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THE ROLE OF CALCIUM IN AUXIN-INDUCED CELL ELONGATION OF CMCUIUS SATIVUS
by Clare Katrina Morrell

The effect of chelators of divalent cations (EGTA, CTC, ruthenium
red), ionophores which disrupt Ca=* gradients (verapamil, A23187,
nigericin, monensin), compounds which inhibit secretory processes
(colchicine, cytochalasin D> as well as the effect of calcium itself,
LaCls which competes with calcium, and trifluoperazine which is an
antagonist of calmodulin, were examined in relation to cell structure,
growth and medium acidification.
Changes in cell structure down the length of a 7 day-old Cucuwis
hypocotyl were examined, using both dot-overlay and IBAS analysis of
electron micrographs.
Both an increase in vacuolar volume and in
secretory vesicle volume fraction was noted.
The P:VF ratio suggests
that dictyosomes swell rather than increase in number.
Treatment in distilled water causes a decrease in volume fraction of
both dictyosomes and secretory vesicles until after 90 min which
corresponded with an increase in P:VF ratio.
Incubation in 0.1 molm~®
lAA causes a rapid increase in this dictysomal material followed by a
decrease after 60 min, presumably due to increased utilization of
dictyosomes.
The P:VF ratio decreases.
Segments of tissue were incubated in lAA plus the inhibitors
and their length measured after 4 h using a shadowgraph technique.
All
compounds seemed to be more inhibitory in the presence of lAA.
EGTA and
nigericin appeared to have a stimulating effect on elongation at very low
concentrations.
Elongation was also examined when inhibitors were added at different
stages during the biphasic response.
The first phase is affected by
verapamil, LaCl3 and EGTA.
A gradual reduction in growth is caused by
monensin, nigericin, ruthenium red and CaClz but cytochalasin D and
A23187 do not affect this phase.
LaCl^, CaClz, verapamil, A23187
prevent elongation in the second phase.
All compounds except LaCl,
reduce acidification.
The effects on elongation were considered in relation to
ultrastructural effects. The most obvious effects were caused by monensin
and nigericin which caused dictyosomes and secretory vesicles to swell.
EGTA and LaCls caused secretory vesicles to collect around dictyosomes
but A23187 had little effect.
Changes in volume fraction of organelles
and perimeter and degree of curvature were examined after incubation for
different times and at different stages of the biphasic response.
Results suggest that the concentration of Ca=+ in the cytoplasm may
be critical for elongation.
Compounds which chelate Ca=* affect growth
in the acid-induced phase and those which disrupt ionic gradients affect
the second phase.
The first phase is necessary for successful growth.
Movement of calcium may possibly be necessary for secretion.
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CHAPTER ONE

CHAPTER ONE

1. INTRODUCTION

1.1 The Mechanism of Cell Wall Extension

1.1.1

The Cell Wall

Plant cell growth is limited by a rigid cell wall surrounding the
protoplast.

Cell expansion involves an increase in volume and an

extension of the wall.

The wall is composed of a network of cellulose

fibres embedded in a matrix of pectic and hemicellulosic substances.

In

the most thoroughly studied system, the cell walls of sycamore suspension
cells, the cellulose fibres make up a basic framework characterised by
long chains of (1-4)-^-linked glucosyl residues bound together by hydrogen
bonds to form microfibrils (Bauer et al., 1973;
1973;

Keegstra et al.,

Albersheim et aJ., 1977). Each cellulose fibre is completely

coated with a layer of xyloglucan molecules, each being hydrogen-bonded to
the cellulose fibre at one end.

At its reducing end, the fibre is

covalently linked to arabinogalactan molecules which in turn have their
reducing ends covalently linked to rhamnogalacturonans.

The pectic

polymers are thought to interact through non-covalent bonding in addition
to covalent bonding, thus binding the cellulose components into a rigid
matrix.

This model may not, however, be appropriate for all plant walls

but provides a useful basis for discussion.
these cross-linkages must be broken.

If growth is to take place,

Lockhart (1967) showed that the

cell wall of mechanically deformed mung bean hypocotyls incubated in lAA
and 2.5 X 10^ molm"= mannitol extended with the expected
characteristics of a cross-linked structure.

Non-covalent linkages can

also influence rigidity, since chelating agents such as EDTA andoi,<5i.
'dipyridyl

(Heath and Clark, 1956) promote short-term growth as

effectively as lAA, while divalent cations such as Ca=+ or Mg=* reduce
cell wall elasticity.

Calcium is a major component of the cell wall and

confers rigidity on cell walls (Preston, 1979).

It not only increases

rigidity of polyuronans but also functions in cross-linking the chains.
The calcium chelates to the oxygen atoms between the galacturonan chains,
the degree of interchain cross-linking being dependent on the degree of

methyl esterification of galacturonans.

Calcium, more than any other

divalent cation, gives rigidity to the cell wall.

Substitution of

calcium by magnesium renders cell walls of Hitella more extensible
(Metraux and Taiz, 1977;

Tepfer and Cleland, 1979).

As cells enlarge, the characteristics of the wall are altered.
Elongation necessitates an irreversible increase in volume which
involves the uptake of water and is limited by the cell walls.

As the

cells swell, the modifications or wall loosening may consist of
cleavage of already existing load-bearing bonds in the wall and/or the
synthesis of new cell wall material

(Cleland, 1981).

The wall is

stretched and the microfibrils slide past each other and are
reorientated.

Once the enlarged size has been reached, new cell wall

material is laid down and the bonds reform.

1.1.2 Wall Turnover

Investigations of changes in the cell wall which accompany
hormone-induced growth have been stimulated by significant advances in
an understanding of the chemistry of the wall.
The promotion of extension growth with auxin is mediated by changes
in this cell wall chemistry.

The principal influences appear to be on

cell wall loosening (Cleland, 1977a) and on changes in cell wall
composition (Ray and Baker, 1965;
and Masuda, 1980;

Loescher and Nevins, 1972;

Carpita et ai., 1982).

Nishitani

Labavitch (1981) indicated

that cell wall loosening and cell elongation are closely related to the
metabolic turnover of certain polysaccharides.

For example, auxin may

stimulate the activation of polysaccharidases in the wall such as
^-arabinase (Dey, 1973).

Walls lose their ability to extend in response

to acidic solutions after treatment with proteolytic enzymes, indicating
that the essential protein may be an enzyme which hydrolyses a link in the
polysaccharides and also possesses a sharp pH profile so that it is nearly
inactive at pH 6 but has maximum activity at pH 3-4.5.
Albersheim et al. (1977) proposed a model describing the structure
of the wall.

In this model, considerable importance was attached to the

role which the hemicellulosic polymer xyloglucan could play in wall
extensibility.

In pea, auxin promoted turnover of xyloglucan within 15

min after hormone presentation (Labavitch and Ray, 1974) and is therefore
in keeping with the rapid auxin growth response observed by Evans and Ray

(1969).

Other systems do not show this rapid turnover (Labavitch, 1981).

Terry et al. (1981) isolated water-soluble components from the free
space of pea internode sections and found that auxin treatment also
enhanced the release of xylose, glucose and uronic acids.

Their release

was detected within 30 min and could also be increased by incubation in
acidic buffers.

Keegstra et al. (1973) proposed that cell wall

loosening could be achieved by cleavage of hydrogen bonds between
cellulose and xyloglucan.

However, agents capable of breaking these

bonds, such as 8 x 10® molm~® urea, have failed to cause cell wall
loosening in isolated Avena coleoptile cell walls (Tepfer and CI el and,
1979).

Xyloglucan synthesis is enhanced by acidic solutions but can be

prevented at pH 7 (Keegstra et al., 1973).

lAA also enhances the

uptake of glucose into wall polysaccharides and causes increased activity
of glucan synthetase (Ray, 1973) under starved conditions.

Auxin-induced

degradation of the wall to release glucose has been observed in oat
coleoptiles (Loescher and Nevins, 1972;

Sakurai and Masuda,,1977), and of

galactans in azuki bean epicotyls (Nishitani and Masuda, 1979).

lAA also

causes an increase in the amount of polyuronides and enhances the
polymerization of galacturonans, xylans and glucans (Nishitani and Masuda,
1980).

In A^^er/a coleoptile segments, the degradation of non-cellulosic

jP-glucan is correlated with auxin-induced elongation (Sakurai and Masuda,
1977).

In yygna epicotyl segments, changes in xylose content in the

hemicellulosic fraction of the cell wall are correlated with changes in
the rigidity of the cell wall

(Nishitani and Masuda, 1979) but show no

loss of xyloglucans during auxin-stimulated growth but do exhibit a change
in turnover of all galactose.

Xyloglucan release is not a common feature

accompanying wall loosening in dicotyledons.
There is a 2 h lag period before glucose increases in cell
walls of Azuki
this time.

(Masuda, 1977) yet cell extension takes place within

It is apparent that hydrolysis of cell wall hemicellulose

molecules cannot entirely account for the wall loosening process and
that some other factor must be involved.

1.1.3

The Acid Growth Theory

Since the site of auxin action may be spatially separated from the
cell wall, it follows that there must be some form of communication, most
likely a chemical messenger of some kind, between the cytoplasm and the

wall, i.e. a wall loosening factor.

Identification of this wall

loosening factor is essential to any understanding of the mechanism of
auxin-induced cell elongation.

Many agents were suggested before Hager

et al. (1971) and Rayle and Cleland (1972) independently suggested that
the wall loosening factor was the proton, H*.

It had been noted that

application of acid to excised stem or coleoptile segments promoted
elongation dramatically.

Bonner (1934) thought that acid-induced growth

was probably due to dissociation of auxin from the salt to the free IAA~
(which was presumed to be the active form).

In the next thirty years, a

number of workers alluded to, or reported without comment, pH effects on
growth and auxin action.

In the 1970's, the topic was revived by several

new reports on the effect of pH (Rayle and Cleland, 1970).
followed by a

This was

well-supported paper by Hager et al. (1971) in which he

proposed that auxin co-operates with ATP as an effector of a
membrane-bound anisotropic ATPase or proton pump.

Scherer (1981) and

Gabathuler and Cleland (1985) have both found lAA to be stimulatory to
ATPase in enriched plasma membrane fractions and the former have reported
that auxin stimulates the H*

pump.

This pump, activated by auxin,

utilizes respiratory energy to raise the proton concentration in the
apoplast.

In some cases H* secretion has been increased by auxin

(Cleland, 1975;

Jacobs and Taiz, 1980) whereas in other cases H*

secretion was not significantly altered (Lado et al,, 1976;
Leonard, 1979).

Mettler and

It has been proposed that a decrease in cytoplasmic pH

leading to the stimulation of the ATPase pump is the primary effect of
auxin on the cell.

These events lead to an increase in the activity of

polysaccharide-degrading enzymes which loosen the cell wall and trigger
cell elongation.

Other processes such as osmoregulation and wall

synthesis must occur and these may or may not involve auxin directly
(Cleland and Rayle, 1978).

Although under some circumstances these

processes may limit growth, they are not involved in the initiation of
rapid elongation (Cleland, 1977a).

This theory postulated that growth is

mediated and thus regulated by an auxin-stimulated excretion of protons
bringing about wall acidification.

There are four main pieces of

evidence to support the idea that H* is responsible for the initiation
of wall loosening.

1.

That an acid medium can substitute for auxin to induce growth.

stems grow in response to added H*

(Yamagata et al., 1974;

Cleland

Pea

and Rayle, 1975;

Jacobs and Ray, 1976).

Exogenous protons can induce

elongation at rates comparable to that induced by auxin.

The time

required to initiate growth with acid is shorter than the lag preceding
auxin-induced growth (Rayle and Cleland, 1970).

Auxin requires oxidative

metabolism for its action, as expected for any process involving a
secretion step, but acid-induced growth occurs even when respiration is
inhibited.

The protons act on the wall itself rather than on the

protoplast, as shown by the fact that tissues freed of their protoplasts
by freezing and thawing still undergo acid-induced wall extension as long
as tension is applied to the walls (Rayle and Cleland, 1970).

It is

assumed that the optimum growth rate for acid-induced elongation is
reached under these conditions at about pH 5 (Cleland, 1976a;

Cleland and

Rayle, 1978), in apparent agreement with the acid growth theory.

At'ena

coleoptile segments show a steep increase in buffer-mediated elongation at
pH < 6 reaching a maximum at a pH of approximately 5 (Rayle, 1973).
However, Kutchera and Schopfer (1985) failed to observe increased
elongation in acid buffer with maize at pH 5, but did observe increased
elongation at pH 3.5.

One major difficulty in experiments involving

acid-induced growth of tissue is that the cuticle, which appears to be a
significant barrier to the passage of protons (Cleland and Rayle, 1975),
must be disrupted.

This is normally performed by either peeling or

abrading with carborundum powder (Mentze et al., 1977; Evans and Vesper,
1980;

Rayle and Cleland, 1980).

It has been suggested that peeling

wounds cells in the external parenchyma layers and may also remove cells
that react with auxin (Brummell and Hall, 1980;
1980).

Rubinstein and Stein,

Mentze et al. (1977) investigated the behaviour of several

other dicotyledons and reported that peeling allowed acid-induced growth
responses but suppressed both lAA-induced elongation and lAA-induced H*
secretion whereas abrasion had no effect.

Rayle and Cleland (1980) found

that abraded segments were able to respond to lAA and acidic pH and that
neutral buffers prevented H* excretion.

In some cases this extrusion

is still possible with intact segments (Vanderhoef et al., 1977).
Abrading has been criticised because it injures cells and may stimulate
wound-mediated responses (Jones and Vanderhoef, 1981). Other problems and
discrepancies concern the exact nature of the lAA-target cells and the
function of the epidermis (Durand and Rayle, 1973;
1980;

Evans and Vesper, 1980;

Brummell and Hall,

Prat and Roland, 1980).

2. Auxin must cause the cell to excrete protons.

Cleland and Rayle

(1975) have unequivocally shown that lAA lowers the pH of the coleoptile
cell wall solution from about pH 5.7 to pH 4.8-5.0.

In addition, the acid

growth theory predicts that this low pH is reached within the time
normally taken by lAA to establish a constant elongation, i.e. within
about 40 min after application of the hormone.

The presently available

kinetic data has been interpreted in support of this prediction (Cleland,
1980).

Discrepancies in results may be caused by differing experimental

conditions such as the use of a large bathing medium volume, measurement
of size and timing as well as the removal of the cuticle.

3. Neutral

(or alkaline) buffers infiltrated into the cell walls should

abolish lAA-induced growth.

Besides H*-mediated cell wall loosening,

there are conceivably other pH-sensitive steps in the signal response
chain initiated by lAA which could be equally responsible for an
interaction of neutral or alkaline buffers with lAA-induced elongation.
There is evidence that the membrane transport of lAA is pH-dependent
(Hertel et al., 1983).

Durand and Rayle (1973) have reported that

phosphate or citrate buffers (pH 6.2) above a concentration of 3 molm~®
strongly inhibit lAA-induced elongation of Averia coleoptile segments.
There is no systematic investigation of the interaction of lAA with
neutral or alkaline buffers in coleoptiles (Cleland, 1980).

4. Other agents which induce H* secretion, such as the phytotoxin
fusicoccin (FC), must cause a parallel promotion of growth at a
concentration which produces equal H* secretion.

lAA and FC both

elicit H* excretion as well as cell elongation (Cleland, 1976a).

Under

optimal conditions, FC is a much more powerful inducer of H* excretion
than lAA.

The rate of H* efflux is about ten-fold larger than in the

case of suitable concentrations of lAA and approaches a constant medium pH
of 3.5-4.0, i.e. a H* concentration of at least one order of magnitude
higher compared with lAA.

But FC does not elicit a significantly larger

elongation response than lAA although it does reduce the lag phase.

FC

is effective in inducing the elongation response if its effect on H*
excretion is equalized with that of lAA;

therefore the drop in cell wall

pH produced by lAA is insufficient to induce acid-mediated cell elongation
(Kutschera and Schopfer, 1985).

Auxin must affect other cellular processes in sustaining growth since
lAA is capable of promoting growth above that due to acid-induced growth
(Pope, 1978).

Furthermore Kutchera and Schopfer (1985) reported that

sucrose (as well as glucose, galactose and 3-0-methyl glucose) at > 5
molm~® induces H* excretion to an even larger extent than optimal
concentrations of lAA.
5 in the case of lAA.

The final medium pH was 4.0-4.5 compared with pH
However, the sugar-induced medium acidification is

not accompanied by a significant promotion of segment elongation;
therefore lAA must cause growth other than by stimulating acid secretion.
The uptake of osmotically effective ions, such as K"^, is the first
step in the metabolically-1inked water flow into the cell and
turgor—regulated cell growth (Zimmerman, 1978).

These substances are

believed to be taken up by a gradient (Poole, 1978) produced by
H*~ATPases located in the plasma membrane of plant cells (Hodges and
Leonard, 1974;

Perlin and Spanswick, 1980;

O'Neill and Spanswick, 1984).

An active H* efflux mechanism is of widespread occurrence in the
plasma membrane of both prokaryote and eukaryote cells.

ATP-driven H*

pumps are found in many membranes (Raven and Smith, 1977) and are used as
a means of regulating internal pH.

The gradient generated by the pump is

utilized for the transport of solutes down the electrochemical potential
gradient by either symport or antiport mechanism.
thought to be

K* transport is

mediated either directly or indirectly by an electrogenic

H* efflux pump driven by ATP hydrolysis, and the K* stimulates a more
rapid H* efflux due to an electroneutral K*/H* exchange.

The

action of ATPase may also be dependent on K*(Sze, 1984).

This is

supported by evidence of the effect of nigericin which is a chemical
ionophore.

However, the H*/K* pump may not be distinguishable from

H*/ATPase (Scherer and Martiny-Baron, 1985).

H* must be accompanied

by other ion fluxes because electroneutrality must be maintained in free
solutions.
Agents which block ATP synthesis such as KCN, DNP and CCCP all
prevent acid-induced elongation (Marr'e et al., 1974;
Anderson, 1974).

Higinbotham and

Vanadate is also a potent selective inhibitor of plasma

membrane ATPase, but at low concentrations it does not inhibit respiration
(Cocucci and Dalla-Rosa, 1980;

Jacobs and Taiz, 1980) or protein

synthesis nor cause loss of turgor pressure (Jacobs and Taiz, 1980).
However, it does inhibit medium acidification by pea epicotyls (Cocucci
and Dalla-Rosa, 1980;

Jacobs and Taiz, 1980) as well as auxin-stimulated

growth of pea and oat segments (Jacobs and Taiz, 1980).

This inhibition

by vanadate indicates the involvement of a plasma membrane ATPase driving
the proton pump to bring about cell wall acidification and confirms the
necessity for wall acidification in auxin-stimulated growth (Brummell et
al., 1986).

Taiz (1984) suggested that wall acidification may not be

the factor limiting growth in all systems.

lAA, which induces sustained

growth over many hours, must affect other processes since acidic buffers
promote growth for only a few hours (Penny and Penny, 1978).

lAA

regulates many other processes which, in the presence of an acid wall,
could limit the rate of cell expansion.

lAA is known to rapidly affect

populations of mRNA (Theologis and Ray, 1982;

Zurfluh and Guilfoyle,

1982) and to promote cell wall synthesis (Abdul-Baki and Ray, 1971;
Brummell and Hall, 1983), while continued protein synthesis (Bates and
CI el and, 1979) and cell wall synthesis (Brummell and Hall, 1985) are
necessary for sustained growth.

It seems likely that these processes may

be more capable of precise regulation by auxin than by cell wall pH.

1.1.4 The Diphasic Response

The precise mechanism by which auxin increases the rate of
elongation of certain plant tissues remains an unsolved problem after
nearly forty years of investigation.

A few studies of short term

kinetics were made with dyena coleoptiles (Yamaki, 1954;
1956;

Kohler,

Ray and Ruesink, 1962) where the length of the section was

measured every minute but their importance was not widely appreciated
until recently.

With the improvement of methods available to measure

the kinetics of the auxin response, the rapid action of hormones could
be studied more closely.
When auxin is applied to most auxin-depleted dicotyledonous stem
tissues, a biphasic response is shown.

This has been demonstrated in pea

(Berkley and Evans, 1970), lupin (Penny et aJ., 1972), soybean
(Vanderhoef and Stahl, 1975), cucumber (Kazama and Katsumi, 1976) and
mungbean (Bouchet et aJ., 1983).

This response consists of two

overlapping but separate phases where the growth rate rises to a peak
(first phase) and falls to a minimum.

This is followed by a rise to a

steady state after approximately 1 h.

This response is preceded by a lag

of a few minutes.

It appears to be a general response in both

dicotyledons and monocotyledons and may therefore be important in the

action of auxin.

The short lag between auxin application and increased

elongation rate was first described by Yamaki

(1954).

The possible

implications with regards to gene activation received considerable
attention from Evans and Ray (1969) who continued the early work of Ray
and Ruesink

(1962).

The differential effect of cytokinin (Vanderhoef

et aZ., 1976a) on the two phases and the similarity of the acid response
(see section 1.1.3) to the first phase of the response supported the
hypothesis that there were separable responses to auxin and that the
effect of auxins and different inhibitors on each phase should be
assessed.
The lag period is considered to be within a range of 6 to
20 min.

This period appears to be independent of the

concentration of externally supplied lAA.

Since the rate of lAA

absorption is dependent on concentration, the latent period is not a
result of the time for lAA to be taken up.

This does not exclude the

possibility that a concentration-independent transport of auxin within
the cells might contribute to the timing of the response nor is the
conclusion valid if the auxin response were to depend on the
concentration ratio between different cells in the tissue compartments
rather than the concentration of auxin at the site.

Cyanide and

reduced temperature also increase the lag period so it would appear
that metabolic processes are also involved.

Auxin may be

physiologically active only after biochemical conversion to a different
compound and the lag period would allow time for such a conversion.
More time would be necessary if this was a chain reaction.

The latent

period may be defined as the time required for that process or
property, which is discretely affected by auxin, to give rise to an
effect on the cell wall enlargement.
The first phase represents the rapid response of tissue segments
shortly after auxin application.

This phase may also be related to

acid-induced responses caused by secretion of protons into the
periplasmic space (Rayle and Cleland, 1980).

When segments are

incubated in an acid environment (Vanderhoef and Dute, 1981), the first
phase is lost and only the second phase occurs, thereby suggesting that
the first phase is acid-induced.
The second phase can be influenced by temperature (Kazama and
Katsumi, 1976).

At 15=C, no second phase was observed although it

is present at 25®C.

Likewise the Qio in the former case was 1.0

but in the latter the Qi© was over 4.0.

Therefore the second but

not the first phase is under metabolic control.

Treatment of tissue

with cycloheximide only results in the appearance of the first peak.
A similar result is obtained with cytokinin (Penny, et ai., 1972),
thereby reinforcing the idea that the two phases are biochemically
distinct (Vanderhoef et ai., 1976a).

1.1.5 The Bene Expression Theory

Recently a considerable amount of research

has been directed

towards showing that developmental effects of hormones, such as auxin,
can be ascribed to an activation of gene transcription and specific
protein synthesis.

The principal lines of evidence for this are;

a. inhibition of hormonal responses by antibiotics that inhibit RNA and
protein synthesis;
b. promotion by hormones of incorporation of labelled precursors into RNA
and protein;
c. promotion of synthesis of particular enzymes by hormones.
This theory is not sufficient to explain the rapid effect of auxin on
growth, although Zurfluh and Guilfoyle <1982) have reported the effect of
protein synthesis inhibitors after 15 min.

It is now thought that the

gene expression theory and the acid growth theory are not incompatible.
All available data can be accommodated if one assumes that auxin regulates
and coordinates both cell wall loosening and supply of wall materials.
Thus, the re-introduction of auxin to excised, auxin-depleted segments
causes wall loosening (perhaps mediated by wall acidification) and a
subsequent burst of turgor—driven elongation.
transient;

This elongation is

it lasts 60-90 min depending on concentration and species.

Soybean hypocotyl elongation can not continue by this first wall loosening
alone.

This has been established in experiments using cytokinin.

Auxin

must have another long term activity such as regulation of the production
of factors which are necessary for sustained cell elongation, as seen in
the second phase.
These activities could be initiated by a single action.

The hormone

should be capable of activity at the gene expression level in sustained
cell elongation.

Auxin has been shown to induce specific changes in the

pattern of protein synthesis in elongating soybean hypocotyl segments.
Very rapid effects of auxin on levels of specific mRNA have been detected.
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Walker and Key <1982) discovered two mRNA which increased in concentration
after 15 and 30 min respectively in soybean.

Four further sequences were

also found to be rapidly increased by auxins both in elongating and
non-elongating segments and in intact seedlings (Hagen et al., 1984).
This corresponds to gel electrophoresis studies which demonstrate that
2,4-D treatment alters patterns of protein synthesis although it is of
largely different polypeptides.

Increases in transcription rates as

rapid as 5 min after auxin application were observed in several
dicotyledonous species (Hagen and Builfoyle, 1985).

Although a recent

review by Theologis (1986) suggests that auxin can rapidly act at the
transcriptional or post-transcriptional level and thus may even be before
the initiation of cell elongation or proton secretion has begun. Auxin
therefore affects the population of mRNA more rapidly than it induces cell
enlargement in auxin-depleted segments.

Although the resulting change in

protein synthesis occurs too slowly to be responsible for the first phase
of auxin-stimulated growth, the dependence of the second growth response
on continued protein synthesis may indicate its involvement in this phase.
Further study is required to determine what specific enzyme or structural
function the products of these genes fulfil.

1.2 Secretion of Extracellular Polysaccharides

1.2.1 Sites of Secretory Activity

The Golgi apparatus is the collective name for the compliment of
dictyosomes and secretory vesicles found in a cell, which work in concert
and yet lack a limiting outer membrane.

Its cisternal stack is

constantly transfluxed in a defined direction by a stream of different
macromolecules.

This stream results in a structural or biochemical

polarity in that cisternae at one pole (the forming or 'cis' face) differ
from those at the opposite face (maturing or 'trans' face) (Robinson et
al., 1976).

The cisternae are bounded by smooth surfaced membranes

(lacking ribosomes), flattened and consist of a central plate-like region
continuous with a peripheral system of fenestrated tubules and vesicles.
In some cisternae, the plate-like regions predominate, whereas others
consist mainly of fenestrae or tubular elements.
may exist within a single dictyosome.

Both types of cisternae

Both smooth and coated vesicles

may be attached to the tubules or to the fenestrated peripheries of the
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cisternae.

This may give rise to an extensive network of anastomizing

tubules (30-50 nm in diameter).

There are usually 5-8 cisternae per

dictyosome but the presence of 20 or more is not unusual in dictyosomes of
lower organisms.
Both structural and cytochemical indications of polarity can be
seen.

