmodulin-dependent enzyme identified in 

plants (Anderson et al. 1980). Isoflohdoside phosphate synthetase, which is involved in osmotic 

balance in Poterioochromonas, was stimulated by calmodulin. Stimulation by calmodulin 

antagonists was proposed to be non-specific (Kauss 1983). Many other processes in plants have 

been inferred to be calmodulin-regulated on the basis of inhibition by calmodulin inhibitors. 

A large and diverse group of pharmacological compounds are able to bind to and inhibit 

calmodulin (see Roufogalis 1982, 1985 for review). All of these compounds are amphipathic in 

nature and Prozialeck and Weiss (1982) found that the inhibitory effectiveness of diverse 

calmodulin inhibitors was correlated with their hydrophobicity. Binding of Ca2+ exposes the 

hydrophobic binding site of calmodulin, facilitating inhibitor binding. The interaction lacks 

stereospecificity as expected for hydrophobic interaction, but dependence on pH indicates that 

ionic interactions are involved as well. Structure-activity relationships of two major classes of 

calmodulin inhibitors, the phenothiazines and naphthylenesulfonamides, have been investigated 

in detail. In both cases, the hydrophobicity of the aromatic hng was found to be the major 

determinant of activity. In phenothiazines, the position of the amino group, thought to be involved 

in ionic interactions, was important (Prozialeck and Weiss 1982). In naphthylenesulfonamides, 

the position of the sulfonamido side-chain was important (Asano and Hidaka 1984). Chlohnation 

was found to increase calmodulin binding for both classes (Asano and Hidaka 1984). 

It is through the hydrophobic site that calmodulin binds to its effector proteins, so the 

calmodulin inhibitor effectively blocks the active site of calmodulin. However, hydrophobic 

molecules can also bind to other sites within the cell and the non-specific effects of calmodulin 

antagonists are widely recognized (see Roufogalis 1985 for review). Calmodulin antagonists can 

inhibit calmodulin-dependent events through non-specific interactions. This occurs when the 

inhibitor interacts with the effector enzyme directly (effector enzymes have hydrophobic regions 

through which they interact with calmodulin). Some effector enzymes are activated by limited 

proteolysis, which renders them more vulnerable to calmodulin inhibitors through exposure of the 

hydrophobic sit̂  Calmodulin inhibitors can also affect other Ca2+-dependent enzymes such as 

protein kinase C and a wide vahety of calcium-binding proteins (Moore et al. 1984). Both passive 

and active Ca2+ transport processes may be altered. Calmodulin antagonists can also bind to 

cell suríace receptors, decrease cell viability and interíere with cellular energy metabolism. The 
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amphipathic nature of calmodulin antagonists means that entry into cells can be influenced by a 

variety of conditions. As a result, studies with calmodulin inhibitor in intact cells are even more 

problematic than in vitro studies. Roufogalis (1985) has proposed 6 criteha for determining 

whether the effect of calmodulin inhibitors can be atthbuted to calmodulin antagonism: 

1. The inhibition should occur at approphate doses for calmodulin antagonism... 
2. The order of inhibitory potency in a series of structurally unrelated antagonists should 

parallel their anticalmodulin potency... 
3. The inhibition should be nonstereospecific... 
4. The inhibition should be Ca2+-dependent... 
5. The inhibition should occur without general metabolic effects. 
6. Inhibition at other possible sites of action should be eliminated using other agents. 

Calmodulin inhibitors have been used extensively to probe putative calmodulin-mediated 

physiological and developmental events in plants (Fig. 1.6). Caution must be used in interpreting 

these results, because Roufogalis' chteria are particulahy hard to meet in plants. First, high 

concentrations of calmodulin inhibitors have been used in some plant studies, but since intact 

cells are usually used, the drug concentration at the site of action is not known. Also, many of the 

developmental events studies are not well enough understood to test chtehon 6. Finally, the non-

specific effects of calmodulin inhibitors on plant enzymes and physiological processes are not 

known. Exceptions to this are the increase in free cytosolic calcium induced by several 

calmodulin inhibitors (Gilroy et al. 1987b) and the inhibition of a protein kinase by W-7 (Harmon et 

al. 1987). 

Calseouesthn. The calcium-binding protein calsequesthn was ohginally isolated from 

skeletal muscle where it resides in the lumen of the SR (for review see MacLennan et al. 1983). 

Calsequestin is a low affinity, high capacity calcium binding protein that functions in Ca2+ storage. 

Recent cloning of calsequesthn genes from rabbit skeletal muscle (Fliegel et al. 1987) and canine 

cardiac muscle (Scott et al. 1988) revealed that this protein is highly acidic, but lacks the "EF 

hand" structure charactehstic of the calmodulin family of calcium-binding proteins. Only recently 

has calsequestin been identified in non-muscle cells. In one case, calsequestin was localized to 

a specialized organelle presumed to function in calcium sequestration and named the 

"calciosome" (Volpe et al. 1988). Previously it had been assumed that calcium sequestration in 

non-muscle cells occurred in the ER (Berhdge 1987). 

The identification of calsequesthn is based on several criteha. First, calsequesthn 

appears blue in Laemmli-type gels stained with Stains-all (Campbell et al. 1983). Second, 
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PROCESS REFERENCE 

stomatal movements 
chloroplast rotation in Mougeotia 

phototaxis in Chlamydomonas 
1980 
red light-stimulated leucine uptake 
photopehodic flower induction 
phytochrome mediated fern spore germination 

tuberization in potato 
gravitropism in Avena coleoptiles 
auxin-induced elongation 
cytokinin-induced betacyanine accumulation 

Schwartz 1985 
Wagneretal. 1984 
Sehinand Roux 1984 
Hirschberg and Hutchinson 

Basuetal. 1988 
Fhedman et al. 1989 
Wayne and Hepler 1984 

Balamani et al. 1986 
Biroetal. 1982 
Ragothama et al. 1985 
Elliott1980 
Elliott 1983 
Elliottetal. 1983 

cytokinin-induced bud formation in Funaria 
calcium-regulated peroxidase secretion 

protoplast fusion 
protoplast electrofusion 

senescence 
triterpene biosynthesis in Euphorbia 
tracheary element differentiation 

osmoregulation of Poterioochromonas 
auxin transport 

cell shape change in Euglena 
cell proliferation 

glyoxylase I activity 
cytosolic calcium levels 
ethylene production in Spirodela 

proton pump activity in Chara 
action potential in Chara 
gravisensing-dependent current in corn roots 
adventitious root growth in Tradescantia 
stress-induced growth reduction 
cytodifferentiaticn of statocytes 

Saunders and Hepler 1983 
Keversetal. 1982 
Sticheret al. 1981 
Ghmes and Boss 1985 
AbeandTakeda 1986 

Leshemet al. 1984 
Piazzaetal. 1987 
Roberts and Baba 1987 
Roberts and Haigler 1990 
Kauss 1983 
Astleand Rubery 1986 

Lonergan 1986 
Baggaetal. 1987 
Dasetal. 1987 
Dasetal. 1987 
Gilroyetal. 1987b 
Fãrber and Kandeler 1989 

Tsutsui et al. 1987a 
Tsutsuietal. 1987b 
Bjôrkman and Leopold 1987 
Muto and Hirosawa 1987 
Jonesand Mitchell 1989 
Hensel 1989 

Fig. 1.6. Processes inhibited by calmodulin antagonists in plants. 
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calsequesthn expresses a pH-dependent shift in molecular weight. Therefore, calsequesthn can 

be identified by 2-D gel electrophoresis using a Weber-Osborn buffer system (pH 7.0) in the first 

dimension and a Laemmli buffer system (pH 8.7) in the second dimension, followed by Stains-all 

staining (Michalak et al. 1980). Under these conditions, calsequesthn appears as a blue spot 

separated from the arc formed by other proteins that do not show a pH depedent shift in 

molecular weight. Third, the calcium binding properties of calsequesthn can be demonstrated by 

45Ca ovehay (Maruyama et al. 1984). Fourth, antibodies to calsequesthn have been raised 

(Jorgenson and Campbell 1984, Chou et al. 1989) and used to identify calsequesthn after 

transfer to nitrocellulose. 

Calsequesthn has recently been isolated from plants (Krause et al. 1989). The protein 

enhched in a microsomal fraction isolated from Streptanthus tortuosusceW cultures was identified 

as calsequesthn on the basis of Stains-all staining, charactehstic behavior in 2-D PAGE, 45ca2+ 

binding and cross reactivity with polyclonal antibodies raised against canine cardiac calsequestin. 

The plant protein did not show strong cross-reactivity with polyclonal antibodies raised against 

skeletal muscle calsequesthn. Calsequesthn was also isolated from spinach by using the protein 

puhfication protocol developed for isolating calsequestrin from animal muscle (Krause et al. 

1989). Monoclonal antibodies against plant calsequesthn were generated by immunizing mice 

with a microsomal fraction isolated from S. tortuosus and screened using immunodot assays 

(Chou et al. 1989). These antibodies cross-reacted with the same S. tortuosus polypeptide that 

stained with antibodies raised to canine cardiac calsequesthn and bound 45ca2+. In addition, the 

monoclonal antibody to plant calsequesthn cross-reacted with calsequesthn isolated from rabbit 

skeletal muscle. 

Antibodies to calsequesthn are of great value in identifying the site of calcium 

sequestration by immunolocalization. Release of calcium from plant microsomes has been 

deschbed (Lew et al. 1986, Drobak and Ferguson 1985, Reddy and Poovaiah 1987, Canut et al. 

1989, Allan et al. 1989). Plant vacuoles can also be induced to release Ca2+ (Schumaker and 

Sze 1987, Ranjeva et al. 1988). Calcium accumulation in the ER of bahey aleurone has been 

demonstrated (Bush et al. 1989), whereas in the alga Mougeotia, calcium appears to accumulate 

in specialized vesicles (Grolig and Wagner 1987). Antimonate precipitation demonstrated the 

presence of Ca2+ in specialized smooth ER surrounding the spindle of dividing plant cells (Wick 

and Hepler 1980). It is also possible that plant cells contain specialized organelles similar to the 

'calciosomes' deschbed by Volpe et al. (1988). 
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1.3.5 Protein kinases 

Regulation of cellular events by Ca2+ can occur via Ca2+-dependent protein kinases 

(CDPK). In animal cells, Ca2+-stimulated protein phosphorylation is well known (Hunter 1987). 

One example, protein kinase C, has already been deschbed in relation to the Pl pathway. 

Phosphorylation can alter the functional charactehstics of enzymes such that: 1) the sensitivity to 

Ca2+ is altered; 2) substrate specificity is modified; 3) catalytic activity is altered or 4) the enzyme 

is released from the membrane (Blowers and Trewavas 1989). As a result, CDPK allows Ca2+-

dependent events to continue after cytoplasmic [Ca2+] has been reduced. Protein kinases allow 

for amplification of weak signals, because each kinase molecule can phosphorylate many 

substrate molecules. In addition, protein kinases increase the sensitivity and integrative function 

of cascade signal transduction systems by sensing fluctuations in the concentrations of regulatory 

and substrate molecules. 

Protein phosphorylation is well known in plant cells (see D. M. Roberts et al. 1986, 

Ranjeva and Boudet 1987, Poovaiah et al. 1987, Budde and Chollet 1988, Piazza 1988, Blowers 

and Trewavas 1989 for review). Protein kinases regulated by Ca2+, H+, redox potential, lipid, 

light and polyamines have been deschbed (Blowers and Trewavas 1989). These protein kinases 

occur in nuclei, ER and tonoplast membranes, plasma membranes, mitochondha and 

chloroplasts (Ranjeva and Boudet 1987). The CDPKs have been found in both soluble fractions 

and membrane fractions (reviewed by Blowers and Trewavas 1989). In some cases, the 

involvement of calmodulin or phospholipids has been suggested (See Harmon et al. 1987 for 

review), but in others Ca2+ appears to influence protein phosphorylation directly (Harmon et al. 

1987). In only a few cases have the substrates of plant CDPK been identified: quinate:NAD 

oxidoreductase (Refeno et al. 1982); autophosphorylating CDPK (Blowers and Trewavas 1987, 

Harmon et al. 1987); H+-ATPase of oat roots (Schaller and Sussman 1988) and sequences with 

similahty to animal protein kinase C substrates (Polya et al. 1989). The CDPK deschbed by 

Harmon et al. (1987) has since been shown to be associated with actin microfilaments in vivo and 

may be involved in the regulation of the cytoskeleton. Other substrates for CDPKs have been 

proposed, but not hgorously demonstrated (see Blowers and Trewavas 1989). Many other plant 

proteins are potential substrates for CDPKs and their idenfication and charactehzation are likely 

to provide fundamental insights into cellular regulation by Ca2+. 

Some evidence has linked protein kinase activity wiíh xylogenesis. In a PhD dissertation, 

Markland (1983 cited by Kohtsas 1988) showed that protein kinase activity and protein 

phosphorylation patterns changed duhng xylogenesis in artichoke explant cultures. Koritsas 

(1988) demonstrated that ethylene production, protein phosphorylation and xylogenesis were all 

linked in tuber explants of Helianthus tuberosis. Any treatment that induced xylogenesis also 
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promoted protein phosphorylation; inhibitors of xylogenesis decreased protein phosphorylation. It 

is not surprising that a dramatic developmental event such as TE differentiation would be 

accompanied by protein phosphorylation. Identification of some of the phosphorylated substrates 

seems a worthwhile course of investigation. 

1.3.6 Regulation of ion fluxes 

Prior to 1987, modulation of ion-transport proteins in plants by Ca2+ had not been 

demonstrated, although the phenomenon was well known in animal cells (Hille 1984). Using 

patch-clamp techniques and isolated vacuoles, Hedrich and Neher (1987) demonstrated that 

increasing extravacuolar [Ca2+] inhibited a fast vacuole (FV) ionic current and stimulated a slow 

vacuolar (SV) ionic current. Both channels allowed transport of cations and anions; the 

permeability of K+ was about 6-fold higher than that of Cl'. It was proposed that at resting levels 

of cytoplasmic [Ca2+], the FV channels allowed anions and K+ to accumulate in the vacuole. 

Elevation of cytoplasmic [Ca2+] opened SV channels to release anions and K+ when the cell was 

activated (Hedrich and Neher 1987). An accompanying reduction in the activity of the tonoplast 

proton pump was necessary for outward flux. Vacuolar ion channels regulated by cyíoplasmic 

Ca2+ have also been deschbed in the brackish water alga Lamprothamnium in which they are 

thought to function in turgor regulation (Katsuhara et al. 1989). In Lamprothamnium, elevated 

cytoplasmic [Ca2+] increases the opening probability and the duration of opening of outward K+ 

channels. Thus, elevation of cytoplasmic [Ca2+] in response to hypotonic treatment stimulates 

the release of K+ that is necessary to maintain osmotic balance. 

Plasma membrane channels regulated by cytoplasmic [Ca2+] have been identified in 

guard cells (Schroeder and Hagiwara 1989). In this case, elevated cytoplasmic [Ca2+] inhibited 

inward K+ channels, which explains the inhibition of stomatal opening by Ca2+. Elevated 

cytoplasmic [Ca2+] also opened outward anion channels. The release of anions can drive an 

outward K+ current, which explains the stimulatory effect of Ca2+ on stomatal closing. Finally, 

Ca2+-activated Ch channels have been deschbe in the plasma membrane of the Characean alga 

Nitellopsis obtusa (Shiina and Tazawa 1988). 

lon fluxes are of great importance in the regulation of turgor in plant cells, both for 

osmotic balance in aquatic plants and movements in guard cells, pulvini and insect traps. The 

regulation of ion channels is yet another example of the diversity of ways in which cytoplasmic 

[Ca2+] regulate olant cell function. 
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1.4 Functions of nalrium in olants 

The functions of calcium in the regulation of plant cell development and physiology have 

been well reviewed. The following section will concentrate on the aspects of calcium regulation in 

plants that are related to the differentiation of TEs. Some roles for calcium in TE differentiation 

have been proposed previously (L. W. Roberts 1988). The reader is referred to the following 

reviews for other examples of regulation of plant cell function by calcium (Roux and Slocum 1982, 

Roux 1984, Hepler and Wayne 1985, Allan and Trewavas 1987, Poovaiah and Reddy 1987, 

Kauss 1987, Gilroy et al. 1987a, Roux and Sehin 1987, Blowers et al. 1987, Marmé 1988, Marmé 

1989). 

1.4.1 Cytokinin 

Many examples of the role for calcium in the mediation of cytokinin-dependent events 

have been deschbed. Cytokinin-induced bud formation in the mosses Funaria hygrometrica 

(Saunders and Hepler 1981, 1982, 1983, Saunders 1986) and Pylaisiella selwynii {Sp'iess et al. 

1984) and the higher plant Torenia (Tanimoto and Harada 1986) is regulated by calcium. In the 

presence of cytokinin, Funaria protonema cells undergo distal swelling, nuclear migration and 

unequal division resulting in a 4 celled cluster termed a "bud." An increase in membrane-

associated calcium, visualized by chlorotetracycline fluoresence (section 5.2), occurs at the site 

of bud formation (Saunders and Hepler 1981). In addition, the calcium ionophore A23187 can 

replace cytokinin to stimulate budding (Saunders and Hepler 1982), whereas calcium channel 

blockers and calmodulin antagonists inhibit budding in the presence of cytokinin. Finally, 

Saunders (1986) has shown that inward calcium current, as measured with a vibrating ion probe 

(Jaffe and Nuccitelli 1974), moves from the nuclear region of the cell to the incipient budding site 

in response to cytokinin. On the basis of these expehments and others, Saunders (1986) 

proposed that cytokinin promotes actin-mediated movement of plasma membrane calcium 

channels to the site where budding will eventually take place. 

An alternative interpretation of the results of Saunders and Hepler (1981, 1982, 1983), 

has been proposed by Bopp and Jacob (1986). They noted that the cytokinin concentration 

required for unequal cell division resulting in branch formation was much lower than that required 

for bud formation. In fact some strains of Funaria seem to have high enough endogeneous 

cytokinin concentrations so that branching occurs spontaneously. Bopp and Jacob (1986) 

proposedthat S^jnders and Hepler (1981, 1982, 1983) only demonstrated a role for calcium in 

unequal division that can lead to either branch or bud formation. This seems to me to be a 

semantic argument, since Saunders and Hepler (1981, 1982, 1983) did not address the fate of 

the bud once it was formed. The report of Markmann-Mulisch and Bopp (1987) that the formation 
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of buds is calcium-independent, is a direct contradiction of Saunders and Hepler's (1981,1982, 

1983) interpretation, as well as the results of Spiess et al. (1984). They claimed that the death of 

cells that could produce buds was responsible for the decrease in the absolute number of buds 

seen in the absence of calcium. However, Markmann-Mulisch and Bopp (1987) only compare 

calcium-f ree medium with control medium. They did not investigate whether inhibition of budding 

occured at a concentration of calcium that did not cause cell death. Although Spiess et al. (1984) 

determined bud initiation at different calcium concentrations, they only reported on cell viability at 

the lowest calcium concentration used, so it is difficult to resolve this question with the information 

available. Taken in its entirety, the work of Saunders and Hepler (1981, 1982, 1983) and 

Saunders (1986) is consistent and well corroborated. In addition, Markmann-Mulisch and Bopp 

(1987) suggested that the low levels of endogenous cytokinin in their spontaneously branching 

Funaria strain may translocate endogenous calcium sources to the budding site, thus reconciling 

their interpretation with that of Saunders (1986). 

The involvement of calcium and calmodulin in cytokinin-stimulated betacyanine 

accumulation in cotyledons of Amaranthus has also been investigated (Elliott 1979, 1980, 1983, 

Elliott et al. 1983, Vallon et al. 1989). Betacyanine accumulation in cytokinin-treated cotyledons 

was inhibited by the calmodulin inhibitor thfluoperazine (Elliott 1980 1983, Vallon et al. 1989) in a 

reversible manner (Elliott et al. 1983). The drug was most inhibitory duhng the first 10 h after 

cytokinin addition (Vallon et al. 1989). Other calmodulin inhibitors were also effective (Elliott 

1983, Elliott et. al. 1983, Vallon et al. 1989) and the order of potency was similar to that for 

calmodulin binding (Elliott et al. 1983). Cytokinin-induced cell division (Elliott et al. 1983) and cell 

expansion (Elliott 1983) were also inhibited. Vallon et al. (1989) found that exogenous [Ca2+] 

reduced the lag in kinetin-induced betacyanin synthesis, but had no effect on the final amount 

accumulated. In another report, exogenous calcium inhibited betacyanine accumulation, however 

high concentrations were used (1-5 mM) and the effect depended on whether Ca^NO^)^ or CaCI^ 

was used (Elliott 1979). Results were conflicting when calcium chelators and calcium-channel 

blockers were applied. Vallon et al. (1989) found that these compounds inhibited betacyanin 

accumulation, especially in the first 12 h, whereas Elliott (1979) reported stimulation by these 

compounds. These apparently contrary findings were not addressed by Vallon et al. (1989). The 

inhibition of betacyanin synthesis by calmodulin inhibitors seems faihy well corroborated, but the 

requirement for exogenous calcium is not established. 