The intercisternal spaces increase from the 'cis' to the

'trans' face and this appears to be correlated with the presence of
intercisternal elements (Mollenhauer, 1965;
Mollenhauer and M o r r ^
et ai., 1973).
direction.

1966;

Turner and Whaley, 1965;

Cunninghame et ai., 1966;

Mollenhauer

The width of the cisternae decreases in the same

There may be a functional relationship between the

intercisternal elements and vesicle production at the 'trans' face.
Kristen (1978) has postulated that these elements effect the
compression of these regions in order to restrict vesicle formation to
the marginal zone of the cisternae,

thus secreted material should

remain concentrated within the vesicles.

In the outer root cap of

maize, however, the intercisternal fibres are mainly associated with
the elongated secretion vesicles during their formative stages.
Obviously, in this case, the intercisternal elements do not appear to
be directly involved in holding the cisternae together (Mollenhauer et
al,, 1973).

Franke et al. (1972) however believes that the

intercisternal elements may cross-link the cisternae since other
substances appear to be involved in maintaining the cohesion of the
cisternal stack.
Studies of the Golgi apparatus in onion stem and soybean hypocotyl
indicate that membrane thickness increases sequentially

from the 'cis' to

the 'trans' face in the range from 5.3 to 8.8 nm (Morr^, 1977).

These

values lie between those for the endoplasmic reticulum (5.3 nm) and the
plasma membrane (9.3 nm).

This progressive increase is accompanied by an

increase in staining intensity of membranes when using
glutaraldehyde-osmium tetroxide or osmium-zinc iodide (Morr^et al.,
1971) and staining for polysaccharides (Pickett-Heaps, 1968) as well as
differences in certain enzyme activities (Dauwalder et al., 1969;
and Schnepf, 1969).

Zaar

Another indication of membrane differentiation

within the dictyosome is the number and distribution of
membrane-integrated particles revealed after freeze-fracturing has been
employed.

Volkman and Czaja (1981) demonstrated a decrease in particle

number from the centre to the margin of the cisternae for dictyosomes of

root cap cells from Lepidun satii'u*.
In many slime secreting plants, a clear polarity of the
dictyosomes is shown by the formation of the secretory vesicles.
These vesicles preferentially bud off the most mature cisternae.
some cases, the entire mature cisterna will swell.

These are then

transported to the cell surface (Mollenhauer and M o r r ^
Chrispeels, 1976;

Mollenhauer and Morre^ 1980;

In

1966;

Willison, 1981).

An increase in the production of cisternae and hence in dictyosomal
activity has been observed in many processes which require the
production of new cell wall material or extracellular secretion;

for

example, slime and mucilage secretion in both root cap (Rougier, 1982,
for review) and a variety of gland cells (Mollenhauer et al., 1967;
Schnepf ef ai., 1968;
1976;

Kristen, 1974;

Trachtenberg and Fahn, 1981).

1976;

It is also found in the case of

nectar secretion (Benner and Schnepf, 1975;
1979).

Schnepf and Busch,

Fahn and Benouaiche,

With respect to cell wall production, a Golgi apparatus to

plasma membrane vesicle transfer is suggested in many studies on cell
plate formation (Whaley and Mollenhauer, 1963;

Mollenhauer and

Mollenhauer, 1978) and in tip growth in pollen tubes or root hairs
(Morreand Van der Woude, 1974;

Picton and Steer, 1981;

Quaite et

aJ., 1983).
More conclusive evidence in terms of a vectorial transfer has been
obtained with pulse-chase and inhibitor studies.

In the former, the loss

of radiolabel from the dictyosome and its arrival at the cell exterior as
a result of chase-out is usually considered to demonstrate transfer.
Such a transfer has been demonstrated using both autoradiographic (Juniper
and Roberts, 1966;

Northcote and Pickett-Heaps, 1966;

Paull and Jones,

1975) and cell fractionation (Robinson et aJ., 1976) techniques.
Pickett-Heaps (1967) found that externally supplied C®H3-glucose was
rapidly localised in the dictyosome vesicles (within 30 min of treatment)
and subsequently transported to the wall.
The action of inhibitors may be conveniently divided into those
affecting secretory vesicle release from the dictyosome, those
interfering with vesicle transport and those inhibiting fusion with the
plasma membrane.

Vesicle release from the dictyosomes in animal cells

is energy-dependent (Jamieson and Palade, 1968;
1977;

Robinson, 1980).

Robinson and Ray,

The secretory molecules synthesised prior to

inhibitor application accumulate in the dictyosome, attached vesicles

swell and the cisternae elongate and often curve.
Inhibitor studies have also suggested that Ca=+ play an
important role in exocytosis.

This will be dicussed more fully in

section 1.3.
Much of the direct evidence implicating the dictyosomes and
endoplasmic reticulum in the synthesis and secretion of plant cell
polysaccharides has been restricted to secretion of root cap slime.
Ray et al. (1969;

1976) however used isopycnic gradients and

marker enzymes to examine the distribution of subcellular particles during
pulse and pulse-chase feeding of pea stems with [i*C] or [*H] glucose.
They demonstrated that at least one third of the radioactivity
incorporated by the pea stem cells into membrane-bound polysaccharides
during a short pulse was associated with the dictyosome.

Electron

microscopical examination of the regions of the gradient high in
radioactivity showed that these fractions consisted mainly of dictyosome
fragments.

Fine structural studies on monocotyledonous species have

indicated that changes occur in dictyosome material in organs stimulated
into elongation (Fowke and Setterfield, 1969;
1974;

Quaite et al., 1983).

Gawlik and Shen-Miller,

In dicotyledonous species, synthesis and

secretion of wall polysaccharides via dictyosomes have been well
characterised

(Ray et al., 1976;

Robinson et al., 1976).

Quantitative fine structural information regarding the effect of lAA on
dictyosomes in pea stem epidermal cells has been reported by Cunninghame
and Hall

(1985).

They observed an increase in dictyosome material after

15 min of auxin application which reached a maximum around 30 min.

This

was followed by a decrease which was thought to be due to dictyosomal
utilization.

Gawlik and Shen-Miller (1974) noted that the increased

utilization corresponded with initiation of the rate increase in
elongation in

which is supported by Cunninghame and Hall (1985).

Changes in dictyosome material correspond with increase in glucan
synthetase (Ray, 1973) and incorporation of [i*C]-glucose into cell wall
polymers (Chrispeels, 1976;

Robinson et al., 1976).

The endoplasmic reticulum may be involved in cell wall formation in
certain instances such as callus deposition during cell plate formation
(Northcote and Wooding, 1966).

Chrispeels (1976) also suggested that the

endoplasmic reticulum may be important in the secretion of cell wall
material.
The concept of an endomembrane system was proposed to explain the
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functional

continuum that exists between the membranous compartments of

eukaryotic cells.

Included within the endomembrane system are the

nucleolar envelope, rough endoplasmic reticulum, smooth endoplasmic
reticulum and dictyosomes as well as various cytoplasmic vesicles, plasma
membranes, vacuolar membranes and lysosomes.

Membrane flow is defined as

the transfer of biomembranes from one compartment of the endomembrane
system to another.

Bennet -Clark (1956) was the first to discuss the

relationship between membrane flow and intracellular transport of
products.

The dictyosome plays a significant role in membrane flow

processes since a large part of intracellular transport of macromolecules
takes place via the dictyosomes.

As a consequence, these processes are

thought to constitute a membrane flow beginning at the dictyosome or when
started at the endoplasmic reticulum, via the dictyosome.

This is

embodied in the "Endomembrane Concept" as proposed by M o r r ^ e t al.
(1971).

It is thought to be valid for all eukaryotes and integrates the

endoplasmic reticulum and dictyosomes into a functional unit in which the
dictyosome is envisaged as being the main point of membrane transformtion
A
from the endoplasmic reticulum-1ike to plasma membrane-like material.
However, the evidence which supports this theory is of an equivocal
nature and additional generalizations are based on a paucity of
information in some areas, and includes some major assumptions.

This is

particularly the case for higher plants in which relatively few systems
have been investigated.

Only flow between the maturing face of the

dictyosomes and the plasma membrane has been confirmed.

The existence of

a flow between the nuclear envelope or endoplasmic reticulum to the
dictyosome and flow through the dictyosome has never been proven.
The functional continuity between the endoplasmic reticulum and the
dictyosome was first deduced from observations of the morphological
relationship between the two structures.
transformation vesicles in the

Micrographs show definite

cis' face of the dictyosome and they were

thought to move from the endoplasmic reticulum to the dictyosomes (Morre
and Mollenhauer, 1974;

Gunning and Steer, 1975).

Such a transfer may be

involved in the formation of cisternae or in the extension of existing
cisternae.

Whatever is the site of incorporation of materials into the

dictyosomes, transport in membrane-bound pqckets necessitates membrane
fusion.

There is little direct evidence for such fusions.

Robinson

(1980) has shown by serial sectioning that in transition vesicles, a
direct contact between the endoplasmic reticulum and dictyosomes appear,
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at most, infrequently in polysaccharide-secreting cells of higher plants
whereas Kristen (1980) has observed frequently-appearing connections
between the endoplasmic reticulum and dictyosomes in the primary
protein-secreting cells of Isoetes lacustris.

Radioautography after

amino acid incorporation does not show high levels of labelling which
would be expected if there was a connecting pathway between the
endoplasmic reticulum and Golgi apparatus.

Thus it is possible that the

involvement of the endoplasmic reticulum could be restricted to the
intracellular transport of secretory proteins.

Most higher plants are

involved in cell wall synthesis and, as such, amounts of protein secreted
are relatively small.

In agreement with this concept is the absence of

an accumulation of transition vesicles between the endoplasmic reticulum
and dictyosome.

A 'cis' face consisting of a cisterna

with a number of

simultaneously fusing transition vesicles is not a general feature of
higher plants.

Connections between the dictyosome and endoplasmic

reticulum (where it changes from being sheet-like to a tubular form) have
been claimed in Ricinus,

Pisum and Phaseoltts. Unfortunately these

claims were made concerning material fixed in potassium permanganate and
the question of artifact can not be ruled out.

Although some membrane

components may be transferred during fusion, the evidence is not
consistent with the stable incorporation of entire vesicle membranes into
the dictyosome.

One possibility is that vesicles (using selective cycles

of membrane fission and fusion) shuttle between the endoplasmic reticulum
and dictyosome while transporting secretory materials (Palade, 1975).
Recycling may also occur following the fusion of vesicles with the plasma
membrane.

The possibility of membrane recycling and general

compositional similarity of the membrane and secretory components have
complicated the analysis of membrane transfer.
Blobel and Dobberstein (1975) proposed that particular proteins
found on membrane surfaces could serve as recognition factors and
account for preferential fusion of vesicles from the nuclear envelope
or endoplasmic reticulum with membranes of the dictyosomes.

The

evidence for lack of inter-mixing of membrane components implies that
such fusions do not lead to complete incorporation of membrane segments
into the dictyosome.

During vesicle fusion, such membrane components

move by lateral displacement into recipient membrane systems with
subsequent bulk removal of excess membrane.
The continuity between the dictyosomes and plasma membrane is

16

provided by secretory vesicles that move from dictyosome to the cell
surface.

Hence, the membranes of the secretory vesicles fuse with the

plasma membrane and the contents of the vesicle are discharged from the
cell.

In fast-growing cells almost all the plasma membrane is derived

from the dictyosome.

Further evidence for the transfer from

dictyosome to plasma membrane comes from studies involving coated
vesicles;

because of their clathrin coats they can be easily

recognised both in thin sections and by negative staining.
The molecular mechanisms involving the fusion process have hardly
been worked on.
directional.

However, in most tissues, secretion appears to be
The final extrusion is independent of temperature,

unaffected by most metabolic inhibitors, suppressed by osmotic agents and
by inhibitors that destroy cell turgor (Morr^et ai., 1967).

Secretion

requires energy utilization i.e. ATP hydrolysis and the participation of
the cell's endomembrane system (Robinson, 1980).

Studies using different

inhibitors are also beginning to shed light on the ultimate act of
exocytosis, namely, the fusion of secretory vesicles with the plasma
membrane.

From these it is now clear that, as is the case in animal

cells (Douglas, 1974;

Williams, 1980), Ca=* play an important role

in this event.

1.3 The Role of Calcium

The possible role of Ca=* in the auxin response has been
mentioned earlier.

Calcium has been shown to be an essential nutrient

for plant growth but has been shown at high concentrations to inhibit
cell elongation.

It has been difficult to define its biochemical

activity precisely although it plays a crucial role in regulating many
physiological functions, secretory mechanisms and in the composition of
cell membranes.
In 1963, Douglas and Rubin proposed the concept of "StimulusSecretion Coupling" in animal cells.

This refers to the coupling of the

passive energy of calcium entry which may be triggered by a variety of
stimuli.

An increased internal level of calcium is proposed to act as a

second messenger that conveys information as a stimulus from the
environment.

The increased level of calcium in the cytoplasm causes

activation of the calcium-binding protein calmodulin which in turn
activates calcium-dependent processes.
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Calmodulin has been implicated in

the regulation of many calcium-initiated processes (Cheung, 1980). For
example, a Ca®'*'-dependent regulatory protein and specific enzyzme
(NAD*-kinase) has now been discovered in a plant system (pea seedlings)
by Anderson and Cromier (1978).

M a r m ^ (1982) proposed that calcium ions

may act as a second messenger regulating plant processes in response to
stimuli from hormones such as auxin and phytochrome.

Other plant enzymes

have now been found which are regulated by calcium and calmodulin.
ATPase which is thought to be involved in calcium transport (Dieter and
Marm^

1981) and quinate NAD* oxido-reductase ( M a r m ^ 1982) are also

controlled by Ca=*.

Calcium-controlled processes are inhibited by the

antipsychotic drug, fluophenazine, which specifically binds to calmodulin.
Trifluoperazine also inhibits Ca=*-calmodulin complexes which are
involved in such cell systems as the calcium pump and enzymes mentioned
earlier.

The binding of trifluoperazine to the Caz+-calmodulin

complexes reduces the level of calcium.

Calmodulin also has a possible

role in regulating polymerization and depolymerization of microtubules and
microfilaments which may be important for vesicle fusion.
The importance of calcium in the secretory process has been the
subject of numerous studies (Kanno, 1972;

Rubin, 1982).

The majority of

this work has been carried out in animal systems but the number of reports
of secretory processes dependent on Ca=* in plants has increased
rapidly.

The first evidence of Ca=* involvement in the secretory

process came from the cholinergic nervous system, where Ca*+-stimulated
acetylcholine release from nerve ending was observed (Berridge, 1975).
Calcium's involvement has also been recognised in a coupling action during
the secretion of ions, of preformed granular material, of fluid from
salivary glands and of hormones such as adrenalin.

A requirement for

Ca=* in membrane fusion has been established by Papahadjapoulous et
al. (1977) during the interaction of phosphatidyl serine vesicles.

They

found that, in the presence of certain concentrations of Ca=+ (1-2
molm"®), a highly cooperative phenomenon occurred involving a phase
change of the membranes which resulted in an increased vesicle
permeability, aggregation and the fusion of vesicles.

Douglas (1974) and

Williams (1980) also noted that Ca®* play an important role in fusion of
vesicles in animal cells.
In plants, addition of Ca®"*" to the growth medium of suspensioncultured cells leads to an increase in secretion as measured by release
into the medium of cell wall polysaccharides (Morris and Northcote, 1977)
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or enzymes (Sticher et ai., 1981).

The Ca**-selective ionophore

A23187 stops pollen tube growth and appears to cause an increase in the
number of dictyosome-derived vesicles which fuse with the plasma membrane
(Reiss and Herth, 1979a).

The vesicle content does not become

incorporated into the body of the wall but appears to collect in clumps in
the periplasmic space.

A similar effect has been observed with pea stem

segments treated with this ionophore in the presence of Ca=* (Griffing
and Ray, 1985).

These authors have also shown that the increase in

cystolic Ca*+ levels, as a result of such treatment, leads to premature
vesicle fusion with the plasma membrane.

In contrast, when Ca=* levels

are reduced by adding the non-permeating chelator EGTA together with
A23187, vesicle fusion is inhibited and results in the accumulation of
secretory vesicles in the cytoplasm (Robinson 1981).

Confirmation of the

importance of Ca=* for vesicle-plasma membrane fusion has been given by
the in vitro fusion experiments of Baydoun and Northcote (1980).
Transfer of radioactivity from dictyosomal fractions to plasma membrane
fractions in maize root tips is Ca=+-dependent but is unaffected by
microfilament or microtubule inhibitors.
Picton and Steer (1983) propose that the rate of pollen tube
extension is dependent not only on the rate of vesicle fusion but also
involves microfilaments.

The elongation of pollen tubes has been closely

coupled with the deposition of new wall material and is known to be
dependent on the presence of external Ca®* concentration being optimal
over a specific range.

A calcium gradient existing within the tubes has

been visualised with the use of a fluorescent chelate probe,
chlorotetracycline (Reiss and Herth, 1978);
concentration occurred at the tip.

the highest calcium

Elongating pollen tubes also exhibit

a zonation of organelles with a predominance of vesicles at the tip (Reiss
and Herth, 1979b;

Picton and Steer, 1982, 1983).

Treatment with A23187

and chlorotetracycline upset this zonation (Reiss and Herth, 1979a;

Reiss

and Herth, 1982) which, in addition, also inhibited elongation and caused
irregular thickenings of the wall.

This disoriented growth is thought to

be due to the disruption of the delicate calcium distribution in the tubes
which normally orientates exocytosis of cell wall material
Herth, 1982).

(Reiss and

Picton and Steer (1983) believe that vesicle fusion and

elongation are two separate phases.

The walls are also required to be

plastic and extend under turgor pressure.

With a reduction in the amount

of wall deposition the walls become thin and burst.
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At supra-optimal

calcium concentrations the walls become rigid and thickened due to
increased vesicle fusion.

Similar effects were also found in tubes

treated with A23187 which released ions from their internal sequestration
sites (Caswell and Pressman, 1972;
levels of intracellular Ca=+.
Ca=* concentration.

Pressman, 1976), thus increasing the

The rate of secretion is dependent on

Sycamore suspension cells which have been

Ca=+-deprived react rapidly by releasing soluble polysaccharides in
response to added calcium (Morris and Northcote, 1977) as do spinach cells
when they release peroxidases (Sticher et al., 1981).

The Ca=*

probably stimulated the release of molecules from a pre-existing pool.
In most secretory responses the plasma membrane is considered to receive
the external stimulus (Berridge, 1975) which is supported by the rapidity
of the above responses.

Morris and Northcote (1977) observed that L.a=*

was almost as effective at stimulating polysaccharide release as Ca=+.
Since La** is a heavy metal ion, it is unlikely that it penetrates the
plasma membrane (Taylor and Hall, 1979) and therefore presumably has an
effect at the cell surface.
This external signal is converted to an internal signal or second
messenger which causes the internal Ca=* concentration to rise.
Calcium within the cell is sequestered by the mitochondria and
endoplasmic reticulum (Matthews, 1979).

Evidence has been found for

calcium-transporting enzymes in these organelles and it could be
transported by coupling to ATP hydrolysis or to a Ca=*/H* antiport.
Recently, dictyosomes have been associated with the sequestration of
intracellular Ca^* because of evidence that calcium-binding material
in secretory vesicles disappears after treatment with EGTA.
Marre (1979) and Lado et al. (1976) suggested that calcium ions
have a primary role in lAA-induced acidification (Section 1.1.3).

Terry

et al. (1981) also reported that the presence of Ca=* promoted
acidification of a growth medium.
the growth of

Cleland and Rayle (1977) found that

and pea stems was stimulated by Ca*+.

In 1955

Bennet-Clark suggested that auxin induces elongation of the wall by
removing calcium.

Since the inhibitory effects of calcium have been

explained by assuming that calcium forms bridges between pectic carboxyl
groups and these bridges result in mechanical stiffening of the cell wall,
these may in turn prevent wall extension.

It was suggested that auxin

brings about this removal of calcium by chelation or methylation of the
carboxyl group to which the calcium is attached.
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Evidence from early

work supported such a theory.

Calcium did increase the rigidity of the

wall and inhibited elongation (Weinstein et al., 1956).

EGTA might be

expected to remove calcium from the wall by chelation and therefore
promote elongation (Heath and Clark, 1956).

Ordin et al. (1955;

1957)

noted that auxin induced an increase in the transfer of methyl groups from
methionine to the pectin of Avena.
CI el and (1977b) opposed this hypothesis, and instead proposed that
the effect of calcium on wall loosening and hence elongation was an
indirect effect.

He observed no loss of [*=Ca**] from the cell walls

and so saw no redistribution of pectin and propectin after application of
auxin (which would normally cause elongation and therefore stiffening).
Growth-inhibiting levels of calcium when applied to isolated walls do not
decrease wall extensibility.

Cleland (1977b) also noted that calcium

does not reduce turgor pressure or alter the capacity of walls to undergo
acid-induced wall loosening so as to cause growth inhibition.

If calcium

does not inhibit auxin-induced cell elongation by interacting directly
with the wall, it must interfere with some other process in cell
elongation.
In summary, lAA is thought to promote cell elongation by causing
extrusion of H*.

This then causes acidification of the cell wall

and hence wall loosening and is the first phase of the biphasic
response of plant tissue to auxin.

Ca^* is also thought to be

necessary for H* excretion in auxin-responsive tissues (Cohen and
Nadler, 1976), although low concentrations impair the activity of
H+/K*-ATPase assumed to be responsible for this acidification
(Leonard, 1983).
This is followed by the second phase which involves protein and
cell wall synthesis which require an increase in utilization of
dictyosomes (Cunninghame and Hall, 1985).

It is known that

alteration in calcium concentrations affects cell elongation either by
direct stiffening of the cell wall (Tagawa and Bonner, 1957;

Burstrom

1968) or interference with some aspect of the cell wall loosening
process.
In this thesis, the role of calcium is investigated with regard to
its possible involvement in the activity of dictyosomes in epidermal cells
of CucuKis hypocotyls following incubation in lAA for different time
periods, that correspond to different stages in the biphasic response of
tissue to lAA.

As a control, the effect of lAA alone is also examined.
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In addition, the thesis reports the effect of various calcium antagonists
and inhibitors on growth and ultrastructure when added at different stages
during the biphasic response.
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CHAPTER TWO

CHAPTER TWO

2. MATERIALS AND METHODS

2.1

Plant Material

Seeds of Cucuviis sativus c.v. Long Green Ridge, (obtained from
Graines d'elite, Clause (UK) Ltd, Charvil Farm, New Bath Road, Charvil,
Reading, RGIO 9RU) were grown in the dark in damp vermiculite at 28®C.
After 7 days, the etiolated hypocotyl hook was excised and treated as
required under various experimental procedures.

2.2

Preparation of Tissue for Electron Microscopy

Small pieces of tissue approximately 1 mm long were cut under
fixative from the hypocotyl hook region.

The material was evacuated and

fixed for 2 h in 3% glutaraldehyde and 37. formaldehyde in 50 molm"^
sodium cacodylate buffer (pH 7.2).

Initially sodium phosphate buffer was

used but this was found to precipitate with calcium present in the tissue.
After this period, the tissue was rinsed in two changes of the same buffer
over a period of 20 min.

The tissue was then post-fixed in 1% osmium

tetroxide and rinsed again for 20 min.
series of ethanol

Dehydration through a graded

(10, 30, 50, 70, 90 and 1007.) was followed by 2

changes of 30 min duration in propylene oxide.

The tissue was then left

in a mixture of 1:1 resin;propylene oxide overnight on a rotator.
Following 3 changes of resin, the specimens were finally embedded in
Spurr's resin composed of VCD (10 cm=), DER 736 (6 cm=), NSA (26
cm*) and S-1 (0.4 cm®)(Spurr, 1969).

These were polymerised at

70=C overnight.
Semi-thin sections (2 j.m) were sectioned on a Reichert-Jung Ultracut
microtome and heat-dried on to glass slides and stained in 0.05% toluidine
blue in 0.5'/. borax for light microscope examination.

Ultra-thin sections

(70 nm) were also cut using either a Diatome or a Ge-Fe-Ri diamond knife.
These were flattened using chloroform vapour and placed on 150-mesh copper
grids.

These were counter-stained for 60-90 min in 27. uranyl acetate

followed by 5 min in 0.36% alkaline lead citrate, with a final rinse in
10^ molrn"^ sodium hydroxide solution to dissolve any lead carbonate

crystals formed.

The grids were then examined under either a Philips 300

or a Jeol 1200E Electron Microscope at 60KV.

2.3 Treatment of Tissue for Microscopical Examination

To examine the effect of auxin on cell structure, segments of
tissue (1.5 mm) were incubated in the dark at 25°C in distilled water
for 2 h.

These pieces were then incubated in lAA (0.1 molm"®) for

30, 60 and 90 min.

After each of these times, 5 pieces of tissue

were removed, fixed and embedded along with controls in the distilled
water.
A preliminary study was performed to determine the effect of
inhibitors on the quality of fixation.

This involved incubation of the

tissue for 2 h in the inhibitor after the tissue had been
auxin-depleted for 2 h.
To study the effect of various inhibitors after treatment with lAA
the tissue was pre-incubated as above and then placed in 0.1 molm-=
lAA for 30, 60 and 90 min.
the solutions, at

After this time, inhibitors were left in

concentrations determined by shadowgraphs (see

section 2.6) for either 5, 15 or 40 min.
rinsed in buffer, fixed and embedded.

The tissue was then removed,
Fifteen replicates of each

treatment were photographed under the electron microscope at x32500.

2.4

Selective Staining

Initially it was thought that the use of a selective staining
technique might give the organelles sufficient contrast so that no
additional marking of electron micrographs would be required.

However,

despite use of various filtering and highlighting modes available in the
IBAS, block-shading was still required.

2.4.1 Osmium-zinc Iodide

The osmium zinc-iodide mixture was prepared according to Shannon et
al. (1982) by suspending 3 g of Zinc dust in 20 cm® of distilled water with
the addition of 1 g of resublimed iodine.
periods of time.
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This was used for varying

2.4.2 Potassium Ferricyanide

Another stain thought to be specific for membranes

was 0.8%

potassium ferricyanide in 1% osmium tetroxide, prepared according to
Hepler (1980).

2.4.3 Potassium Permanganate

Potassium permanganate (2%) can be used to increase contrast of
membranes by acting as a strong oxidant and as a fixative in its own
right.

2.4.4 Ruthenium Red

A solution composed of 10 mg of ruthenium red in 10 cm® of buffer was
added to all fixative and buffer solutions.

This stains up the carboxyl

groups of polysaccharides and consequently pectins.