The inflj^jnce of cytokinin on calcium transport has been investigated in several plants 

(Shear and Faust 1970, Lau and Yang 1975, Kubocwicz et al. 1982, Bittner and Buschmann 

1983, Oláh et al. 1983). The spraying of apple leaves with cytokinins increased the transport of 

calcium into those leaves (Shear and Faust 1970), but cytokinin-treated radish seedlings had 
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diminished calcium uptake (Bittner and Buschmann 1983). In plasma membrane-enhched 

membrane vesicles isolated from cytokinin pre-treated soybean hypocotyls, calcium uptake was 

enhanced in vesicles from the mehstematic zone, but inhibited in vesicles from the elongating 

zone where cytokinin had an inhibitory effect on cell expansion (Kubowicz et al. 1982). 

Treatment of wheat root microsomes with cytokinin increased the affinity of the Ca2+-ATPase for 

calcium and calmodulin (Oláh et al. 1983). Cytokinin treated plants contained less calcium, 

correlating with cytokinin induced extrusion. On the other hand, Lau and Yang (1975) found that 

cytokinin enhanced the uptake of 45ca2+ by mung beans. Taken as a whole, the evidence 

indicates that the effect of cytokinin on calcium transport has a developmental component. 

Calcium has been shown to be synergistic with cytokinin in delaying senescence 

(Poovaiah and Leopold 1973) and stimulating ethylene production (Lau and Yang 1974, 1975, 

Green 1983). Cytokinin and calcium both stimulate phosphorylation of leaf proteins in Chinese 

cabbage and calcium can replace cytokinin in promoting expansion of leaf disks excised from the 

same plant (Ralph et al. 1976). In all cases, alteration of calcium transport by cytokinin was 

proposed as a mechanism. Much remains to be learned about the interaction between cytokinin 

and calcium and especially about the influence of development on this relationship. 

1.4.2 Auxin 

Circumstantial evidence that calcium is involved in auxin action has been reviewed 

(Hepler and Wayne 1985, Brummell and Hall 1987). Incorporation of labeled precursors into cell 

walls, glucan synthase activity and proton extrusion are all stimulated by both auxin and Ca2+ 

(Brummell and Hall 1987). Calcium has been shown to be required for auxin-inhibition of root 

growth (Hasenstein and Evans 1986), but Ca2+ inhibits auxin stimulated growth under other 

circumstances (Hepler and Wayne 1985) The involvement of Ca2+ in polar transport of auxin and 

the influence of auxin on Ca2+ transport have also been deschbed (Hepler and Wayne 1985). It 

has recently been shown that auxin causes changes in cytoplasmic [Ca2+] in plant cells (Felle 

1988a). 

1.4.3 Gene activation 

At present, there is no characterized example of the involvement of calcium in gene 

expression in plants, although many examples are known in animals (see Guilfoyle 1988 for 

review). There good reason to suspect the involvement of calcium in plant gene expression 

and the possibility has been suggested frequently (Fluhr et al. 1986, Poovaiah et al. 1987, Roux 

and Sehin 1987, Ranjeva and Boudet 1987, Reddy et al. 1988). Alteration of gene expression is 

certainly involved in many plant developmental processes that are known to be regulated by 
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calcium. AIso, both cytokinin (Flores and Tobin 1988) and auxin (Theologis et al. 1985) are 

known to alter gene expression in plants. Since calcium antagonists inhibit auxin-induced 

elongation in pea epicotyls, Reddy et al. (1988) tested the effect of these inhibitors on the 

induction of auxin-regulated genes, but they found no effect. According to Guilfoyle (1989) the 

factors that are hampehng progress in understanding the regulation of plant gene expression are: 

1) our mdimentary understanding of signal transduction in plants and 2) the lack of a soluble in 

vitro transchption system derived from plant cells. This statement underscores the importance of 

investigating signal transduction mechanisms in plants. 

1.4.4 Cytoskeleton 

In animal cells, assembly and disassembly of cytoskeletal elements are mediated by 

calmodulin-binding proteins (see Kakiuchi 1985 for review). For example, the calmodulin-binding 

protein caldesmon inhibits gelation of F-actin by intertehng with the interaction between actin and 

filamin. Tau factor is a MT associated protein that mediates Ca2+/calmodulin regulated MT 

assembly. Many other Ca2+-mediated protein factors also regulate the assembly and 

disassembly of cytoskeletal elements in animal cells. 

Little is known about the protein factors that mediate Ca2+/caImodulin regulated 

cytoskeleton rearrangements in plant cells, but several reports indicate that they probably exist. 

When bahey protoplasts were electrofused in the presence of either cytochalasin or Ca2+, 

rounding up was promoted (Abe and Takeda 1986, 1989). Furthermore, the effects of both Ca2+ 

and cytochalasin were abolished by phalloidin (Abe and Takeda 1989). These results are similar 

to those obtained in animal cells where Ca2+ can behave like cytochalasin (promoting actin 

fragmentation) in the presence of villin (Schliwa 1982). Shimmen (1987) showed that Ca2+ 

regulates the movement of isolated pollen tube organelles along actin filament in Characean 

algae. The organelles were assumed to be associated with myosin. Later, Kohno and Shimmen 

(1987) showed that the Ca2+ ionophore A23187 induces actin fragmentation when applied to 

pollen tubes in the presence of high extracellular calcium. The inhibition of cytoplasmic síreaming 

corresponded with the fragmentation of actin. On the other hand, actin filaments in Characean 

algae seem to be resistant to Ca2+-induced fragmentation. It was proposed thaí the different 

Ca2+ sensitivities of pollen tube and Characean actin were due to differences in actin binding 

proteins. 

MicrotuLjie polymehzation is also influenced by Ca2+ in plant cells. Microtubules of 

Mougeotia (Kakimoto and Shibaoka 1986) and corn protoplasts (Wang et al. 1989) were found to 

be more susceptible to depolymehzation by Ca2+ after extraction with detergent. It was proposed 

that the detergent extraction removed MT-associated proteins, rendehng the MTs less stable. In 
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constrast to the direct effect of Ca2+ on MTs, Wang et al. (1989) found the protoplast MTs were 

stabihzed by incubation of the protoplasts in medium containing extracellular calcium. Wang et 

al. (1989) suggested that this effect was due to the stabilization of the plasma membrane by 

extracellular Ca2+. 

1.4.5 Secretion 

A recent review of the role of calcium in secretion in plant cells (Steer 1988), serves to 

highlight how little we know about this process. Many hypotheses on the role of calcium in the 

individual steps in plant cell secretion have been proposed, but most of these are based on 

analogy with secretory mechanisms in animal cells. Among the possible roles for calcium are 

actin/myosin mediated vesicle transport (Brawley and Robinson 1985), modulation of the 

properties of the cytoskeleton through interaction with calcium binding proteins (as discussed 

above) and vesicle fusion with the plasma membrane (see Steer 1988 for review). The 

association of ER with developing cell plates (Hepler 1982) and the plasma membranes 

(Stephenson and Hawes 1986) of plant cells may represent calcium stores necessary for 

secretion. Most studies of the mechanisms of secretion in plant cells have concentrated on cell 

wall deposition in tip-growing cells (e.g., Reiss and Herth 1985), elongating cells (Cunninghame 

and Hall 1986) and germinating propagules (Kropf and Quatrano 1987). In all cases, the role of 

calcium in secretion is confounded by other cellular processes occurhng simultaneously. An ideal 

"model system" for the study of plant secretion has not yet been developed. Circumstantial 

evidence implicates calcium involvement in secretion in plants, although it is not possible to 

eliminate the effect of calcium on other aspects of cell function that may affect secretion 

indirectly. First, cell elongation (Cunninghame and Hall 1986) and tip growth (Herth 1978, Picton 

and Steer 1983, Kropf and Quatrano 1987) both depend on optimal exogenous [Ca2+]. Calcium 

channel blockers inhibit these processes (Reiss and Herth 1985), whereas the calcium ionophore 

A23187 promotes cell wall deposition (Reiss and Herth 1979a, McNally et al. 1983). The growing 

regions of tip-growing cells are often high in membrane associated calcium (e.g., Reiss and Herth 

1979b). In some cases, calcium influx has been shown to be coincident with localized growth 

(Quatrano 1978, Jaffe 1981, Schnepf 1986). The role of calcium in the secretion of amylase from 

bahey aleurone cells has also been investigated, but here the effects on secretion are 

complicated by the effects of calcium on amylase synthesis (Bush and Jones 1988). Whereas it 

is quite likely th, calcium mediates secretion in plant cells, direct evidence is lacking and 

mechanisms are unknown. This should be an interesting area of research in the future. 



55 

1.4.6 Cell wall synthesis 

As discussed above, calcium is thought to regulate the secretion of cell wall 

polysacchahdes by plant cells. Calcium also appears to play a role in the synthesis of cell wall 

polymers by plasma membrane enzymes (Kauss 1987, Delmer 1987). The synthesis of callose 

(p-1,3-glucan) in suspension-cultured soybean cells is absolutely dependent on micromolar 

concentrations of calcium (Kôhle et al. 1985). The solubilized enzyme is also calcium-dependent, 

indicating a direct action of calcium (Kauss and Jeblick 1987). Callose synthesis is stimulated by 

digitonin, chitosan, polyamines and ionophores A23187 and ionomycin, all of which increase the 

influx of calcium into cells, and blocked by calcium channel blockers (Waldmann et al. 1988). 

Calcium stimulation of callose synthesis has also been noted in corn root microsomes (Paliyath 

and Poovaiah 1988), sugar beet (Morrow and Lucas 1986), and pea and mung bean (Thelen and 

Delmer 1986). Calmodulin does not appear to be involved in the regulation of callose synthesis 

(Kauss et al. 1983). Some limited evidence indicates that calcium inhibits cellulose synthesis in 

plants (Quader and Robinson 1979, Delmer 1987) and Dictyostelium (Blanton and Northcote 

1990). Delmer (1987) has proposed that callose and cellulose may be synthesized by the same 

enzyme under different conditions. Callose synthesis generally occurs in damaged cells, 

whereas cellulose synthesis occurs in healthy cells. The influx of calcium resulting from cell injury 

may be responsible forthe cessation of cellulose synthesis and the induction of callose synthesis. 

An interesting corollary to this hypothesis is that callose deposited in pollen tubes and duhng cell 

plate formation may be "accidental," resulting írom elevation of cytoplasmic calcium that occurs 

for other reasons (Delmer 1987). Brummell and MacLachlan (1989b) recently showed that 

calcium antagonists interíere with xyloglucan synthesis. Also, calcium seems to be important in 

maintaining the gel properties of pectins (Varner and Lin 1989). 

Evidence for the involvement of calcium in lignification is indirect. The regulation by 

calcium of QORase, a key enzyme in the shikimic acid pathway, indicates that the availability of 

lignin precursors is calcium dependent (Allan and Trewavas 1987). A mechanism for 

extracellular lignin polymehzation involving calcium has also been proposed (Westermark 1982). 

The role of calcium in lignification has not been investigated directly. This may be an important 

area of investigation in the future. 

1.5 Detection and measurement of calcium in cells 

1.5.1 Overview 

The measurement of cytoplasmic [Ca2+] in living cells is essential if changes are to be 

linked to physiolgical processes. Measurements of this kind are difficult because of the extremely 

low cytoplasmic [Ca2+] and the tendency for perturbations of the cell to change this concentration. 
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Still, a number of elegant techniques for cytoplasmic [Ca2+] measurement have been developed, 

all of which have advantages and disadvantages. Phmahly four methods have been used for 

measuhng cytoplasmic [Ca2+] in living cells: bioluminescent indicators, metallochromic 

indicators, fluorescent indicators and Ca2+-selective electrodes. Other methods for detecting 

sequestered or membrane associated calcium include CTC fluorescence, metal precipitation 

visuahzed with TEM and x-ray microanalysis. For a very thorough review of these techniques, 

the reader is refered to Blinks et al. (1982). Each of these methods have been used with some 

hmited success in plant cells, but measurements are much more difficult in plants due to the cell 

wall and large vacuoles. As a result, most of this work has been limited to very large cells and 

protoplasts. 

1.5.2 Measurement of cytoplasmic [Ca2+] in plants cells 

The use of calcium sensitive microelectrodes in plant cells has been reviewed by Felle 

(1989). The disadvantages of this technique include the need to impale cells with the 

microelectrode in the cytoplasm (not the vacuole), reduced response to submicromolar activities 

due to very small electrode tips, damage to electrode tips by the cell wall and inaccurate readings 

due to the effect of turgor pressure on the electrode tip. Some of these problems have been 

reduced by new methods of producing microelectrodes (Felle 1989). The advantages of 

microelectrodes are that once a cell is impaled, cytoplasmic [Ca2+] concentrations can be 

measured over long periods and [Ca2+] is not altered by chelation with chemical probes. Due to 

the technical difficulties, only a few reports of measurement of plant cytoplasmic [Ca2+] by this 

method have appeared. These include Fucus rhizoids (Brownlee and Wood 1986), Nitellopsis 

(Miller and Sanders 1987), Riccia (Felle 1988a) and corn root hairs, stele (Felle 1988a) and 

coleoptiles (Felle 1988b). 

Metallochromic dyes, such as arsenazo III, change light absorbance properties upon 

binding metal ions. Changes in absorbance measured by dual-wavelength spectrophotometry 

can be used to determine calcium concentrations of dye loaded cells (reviewed by Blinks et al. 

1982). This technique has been used to measure changes in cytoplasmic [Ca2+] accompanying 

mitosis in Tradescantia stamen hairs (Hepler and Callaham 1987). The disadvantages of 

metallochromic indicators are that they must be introduced into cells by microinjection, high dye 

concentrations must be used because of the small pathlength in single cells and the dyes chelate 

calcium, possib' disrupting cellular functions. The advanges are that the dyes remain in the 

cytoplasm, rather than moving to intracellular compartments, and that measurements can be 

continued for a long period. 
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Aequohn is one of a group of calcium-sensitive photoproteins that have been used to 

measure cytoplasmic [Ca2+] (reviewed by Blinks 1989). Aequohn, as it is isolated from the 

jellyfish Aequorea, contains all of the components required for bioluminescence. The advantages 

of aequorin are its high sensitivity and specificity, ease of signal detection and lack of toxicity. 

The disadvanges are that aequohn is a large molecule and must be microinjected, is consumed 

in the bioluminescent reaction and responds more slowly than other probes to changes in [Ca2+]. 

Aequohn has been used to measure cytoplasmic [Ca2+] in the giant cells of Characean algae 

(Williamson and Ashley 1982, Okazaki et al. 1987). In addition, Gilroy et al. (1989) compared 

aequorin and Quin-2 (discussed below) introduced into higher plant protoplasts by 

electroporation. They found that aequohn remained in the cytoplasm, whereas Quin-2 tended to 

move into the vacuole. Aequohn also reduced ATP level and mitosis to a lesser degree than 

Quin-2. On the negative side, aequohn was less sensitive to low [Ca2+]. 

The so-called "BAPTA-type" fluorescent calcium indicators developed by Tsien (1980) 

include Quin-2, Fura-2 and lndo-1. All are modifications of the chemical stmcture of the calcium 

chelator EGTA. Fura-2 and lndo-1 have altered emission spectra in the presence and absence of 

calcium, so the [Ca2+] can be measured by compahng the emission at two different wavelengths, 

a technique known a ratio imaging (Tsien and Poenie 1986). An additional advantage of these 

probes is that acetoxymethylester (AM) dehvatives of these probes are permeable to cells making 

it possible to load dye into large numbers of cells. Esterases within the cells cleave the 

molecules, trapping them within the cytoplasm. Unfortunately this method has not worked well for 

plant cells because they have extracellular esterases (Gilroy et al. 1985, Cork 1985). Another 

disadvantage of these indicators for use in plant cells is that they tend to move into intracellular 

compartments, although this seems to be less a problem with lndo-1 than with others (Bush and 

Jones 1987). The fluorescent calcium indicators have been used to measure cytoplasmic [Ca2+] 

in bahey aleurone protoplasts (Bush and Jones 1987), carrot and bahey protoplasts (Gilroy et al. 

1989), Fucus rhizoids (Brownlee and Pulsford 1988), L///i;m pollen tubes (Reiss and Nobiling 

1986, Nobiling and Reiss 1987), protoplasts of mung bean (Gilroy et al. 1986), centric diatoms 

(Brownlee et al. 1987) and root hairs of oilseed rape and tomato (Clarkson et al. 1988). 

1.5.3 Detection of sequestered calcium 

Chlorotetracycline is an antibiotic that fluorescences in the presence of Ca2+. This 

increase in fluo^escent intensity is much greater in a lipophilic environment. As a result, CTC can 

be used as an indicator of membrane associated (i.e., sequestered) calcium (Caswell and 

Hutchison 1971). One disadvantage of CTC is that it can disrupt cellular functions, particulahy at 

high concentrations. For example, growth of Micrasterias (Hausser and Herth 1983) and pollen 
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tubes (Reiss and Herth 1982) is disturbed by 100 [iM CTC and stem elongation is inhibited by 

500 îM CTC (Cunninghame and Hall 1986). The main advantage is that CTC is freely 

permeable and can be used in live cells. 

The use of proper controls is essential for interpretation of CTC fluorescence. Staining 

cells with total membrane stains such as fluorescamine (Reiss et al. 1985) or n-

phenylnaphthylamine (Saunders and Hepler 1981) can distinguish between increases in 

membrane-associated calcium and increases in membrane volume. Since CTC binding to Mg2-

as well as to Ca2+ results in increased fluorescence, techniques should be applied to distinguish 

between these. The absorption and emission spectra of Ca-CTC and Mg-CTC are slightly 

different (Caswell and Hutchison 1971) and can be differentiated using a 

microspectrophotometer. Alternatively, filters used for fluorescence microscopy can be chosen 

so as to select for Ca-CTC. Decrease in fluorescence by EGTA is also a good indication of Ca2+ 

specificity. 

In plants, CTC fluorescence has been shown to be associated with the growing regions 

of tips growing cell, with differentiating cells and with subcellular compartments. Figure 1.7 lists 

the plants in which membrane-associated calcium has been localized with CTC. 

Subcellular accumulations of calcium can also be detected by fixing cells in the presence 

of metals that precipitate calcium (e.g., antimonate) and viewing with TEM. This technique has 

been used on Haemanthus endosperm cells (Wick and Hepler 1980, 1982), corn roots (Vaughan 

et al. 1987), floral mehstems (Havelange 1989), onion roots (Tandler et. al. 1973) and 

gravistimulated oat coleoptiles (Slocum and Roux 1982, 1983). A method of calcium precipitation 

with fluohde salts has been applied successfully to animal cells (Poenie and Epel 1987), but does 

not seem to be suitable for plant cells (see Chapter 3). At the light microscope level, calcium has 

been localized by '*5Ca2+ autoradiography (Jaffe et al. 1975), metal precipitation (see McGee-

Russel 1958 for review) and dyes such as alizahn red S (e.g., Miller and Kotenko 1987). Finally, 

x-ray microprobe analysis can be used to detect calcium in rapidly frozen cells (see Somlyo et al. 

1989 for review). 

1.6 Summary and conclusions 

This literature review has summahzed our current understanding of the regulation of plant 

development by Ca2+. In the next 5 chapters, I will describe the evidence I have gathered 

implicating a ro' ? for Ca2+ in the development of TEs in cell cultures of Zinnia elegans. 
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Fig. 1.7. Localization of membrane-associated calcium in plant cells using chlorotetracycline 



CHAPTER 2 

OPTIMIZATION OF TRACHEARY ELEMENT DIFFERENTIATION 

2.1 Introduntion 

Isolated mesophyll cells of Zinnia elegans were first shown to differentiate directly into 

tracheary elements by Kohlenbach and Schmidt (1975). This culture system has been especially 

useful for studying the induction of differentiation because, unlike cells from callus, suspension 

cultures or explants, mesophyll cells are clearly not predetermined to become tracheary elements 

and differentiation is not dependent on cell division and tissue formation (Fukuda and Komamine 

1985). In addition, Zinnia mesophyll suspensions differentiate in higher percentages and more 

synchronously than other cultured cells. 

The high percentage, synchronous differentiation now obtained in Zinnia mesophyll 

cultures is a result of modifications of the culture methods by Fukuda and Komamine (1980a) and 

Sugiyama et al. (1986). Fukuda and Komamine (1980a) showed that differentiation could be 

increased by isolating cells from the first true leaves of seedlings, adjusting the osmotic pressure 

with mannitol, lowehng the ammonium chloride concentration and optimizing the concentrations 

of hormones and the inital cell density. Sugiyama et al. (1986) further modified the culture 

medium by reducing the sucrose, benzylaminopuhne and phosphate concentrations; they called 

their modified formula "D-medium." These changes led to reduced cell division without 

decreasing the differentiation percentage. 

In investigating the role of calcium ions in the induction of tracheary element 

differentiation in Zinnia mesophyll suspensions, I encountered several complications due to 

interíerence with calcium uptake and calcium action by vahous medium components (Table 2.1). 

First, Mn2+ and Mg2+ block calcium uptake (Hille 1984) making it difficult to determine the true 

calcium requirement for differentiation. Second, EDTA, included in the medium as an iron 

chelator, also chelates calcium. Third, myo-inositol is a substraíe forthe phosphatidylinositol 

pathway, which recently has been shown to participate in calcium mediated signal transduction in 

some plants (see Morse et al. 1989, Boss 1989 for review). Fourth, the inorganic calcium 

channel blocker La3+ precipitates in the presence of phosphate ions. 

While conducting expehments to reduce or eliminate these intertehng compounds from D 

medium, I decided to test the other medium components in order to develop a "minimal medium" 

that will support high percentage, synchronous differentiation of Zinnia mesophyll cells to 

tracheary elements. The advantages of a minimal medium are: 1) the ability to achieve an 

understanding of the true requirements for differentiation; 2) lack of interterence by unnecessary 

components and 3) ease of preparation and economy. Here I report work done with the 

60 
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Table 2.1 Compahson of different medium compositions for differentiation of TEs in suspension 
cultures of Zinnia mesophyll cells. Concentrations are given in ^iM. 

Kohlenbach 

& Schmidt 

1975 

9400 

9000 

-

750 

1500 

500 

100 

160 

35 

1 

0.1 

100 

100 

27 

550 

41 

2.4 

1.5 

1.1 

0.2 

150 

100 

29000 

Fukuda & 

Komamine 

1980 

20000 

-

1000 

1000 

1000 

500 

100 

160 

35 

1 

0.1 

100 

100 

27 

550 

41 

2.4 

1.5 

1.1 

0.2 

-

-

29000 

200000 

Sugiyama 

etal. 

1986 

20000 

-

1000 

1000 

1000 

10 

100 

160 

35 

1 

0.1 

100 

100 

27 

550 

41 

2.4 

1.5 

1.1 

0.2 

-

-

5800 

200000 

This 

study 

20000 

-

1000 

250 

500 

10 

-

160 

-

-

-

25 

25 

27 

-

41 

2.4 

6 

1.1 

0.2 

-

-

2900 

200000 

KN03 

NH4N03 

NH4CI 

MgSO^ 

CaCI^ 

KH2PO4 

MnSO^ 

H3BO3 

ZnSO^ 

Na^MoO^ 

CUSO4 

Na^EDTA 

FeSO^ 

glycine 

myo-inositol 

nicotinic acid 

pyhdoxine 

thiamine 

folic acid 

biotin 

adenine 

glutamine 

sucrose 

mannitol 
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collaboration of Linda Koonce on the composition of the minimal medium, in addition to other 

observations on the optimization of this culture technique. 

2.2 Methods and matPhak 

2.2.1 Plant material 

Seeds of Zinnia elegans var. Envy (Park Seed Co., Greenwood, SC, USA) were 

germinated in Sunshine potting soil (Fisons Western Corp., Vancouver, BC, Canada) in a culture 

room at 27^0 with 16 h/d fluorescent illumination at 170 îE m-2 sec-i. The first tme leaves of 12-

18 d-old plants were harvested and suríace stehlized in a solution of 0.01% Triton X-100 and 1% 

calcium hypochlohte cooled to about 10°C. Stehlized leaves were gently macerated in 0.2 M 

mannitol or culture medium with a mortar and pestle. The resulting suspension was filtered 

though 70 îm nylon mesh, washed with 0.2 M mannitol or culture medium and collected by 

centhfugation. Culture medium was inoculated to a final density of 4.2 îl packed cells/ml. 

2.2.2 Culture conditions 

Cell suspensions were cultured at 27^0 in the dark with agitation on orbital shakers at 80 

or 120 rpm. Culture vessels used included 50 ml Erlenmeyerflasks, 50 ml microFernbach culture 

flasks and shell vials (25 mm diameter X 95 mm tall). 

2.2.3 Nuthent vahation 

The medium recommended by Fukuda and Komamine (1980a, FK medium) was used as 

the standard for compahson (Table 2.1). Systematic testing of medium components was carhed 

out by prepahng FK medium without one or more components (all media were stehlized by 

autoclaving at 16-18 Ib in-2 for 15 min). The component to be tested was added at various 

concentrations from a stehle stock (usually 100 X the highest concentration to be tested) 

dissolved in water. Control expehments established that dilution of the medium by 1% with H^O 

had no effect on differentiation. 

2.2.4 Scohng differentiation 

Cultured cells were scored for percent differentiation using a compound microscope with 

bright field optics and a 20X objective (the final magnification vahed depending on the 

microscope used) after 85-90 h when TE formation was complete. Cells were also stained with 

the fluorescent bhghtening agent Tinopal LPW (0.01%) and observed with an epifluorescence 

microscope (Olympus BH-2) and UV or violet filter package. This was the most sensitive method 

of detecting the secondary cell wall (Ingold et al. 1988). For scohng differentiation, 600 cells from 
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each culture were classified and counted as follows: undifferentiated dead cells (D), tracheary 

elements (T), undifferentiated living cells (L). Percent differentiation was calculated as [T/(T-hL)] 

X 100 and percent cell death as [D/(T-i-L4-D)] X 100. Graphs illustrate mean percent 

differentiation for a single expehment with 3-6 replicates; errors bars represent the standard 

deviation of the sample mean. All expehments were repeated at least twice with similar results. 

2.3 Results 

2.3.1 Kinetics of differentiation 

The kinetics of differentiation in my cultures were similar to those reported previously 

(Fukuda and Komamine 1981b, Fukuda and Komamine 1983, Fukuda and Komamine 1985, 

Fukuda 1987, Ingold et al. 1988, Church and Galston 1988a, Thelen and Northcote 1989). The 

patterned secondary cell wall characteristic of TEs became apparent in cultures examined with 

fluorescence microscopy at 48-60 h after inoculation. The time of first appearance of TEs was 

predictable from day to day, but seemed to follow a seasonal cycle with earliest TE appearance 

occurhng in the summer and fall. About 20 h after the appearance of the first TEs, initiation of 

new TEs ended until a second wave of non-synchronous differentiation began at about 6 d. Time 

courses of TE appearance are illustrated in Fig. 5.3 (Chapter 5, p. 123). In agreement with Ingold 

et al. (1988), I found that TEs could be detected eahier with fluorescence microscopy than with 

bright field, however the difference was only about 2-3 h, not 8-10 h as reported by Ingold et al. 

(1988). In no case was I able to detect TEs prior to 48 h if hormones were added at the initiation 

of culture. Ingold et al. (1988) reported the appearance of TEs as early as 36 h. Differentiation 

was usually scored between 85-90 h. After this time, the differentiation percentage declined due 

to division of undifferentiated cells. 

2.3.2 Shaking speed and vessel geometry 

Zinnia mesophyll cells have been grown in a vahety of culture vessels by different 

investigators (Fukuda and Komamine 1980a, Burgess and Linstead 1984a, Falconer and Seagull 

1985a, Haigler and Brown 1986). I have cultured these cells in various vessels and have found 

that the approphate volume and shaking speed are chtical to high percentage, synchronous 

differentiation. In general, the shaking speed must be fast enough to avoid cells sinking to the 

bottom of the culture vessel, yet slow enough to prevent cells from sticking to the sides of the 

vessel, above the level of the culture medium. I have found it easiest to vary volume, while 

maintaining the shaking speed in order to culture cells in different culture vessels simultaneously. 

Differentiation percentages of cultures of different volumes incubated in 25 X 95 mm shell vials 

agitated at 80 or 120 rpm on rotary shakers are illustrated in Fig. 2.1. Cultures shaken at 80 rpm 
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Fig. 2.1 Effect of culture volume on TE differentiation. Cultures were incubated in 
shell vials and shaken at 80 or 120 rpm. Cultures shaken at 80 rpm were counted at 
74 and 94 h. Error bars were left out for clahty. 
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were counted at 74 and 94 h. The low percentage in 1.75 ml cultures at 74 h compared to 94 h 

demonstrates the delay that is typical when the culture volume is too large for the shaking speed. 

Shell vial cultures containing 1.75 ml of medium and shaken at 120 rpm were used for nuthent 

and drug expehments requihng many replicates (see Chapters 4,5). 

2.3.3 Organic growth factors 

The complement of organic growth factors used by Kohlenbach and Schmidt (1975), 

Fukuda and Komamine (1980a) and Sugiyama et al. (1986) was ohginally proposed by Nitsch 

and Nitsch (1956), with the exception that Kohlenbach and Schmidt (1975) also included adenine 

and glutamine. I found that differentiation percentages were not inhibited in FK medium in the 

absence of all organic growth factors except thiamine. However, when the concentrations of 

inorganic salts were minimized, the addition of the organic growth factors, with the exception of 

myo-inositol, stimulated differentiation by 20% as shown below: 

Medium components %TEs S.D. N 

FK medium +growth factors 

-growth factors 

minimal medium +growth factors 

-growth factors 

49.5 

46.8 

68.5 

56.5 

3.4 

1.6 

5.9 

9.8 

3 

3 

6 

6 

Cells were not viable in the absence of thiamine. In addition, I found that 6 |iM thiamine (4-fold 

increase) was optimal for differentiation under these conditions (Fig. 2.2). Since myo-inositol 

metabolism is linked with the regulation of development by Ca2+, I determined the Ca2+ 

requirement for TE differentiation in the presence and absence of myo-inositol (Fig. 2.3). Myo-

inositol had no effect on this requirement nor was it required for TE differentiation. 

2.3.4 Nitrate, phosphate and potassium 

In the absence of all organic growth factors except thiamine, I obtained íhe highest 

differentiation percentage with 20 mM KNO3 in agreement with Fukuda and Komamine (1980a). 

Using KNO3, it is not possible to differentiate between nitrate and potassium requirements. 

Therefore, I attempted to replace KNO3 with 5 mM NaNOg while adding 5 mM KCI to compensate 

for K, but this resulted in reduced differentiation and an appearance characteristic of Ca2+ 
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Fig. 2.2 Effect of thiamine concentration on TE differentiation. Cells were cultured 
with vahous concentrations of thiamine in the absence of other organic growth 
factors. Cells were not viable in the absence of thiamine. 
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deficiency (i.e., thinner secondary wall bands, see Chapter 4, Fig. 4.5, p. 109). I did not try other 

nitrate salts because Ca^NO^)^ would have added Ca^- contrary to the expehmental objectives 

and NH4NO3 has been shown to inhibit differentiation (Fukuda and Komamine 1980a). Only 

Ca(N03)2, KNO3. NaNOg and NH4NO3 are used for plant tissue culture (Dixon 1987). Changing 

the concentration of NH4CI did not yield consistent results (L. Koonce, personal communication), 

so I did not change the concentration of this salt in the final minimal medium. These results also 

confirmed those of Sugiyama et al. (1986) that differentiation was unaffected and cell division 

decreased when phosphate was reduced to 10 |uM (data not shown). 

2.3.5 Iron 

Reduction of the FeSO^ and Na^EDTA concentrations to 250 |iM(4-fold reduction) 

resulted in maximum differentiation (Fig. 2.4). In an effort to eliminate EDTA from the medium, I 

also cultured cells with FeCI^ and FeSO^ in the absence of EDTA. The optimal FeSO^ 

concentration was also 250 |iM in the absence of EDTA, whereas the optimal FeCÎ  

concentration was 125 inM. FeCI^ was toxic at higher concentrations. Differentiation percentage 

was about 5% higher when EDTA was added, but EDTA can be eliminated if necessary for 

particular expehments. 

2.3.6 Micronuthents 

Magnesium sulfate was required for normal growth and differentiation, but 250 ^M (4-foId 

reduction) resulted in maximum differentiation (Fig. 2.5). When MnSO^, ZnSO^, Na^MoO^ and 

CUSO4 were eliminated, TE differentiation was stimulated slightly in the presence of organic 

growth factors and stimulated substantially in the absence of organic growth factors as shown 

below: 

Medium components % TEs S.D. N 

minimal medium -organic factors 56.5 9.8 6 

+Mn, Zn, Mo, Cu 28.9 3.8 5 

+organic factors 68.5 5.9 6 

+Mn, Zn, Mo, Cu, organicfactors 52.5 8.6 6 

Boric acid was required and reduction below 160 |iM resulted in decreased differentiation (Fig. 

2.6). Increasing the H3BO3 concentration also resulted in increased cell death (data not shown). 
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Fig. 2.4 Effect of forms and concentrations of iron on differentiation. Error bars were 
left out for clarity. The solid square represents the supehmposition of all symbols. 
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Fig. 2.6 Effect of boron concentration on TE differentiation. 
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2.3.7 Carbon source and osmolahty 

Sugiyama et al. (1986) reported that reduction of the sucrose concentration to 5.8 mM did 

not reduce differentiation. My results confirm these findings (data not shown). Autoclaving can 

cause sugar hydrolysis (Ball 1953), so I tested the difference between filter stehzation and 

autoclaving with medium containing 29 mM sucrose. Alternative stehlization methods had no 

effect on differentiation (data not shown). 

In the ohginal report of Kohlenbach and Schmidt (1975), TEs differentiated from Zinnia 

mesophyll cells in the absence of osmoticum. Fukuda and Komamine (1980a) noted that growth 

was inhibited in the absence of mannitol, which they normally used at 0.2 M. I noted increased 

cell enlargement at lower mannitol concentrations. The mannitol concentration was maintained at 

0.2 M so as not to introduce the additional vahable of cell enlargement. However, reduction in 

the mannitol concentration may be advantageous in situations where large cell size is desirable. 

2.3.8 Minimal medium 

After establishing minimum concentrations of the required components individually, I 

tested the final "minimal medium" (Table 2.1) against FK medium. There was no significant 

difference in percent differentiation or percent cell death between FK medium and the final 

minimal medium listed in Table 2.1 (p>0.05 by the Mann-Whitney U test, N=6). 

2.3.9 Buffers 

The use of EGTA buffers requires the inclusion of a pH buffer in the medium, because 

EGTA releases H+ upon binding Ca2+ (Blinks et al. 1982). The inclusion of 10 mM MES, pH 5.5 

in Zinnia culture medium resulted in unexpected cell enlargement (Fig. 2.7) and also a reduction 

in TE differentiation. It was difficult to find other buffers in the pH 5.5 range that were tolerated by 

Zinnia cells, but at least one, succinic acid, produced similar effects (S. Pujah personal 

communication). The inhibition of TE differentiation in buffered medium precluded the use of 

EGTA buffers to determine the minimum Ca2+ requirement for differentiation. 

2.4 Discussion 

These results show that high percentage, synchronous differentiation can be achieved in 

a "minimal medium" containing 8 inorganic salts (Table 2.1) with vitamins, sucrose (carbon 

source), mannitol (osmoticum) and the hormones benzylaminopuhne and naphthyleneacetic acid. 



Figure 2.7 Fonnation of enlarged TEs in buffered medium. (a) TEs cultured in 
10 |j.M MES buffered medium (230 X, bar = 100 |j.m). (b) TEs cultured in control, 
unbuffered medium (230 X). 
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Differentiation percentage was increased by the addition of EDTA as an iron chelator and its use 

is recommended unless particular expehmental conditions require its deletion (Fig. 2.4). An 

additional advantage of this medium is that cell division is reduced (Sugiyama et al. 1986), so 

interference of developmental events associated with cell division with those of TE differentation 

is kept to a minimum. 

Most plant cell culture media are optimized for cell proliferation and growth, which are 

increased by organic growth factors. According to Gamborg (1976), thiamine is the only vitamin 

required for many plant tissue cultures; pyridoxine and nicotinic acid promote additional growth. I 

found that cell survival in Zinnia suspension cultures was absolutely dependent on thiamine. The 

stimulation of differentiation by vitamins in the presence of minimal inorganic salts, but not in FK 

medium, may result from the requirement for metal ions in the synthesis of vitamins. Further 

expehments may establish that fewer than the full complement of organic growth factors are 

actually necessary. The lack of a requirement for Zn, Mo, Cu and Mn in Zinnia suspension 

cultures is probably due to the fact that these are primary cultures that are incubated over a short 

time. Sufficient micronuthents may be contained in the cells of the initial inoculum and not 

depleted because the cells are not sub-cultured. The apparent inhibitory effect of these 

micronuthents is, however, not understood. Varying the concentrations of these micronutrients 

individually may help clarify this point. I have also not ruled out that trace, but chtical, amounts of 

micronuthents are leached from borosilicate culture vessels. 

Although one of my aims in developing a minimal medium was to determine the minimum 

Ca2+ requirement for TE differentiation, this effort was thwarted by the anomalous behavior of 

cells grown in pH buffered medium. Therefore, even though EDTA and Mn2+ could be eliminated 

and [Mg2+] could be reduced, it was still not possible to determine the lower limit of the Ca2+ 

requirement for TE differentiation in Zinnia cultures. 

I have found that shaking speed is extremely chtical for high percentages of 

differentiation in Zinnia cultures of constant volume. On occasions when the shaker speed was 

erratic due to malfunctioning equipment, differentiation was delayed and percentages were 

reduced. This may be due to a requirement for proper aeration. Tracheary elements will 

differentiate in stationary cultures on agar covered by a thin layer of medium (Burgess and 

Linstead 1984a), though not as synchronously as in suspension cultures (A. W. Roberts, 

unpublished observation). Increasing the shaker speed did not inhibit differentiation, but cells 

tended to stick to the sides of the culture vessel, above the level of the medium, resulting in non-

homogenous culture conditions. The optimal culture volume for a given culture vessel and 

shaking speed can be determined easily, allowing a greaí deal of flexibility in cultunng these cells. 
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Early cell enlargment in MES buffered medium is a previously undescribed phenomenon 

that may be exploited to gain insight into the mechanisms of expansion growth. In unbuffered 

differentiating cultures, cell enlargement takes place only after the first wave of differentiation is 

complete. However, cell enlargement begins eahier in non-differentiating culture. In addition, 

prelimary expehments indicate that the medium pH changes during the course of differentiation 

(S. Pujah, personal communication). It is possible that buffehng of these normal changes in pH 

causes the eariy cell enlargement. Future investigations may clarify the relationships between 

extracellular pH, differentiation and cell enlargement in these cultures. 



CHAPTER 3 

DETECTION OF SEQUESTERED CALCIUM 

3.1 IntrodtjrtJnn 

Although TE ultrastructure and the hormonal regulation of TE development have been 

studied extensively (see Fukuda and Komamine 1985, Aloni 1987a,bfor recent reviews), little is 

known about the cellular signals that regulate differentiation or the pattern of wall deposition. The 

development of a suspension culture system in which isolated mesophyll cells differentiate into 

tracheary elements synchronously (Fukuda and Komamine 1980a) has facilitated the 

investigation of these problems. 

Calcium has recently received much attention as a regulatorof plant development (see 

Hepler and Wayne 1985, Poovaiah and Reddy 1987, Allan and Trewavas 1987 for review), and 

there are a number of reasons to suspect that calcium may play a role in the differentiation of 

TEs. In suspension culture, elevation of the cytokinin concentration in the presence of constant 

auxin induces differentiation (Fukuda and Komamine 1980a, Church and Galston 1988a); several 

other cytokinin-induced developmental events have been shown to be mediated by calcium in 

plant cells (Hepler and Wayne 1985). It has also been demonstrated that the protein complement 

of differentiating Zinnia cells changes (Fukuda and Komamine 1983); regulation of gene 

expression by calcium has been demonstrated in animals and is suggested to occur in plant cells 

(Poovaiah and Reddy 1987). 

Cortical microtubule rearrangement (Hardham and Gunning 1979) mediated by actin 

filaments (Kobayashi et al. 1988) is the first evidence of the pattern in which the secondary cell 

wall will form. Due to rapid sequestration of calcium ions in the cytoplasm (Rose and 

Loewenstein 1975), spatially confined processes may be regulated by highly localized elevations 

in cytoplasmic calcium. Also, it is known that calcium binding proteins are involved in cytoskeletal 

rearrangements in animal cells (Mooseker et al. 1986, Na 1988). 