2.5

Measurement of Internal Structure of Epidermal Cells of Cucunis
Hvpocotvls

2.5.1

Dot Overlay Method

After selecting a suitable fixation procedure, different regions of
the hypocotyl were examined.

Preliminary studies indicated that there

was a great variation in both cell and vacuolar volume of the epidermal
cells down the length of the hypocotyl.

The region from the tip of the

hypocotyl to approximately 2 mm below the hook was divided into 6
regions and examined under the light microscope.

Three of

these regions were selected for further investigation - regions 1, 3 and 5
(Fig. 2.1).
and embedded.

Five hypocotyls, each initially 30 mm in length, were fixed
Each block was sectioned to give 5 independent grids,

thus providing a total of 25 replicates for each region.
Longitudinal and transverse sections of epidermal cells were prepared
for light microscopy and transverse sections for electron microscopy.
Mean cross-sectional areas and volumes were calculated from light
micrographs assuming the cells to be cylindrical.

Low power electron

micrographs (x5120) were overlaid with a transparent grid with 5mm spaces

Plate 2.1

Photographic representation of a 7 day-old etiolated
Cucuais hypocotyl

Fig. 2.1

(xl.5)

Diagrammatic representation of those regions selected for
microscopical examination.
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between the dots;

point counts were recorded.

Volume fractions of the

cytoplasm and vacuoles were calcuated using the dot overlay method of
Steer (1981).
High power electron micrographs (>;32500) were assessed in a similar
manner to calculate volume fractions of cytoplasm, dictyosomes, secretory
vesicles and mitochondria.
The volume fraction occupied by any one component is:
Vv(^m®) =

^

(ym=)

PT

where Pp is the number of points over each component
PT is the total number of points sampled

(Loud, 1968; Weibel and Bolender, 1973; Williams, 1977).

Regions of the

micrographs occupied by resin and cell walls were excluded.
The numerical density of dictyosomes per cell was estimated using the
method of Steer <1981)

The number per unit volume (Nv) was calculated

using the formula:
Nv = (NpJ^/z X 1
(Vv)*/=
p
where Na = number of organelles per unit area.
Vv = volume fraction occupied by the organelle in the cytoplasm.
p

= shape coefficient.

The Na was determined from the ratio of the number of profiles to
the area of non-vacuolated cytoplasm on each micrograph.

The value of JB

was determined from the plot of ^ versus the ratio of the organelle
dimensions (Fig. 15. Steer, 1981).
of similar size.

The formula assumes organelles to be

The mean ratios of organelle dimensions were calcuated

(Cunninghame, 1983) and the differences found to be negligible, ^ being
taken to be 1.67.

The total number of dictyosomes per cell was found by

multiplying Nv by the average non-vacuolar cytoplasmic volume per cell.
The number of dictyosomes per cell was estimated for each micrograph and
results expressed as the mean of the replicates for each treatment.
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2.5.2 Use of the Image Analyser

The volume fractions of dictyosomes and secretory vesicles from high
power electron micrographs were also assessed using a Kontron Interactive
Image Analysis System (IBAS) (Kontron Bildanalyse, Munich, B.R.D.).

This

is a semi-automatic evaluation unit which incorporates the use of a
computer to analyse selected areas of electron micrographs which are
projected into the computer memory via a video camera.

The electron

micrographs were printed on to Grade 2 paper (25cm x 20cm) to give a total
magnification of x32500.

The organelles were then shaded with a black

felt pen to provide more contrast between dictyosomes, secretory vesicles
and the remaining cellular material.
a large quantity of data.

It is capable of fast processing of

The IBAS contains 4 image memories for fast

retrieval each with 256 kBytes for overlay and parity.

The maximum

amount of information is limited by the number of image pixels (512 x
512).

The image is entered onto a floppy disk via a special processing

unit.

Here, the image is changed by a transformation which the user

determines in such a way that only the essential image structures remain.
This process can be controlled with a monitor on which the various grey
levels are represented as pseudo-colours.
When working with the software, there are 3 separate stages:
1.

Defining the measuring conditions.

2.

Carrying out the measurements and storing the data.

3.

Processing the measured results, which requires access to the stored
data.
The individual inputs take place in an interactive operation between

the screen and the tablet.

All the selections are stored on a disk and

are available for use each time the measuring programme is activated.
In evaluation of images, the grey levels of individual image pixels
are compared with one another.

The process of evaluation comprises of

the following steps:
a.

Detection and interpretation of image structures.

b.

Assignment of image structures to specific objects.

c.

Description of these objects using suitable parameters.

d.

Recognition of the objects by parameters.
In each of these areas IBAS offers different transformations or

measuring functions.

Initially the images to be evaluated are digitized

and stored in one of three available image memories.
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For the evaluation

Table 2.1

IBAS programme compiled to calculate area, perimeter and degree
of curvature of selected cell organelles.

FUNCTION

INTEGER

VARIABLES:LOGICAL

REAL

TVON
ONLINE

2
3

PAUSE
TVINP
INP 1
SCALE
SCNO 5

5

6
7

ID. NO
PAUSE
DISC2L
INP 2
OUT 2
LEVI 0
LEV2 39

8

BINARY

EDIT
INP 2
OUT 2
AUX 3
AREA

10

11

12

13

NCLS 15
MODX 1
MODY 1

SINGLE

LOW 0.000
HIGH 6.000

NCLS
MODX
MODY
NCLT
MDLX
MDLY

15
1
1
1
1
1

SINGLE

LOW 0.000
HIGH 6.000
LOLT 0.000
HILT 0.000

NCLS 15
MODX 1
MODY 1

SINGLE

LOW 0.000
HIGH 0.5000

PERIM

CIRSF

I DENT
INP 2

8-CONN
OUT 3
MAR 0

MEASUR
INP 3
GYRF 100
CHAN 1
SPAC 1

14

OBJ

OUTSGL
STORE
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Table 2.1 contd.

15

RESET

16

IDENT

TREAT
INP 2
OUT 4
MARG 0
17

8-CONN

MEASUR
INP 4
GYRF 100
CHAN 2
SPAC 1

18

OUTSGL

19

RESET

OBJ
SELECT
STORE
TREAT
SINGLE

20

EDIT
INP 1
OUT 5
AUX 6

21
22

23

24

PAUSE
DISC2L
INP 5
OUT 6
LEVI 44
LEV2 251

BINARY

INP 6
OUT 7
MARG 0

8-CONN

I DENT

MEASUR
INP 7
GYRF 100
CHAN 1
SPAC 1

OBJ

OUTSGL
STORE
26

PAUSE
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of a specific image, the user can choose from the functions available the
one which is suitable for his task.
compiled as a measuring programme.
displayed in Table 2.1.

The individual functions can be
The programme used in this work is

In the simplest case, the measurement

programme builds itself up from the evaluation of the first image into a
measuring series by storing all the required executions.

In general,

they follow the pattern set out below.

1.

INPUT:

Image Input Functions

This determines the kind of image input in an image memory and
controls the automatic image input.

This function encompasses the

following sub-functions.
a. TV ON - This function serves to control the image section and
brightness of the camera image.
currently recorded by the camera.

The colour monitor shows the image
No storage takes place.

Image

sections which are bright appear green (still in the measuring range)
(Plate 2.2,) and then red (where the difference in brightness can no longer
be resolved).

"ON LINE" indicates that the image is live.

b. TV INP - This functions the storage of the TV image in the memory
indicated by INP - in this case 1, and has the option of four memories (Plate

2.2).

2.

CALIBRATE:

Calibration of the System.

This serves to scale and calibrate geometric and densitometric
measurements.
a.

These include;

SCALE - As all measurement data is indicated in a selected unit of

calibration the most important prerequisite for every geometric
measurement is the calibration.

There are two types of scaling:

a) absolute b) digitized, as in this case.

This requires the input of two

measuring points and their distance apart.

The digitizer is an

interactive scaling procedure and can operate on either stored or on line
images.

The calibration in operation in the memory is indicated by

SCNO 5.

b.

ID NO - The identification number serves as identification of measured

data.

The complete ID NO is only necessary for storage of data on disk

and its subsequent evaluation by the IDAS 1 disk.
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Plate 2.2

This illustrates a typical electron micrograph as seen on the
visual display unit.

Note the dictyosomes and vesicles

have been blacked in on the photograph with a felt-tip pen
making them easily distinguishable from the background material
(>: 32500).

Plate 2.3

Dictyosomes and vesicles are differentiated from the background
by using DISC2L.

This makes all objects possessing a certain

degree of blackness, green.

The levels have been

pre-determined by the programme (x32500).

3. SEGMENT:

Creating a Binary or Multiphase Image

This function is used to separate interesting image objects from
irrelevant image contents.

This irhudes:

DISC2L (Discrimination by 2

A

Levels) - This separates objects from the background by setting two
thresholds.

Either the grey levels inside or outside the entered

circuits are set to grey level 0 (black) and thus constitutes the
background.

Depending on the logical variable BINARY, the remaining

objects either keep their grey levels or are set to white (255).

Grey

levels are set using LEVI (0) and LEV2 (39) with INTER switched off.

The

advantage of interactive discrimination is that certain objects can be
separated from the remaining image (Plate 2.3).

Movements of the cursor

on the tablet influence the upper and lower limits.

All points that will

not be set to black are displayed in the colour monitor as green, blue and
red.

Red defines the upper grey limits and blue defines the lower grey

limits.

In this manner one can determine exactly by selection of limits

which objects remain in the image (coloured) and which change to black.
When BINARY is switched on all the objects are changed to black.

4.

IMAGE EDIT:

Enables Intervention in the Programme

This enables the user to intervene directly in a grey level
multiphase image as well as measuring certain image objects selectively.
The edited image is stored in image memory OUT for further processing by
the measuring programme.

INP and OUT are different image memories.

If

there are editing errors, the original still exists and the editing
process can be repeated as often as desired.
a.

The edit menu enables

Interactive modification in grey level multiphase or binary reigons by
selecting regions.

b.

Direct input of TV images.

c.

Selection of look-up tables L+1,2 .... 9.

The number selected

indicates the look up table which contains a selection of coloured
over-lays.

EC selects a region and is capable of drawing arbitrary

traces into an image while depressing the cursor (Plate 2.4).

All

regions to be selected and consequently edited are outlined and then
eliminated by depressing the cursor within the outline (Plate 2.5).
overlay can then be removed by pressing C (Plate 2.6).
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The

Plate 2.4

Image edit is used to enable to operator to draw a green line
around the objects which are to be eliminated.

These may

include electron-dense deposits and parts of cell walls.
Note that the image on the screen is now binary (x32500).

Plate 2.5

These objects are then eliminated from the programme memories
by depressing the cursor <>:32500).

Plate 2.6

The green overlay trace is also removed using IMAGE EDIT
leaving only those objects whose parameter one wishes to
determine <x32500).

I*
s

I*

5. PARAMETER:

Functions to Select Measuring Parameters

This group includes object and field specific parameters as well as
densitometric and chord length distribution.

Most parameters can be

measured simultaneously (see Table 2.1).
NCLS(1-100) No. of classes when a classification is selected
MQDX(l-2) Presentation and scaling mode of x-axis where 1 represents
a linear scale.
M0DY(l-6) Presentation and scaling mode of y-axis where 1 represents
a linear scale.
NCLT(1-100) The additional variables for parameter PERM and controls
data such as number of classes, for handling these values.
MLDX(l-2) Presentation and scaling mode of x-axis in histograms, 1
represents a linear scale, 2 represents a log scale.
MLDY(l-2) Presentation and scaling mode of y-axis where 1 represents a
linear scaling and 2 represents log scaling.

6. EVALUATE:

Identification of Objects

This function includes the identification of objects, evaluation of
objects, control of scanning, autofocus and the output of results.
This includes;
a.

IDENT - This function serves two purposes, these being identification

of discriminated images and elimination of objects following the
conditions set out by the measuring frame.

The identification is a

prerequisite for each measurement of object specific and densitometric
parameters.
and counted.
2.8).

Firstly, all objects are displayed as one colour (Plate 2.7)
After counting, the objects are displayed as white (Plate

In the second stage of measurement, the objects are displayed in

a different colours.

These colours do not depend on the grey level

of the objects but only on the sequence of identification (Plate 2.9).
The 8-CONN variable should be switched on.

These objects must then be

selected by the cursor after which stage they turn white (Plate 2.10).
b.

MEASURE - This function executes the measurement of selected measuring

parameters (see section 5).

OBJ must be switched on if object specific

parameters are among the previously selected parameters.
IMAGE EDIT.
This function is used again to determine the total area of cytoplasm in
the same manner as unwanted material was eliminated.
around resin, walls and vacuoles (Plate 2.11).
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A line is drawn

These areas are then

Plate 2.7

All objects in the measuring frame are displayed as blue (or
whatever colour of overlay is selected).

These objects are

then measured according to the parameters selected and their
total value stored in channel 1 (x32500).

Plate 2.8

Once the objects have been measured, completion is indicated
when the objects become white i.e. binary (>;32500).

i*

Plate 2.9

All objects are designated a different and purely arbitary
colour.

One is then able to select those objects whose

parameter is to be measured separately - in this case dictyosomes (>:32500).

Plate 2.10 These objects also become binary once their measurement is
complete, and results are stored in channel 2 (x32500).
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1^

Plate 2.11 IMAGE EDIT is used again to select the cytoplasm and eliminate
resin, cell walls and vacuoles (>:32500).

Plate 2.12 The areas are blacked in indicating deletion from the computer
memories and the green overlay is removed <>:32500).
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Plate 2.13 Areas to be measured are displayed as a colour (red).

The

selected parameters are then measured (x32500).

Plate 2.14 Once the cytoplasm has been measured, the image reverts to a
binary one and results are stored in channel 3 (x32500).

blocked in using the cursor (Plate 2.12).

The areas which remain are

coloured according to which look-up table is employed (Plate 2.13).

Once

the area has been measured and the result stored in Channel 3, the image
reverts to a binary one (Plate 2.14).

The results of the first

measurement are stored in CHAN 1 (total area of all objects) and the second
measurements are stored in CHAN 2 (total area of selected objects).
third measurement is stored in CHAN 3 (total area of cytoplasm).

The
GYRF

is only meaningful in the case of densitometric measurements and indicates
which image memory contains the original grey level image.

SPAC is the

distance in pixels between consecutive lines of a line grid and is void
in this programme.
c. OUTSGL - This function displays lists of individual data (Output of a
Single List).
disk.

If STORE is switched on, the data is immediately stored on

0 is written into Extension 1 in the ID NO to indicate object

specificity.
d. RESET - some of the conditions are reset.

This causes data buffering

and changes the sample number in the ID NO back to zero.

TREAT is

responsible for setting everything to zero.
Interspersed throughout the programme is the command PAUSE.

This

enables the programme to be executed automatically until stages when the
cursor is required to interact with the tablet such as DISC2L and TV IMP.
The programme compiled consists of all these functions arranged so
that total area of vesicles, dictyosomes and cytoplasm can be
calculated.

The total programme length is 412 Bytes.

Finally the IBAS system performs the statistical evaulation of image
specific data by using suitable programmes found on the IBAS 1 disk.
This is operated by direct video-interactive mode between the keyboard and
the tablet menufield.

STAT 1 consists of functions which process one

group of measurements only where the group may be in one or several
channels.

BAS STATS carries out statistical analysis including mean,

standard deviation, standard error, geometric mean, harmonic mean,
skewness (asymmetry relative to a normal distribution), curtosis (peak
height relative to a normal distribution) and autocorrelation
(correlation of consecutive counts of a series of measurements).

These

results provide area, perimeter and degree of curvature for dictyosomes
and also for dictyosomes plus secretory vesicles as well as a value for
area of cytoplasm.

Thus it is possible to calculate volume fraction of

both dictyosomes and secretory vesicles.
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Standard errors are presented

for perimeter and degree of curvature results throughout this work and
were calculated using a method from Colquhoun (1971) which computes a
variance of ratios of 2 variables where
C« (j^) = C=(xi) + C= + (xz)
Xz
No standard errors

are presented for volume fraction results as the

percentages available cannot be assessed by any statistical method known.

2.6

Measurement of Elongation

Preliminary experiments to determine the concentration of lAA for
optimal growth were performed.

Pieces of tissue 1 cm long were excised

from just below the hypocotyl hook and left in distilled water at room
temperature (25=C) to equilibriate in the dark for 2 h.

Batches of 5

segments were placed on a glass plate in a photographic enlarger fitted
with a green filter and shadow-graphed at a magnification x 6 on to grade
4 paper to obtain a zero time value.

Segments were then incubated in

petri dishes containing 10 cm® of a range of concentrations of lAA
solutions.

Measurements were made at hourly intervals over a 4 h period.

Different concentrations of inhibitors were also assessed in this manner.
In these cases total growth was recorded after 4 h.
These experiments gave 10 measurements per batch which were
calculated from tracings of photographs on graph paper.

Mean

elongation was calculated by subtracting initial length from final length.
Results were then expressed as mean elongation per segment in mm.

Each

experiment was repeated several times to provide a mean +,S.E. for each
treatment.
Direct comparisons were made of segments treated in the presence
lAA ± inhibitor.

of

The overall effect on lAA-induced growth was expressed

as the amount of growth due to lAA in the presence of the inhibitor as a
percentage of that without the inhibitor.

2.7

Linear Displacement Transducer

Methods for the continuous measurement of plant growth have been used
since the time of the "Autographic Auxanometer" of Sachs (1874).

Since

that time new methods have developed, particularly in an attempt to gain
higher resolution.

This method involves using a linear displacement
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transducer (Model DF50, Sangamo Transducers, Bognor Regis).

The

transducer possesses a ferromagnetic core which causes a differential
inductance variation as it moves past a coil, which is wound on
glass-filled nylon former.

This is housed in a stainless steel case

which is fixed in the outer part of the transducer.

It can detect the

smallest movement since it possesses a totally free armature.

A DC

current is supplied to the convertor, which has an oscillator to supply
the transducer, a demodulator and a variable amplifer.

The output from

this is a DC signal linearly proportional to the displacement of the
transducer core.

The transducer was calibrated so that a voltage change

was converted to displacement recorded by a BBC computer.
Segments were incubated in the dark at room temperature (25=C) in
distilled water for 2 h.

A segment 5 mm long, excised from just below

the hypocotyl hook is placed in a solution of 0.1 molm~® lAA in a chamber
which is temperature-controlled and aerated.

A piston rests on top of

the segment, and as the tissue elongates, the piston is forced into the
core of the transducer (Fig. 2.2).

This elongation is monitored and

plotted by the computer as elongation (^mmin-l) and rate (ymmin-1) over
a 2 h period.

The inhibitors can be added at any time, and their time of

addition is indicated on the graph by a vertical line.

The transducer

has been used to demonstrate a biphasic growth response in lAA, and the
effect of different types of inhibitors on this response, at different
times during the growth response.

2.8

Acidification

Plants 30 mm in height were selected and the upper region of each
hypocotyl was abraded with Grade 3 carborundum powder (The Carborundum Co.
Manchester U.K.) in distilled water.

This powder had been pre-washed in

0.1 molm-= nitric acid for 1 h and then rinsed in distilled water.
Segments of 10 mm in length were excised just below the epicotyl hook and
incubated at room temperature (25=C) for 2 h in the dark.
Fifty segments were collected as above and placed in a glass vial
containing:
0.72 cm' sodium phosphate (stock 10 molm"*)

Final conc. 1 molm"'

0.50 cm' calcium chloride (stock 15 molm"®)

Final conc. 1 molm~®

0.50 cm' potassium sulphate (stock 7.5 molm~®)

Final conc. Imolm"*

0.72 cm® lAA (stock 1 molm~®)

Final conc. 0.1 molm"®
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4.76 cm® distilled water
The vial was placed in a circulating water bath at 26=C and the
medium aerated throughout the experiment using an aquarium pump.

The

pH was recorded using a Russell CWL pH electrode (Russell pH Ltd.,
Auchtermuchty U.K.) connected to a Philips PW 9421 pH meter (Pye Unicam
Ltd., Cambridge U.K.) with a millivolt output to a chart recorder.
Inhibitors were added at selected concentrations to observe their
effect on the ability of tissue to acidify its medium.

lAA was weighed and then dissolved in distilled water by heating to 79°C and was cooled
before use.'
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Fig. 2.2

Diagrammatic representation of a linear displacement
transducer (not drawn to scale).
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CHAPTER THREE

CHAPTER THREE

3. THE INTERNAL STRUCTURE OF CUCUHIS EPIDERMAL CELLS

3.1

Introduction

In the last few decades, most of the information produced concerning
plant ultrastructure has been qualitative.

However, with the increase in

the number of methods available for analysis by stereological morphometry,
microscopical results more often include quantitative information which,
in conjunction with biochemical evidence, will give a fuller understanding
of the relationship between structure and function in plant cells.

In

this work the earlier method of using a dot-overlay for the analysis of
micrographs (Steer, 1981) has been compared with IBAS (a computerized
technique with similar aims, but ensuring greater ease and accuracy).
This technique has been used to assess changes in structure which occur
with development down the length of a hypocotyl, and also changes in
dictyosomal and secretory vesicle volume fraction after application of
lAA.
Fine structural studies have already indicated that internal changes
do occur after elongation is stimulated in plant tissues (Gawlik and
Shen-Miller, 1974;

Quaite, et aJ., 1983;

Cunninghame and Hall, 1985).

It is probable that auxin-induced growth is mediated through the
activation of dictyosomes and evidence for this has been provided by
studies involving autoradiography (Ray, et ai., 1976), as well as
studies using metabolic inhibitors (Morreef aJ., 1967).

Gawlik and

Shen-Miller (1974) observed changes in the numbers of dictyosomes after
oat coleoptiles were incubated in indoleacetic acid-sucrose-phosphate
buffer.

The periods of increased dictyosome utilization and synthesis

coincided with the rapid action of auxin.

But whether dictyosomes are

involved directly in the action of lAA in the stimulation of growth is
less clear.

More recent work (Quaite et ai., 1983;

Cunninghame and

Hall, 1985) indicated that numbers of dictyosomes and secretary vesicles
change after application of lAA.
In this thesis the volume fraction of dictyosomes and secretory
vesicles was examined after incubation in lAA for 30, 60 and 90 min
following auxin-depletion in dark for 2 h.
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The method used, apart from

providing information on volume fractions, also gives some indication of
change in perimeter and the degree of curvature of these organelles.

An

attempt will be made to predict not only how the amount of secretory
material changes but also how its morphology is affected, after incubation
in the presence and absence of lAA.
As a preliminary investigation to determine which was the most
suitable region to study, a survey was made of changes in ultrastructure
down the length of the hypocotyl.

These results are discussed in this

chapter.

3.2

Result*

3.2.1 Selective Staining of Epidermal Cells

Several types of cytochemical stains were used to enhance the
contrast levels in this tissue.

It was hoped that this would then be

used to prepare tissue for analysis using the IBAS and therefore
provide greater accuracy.

This method was not however found to be

suitable and organelles had to be blocked in by pen.

The techniques

used have been described in section 2.4.

3.2.1.1 Osmium-Zinc Iodide

Staining incubations lasted from 8 to 96 h.

The most noticeable

variation between these two extremes is the quality of preservation of
cytoplasmic organelles.
tissue after 8 h.

Plate 3.1a illustrates the appearance of

The contents of the dictyosome can be seen and the

maturing face can be easily differentiated from the forming face.
Large secretory vesicles surround the dictyosome.

In Plate 3.1b

several dictyosomes have been stained after 12 h in osmium zinc-iodide.
Cisternae are easy to identify.

After 25 h staining, the precipitate

has become very grainy (Plate 3.2a).

The membrane surrounding the

smooth endoplasmic reticulum has also become stained.

After 96 h, a

lower power electron micrograph illustrates how all the membranes in
the cytoplasm have become stained and that fixation is deteriorating
(Plate 3.2b).
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Plate 3.1a.

Cytoplasmic contents of a cell stained in
osmium-zinc iodide for 8 h.

The contents of

dictyosomes and surrounding vesicles have been
densely stained (x55860).

b.

Cytoplasmic contents after staining in
osmium-zinc iodide for 12 h.

The endomembrane

system is very well differentiated (x28700).
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Plate 3.2a.

Tissue stained for 25 h in osmium-zinc iodide.
The precipitate has become very grainy and less
well defined (x44600).

b.

Tissue stained in osmium-zinc iodide for 96 h.
All endomembranes have been stained but fixation of
the cell is beginning to deteriorate (x5460).

48

I

•-.»
%

b
*

#%
ff..

'

IK

r'Sgfe
• > W^"

8$:

t.

^ - ' V g "

va

•

•

-"!

3.2.1.2 Potassium Ferricyanide

Potassium ferricyanide was first used in combination with lead
nitrate as an alternative to osmium tetroxide.

Karnovsky (1971)

suggested that it could be used in combination with osmium tetroxide.

It

has been recognised as a suitable stain for membrane systems and provides
good preservation of microfilament structure.

Because

must be

present, the staining reaction may be based on the presence of
calcium-binding proteins (Hepler, 1980).

One of the main problems with

Cucuwis tissue is the lack of overall contrast noticeable when sections
are examined under the electron microscope.

Even after lengthy staining

in uranyl acetate and lead citrate, using SmotU
organelles are often difficult to distinguish.

apertures and at 60 KV,
This stain was initially

used to define material for the IDAS but it appears to be a good
post-fixation stain.
After 12 h, potassium ferricyanide appears to make little difference
to the overall appearance of the tissue (Plate 3.3a). After 96 h (Plate
3.3b) the contrast of the membranes is similar to that at 12 h but unlike
incubation of osmium-zinc iodide for 96 h, the fixation is still very
good.

Unfortunately many of the micrographs have a fine precipitate in

the cell walls presumably due to presence of Ca=+.

3.2.1.3 Potassium Permanganate

Incubation
contrast.

times of up to 29 h appear to have little effect on

Incubation in potassium permanganate for 19 h appears to

increase all membrane contrast (Plate 3.4a).

Dictyosomes are clearly

visible but this stain appears to leave cell walls rather granular.
Incubation for 24 h gives an overall granular appearance (Plate 3.4b) and
also seems to alter the structure of the dictyosomes.
swollen up and some assume a cup-shape.

The cisternae have

This also occurs after 19 h.

After 24 h other signs of poor fixation are also evident.

3.2.1.4 Ruthenium Red

Ruthenium red is difficult to use as penetration into tissue is poor.
The procedure involves frequent evacuation and thin slices of tissue must
be used.

Moreover, tissue to be embedded must be taken from the ends of
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Plat* 3.3a.

Tissue stained with KFeCN for 12 h.

Membranes

show good contrast (x55860).

b.

Tissue stained for 96 h in KFeCN.

Fixation is

still good but precipitate is present in the wall
(X2B700).
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Plate 3.4a.