Several aspects of cell wall deposition may be calcium regulated. For example, 

membrane fusion is a well known calcium regulated process (Ohki 1984) and hemicellulosic 

polysacchahdes (Pickett-Heaps 1966) and rosettes of membrane particles associated with 

cellulose synthesis (Haigler and Brown 1986) are delivered to the plasma membrane of 

developing TEs by secretion of Golgi vesicles. Cellulose is a major component of the secondary 

cell wall, and calcium regulates its synthesis in a prokaryote (Ross et al. 1987), a eukaryotic slime 

mold (Blanton and Northcote 1990) and possibly in higher plants (Delmer 1987). In addition, 

localized growth and cell wall synthesis in tip growing cells are associated with locally elevated 

calcium (Reiss and Herth 1979b). Polysacchahde deposition is followed by lignification. which is 
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suggested to require calcium for synthesis of precursors (Allan and Trewavas 1987) and 

extracellular polymerization (Westermark 1982). 

I have used chlorotetracycline (CTC), an antibiotic that fluoresces in the presence of 

membrane-associated calcium (Caswell and Hutchison 1971), to demonstrate that subcellular 

calcium disthbution changes concurrently with the onset of TE differentiation in suspension 

cultures of Zinnia elegans. Other methods for localizing subcellular structures have been used to 

make inferences about the compartmentalization of CTC fluorescence. 

3.2 Methods and matfthak 

Zinnia seedlings were grown, and mesophyll cells were cultured in flasks or shell vials as 

described in Chapter 2. 

Cell suspensions were treated for 5-120 min with 10-200 îM CTC (Sigma Chemical Co., 

St. Louis, MO) dissolved in culture medium. Cells incubated with 10 ^M CTC for 30 min exhibited 

adequate fluorescence for photographic recording in the absence of toxic effects; this was 

adopted as the standard protocol. In some cases cells were plasmolyzed by increasing the 

mannitol concentration of the culture medium to 0.4 M. Some preparations were stained with 0.1 

% Evan's blue, in addition to CTC, to test for cell viability (Gaff and Okong'O-Ogola 1971). Other 

cells were incubated with 1-10 mM EGTA, a calcium chelator for 5-120 min before or after CTC 

staining (Wolniak et al. 1980). Membranes were stained with 10 îM NPN (n-

phenylnaphthylamine, Sigma; Saunders and Hepler 1981) in 1% DMSO and photographed within 

15 min. To localize mitochondha (Johnson et al. 1981) and ER (Quader and Schnepf 1986), cells 

were stained with 0.1-0.5 ug/ml DiOCe (3,3'-dihexyloxacarbocyanine iodide, Eastman Kodak, Inc, 

Rochester, N.Y.) in 0.1% ethanol and photographed within 15 min. Control expehments indicated 

that carrier solvents had no effect on differentiation at the concentrations used. Cells were 

examined and photographed using an Olympus BH-2 microscope equipped with epifluorescence, 

violet filter package (CTC), UV filter package (NPN) or blue filter package (DiOCe) and Zeiss KP-

560 filter (to block chlorophyll autofluorescence). Photographs were recorded with Kodak Tmax 

(ISO 3200) or Th-X (ISO 400) film using automatic exposure with spot metering or 1-3 s manual 

exposure. 

Cells grown in shell vials were treated with 5-30 |iM CTC dissolved in culture medium. 

After 90 hours in culture, 600 cells from each tube were scored for differentiation by the standard 

methods deschbed in Chapter 2. The graph illustrates the mean of 3 replicates in one 

expehment; error bars represent the standard deviation of the sample. The expehment was 

repeated 4 times with similar results. 
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Cells cultured for 64 h were aggregated by the addition of 0.5 mg/ml poly-l-lysine in 

culture medium and centhfuged in a clinical centhfuge to form a tight pellet. The pellets were 

fixed with 2% glutaraldehyde in buffer (50 mM cacocylate, 5 mM CaCI^, pH 7.4) for 20 min at 

210C, then washed 3 time in the same buffer. Post fixation for 2 h in osmium ferhcyanide 

(OsFeCN, 2% osmium tetroxide and 0.3% potassium ferhcyanide in buffer, Hepler 1981b) was 

followed by 3 washes in distilled water, dehydration in acetone and embedding in Spurr's resin 

(Spurr 1969). Silver sections were examined without post-staining and photographed with a 

Hitachi HU11E transmission electron microscope. In an effort to localize calcium ions, cells 

cultured for 64 h were fixed in the presence of fluohde according to Poenie and Epel (1987) or 

antimonate ions according to Wick and Hepler (1980). 

3.3 Results 

3.3.1 CTC fluorescence 

Zinnia cells stained with 10 |iM CTC early in differentiation exhibited two discrete classes 

of CTC fluorescence, weak and strong, with only rare intermediates (Fig. 3.1 a). When strongly 

fluorescent cells were examined with polahzation or differential interterence contrast (DIC) 

microscopy (Fig. 3.1b), nearly all possessed wall thickenings charactehstic of developing TEs. 

Some bhghtly fluorescent cells could not be identified as developing TEs with DIC or polarization 

microscopy; this class of cells occurred only in cultures that were just beginning to differentiate. 

Conversely, virtually all differentiating cells exhibited strong CTC fluorescence. These 

obsen/ations were consistent in more than 19 independent culture prepartations in which many 

hundreds of cells were examined. When unstained cells were viewed with violet light, they 

exhibited chlorophyll autofluorescence, which was eliminated by a KP560 barher filter, and very 

weak blue vacuolar autofluorescence, which could be clearly distinguished from bright yellow 

CTC fluorescence. 

Differentiating TEs exhibited strong CTC fluorescence throughout their development, but 

the pattern changed as the secondary wall thickened. Figure 3.2(a-l) illustrates the appearance 

of CTC stained cells throughout development. Freshly isolated cells incubated with CTC (Fig. 

3.2a) displayed blue vacuolar autofluorescence and weak yellow CTC fluorescence associated 

with the plasma membrane (Fig. 3.2b). Cells damaged duhng isolation (Fig. 3.2a, arrow) 

revealed a bright, punctate fluorescence (Fig. 3.2b, arrow). In contrast, damaged cells in older 

cultures were not strongly fluorescent. In 2 day old cultures, cells began to divide (Fig. 3.2c) and 

strong yellow CTC fluorescence was associated with cell plates (Fig. 3.2d). At the onset of 

differentiation, as recognized by the appearance of fine wall thickenings with DIC (Fig. 3.2e), 

tracheary elements fluoresced much more strongly than neighbohng, non-differentiating cells 



Figure 3.1 CTC fluorescence of developing TEs. (a) Cells from Zinnia 
suspension culture stained with 10 .̂M CTC for 30 min early in differentiation. 
Note the lack of intermediates between strong and weak fluorescence (400 X, 
bar = 70 |im). (b) Same field photographed with DIC microscopy. Cells with 
thickenings are indicated by arrows. One TE is out of the plane of focus in this 
micrograph. 
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Figure 3.2: Changes in CTC fluorescence during TE development. (a,c,e,g,i,k) Developing TEs 

photographed with DIC microscopy (780 X, bar= 10 J..Lm). (b,d,f ,h,j,l) Identical fields stained with 

10 JlM CTC for 30 min. (a,b) Freshly isolated Zinnia mesophyll cells. Cell damaged during 

isolation is indicated by arrow. (c,d) Dividing cell from 2 day old culture. Cell plate is brightly 

fluorescent. (e,f) TE and non-differentiating cell early in differentiation. TE can be recognized by 

fine wall thickenings (arrowheads) and bright CTC fluorescence. (g,h) TE in mid-differentiation. 

Bright CTC fluorescence occurs between thickenings. (i,j) TE in late differentiation. CTC 

fluorescence appears punctate. (k,l) Completely differentiated TE. CTC fluorescence is absent 

and wall thickenings are autofluorescent due to lignin. 

-- -- --- - --- -- ---- - ---
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(Fig. 3.2f). Fluorescence appeared to be disthbuted evenly throughout the cytoplasm and faded 

rapidly after only a few seconds of exposure to violet light. For this reason, areas to be 

photographed were identified with white or violet light reduced in intensity with neutral density 

filters and exposure times were kept to a minimum. As secondary wall thickenings became more 

apparent with DIC (Fig. 3.2g), CTC fluorescence appeared confined to the areas between 

thickenings (Fig. 3.2h). Vacuolar autofluorescence was still visible at this stage in development. 

Duhng the final stages of secondary wall thickening (Fig. 3.2i), CTC fluorescence appeared 

punctate (Fig. 3.2j) and faded much less rapidly than the generalized cytoplasmic fluorescence 

seen eahier. Vacuolar autofluorescence was not apparent at this stage. The presence of lignin 

autofluorescence signals the end of tracheary element differentiation (Fig. 3.2k). As blue lignin 

autofluorescence appeared, cytoplasmic contents and yellow CTC fluorescence disappeared 

(Fig.3.21). 

Cells were plasmolyzed by increasing the mannitol concentration of the culture medium 

to 0.4 M after incubation with CTC (Fig. 3.3a). Fluorescence was associated with the protoplast, 

which tended to adhere to the cell wall between thickenings (Fig. 3.3b, arrows). Sphehcal 

fragments of cytoplasm (Fig. 3.3b, arrowhead) often became separated from main body of the 

protoplast and remained attached to the cell wall between thickenings. Occasionally these 

fragments were attached to the protoplast by fine cytoplasmic strands. Adherence to the wall and 

fragmentation of the protoplast was not seen in non-differentiating cells that had been 

plasmolyzed. Cells with punctate fluorescence and highly thickened walls did not plasmolyze. 

Late differentiating cultures were stained with 0.1% Evan's blue after incubation with CTC 

(Fig. 3.3c). Although Evan's blue appeared to quench CTC fluorescence significantly, I was able 

to determine visually that TEs with punctate CTC fluorescence absortDed the non-permeant vital 

stain. Unfortunately, the quenched fluorescence was too dim to record well photographically (Fig. 

3.3d). 

Cells treated with 1 mM EGTA for short periods of time (up to 20 min) prior to CTC 

staining showed little decrease in fluorescence. After prolonged incubation, however, fluorescent 

intensity of developing TEs was reduced (see Chapter 5, Fig. 5.4). 

3.3.2 Inhibitory and toxic effects of CTC 

Fluorescence observations were made on cells stained with 10 |iM CTC after I 

determined that this concentration was non-toxic and non-inhibitory to differentiation. Figure 3.4 

illustrates the inhibitory and toxic effects of high concentrations of CTC added to Zinma 

suspension cultures immediately after isolation. Differentiation was inhibited by 50% at 20-25 nM 

CTC and cell death was 50% above the control value at 30 nM CTC. 



Figure 3.3 Plasmolysis and Evan's blue staining of CTC stained cells. (a) TE 
plasmolyzed with 0.4 M mannitol and viewed with DIC (780 X, bar = 10 |j.m). (b) 
Same cell showing CTC fluorescence associated with the protoplast, but not the 
cell wall. Spherical fragment of cytoplasm that remained attached to the cell wall 
between thickenings is indicated (arrowhead). Regions of protoplast still 
attached to wall between thickenings are indicated by arrows. (c) TE in late 
stage of differentiation incubated with 0.1% Evan's blue and photographed with 
DIC microscopy. The TE, but not adjacent cells, is stained (780 X). (d) Same cell 
showing punctate CTC fluorescence. Fluorescence is dim due to quenching by 
Evan's blue so pehmeter of cell is indicated by arrowheads. 
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Fig. 3.4 Effect of CTC concentration on differentiation and cell viability. Cells were 

scored for differentiation after 90 h in culture. 
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Staining cells with 50-100 |iM CTC did not give consistent patterns of fluorescence. In 

these high CTC concentrations, I could not always distinguish two discreet classes of 

fluorescence intensity in early differentiating cultures and very intense fluorescence sometimes 

appeared to colocalize with wall thickenings in developing TEs (Fig. 3.5a,b). This pattern was 

never seen in cells stained with 10 nM CTC. 

3.3.3 Other fluorescent stains 

Developing tracheary elements stained with the membrane marker NPN did not appear 

more bhghtly fluorescent than neighbohng, non-differentiating cells (Fig. 3.5c,d). As secondary 

wall thickenings developed, NPN fluorescence appeared confined to areas between thickenings 

(Fig. 3.5e,f) as was the case with CTC fluorescence (Fig. 3.2g,h). 

DiOCe was used as a mitochondhal stain at 0.1 îg/ml (Johnson et al. 1981) and as an 

ER stain at 0.5 ug/ml (Quader and Schnepf 1986). Cells stained with 0.1 îM DiOCg exhibited 

brightly fluorescent mitochondha (Fig. 3.6a-f). Rapid streaming of mitochondha had to be 

inhibited before images could be recorded photographically. I found that a few seconds of 

exposure to blue light inhibited streaming, but did not change the appearance of the cells or 

cause significant photo-bleaching. In freshly isolated cells the mitochondha appeared long and 

snakelike (Fig. 3.6a). After 62-64 h in culture, non-differentiating cells (Fig. 3.6b) and developing 

TEs (Fig. 3.6c) had large numbers of short, rod-shaped mitochondha. As differentiation 

proceeded, DiOCg fluorescence of TEs took on a diffuse appearance (Fig. 3.6d) and finally an 

irregular, punctate appearance (Fig. 3.6e) that was dissimilar to the appearance of mitochondha 

in any healthy, streaming cells, but similar to the punctate CTC fluorescence of cells at this stage 

of development (Fig. 3.2j). 

DiOCe applied at 0.5 ug/ml has been used as a stain for ER in onion epidermis (Ouader 

and Schnepf 1986). In Zinnia cultures it caused mitochondha to become swollen and misshapen 

(Fig. 3.6f). Chloroplast envelopes also stained bhghtly. Cytoplasmic strands fluoresced weakly, 

but no pattern similar to published images of DiOCg stained ER (Quader and Schnepf 1986) was 

visible, perhaps because the cytoplasm was crowded with chloroplasts and mitochondria. 

3.3.4 Electron microscopy 

Due to the failure of the DiOCe method for localizing the ER, I examined developing TEs 

with TEM after post-fixing with OsFeCN to selectively contrast the ER. The mechanism of 

selective staining of the ER has been proposed to be related to calcium sequestenng function of 

this organelle (Hepler 1981b). Selective staining in suspension-cultured Zinnia cell ranges from 

negligible in some cells to patches of electron dense deposits (Fig. 3.7a, inset) that appeared to 



Figure 3.5 TEs stained with NPN or high concentration of CTC. (a) TE treated 
with 100 îM CTC and photographed with DIC microscopy (780 X, bar = 10 ̂ im). 
(b) Same cell showing CTC fluorescence colocalized with thickenings. (c) Two 
TEs and one non-differentiating cell (*) in early differentiating culture 
photographed with DIC microscopy (780 X). (d) Same cells stained with 10 nM 
NPN. Cytoplasmic fluorescence intensity of TEs is not greater than non-
differentiating cell. Vacuolar fluorescence appears different due to plane of 
focus. (e) TE in mid-differentiation photographed with DIC microscopy (780 X). 
(f) Same cell showing NPN fluorescence localized between thickenings. 
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Figure 3.6 Zinnia cells stained with DiOCg (a-e) Zinnia cells stained with 0.1 
ug/ml DiOCg (780 X, bar = 10 |nm). (f) Zinnia cells stained with 0.5 ug/ml DiOCg 
(780 X). (a) freshly isolated mesophyll cell. Note large size of mitochondha. (b) 
Non-differentiating cell from 3 day old culture with numerous, small mitochondria 
(c) TE earty in differentiation with numerous, small mitochondha. (d) TE in mid-
differentiation with diffuse DiOCg fluorescence. (e) TE in late-differentiation. 
DiOCg fluorescence is punctate and resembles CTC fluorescence late in 
differentiation. (f) Cell stained with 0.5 M-M DiOCg with swollen mitochondha 
(arrowheads) and fluorescent chloroplasts. 
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Figure 3.7 TEM of cultured Zinnia cells. (a) Developing TE fixed with with 
OsFeCN. ER is indicated by arrows and occurs phmahly between secondary cell 
wall thickenings (CW, 6,000 X, bar = 2.5 îm). Inset shows a tangential section of 
cortical ER containing OsFeCN deposits (14,900 X, bar = 1 \im). (b) Zinnia leaf 
cells fixed with OsFeCN. Nuclear envelope (NE) and ER are selectively 
contrasted and indicated by arrows (16,000 X, bar = 1 |im). (c) Conventionally 
fixed Zinnia TE. ER is indicated by arrows and occurs phmarily between 
secondary cell wall thickenings (CW, 9,000 X, bar = 1 pm). 
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span the ER lumen when viewed in cross-section. Since it has been reported that the OsFeCN 

method is not as successful in single cells as in tissues (Hepler 1981, Schnepf et al. 1982), I 

apphed this technique to developing leaves of Zinnia. Some leaf cells (-5%) did show selectively 

contrasted ER and nuclear envelope (Fig. 3.7 b), but the selective staining was not obsen/ed in 

the developing vascular tissue. When suspension cultured cells were aggregated with poly-l-

lysine and pelleted to approximate the conditions in tissues, selectively contrasted ER was again 

absent. Although the ER was not selectively constrasted with OsFeCN, it was easily detectable. 

Whereas most ER was localized between secondary wall thickenings, some appeared under the 

thickenings, especially where the undehying cytoplasm was relatively thick (Fig. 3.7a). 

3.4 Discussion 

3.4.1 Localization of sequestered calcium with CTC 

The intense CTC fluorescence of developing TEs is consistent with the hypothesis that 

changes in cellular calcium disthbution accompany TE differentiation. Intense fluorescence was 

specific to developing TEs and a few cells in eahy differentiating cultures that could not be 

identified as TEs with DIC or polahzation microscopy. These cells were probably incipient TEs 

because similar cells are never seen in non-differentiating cultures. Fluorescent staining with 

Calcofluor White can be used to identify TEs at eahier stages of development than DIC or 

polahzation microscopy (Ingold et al. 1988), but it cannot be used with CTC due to ovehapping 

excitation and emission spectra. Furthermore, time lapse photography of individual cells was 

hampered by the lethal effects of intense violet radiation used to identify fluorescent labelled cells. 

CTC fluoresces in the presence of divalent cations and the intensity is increased in a 

hydrophobic environment (Caswell and Hutchison 1971). In cells, CTC is thought to be an 

indicator of relatively high calcium concentrations in the vicinity of membranes (Blinks, et al. 

1982), such as that sequestered in ER or mitochondha. Therefore, changes in CTC fluorescence 

most likely indicate changes in cellular calcium uptake or compartmentalization. Although it is 

possible that CTC fluorescence in these cells could result from chelation of other divalent cations, 

I feel this is unlikely for several reasons. In a non-polar environment the CTC-Ca complex has a 

5-foId greater increase in fluorescence intensity than CTC-Mg (Hallett et al. 1972). In addition, 

the filter package I employed, with a narrow band pass (8 nm) excitation filter at 405 nm, is 

selective for Ca-CTC (Polito 1983). Finally, prolonged incubation in EGTA, which specifically 

chelates calcium, reduced CTC fluorescence of developing TEs. The fact that developing TEs 

stained with the general membrane marker NPN (Saunders and Hepler 1981) do not fluoresce 

more bhghtly than adjacent cells, suggests that the increase in CTC fluorescence is due to 

changes in calcium sequestration, not simply to changes in abundance of membranes. 
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I propose that the fluorescence patterns of cells treated with 10 ̂ iM CTC reflect normal 

patterns of calcium sequestration. Despite the findings of Reiss et al. (1983) that CTC promotes a 

rise in intracellular calcium, normal growth and differentiation of Zinnia cultures proceed for over 

four days in 10 îM CTC indicating that this concentration has no dethmental affect on TE 

development. Furthermore, I saw no apparent changes in the appearance of cells incubated with 

10 iiMCTCfor 20-120 min. 

3.4.2 Organelle localization of calcium 

I attempted to identify calcium rich organelles using the antimonate procedure of Wick 

and Hepler (1980) and several vahations of the fluohde precipitation technique of Poenie and 

Epel (1987). Neither technique was successful with Zinnia cells, probably due to a diffusion 

barrier created by massive precipitation in the calcium hch walls, even after incubation in EGTA. 

Allan and Trewavas (1987) have pointed out that very little is known about the subcellular 

localization of calcium in plant cells. In Zinnia, my observations suggest that the fluorescence 

seen in earty stages of TE differentiation is associated with the ER. First, the diffuse appearance 

of this fluorescence is reminiscent of the diffuse fluorescence seen in acinar cells that are rich in 

ER (Chandler and Williams 1978). Second, the diffuse fluorescence appears to be localized 

between thickenings, the areas of greatest ER accumulation in Zinnia TEs 3S reported in the 

literature (Burgess and Linstead 1984a,b) and confirmed by my own observations. Third, short 

term incubation of developing TEs with EGTA did not décrease CTC tluorescence, suggesting 

that the fluorescence is not phmahly associated with the plasma membrane. Finally, plasmoiysis 

indicated that CTC íluorescence was not associated with the cell wall. In other plant cells, ER 

localized with OsFeCN (Palevitz and Hodge 1984) and enhanced contrast video microscopy 

(Allen and Brown 1988) has been shown to be coincident with CTC fluorescence. 

The punctate fluorescence observed in late differentiating cells is probably associated 

with autolysis, not with calcium-sequestehng mitochondha, based on the following obsen/ations. 

First, TEs with punctate CTC fluorescence do not plasmolyze, but do stain with Evan's blue as is 

charactehstic of dead cells (Gaff and Okong'O-Ogola 1971). Second, vacuolar autofluorescence 

is not visible in cells with punctate CTC fluorescence. Third, the size and shape of the 

fluorescent punctae in late differentiating TEs stained with CTC does not correspond with the size 

and shape of mitochondha in any healthy, streaming cells stained with DiOCe- Celis stained with 

DiOCe 'ate in differentiation (Fig. 3.6e) have an appearance more like those stained with CTC at 

the same stage (Fig. 3.21), in which fluorescent punctae are irregular in size and shape. Finally, 

the punctate CTC fluorescence obsen/ed in iate differentiating TEs is similar in appearance to 

that of cells damaged duhng cel! isolation. Since membranes of damaged cells can be assumed 
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to be in contact with high concentrations of calcium (extracellular calcium concentration = 1 mM), 

the punctate CTC fluorescence may be associated with organelle fragments. 

3.4.3 Possible functions of calcium in developing TEs 

Processes in TE differentiation that have been shown to be regulated by calcium in cells 

of other organisms include response to cytokinin, cytoskeleton rearrangement, vesicle fusion, 

localized cell wall deposition, cellulose synthesis and lignification. Since these events occur 

sequentially duhng development, the timing of changes in calcium disthbution may offer some 

insight into the function of calcium. Increased CTC fluorescence becomes evident well after the 

response to cytokinin, which occurs within the first 6-7 h after cultuhng (Church and Galston 

1988b, S. Pujah, pers. comm.). This does not rule out a requirement for calcium in the response 

to cytokinin or in subsequent gene activation, but does indicate that an increased level of calcium 

is also necessary for at least one of the events that occurs near the time of wall thickening. 

What, if any, role does calcium play in establishing the pattern of cell wall thickenings in 

TEs? Membrane associated calcium appears to be localized only between thickenings in Zinnia 

TEs. It is possible, however, that fluorescence is evenly disthbuted throughout the cytoplasm, but 

is blocked from view by the secondary cell wall, or that a greater abundance of membranes in the 

thicker cytoplasm between thickenings causes bhghter fluorescence in these regions. In any 

case, my results clearly indicate that membrane associated calcium is not sequestered 

preferentially at regions of localized wall deposition as has been noted in pollen tubes (Reiss and 

Herth 1978), cell plates and buds in Funaria (Saunders and Hepler 1981), Micrasterias ceWs 

(Meindl 1982a), developing guard cells (Palevitz and Hodge 1984), Fucus embryos (Kropf and 

Quatrano 1987), \/ai;cA7er/a aplanospores (Oliveira and Fitch 1988), lichen soredia (Raineh and 

Modenesi 1988) and other tip growing cells (Reiss and Herth 1979b). L. W. Roberts and Baba 

(1987) suggested that calmodulin inhibitors disrupt the normal pattern of TE wall formation in 

lettuce pith implants by disturbing microtubule arrays. While calmodulin may regulate microtubule 

rearrangement in tracheary elements, sequestered calcium in Zinnia TEs is not preferentially 

localized with microtubules, which are known to undertie the developing wall thickenings 

(Hardham and Gunning 1979). 

Calcium may be important in the secretion of the TE cell wall, even though it is not 

preferentially sequestered at the sites of wall thickening. Goosen-de Roo (1973a) has suggested 

that vesicle fusion in developing TEs occurs phmahly between thickenings and my observations 

are consistent with this interpretation. After plasmolysis of developing TEs, cytoplasmic 

fragments remain attached to the cell wall between the thickenings as has been noted in actively 

secreting regions of Fucus embryos (Kropf and Quantrano 1987). Prelimmary obsen/ations with 
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freeze-fracture are also consistent with vesicle fusion between thickenings (Haigler and A. W. 

Roberts 1989). 

The appearance of lignin autofluorescence late in Zinnia JE differentiation and afterthe 

appearance of punctate CTC fluorescence and the apparent loss of cell integhty is consistent with 

previous reports on the timing of lignification in these cells (Fukuda and Komamine 1985). 

Calcium released from the cell at this stage may be important in extracellular lignin polymehzation 

as suggested by Westermark (1982). 

3.4.4 Attempts to measure cytoplasmic [Ca^+j 

Duhng the summer of 1989, I had the opportunity to visit the lab of William Lucas in the 

Botany department at the University of California at Davis to attempt microinjection of the 

calcium-sensitive photoprotein aequohn into Zinnia ceWs. A technique has been developed in Dr. 

Lucas' lab (Madore et al. 1986) for microinjecting indicator dyes into vacuolate plant cells. This 

technique involves encapsulation of the dye in phosphatidyl serine liposomes and microinjection 

into the vacuole. The liposomes then fuse with the tonoplast, delivehng the dye to the cytoplasm. 

This seemed like a good way to introduce aequohn into vacuolate Zinnia cells. Microinjection of 

Zinnia ceWs with lucifer-yellow-loaded liposomes was successful, and the technique seemed 

promising. However, when liposomes were loaded with aequohn, the liposome suspension could 

not pass through the tip of the injection pipette. The suspension was even difficult to pass 

through the size exclusion filter. Apparently the aequohn interacted with the phosphatidyl sehne 

vesicles, possibly coating their suríace. Removal of extraliposomal aequohn with a Sephadex 

column was attempted, but recovery of liposomes was not adequate. This technique may still 

hold promise for microinjection of vacuolate cells if extraliposomal aequohn can be eliminated. 



CHAPTER 4 

CALCIUM-CHANNEL BLOCKERS AND CALMODULIN INHIBITORS 

4.1 Introductinn 

The hse in chlorotetracycline fluorescence indicates that calcium sequestration 

accompanies the onset of cell wall thickening in TEs developing in suspension cultures of Zinnia 

mesophyll cells (A. W. Roberts and Haigler 1989, Chapter 3). One interpretation of these results 

is that calcium uptake across the plasma membrane and sequestration in intracellular 

compartments is required for deposition of the patterned secondary wall. However, L. W. Roberts 

and Baba (1987) have reported that the calcium-channel blocker verapamil and the competitive 

inhibitor of calcium uptake lanthanum do not inhibit TE differentiation in lettuce pith explants. 

These results are apparently inconsistent with a requirement for uptake of extracellular calcium in 

TE differentiation. 

Calcium-channel blockers from different chemical classes may vary in effect in different 

organisms and tissues. Each class binds to voltage-dependent calcium channels at a different 

receptor site (reviewed by Hosey and Lazdunski 1988). In addition, the ionization state 

(dependent on the pKa) of calcium-channel blockers can influence their effectiveness (see Hille 

1984, Uehara and Hume 1985, Kass and Arena 1989), particulahy at the low pH of many plant 

culture media. Therefore, although verapmil has been reported not to inhibit TE differentiation, it 

is worthwhile to test other classes of calcium channel blockers. In addition, lanthanum forms a 

precipitate with phosphate, so it is pertinent investigate the effects of lanthanum on TE 

differentiation in phosphate-free medium. The classifications and properties of the calcium- and 

calmodulin-antagonists used in this study are summahzed in the appendix. 

Differentiating suspension cultures offer advantages over callus or explant cultures for 

calcium- and calmodulin-inhibitor studies because all cells have equal access to the drugs. An 

additional advantage of Zinnia suspension cultures is that TE differentiation occurs fairly 

synchronously. This allows the opportunity to investigate the calcium- and calmodulin-

dependence of the sequential events in TE differentiation, which include response to cytokinin, 

gene-expression, pattern formation, rearrangement of the cytoskeleton, deposition of secondary 

cell-wall polysacchahdes, lignification and autolysis (reviewed by Fukuda and Komamine 1985). 

In this chapter, I report that TE differentiation can be inhibited by neutral dihydropyridine 

calcium-channel blockers. In contrast, verapamil, D-600 and diltiazem, which are charged at 

culture pH, had no effect on differentiation. By addition of inhibitors at various times throughout 

the culture pehod, I have shown that TE differentiation involves at least two calcium-dependent 

events; one calmodulin-dependent and one calmodulin-independent. 
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4.2 Methods and matfthak 

Seedlings were grown and mesophyll cells were cultured in shell vials as deschbes in 

Chapter 2. Differentiation, as detected by the appearance of cell wall thickenings seen with 

differential interterence contrast (DIC) microscopy, usually became evident after 50-55 h (all 

times refer to the time elapsed from the initiation of culture). Differentiation could be detected as 

early as 48 h by fluorescence microscopy after staining with 0.01% Tinopal LPW (Ciba-Geigy; 

Greensboro, NC, Cl No. 40622). 

Cultured cells were scored for percent differentiation as deschbed in Chapter 2. Graphs 

illustrate mean percent differentiation for single experiments run in triplicate unless specified 

othenwise in the figure legend; error bars represent the standard deviation. All expehments were 

repeated at least twice with similar results. The IC50 values (concentration giving 50% inhibition) 

for dose-response expehments are reported as means of 2-3 expehments. 

For calcium dephvation expehments, cells were grown in culture medium in which the 

added [CaCy was reduced below the standard 1 mM. The free-[Ca2+] in the medium was 

measured with a Nova 7 Biomedical Ca++ Analyzer (Nova; Newton, Mass., USA) after adding 

cells. In some expehments, CaCI^ was added to calcium-deficient cultures after 48 h. 

For La3+ treatment, cells grown for 48 h in culture medium containing 20 îM KH^PO^ and 

0.5 mM CaCI^ were transfered to medium containing 5-100 nM Lâ ^NOa)̂  and no KH2PO4. La3+ 

forms an insoluble precipitate in the presence of PO^'^, as indicated by Tanimoto and Harada 

(1986) and confirmed by my observations. Controls were transfered to KH^PO^-free medium at 

the same time. In some expehments, 1-4 mM CaCI^ was added just phor to La^* addition. 

For drug treatments, drugs were added at the beginning of culture or just phor to visible 

secondary wall deposition at 48 h in order to determine which phases of differentiation were 

affected. In some cases drugs were added at other times between 0 and 48 h in order to 

determine the timing of effectiveness with greater resolution. 

Nifedipine (8 mM stock in dimethylsulfoxide (DMSO)) and isomers of 202-791 (8 mM 

stock in absolute ethanol or DMSO) were added in dim light and the cultures were incubated in 

the dark to avoid photo-inactivation of these drugs (Morad et al.1983). Verapamil, D600 and 

diltiazem were dissolved in culture medium. Controls contained DMSO or ethanol as appropriate. 

Calmodulin inhibitors thfluoperazine (TFP), chlorpromazine (CPZ), N-(6-aminohexyl)-5-

chloro-1-naphthyIenesuIfonamide (W-7) and N-(6-aminohexyl)-1-naphthylenesulfonamide (W-5) 

were dissolved in BA (6-benzylaminopuhne)-free culture medium. When added at t=0, the 

inhibitors were introduced before the addition of BA to a final concentration of 0.2 mg/l. W-7 

added at the beginning of culture was removed after 24 h by centrifugation and resuspension of 
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cells in inductive (200 mg/l BA) or non-inductive (1 mg/l BA) medium (Fukuda and Komamine 

1980a). 

Verapamil-HCI (10 mM) was titrated with 50 mM NaOH. The pKa value was determined 

from the titration curves. 

Isomers of 202-791 were a gift of Sandoz Corporation (Basel, Switzeriand). AII other 

chemicals were obtained from Sigma Chemical Co. (St. Louis, Mo., USA). 

4.3 Results 

4.3.1 Inhibition by calcium deprivation 

Tracheary-element differentiation was inhibited when the [CaCy (1 mM in normal culture 

medium) was reduced below 0.5 mM (Fig. 4.1). When no CaCI^ was added, mean differentiation 

was reduced about 78% compared to cultures containing 1 mM CaCI^, whereas the percentage 

of dead cells increased by about 60%. No significant increase in cell death (by the Mann-Whitney 

U test) was obsen/ed when added CaCI^ was reduced to 0.2 mM, while TE differentiation in these 

cultures was reduced by 20% compared to cultures containing 1 mM CaCI^. Medium to which 0-

0.05 mM CaCI^ had been added contained <0.1 mM free Ca2+, the lower limit of detection of the 

Nova 7 Ca++ Analyzer. Further reduction of free Ca2+ with calcium buffers was not pursued 

because of the increase in cell death already observed. When calcium-dephved cultures (no 

added CaCI^) were "rescued" by adding 1 mM CaCI^ after 48 h, the mean % differentiation was 

increased from 13.8 to 21.8 (p<0.005 by the Mann-Whitney U test). 

4.3.2 Inhibition by lanthanum 

Lanthanum ion are competitive inhibitors of calcium uptake (dos Remedios 1981). TE 

differentiation was inhibited when cells were transfered to phosphate-free medium containing 

La2(N03)3 and 0.5 mM CaCI^ at 48 h (Fig. 4.2). Cells transfered at 48 h to phosphate-free 

medium containing 0.5 mM CaCI^, but no La^^NOs)̂ , differentiated normally. As shown in Fig. 

4.1, the requirement for Ca2+ is nearly saturated at 0.5 mM CaCI^. At this [Ca2+], 15 îM La3+ 

resulted in maximum inhibition. Raising [La3+] to 100 fiM resulted in the same degree of 

inhibition (approx. 90%) as seen with 15 )iM La^ .̂ When La3+ was added to cultures containing 

phosphate, concentrations of 150 fiM were required for inhibition (data not shown) in agreement 

with the results of L. W. Roberts and Baba (1987). Inhibition by La3+ added at the initiation of 

culture was not determined because KH^PO^ is required duhng the first 48 h for normal 

differentiation (data not shown). When 1 mM or 4 mM CaCI^ was added along with 20 |iM La^^ 

mean differentiation was increased to 11.1% and 24.8%, respectively (Fig. 4.2, p<0,05 by the 

Mann-Whitney U test). 
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4.3.3 Inhibition by organic calcium-channel blockers 

The dihydropyridine calcium-channel blockers nifedipine and (-)202-791 inhibited TE 

differentiation with mean IC50 values of 44 |iM and 17 ^iM, respectively, when added to cells at 48 

h (Fig. 4.3). Nifedipine produced a nearly identical dose-response cun/e when added at the time 

of culture (data not shown). The calcium-channel activating isomer (-i-)202-791 (Hof et al.1985) 

stimulated differentiation by about 25% at 5-10 îM (Fig 4.3), but was toxic at higher 

concentrations (nearty 60% increase in cell death at 30 ^iM). This expehment was repeated 3 

times and 5-10 îM (-i-)202-791 always produced higher differentiation percentages that the 

control. In contrast, the phenylalkylamines, verapamil and D600, and the benzothiazipine, 

diltiazem, were ineffective when 150 |iM was added either at the time of culture or 48 h later 

(Table 4.1). Verapamil was also ineffective when applied in the dark (Table 4.1). Since D600 is 

most effective at high pH (Triggle 1980), I attempted to culture cells in medium buffered at pH 

6.5, but no differentiation was obsen/ed under these conditions. Titration of verapamiI-HCI 

indicated a pKa value of 6.5. 

Nifedipine (60 |iM) and (-)202-791 (50 îM) added at 24 or 47.5 h were not inhibitory if 

removed 48 hours after cultuhng (Fig. 4.4). When 60 |iM nifedipine or 50 îM (-)202-791 was 

added at the time of culture and removed at 48 h, only about 40% recovery for nifedipine and 

about 5% recovery for (-)202-791 was observed (Fig 4.4). This indicates that calcium uptake 

necessary for TE differentiation occur between 0 and 24 h and after 48 h, but not between 24 and 

48 h. Inactivation of nifedipine by ultraviolet light (Morad et al.1983) was attempted, but 50-60% 

cell death occurred in nifedipine-treated cultures. The ultraviolet irradiation was not lethal in 

control cultures containing DMSO indicating that ultraviolet radiation produced toxic nifedipine 

derivatives. 

When La3+ or dihydropyhdines were applied at concentrations that did not completely 

inhibit differentiation, secondary wall bands in cells that did differentiate appeared thinner than 

those in control cells (Fig. 4.5). Tracheary-elements that formed in low calcium medium also had 

thinner secondary wall bands. The pattern of wall thickenings, however, was unaltered in either 

case. When 90 h cultures that had been treated with higher concentrations of La3+ or 

dihydropyhdines were observed by light microscopy, the walls of drug-treated cells did not appear 

to be any thicker than those of cells incubated in non-inductive medium. This indicates that 

secondary wall deposition, not just patterned wall formation, was inhibited. In contrast, Zinnia 

secondary cell walls formed in the presence of colchicine cleahy appeared thickened with light 

microscopy even though no pattern was distinguishable (Fukuda and Komamine 1980a, Haigler 

unpublished observation). 
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Fig. 4.3 Effect of dihydropyhdine calcium-channel blockers and activator on TE 
differentiation. AII drugs were added at 48 h. Increase in cell death was insignificant 
at 30 |iM nifedipine and 40 jiM (-)202-791; it increased by 32% at 60 îM nifedipine 
and 24% at 60 |iM (-)202-791. (-i-)202-791 was non-toxic at 10 |LÍM, but a 68% 
increase in cell death was observed at 30 |iM. 
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TREATMENT2 
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DIFFERENTIATION (%) 

nifedipine (-) 202-791 
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49.2 ±3.1 

0.0 ±0.0 

50.2 ±4.7 
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1.8 ±1 .3 
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47.6 ±5.1 

0.0 ±0.0 
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TIME IN CULTURE (h) 

Fig. 4.4 Reversal of dihyropyhdine-induced inhibition by drug removal. Cultures 
were treated with 60 \M nifedipine or 50 |iM 202-791 at various times. Some 
cultures were washed and resuspended in fresh, inductive medium after 48 h. The 
shaded areas represent the time during which cells were in contact with the drug. 



Fig. 4.5 Effect of calcium channel blockers on the appearance of TEs. (a,b) 
Control TES. (c,d) TEs that differentiated in the presence of 40 îm (-)202-791 
added at 48 h. Note the thinner appearance of the secondary wall bands in the (-
)202-791 treated TEs. Cells were stained with 1 % phloroglucinol in 20% HCL 
and photographed using a green (546 nm) filter (a,c 340 X, bar = 20 |j.m; b,d 680 
X, bar = 20 îm) 
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4.3.4 Inhibition by calmodulin antagonists 

Calmodulin antagonists of the phenothiazine class, CPZ and TFP, inhibited TE 

differentiation with mean IC50 values of 22 ^M and 8 ^iM, respectively (Fig. 4.6a). These values 

are consistent with the higher anti-calmodulin activity of TFP (Prozialeck and Weiss 1982). 

Similahy, W-7, of the naphthylenesulfonamide class (Asano and Hidaka 1984), has a higher anti-

calmodulin activity and a lower mean IC50 (2.5 îM) than W-5 (IC50 = 10 ^iM, Fig. 4.6b). Because 

W-7 showed the least vahability among replicates, it was chosen for further reversibility and 

timing expehments. W-7 was used at a concentration of 4 îM, which caused nearly complete 

inhibition of differentiation with little increase in cell death (Fig. 4.6b). 

W-7 was completely inhibitory when added between 0 and 12 h, vahably inhibitory when 

added between 15 and 23 h, and ineffective when added at 27 h or later (Fig. 4.7). TFP and CPZ 

also caused maximal inhibition when added at the initiation of culture and no significant inhibition 

(95% confidence) when added at 24 or 48 h (Table 4.1). I detected no change in the pattern of 

secondary wall deposition in cells that developed in the presence of calmodulin inhibitors. 

Cells treated with W-7 at the beginning of culture could be "rescued" by washing out the 

drug with inductive medium after 24 h (Fig. 4.8). In contrast, when W-7 was washed out with 

non-inductive medium (containing 0.5% of the inductive concentration of BA) differentiation was 

not greater than in unwashed W-7 treated cells. Non-dmg treated cells washed with non-

inductive medium after 24 h exhibited about 40% of the differentiation in controls at 90 h. The 

difference between percent differentiation in control and W-7 treated cells washed with non-

inductive medium (C/N versus W/N, Fig. 4.8) was significant at the 99.9% confidence level using 

the Mann-Whitney U test. 