Tissue incubated in potassium permanganate for
19 h.

b.

Note the increased membrane contrast (x6440)

Tissue stained with potassium permanganate for
24 h.

The cisternae have become swollen at

various points along their length (x28700).
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pieces where penetration of the stain has occurred.

It has been

suggested that an oxidised product of ruthenium red is responsible for
binding to cellular components and that a reduced product of osmium
tetroxide is responsible for additional contrast enhancement.

After

24 h, staining in osmium tetroxide containing ruthenium red provides
excellent fixation of membranes and also good contrast.

Intracellular

sites of ruthenium red of positive density can be seen located around the
dictyosomes (Plate 3.5a). The contents of the dictyosomes are stained such
that forming faces can be differentiated from maturing faces and contents
of the smooth endoplasmic reticulum can also be identified.

Incubation

periods of 36 h tend to cause a fine precipitation in the cytoplasm and
cell wall (Plate 3.5b).

Incubation times greater than 36 h cause

fixation deterioration.

3.2.2

Changes in Ultrastructure in the Cucumis Hypocotyl

Sections of tissue from 6 regions down the hypocotyl were embedded,
sectioned and photographed under both the Zeiss photomicroscope and the
Philips electron microscope.
Changes in cell dimensions from 3 of the 6 regions (described in
Table 3.1) were examined.

Fifteen replicates were photographed under the

light microscope and 3 cells on each micrograph were measured by ruler.
These measurements include 2 diameters from each cell on the transverse
section (Plate 3.6a) and the length of each cell on the longitudinal
section (Plate 3.6b).

Results are shown in Table 3.1.

From Table 3.1, it can be seen that the change in cell volume down the
length of the hypocotyl is mainly caused by an increase in cell length.
This changes from 40.7 ^ m at the top of the hypocotyl to 54.4 ^ m at the
base of the region examined;

a 33% increase.

This corresponds with a

change in cellular volume of 13.69 x 10~* cm® to 18.56 x 10"® cm®;
a 35% increase.

The diameter of the cells remains fairly constant thus it

can be assumed that increase in growth can be assessed from segment
length.

This assumption was used to calculate mean cell volume (Table

3.11) by incorporating the observed increase in segment length after 120
min incubation in distilled water or lAA.

These latter results are

presented as shadowgraphs in Chapter Four (Fig. 4.1).

52

Plate 3.5a.

Tissue incubated in ruthenium red for 24 h.
Note the dense staining in the maturing face of
the dictyosome (x44660).

b.

Tissue incubated in ruthenium red for 36 h.
This tissue exhibits poor preservation (x5460).
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Plate 3.6a,b.

Portions of tissue photographed under the light
microscope

the epidermal region of an

etiolated 7 day-old hypocotyl of Cucumis,
which was used to estimate dimensions of cells.

a. Transverse section (x850).

b. Lonqitudinal section (x800)
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TABLE 3.1

Changes in cell dimension and volume of epidermal cells
of etiolated hypocotyls of 7 day-old Cucu»is in
different regions (see Fig. 2.1) of the hypocotyl.
The
regions chosen are described in Chapter Two.
Values are
estimated from 15 cells t S.E.

REGION

1
3
5

DIAMETER ().tm)

LENGTH (;.tm)

VOLUME (cm=)

20.22 ± 0.42
19.34 t 0.36
20.85 ± 0.19

40.7 + 0.19
48.5 ± 0.18
54.4 ± 0.22

13.69 x 10-=
14.25 x 10"®
18.56 x 10'=

All cells analysed throughout the course of this work were sectioned
from an area depicted in Plate 3.7a.
crease of the hypocotyl

In preliminary studies cells at the

(indicated fay arrow on Plate 3.7q) are smaller and

of a more irregular outline.

Longitudinal sections of epidermal cells

of Cucumis show only a thin layer of cytoplasm around the periphery of
the vacuole;

consequently transverse sections were examined.

The most noticeable change in structure with development down the
hypocotyl is the increase in vacuolar volume (Plate 3.8, 3.9, 3.10).

At

the top of the hypocotyl most of the cell appears to be occupied by the
cytoplasm (Plate 3.8a).

Further down the hypocotyl, vacuoles become more

abundant and in region 3 (Plate 3.9a) they coalesce to form at least one
large vacuole.

This is reflected by the increase in vacuolar volume

(Table 3.2).
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Plate 3.7a.

A light micrograph illustrating a transverse
section of a 7 day-old etiolated Cucumis
hypocotyl.

The arrow indicates a crease around

which cells were not selected due to their
irregular size.

The region studied is outlined.

(x512).

b.

A higher power light micrograph of the region
studied.

Only epidermal cells are examined under

the electron microscope <x800).
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Plate 3.8a.

Electron micrograph from region 1 of a hypocotyl
illustrating the structure of epidermal cells.
Note the cell wall and small vacuoles.

Dictyosomes

can be seen interspersed throughout the cytoplasm
(X4480).

b.

Electron micrograph from region 2 of a
hypocotyl.

Vacuoles have become slightly larger;

smaller ones have coalesced together.

Note the

abundance of smooth endoplasmic reticulum <x4480).
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Plate 3.9a.

Electron micrograph from region 3 of a
hypocotyl.

The cells are becoming larger and the

vacuole occupies a greater percentage area.

The

plasma membrane can be seen as an indented line
along the cell wall.

This region was studied in

all future work (x4480).

b.

Electron micrograph from region 4 of a
hypocotyl.
area.

The vacuole occupies over 40% of the

The nucleus is clearly visible.

Dictyosomes and secretory vesicles can be seen
adjacent to the plasma membrane (x5460).
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TABLE 3.2.

Changes in cytoplasmic and vacuolar volume fractions of
epidermal cells from different regions of an etiolated
7 day-old Cucumis hypocotyl. Values from 15
replicates were estimated by the dot-overlay method using
low power electron micrographs +. S.E.

REGION

CYTOPLASMIC
VOLUME FRACTION

VACUOLAR
VOLUME FRACTION

CYTOPLASM:
VACUOLE RATIO

0.61 + 0 . 0 4
0.58 + 0.04
0.35 ± 0.03

0.38 + 0.03
0.39 + 0.04
0.66 ± 0.03

1.61

o
5

1.49
0.53

At region 5 the proportion of cell volume occupied by the vacuole has
increases considerably

(Plate 3.10a).

This observation is also supported

by the change in the cytoplasm:vacuole ratio which decreases from 1.61 to
0.53.

The volume occupied by cell organelles remains constant or

actually increases, as in the case of secretory vesicles (see Table
3.3).

TABLE 3.3

Changes in cytoplasmic, dictyosomal, secretory vesicle and
mitochondrial volume fraction in different regions of the
epidermal cells of an etiolated 7 day-old Cucumis
hypocotyl. These results were estimated by the dot-overlay
method on 15 high power electron micrographs from 5
independent hypocotyls + S.E.

VOLUME FRACTION

REGION

1
3
5

DICTYOSOMES

SECRETORY VESICLES

5.42x10-= + 0.01
6.41x10-= i 0.01
5.10x10-= + 0.01

1.11x10-1 + 0.01
1.51x10-1 ± 0 . 0 3
2.19x10-1 + 0 . 0 6
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. MITOCHONDRIA

0.15 ± 0.05
0.12 + 0.02
0.12 + 0.03

Plate 3.10a.

Electron micrograph from region 5 of a
hypocotyl.
cells.

Vacuoles occupy a greater area of

The cytoplasm is forced towards the

periphery of the cells (x4480).

b.

Electron micrograph from region 6 of a
hypocotyl.

The cells have become almost

completely vacuolate.

The cytoplasm forms a thin

layer around the periphery.

The nucleus still

occupies a dominant position (x4480).

60

©

The volume fraction of secretory vesicles increases significantly (by
977.) from region 1 to region 5 but the dictyosomes themselves do not
exhibit such a clear-cut gradation.

It would appear from these

results, that on progression down the hypocotyl, production of
secretory vesicles seems to increase, from the same amount of
dictyosomal material.

The mitochondrial volume fraction remains more

or less constant regardless of location.
If these dot overlay results (Table 3.3) are compared with results
acquired on the IBAS (Table 3.4), a similar trend of secretory vesicle
material distribution is seen.

However, dictyosomal material appears to

increase dramatically.

TABLE 3.4

Changes in volume fraction of dictyosomal and secretory
vesicles in epidermal cells of etiolated 7 day-old
Ciicuais hypocotyls in different regions as assessed by IBAS.
Results are expressed as a mean of 25 high power electron
micrographs from 5 independent hypocotyls.

REGION

1
3
5

DICTYOSOMES

SECRETORY VESICLES

6.93X10-=
6.98X10-=
14.40X10-=

7.55X10-4
14.30X10-1
21.50X10-1

The dot-overlay results serve as a comparison with the IBAS results.
The values are both in the same range but the former are usually smaller.
This anomaly could arise for several reasons which will be discussed later
in this chapter.
The IBAS, apart from determining areas of organelles, thus
enabling the calculation of volume fraction, also determines the mean
perimeter of the organelles and their degree of curvature.

The latter

may possibly give some indication of how close the organelle's shape is
to being circular i.e. approaching a value of 1.0.
Table 3.5.
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These a^e shown in

TABLE 3.5

IDAS results of absolute values of the perimeter and degree
of curvature of dictyosomes and secretory vesicles in
epidermal cells from different regions of 5 etiolated
hypocotyls of Cucuwis.
Results are presented as means
from 25 replicated high power electron micrographs + S.E.

PERIMETER <ym)

REGION

1
3

DICTYOSOMES

15.36x10= ± 1.31x10=
14.65x10= ± 1.36x10=
16.94x10= ± 1.10x10=

SECRETORY VESICLES

17.16x10* ± 3.70x15*
14.98x10* + 3.90x10*
13.50x10* + 4.20x10*

DEGREE OF CURVATURE

REGION

DICTYOSOMES

56.60x10-= + 55.86x10-*
54.30x10-= + 59.12x10-*
55.80x10-= + 66.55x10-*

SECRETORY VESICLES

16.28x10-= + 0.14x10-1
17.13x10-= i 0.14x10-1
18.37x10-* t 0.15x10-1

The results in Table 3.6 demonstrate that, although there is an
increase in volume fraction of organelles, the perimeter:

volume

fraction (P:VF) ratio decreases suggesting that both dictyosomes and
secretory vesicles have become more swollen rather than actually
increasinq in numbers.

TABLE 3.6

REGION

1
3
5

Changes in the ratio of perimeter: volume fraction of
organelles in epidermal cells of etiolated 7 day-old
hypocotyls of Cucumis.
Results from 25 replicated
micrographs from 5 independent hypocotyls assessed by
IBAS.

DICTYOSOMES

SECRETORY VESICLES

221 X 10=
210 X 10=
118 X 10=

217 X 10=
105 X 10=
63 X 10^
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These results equate well with the degree of curvature expressed in Table
3.5 which decreases with progression down the hypocotyl, thus
demonstrating the presence of a less circular body.
After this survey was conducted, it was decided to proceed with
all future work using region 3 which appeared to be intermediate in
terms of ultrastructural features (Plate 3.9a).

There is a larger

amount of cytoplasm in transverse sections which is used to assess
change in dictyosome and secretory vesicle volume fractions than that
found in longitudinal sections.

Consequently, all further electron

micrographs consist of transverse sections of epidermal cells from
region 3 of the hypocotyl.

3.2.3

Changes in Ultrastructure after Incubation in Distilled Water or
lAA

In order to observe changes in the composition of tissue after
treatment with inhibitors of growth it was necessary to first study
changes in the ultrastructure of the epidermal cells after incubation
for different lengths of time in either lAA or in distilled water.

3.2.3.1

Changes in Ultrastructure after Incubation in Distilled
Water

Plates 3.11-3.14 are typical electron micrographs of cells from
segments after incubation in water for 30,60,90 and 120 min.

Note the

normal structure consisting of large dictyosomes surrounded by secretory
vesicles, abundant smooth endoplasmic reticulum and an invaginated plasma
membrane.
Table 3.7 illustrates the changes which occur after incubation.
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Plate 3.11.

Portions of cells from tissue which had been
auxin-depleted for 2 h in the dark and then
incubated in distilled water for 30 min.
invagination of the plasma membrane, large
mitochondria and plastids <x22500).
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Plate 3.12. Portion of cells from tissue which has been
auxin-depleted for 2 h in the dark and then
incubated in distilled water for 60 min.

Note

dictyosomes and vesicles interspersed throughout the
cytoplasm (x21600).
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Plate 3.13. A portion of a cell from tissue which has been
auxin-depleted for 2 h in the dark and then incubated
in distilled water for 90 min (x21600).
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Plate 3.14.

Portions of a cell from tissue which has been
auxin-depleted in the dark for 2 h, and then
incubated in distilled water for 120 min.

Note the

large plastids as well as dictyosomes and associated
vesicles (x21600).

67

m

m m *

#&

M m

B

m

m

mm

?

TABLE 3.7.

PARAMETER

Changes in volume fraction, perimeter and degree of curvature
of dictyosomes and secretory vesicles after incubation in
distilled water for varying periods of time.
Each result
is the mean from 25 electron micrographs from 5 etiolated
7 day-old Cucunis hypocotyls, assessed by IBAS + S.E.

TIME(min)

DICTYOSOMES

SECRETORY VESICLES

6.39x10-=
5.10x10-=
4.44x10-=
7.04x10-=

VOLUME
FRACTION

0
30
60
90

PERIMETER
(pm)

0
30
60
90

11.49x10=
10.81x10=
10.21x10=
11.38x10=

DEGREE
OF
CURVATURE

0
30
60
90

62.20x10-=
63.66x10-=
63-90x10-=
61.78x10-=

16.45x10-1
9.96x10-1
5.79x10-1
10.52x10-1

+
+
t
±

0.45x10-=
0.36x10-=
0.51x10-=
0.58x10-=

t
±
+
t

0.38x10-=
0.39x10-=
0.49x10-=
0.52x10-=

11.08x10*
8.46x10*
5.64x10*
6.38x10*

34.98x10-=
38.79x10-=
32.23x10-=
29.86x10-=

+
±
±
t

0.73x10-4
0.52x10-*
0.35x10-*
0.25x10-*

t
t
t
+

0.16x10-1
0.13x10-1
0.16x10-1
0.12x10-1

Note that in distilled water there is initially a decrease in volume
fraction of dictyosomes and secretory vesicles from time 0 min followed
by an increase after 90 min.

This may coincide with the time taken for

lAA to have an effect on dictyosome production.

A small increase in the

volume fraction of dictyosomes would cause a large increase in the area
available for vesicles to bud off, therefore accounting for the greater
increase observed in secretory vesicle volume fraction.
The number of cisternae observed after incubation in distilled
water also changes (Table 3.8).

68

TABLE 3.8.

Changes in numbers of cisternae per dictyosome after
different incubation times in distilled water or in 0.1
molm"® lAA.
Each result is the mean of dictyosomes
examined on 25 electron micrographs from 5 independent
etiolated 7 day-old Cucumis hypocotyls.

NUMBER OF CISTERNAE PER DICTYOSOME

TIME(min)

DISTILLED WATER

0
30
60
90
120

lAA

3.9
4.7
4,3
4.7
4.3

3.9
4.9
4.8
4.8
5.3

The number of cisternae per dictyosome increases after 90 min
incubation in both distilled water and in lAA solution.

It is

unlikely that these differences are significant, but it is interesting
to note that the increase in cisternal numbers coincides with the
observed increase in dictyosomal and secretory vesicle volume
fractions.

The presence of more cisternae would provide a greater

area for the production of such vesicles.

3.2.3.2

Changes in Ultrastructure after Incubation in lAA

In the presence of lAA, secretory vesicle volume fraction is
increased.
The initial increase in dictyosomes observed after 30 min
incubation in lAA is temporary.

This is followed by a drop in the

volume fraction of dictyosomes and a continued decline in volume
fraction of secretory vesicles.

After 90 min the volume fraction of

dictyosomes rises slightly and this coincides with a levelling off of
the decline in secretory vesicles.

After 90 min the volume fraction of

secretory vesicles and dictyosomes is lower than that found in
distilled water.
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TABLE 3.9.

Changes in dictyosome and secretory vesicle volume fraction,
perimeter and degree of curvature after incubation in 0.1
molffl"® lAA for different periods of time.
Each result is
the mean from 25 electron micrographs from 5 independent
etiolated 7 day-old Cucuwis hypocotyls as assessed by
IBAS t S.E.

TIME(min)

PARAMETER

0

VOLUME
FRACTION

30

60
90

0

PERIMETER
(ym)

90

0
30
60
90

62.20x10-=
61.13x10-=
65.58x10-=
63.75x10-=

60

SECRETORY VESICLES

6.39x10-=
7.82x10-=
5.35x10-=
5.99x10-=

11.49x10=
12.52x10®
10.48x10*
11.45x10=

30

DEGREE OF
CURVATURE

DICTYOSOMES

16.45x10-1
13.88x10-1
10.46x10-1
10.28x10-1

t
±
+
t

0.45x10*
0.52x10=
0.32x10=
0.35x10=

±
+
+
+

0.38x10-=
0.45x10-=
0.31x10-=
0.35x10-=

11.08x10*
10.07x10*
9.00x10*
5.20x10*

34.98x10-=
36.80x10-=
37.88x10-=
19.57x10-=

+
+
+
+

0.73x10*
0,72x10*
0.29x10*
0.40x10*

±
+
+
+

0.16x10-1
0.15x10-1
0.13x10-1
0.12x10-1

A change in volume of dictyosome material is to be expected if the
dictyosomes contribute to cell elongation, especially after stimulation
by lAA.

It is possible that stimulation by lAA could be responsible

for the initial increase observed after 30 min incubation.

Increased

utilization would then occur as dictyosomes contributed towards vesicle
formation which is thought to be necessary for cell expansion.

The

next increase observed after 9 0 min would be due to organelle
production.

This increase is first observed in water after 90 min,

presumably after all the original organelles had been utilized and the
tissue had only then begun to produce new organelles.
Table 3.8 also shows an increase in the numbers of cisternae after
30 min which coincides with the first increase in dictyosome and
secretory vesicle volume fraction.
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TABLE 3.10.

Changes in the ratio of perimeter: volume fraction of
organelles in distilled water and in 0.1 molm"" lAA in
epidermal cells of etiolated 7 day-old Cucuais
hypocotyls.
Results are from 25 replicated electron
micrographs from 5 independent hypocotyls assessed by
IBAS."

DICTYOSOMES

TIME(min)

DISTILLED
WATER '

16.46x10*
21.20x10*
23.00x10*
16.16x10*

0
30
60
90

SECRETORY VESICLES

lAA

DISTILLED
WATER

16.01x10*
19.59x10*
19.12x10*

7.91x10*
8.49x10*
9.74x10*
6.06x10*

lAA

_

7.26x10*
8.60x10*
5.06x10*

When the P:VF ratio is considered (Table 3.10), the increase in the
absence of lAA suggests that the organelles either become smaller and more
numerous or become elongated; the degree of curvature (Table 3.9) indicates
the latter.

In the presence of lAA, the P:VF initially declines and then

increases after 60 min which may indicate that the dictyosomes swell after
30 min and then become smaller after 60 min but more numerous.
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TABLE 3.11 Changes in cell volume and dictyosome content in non-elongated
tissue and in tissue incubated for 120 min in either distilled
water or 0.1 molm~= lAA.
Cell lengths at time 0 min were
assessed from measurements of light micrographs (Table 3.1) and
lengths at 120 min were estimated from the percentage increase
observed during shadowgraph experiments (Fig. 4.1).

PARAMETER

NON-ELONGATED
HaO, TIME 0

ELONGATED
HzO, 120 min

ELONGATED
lAA, 120 min

Mean cell length (^m)

48.50

49.95

53.35

Mean cell diameter (^im)

19.34

19.34

19.34

Mean cross-sectional area
(^tm=)

294

294

294

Mean cell volume (ym=)

14247

14674

15672.5

Mean volume fraction of
cytoplasm

0.77 + 0.04

0.77 + 0.04

0.77 + 0.04

Mean volume of cytoplasm
(|jm®)

10970.19

11298.72

12067,79

Mean volume fraction
dictyosomes

6.4x10-=

5.2x10-=

6.2x10-2

Mean volume of dictyosomes/
cell (ym=)

704

594

753

Mean number of dictyosomes

632

727

916

These results take into account the change in cell size and present
results in terms of density of dictyosomes.

It can be seen that numbers

of dictyosomes increase from 632 to 727 after 2 h.

This increase is even

more pronounced when tissue is incubated in lAA where numbers increase by
approximately one third.
After 90 min in lAA the degree of curvature decreases (Table 3.9) which
coincides with a decrease in P:VF ratio of dictyosomes (Table 3.10) which
may mean that the shape of dictyosomes is becoming more elongated and less
circular.

The change in structure can be seen in Plates 3.15-3.17.

how the dictyosomes change shape as incubation proceeds.
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Note

Plate 3.15.

A portion of cytoplasm from a segment which had
been auxin-depleted for 2 h in the dark and then
incubated for 30 min in 0.1 molm~® lAA.

Note

dictyosomes and scattered vesicles (x22500).
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Plate 3.16.

A portion of cell from tissue that had been
auxin-depleted for 2 h in the dark and then incubated
in 0.i molm"® lAA for 60 min.

Note how the

dictyosomes are becoming more swollen <k22500).

74

J

-.r.

« ; •
'

t..
>. v'

/ a
.-•*-

Plate 3.17.

Portions of cells from tissue that had been
auxin-depleted for 2 h and then incubated in lAA for
90 min.

Note how elongated the dictyosomes have

now become (x22500).
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3.3 Piscussion

Several workers have observed changes in the numbers of both
dictyosomes and vesicles in tissues which have been growth-stimulated by
auxin or other factors.

Fowke and Setterfield (1969) and Gawlik and

Shen-Miller (1974) both reported a positive correlation between auxin
treatment and wall deposition in expanding monocotyledonous cells.

Gawlik

and Shen-Miller (1974) studied the effect of auxin on geotropicallystimulated Avena coleoptiles.

They observed an increase in the number

of dictyosomes in the lower half of the cells.

However, Carrington and

Firn (1983) found no relationship between qeotropically-stimulated
Cucusis hypocotyls and the volume fraction occupied by secretory
vesicles, rough endoplasmic reticulum and dictyosomes.

Quaite et ai.

(1983) did find a relationship between auxin application and number of
dictyosomes in Auena cells after incubation in auxin solution for 18 h
followed by fixation and examination of the cells under the electron
microscope.

They observed a 2.5 fold increase in the number of

dictyosomes during the elongation period.
The work described in this thesis suggests that in the presence of
lAA there is an initial increase in the number of dictyosomes after 30
min, followed by a decrease after 60 min and then an increase after 90
min.

The path of synthesis and secretion of polysaccharides via the

dictyosomes from the endoplasmic reticulum has been well characterized
(Ray et al., 1976;

Robinson et al., 1976) but less information is

available concerning changes in the quantity of these organelles during
auxin-induced growth.

Cunninghame and Hall (1985) observed an increase

in dictyosome material in pea stem epidermal cells after 15 min and this
reached a maximum after 30 min.

A decrease, presumably due to an

increased utilization of the organelle, followed.

These results are

broadly supported by the work described here although in this case an
increase was observed again after 90 min, a phenomenon which may have
occurred later in pea.

In both cases the volume fraction of dictyosomes

and secretory vesicles fell below that observed in distilled water after
90 min.
An increase in dictyosome activity and production of secretory
vesicles is to be expected after the application of lAA since the
dictyosomes are responsible for the synthesis and transport of matrix
components to the cell wall (Morre, 1977). Gawlik and Shen-Miller (1974)
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also noted that an increase in dictyosome activity is accompanied by a
reduction in the number of cisternal sacs, and indeed the disappearance of
most of the dictyosomes after elongation.

It is possible that the number

of cisternae did alter in this work but it is unlikely that the results
are significantly different.

It was difficult to determine the exact

number of cisternae within a dictyosome in this tissue with any accuracy.
Quaite et al. (1983) disagreed with the proposal of Morre^(1980)
that dictyosomes in rapidly elongating cells are non-secretory.

They

noted an increase in the numbers of secretory vesicles produced after
incubation in lAA.

This observation agrees with this work in which the

volume fraction of secretory vesicles also increases.
The effect of auxin on dictyosome activity is known to be rapid and
takes place within several minutes, as in the case of
geotropically-stimulated A^'ena (Gawlik and Shen-Miller, 1974).
correlates well with the kinetics of the curvature response.

This
Morre^ef

al. (1971) observed a rapid response of 15 min which is equivalent to the
turnover time of dictyosomes.

Jacobs and Ray (1976) also reported a

rapid effect of auxin on growth after 21-24 min so it therefore appears
that elongation and increase in dictyosomes seem related to auxin
application.

Elongation continues after 60 min which is correlated with

a decrease in the dictyosomal volume fraction.

This may signify

increased utilization which outweighs the dictyosomal production.
There is also evidence of increased cell wall incorporation after 60
and 90 min of auxin treatment (Brummell and Hall, 1983).

A rapid

increase in glucan synthetase and incorporation of [i*C] glucose into
the cell wall was also observed (Ray, 1973;

Chrispeels, 1976).

Auxin is

capable of influencing glucan synthetase I activity in maize and controls
this activity in the epicotyl

(Spencer et al., 1972;

Ray, 1973).

mechanism is common to both monocotyledons and dicotyledons.

This

It may

therefore be that auxin controls growth by controlling binding sites and
thereby exerting an influence on secretory products such as glucan
synthetase I which is necessary for cell wall growth.
The perimeter and degree of curvature values described in this
chapter suggest that although the volume fraction of dictyosomes and
secretory vesicles appear to be increasing after 60 min, the actual
numbers of the dictyosomes may not be changing, simply their size.

The

P:VF ratio also decreases indicating that the vesicles may also be
increasing in size.

It may be that larger vesicles are produced from
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large dictyosomes.
When the changes occurring in organelles down the length of the
hypocotyl are examined, the proportion of cell volume occupied by
secretory vesicles increases whereas dictyosomal and mitochondrial volume
fractions remain more or less constant.

This may be for the same reason

as quoted above, that larger dictyosomes produce more secretory vesicles.
However, the same inference cannot be drawn from IBAS results (Table 3.4).
Variations between the IBAS and dot-overlay results may have arisen for
three reasons.

The dot-overlay method by the nature of its operation

will miss small organelles such as sections through edges of dictyosomes
and vesicles whereas all such bodies are probably included in the IBAS
analysis.

The electron micrographs used in the dot-overlay method are

not as magnified as those analysed by IBAS.

This difference makes

location and shading much more accurate than is possible with the
dot-overlay method.

Thirdly, human error in dot-overlay counting may

cause major omissions of vesicles whereas the IBAS system is much less
prone to this.

The photographs were checked three times to reduce

operator error.
In conclusion, it appears that auxin causes a rapid initial increase
in volume fractions of dictyosomes which are then utilized faster than
produced until 90 min.

Then more dictyosomes are produced than utilized

so that an overall increase in volume fraction is observed.

From the

perimeter and degree of curvature results, it is possible that dictyosomes
are swelling, and may be involved in producing more cisternae.
then increase the output of secretory vesicles.

These

The degree of curvature

results support this idea as the organelles are becoming less circular.
This trend is also seen further down the hypocotyl as dictyosomes become
more mature.
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CHAPTER FOUR

CHAPTER FOUR

4.

THE EFFECT OF CALCIUM ANTAGONISTS AND INHIBITORS OF GROWTH ON
lAA-INDUCED ELONGATION OF CUCUHIS HYPOCOTYL SEGMENTS.

4.1 Introduction

The detailed mechanism by which auxins increase the rate of
elongation of certain plant tissues has been an unsolved problem for
nearly fifty years.

During this time many of the studies have been made

without a clear knowledge of the time taken for cells to respond to lAA.
A few early studies of short-term kinetics were performed with Avena
coleoptiles (Yamaki, 1954;

Ray and Ruesink, 1962) where the length of the

treated section was measured every minute but their importance was not
widely appreciated.

Since then, several workers have used high

resolution apparatus to make continuous measurements of growth (Evans and
Ray, 1969;

Dela Fuente and Leopold, 1970;

and Dobra, 19Jf2;

Murayama and Ueda, 1973;

Hsiao et al., 1970;

Gordon

Penny et al., 1974).

Penny et al (1972) used a displacement transducer to measure the
elongation rate of lupin hypocotyl and pea stem segments every minute.
The effect of temperature and protein synthesis inhibitors on lAA-induced
growth was examined, in an attempt to resolve questions surrounding the
biphasic growth of tissue in auxin.

These phases consist of a first

phase which is acid-induced (Rayle and Cleland, 1977) and a second one
which is thought to involve the incorporation of new cell wall material
(Vanderhoef and Dute, 1981).

The second phase is vulnerable to metabolic

and protein synthesis inhibitors, and so it is thought that mRNA
synthesis is not required by the first phase but is by the second.
Calcium is known to play a number of regulatory roles in both animal
and plant cells.

Sticher et al. (1981) showed that peroxidase

secretion by cultured spinach cells in suspension requires calcium, as
does cell wall polysaccharide secretion by sycamore cells (Morris and
Northcote, 1977).

Calcium is also vital for successful pollen tube

elongation (Reiss and Herth, 1979a;

Picton and Steer, 1983).

Several

studies have examined the effect of calcium on hormone-induced growth.
There are several postulated roles for Ca^* in growth.

Some evidence

exists which suggests that small changes in calcium concentration could
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effect much larger changes in potassium concentration and this could
contribute to large scale movement of ions that alter cellular osmotic
properties (Hepler and Wayne, 1985).

Calcium may also be involved in the

polar transport of auxin (Dela Fuente and Leopold, 1970).

Other evidence

to support the hypothesis that a relationship exists between calcium and
auxin was provided by Cohen and Lilly (1984).

They showed that

protoplasts from etiolated soybean hypocotyl, when cultured in auxin,
exhibited a decreased uptake and increased efflux of [**Ca=*].

They

suggested that auxin alters Ca=* flux at the plasma membrane and causes
a lowered internal concentration of the ion.

Moll and Jones (1981)

examined the effect of gibberellic acid on the growth of excised lettuce
hypocotyls in the presence of EDTA and calcium chloride.

They reported

that CaClz inhibits growth but that EDTA, a calcium chelator, promotes
growth;

the latter reverses the effect of CaClz but this is not further

enhanced by

gibberellic acid.

They proposed that this hormone controls

extension by controlling calcium uptake by the hypocotyl cells.
Inhibition of growth by high concentration of CaCla has been known since
the 1930s (Thimann and Schneider, 1938).

At this time, calcium was

believed to be a^ociated with a decrease in the extensibility of tissues
(Tagawa and Bonner, 1957), perhaps as a consequence of bridging between
pectic carboxyl groups in the cell wall.

Removal of calcium from the

wall was proposed as a basis for lAA-induced growth (Bennet-Clark, 1956).
However lAA does not promote a substantial removal of [*=Ca*+] from
the wall.

Cleland and Rayle (1977) concluded that inhibition was not the

result of a physical effect on the cell wall but instead attributed the
extensibility decrease to calcium causing an inhibition of a biochemical
wall loosening process.
Grimes and Boss (1985) employed calcium antagonists to illustrate the
involvement of calcium in the fusion of bilayer membranes.

The necessity

for calcium in the fusion of membranes and in exocytosis is very important
when the increase in cell wall materials in the second phase of the
biphasic response takes place.

Most studies have been involved with the

initial lAA response (Cohen and Nadler, 1976;
Tepfer and Cleland, 1979;

Cleland and Rayle, 1977;

Brummell and Hall, 1981).

Thus in this

chapter, calcium antagonists and inhibitors of secretory processes were
used to study the role of calcium during the entire biphasic response
using a linear displacement transducer.

The effect of different

concentrations of these inhibitors on lAA-induced elongation over a longer
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period of growth was investigated using a shadowgraph technique.
The compounds used were divided into three main categories:
1. Chelators which have a high affinity for calcium.

This group includes:

(a) EGTA which is a very specific chelator of calcium (Fabiato and
Fabiato, 1975a, b)
(b) Chlorotetracycline which is a lipophilic chelate probe for membranebound calcium, and also an antibiotic drug which inhibits protein
synthesis (Caswell, 1979)
(c) Ruthenium red which inhibits calcium uptake into the mitochondria
where calcium is normally sequestered usually resulting in a rise in
calcium levels in the cytoplasm (Vasington et ai., 1972;
Bygrave, 1974;

Reed and

Ash and Bygrave, 1977).

2. lonophores which disrupt the balance of intracellular cations.

This

group includes:
(a) A23187 which induces an influx of calcium through the cell membranes
in exchange for hydrogen ions.

This action consequently equilibrates

internal calcium gradients (Morr^and Vanderwoude, 1974;
1979a;

Reiss and Herth,

Picton and Steer, 1983).

(b) Verapamil prevents the transport of calcium ions through calcium
channels in the plasma membrane (Reuter, 1975).
<c) Nigericin which destroys K+/H+ gradients in cells (Pressman, 1976;
Bakker, 1979).
(d) Monensin which is a monovalent ionophore and transports H+ in
exchange for Na"^ therefore causing collapse of proton gradients.

It

disrupts secretory and endocytotic activity of cells (Tartakoff and
Vassalli, 1978;

Ledger et ai., 1980).

This then interferes with

intracellular tranport and release of secretory and membrane proteins
(Robinson, 1981;

Mollenhauer et al., 1982).

3. Agents which interfere withtht

Apart from monensin and

nigericin, these include:
(a) Colchicine which affects microtubule polymerization.

It selectively

combines with tubulin dimers and prevents their assembly into microtubules
as well as destroying existing microtubules (Dustin, 1978).
(b) Cytochalasin D is a fungal metabolite that inhibits cell movements and
affects cytoplasmic streaming through interaction with microfilament
systems.

It acts specifically on the intracellular transport system but
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does not inhibit cell wall synthesis (Wessels et ai., 1971;

Weber et

al., 1976).
Three other reagents were also examined, including calcium itself.
Trifluoperazine is an antagonist of the calcium regulatory protein,
calmodulin and is a phenothiazine drug (Polito, 1983;

Roufogalis et ai.,

1983).
Lanthanum chloride is a rare earth metal, several of its properties
resembling calcium (Weiss, 1974).

It inhibits the movement of calcium

through the membrane and also affects the transport of calcium within the
cell (Martin and Richardson, 1979).

It is a competitive inhibitor of the

calcium binding process due to its similar ionic radii but having a higher
charge density.

The results are considered in relation to their effect

on overall growth after 4 h.

These results are presented as the amount

of growth due to lAA in the presence of the inhibitor as a percentage of
that without the inhibitor.

Results are also presented illustrating the

effect different inhibitors have when added at various stages throughout
the biphasic response to lAA and are analysed using a linear displacement
transducer.

4.2 Results

4.2.1 The effect of lAA on elongation

The results displayed in Fig. 4.1 demonstrate that over a range of
concentrations from 5 x 10"= molm"' to 1 molm~®, different lAA
concentrations cause relatively little change in the overall response of
tissue segments.

The greatest stimulation of elongation was achieved

using 0.1 molm~® lAA, this result being significantly different from the
rest.

Segments in this solution attained elongation of 2.46 mm whereas

in other solutions the mean elongation was 2.06 ± 0.05 mm.

The presence

of 0.1 molffl"® lAA caused a promotion of 156% when compared with the
control consisting of tissue segments in distilled water.

Fig. 4.2a

illustrates the elongation of the segment over 2 h and Fig. 4.2b
illustrates the change in rate of elongation during the same period.
response can be divided into several phases.

Firstly, there is a lag of

8-10 min, followed by an increase in rate for another 20 min.
followed by a slight decrease for 10 min.

The

This is

The maximum rate reached at

this stage signifies the peak of the first phase which is believed to be a
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Fig. 4.1.

The effect of lAA concentration on the elongation of
etiolated 7 day-old Cucunis hypocotyl segments after
4 h.
In the control (C), distilled water replaces lAA.
Each result is the mean of 2 batches of 5 segments ± S.E.
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Fig. 4.2.

A typical biphasic growth response curve of a 5 mm
segment of etiolated 7 day-old Cucuwis which had
been auxin-depleted for 2 h in the dark before being
incubated in 0.1 molm~® lAA.
(a) elongation over 2 h.
(b) rate of elongation over 2 h.
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result of acid-induced growth.

The growth then increases again and

eventually settles into a uniform rate.

In most cases, the growth rate

achieved in this second phase (which is assumed to involve synthesis of
cell wall precursors) is approximately equal or slightly more than that
achieved in the first phase.

Fig. 4.3 shows an assessment of change in

elongation over 4h at different concentrations of lAA.

After 1 h, a

difference can be seen between the amount of elongation in lAA compared
with the control in distilled water.

The graphs of the various lAA

concentrations follow a similar pattern to each other, with a rapid
increase in the first 2 h, and a slightly slower rate in the next 2 h.
This increase in growth in the first 2 h can be examined in more detail in
the transducer print-outs.

These,

(e.g. Fig. 4.2) demonstrate that the

greatest rate of growth occurs during the initial 30 min and the entire
biphasic response has occurred in the first 2 h.

4.2.2

The Effect of Calcium Chloride, Lanthanum Chloride and
Trifluoperazine on Elongation

Results in Fig. 4.4 illustrate the effect of various concentrations
of calcium chloride on elongation of hypocotyl segments in 0.1 molm-=
lAA.

Table 4.1 presents values of percentage inhibition of growth

calculated from this graph.
High concentrations of C a C l a d O and 20 molm"*) inhibit growth after
4 h when compared to segments in water
by 8% and 57% respectively.

(Fig. 4.4).

Growth is inhibited

These same concentrations cause an

inhibition of 58% and 80% in the presence of lAA, so it appears that the
mechanism by which lAA stimulates growth is more susceptible to CaClz
than in the absence of lAA.

If 5 molm~® CaClz is added, growth in the

presence of lAA is inhibited by 38%, but more growth occurs than in the
control

(Fig. 4.5).

These results indicate that as the concentration of

CaClz increases, its ability to inhibit increases but that elongation in the
presence of lAA is affected more.

Fig. 4.4 also demonstrates that all

concentrations of CaClz have an effect on lAA-induced growth after 1 h
but only 20 molm~® CaCla inhibits growth in distilled water and this
inhibition can be seen after 2 h.

Fig. 4.6 demonstrates just how

vulnerable tissue is to the addition of CaClg.
approximately 30 min

Addition at

(Fig. 4.6a) which is during the first phase, causes

an immediate reduction in the rate of elongation, and it takes over an
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Fig. 4.3.

The effect of lAA concentration on elongation of
etiolated, 7 day-old Cucumis hypocotyl segments,
the control distilled water replaces lAA.
1
2
3
4

=
=
=
=

In

5 X 10~® molm"' lAA
0.1 X 10-= molm-= lAA
0.5 molm-= lAA
control

Each point is the mean of 2 batches of 5 segments + S.E.

86

E
z
0

1
z
o
_i
UJ

0
TIME ( h )

Fig. 4.4.

The effect of calcium chloride concentration on the
elongation of etiolated 7 day-old Cacumis hypocotyl
segments in the presence of 0.1 molm~® lAA for 4 h.
the control, distilled water replaces lAA.
1
2
3
4

In

0 molm-= CaClz
5 molm"' CaClz
10 molm"^ CaCl:
20 molm"' CaCl:
control.

Each point is the mean of 2 batches of 5 segments + 5.E.
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Fig. 4.5.

The effect of calcium chloride concentration on the
elongation of etiolated 7 day-old Cucumis hypocotyl
segments after 4 h in the presence of 0.1 molm"* lAA.
In
the control (C), distilled water replaces lAA.
Each result
is the mean of 2 batches of 5 segments + S.E.
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TABLE 4.1.

Summary of the percentage inhibition of elongation + lAA and
the effect on overall lAA -induced elongation in various
concentrations of CaClz, LaCls and trifluoperazine.

Concentration
(molm"®)

CaCl 2
5.0
10.0
20.0

LaCl 3
2.5
5.0
10.0
20.0

TFP<xl0-=)
5.0
10.0
20.0
50.0

Inhibition of
Elongation (-IAA)

%

Inhibition of
Elongation (+IAA)
•/.

36 (proi^ion)
A
8
57

38
58
80

-

0
27
31
45

-

36

-

47

15 (promotion)
10 (promotion)
9
18

-

44
-

Inhibition of
lAA-induced
Elongation %

hour for the rate to begin to increase again.

-

35 (promotion)
-

Addition between the first

and second phase (i.e. at approximately 60 min, Fig. 4.6b) causes a
slight, temporary reduction in growth rate (a change which can also be
seen in Fig. 4.7b).

Once the tissue has recovered, growth appears to

have been stimulated in the second phase.

Addition at approximately 90

min (i.e. during the second phase) causes a drastic reduction in
elongation (Fig. 4.6c).

There is evidence of a more rapid recovery in

rate than is exhibited after addition at 30 min.
It seems that addition during the first 30 min of growth appears to
cause the greatest inhibition of growth.

This trend is also seen in Fig.

4.4 where 10 molm~® CaClz (which was chosen as the most suitable
concentration for inhibition) causes over 50% inhibition after 1 h.
From the shadow graph experiments (Fig. 4.5 and Fig. 4.10), it can be
seen that 5 molm~® CaClz and LaCls cause approximately the same
amount of inhibition of growth.

But after addition of 10 molm~®

CaClz, some recovery can be observed in the transducer time plots (Fig.
4.6 and 4.7).

High concentrations (20 molm"®) of LaCl? cause nearly
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Fig. 4.6.

The effect of addition of 10 molm~® calcium chloride
at different times on the elongation rate of a 5 mm segment
of etiolated 7 day-old CucuiBis hypocotyl which had
been auxin-depleted for 2 h in the dark before being incubated
in 0.1 molm"* lAA.
(a) addition of CaClz after approximately 30 min.
(b) addition of CaClz after approximately 60 min.
(c) addition of CaClz after approximately 90 min.
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Fig. 4.7.

The effect of the addition of 10 molm~® calcium chloride
on elongation of a 5 mm segment of an etiolated, 7 day-old
Cucumis which had been auxin-depleted for 2 h in the dark
and then incubated in 0.1 molm~® lAA.
(a) addition of CaClz after approximately 30 min.
<b) addition of CaClz after approximately 60 min.
<c) addition of CaClz after approximately 90 min.
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the same percentage inhibition of growth in the presence of lAA as in the
absence of lAA.

Thus, unlike CaCla, the growth process being affected

by LaCls does not appear to be affected by lAA.

It appears from the

transducer print-outs (Fig. 4.8 and 4.9) that LaCls is much more
efficient at a lower concentration than CaCla, at completely inhibiting
growth such that elongation never resumes (Fig. 4.9).

Addition of

LaCl* after 60 min of growth in the presence of lAA allows a slight
degree of recovery (Fig. 4.9).

It is not known whether the growth rate

would have increased to the expected level in normal biphasic growth if
the experiment had been continued after 120 min.

Five molm"® LaCls

causes 27% inhibition of elongation in lAA and was chosen as a suitable
concentration for further experiments (Fig. 4.10).
Trifluoperazine is known to interfere with the action of calmodulin
which is thought to be a second messenger triggered by changes in
cytoplasmic calcium concentrations.

Addition of 5 and 10 x 10~=

molm~® TFP (Table 4.1) appears to promote elongation (Fig. 4.11) in the
presence of lAA although 10 x 10~® molm"" TFP does cause an inhibition
of elongation (44%) in the absence of lAA.

TFP (20 x 10~® molm ~®)

was chosen as an acceptable concentration but when added to tissue
incubated in the linear transducer it appeared to have little effect on
elongation (Fig. 4.13).

If added after about 90 min, the TFP appeared to

be stimulatory to growth (Fig. 4.12) which may perhaps explain the
stimulatory response seen when growth was measured using showgraphs (Fig.
4.11).

4.2.3 The Effects of Chelators on Elongation

Addition of 1 molm"* EGTA in the presence of 0.1 molm~® lAA
appeared to cause a stimulation of growth by 32% (Table 4.2).

However 10

molm-* EGTA caused an inhibition of elongation in the presence of lAA of
78% so this was chosen as a suitable value for inhibition experiments.
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Fig. 4.8.

The effect of addition of 5 ntolm"® LaCls at different
times on the elongation rate of a 5 mm segment of etiolated
7 day-old Cucumis which had been previously auxindepleted for 2 h in the dark and then incubated in 0.1 molm~®
lAA.
(a) addition of LaCls approximately after 30 min.
<b) addition of LaCls approximately after 60 min.
(c> addition of LaCls approximately after 90 min.
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Fig. 4.9.

The effect of addition of 5 molm~® LaCls at different
times on the elongation of a 5 mm segment of etiolated 7
day-old Cucumis which had been auxin-depleted for 2 h in the
dark and then incubated in 0.1 molm~® lAA.
(a) addition of LaCL-s approximately after 30 min.
(b) addition of LaCl^ approximately after 60 min.
(c) addition of LaCl., approximately after 90 min.
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Fig. 4.10.

The effect of lanthanum chloride concentration on the
elongation of 7 day-old Cucumis hypocotyl segments
after 4 h in the presence of 0.1 molm"* lAA.
In the
control (C), distilled water replaces lAA.
Each result 1 s
the mean of 4 batches of 5 segments from 2 replicated
experiments + S.E.

3.00

i
t

2.50

2.00

ilia

E

;

1.50

I—
<
o
z

o

__l

1.00

LU

I

IB

B
1
1| I 1 #
'I1 a
cNW

z
o

|fc

#

(U ^ J

it

I;!',!:
#

I

^.yt
iri'

V":

H'ii

0.50 -

5
!• i|!

'"LTG

ill"

1

0.00

0

10

CONCENTRATION

20

50

0

10

OF TRIFLUOPERAZINE

d o "3 molm'3)

Fig. 4.11.

The effect of trifluoperazine concentration on the
elongation of etiolated 7 day-old Cucumis hypocotyl
segments after 4 h in the presence of 0.1 molm~® lAA.
In
the control (C), distilled water replaces lAA.
Each result
is the mean of 6 batches of 5 segments from 3 replicated
experiments ± S.E.
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Fig. 4.12.

The effect of addition of 20x10"* molm~®
trifluoperazine at different times on the elongation rate
of a 5mm segment of an etiolated 7 day-old Cucuwis
segment which had been auxin-depleted for 2 h in the dark and
then incubated in 0.1 rnolm"® lAA.
(a) addition of TFP after approximately 30 min.

. <b) addition of TFP after approximately 60 min.
(c) addition of TFP after approximately 90 rain.
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Fig. 4.13.

The effect of the addition of 20x10"= molm~®
trifluoperazine at different times on the elongation of a
5mm segment of an etiolated 7 day-old Cucuwis which
had been auxin-depleted for 2 h in the dark and then
incubated in 0.1 molm"® lAA.
(a) addition of TFP approximately after 30 min.
(b) addition of TFP approximately after 60 min.
(c) addition of TFP approximately after 90 min.
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TABLE

4.2.

Concentration
(molm~®)

Summary of the percentage inhibition of elongation + lAA and
the effect on overall
lAA-induced elongation in various
concentrations of EGTA, CTC and ruthenium red.

Inhibition of
Elongation (-IAA)

EGTA
1.0
5.0
10.0

Inhibition of
Elongation (+IAA)

%

%

32 (promotion)
16
64

—

26

CTC
0.1
0.5
2.0
5.0
10.0

-

78

28
70
75
77
86

-

17
-

RuRed
0.1
0.25
0.5
1.0

Inhibition of
lAA-induced
Elongation %

—

76
-

6
4
36
45

-

5

-

58

Ten molm~= EGTA caused an inhibition of 64% in the presence of lAA
and 26% in the absence of lAA, suggesting that EGTA must inhibit more
effectively some process by which lAA promotes growth.

Increasing the

concentration of EGTA increases the inhibitory effect, which is to be
expected (Fig. 4.14).

But note that at low concentrations of EGTA (1

molm"®) this inhibitor appears to be stimulatory in the presence of lAA.
Ten molm"^ EGTA appears to cause complete inhibition of growth if
added about 30 or 60 min after incubation in lAA (Fig. 4.15).

If this

chelator is added after nearly 90 min, growth is only temporarily impeded
and recovers after approximately 10 min to reach a higher rate than the
initial one (Fig. 4.15c).

It appears that the chelating effect of EGTA

affects some process which is required for growth in the first phase but
is not as important in the second phase.
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Fig. 4.14.

The effect of EGTA concentration on the elongation of
etiolated 7 day-old Cucumis hypocotyl segments after
4 h in the presence of 0.1 roolm"® lAA.
In the control
(C) distilled water replaces lAA.
Each result is the mean
of 6 batches of 5 segments from 3 replicated experiments +
S.E.
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Fig. 4.15.

The effect on elongation rate
EGTA at different times on a 5
day-old Cucuwis which had been
dark and then incubated in 0.1

after addition of 10 molm~®
mm segment of an etiolated 7
auxin-depleted for 2 h in the
molm~® lAA.

(a) addition of EGTA after approximately 30 min.
<b) addition of EGTA after approximately 60 min.
(c) addition of EGTA after approximately 90 min.
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Incubation of segments in increasing concentrations of
chlorotetracycline and lAA causes an increasing inhibition of growth (Fig.
4.17).

Inhibition of growth by 0.1 molm-= CTC causes an inhibition of

lAA-induced growth of 28%.

Increasing the concentration of CTC to 0.5

molm~® causes a 76% inhibition of lAA-induced growth but only causes a
17% inhibition of growth in distilled water (Table 4.2).

It is therefore

plausible to suggest that CTC affects some process in which lAA is
involved.

Increasing the concentration of CTC to 10 molm~® does not

increase inhibition greatly so it appears that the process affected is
saturated by 0.5 molm~® CTC.

The inhibition caused by this

concentration is of a similar level to that observed after treatment with
10 molm~® EGTA.

The effect of CTC on growth of segments in a linear

displacement transducer was not tested.
Low concentrations of ruthenium red appear to have little effect on
growth in the presence of lAA (Table 4.2), only causing an inhibition of
5-8% (Fig. 4.18).

At higher concentrations it has little effect on

elongation in the absence of lAA (causing only a 5% inhibition of
elongation) but causes an appreciable inhibition of lAA-induced growth of
58%.

It appears that

until a concentration of 0.5 molm~=* is reached,

ruthenium red has little effect on elongation (Fig. 4.18).

1 molm~'

was chosen as a suitable concentration of inhibitor for use in experiments
involving the linear transducer.

Addition at about 30 or 60 min after

incubation in lAA reduces the elongation rate to a lower level (Fig. 4.19
a,b) but addition around 90 min (Fig 4.19c) causes a temporary decrease,
after which the elongation rate recovers, but not to a greater rate than
expected.

Ruthenium red does not entirely inhibit elongation at any

stage (Fig. 4.20a,b,c).

4.2.4.

The Effect of lonophores on Elongation

Low concentrations of A23187 (1 ^gcm~*) had very little effect on
elongation, causing almost no inhibiton of growth in the presence of lAA
(Table 4.3).
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Fig. 4.16.

The effect on elongation after the addition of 10 molm"*
EGTA at different times on a 5 mm segment of etiolated, 7
day-old Cucumis which had been auxin-depleted for 2 h in the
dark before being incubated in 0.1 molm~® lAA.
(a) addition of EGTA after approximately 30 min.
(b) addition of EGTA after approximately 60 min.
(c) addition of EGTA after approximately 90 min.
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Fig. 4.17.

The effect of chlorotetracycline concentration on the
elongation of etiolated 7 day-old Cucumis hypocotyl
segments after 4 h in the presence of 0.1 molm"* lAA.
In
the control (C) distilled water replaces lAA.
Each result
is the mean of 4 batches of 5 segments from 2 replicated
experiments + S.E.
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Fig. 4.18.

The effect of ruthenium red concentration on the
elongation of etiolated 7 day—old Cucumis hypocotyl
segments after 4 h in the presence of 0.1 molm"* lAA.
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In the control (C),
(C) distilled water replaces lAA.
is
the
mean
of
4
batches
of
5
segments
from
2
result
replicated experiments + S.E.

105

Fig. 4.19.

The effect on elongation rate of 1 molm~® ruthenium red
at different times on a 5 mm segment of etiolated 7 day-old
Cucuwis which had been auxin-depleted for 2 h in the dark and
then incubated in 0.1 molm~® lAA.
(a) addition of ruthenium red after approximately 30 min.
(b) addition of ruthenium red after approximately 60 min.
(c) addition of ruthenium red after approximately 90 min.
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Fig. 4.20.

The effect on elongation of 1 molm~® ruthenium red at
at different times on a 5 mm segment of etiolated 7 day-old
Cucu^is which had been auxin-depleted for 2 h in the dark
and then incubated in 0.1 molm~® lAA.
(a) addition of ruthenium red after approximately 30 min.
(b) addition of ruthenium red after approximately 60 min.
(c) addition of ruthenium red after approximately 90 min.
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TABLE 4.3. Summary of the percentage inhibition of elongation % lAA and
the effect on overall lAA-induced elongation in various
concentrations of A23187, verapamil and nigericin.