4.4 Discussion 

4.4.1 Requirement for extracellular calcium 

Inhibition of TE differentiation by dihydropyhdine calcium-channel blockers (Fig. 4.3), 

lanthanum (Fig. 4.2) and reduction of extracellular [Câ +J (Fig. 4.1) indicates that uptake of 

extracellular Ca2+ is required for this process in suspension cultures of Zinnia. Furthermore, six 

lines of expehmental evidence indicate that the inhibitory effects of these treatments are calcium 

specific. First, differentiation was partially restored to calcium-dephved cultures by adding CaCI^ 

at 48 h, just at the onset of visible differentiation. Second, La^^ does not enter plant cells 

(Thomson et al.1973) so it is unlikely to have non-specific effects on cellular metabolism; its 

action can be atthbuted to inhibition of calcium uptake (dos Remedios 1981). Third, the inhibitory 

effectiveness of La^^ was dependent on extracellular [Câ +J (Fig. 4.2). Fourth, the inhibitory 

action of calcium-channel blockers is reversible; differentiation proceeded when channel blockers 
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Fig. 4.6 Effect of calmodulin inhibitors on TE differentiation. (A) 
Phenothiazine calmodulin inhibitors. Increase in cell death was 
insignificant at 10 laM for both drugs and increased only 20% at 
20 |iM CPZ. Cell death increased by about 150% at 15 |iM TFP 
and 130% at 35 \iM CPZ. (B) Naphthylenesulfonamide 
calmodulin inhibitors. Increase in cell death was insignificant at 
3 nM W-7 and 12.5 |iM W-5; it increased by 63% at 5 |aM W-7 
and40%at 15|iM W-5. 
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Fig. 4.7 Timing of W-7-induced inhibition. W-7 (4 )iM) was added at various times. 

Each point represents the percent differentiation for a single culture in one 

expehment, except for "0" values, which represent three supehmposed replicates. 

The graph is a compilation of data from three separate experiments. 
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were washed out less than 2 h before the expected onset of TE formation (Fig. 4.4). Fifth, the 

calcium-channel activating isomer of 202-791 stimulates differentiation at low concentrations (Fig. 

4.3); its lethal effects at high concentrations may be due to toxic levels of Ca2+ in the cytoplasm. 

Finally, although calcium-channel blockers are known to have calmodulin-antagonizing activity 

(Roufogalis 1985), dihydropyhdines were effective inhibitors of TE differentiation when added 0-

48 h after cultuhng (Fig. 4.4), whereas calmodulin inhibitors were effective only when added <24 

h after cultuhng (Fig. 4.7). 

The failure of D600, verapamil and diltiazem to block differentiation in Zinnia suspension 

cultures (Fig. 4.1) and in lettuce pith explants (L.W. Roberts and Baba 1987) does not necessahly 

contradict the requirement for Ca2+ uptake in TE differentiation. The effectiveness of calcium-

channel blockers is dependent on their degree of ionization, and therefore on the external pH 

(Hille 1984, Uehara and Hume 1985, Kass and Arena 1989). Their lack of effecî may be 

explained by the inability of charged drug molecules to penetrate the cell membrane and bind to 

internal receptors (Hescheler et al. 1982) or their inability to bind external receptors (Kass and 

Arena 1989). D600, diltiazem and verapamil are tertiary amines with pKa values of 8.5 

(Dorrscheidt-Kafer 1977), 7.7 (Uehara and Hume 1985) and 6.5, respectively; therefore they are 

phmahly charged at pH 5.5. As a result, they may not be effective in cells incubated in Murashige 

and Skoog medium (pH 5.7-5.8; Murashige and Skoog 1962) used by L.VV. Roberts and Baba 

(1987) or Zinnia culture medium (pH 5.5; Fukuda and Komamine 1980a). Tanimoto and Harada 

(1986) reported that verapamil inhibits bud initiation in Torenia stems cultured on Murashige and 

Skoog medium, but 300 |iM verapamil was needed for complete inhibition. Lehtonen (1984), 

using Wahs medium (pH 6.0), needed 330-380 |iM verapamil for alteration of morphogenesis in 

Micrastehas. In contrast, Ruth et al. (1988) found that 50 îM verapamil induced cell division in 

Vittaha gemmae grown on Knop's medium at pH 5.5. However, since calcium-channel blockers 

inhibit cell division in other plants (Hepler 1985, Wolniak and Bart 1985), these resuits are difficult 

to interpret. To my knowledge, there have been no other reports of the application of verapamil, 

D600 or diltiazem to plants at low pH. In contrast, the dihydropyhdines nifedipine and (-)202-291 

are neutral amines (nifedipine has a pKa of ~ 1 , Uehara and Hume 1985) and are also very 

effective inhibitors of TE differentiation in Zinnia. I propose that the ineffectiveness of D600, 

verapamil and diltiazem in inhibiting TE differentiation can be explained by their charged state at 

low pH. Since Zinnia TEs will not differentiate at higher pH, I was prevented from testing íhis 

hypothesis. 

The concentration of calcium required for maximum TE differentiation (0.5 mM) is high 

compared to many other calcium regulated processes in plants (reviewed by Hepler and Wayne 

1985), particulahy in light of the relatively low concentrations of channel blockers required to 
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inhibit this process. This may be due, in part, to the high concentrations of Mg2+ (i mM) and 

Mn2+ (0.1 mM) in Zinnia culture medium; both of these ions are known to block calcium channels 

(see Hille 1984). 

4.4.2 Caicium uptake and cell wall secretion 

The role of calcium in the regulation of secretory processes in plant cells has been 

reviewed recently by Steer (1988). The inhibition of TE differentiation when dihydropyhdine 

calcium-channel blockers and lanthanum were applied just phor to visible secondary wall 

deposition (48 h in culture) indicates that calcium influx is required for cell wall secretion in Zinnia 

as well. This is supported by the reversibility of inhibition upon removal of these drugs at 48 h 

(Fig. 4.4), by the partial "rescue" of calcium-dephved cultures when CaCI^ was added at 48 h and 

by my previous observation that the amount of sequestered calcium increases just before wall 

thickening commences (A.W. Roberts and Haigler 1989, Chapter 3). The obsen/ation that 

channel blockers prevented the formation of even a non-patterned secondary wall indicates that 

plasma membrane calcium influx is necessary for secondary wall secretion in general and not 

only for pattern formation in particular. This contention is further supported by the thinner 

appearance of thickenings in TEs that differentiated in the presence of partially inhibitory 

concentrations of calcium-channel blockers (Fig. 4.5). 

Calmodulin is also suggested to play a role in calcium-mediated secretion in plants (Steer 

1988). The lack of inhibition of TE differentiation by calmodulin inhibitors applied after 24 h (Fig. 

4.7) indicates that calmodulin may not be directly involved in regulating secretion of the 

secondary cell wall in TEs. The inability of W-7 to alter the onset or pattern of TE differentiation 

when added late in culture also suggests that calmodulin is not required for cytoskeletal 

rearrangement, which occurs just prior to secondary wall deposition in these cells (Falconer and 

Seagull 1985b). 

4.4.3 Requirement for calmodulin 

In agreement with results obtained with lettuce pith explants (L. W. Roberts and Baba 

1987), calmodulin inhibitors reduced TE differentiation in Zinnia suspension cultures (Fig. 4.6). 

The higher sensitivity of Zinnia cultures to TFP and CPZ is probably due to increased access of 

suspension cultured cells to the drugs. 

Although the non-specific effects of calmodulin inhibitors are widely recognized, 

Roufogalis (1985) has proposed a set of chteria for testing the specificity of calmodulin inhibition 

My results satisfy four of his six chteha; specifically, inhibition occurs at approphate doses, 

inhibitory potency parallels anti-calmodulin potency, the initiation of TE differentiation is calcium 
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dependent (see next section) and inhibition occurs in the absence of increased cell death at low 

doses. I did not test the stereo-specificity of inhibition. Finally, the regulation of TE differentiation 

is not characterized well enough to allow us to address the sixth critehon, which requires the 

elimination of potential non-calmodulin sites of action by the use of other inhibitors. 

The specificity of calmodulin antagonism of TE differentiation is also indicated by the 

confined time at the beginning of culture duhng which calmodulin antagonists are effective. For 

many non-specific effects, the drugs would be expected to be inhibitory regardless of the time of 

addition. The effects of calmodulin on calcium transport, in particular, can be eliminated because 

calcium transport antagonists are effective when added at 48 h (Fig. 4.4) and calmodulin 

antagonists are ineffective when added at this time (Fig. 4.7). I do, however, see some cell death 

(Figs. 5 and 6, legends), which may be indicative of non-specific effects, particularly at the higher 

doses. Furthermore, so-called calmodulin inhibitors also antagonize other calcium binding 

proteins (Moore and Dedman 1982). Several of these have been identified in plants and they 

may represent additional sites of action for calmodulin inhibitors. 

4.4.4 Calmodulin and the response to cytokinin 

In contrast to calcium-channel blockers, calmodulin inhibitors are not effective when 

added just prior to visible secondary wall deposition (Fig. 4.7). Timing expehments revealed that 

by 17 h, 50% of the cells determined to differentiate had passed the calmodulin dependent 

event(s) and were not inhibited by W-7 (Fig. 4.8). In this and other TE cultures (Phillips 1987; 

Tucker et al.1986), cells are determined to differentiate shortly after exposure to cytokinin. My 

results further indicate that calmodulin-dependent event(s) are essential for the determining 

response to cytokinin. Inhibition of differentiation by calmodulin inhibitors was completely 

reversed by washing and resuspension in fresh inductive medium at 24 h, whereas inhibition was 

not reversed when cells were resuspended in non-inductive medium at 24 h (Fig. 4.8). Cells not 

treated with drugs differentiate at about 40% of the control level when transferred to non-inductive 

medium at 24 h (Church and Galston 1988b; this study). The lack of substantial differentiation in 

any culture when W-7 was added prior to 15 h (Fig. 4.7) indicates that the calmodulin-dependent 

event(s) continue after the first chtical response to cytokinin, which is completed by 6-7 h in up to 

40% of the cells (Church and Galston 1988b; Pujah and Haigler unpublished observations). The 

involvement of calmodulin in cytokinin-regulated developmental process has been noted 

previously in other plants (Saunders and Hepler 1983, Saunders 1986, Elliott 1983). 

It is probable that the eahy calmodulin-dependent event(s) are also dependent on 

calcium uptake. Inhibition by calcium-channel-blocking dihydropyhdines added immediately after 

cultuhng can be only partially reversed by removing the drugs at 48 h (Fig. 4 4). This suggests 
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that extracellular calcium is required early in differentiation as well as just prior to the appearance 

of TEs. It is not clear whether the TEs that do differentiate under these conditions are due to 

initiation after the removal of the drug or a higher IC50 for the eahy calcium-dependent event. 

Differentiating cells do not seem to require extracellular calcium between 24 and 48 h as 

supported by the complete reversability of dihydropyridines present throughout this time (Fig. 

4.4). 



CHAPTER 5 

METHYLXANTHINES AND Pl PATHWAY INHIBITORS 

5.1 Introduction 

The methylxanthines caffeine and theophylline have been reported to affect the 

development of plant cells. In animal cells these compounds are known to inhibit cAMP 

phosphodiesterase resulting in increased levels of cellular cAMP (see Weils and Kramer 1981 for 

review). Methylxanthines also stimulate the release of calcium from the sarcoplasmic reticulum of 

muscle cells (Weber and Herz 1968). In plants caffeine inhibits cytokinesis resulting in the 

formation of binucleate cells (Giménez-Martín et al. 1965, L6pez-Sáez 1966, Pickett-Heaps 1969, 

Paul and Goff 1973, Becerra 1977, Becerra and Lôpez-Sáez 1978, Jones and Payne 1978, 

Pareyre et al. 1979, Bonsignore and Hepler 1985). Electron microscopic investigations revealed 

that cell plate vesicles were able to form in caffeine-treated cells, but these vesicles did not fuse 

(Lôpez-Sáez 1966). Using video microscopy, Bonsignore and Hepler (1985) showed that 

vesicles aggregated to form the cell plate in caffeine-treated Tradescantia hair cells, but these 

vesicles dispersed instead of coalescing. A mode of action of caffeine involving interterence with 

Ca2+ has been suggested on the basis of amelioration of the caffeine effect by Ca2+ (Becerra 

1977), potentiation of the caffeine effect by Ca2+ chelators (Becerra and Lôpez-Sáez 1978) and 

the similahty in effect between Ca2+-deficiency and caffeine treatment (Paul and Goff 1973). 

Membranes associated with the cell plate, which may function in Ca2+ regulation, were also 

reduced by caffeine (Jones and Payne 1978). On the other hand, caffeine-treated plant cells do 

not undergo cessation of cytoplasmic streaming, which is generally associated with increased 

cytoplasmic [Ca2+] (Hepler and Wayne 1985). 

The reported effects of caffeine and theophylline on TE differentiation are conflicting. 

Caffeine inhibited TE differentiation and cytokinesis in lettuce pith explants (Dalessandro and L. 

W. Roberts 1971), but had no effect on TE differentiation in the cortex of pea roots in spite of 

inhibition of cytokinesis (Hardham and McCully 1982). Theophylline has been reported to replace 

cytokinin in the stimulation of TE differentiation in combination with cAMP in carrot root slices 

(Mizuno and Komamine 1978) and alone in tobacco pith parenchyma (Basile et al. 1973). 

Increase in the stimulaíory effect of theophylline in the presence of cAMP was taken as evidence 

forthe role of this compound in transduction of the cytokinin signal (Basile et al. 1973). TE 

differentiation was also induced in the absence of cytokinin by the stable cAMP analog 8-bromo-

cAMP in both studies. However, Mizuno and Komamine (1978) found that 8-Br-cAMP induced 

endogenous cytokinin synthesis. 
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The effects of lithium on cytokinesis in Tradescantia stamen hairs were similar to those of 

caffeine; the cell plate formed and then dispersed (Chen and Wolniak 1987). Lithium also altered 

mitotic progression in Tradescantia (Wolniak 1987), inhibited budding in Funaria (Conrad and 

Hepler 1986), inhibited cell proliferation (Das et al. 1987, Bagga et al. 1987) and altered circadian 

rhythms in several plants (Zachahassen and Johnsson 1988, Ostgaard et al. 1982). The 

inhibition of cellular processes by lithium in animal cells has been atthbuted to the blocking of the 

phosphatidyl inositol (Pl) pathway through inhibition of myo-inositol-1-phosphatase (Hallcher and 

Sherman 1980, Berhdge et al. 1989). Plant myo-inositol-1-phosphatase is also sensitive to 

lithium, although less so than the animal enzyme (Loewus and Loewus 1982). Lithium reduced 

the level of Pl in Amaranthus callus (Das et al. 1987). Increase in the recovery of inositol 

phosphates from lithium-treated plants has also been reported (Dillenschneider et al. 1986, 

Ettlinger and Lehle 1988). The animal hormone 5-hydroxytryptamine (5-HT) induces Pl turnover 

in animal cells (Fain and Berhdge 1979). This compound has also been reported to mimic the 

effects of red light in the induction of ^̂ 50̂ 2+ uptake in corn protoplasts (Das and Sopory 1985) 

and induce gravitropic cun/ature in corn roots (Reddy et al. 1987). Increases in inositol 

phosphates in response to 5-HT have also been reported in plants (Reddy et al. 1987) 

Inositol trisphosphate (IP3) produced by Pl hydrolysis releases intracellular Ca2+ 

(Berhdge and Irvine 1984), indicating that both lithium and caffeine may exert their effect through 

Ca2+. A second product of Pl hydrolysis, diacylglycerol (DAG), stimulates protein kinase C (PKC) 

by lowehng its threshold for Ca2+ activation (Berhdge and Irvine 1984). Another inhibitor of the PI 

pathway, the phospholipase C inhibitor neomycin, also arrested mitosis in Tradescantia stamen 

hairs and neomycin-induced mitotic arrest can be overcome by DAG analogs (Chen et al. 1988). 

Also, the specific PKC inhibitor 1-(5-isoquinolinesulfonyI)-2-methylpiperazine dihyrochlohde (H-7) 

prolonged metaphase in Tradescantia stamen hairs (Larsen et al. 1989). This effect, like that of 

neomycin, was reversed by a DAG analog. 

Using Zinnia suspension cultures, I have investigated the effects of theophylline, caffeine, 

lithium and neomycin on TE differentiation. My aim was to (1) resolve the conflicting results 

reported for the effects of methylxanthines on TE differentiation and (2) extend the observations 

of the effects of lithium and neomycin on mitosis and cytokinesis to TE differentiation. 

5.2 Methods and matehals 

Isolated mesophyll cells from Zinnia were cultured in shell vials and scored for 

differentiation by the standard method as deschbed in Chapter 2. AII drugs were soluble in 

culture medium, so no carher solvents were needed. Points on graphs represent the average of 

3-4 replicates from a single representative expehment and error bars represent the standard 
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deviation of the sample. All expehments were repeated at least twice with similar results. Nuclei 

were stained by treating glutaraldehyde fixed cells (2% in 0.05 mM phosphate buffer, pH 7.2) with 

1 ug/ml 4',6-diamidino-2-phenylindole (DAPI). Binucleate cells were counted using an 

epifluorescence microscope (Olympus BH-2) and UV filter pack. Percent inhibition of cytokinesis 

was calculated as (binucleate cells/(uninucleate cells -t- binucleate cells) X 100. 

Membrane-associated calcium was detected by staining with 10 îM CTC as described in 

Chapter 3. For some expehments, cells were pre-incubated for 5 h with 5 mM caffeine or 10 mM 

EGTA prior to CTC staining. 

Tinopal LPW staining was used to compare the timing of effectiveness of drugs with the 

appearance of cell wall thickenings. At each time point, a 50 |il aliquot of cell suspension was 

removed from three vials and fixed with glutaraldehyde. The drug was then added to each of the 

three vials. Fixed cells were stained with Tinopal LPW and counted using epifluorescence 

microscopy to determine the proportion of cells that had visible wall thickenings at the time of 

drug addition. After 80 h, the drug-treated cells were scored for differentiation by the standard 

method. 

5.3 Results 

5.3.1 Caffeine 

Caffeine inhibits TE differentiation in Z/nn/a cultures with an IC50 of 0.8 mM, whereas the 

IC50 for inhibition of cytokinesis is 1.2 mM (Fig. 5.1). The drop in the number of binucleate cells 

at 3 mM is due to inhibition of mitosis at this higher concentration. Inhibition of TE differentiation 

was completely reversed by removal of caffeine at 24 h and partially reversed by removal at 48 h 

(Fig. 5.2). In two preliminary expehments, differentiation percentages were enhanced by 30-40% 

in cultures following pre-treatment with caffeine and removal at 24 and 48 h. These results have 

not been reproducible, possibly due to an unrecognized vahable. 

Addition of caffeine at different times during culture showed that caffeine began to lose its 

effectiveness about 8-10 h before secondary cell wall thickenings could be detected with Tinopal 

LPW (Fig 3a). (Tinopal LPW has been shown to be the most sensitive method of detecting 

secondary cell wall thickenings, Ingold et al. 1988). In contrast, the calcium channel blocker 

nifedipine did not lose its effectiveness until 2-3 h before secondary cell wall thickenings could be 

detected (Fig. 5.3b). 

As mentioned previously, CTC fluorescence increases in developing TEs prior to visible 

cell wall thickening. I attempted to correlate the time of increase in CTC fluorescence with the 

loss of effectiveness of nifedipine and caffeine, however, the rise in CTC fluorescence occurred 

gradually and it was not possible to distinguish fluorescent versus non-fluorescent cells well 
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Fig. 5.1 Effect of caffeine concentration on TE differentiation and cytokinesis. Cells 
were treated with caffeine at the initiation of culture. 
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TREATMENT1 

TREATMENT2 

TREATMENT3 

TREATMENT4 

TREATMENT5 

TREATMENT6 

DIFFERENTIATION (%) 

caffeine theophylline 

37.6 ±0.7 57.3 ±3.1 

42.6 ± 6.0 54.2 ± 3.8 

40.6 ±5.5 59.6 ±1.3 

0.0 ±0.0 1.2 ±0.5 

47.4 ± 6.4 58.3 ± 6.2 

26.3 ± 6.8 51.3 + 4.3 

TIME IN CULTURE (h) 

Fig. 5.2 Reversal of methylxanthine-induced inhibition by drug removal. Some 
cultures were treated with 2 mM caffeine or theophylline at the initiation of culture. 
Control and drug-treated cells were washed at 24 or 48 h or left untreated. The 
shaded areas represent the time duhng which the cells were in contact with the drug. 



123 

TIME OF DRUG ADDITION (h in culture) 

Fig. 5.3 Timing of methylxanthine and nifedipine-induced 
inhbition. Caffeine (A), nifedipine (B) and theophylline (C) were 
added to cultures at various time. Cultures were scored for 
differentiation at 90 h. The appearance of the secondary cell 
wall as detected with Tinopal LPW is shown for compahson for 
each expehment. 
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to count them. Some cells appeared bhghter than others by 8 h before secondary cell wall 

thickenings could be detected. Incubation of developing TEs in 2.5 mM caffeine prior to CTC 

staining resulted in a reduction in CTC fluorescence (Fig. 5.4). Cells that did differentiate in the 

presence of caffeine had thin wall bands similar to those seen in Ca2+ deficient and Ca2+-

channel-blocker-treated cultures (Chapter 4). 