Concentration

Inhibition of
Elongation (-IAA)

Inhibition of
Elongation (+IAA)
7.

%

A231S7 (^gcro~® )
1
5
10
20

VERAPAMIL
<molm~®)
0.5
1
2
5

NIGERICIN
(xlO~® molmr*)
0.01
0.1
0.5
1.0

Inhibition of
lAA-Induced
Elongation %

1
14
22
28

-

8
-

13
21
37
77

-

-

5

35 <promotes)
5
53
66

-

73

-

16
-

-

92

-

-

41

If the concentration of A23187 is increased to 5 ^igcm~® it causes 16%
inhibition of lAA-induced elongation but causes only half that amount of
inhibition in the absence of lAA.

Due to the high cost of this reagent,

a concentration of 5 jjgcm"® was used in all future experiments.

Fig.

4.21 demonstrates how effective this low concentration is at inhibiting
growth at all stages of addition.

Addition causes a drop in the

elongation rate at each stage, but after addition at 30 min, the
elongation rate recovers much more than it does when A231S7 is added after
approximately 60 or 90 min.

Elongation has not been completely stopped

as is demonstrated by Fig. 4.22.

Fig. 4.23 illustrates that this

inhibitor is more effective when used in the transducer than in the shadow
graph experiment.

This is probably due to better penetration of the

chemical in the former because shorter segments were used.
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Fig. 4.21.

The effect on elongation rate after the addition of
5
A23187 in 2% DMSO at different times on a 5 mm
segment of etiolated 7 day-old Cucaais which had been
auxin-depleted for 2 h in the dark and then incubated in
0.1 molm~® lAA.
(a) addition of A23187 after approximately 30 min.
(b) addition of A23187 after approximately 60 min.
(c) addition of A23187 after approximately 90 min.
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Fig. 4.22.

The effect of elongation after the addition of 5 ^tgcm~®
A23187 in 2% DMSO at different times on a 5 mm segment of
etiolated, 7 day-old Cucunis which had been auxindepleted for 2 h in the dark and then incubated in 0.1 molm"®
lAA.
(a) addition of A23187 after approximately 30 min.
(b) addition of A23187 after approximately 60 min.
(c) addition of A23187 after approximately 90 min.
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Fig. 4.23.

The effect of A23187 concentration in 27. DMSO on the
elongation of etiolated 7 day-old Cucumis hypocotyl
segments after 4 h in the presence of 0.1 molm"' lAA.
In
the control (C), distilled water plus 27. DMSO replaces lAA.
Each result is the mean of 4 batches of 5 segments from 2
replicated experiments + S.E.
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Inhibition of growth by verapamil gave a similar response to A23187
in that inhibition of elongation in the absence of lAA was only 5%,
whereas in the presence of lAA it was 77%, thus causing an inhibition of
lAA-induced elongation of 92% (Table 4.3),

The fact that verapamil has

very little effect on growth in distilled water indicates that this
ionophore acts on lAA-induced elongation only (Fig. 4.24).
Verapamil, however, appears to completely inhibit growth at all
stages of addition.

If it is added just after 30 min (Fig. 4.25a) the

growth rate is reduced and finally ceases after 60 min (Fig. 4.26a).

If

this ionophore is added after 60 min, the growth rate also falls fairly
rapidly (Fig. 4.25b) and elongation stops after approximately an hour
(Fig. 4.26b).

Addition at 90 min causes a gradual reduction in

elongation (Fig. 4.26c) but whether it will eventually cause a cessation
of growth is unknown.

This response differs from that of A23187 in that

the latter may finally cause a cessation of growth.
An unusual response was observed with nigericin.

It appears that at

very low concentrations (0.01 x i0~^molm~®), it promotes growth by 35%
in the presence of lAA (Fig. 4.27).

The addition of 0.1 x 10"=

molm~= nigericin only causes an inhibition of growth of 5% (Table 4.3).
A concentration of 0.5 x 10"' molm"= was used in all later experiments
as this causes an inhibition of 53% in the presence of lAA.

Note that

nigericin causes an inhibition of 73% in the absence of lAA so it appears
that some process not lAA-mediated is affected by the inhibitor.
Transducer graphs (Fig. 4.28) display a gradual inhibition of growth by
nigericin, no matter at what stage the inhibitor is added.

The inhibitor

does not entirely stop elongation (Fig. 4.29) but does reduce it, and
there appears to be no sign of recovery in the rate of elongation, so it
seems that both phases in the response are affected.

4.2.5 The Effect of Inhibitors of Secretory Processes on Elongation

Monensin, a sodium ionophore which appears to upset dictyosome
function, was found to have an increasing inhibitory effect with
increasing concentration (Fig. 4.30).
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Fig. 4.24.

The effect of verapamil concentration on elongation of
etiolated 7 day-old Cucumis hypocotyl segments after
4 h in the presence of 0.1 molm-* lAA.
In the control
(C), distilled water replaces lAA.
Each result is the mean
of 6 batches of 5 seqments from 3 replicated experiments +
S.E.

113

Fig. 4.25.

The effect of 5 molrn"® verapamil at different times
on the elongation rate of a 5 mm segment of etiolated 7
day-old Cucuttis which had been auxin-depleted for 2 h in the
dark and then incubated in 0.1 molm~® lAA.
(a) addition of verapamil after approximately 30 min.
(b) addition of verapamil after approximately 60 min.
(c) addition of verapamil after approximately 90 min.
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Fig. 4.26.

The effect of 5 molm~® verapamil at different times on the
elongation of a 5 mm segment of etiolated 7 day-old
Cucuais which was auxin-depleted for 2 h in the dark and then
incubated in 0.1 molm~® lAA.
(a) addition of verapamil after approximately 30 min.
(b) addition of verapamil after approximately 60 min.
(c) addition of verapamil after approximately 90 min.
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Fig. 4.27.

The effect of nigericin concentration in 17. ethanol on
the elongation of etiolated 7 day-old Cucumis
hypocotyl segments after 4 h in the presence of 0.1 molm~®
lAA.
In the control (C), distilled water plus 1% ethanol
replaces lAA.
Each result is the mean of 4 batches of 5
segments from 2 replicated experiments ± S.E.
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Fig. 4.28.

The effect after the addition of 0.5x10"* molm~®
nigericin in 1% ethanol at different times on the elongation
rate of a 5 mm segment of etiolated 7 day-old Cucuwis
which had been auxin-depleted for 2 h in the dark and then
incubated in 0.1 molm~® lAA.
(a) addition of nigericin after approximately 30 min.
(b) addition of nigericin after approximately 60 min.
(c) addition of nigericin after approximately 90 min.
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Fig. 4.29.

The effect of addition of 0.5x10"* nigericin in 1%
ethanol at different times on the elongation of a 5 mm
segment of etiolated 7 day-old Cucumis which had been
auxin-depleted for 2 h in the dark and then incubated in 0.1
molm~® lAA.
(a) addition of nigericin after approximately 30 min.
(b) addition of nigericin after approximately 60-min.
(c) addition of nigericin after approximately 90 min.
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TABLE 4.4. Summary of the percentage inhibition of elongation + lAA and
the effect on overall lAA-induced elongation in various
concentrations of monensin, colchicine and cytochalasin D.

Concentration

MONENSIN
(xlO-= malm"®)
1
5
10

Inhibition of
Elongation (-IAA)
7.

10

Inhibition of
lAA- Induced
Elongation 7.

27
50

32

60

COLCHICINE (pgcm-=)
50
-

2
20

100
150
200

Inhibition of
Elongation (+IAA)
7.

18 (promotion)

7
28

40

17
21

11
17

CYTOCHALASIN D
(ugcm~®)

10

43

20

Table 4.4 illustrates that 1 x 10~® molm~® monensin inhibits
lAA-induced growth by 327. but only inhibits elongation in distilled water
by 107..

Increasing the concentration to 10 x 10~® molm~® causes an

increase in inhibition of elongation in the presence of lAA of 337..
was chosen as the best concentration for further experiments.

This

This

inhibitor causes a gradual reduction in elongation rate (Fig. 4.31 and
Fig. 4.32) similar to the response observed with nigericin (Fig. 4.28 and
Fig. 4.29).

Addition after 90 min appears to cause a slight recovery

(Fig. 4.31c) so it may be that the second phase is not affected as much as
the first phase (Fig. 4.31a).
Colchicine was tested as an inhibitor of growth.
affect the functioning of microtubules (Williams, 1981).

It is known to
It does have a

slight inhibitory action as can be seen from Fig. 4.33 and Table 4.4.
The low values in this table may be due to the low concentrations of
inhibitors applied but note that a concentration of 200 ^gcm~® causes
an inhibition of 287. in the presence of lAA but actually promotes growth
by 18% in the absence of lAA.

Due to these rather anomalous results,
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Fig. 4.30.

The effect of monensin concentration dissolved in 17.
ethanol on the elongation of etiolated 7 day-old
etiolated Cucuais hypocotyl segments after 4 h in the
presence of 0.1 molm"' lAA.
In the control (C),
distilled water plus 1% ethanol replaces lAA.
Each result
is the mean of 4 batches of 5 segments from 2 replicated
experiments + S.E.
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Fig. 4.31.

The effect after addition of 10x10"® molm~® monensin in
1% ethanol at different times on the growth response curve of a
5 mm segment of etiolated 7 day-old Cucunis which had
been auxin-depleted for 2 h in the dark and then incubated in
0.1 molm~® lAA.
(a) addition of monensin after approximately 30 min.
(b) addition of nonensin after approximately 60 min.
(c) addition of monensin after approximately 50 min.
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Fig. 4.32.

The effect on elongation after the addition of 10xl0~*mQlm~®
monensin in 1% ethanol at different times on a 5 mm segment of
etiolated 7 day-old Cucumis which had been auxin-depleted
for 2 h in the dark and then incubated in 0.1 molm~® lAA.
(a) addition of monensin after approximately 30 min.
(b) addition of monensin after approximately 60 min.
<c) addition of monensin after approximately 90 min.
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Fig. 4.33.

The effect of colchicine concentration on the elongation
of etiolated 7 day-old CucuBis hypocotyl segments
after 4 h in the presence of O.l molm~® lAA.
In the
control (C), distilled water replaces lAA.
Each result is
the mean of 4 batches of 5 segments from 2 replicated
experiments + S.E.
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Fig. 4.34.

The effect of 10 ^igcm~® cytochalasin D in 27. DMSO on
elongation of etiolated 7 day-old Cucuais hypocotyl
segments in the presence and absence of 0.1 molm"® lAA.
1 = 0.1 molm-' lAA + 27. DMSO
2 = lAA + 2% DMSO + Cytochalasin D
3 = distilled water + 27. DMSO
4 = distilled water + 2% DMSO + Cytochalasin D
Each point is the mean of 2 batches of 5 segments + S.E.
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Fig. 4.35.

The effect of cytochalasin D in 27. DflSO on
the elongation of etiolated 7 day-old Cucumis
hypocotyl segments after 4 h in the presence of 0. 1 molm"=
lAA.
In the control (C), distilled water plus 27. DMSO
replaces lAA.
Each result is the mean of 2 batches of 5
segments + S.E.
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Fig. 4.36.

The effect after addition of 10 pqcm~^ cytochalasin D in
2% DMSO at different times, on the elongation rate of a 5 mm
segment of etiolated, 7 day-old Cucuwis which had been
auxin-depleted for 2 h in the dark and then incubated in
0.1 molm~® lAA
<a) addition of cytochalasin D after approximately 30 min.
(b) addition of cytochalasin D after approximately 60 min.
(c) addition of cytochalasin D after approximately 90 min.
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Fig. 4.37.

The effect after addition of 10 ^gcm~* cytochalasin D in 2%
DMSO at different times on elongation of a 5 mm segment of
etiolated 7 day-old Cucunis which had been
auxin-depleted for 2 h in the dark and then incubated in
0.1 molm~® lAA.
(a) addition of cytochalasin D after approximately 30 min.
(b) addition of cytochalasin D after approximately 60 min.
(c) addition of cytochalasin D after approximately 90 min.
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including a decrease in inhibition with increased concentration,
colchicine was not used in further studies.
Cytochalasin D has been suggested to act on some types of contractile
microfilament systems (Wessels et al., 1971).

Only two concentrations

were tested because of the high cost of this chemical

(Fig. 4.34).

Increasing the dose from 10 jjgcm"® to 20 ^gcm~® only increases the
inhibition of elongation in the presence of lAA by 4% to 21% (Table 4.4).
The low levels of inhibition observed are probably caused either by the
low concentrations applied or due to poor penetration of the chemical.
Cytochalasin D appears to become inhibitory after 3 h after addition of
lAA (Fig. 4.34).

It does not, however, become inhibitory in distilled

water until after 4 h.
in Fig. 4.35.

This information equates well with that displayed

The transducer time plots illustrate that cytochalasin D

has an instantaneous effect on growth (Fig. 4.36) but that it recovers to
its original rate of growth after about 10 min.

It is possible that this

plot may simply have been caused by disturbance of the experimental
conditions since the effect is of short duration, and the cytochalasin D
may actually have no physiological effect on the cells within the segment.
In no other experiment is the recovery so marked after addition at all
three stages.
In conclusion, it appears that the chelators all affect some
lAA-mediated process since inhibition is considerably greater in presence
of lAA than in its absence and that they affect the first phase of the
biphasic response more than the second.

In the case of the ionophores,

with the exception of nigericin, some process involving the action of lAA
is altered but all the ionophores either severely reduce or stop growth
and little r^bvery is seen.
Calcium chloride and lanthanum chloride differ in several ways in
their action.

LaCls seems more potent in its action and also has an

instantaneous effect on elongation causing it to decrease immediately.
Growth rate exhibits some recovery if CaCla is added after 60 min.

4.3 Discussion

The elongation of plant cells is a highly complex process involving
many reactions which contribute to the overall growth rate.

Many

compounds are known to affect this, including plant growth hormones such
as gibberellins, ethylene and auxin.
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Auxin-induced cell extension is

considered to be a biphasic response (see Section 1.1.4) consisting of an
initial acid-induced wall loosening phase followed by a second phase
involving incorporation of new material into the cell wall
Dute, 1981).

(Vanderhoef and

The use of agents which are thought to specifically affect

certain cellular functions can be a powerful experimental tool to study
these processes if their chemical effects can be related to the growth
rate.
In 1955, Bennet-Clark and Carlier and Buffel independently suggested
that auxin induces elongation of stem and coleoptile tissue by removing
calcium from the cell wall.

Later Cleland and Rayle (1977) found that

CaClz inhibits growth of oat coleoptiles within minutes.
concluded that Ca=+ inhibit some wall loosening process.

They
The addition

of inhibitors of calcium including ionophores and chelators to the system
used in this work may yield information on the interaction of auxin and
calcium in the elongation process.

Addition of inhibitors described in

section 4.1 at various stages throughout the biphasic response of
CucuKi's hypocotyls was investigated using the shadowgraph technique and
also a linear displacement transucer.
groups according to their function.

The inhibitors were divided into
Each inhibitor is assumed to act in

a specific manner and thus alter a different aspect of the cell's
function.

These inhibitors consisted of chelators, ionophores, compounds

which affect secretory processes, as well as calicum chloride and
lanthanum chloride.
Initially the effect of various concentrations of each inhibitor on
overall growth was studied using the shadowgraph technique (Section 2.6).
These results were expressed as a percentage inhibition of lAA-induced
elongation after 4 h.

The amount of elongation which occurred in the

control in distilled water was also noted.

Additionally, a linear

displacement transducer was used to study rapid changes of growth (Section
2.7).
The first phase, i.e. the acid-induced growth phase, is affected by
the addition of verapamil

(Fig. 4.25a), lanthanum chloride (Fig. 4.8a) and

EGTA (Fig. 4.15a), all of which cause an immediate and long-lasting
inhibition.

Calcium transport has been linked to H* secretion which is

necessary for acid-induced wall loosening in the first phase.

Verapamil

inhibits movement of calcium through the membranes in animal cells (Posner
et al., 1975;

Hermann-Erlee et al,, 1977) and EGTA chelates any

available calcium.

Lanthanum chloride also interferes with monovalent
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cation transport by binding to the Ca** sites on the outer face of the
plasma membrane (Hanzely and Harmet, 1982).

It is possible that these

compounds would cause the collapse of gradients by changing ionic levels
and would therefore disrupt H* secretion.
Monensin, (Fig. 4.31a), nigericin (Fig. 4.28a) ruthenium red (Fig.
4.19a) and calcium chloride (Fig. 4.6a) all cause a gradual decrease in
the elongation rate if added during the first phase.

Nigericin and

monensin are believed to interfere with the K*/H* gradients across the
plasma membrane.

They cause a gradual reduction in growth rate which may

be caused by the collapse of gradients necessary for the transport of
Ca=* and H*.

Ruthenium red is thought to cause levels of Ca=* to

rise in the cytoplasm (Picton and Steer, 1985).

High levels of

be e n

cytoplasmic calcium have shown to be inhibitory to wall loosening so this
A,
compound unsurprisingly has a similar effect to the addition of calcium
chloride.

^

A23187 (Fig. 4.21a) and possibly cytochalasin D (Fig. 4.36a), cause a
momentary reduction in elongation rate from which the segment recovers but
still causes an overall reduction in growth when added during the first
phase.

Trifluoperazine (Fig. 4.12a) appears to have little effect on the

acid-induced growth phase.

It is thought to stimulate the uptake of lAA

caused by enhanced permeability to lipophilic molecules rather than by
cytoplasmic alkalinization (Astle and Rubery, 1986).

Calmodulin may be

involved in the regulation of proton secretion and electrogenesis in
higher plants.
situation.

However it appears to have little effect in this

This could be due to the low concentrations used since only a

9% inhibition occurred after 4 h (Table 4.1).

A23187 and cytochalasin D

do not affect any part of the first phase.
If these inhibitors are added after 90 min incubation in lAA, then
this coincides with the second part of the biphasic response and the
effects observed are slightly different.

Addition of lanthanum chloride

stops growth entirely as does calcium chloride, verapamil and A23187.
The growth rate recovers and then assumes the normal course of growth.
The presence of EGTA and trifluoperazine seem to stimulate growth, the
former exhibiting a drop and then a rise in growth above that expected.
The addition of ionophores such as verapamil and A23187 during the
second phase causes growth to stop suggesting that movement of calcium
through the membrane is very important at this stage.

It has been

suggested that lanthanum chloride interferes with calcium transport and
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distribution by binding to calcium-binding sites on the plasma membrane
(Hanzely and Harmet, 1982).

Additionally, calcium gradients are thought

to be involved in the oriented exocytosis of cell wall material (Reiss and
Herth, 1978;

1979a,b).

Increasing the internal calcium concentration

with the ionophore A231B7 disrupts the gradient (Reiss and Herth, 1978) as
does the chelating probe chlorotetracycline (Reiss and Herth, 1982).
This inhibits lAA-induced growth by 76% (Fig. 4.17).

These agents

disrupt the dynamics of the delicate Ca=* equilibrium which is thought
to regulate oriented exocytosis.
The major site of cell wall synthesis in the second phase is the
dictyosome (Ray et al., 1976;

Robinson ei al., 1976).

Gawlik and

Shen-Miller (1974) have already noted an increase in dictyosomal volume
fraction in Avena coleoptiles after application of auxin.

An increase

in the amount of dictyosomal material has also been described in Chapter 3
of this work.

It is not surprising, therefore, that those inhibitors

which interfere with secretory processes, such as monensin, nigericin,
cytochalasin D and colchicine, affect the second phase which involves
increased dictyosomal activity.

Monensin probably interferes with the

secretory activity of dictyosomes by altering ion balances which is a
similar effect to that caused by nigericin.

Griffing and Ray (1985)

noted that this compound blocks the secretion of cell wall polysaccharides
from pea cells.

Electrochemical gradients generated by the H* pump are

important in signal transduction and energy conversion.

Monensin

exchanges H* for Na* (or K*) and so causes the collapse of the pH
gradient.

This presumably has a dramatic effect on the functioning of

the cell since part of the dictyosome may possibly contain an electrogenic
ATP-dependent pump and we can only speculate on its function at present.
The ultrastructural effects of these ionophores will be discussed in more
detail in Chapter 6.
90 min.

Cytochalasin D shows a slight effect if added after

The response achieved may be due to the low concentrations

employed or to poor penetration, since 20 ^gcm~® of cytochalasin D only
caused an inhibition of 22% of growth in the presence of lAA (Fig. 4.33).
Vesicle migration from the dictyosomes to the plasma membrane is
energy-dependent and the process is very sensitive to the presence of
cytochalasin D (Rosen, 1968;

Dickinson, 1967).

Mollenhauer and Morr/

(1976) showed that cytochalasin B affected the loading of vesicles onto
the transport mechanism from the dictyosome to the plasma membrane.
Cytochalasin B appears to interfere with the microfilaments that are
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responsible for the migration of vesicles in root cap cells of maize
(Mollenhauer et ai., 1975;

1976;

Pope et ai., 1979) and cress

(Volkmann and Czaja, 1981), in coleoptile cells of wheat (Pope et al.,
1979) and in pollen tubes of Tradescantia

(Picton and Steer, 1981).

Spooner <1973) suggested that the microfilaments are attached directly or
indirectly on to the plasma membrane and the chemical interferes with this
linkage.

Thus this single action alters the properties of the plasma

membrane and renders microfilament contraction ineffective.
Colchicine causes an inhibition of 287. (Table 4.4) and this may have
been caused by a disruption of the transport mechanism of the vesicles
from the dictyosome to the plasma membrane.

Ruthenium red also causes a

reduction in elongation if added after 90 min.

This compound prevents

the sequestration of Ca=+ by the mitochondria (Vasington et al., 1972;
Reed and Bygrave, 1974;

Ash and Bygrave, 1977).

The cell is only

capable of regulating its calcium to a finite level.

After that level,

the cytoplasmic ion balance is upset and vesicle fusion as well as
dictyosomal function is disturbed.

The stimulation of growth rate caused

by EGTA if added after 90 min may be due to the removal of calcium from
the cell walls, which causes them to become more plastic and hence more
extensible.

This is the opposite response to that observed in the first

phase where EGTA inhibited growth.
acidification.

Apparently Ca=+ is necesaary for

This evidence suggests that inhibition of growth by

chelating agents is caused by disruption of acidification.
If inhibitors are added at 60 min after the start of the experiment,
this coincides with the period between the two phases of the biphasic
response.

There is a certain degree of overlap in these phases

(Vanderhoef and Stahl, 1975) so one or other or both may be affected by
the inhibitors.

Addition of calcium chloride, trifluoperazine and

cytochalasin D appear to cause no inhibition of lAA-induced elongation.
Lanthanum chloride causes a slight inhibition in elongation rate.

This

may be caused by stiffening of the wall since the La=+ occupies the same
site of action as Ca=* (Pickard, 1970).

Compounds which normally

affect secretory processes seem to have relatively little effect at this
stage.

Ruthenium red, monensin and nigericin cause the elongation rate

to gradually reduce, presumably as the second phase is reached by the
tissue.

A23187, verapamil and EGTA stop growth entirely.

The EGTA and

verapamil probably cause growth to cease for the same reason as they did
in the first phase.

A23187 disrupts exocytosis by upsetting the calcium

132

gradients and so is upsetting the initial stage of the second phase.
It is interesting to note that most compounds used in this work
caused a greater inhibition when used in conjunction with lAA than in its
absence.

It is possible that the rapid expansion of cells caused by the

addition of lAA becomes more susceptible to this disruption of internal
and membrane calcium gradients.

Low concentrations of EGTA and nigericin

are found to promote elongation in the presence of lAA (Fig. 4.14, Fig.
4.27).

These findings agree with those of Cunninghame and Hall (1986)

using pea and Heath and Clark (1956) in Awena.
In conclusion it seems that altering Ca=* levels brings about an
inhibition of lAA-induced growth as is demonstrated by all the results
obtained with the shadowgraphs presented in Section 4.2.

Depending on

the antagonist used, the effect was either substantial within 1 h (i.e.
after 30 min) or did not appear until at least 1 h after the experiment
began.

Inhibition within 1 h was observed with verapamil, lanthanum

chloride and EGTA.

These compounds act on the cell wall or plasma

membrane and may interfere with the acidification process by upsetting the
H+-Ca=+-ATPase system.

The inhibitors of the secretory process,

monensin, nigericin and cytochalasin D also inhibit lAA-induced
elongation.

Secretion of cell wall polysaccharides have been shown to be

increased in the presence of Ca=+ (Morris and Northcote, 1977;

Picton

and Steer, 1982) so plasticity and supply of cell wall material is
dependent on a specific concentration of Ca=*.

Although the deposition

of cell wall material is a continuing process in both non-stimulated and
lAA-stimulated segments, inhibition will be only apparent in rapidly
expanding tissue, hence the reason for a greater inhibition of growth in
lAA solution when compared to distilled water.

CHAPTER FIVE

CHAPTER FIVE

5.

THE EFFECT OF CALCIUM ANTAGONISTS AND INHIBITORS ON THE ABILITY OF
ABRADED CUCUHIS HYPOCOTYLS TO ACIDIFY THEIR EXTERNAL MEDIUM.

5.1

Introduction

An exogenous supply of acid to excised stem or coleoptile segments
has long been known to promote elongation (Bonner, 1934;
Reinhold, 1970;

Rayle and Cleland, 1970;

1972;

Ganot and

Hager, et aJ., 1971).

This led to the suggestion that auxin may promote growth by causing active
acidification of the extracellular space (Hager et al., 1971;
Cleland, 1972).

Rayle and

Auxin is believed to enhance growth by stimulating an

electrogenic proton efflux pump (Sze and Churchill, 1981), presumably
driven by an ATPase located on the plasma membrane.

There are some

reports that the ATPase activity is increased by auxin (Kasamo and Yamaki,
1974;

Scherer and Morre^ 1978;

Scherer, 1964).

The resulting pH drop

promotes cell wall extension by either activating cell wall loosening
enzymes or breaking labile interpolymeric linkages (Cleland, 1973;
1973).

Rayle,

Although other factors such as cell wall synthesis and

osmoregulation are known to be important in long-term growth (Cleland and
Rayle, 1978), the acid growth theory postulates that growth is mediated
and thus regulated by the auxin-stimulated excretion of protons which
brings about wall acidification.
Provided segments are peeled or scrubbed so that the cuticle is
removed, then dicotyledonous stem tissues usually comply with the
requirements of the acid growth theory (Evans and Vesper, 1980;
et al., 1977, Rayle and Cleland, 1980).

Mentze

Unabraded segments will show

only a very gradual drop in external pH since the cuticle is largely
impermeable to protons (Rayle, 1973;

Cleland and Rayle, 1978;

Rayle and

Cleland, 1980).
In this work the cuticle of hypocotyl segments has been abraded using
carborundum powder (Section 2.8) to allow H* to permeate from the
periplasmic space into the surrounding incubation medium.

Peeling has

been performed in many studies of this type, and used extensively by
Cleland (1973;

1976;^

and Bates and Cleland (1979).

However

Pope (1982) demonstrated that peeled segments only elongate to 18% of
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normal lAA-induced elongation, while Parrish and Davies (1977) and
Vanderhoef et ai. (1977) showed that peeled segments do regulate the pH
of the external medium but that auxin has no effect on this process.
The role of certain metallic ions (eg Ca=*, Mg=*) in
auxin-induced elongation is unresolved.

Brummell and Hall

(1980) noted

that the presence of Ca=* or Mg^* enhanced the process after a lag of
30 min which is in close agreement with the findings of Rayle (1973) and
Cleland (1973;

1976b).

Cleland and Rayle (1977) noted that in the

presence of Ca=+ acidification by Ayena coleoptiles was actually
stimulated in the absence of lAA.
Growth may be affected by changes in permeability of intracellular
membranes.

Binding of the auxin to the mitochondria or endoplasmic

reticulum could lead to the release or uptake of calcium into the
cytoplasm involving a Ca=*/H* antiport.

The mitochondria would take

up calcium and export protons into the cytoplasm
1977;

Rose and Rick, 1978;

(Rasmussen and Goodman,

Arruda et ai., 1981).

This cytoplasmic

acid could then lead to stimulation of the electrogenic proton pump at the
plasma membrane and sequentially wall acidification.
The purpose of this work was to ascertain the effect of various
calcium antagonists and inhibitors of secretory activities on the ability
of abraded Cucamis

hypocotyl segments to acidify their medium.

the inhibitors used in this work

Some of

(e.g. verapamil, trifluoperazine and

cytochalasin D) have been described as having fairly specific sites of
action or functions within the cell and are generally assumed not to
affect cell wall acidification.

In contrast, the ionophores which

increase permeability to cations might be expected to interfere with this
process.

All the inhibitors were tested and the results obtained

assessed in relation to their effects on the biphasic response of the
tissue to lAA and calcium inhibitors.

5.2 Results

5.2.1

Acidification in lAA and Distilled Water

Abraded hypocotyl segments, 10 mm long, were placed in a continuously
aerated, buffered medium containing 1 molm"® CaClz, 1 molm"'
KzSO* and 1 molm"' lAA (this concentration has been determined as
optimal, see Chapter 4 (Fig. 4.1).

The tissue acidifies the medium over

13:

6 h, causing a drop in pH from approximately 6.64 to 5.04 i.e. 1.6 units
in 6 h (Fig. 5.1).

If tissue segments are incubated in the absence of

lAA, the pH drops from 6.62 to 5.38 i.e. 1.24 units in 4 h (Fig.
5.2).

5.2.2 Effect of the Presence of Inhibitors on Acidification

In the presence of lanthanum chloride (5 molm"®) the pH of the
medium fell by 1.24 units in 6 h (Fig. 5.3) which is a similar drop to
that observed with distilled water alone.

The fall in pH seems more

gradual in the presence of lanthanum chloride and in lAA alone than in the
absence of lAA.

There is a lag of approximately 60 min before the pH of

the bathing medium in the presence of lanthanum chloride begins to fall
(Fig. 5.3).
The addition of trifluoperazine (2 x 10~® molm"®) into the
incubation medium causes a slight decrease in pH from 6.50 to 6.22, a drop
of 0.28 units.
(Fig. 5.4).

There is no apparent lag before acidification begins
Addition of 0.5 molm~® chlorotetracycline causes the pH to

rise from 6.48 to 6.88 over 5 h, a rise of 0.4 units (Fig. 5.5).

The

addition of 10 molm~® EGTA causes a drop in the pH of 0.5 units over 5 h
with no apparent lag before acification begins (Fig. 5.6).
In verapamil (5 molm~®) there is a gradual decrease in pH for the
first 2 h and then a rise (Fig. 5.7) but never quite achieves the initial
value.

In total, a drop of 0.17 units occurs over 5 h.

Addition of 1

molm"® ruthenium red to the incubation medium causes the pH to rise by
0.16 units (Fig. 5.8) over 4 h.

The medium reaches this level after 2 h

and then levels off.
In addition, protonophores cause
the medium.

little change to the overall pH of

Nigericin causes the pH to drop from 6.42 to 6.26, a drop of

0.16 units over 5 h (Fig. 5.9).

Monensin causes the pH to rise initially

after the first hour to 6.81 and then to fall to 6.42, a total fall of
0.27 units (Fig. 5.10).

The calcium ionophore A23187, causes very little

fall in pH, 0.01 units (Fig. 5.11).
Cytochalasin D causes a fall of 0.06 units after an initial rise
during the first hour (Fig. 5.12) but the pH then drops over the next 2 h.
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Fig. 5.1.

Effect of lAA on H* excretion by 50 abraded
segments of Cucumis hypocotyls each 10 mm in
length incubated at 25=C in 7.2 cm® of medium
containing 1 molm~®K*, Ca=*, NA3PO* and 0.1
molm~® lAA.
Each point is the mean of 4
independent experiments.
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Fig. 5.2.

Capacity of 50 abraded hypocotyl segments of
Cucu»is to acidify a medium of 7.2 cm' consisting
of 1 molm"= K"^, Ca=* and Na=PO« at 25=C.
Each point is the mean of 4 independent experiments.
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Fig. 5.3.

Effect of lanthanum chloride (5 molm"') on
acidification by 50 abraded Cucumis hypocotyl
segments in a medium consisting of 1 molm"' K*,
Ca=*, NAzPO* and 0.1 molm"* lAA at 25"C.
Each point is the mean of 3 independent experiments.
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Fig. 5.4.

Effect of trifluoperazine (2>:10~= molm"®) on
acidification of 50 abraded seqments of Cucumis
hypocotyls each 10 mm long incubated in a medium
containing 1 moim~=
Ca=+, NAzPO*, and
0.1 molm"' lAA.
Each point is the mean of 2
independent experiments.
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Fig. 5.5.

The effect of chlorotetracycline (0.5 molm"') on
acidification by 50 abraded segments of Cucunis
hypocotyls each 10 mm in length incubated at 25°C in
7.2 cm' of medium containing 1 molm-= K*, Ca=*,
NazPO* and 0.1 molm"® lAA.
Each point is the
mean of 4 independent experiments.
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Fig. 5.6.

The effect of 10 molm"^ EGTA on H* excretion by
50 abraded segemnts of Cucuwis hypocotyls each 10 mm
in length incubated at 25°C in 7.2 cm' of medium
containing 1 molm""' K"*", Ca=* and NazPO* and
0.1 molm"' lAA.
Each point is the mean of 2
independent experiments.
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Fig. 5.7.

The effect of verapamil (5 malm"®) on acidification
by 50 abraded segments of Cucumis hypocotyls each
10 mm long incubated at 25=C in a medium composed of
1 molm"' K*,
1 molm~® Na=PO«
mol
and O.I molm~® lAA.
Each point is the mean of 3
independent experiments.
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Fig. 5.8.

The effect of ruthenium red (1 molm"') on
acidification by 50 abraded segments of Cucumis
hypocotyls each 10 mm in length incubated at 25=C
in a medium containing 1 molm~®K*, Ca**, NAzPO*
and 0.1 molm"' lAA.
Each point is the mean of
3 independent experiments.
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Fig. 5.9.

The effect of 5x10"*
nigericin dissolved
in 17. ethanol on acidification by 50 abraded segments
of Cucumis hypocotyls each 10 mm in length, incubated
at 25° in a medium consisting of 1 molm""® K*
Ca=*, NazPO* and 0.1 molm~® lAA.
Each point
is the mean of 3 independent experiments.
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Fig. 5.10.

The effect of monensin (1x10"* molm""®)
dissolved in 17, ethanol on acidification
by 50 abraded segments of Cucumis hypocotyls each
10 mm in length incubated at 25=C in a medium
containing 1 molm"* K"^, 1 molm"*Ca=*, 1
molm"' NazPO* and 0.1 molm"' lAA.
Each
point is the mean of 3 independent experiments.
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Fig. 5.11.

The effect of A23187 (5 ^gcm~® dissolved in 2%
DMSO) on acidification by 50 abraded segments of
Cucumis hypocotyls each 10 mm in length in a medium
at 25°C consisting of 1 molm"^ K*, Ca**,
NAzPO* and 0.1 molm~® lAA.
Each point is the
mean of 2 independent experiments.
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Fig. 5.12.

The effect of cytochalasin D (5 ^tgcm"®) (dissolved
in 27. DMBO) on acidification by 50 abraded segments of
Cucumis hypocotyls each 10 mm long incubated at 25°C
in a medium containing 1 molm"=K*, Ca=*, NazPO*
and 0.1 molm~® lAA.
Each point is the mean of 2
independent experiments.
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5.3 Discussion

One of the main requirements of the acid growth theory is that auxin
causes cells to excrete protons.

Cleland (1975) has shown that the

addition of exogenous lAA lowers the pH of the bathing solution of Averia
coleoptiles from approximately pH 5.8 to pH 4.8.

A similar drop from pH

6.6 to 5.0 has been observed in this study in the presence of auxin.
Incubation in the absence of lAA resulted in a smaller fall in the pH of
the medium with a slightly faster initial rate.

lAA thus appears to

enhance overall acidification but decreases the rate.
lAA has been observed to stimulate a pH drop in other tissues (Mentze
et ai, 1977;

Evans and Vesper, 1980;

Brummell and Hall, 1981;

Rayle and Cleland, 1980;

Prat and Goldberg, 1984).

However data has

been presented for pea (Parrish and Davies, 1977), soybean (Vanderhoef et
ai., 1977) and cucumber (Brummell and Hall, 1986) suggesting that,
although peeled segments do regulate the pH of the external medium, auxin
has no appreciable effect on this process.

It is possible that some

other wall loosening factor mediates the enhancement of growth in these
tissues.

This is supported by the observation that, in HeliaTithuSf

H* efflux was only detectable after 2 h, and only in the presence of
K* whereas the auxin growth response occurs in less than 10 min
(Uhrstrom, 1969).

Convincing evidence that the auxin action is not

mediated by acidification is provided by Barkley and Leopold (1973) who
showed that green pea stem tissue, which normally responds to auxin, shows
no response to solutions at pH 3 even if the cuticle is removed.

The

comparison of results betwen green and etiolated tissue must be made
carefully.

For example, etiolated tissue is highly sensitive to

ethylene, (Burg and Burg, 1968) whereas green tissue is not.

Moreover,

difficulties have arisen in applying the acid growth theory to some
dicotyledonous tissues (Terry et ai., 1981).

Although an apparently

coherent body of evidence in favour of the acid growth theory has been
collected for the coleoptiles (Cleland and Rayle, 1978;

Cleland, 1980),

doubt has been cast by the work of Kutschera and Schnopfer (1985).

They

suggested that lAA-induced processes are not correlated in time and that
exogenous protons do not substitute for lAA at the predicted pH of
4.5-5.0.

Neutral buffers did not abolish lAA-mediated growth responses.

Moreover, sucrose and other sugars were suitable substitutes for lAA in
inducing acidificiation.
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In this study, the possible secondary effects of various inhibitors
on medium acidification have been investigated.

Little previous work has

been carried out on the possible side effects of these inhibitors.

They

have been employed as inhibitors of growth but their effect on
acidification is often not considered.

Most of the inhibitors used in

this study actually cause a significant reduction in the ability of tissue
to acidify the medium.

Chelating agents (EGTA, verapamil) and ionophores

(A23187, nigericin and monensin) all stop acidification as do
trifluoperazine and cytochalasin D.

Two compounds, chlorotetracycline

and ruthenium red, cause alkalinization of the medium.

The only

inhibitor studied which did not affect acidification was lanthanum
chloride.

These results are surprising and so care must be taken in the

interpretation of results achieved when employing such chemicals.
The use of ionophores might be expected to dissipate the proton
gradient such that no acidification of the external medium occurs.

The

use of monensin, for example, causes the electroneutral exchange of Na*
for H* through membranes, equalizing H* and Na* gradients (Pressman,
1976;

Sandeaux et al., 1982).

Depending on the external pH and Na*

concentration, monensin can transport protons either in or out of the
cell.

Drummer et al. (1984) observed that the addition of monensin

rapidly induced cell wall acidification and caused a decrease in cystolic
pH when added to maize coleoptiles at a low external pH and Na*
concentration.

If the external pH > 8 then acidification was minimal.

In this work, pH 6.7 was also too high to achieve acidification.
Monensin and other inhibitors may also interfere with ATP synthesis which
is required to drive proton-pumping ATPase.
It has already been suggested that nigericin causes K* exchange for
H+ involving an ATPase in the acidification process (Burstrom, 1977).
This action of nigericin would again upset the gradient across the plasma
membrane and upset acidification.
The chelation of Ca^* by EGTA or the disturbance of the
intracellular calcium equilibrium by A23187 and verapamil would be
expected to have an effect on acidification.
Ruthenium red is known to inhibit Ca=* sequestration into the
mitochondria (Vasington et aJ, 1972) and it is believed that the
exchange of calcium with the sequestration sites such as the mitochondria
and endoplasmic reticulum normally releases protons (Rasmussen and
Goodman, 1977;

Rose and Ricky, 1978;
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Arruda et al., 1981).

If these

organelles are unable to take up Ca** then there will be no release of
protons and hence no acidification.

The presence of ruthenium red

actually appears to cause alkalinization of the cytoplasm as does the
presence of chlorotetracycline.
The only inhibitor examined which has no inhibitory effect on
acidification was lanthanum chloride.

This is a competitive inhibitor

for calcium-binding sites located on the plasma membrane.

It is

therefore unlikely to prevent the acidification process as it merely
substitutes for Ca** at the external surfaces.
Trifluoperazine has been examined by Bonetti et ai. (1982/83) for
its effect on H* secretion in beet storage tissue and was found to
inhibit the process in the presence of fusicoccin.
result to that obtained in this work.

This is a similar

This effect may depend on the

inactivation of the calcium-calmodulin complex or on consequent changes if
free Ca*+ concentration or non-specific modifications of membrane
structure are altered.
In conclusion, it appears that most of the inhibitors used in this work
prevent acidification to some extent.

However, Taiz (1984) has pointed

out that wall acidification may not always be the factor limiting growth.
Brummer et al, (1984) have claimed that stimulation of the proton pump is
the factor promoting growth and that the resulting wall acidification is
not essential and contributes little to growth.

The next chapter will

examine the ultrastructural effects of these inhibitors on growth but the
effects on acidification can not be totally ignored.
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CHAPTER SIX

CHAPTER SIX

6.

ULTRASTRUCTURAL OBSERVATIONS AFTER TREATMENT OF HYPOCOTYLS WITH CALCIUM
INHIBITORS AND ANTAGONISTS

6.1 Introduction

Within the last three decades, much has been discovered about the
mechanisms of cellular secretion in animal cells.

Studies have revealed

a common mechanism for activation of various secretory systems (e.g.
endocrine or exocrine, neurosecretions, secretion of enzymes and other
proteins, ions and water, etc.).

The chemical or electrical stimulation

of the secretory cell seems always to be coupled to an increase in the
concentration of Ca^* within the cytoplasm just prior to the actual
secretion (Rubin, 1982).

A stimulus brings about a change in the

permeability of the plasma membrane to Ca**, and a passive influx of
Ca** ensues.

This perturbation is thought to trigger such processes as

secretion, muscle contraction and enzyme activation.
There is also substantial evidence from animal cells that calcium
ions stimulate secretory processes by inducing vesicle fusion with the
plasma membrane but there is little available information regarding the
role of these ions in plant cell secretion.

M o r r ^ a n d Vanderwoude (1974)

studied the effect of various calcium chloride concentrations on pollen
tube growth in Liliuu.

They concluded that production and fusion of

vesicles is closely linked with tube extension and is related to calcium
concentration.

Auxin-induced elongation of stem segments is also

inhibited by application of high concentrations of calcium chloride
possibly through direct stiffening of the cell wall (Tagawa and Bonner,
1957;

Burstrom, 1968) or to interference with some aspect of the wall

loosening process (Cleland and Rayle, 1977).

Calcium is also believed to

be necessary for H* secretion (Cohen and Nadler, 1976) and in the
initial lAA response (Brummell and Hall, 1981) as well as in polar
secretion of lAA.

In this work, the role of calcium is most important

with regard to its effect on the secretory process, since it is this
process which is necessary for cell elongation.
The dictyosomes play a central role in secretion in both animal
(Rothman, 1981) and plant (Mollenhauer and Mollenhauer, 1978) cells.
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The

maintenance of the structure and function of the dictyosomes has been
shown to be dependent on specific ion levels in the cytoplasm.

Robinson

(1981) had previously examined the effects of various ionophores selective
for Ca=*, Na* and K"^ and also the chelator EGTA, on the ultrastructure
of the slime-producing cells of maize

, root

caps, and reported that

disruption of the dictyosomes and accumulation of secretory vesicles
occurred.

Pollen tube growth has also been studied after treatment with

the ionophore X537A (Reiss and Herth, 1980) and with calcium antagonists
such as ruthenium red, lanthanum chloride, fluorescein isothiocyanate and
trifluoperazine (Picton and Steer, 1985).

The effect of other

antagonists including verapamil, A23187 and chlorotetracycline have been
examined in pea stem segments (Cunninghame and Hall, 1986).
In this study these chemicals which are known to disrupt ionic
levels, either by virtue of their chelating or ionophoric activity, were
applied to 1 mm Cucuvis segments which had been pre-incubated for either
30, 60 or 90 min in lAA.

The effect on the ultrastructure of the cells

and the change in dictyosomal and secretory vesicle activity was examined
at each stage throughout the biphasic response.

Each inhibitor was

applied for either 5, 15 or 40 min and this effect was also noted.
Moreover, results displayed in this chapter may give some indication of
the reasons why addition of inhibitors at different stages throughout
biphasic growth produces a different response.

6.2 Results

6.2.1 Appearance of Normal Tissue

In transverse section, epidermal cells contain a large central
vacuole surrounded by a layer of cytoplasm.

This is circumvented by thin

inner cell walls and a thick outer wall protected by a thick cuticle
(Plate 3.8).

Observations were restricted to the epidermal cells since

it has been shown in Athena coleoptiles and pea stems that these cells
are the most responsive to lAA treatment (see Section 3.2.3) (Pope, 1978;
Brummell and Hall, 1983).

The state of structural preservation observed

ranged from cells which show irregular plasma membrane (Plate 6.1a) with
abundant smooth endoplasmic reticulum (Plate 6.1b) to cells showing very
dense cytoplasm containing many ribosomes (Plate 6.1c).

This variation

causes some difficulty in determining the effect of different inhibitors.
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Plate 6.1.

Appearance of an epidermal cell from an etiolated 7
day-old Cucumis hypocotyl.

(a) Poorly preserved tissue from the epidermal cell

(x3840).

<b) Tissue fixed after 2 h incubation in distilled water.
Note the abundance of smooth endoplasmic reticulum
(X14400).
(c) This illustrates a much denser region of cytoplasm
containing a great many ribosomes (xlSOOO).

<d) Tissue fixed after 30 min incubation in 0.1 malm"®
lAA.

Note the intact tonoplast and normal appearance of

the mitochondria.

The granular contents of the vacuole

also denote aood fixation (x15000).
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Tissue was regarded as being suitably fixed when the tonoplast and plasma
membrane were intact and the mitochondria, plastids, and other organelles
appeared 'normal' (Plate 6.Id).
Tissue was incubated in 0.1 molrn"* lAA for either 30, 60 or 90 min
and the change in dictyosome and secretory vesicle volume fraction was
estimated by analysis using IBAS.

No obvious difference in structure is

seen in these organelles between that incubated in distilled water and
that incubated in lAA.

There is, however, a change in volume fraction in

this material, and these results were discussed in Chapter 3.

6.2.2 Th* Effect of Lanthanum Chloride on Ultrastructure

Tissue was pre-incubated for either 30, 60 or 90 min in lAA followed
by the addition of 5 molm~® lanthanum chloride for either 5, 15 or 40
min.

This variation in time of incubation in the inhibitor permitted

observation of the rapidity of the effect of the inhibitor on
ultrastructure, at various stages throughout the biphasic response.
Table 6.1 and Fig. 6.1-6.6 illustrate the changes in volume fraction,
perimeter and degree of curvature after various stages of addition of
lanthanum chloride.

Results analysed by IBAS consisted of replicates for

tissue which had been incubated in lanthanum chloride for 15 min.

TABLE 6.1.

Change in volume fraction, perimeter and degree of curvature
of dictyosomes and secretory vesicles after addition of 5
molm~® LaCls for 15 min to an incubation medium containing
0.1 molm~® lAA and 1 mm pieces of excised etiolated Cucu»is
hook + S.E.*

Parameter Time(min)

Volume
Fraction

Perimeter
yjtm)

Degree of
Curvature

Dictyosomes

30
60
90

3.5
3.2
3.6

X

30
60
90

9.6
9.0
8.9

X

30
60
90

66.0
65.0
65.4

X

X
X

X
X

X
X

Secretory Vesicles

10-*
10-=
10-=
lO* + 0.6
10= ± 0.6
iO» + 0.5
10-= t 0.6
10-= + 0.6
10-= ± 0.5

10®
10=
10=

X
X
X

X
X
X

10-=
10-=
10-=

4.2
4.3
4.0

X

5.3
5.9
4.1

X

38.0
36.5
45.6

X
X

X
X

X
X
X

10-1
10-1
10-1
lO* + 0.3
10-* + 0.4
lO"* ± 0.3

X
X
X

10"*
10*
10*

10-= ± 0.2 X 10-1
10-= ± 0.2 X 10-1
10-= ± 0.2 X 1 0 - 1

•(Note that no standard errors are presented for volume fractions values.
This is because S.E. cannot be computed from percentage values).
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Fig. 6.1.

Tower chart illustrating the effect of various inhibitors
after 15 min on the volume fraction of dictyosomes of
etiolated Cucumis which had been incubated in 0.1 molm"® lAA
for different times (Nigericin 2 has been incubated for 40 min)
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Fig. 6.2.

Tower chart illustrating the effect of various inhibitors
after 15 min on the volume fraction of secretory vesicles of
etiolated Cucuais which had been incubated in 0.1 molm"' lAA
for different times (Nigericin 2 has been incubated for 40 min)
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Fig. 6.3.

Tower chart illustrating the effect of various inhibitors
after 15 min on the perimeter of dictyosomes of etiolated
Cucumis which had been incubated in 0.1 molm~® lAA for
different times (Nigericin 2 has been incubated for 40 min)
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Fig. 6.4.

Tower chart illustrating the effect of various inhibitors
after 15 min on the perimeter of secretory vesicles of
etiolated Cucuwis which had been incubated in 0.1 molm"® lAA
for different times (Nigericin 2 has been incubated for 40 min)
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Fig. 6.5.

Tower chart illustrating the effect of various inhibitors
after 15 min on the degree of curvature of dictyosomes of
etiolated Cucumis which had been incubated in 0.1 molm~® lAA
for different times (Niqericin 2 has been incubated for 40 min).
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Fig. 6.6.

Tower chart illustrating the effect of various inhibitors
after 15 min on the degree of curvature of secretory vesicles of
etiolated Cucumis which had been incubated in 0.1 molm~® lAA
for different times (Nigericin 2 has been incubated for 40 min).
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When these results are compared with the control in distilled water
(Table 3.7) and in lAA (Table 3.9), all values are slightly smaller in
most of the parameters measured.
charts (Fig. 6.1-6.6).

These results are presented as tower

When lanthanum chloride is added after 30 min

(Table 6.1), there appears to be a drop in the volume fraction of both
dictyosomes and secretory vesicles, the values being approximately half of
that found in distilled water and a third of that found after incubation
in lAA;

however, there does appear to be a significant difference when a

d-test is performed.

On examination of the electron micrographs, there

is no obvious effect of LaCls on the ultrastructure of the epidermal
cells.

Fine deposits can be seen along the cell wall

(Plate 6.2a).

The

mitochondria appeared normal, but the plasma membrane is rather irregular
in outline.

The dictyosomes appear normal in outline but some appear

very elongated with cisternae lying parallel to each other

(Plate 6.2c).

The cisternae in the centre of the stack are swollen (Plate 6.3b).
Vesicles are found scattered evenly throughout the cytoplasm.

The

perimeter values of both the dictyosomes and secretory vesicles are less
than those of the control.

The P:VF ratio is much larger

(Tables 6.2)

than the control which would indicate that the dictyosomes are perhaps
smaller and more numerous.

The degree of curvature appears only slightly

larger than the control so the dictyosomes may be slightly more circular.
There is little effect seen after incubation in LaCl* for 5 min
except perhaps for some vesiclulation of the smooth endoplasmic reticulum
(Plate 6.4a).

This may be caused by the fixation process as this is seen

in the distilled water controls also.

After 40 min incubation in

LaCls, vesicles can be seen clustered around the dictyosomes (Plate
6.4b) and large areas of electron-transparent material our visible within
the cytoplasm.

In general, there seem to be more vesicles than at other

incubation times and none of the vesicles are seen fusing with the plasma
membrane.
Little effect is seen if LaCls is added for 15 min after 60 min
incubation in lAA.

A decrease in the volume fraction of dictyosomes

occurs which is similar to that seen in lAA alone.

A similar trend to

that observed in lAA or water alone is also observed after addition of
LaCls at 9 0 min.

The change in perimeter and degree of curvature

values follows a similar trend to that in distilled water.

The P:VF

ratio is larger than that seen in the controls (Table 6.2) so there may be
an increase in the actual numbers of vesicles and dictyosomes.
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Plate 6.2 a-c.

Tissue treated with 5 molm~® LaCl? for 15 min
after pre-incubation in 0.1 malm~= lAA for 30 min.
Note the abundance of smooth endoplasmic reticulum, and
irregular outline of the plasma membrane.
LaCls deposits in the wall.

Note also the

Slight swellings can be

seen within the dictyosomes in 6.2c (xl6800).
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Plate 6.3 (a) Tissue was pre-incubated in lAA for 30 min and then
exposed to 5 molm~® LaCl^ for 15 min.

Note the

morphology of the cisternal stack and also the arrangement
of the rough endoplasmic reticulum (xl6800).

(b) In this plate the cisternae are swollen within the stack
(x16800).
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Plate 6.4 (a) Effect on tissue after incubation for 5 min in 5 molm~®
LaCls after a pre-incubation of 30 min in lAA.

Note the

irregular outline of the plasma membrane (>:14000).

(b) Incubation for 40 min in LaCls after a pre-incubation of
30 min in lAA.