Ruthenium red and tetracaine block intracellular calcium release and have been shown to 

reverse the effects of caffeine in some cells (Ohnishi 1979). I found these compounds to be toxic 

to Zinnia cells. No reversal of caffeine-induced differentiation was noted at concentrations that 

did not increase cell death. Another blocker of intracellular Ca2+ release, TMB-8, had no 

detectable effect on differentiating Zinnia cell at concentrations up to 750 iiM. However, TMB-8, 

like D-600 and verapamil, is a tertiary amine and may not penetrate the plasma membrane in pH 

5.5 medium (see Chapter 4). Adenosine has been reported to reduce the effects of caffeine on 

plant cells (Bonsignore and Hepler 1985). I found a 20% recovery of differentiation when 

adenosine (2 mM) was added to cultures along with caffeine (2 mM) at 42 h (Fig. 5.5). 

5.3.2 Theophylline 

Theophylline inhibited TE differentiation with an IC50 of 0.4 mM and cytokinesis with an 

IC50 of 2.5 mM (Fig. 5.6). As with caffeine, theophylline inhibition could be completely reversed 

by removal of the drug at 24 h and partially reversed by removal at 48 h (Fig. 5.2). Theophylline 

also started to lose its effectiveness about 8-10 h prior to detection of secondary wall thickenings 

with Tinopal LPW (Fig. 5.3c). Adenosine was more effective in ameliorating the effects of 

theophylline than those of caffeine. Addition of adenosine (2 mM) along with theophylline (2 mM) 

at 42 h resulted in 40% recovery of control differentiation (Fig. 5.5). 

The cAMP analog 8-Br-cAMP (0.5 mM) induced differentiation in non-inductive medium 

at 60% of control percentages (Fig. 5.7). Adenine (0.2 mM) and theophylline (10 îM) when 

applied alone or with cAMP (0.5 mM) did not stimulate differentiation. 

5.3.3 Lithium 

Lithium inhibited TE differentiation with an IC50 of 2.5 mM and cell division with an IC50 of 

~7 mM (Fig. 5.8). At the concentrations tested (1-7 mM) lithium did not increase the number of 

binucleate cells. Lithium started to lose its effectiveness after about 25 h in culture and was 

completely ineffective after 40 h (Fig. 5.9). Like W-7 (Chapter 4), reversal of lithium-induced 

inhibition could be accomplished by removing lithium-containing medium at 24 h and replacing it 

with inductive medium. Replacing lithium-containing medium (6 mM) with non-inductive medium 



Figure 5.4 Reduction in CTC fluorescence by caffeine and EGTA. Photographs 
were exposed and phnted under identical conditions. (a) Control cells. (b) Cells 
treated with 5 mM caffeine. (c) Cells treated with 10 mM EGTA (220 X, bar = 
100 ̂ im). 
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5.5 Effect of adenosine on methylxanthine-induced inhibition. Adenosine (2 mM) 
was added along with theophylline (2 mM) or caffeine (2 mM) at 42 h. 
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Fig. 5.6 Effect of theophylline concentration on TE differentiation and cytokinesis. 
Cells were treated with theophylline at the initiation of culture. 
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Fig. 5.7 Stimulation of TE differentiation by 8-Br-cAMP (8-Br) in non-inductive 
medium. Neither cyclic AMP (cAMP), cAMP + theophylline (cAMP/T), theophylline 
alone (T) nor adenine could replace cytokinin in non-inductive medium. Controls with 
cytokinin (-i-CK) and without cytokinin (-CK) are shown for compahson. 
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Fig. 5.8 Effect of lithium concentration on TE differentiation and cell division. Lithium 
was added at the initiation of culture. 
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Fig. 5.9 Timing of lithium- and neomycin-induced inhibition. Lithium (6 mM) or 
neomycin (2 |iM) was added a various times. Each point represents the % 
differentiation of a single culture. Data are compiled from 4 expehments. 
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at 24 h did not reverse the inhibitory effects of lithium (Fig. 5.10). Addition of up to 2.5 mM myo-

inositol with 6 mM lithium was not sufficient to reverse inhibition without removal of lithium. 

5.3.4 Neomycin 

Neomycin inhibited TE differentiation with an IC50 of 0.6 îM and cell division with an IC50 

of 2 M.M (Fig. 5.11). As with lithium, neomycin did not increase the number of binucleates at the 

concentrations tested (0.5-4 ^iM). Neomycin began to lose its effectiveness about 15 h in culture 

(Fig. 5.9). In fact, the timing of effectiveness cun/e for neomycin is nearly identical to that of W-7 

(chapter 4). In contrast to lithium and W-7, neomycin inhibition could not be reversed by 

replacing neomycin-containing medium (2 îM) with inductive medium at 24 h (Fig. 5.10). The 

addition of the DAG-analog 1,2-dioctanoylglycerol (1,2-DOG) did not stimulate differentiation, but 

did increase cell death. I also noted that 1,2-DOG did not become dispersed in Zinnia culture 

medium when sonicated, as reported by Larsen et al. (1989). Forthese reasons, I did not 

attempt to reverse the effects of neomycin with 1,2-DOG. The PKC inhibitor, H-7, was ineffective 

in inhibiting differentiation up to 100 |iM. The stimulator of Pl turnover, 5-HT (10-20 |iM) was 

ineffective in stimulating differentiation in non-inductive medium. Like TMB-8, H-7 is a tertiary 

amine and its ineffectiveness may be due to lack of membrane penetration. On the other hand, 

5-HT is thought to bind to surface receptors. These receptors may not be present in Zinnia ceWs. 

5.4 Discussion 

The inhibition of TE differentiation in Zinnia cultures by caffeine is consistent with 

reported effects of caffeine on lettuce pith explants (Dalessandro and L. W. Roberts 1971), but 

contradict the report that caffeine up to 5 mM did not inhibit TE differentiation in wounded pea 

roots (Hardham and McCulIy 1982). Lack of diffusion of caffeine into the root tissues is not a 

likely explanation forthe discrepancy because Hardham and McCully (1982) did note inhibition of 

cytokinesis at 2.5 mM caffeine. In Zinnia, TE differentiation is even more sensitive to caffeine 

than cytokinesis. It is possible, however, that the relative sensitivities of cytokinesis and TE 

differentiation are different in pea roots and Zinnia cells. Another explanation for the discrepancy 

may be differences in responses between wounded, but othenwise intact, plant organs and 

cultured cells or explants. Cuhously, Hardham and McCulIy (1982) cite the work of Dallesandro 

and L. W. Roberts (1971), but do not address differences in their results. 

Dalessandro and L. W. Roberts (1971) and Hardham and McCuIIy (1982) used caffeine, 

a known inhibitor of cell division, to attempt to clarify the relationship between cell division and TE 

differentiation. However, as Dalessandro and L. W. Roberts (1971) pointed out, inhibition of TE 

differentiation may be unrelated to inhibition of cell division, but instead result from inhibition of 
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TREATMENT 1 

TREATMENT 2 

TREATMENT 3 

TREATMENT 4 

TREATMENT 5 

TREATMENT 6 

DIFFERENTIATION (%) 

lithium neomycin 

45.3 ±1.7 45.3 ±1.7 

47.4 ± 2.4 47.4 ± 2.4 

20.2 ±0.9 20.2 ±0.9 

0.0 ±0.0 0.0 ±0.0 

45.7 ± 2.8 111 ±3.2 

2.8 ±1.3 0.0 ±0.0 

TIMEINCULTURE(h) 

Fig. 5.10 Reversal of lithium- and neomycin-induced inhibition. Lithium (6 mM) or 
neomycin (2 îM) were added to some cultures. Control or drug-treated cell were left 
untreated or washed with inductive or non-inductive medium at 24 h. The shaded 
areas represent the times duhng which cells were in contact with the drug. The 
hatched areas represent non-inductive medium. 



134 

LU 
o 
cr 
LU 
û . 

0.0 1.0 2.0 3.0 4.0 

NEOMYCIN CONCENTRATION (JLIM) 

Fig. 5.11 Effects of neomycin concentration on TE differentiation and cell division. 
Neomycin was added at the initiation of culture. 
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fusion of Golgi vesicles to form the secondary cell wall in the same way that caffeine inhibited 

fusion of vesicles to form the cell plate during cytokinesis. Bonsignore and Hepler (1985) noted 

the formation and dispersal of the cell plate in caffeine-treated Tradescantia hair cells. They 

discussed the phenomenon in relation to caffeine-induced release of Ca2+ from the SR (Weber 

and Herz 1968) and involvement of cAMP (Wells and Kramer 1981), but came to no definite 

conclusion on the mode of caffeine action. Later, Hepler and Wayne (1985) reported that failure 

of cytokinesis in Tradescantia hair cells was not accompanied by cessation of cytoplasmic 

streaming, as would be expected if caffeine raised cytoplasmic [Ca2+] by inducing intracellular 

release. Direct measurement of cytoplasmic [Ca2+] in Tradescantia hair cells also failed to reveal 

increases in response to caffeine (P. K. Hepler pers. comm.). 

The observation that caffeine loses effectiveness when added 10 or fewer h before 

detectable wall thickening in Zinnia cells indicates interterence with cell wall deposition. This loss 

of effectiveness also correlates in time with the first appearance of increased CTC fluorescence. 

Reduction of CTC fluorescence by pre-treatment with caffeine also implicates intracellular Ca2+ 

release in the action of caffeine. In an investigation on vascular smooth muscle, in which caffeine 

is known to release calcium from the SR, DeFeo et al. (1987) showed that caffeine caused a drop 

in CTC fluorescence, but they noted no change in cytoplasmic Fura-2 fluorescence and only a 

small change in cytoplasmic aequohn luminescence. This can be explained if the released Ca2+ 

was removed rapidly by plasma membrane Ca2+ pumps and helps reconcile Hepler's cytoplasmic 

[Ca2+] measurement with my CTC observations. On the other hand, reversal of caffeine-induced 

inhibition by adenosine indicates that cAMP is involved. One mode of action of caffeine in animal 

cells is competition for adenosine receptors involved in the stimulation of adenylate cyclase (see 

Wells and Kramer 1981). However, if adenosine can compete with caffeine at its receptors, it 

may also compete with caffeine at receptors for intracellular calcium release. Therefore, reversal 

by adenosine is not inconsistent with intracellular calcium release as the mode of action for 

caffeine inhibition of TE differentiation. Finally, the similahty in appearance between the TEs that 

form in caffeine-treated and Ca2+-deficient or Ca2+-channel-blocker-treated cultures is consistent 

with disruption of cellular Ca2+ by caffeine. 

Theophylline, which is pharmacologically related to caffeine (Wells and Kramer 1981), 

also inhibited TE differentiation in Zinnia cultures despite its reported stimulatory effects on TE 

differentiation in othercell cultures (Basile et al. 1973, Mizuno and Komamine 1978). 

Theophylline at lower doses and in combination with cAMP did not stimulate differentiation in 

Zinnia cultures, but the non-metabolizable cAMP analog 8-Br-cAMP did replace cytokinin in 

promoting TE differentiation to some extent. The role of 8-Br-cAMP in mediating cytokinin 

stimulated TE differentiation was suggested by Basile et al. (1973). However, Mizuno and 
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Komamine (1978) showed that 8-Br-cAMP induced cytokinin synthesis in their carrot cultures, 

implying that 8-Br-cAMP is not involved in the transduction of the cytokinin signal, but in inducing 

the signal itself. This interpretation is supported by the recent report that cyclic nucleotides 

behave similarly to cytokinin in inducing organogenesis (Mangat and Janjua 1987). The role of 

cAMP in plant signal transduction is not clear. Whereas plant cells contain cAMP and cAMP 

phosphodiesterase, cAMP-dependent protein kinases have not been identified (see Honwitz 

1989). L. W. Roberts (1976) pointed out that cAMP is metabolized to adenine which can behave 

as a cytokinin in stimulating TE differentiation. Adenine did not replace cytokinin in stimulating 

differentiation in Zinnia cultures, indicating that the effects of 8-Br-cAMP are not the result of 

breakdown to adenine. 

The similarities in the dose- and time-dependence of inhibition of differentiation by 

caffeine and theophylline strongly indicates that these drugs act by the same mechanism. It is 

interesting to note that the time-dependence of caffeine and theophylline inhibition is similiar, but 

not identical, to that of nifedipine; the time course of nifedipine effectiveness follows the time 

course of secondary cell wall detection closely, while the time course of methylxanthine 

effectiveness precedes secondary cell wall detection by 8-10 h. In addition, nifedipine appears to 

inhibit cell wall synthesis even when added after thickening has begun (see Chapter 4). Whereas 

nifedipine blocks the uptake of extracellular Ca2+, the methylxanthines may induce the release of 

sequestered Ca2+. If this is the case, then the requirement for Ca2+ sequestration precedes the 

requirement for Ca2+ influx. Sequestration of calcium ih the ER of aleurone cells is necessary for 

synthesis of a-amylase (Bush et al. 1989). Perhaps sequestered Ca2+ plays a role in the 

activation of the secretory machinery or synthesis of required enzymes and sustained calcium 

influx is necessary for vesicle fusion. 

In Zinnia cultures, lithium inhibited both TE differentiation and cell division. Inhibition by 

lithium of both mitosis (Wolniak 1987) and cytokinesis (Chen and Wolniak 1987) in Tradescantia 

stamen hair cells has been reported previously. Mitosis was inhibited at lower lithium 

concentrations than cytokinesis, explaining why I saw no increase in binucleate cells in lithium-

treated Z/nn/a cultures. Similahties in the aggregation and subsequent dispersion of the cell plate 

in caffeine- and lithium-treated Tradescantia stamen hair cells led Chen and Wolniak (1987) to 

propose that these agents had similar modes of action. Since IP3 produced by the PI pathway 

promotes intracellular Ca2+ release, the mechanism of action of both drugs was suggested to 

involve calcium. In contrast, caffeine and lithium seem to affect TE differentiation by different 

mechanisms. Whereas lithium begins to lose its effectiveness when added after 24 h, caffeine is 

fully effective when added up to 10 h before the commencement of wall thickening (40-45 h). 
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Furthermore, the recovery of TE differentiation in lithium-treated cultures washed with inductive, 

but not with non-inductive, medium indicates that lithium inhibits the response to cytokinin. 

Reversal of lithium effects by myo-inositol has been reported in studies of cell 

proliferation (Das et al. 1987, Bagga et al. 1987), bud formation (Conrad and Hepler 1986), 

mitosis (Wolniak 1987) and cytokinesis (Chen and Wolniak 1987). The effects of lithium on cell 

prohferation and bud formation were ameliorated by adding myo-inositol to cultures along with 

lithium. However, recovery of mitosis and cytokinesis was demonstrated only when myo-inositol 

was added to the bathing medium after removal of lithium (Wolniak 1987, Chen and Wolniak 

1987). Inhibition of TE differentiation by lithium could not be overcome by simply adding myo-

inositol along with lithium. However, addition of myo-inositol after the removal of lithium could not 

be tested because complete recovery occurred upon removal of lithium even without myo-inositol. 

The inability to demonstrate reversal by myo-inositol does not exclude the possibility that the 

mode of action of lithium involves the Pl pathway. On the other hand, inhibition by lithium is far 

from conclusive evidence of the involvement of the Pl pathway in TE differentiation. However, 

the reversal of lithium inhibition by inductive, but not non-inductive, medium indicates the mode of 

action of lithium probably does involve transduction of the cytokinin signal. 

Phosphatidylinositol metabolism is also disrupted by the phospholipase C inhibitor 

neomycin. Therefore, a further indication that the PI pathway is involved in TE differentiation is 

the inhibition of differentiation by this drug (Carney et al. 1985). Chen et al. (1988) reported 

induction of mitotic arrest in Tradescantia hair cells by heomycin. This inhibition was reversed by 

1,2-DOG, whereas 1,3-DOG did not promote reversal. 1,2-DOG also reversed metaphase arrest 

induced by calcium chelators (Larsen et al. 1989). 1,2-DOG was not dispersible in Zinnia 

medium by the sonication method used by Larsen et al. (1989), perhaps because of the low pH, 

and cultures grown in medium containing 1,2-DOG had high death rates. Therefore, I could not 

test the reversibility of neomycin by 1,2-DOG. The early loss of effectiveness of neomycin (about 

15 h) is difficult to reconcile with the later loss of effectiveness of lithium (about 24 h) if both 

inhibitors affect the same regulatory pathway. Another indication that neomycin may not be acting 

through the same pathway as lithium is the lack of reversibility of the effects of neomycin when it 

was washed out by inductive medium at 24 h. 

Inhibition of TE differentiation by the methylxanthines and inhibitors of PI metabolism give 

some indication of the potential complexity of the regulation of this process. Methylxanthines 

induce intracellular Ca2+ release in addition to interíehng with cAMP metabolism. Inhibitors of the 

Pl pathway interfere with the production of IP3, which promotes intracellular Ca2+ release and 

DAG, which stimulates protein kinase C. It is interesting to note the methylxanthines appear to 

inhibit cytokinesis and the wall deposition phase of TE differentiation, both of which involve 
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vesicle fusion. Lithium and neomycin, on the other hand, are stronger inhibitors of mitosis and 

seem to be effective in the signal transduction phase of TE differentiation. Many of the remaining 

questions about the modes of action of these drugs in cell division and TE differentiation can be 

answered only by detailed analyses of changes in cytoplasmic [Ca2+] or PI turnover, both of 

which are currently extremely difficult, if not impossible, in plant cells. Future development of 

techniques in these areas are essential for a complete understanding of the effects of these 

inhibitors. 



CHAPTER 6 

IMMUNOLOCALIZATION OF CALCIUM-BINDING PROTEINS 

6.1 Introductinn 

Calcium-binding proteins are essential for mediating calcium-regulated functions in both 

plants and animals. Calcium-binding proteins that have been isolated from plant cells include 

calmodulin (Anderson et al. 1980) and calsequesthn (Krause et al. 1989). As deschbed in 

section 1.3.4, calmodulin mediates a vahety of cellular functions. Of these, the interactions 

between calmodulin and the cytoskeleton (Na 1988) are of particular interest in terms of the 

possible role of calmodulin in pattern determination in tracheary elements. Calsequesthn occurs 

in the SR, the ER (Berhdge 1987) and in calciosomes (Volpe et al. 1988) and functions in storage 

of releasable calcium. Localization of membrane-associated calcium in TEs indicates that TEs 

sequester calcium. Evidence that calsequesthn occurs in plant cells raises the possibility that this 

protein is involved in calcium storage in TEs. 

Calmodulin has been localized by immunofluorescence microscopy to the mitotic 

apparatus in dividing plant cells (Wick et al. 1985, Wick and Duniec 1986, Wick 1988). However, 

in interphase cells, calmodulin appeared to be dispersed throughout the cytoplasm. Similar 

cytoplasmic staining was noted in pea root and shoot tips (Dauwalder et al. 1986). Calmodulin 

was found to be associated with actin and tubulin in Euglena (Lonergan 1985). Calmodulin has 

also been localized in plant cells using peroxidase-conjugated antibodies (Lin et al. 1986). In pea 

stem, Dauwalder et al. (1986) demonstrated the localization of calmodulin in developing tracheary 

elements by immunofluorescence. Fluorescent labelling appeared to be confined to the areas 

between secondary cell wall thickenings. However, Dauwalder et al. (1986) showed only one 

stage in TE differentiation and it was difficult to discern how much wall thickening had taken 

place. Calmodulin was detected in developing xylem elements of corn root, but the subcellular 

localization was not reported (Lin et al. 1986). 

The occurrence of calsequesthn in cultured plant cells has been demonstrated by Stains-

all staining, '*5ca2+-binding, pH-dependent shift in molecular weight and cross-reactivity with 

antibodies raised to canine cardiac calsequesthn (Krause et al. 1989). Plant calsequesthn was 

then used to raise monoclonal antibodies (Chou et al. 1989); these antibodies cross-react with 

animal, as well as plant, calsequesthn. 

Using immunological methods, I have detected calmodulin in protein extracts from Zinnia 

and localized this protein in TEs developing Zinnia cultures. Calsequesthn antibodies also cross-

react with Zinnia cells, but I have been unable to extract detectable quantities of protein from 

cultured cells. 
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6.2 Methods and matfthak 

6.2.1 Protein extraction 

For extraction of calmodulin (Anderson 1983), Zinnia leaves were homogenized in buffer 

(50 mM Ths pH 7.5, 0.4 mM NaS^O^, 10 mM B-mercaptoethanol, 1% polyvinylpolypyrollidone 

(PVP)) in a Waring blender. The homogenate was filtered through cheese cloth, centhfuged at 

5,000 g for 20 min and ammonium sulfate was added to 55% of saturation. After stirhng for 60 

min at 4^0, the precipitate was pelleted at 10,000 g (30 min). The supernatant was adjusted to 

pH 3.9 with concentrated H^SO^ and stirred for 2 h at 4^0. After centhfugation (13,000 g, 60 

min), the final pellet was dissolved in Ths buffer (50 mM, pH 7.5) and desalted using a G25 

column. The protein fraction was lyophilized and stored at -20°C. 

Calsequesthn is enhched in the microsomal fraction of plant cells (Krause et al. 1989). 

To prepare microsomes, 2 g of cultured cells were homogenized in buffer (150 mM tricine, 10 mM 

KCI, 1 mM EDTA, 1 mM MgCI^, 1% PVP, 0.01% phenylmethylsulfonylfluohde, 12% w/w sucrose) 

using a Virtis ultra-fine generator. The homogenate was centhfuged at 10,000 g for 10 min. In 

the published protocol (Krause et al. 1989), the supernatant was layered on a discontinuous 

sucrose gradient, centhfuged at 83,000 g for 180 min and the microsomal fraction was collected 

at the interface. Since the protein concentration of the supernatant was low as a result of the 

small amount of starting matehal, I pelleted the supernatant at 100,000 g for 60 min. The 

membrane pellet was dissolved in buffer and pellet and supernatant fractions were heated to 

100OC in SDS sample buffer for 5 min and stored at -20oC. 

6.2.2 Electrophoresis 

The calmodulin extract was separated on an 18% acrylamide, non-denatuhng gel. The 

calsequesthn fraction was separated on a 7.5-15% acrylamide Laemmli-type gradient gel 

(Laemmli 1970). For 2-D electrophoresis (Michalak et al. 1980), the calsequesthn fraction was 

separated on an 8% acrylamide Weber-Osborn-type gel (pH 7.0) in the first dimension. The 

second dimension was run on a 7.5-15% acrylamide Laemmli-type gradient gel (pH 8.8). Gels 

were stained with Coomasie blue. Calsequesthn gels were also stained with Stains-all (Campbell 

et al. 1983). Calmodulin gels were stained with 100 îM thfluopehzine and photographed with UV 

light (O'Kane et al. 1980). 
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6.2.3 Immunoblotting 

Proteins were transferred to nitrocellulose by the method of Towbin et al. (1979). 

Nitrocellulose strips were blocked with ths buffered saline (PBS) containing 0.1% Tween 20, 1 % 

bovine serum albumin and 1 % non-fat dry milk. Strips were incubated with phmary antibody in 

blocking solution and with horseradish peroxidase (HRP)- or alkaline phosphatase (AP)-

conjugated secondary antibodies in PBS. Calmodulin transfers were fixed with glutaraldehyde 

(0.2% v/v) before incubation in primary antibody according to Van Eldik and Wolchok (1984). 

Polyclonal antibodies against canine cardiac calsequesthn were a gift of K. R. Campbell and 

polyclonal antibodies against spinach calmodulin were a gift of L. J. Van Eldik. 

6.2.4 Immunofluorescence 

Zinnia cells in the early stages of differentiation were prepared for immunofluorescence 

essentially by the method of Simmonds et al. (1985). Cells were attached to poly-l-Iysine coated 

slides and digestedfor 10 min in 0.1%cellulase (Worthington) in MSB-1 (0.1 M PIPES, 3 mM 

EGTA) pH 6.1. Digested cells were fixed for 1 h in 3% paraformaldehye in MSB-1, pH 6.9 and 

extracted with 1% Triton X-100 in MSB-2 (50 mM imidazole, 50 mM KCI, 0.5 mM MgCI^, 1 mM 

EGTA, 1 mM 2-mercaptoethanol, 4 M glycerol). After hnsing 2 X 5 min in 0.1% NaBH^ in PBS, 

cells were incubated with phmary antibody and FITC-conjugated secondary antibody in PBS 

containing 1% bovine serum albumin and 0.01% sodium azide. Rinsed cells were mounted in 

glycerol containing 0.1% phenylenediamine buffered to pH 9.0 with Na^CO^. For calmodulin 

immunofluorescence, better results were obtained by digesting after fixation, including 0.1% 

pectinase in the digestion solution and extracting with 1% DMSO instead of 1 % Triton X-100. 

6.3 Results 

6.3.1 Calmodulin 

Polyclonal antibodies against calmodulin cross reacted with a polypeptide from Zinnia 

extract that co-migrated with a spinach calmodulin standard (Fig. 6.1). The control nitrocellulose 

filter, incubated in secondary antibody only, showed no sign of peroxidase reaction. Gels stained 

with thfluopehzine showed corresponding fluorescent bands in lanes containing spinach 

calmodulin and Zinnia extract (Fig. 6.1). 

Immunofluorescent labeling of differentiating Zinnia ceW suspensions with anti-calmodulin 

(Fig. 6.2) revealed patterns similar to those noted previously for mehstematic cells (Wick et al. 

1985) and pea root and shoot tips (Dauwalder et al. 1986). Non-differentiating cells showed 

generalized cytoplasmic and nuclear staining. Nucleoli and chloroplasts did not stain (Fig. 

6.2a,b). Developing TEs also showed generalized cytoplasmic fluorescence (Fig. 6.2c,d). 



Figure 6.1 Detection of calmodulin from spinach and protein extracts of Zinnia by 
immunoblotting and trifluoperazine fluorescence. Lane 1 contains spinach 
calmodulin standard, and lane 2 contains a protein extract from Zinnia. (a) 
Nitrocellulose stained with amido black. (b) Nitrocellulose labelled with anti-
calmodulin and HRP-conjugated secondary antibody. (c) Nitrocellulose labelled 
with secondary antibody only. (d) Gel stained with 100 mM thfluoperazine. 
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Figure 6.2 Calmodulin immunofluorescent labelling of Zinnia cells. (a) 
Fluorescence micrograph of non-differentiating cell (1360 X, bar = 10 p.m). (b) 
DIC micrograph of cell shown in a. (c) Fluorescence micrograph of developing 
TE (1360 X). (d) DIC micrograph of cell shown in c. 
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However, some of this cytoplasmic fluorescence appeared to be confined to the areas between 

secondary cell wall thickenings. As with CTC fluorescence, this appearance may be due to the 

blocking of fluorescence by the cell wall itself. Even in the earliest stages of development, when 

secondary 

cell wall thickenings were barely visible, fluorescence was dispersed throughout the cytoplasm; 

fluorescence was not preferentially associated with the secondary cell wall. In addition, no cells 

in which secondary cell wall banding was not absent had any sign of fluorescent banding 

pattems. Control cells incubated without primary antibody showed only slight autofluorescence 

(data not shown). 

6.3.2 Calsequesthn 

Calsequesthn was not detectable in membrane pellets from cultured Zinnia cells by 

Stains-all staining or HRP or AP immunolabeling (Fig. 6.3). Several Stains-all blue-staining 

bands were enhched in the membrane pellet (Fig. 6.3a), but none corresponded to the expected 

molecular weight of 56 kD. When membrane pellets were separated by 2-D electrophoresis, no 

blue-staining bands appeared separated from the arc formed by the other polypeptides (Fig. 

6.3b). Some blue-staining spots, seemingly related to blue-staining bands on the arc, did appear 

separated from the arc. The origin of these is unknown. Using 4 different secondary antibodies 

(2 AP-conjugated and 2 HRP-conjugated), I was not able to achieve specific cross-reaction with 

any polypeptides from Zinnia membrane pellets. Raising the concentration of phmary or 

secondary antibody resulted in non-specific staining. The lack of availability of a purified 

calsequesthn standard creates difficulties in optimizing incubation condition for immunoblots, 

however, none of the many variations attempted gave any hint of specific cross-reaction. 

Although calsequestrin was not detectable in Zinnia protein extracts, 

immunofluorescence did indicate the presence of calsequesthn in these cells (Fig. 6.4). The 

pattern was similar to that of calmodulin immunolabelling and CTC staining with fluorescence 

appeahng between developing secondary cell wall thickenings of TE cells (Fig. 6.4a,c). Non-

differentiating cells showed generalized cytoplasmic staining, but concentrated staining in the 

nucleus, as was seen with calmodulin immunofluorescence, was not observed. Photographs of 

cells incubated without phmary antibody taken under identical conditions as Fig. 6 4a.c showed 

only slight, if any, autofluorescence (data not shown). Immunofluorescence with anti-tubulin 

antibodies, carried out along with calsequesthn immunofluorescence, revealed the expected 

patterns of microtubules, indicating that fixation was adequate. 



Figure 6.3 Supernatant and membrane proteins of Zinnia stained with Stains-AII 
and Coomasie blue. (a) 7.5-15% acrylamide Laemmli-type gel. Arrows indicate 
blue-staining protein enriched in the membrane fraction. (b) Membrane proteins 
separated by 8% acrylamide Weber-Osborn-type gel (pH 7.0) in the first 
dimension and by 7.5-15% acrylamide Laemmli-type gel (pH 8.8) in the second 
dimension. 



148 

97,600 

66,200 

42,700 

97,600 

< 66,200 

îl ifli>î«jil'llíjí^:!H™;|t :i'l!lÉ¥"í'"'ff'PWi7-i:iiiR;!;'w*- . " f i ' ••mw 



Figure 6.4 Calsequesthn immunofluorescent labelling of Zinnia cells. (a) 
Fluorescence micrograph of non-differentiating cell (left) and developing TE 
(right, 1360 X, bar = 10 jLim). (b) DIC micrograph of cells shown in a. (c) 
Fluorescence micrograph of developing TE (1360 X). (d) DIC micrograph of cell 
shown in c. 
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6.4 Discussion 

Cross-reactivity of a polypeptide from Zinnia extracts with polyclonal antibodies to 

spinach calmodulin confirms the presence of calmodulin in Zinnia (Fig. 6.1). Whereas previous 

studies indicate that calmodulin may be expected to be associated with microtubules (eg. Na 

1988, Lonergan 1985, Wick et al. 1985), I did not find this to be the case with developing Zinnia 

TEs. The cytoplasmic calmodulin immunofluorescence in Zinnia TEs was consistent with the 

results of Dauwalder et al. (1986), who reported that the fluorescence was confined to regions 

between secondary cell wall thickenings (Fig. 6.2c). However, it is not possible to determine from 

the available data whether calmodulin is actually confined to areas between thickenings or 

whether fluorescence is merely blocked by the secondary cell wall. 

Although, the relationship between the time of cytoskeleton rearrangement and 

secondary cell wall deposition has not been precisely established, there is general agreement 

that rearrangement occurs shortly before the onset of wall deposition (Hardham and Gunning 

1979, Falconer and Seagull 1985b, Kobayashi et al. 1988). The lack of pattemed localization of 

calmodulin at this time and the obsen/ation that calmodulin inhibitors lose their effectiveness on 

differentiation after the first 24 h in culture (Chapter 4) indicate that calmodulin does not play a 

role in cytoskeleton rearrangment. L. W. Roberts and Baba (1987) noted changes in the pattern 

of TE secondary cell wall deposition in lettuce pith explants treated with calmodulin inhibitors. 

However, I did not detect any changes in secondary cell wall pattern in calmodulin inhibitor-

treated Zinnia TEs (Chapter 4). 

The failure to dectect calsequesthn in protein extracts from Zinnia is likely to be due to 

inadequate amounts of plant matehal. Krause et al. (1989) used 50 to 80 g of cultured cells of 

Streptanthus tortuosus for preparation of microsomal fractions. Because Zinnia mesophyll 

cutlures are primary cultures and not sub-cultured, large quantities of cell material are not readily 

avaiable. The largest quantity of cells I was able to prepare was 2 g. This produced only about 

2.5 mg of protein in the 10,000 g supernatant and 200 îg of protein in the 100,000 g pellet. 

Isolation of calsequestin from leaves was not attempted because mesophyll cells have very little 

ER and therefore would be predicted to have little calsequestrin. 

Despite the inability to detect calsequesthn in protein extracts, immunofluorescent 

labelling of Zinnia cells was successful. The pattern of immunofluorescence was similar to that of 

CTC fluorescence. This result is consistent with the role of calsequesthn in calcium storage in 

intracellular compartments such as the ER (Berhdge 1987). These results, while suggestive, are 

not definitive because cross-reactivity between the canme cardiac calsequestnn antibodies and 

Zinnia calsequesthn has not been demonstrated. Increasing the volume of Zinnia cullures would 

be a logical first step in demonstrating this cross-reactivity. 



CHAPTER 7 

SUMMARY AND CONCLUSIONS 

Lionel Jaffe's criteha (Jaffe 1980) for demonstrating that calcium is involved in a particular 

physiological or developmental process require that the event is: 1) accompanied by an increase 

in cytoplasmic [Ca2+]; 2) inhibited by blocking changes in cytoplasmic [Ca2+] and 3) stimulated by 

artificially increasing cytoplasmic [Ca2+]. Criteha 2 and 3 have been satisfied for TE 

differentiation in suspension cultures of Zinnia mesophyll cells. Tracheary element differentiation 

was inhibited by reducing the extracellular [Ca2+] and by introducing organic and inorganic 

calcium channel blockers before the onset of secondary cell wall deposition (section 4.3). 

Furthermore, TE differentiation was stimulated by the calcium-channel agonist (-h)202-791 

(section 4.3.3). Critehon 1 has been difficult to satisfy in many plant cells due to technical 

problems associated with the measurement of cytoplasmic [Ca2+] and has been satisfied fully for 

only a few processes in plant cells (see section 1.2.3). Attempts to make such measurements in 

Zinnia cells were unsuccessful. However, the demonstration that sequestered Ca2+ increases 

just prior to the deposition of the secondary cell wall in Zinnia TEs provides indirecí evidence for 

changes in cytoplasmic [Ca2+] (section 3.3.1). The major contribution of this dissertation is to 

establish tracheary element differentiation as one of the developmental processes in plants that is 

likey regulated by calcium. Only the direct measurement of cytoplasmic [Ca^+j remains to be 

accomplished. 

Tracheary element differentiation is a complex process and the data presented here 

indicate that more than one of the events in TE differentiation are regulated by calcium. Figure 

7.1 illustrates the major events in TE differentiation and their relationship to the time dependence 

of effectiveness of various classes of inhibitors. Zinnia mesophyll cells can be induced to 

differentiate by cytokinin as early as 7 h in culture. The calmodulin inhibitor W-7 is effective only 

when added early in differentiation (section 4.3.4). This, along with the requirement for cytokinin 

in the reversal of W-7 inhibition, indicates that calmodulin is involved in transduction of the 

hormonal signal that initiates differentiation. The involvement of the phosphatidylinositol pathway 

in transduction of the hormonal signal is indicated by the similahty in the time dependence of 

inhibition between neomycin and W-7 (section 5.3.4). In addition, reversal of lithium-induced 

inhibition is dependent on cytokinin (section 5.3.3). Although regulation of gene expression by 

calmodulin has never been demonstrated in plant cells, calmodulin-regulated gene have been 

identified in animals. Gene expression accompanying differentiation has been descnbed in 

Zinnia suspension cultures. This culture system may helpful in identifying calmodulin-regulated 

genes in plants. 
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Fig. 7.1 Relationship between events in tracheary element differentiation 
and íhe time dependence of inhibitor effectiveness. 
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Secondary cell wall deposition becomes detectable at about 50 h in culture. The 

evidence presented in this dissertation indicates that sequestration of calcium and uptake of 

extracellular calcium are essential for this phase of TE development. An increase in CTC 

fluorescence, indicative of increased calcium sequestration, first becomes apparent about 8-10 h 

before the secondary wall can be detected. At the same time, the methylxanthines (e.g., 

caffeine), which are thought to induce the release of calcium from intracellular stores, start to lose 

their effectiveness (section 5.3.1). This may reflect a requirement for sequestered calcium for 

enzyme synthesis or activation as has been noted for a-amylase. The calcium uptake inhibitor 

nifedipine starts to lose its effectiveness in blocking onset of secondary cell wall deposition an 

hour or two before the secondary cell wall becomes detectable. However, addition of nifedipine 

after wall deposition has begun appears to inhibit further wall thickening (section 4.3.3). This 

indicates that continued calcium uptake is necessary to sustain cell wall deposition. The major 

calcium- and calmodulin-regulated events in TE differentiation, their timing and theirfunction in 

development are summahzed in Fig. 7.2. 

One working hypothesis that guided the research presented here was that calcium is 

involved in establishing the pattern of secondary cell wall deposition. I have found no evidence to 

support this hypothesis. Neither CTC fluorescence nor calmodulin immunofluorescence was 

preferentially associated with secondary cell wall thickenings (section 6.3.1). In addition, 

calmodulin inhibitors were ineffective at the time duhng which pattern formation, manifested in the 

rearrangement of the cytoskeleton, is thought to occur (section 4.3.4). On the other hand, these 

data do not reject the hypothesis that calcium is involved in pattern formation. If calcium is 

involved in signal transduction and cell wall deposition, it may be involved in pattern formation 

too, but in a way that was not detected by the methods used. For example, some preliminary 

evidence indicates that vesicle fusion may occur in the membrane regions between the 

secondary cell wall thickenings rather than directly at the site of cell wall deposition. The vibrating 

calcium probe located at the Mahne Biology Laboratory, Woods Hole, MS is capable of 

measuhng localized calcium currents and its use may help clarify the spatial pattern of calcium 

influx. 

This investigation was facilitated by the use of a differentiating suspension cultures of 

Zinnia mesophyll cells. The question remains whether what IVe learned about TE differentiation 

in vitro can be generalized to TE differentiation in vivo. In intact plants, difíerentiation is 

influenced by hormonal gradients that do not exist in an agitated suspension culture. It is 

possible that the culture conditions mimic the hormone ratios present at the site where 

differentiation does occur within the plant. However, this is cleariy an oversimplification, because 

at most 75% of the cells in suspension cultures differentiate. Another ditterence between TE 
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differentiation in vivo and in vitro is that TEs form from mehstematic cells in vivo, but in vitro they 

form from dedifferentiated mesophyll cells. The exception is wound xylem in intact plants, which 

forms from dedifferentiated parenchyma cells. The relationship between cell division and TE 

differentiation in vivo and in vitro is also different. In intact plants, TE differentiation is always 

associated with cell division, but this may simply reflect the fact that TE differentiation is always 

associated with growth or wound recovery. Calcium mediates the response of cells to the 

inductive environment and the secretory events that result from induction. Whereas the 

mechanisms through which the inductive stimulus arises is different in vitro and in vivo, it stands 

to reason that the response of a cell to that inductive environment would be similar whether that 

cell is within an intact plant or in a suspension culture. The cellular events by which patterned 

wall deposition is actually accomplished would also be expected to be the same. 

The conclusions presented here open the door to a wide range of possibilities in terms of 

future investigations into the regulation of TE differentiation. I think there is great potential in 

studying the role of protein phosphorylation in transduction of the hormonal signal that induces 

TE differentiation. It is now considered likely that calcium-, calmodulin- and phospholipid-

regulated proteins kinases are involved in gene regulation in plants as they are in animals 

(Blowers and Trewavas 1989). However, this has never been clearly demonstrated in a plant. 

The differentiation of TEs involves calcium and calmodulin and also changes in gene expression. 

Perhaps the Zinnia culture system will be useful in making the connection between them. The 

role of other parts of the signal transduction pathway, such as the phosphatidylinositols, may also 

be clahfied in the future. Finally, the development of new techniques for the spatial localization of 

calcium may open the possibility of elucidating the role of calcium in pattern formation. 
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Classification of drugs used in this study. 

DRUG ABB. CLASS PKa FUNCTION 

0600 phenylalkylamine 8.5 Ca channel blocker 
verapamil phenylalkylamine 6.5 Ca channel blocker 
nifedipine dihydropyridine -1 Ca channel blocker 
diltiazem benzothiazipine 7.7 Ca channel blocker 
(-)202-791 dihydropyridine -- Ca channel blocker 

( +)202-791 dihydropyridine -- Ca channel activator 

chlorpromazine CPZ phenothiazine -- CaM inhibitor 
trifluoperazine TFP phenothiazine -- CaM inhibitor 
N-(aminohexyl)-5-chloro- W-7 naphthylenesulfonamide -- CaM inhibitor 

1-naphthylenesulfonamide 
N-(6-aminohexyl)- W-5 naphthylenesulfonamide -- CaM inhibitor 

1-naphthylenesulfonamide 

caffeine methylxanthine -- Stimulates Ca release? 
theophylline methylxanthine -- Stimulates Ca release? 

8-( N, N-diethylamino)-octyl-3,4,5- TMB-8 -- -- Blocks Ca release 
trimethoxybenzoate hydrochloride 

Ruthenium red dye -- Blocks Ca release 
Tetracaine local anesthetic -- Blocks Ca release 

Lithium inorganic ion -- Inhibits PI turnover 
Neomycin antibiotic -- Inhibits PI turnover 

5-hydroxytryptamine 5-HT animal hormone -- Stimulates PI turnover 

1 -(5-isoquinolinylsulfonyl)- H-7 isoquinolinesulfonamide -- Inhibits PKC 
2-methyl piperazine ~ 

(X) 

"'-J 