Note the thick plasma membrane and

clustering of vesicles and dictyosomes as well as areas of
electron-transparent tissue within the cytoplasm (xl4000).
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TABLE 6.2.

Changes in perimeters volume fraction ratio of dictyosomes
and secretory vesicles of Cucuwis hypocotyls after incubation
in calcium antagonists and inhibitors for different lengths of
time.
Results are calculated from a mean of 15 replicates
assessed by IBAS and are calculated from PiVF ratios from
corresponding tables.

INHIBITOR

TIME(MIN)

DICTYOSOMES (xlO*)

SECRETORY VESICLES (xlO=)

H=0

30
60
90

(205)
(232)
(144)

(68)
(132)
(5)

lAA

30
60
90

(160)
(196)
(199)

(73)
(86)
(51)

LaCI 3

30
60
90

(274)
(281)
(247)

(126)
(137)
(104)

A23187

30
60
90

(295)
(290)
(330)

(152)
(139)
(136)

MONENSIN

30
60
90

(125)
(192)
(214)

(95)
(94)
(92)

NIGERICIN

30
60
90

(200)
(246)
(172)

(103)
(129)
(102)

NIGERICIN

30
60
90

(141)
(95)
(206)

(85)
(59)
(114)
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If the ultrastructure of the tissues is examined when LaCls is
added after 60 min incubation in lAA, large areas of parallel rough
endoplasmic reticulum can often be seen which are slightly swollen (Plate
6.5a).

The mitochondria still appear unaffected.

Fine precipitates of

LaCl* deposits can be seen in the space between the plasma membrane and
cell wall.

Vesicles can be seen clustered around the dictyosomes

6.5b) and the ends of cisternae have become swollen.

(Plate

Large vesicles can

be seen coalescing on the mature face of the dictyosomes (Plate 6.5b).
Vesicles can also be seen in the apoplastic space in this plate.

The

fine precipitate shown along the cell wall indicates that LaCl* is not
actually penetrating the cell cytoplasm and may therefore account for the
relatively unchanged ultrastructure.
If LaCl* is left in the medium for 40 min then elongation of the
cisternae becomes more extreme (Plate 6.6b) and large electrontransparent areas are seen.

Incubation for 5 min in LaCls does not

affect the dictyosomes if added at this stage (Plate 6.6a).
If LaCls is added after 90 min incubation in lAA, large vacuolate
areas are found within the cytoplasm (Plate 6.7a) but vesicle production
by the dictyosomes is not prevented (Plate 6.7b).

If tissue is incubated

for 40 min in LaCl* after being pre-incubated in lAA for 90 min, dense
precipitation is seen in the cell wall (Plate 6.8a).

Vesicles can be

seen budding off dictyosomes normally but remain clustered in their
vicinity.

Even after 5 min incubation in LaCls, vacuolate areas are

observed.

The cause of these can be more readily seen in tissue that was

incubated for 2 h in a preliminary experiment (Plate 6.8c-f).

The ends

of the cisternae have swollen up to form very large vesicles (Plate 6.8c),
the cisternae eventually form a horseshoe shape (Plate 6.8d,e) and may or
may not fuse with the plasma membrane (Plate 6.8f).

Large vesicles can

be seen enclosed within the dictyosome and these vesicles may contribute
towards the electron-transparent areas.

6.2.3 The Effect of EGTA on Ultrastructure

Tissue from the epidermal hook was incubated in 5 molm~® EGTA for
2 h.

This tissue had been previously analysed on the IBAS after this

incubation period.

Results are presented in Table 6.3 and Fig. 6.1-6.6.
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Plate 6.5 (a,b) Treatment of tissue with 5 molm~® LaCl® for 15 min
after 60 min incubation in lAA.

Note the parallel areas

of rough endoplasmic reticulum, preponderance of vesicles
surrounding the dictyosomes and also the presence of
vesicles outside the plasma membrane.
LaCls can be seen in the cell wall.

(a) (x14000)
(b) (X16800)
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Plate 6.6 (a) After a pre-incubation of 60 min in lAA, LaCl® was added
for 5 min.

Note the elongated cisternae and large

vacuolate areas (xl4000).

<b) LaCls was added for 40 min.

The tissue displays curved

dictyosomes and smooth endoplasmic reticulum (14000).
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Plate 6.7 (a,b) Tissue which was pre-incubated in lAA for 90 min and
then exposed to LaCls for 15 min.

Note large vacuolate

areas, vesicles in apoplastic space and dense cytoplasm
(X16800).
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Plate 6.8 <a-b) Tissue incubated for (a) 40 min (fa) 5 min after being
incubated in lAA for 90 min.

Note the presence of large

vesicles.

(c-f) Tissue which was incubated in 5 molm~® LaCl^ for
2 h in the presence of lAA.

Note the elongated cisternae

with swollen ends and large vesicles in the locality.
Also note the cup-shape of the cisterna, enclosing a
large vesicle.

(a) (X12000)
(b)

(X12000)

(c)

(X30000)

(d)

(X14400)

<e)

(X24000)

(f)

(X24000)
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TABLE 6.3. The effect of 5 molm"® EGTA on the volume fraction,
perimeter and degree of curvature of dictyosomes and secretory
vesicles after 2 h in epidermal cells of an etiolated 7
day-old Cucumis hypocotyl hook + S.E.

Parameter

Dictyosomes

Secretory Vesicles

120

22.4 x 10"=

13.1 x lO'i

(pro)

120

15.1

Degree of
Curvature

120

56.8 x 10'= + 0.5 x 10"=

Volume
Fraction

Time(min)

Perimeter
X

10* + 0.1

X

10=

10.1 x 10* + 0.8 x 10*

27.5 x 10-= + 0.2 x lO'*

The most noticeable feature after treatment with EGTA is the increase
of dictyosomal and secretory vesicle volume fractions.

It appears that

the vesicles do not fuse with the plasma membrane but cluster around the
dictyosomes (Plate 6.9a,b>.

The cisternae also tend to swell at the

ends, and these enlarged vesicles bud off and remain in the vicinity of
the maturing face (Plate 6.9c).

In other micrographs, more numerous

small vesicles are seen and are still clustered around the dictyosome
(Plate 6.10a).
with it.

Few vesicles are seen near the plasma membrane or fusing

The mitochondria appear swollen and the latter are filled by

granular material with only a few cisternae in evidence (Plate 6.10b).
Note also the abundance of smooth endoplasmic reticulum.

There are fewer

electron-transparent areas in these micrographs than found after LaCLs
treatment.

The PiVF ratio of the dictyosomes (Table 6.2) is much less

than that observed in the control indicating that the dictyosomes may have
become swollen rather than increasing in numbers.

This is possibly due

to retention of large vesicles at their maturing face.

The degree of

curvature is rather less than normal which might be expected with the
increase in irregularity of outline.

6.2.4 The Effect of A23187 on Ultrastructure

The effect of 5 pgcm"* of A23187 in 2% DMSO was analysed in the
same manner used in the LaCl, survey.
6.4 and Fig. 6.1-6.6.
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Results are presented in Table

Plate 6.9 (a-c) Tissue incubated in 5 molm~® EGTA for 120 min.

Note

clustering of vesicles around the dictyosomes, enlarged
mitochondria and swollen smooth endoplasmic reticulum.
Note also the plasma membrane pulling away from the cell
wal 1.

(a)

(X17500)

(b)

<>! 1 7 5 0 0 )

(c)

(X28000)
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Plate 6.10 (a-c) Portions of cytoplasm from tissue fixed after a 2 h
incubation in 5 molm~® EGTA.

Note the locality of

vesicles in relation to dictyosomes and how swollen the
cisternae are at their periphery.

(a)

(X21000)

<b) (>{17500)
(c) (X17500)
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TABLE 6.4. Changes in volume fraction, perimeter and degree of curvature
of dictyosomes and secretory vesicles after addition of
5 ^gcm~® A23187 in 2% DMSO for 15 min to an incubation medium
containing 0.1 molm"" lAA and 1 mm segments of excised
Cucu»is hypocotyl hook + S.E.

Parameter

Time(min)

30
60
90

Volume
Fraction
Perimeter
(pm)

Degree of
Curvature

Dictyosomes

4. 1
3. 7
2. 6

X
X
X

Secretory Vesicles

10-=
10-z
10-®

30
60
90

12. 1 X 10® t 0.8
10., 6 X 10' ± 0.5
8. 7 X 10® + 0.5

30
60
90

60. 4
65. 8
65. 5

X
X
X

10-= + 0.8
10-= + 0.5
10-= + 0.5

10*
10=
10=

X
X
X

X
X
X

10-=
10-=
10-=

3. 9
5. 2
4. 2

X

5. 9
5. 7
5. 7

X

32.,2
26.,7
32.,8

X

X
X

X
X

X
X

10-1
10-1
10-1
10* + 0.4
10* + 0.3
10* t 0.3
10-= + 0.2
10-= + 0.1
10-= t 0.2

10*
10*
10*

X
X
X

X
X
X

10-1
10-1
10-1

The appearance of tissue after 30 min was very similar to that of tissue
incubated in lAA alone for 30 min.

Mitochondria appear very elongated

and their cisternae were slightly swollen in some of these organelles.
There appears to be some dictyosomal activity at this stage since the ends
of the cisternae on the maturing face are quite swollen and vesicles have
collected in this region (Plate 6.11a).

The plasma membrane is always

found closely appressed to the cell wall, although slight invaginations
can be seen (Plate 6.11b) as well as vesicles located close to the plasma
membrane.
cytoplasm.

Small vesicles are also seen scattered throughout the
Both rough and smooth endoplasmic reticulum can be seen

(Plate 6.11b).
In general, the vesicles seem smaller than in the controls (Fig. 6.4)
and production appears not to be as great.

This is reflected in the low

volume fraction of secretory vesicles shown in Fig. 6.2 compared to the
controls.

There appears to be approximately the same volume fraction of

dictyosomes as found in the controls (Fig. 6.1).

The PsVF ratio would

indicate that both organelles are quite large compared to the controls
(Table 6.2) and that their degree of curvatures are nearly equal which
would be expected for a large irregular body.

Incubation of tissue for

longer periods in A23187 appears to make little difference to the preservation or ultrastructure of the tissue (Plate 6.12a).

A similar result

is observed if tissue is only incubated in A23187 for 5 min (Plate 6.12b).
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Plate 6.11 (a-t>,) Portions of cytoplasm from tissue fixed after 15 min
incubation in 5 jjgcm"® A23187, after a pre-incubation
in lAA for 30 min.

Note the good overall preservation,

and small stacks of dictyosomes <&) and clustered
mitochondria (b) (xl4400).

176

Plate 6.12 <a,b) Tissue incubated in 5 j.igcm~® A23187 for (a) 40 min
(b) 5 min after being pre-incubated in lAA for 30 min.
Note the lack of differentiation of cisternae, and
vesicles clustered around dictyosomes.

(a) (x21000)
(b> (X14000)
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Addition of A23187 after 60 min incubation in lAA causes a decrease
in the volume fraction of dictyosomes (Table 6.4) but an increase in the
volume fraction of secretory vesicles.
observed after incubation in lAA alone.

This trend is similar to that
The size of the vesicles also

may change as the P:VF ratio decreases so the vesicles may be becoming
more numerous and smaller.

However, degree of curvature measurements

suggest that the vesicles are becoming more irregular in outline as the
value is smaller than that seen in controls.

The vesicles in Plate

6.13a,b do appear to be more abundant and scattered evenly throughout the
cytoplasm.

The dictyosomes are also slightly more elongated and may

therefore produce more vesicles (Plate 6.13c).
vesicle production is shown in Plate 6.13d.

Evidence of massive
Invaginations are also

located along the plasma membrane suggesting that vesicles may be fusing.
(Plate 6.13c).
Incubation of the tissue for 5 min does not cause much change to the
ultrastructure or preservation (Plate 6.14a) but incubation for 40 min in
A231B7 does result in poor preservation of cellular features (Plate
6.14b).

The dictyosomes and vesicles budding off from the mature face

can still be identified but the mitochondria appear swollen and the
cytoplasm has lost its uniformity.

Large invaginations can be seen in

the plasma membrane.
Incubation of tissue for 15 min in A23187 after 90 min pre-incubation
in lAA causes a further reduction in the volume fraction of the
dictyosomes, which is unusual as the dictyosomal volume fraction usually
increases after 90 min (Fig. 6.1).

The volume fraction of secretory

vesicles also drops and is well below that observed in the controls (Fig.
6.2).

The perimeter value is approximately the same as that after

incubation in lAA alone but the PiVF ratio indicates a further increase in
size of individual dictyosomes.

Secretory vesicles appear to remain the

same size, but may become more circular.

Fewer dictyosomes are found per

micrograph and those present appear very elongated (Plate 6.15a).
Occasionally swellings can be seen in the cisternae located within the
stack (Plate 6.15a).

The vesicles are small and scattered throughout the

cytoplasm (Plate 6.15b).

Swollen areas of smooth endoplasmic reticulum

are more pronounced and the mitochondria are spherical but contain only a
few swollen cristae.
Incubation of the tissue in A23187 for 5 min may cause a marked
curvature of the cisternae (Plate 6.16a) with large swollen ends.
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Plate 6.13 (a-d) Electron micrographs of tissue after 15 min incubation
in Sj^gcm"* A23187 in 27. DMSO after 60 min preincubation in lAA.

Note abundant vesicles associated

with dictyosomes (xl4400).
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Plate 6.14 Incubation of tissue in 5 jjgcrn"® A23187 in 2% DliSO for
(a) 5 min (b) 40 min after a pre-incubation in lAA of 60 min.
Note in (b) the breakdown of cytoplasm <xi4000).
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Plate 6.15 Appearance of tissue after incubation for 15 min in 5yjgcm"®
A23187 in 27. DMSO after 90 min pre-incubation in lAA.

Note

small vesicles throughout the cytoplasm and the elongated
cisternae.

Note also the small vesicular bodies containing

spherical bodies (xl4400).
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Incubation for 40 min causes disruption of the internal structure of
mitochondria.

It is possible that A23187 causes the production of

more cisternae although this was not examined.

Tissue which had been

incubated for 120 min in 5 ^gcm"® in 2% DMSO, in a previous experiment
was also examined to determine the long term effects of A23187 treatment.
One of the major effects is to cause an apparent elongation of the
cisternae (Plate 6.17a,b) and occasionally these cisternae may appear
fragmented along their length (Plate 6.17c).

Plate 6.17a also reinforces

the observation concerning the swelling of endoplasmic reticulum, while
Plate 6.17d shows clustering of mitochondria adjacent to the dictyosomes.
It is possible that A23187 has caused redistribution of the cellular
organelles.

6.2.5 The Effect of Ruthenium Red on Ultrastructure

Ruthenium red has been used in this work as a selective stain for use
in IBAS experiments and as an inhibitor of growth.

The staining

properties of ruthenium red have already been discussed (Section 3.2.1.4).
Tissue was incubated in lAA for varying periods of time, followed by
ruthenium red treatment for either 5, 15 or 40 min.
The application of ruthenium red after 30 min pre-incubation in lAA
appears to cause good differentiation of membranes and ribosomes,
especially if incubated for 40 min (Plate 6.18a).

Less dense staining of

ribosomes is seen if tissue is only incubated for 5 min (Plate 6.18b).
Mitochondrial structure seems to be affected by the presence of this
chemical.

The cristae can be seen lying in parallel bands in some

organelles (Plate 6.18d) and in general, the mitochondrial outlines are
slightly irregular and their bounding membranes are somewhat disturbed
(Plate 6.18b).

The individual cisternae of dictyosomes are difficult to

identify although vesicles budding off from the mature face can be seen.
Occasionally the smooth endoplasmic reticulum can be seen lying in
parallel bands (Plate 6.18c).
If the addition of ruthenium red occurs after 60 min incubation in
lAA, there appears to be little difference ultrastructurally.

Rough

endoplasmic reticulum can be easily seen due to the dense staining of
associated ribosomes (Plate 6.19a), and the dictyosomes appear to stain up
more heavily at this stage.

Vesicles can be seen in the locality of the

dictyosomes but seldom fused to the plasma membrane (Plate 6.19b).
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Plate 6.16 Tissue incubated in lAA for 90 rain and then treated with
5 |Jigcm~® A23187 in 2% DMSO for (a) 5 min (b) 40 min.

Note

curling of dictyosomal cisternae, large electron-transparent
areas and disorganization of mitochondrial cristae.

(a) (X42000)
(b) (X14000)
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Plate 6.17 Tissue was fixed after incubation in 5jugcm"® A23187
in 2% DliSO for 2 h.

Note elongation of cisternae and also

breaks along the cisterna length (c) as well as clustering of
the mitochondria (d).

(a) (x30000)
<b) (X24000)
<c) (X18000)
(d) (x14400)
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Plate 6.18 Portions of cytoplasm from tissue fixed after (a) 40 min
(b) 5 min (c) 15 min incubation in 1 molm~® ruthenium red.
Note the appearance of mitochondria cristae <d).
the dense staining of ribosomes after 40 min.

(a)

(X14400)

(b) (X18000)
(c)

(X18000)

(d)

<x14400)
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Note also

Plate 6.19 Tissue fixed after a pre-incubation in lAA for 60 min
followed by incubation for (a) 5 min (b) 15 min (c) 40 min in
ruthenium red.

Note the densely stained lines of rough

endoplasmic reticulum, vesicles clustered around dictyosomes.

(a) (X14000)
(b> (x16800)
(c) <x16800)
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Little difference can be seen between the addition of ruthenium red
after 60 or 90 min in 0.I molm~* lAA.

Plate 6.20a shows tissue after 5

min incubation and Plate 6.20c, after 40 min in ruthenium red.
deteriorates after the longer incubation time.

Fixation

Tissue which has been

incubated for 120 min (Plate 6.21) shows a more extreme form of the
effects of ruthenium red.

Tissue treated with ruthenium red is very

similar in structure to tissue incubated in A23187 except for one feature.
With ruthenium red long incubation times appear to produce cup-shaped
dictyosomes (Plate 6.21) which often curve to form complete circles with
granular contents which are not seen after treatment with A23187.

It

appears that the enclosed central area is actually one very large
secretory vesicle or a very swollen cisternae on the maturing face.

Many

small vesicles and irregularities can be seen along the plasma membrane.

6.2.6 The Effect of Verapamil on Ultramtructure

After treatment of tissues with verapamil, successful fixation was
difficult and consequently IBAS analysis of this tissue was not possible.
It was observed that incubation of tissue for 15 min in verapamil
when added after 30 min pre-incubation in lAA, caused ultrastructural
changes including disruption of the mitochondria but left the dictyosome
appearance normal.
(Plate 6.22a).

The cisternae however were not well differentiated

The plasma membrane is often seen as a thin dark line

very close to the cell wall but vesicles are never seen fusing with it.
Even if verapamil is only present for 5 min, mitochondria are slightly
abnormal in appearance (Plate 6.22b).

Incubation for 40 min also causes

deformity in the appearance of the dictyosomes.

The maturing cisternae

swell at the ends and curve inwards (Plate 6.22c) and in some cases form a
complete circle (Plate 6.22d).

Smooth endoplasmic reticulum does not

appear to be much in evidence at any stage.
Tissue which was incubated in verapamil after 60 or 90 min
pre-incubation in water showed little difference in structure to that
examined after 30 min incubation in lAA.

Addition of verapamil for 40

min caused the formation of circular bodies (Plate 6.23a) whereas that
added for 5 min after 90 min incubation had little effect (Plate 6.23b).
Tissue which had been incubated for 120 min in verapamil shows a more
extreme form of these irregularities.

Plate 6.24a demonstrates the

curving of dictyosomal cisternae, some of which contained a large central
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Plate 6.20 Tissue fixed after 90 min pre-incubation in lAA, followed
by either (a) 5 min (b) 15 min or <c) 40 min incubation in
1 molm~® ruthenium red.

Note invaginations along the

plasma membrane and vesicles clustered around the dictyosomes.

(a)

(X21000)

(b) (X16800)
(c)

(X21000)
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Plate 6.21 Incubation of tissue for 120 min in 1 molm~® ruthenium
red.

Note the cup-shaped dictyosomes and completely circular

dictyosomes containing granular contents.
clustering of mitochondria (x27000).
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Note also the
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Plate 6.22 Incubation of tissue in 5 molm~® verapamil after 30 min
pre-incubation in lAA.
(a) 15 min
(b) 5 min
<c-d) Note mitochondrial internal structure, curled dictyosomes
with large vesicles still attached and dense staining of
ribosomes.

(a) (x14400)
(b) (X18500)
(c) (X36000)
<d) <x 18000)
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Plate 6.23 (a) Effect of the addition of 5 molm"® verapamil after
60 min incubation in lAA for 40 min.

Note the curved

structure of dictyosomes <>:21000).

(b) Addition of verapamil for 5 min after 90 min
pre-incubation in lAA.
(>! 14000).
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There are few structural changes

( B

; m K . ^ V^-V': #. ' )

1
J

•5!
«

#

k

&

v;

Plate 6.24 (a-d) Tissue fixed after incubation for 120 min in 5 molm"=
verapamil.

Note the elongated curled dictyosomes,

forming large vesicles.

Note the accumulation of

vesicles along the plasma membrane.

(a) (X30000)
(b) (X36000)
(c) (>! 36000)
(d) (X36000)
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vesicle.

Occasionally dictyosomes contain several cisternae which are

swollen (Plate 6.24c) and these stacks may curve around (Plate 6.24c).
The disruption caused within the cytoplasm is obvious in Plate 6.24d;

one

distended cisternae can be seen with its contents bulging into an
adjoining vacuole (Plate 6.25a).

There are also some multi-vesicular

bodies present.
Large areas of electron-transparent material also exist in this
material, presumably derivations of these swollen cisternae.

This

formation of vesicles leads to breakdown of tissue which gives such poor
structural preservation (Plate 6.25b,c).

Smaller vesicles can also be

distinguished close to the plasma membrane (Plate 6.25d), although one
appears to be fusing.

Long parallel bands of rough endoplasmic reticulum

can also be observed running parallel to the cell wall.

6.2.7 The Effect of Monenmin on Ultrastructure

Monensin is an inhibitor which affects secretory processes
(Robinson, 1981) and so it is not surprising that its major structural
effect is upon the dictyosome.
The most noticeable feature in the presence of monensin is the large
volume fraction of dictyosomal material after 30 min.

On the other hand,

the secretory vesicle volume fraction is much less than the controls (Fig.
6.2).

The PtVF ratio of the dictyosomes is approximately the same as the

controls so it might be concluded that the dictyosomes are the same size
as those present after incubation in lAA alone.

The P:VF ratio of the

secretory vesicles is slightly greater than the control indicating that
the vesicles might have increased slightly in size, if not in number
(Table 6.5).
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Plate 6.25 (a) Tissue fixed after incubation in 5 molm~® verapamil
for 120 min.

Note large vesicles present in vacuoles and

the invaginations into vacuoles

(b-c) Note disruption of cytoplasm.

(d) Note large areas of parallel rough endoplasmic reticulum
and curled cisternae.

(a) (>! 24000)
(b) (x30000)
(c) ( x 9 0 0 0 )
(d)

(X30000)
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TABLE 6.5.

Parameter

Volume
Fraction
Perimeter
(pm)

Degree of
Curvature

Change in volume fraction, perimeter and degree of curvature
of dictyosomes and secretory vesicles after addition of
10 ^gcm~® monensin in 1% ethanol for 5 min to an incubation
medium containing 0.1 molm~® lAA and 1 mm pieces of excised,
etiolated Cucunis hypocotyl hooks ± S.E.

Time(min)

Dictyosomes

30
60
90

11.9
6.9
4.9

30
60
90

14.9
13.2
10.4

30
60
90

62.3
63.1
59.7

X
X
X

X
X
X

X
X
X

Secretory Vesicles

10-=
10-*
10-=

7.8
7.9
9.2

10® t 3.2
10* + 1 . 1
10® + 0.7

10=
10®
10=

X
X
X

10-= ± 0.7
10-= ± 0.7
10-= + 0.7

X
X
X

10-=
10-=
10-=

7.4
7.5
8.4
30.1
31.9
28.5

X
X
X

X
X
X

X
X
X

10-1
10-1
10-:
lO'* + 0.1
10* t 0.5
10* t 0,8

lO'*
10*
10*

X
X
X

10-= t 0.1
10-= t 0.2
10-= + 0.2

X
X
X

10-1
10-1
10-1

When micrographs were examined, the dictyosomes appear abnormal in
appearance (Plate 6.26a,b).

Vesicles can be seen scattered

thoughout the cytoplasm and some can also be seen near the plasma membrane
which is closely appresaed against the cell wall.

There is an abundance

of smooth endoplasmic reticulum and large electron-transparent areas.
These large areas may be explained by the presence of swollen cisternae.
Some of these have curled around to form complete circles (Plates 6.26c)
and in some regions many such vacuoles are observed.

In Plate 6.26d

large vesicles form on the maturing face which would normally have been
expected to bud off before reaching this size.

In some cases, evidence

of mitochondrial damage is evident (Plate 6.26a) where the bounding
membrane is qrenated rather than smooth;

in most cases the cristae appear

swollen.
If tissue is incubated for 40 min in monensin then distortion of
dictyosomes is more pronounced (Plate 6.27).

Single cisternae appear

with a swollen vesicle at one end, or an organelle surrounded by a double
membrane similar to a cisternal membrane containing an electrontransparent body.

If monensin is added for 5 min after the tissue has

been incubated for 60 min in lAA (Table 6.5) the perimeter value is much
greater than the control, indicating that dictyosomes may be becoming
larger or more elongated as well as less numerous.

The secretory

vesicles are increasing in volume fraction but not by any large amount,
and their perimeter does not alter much although they become more
195

Plate 6.26 (a-b) Tissue which had been incubated for 30 min in lAA
and then treated in 10 yjgcm~= monensin dissolved in 1%
ethanol.
(c-d) Note the curled cisterae and large vesicles encompassed
by cisternae.

Note, in general, the crenated appearance

of the mitochondria and swollen cistae.

(a) (X14400)
(b) <x14400)
(c) (X24000)
(d) (X14400)
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%

K g # 0

Plate 6.27 (a-b) Tissue incubated in 10jugcm"® monensin in 1%
ethanol for 40 min after 30 min pre-incubation in lAA.
Note dense cytoplasm, circular cisternae containing small
vesicles and areas of electron-transparent material.

(a) <x16800)
(b)

(X21000)
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circular.
The dictyosomes are still identifiable as stacks but very large
vesicles are produced on the maturing face (Plate 6.28a,c).

In some

cases (Plate 6.28b) the entire stack of cisternae has swollen but in other
cases dictyosomes look quite normal.
mis-shapen (Plate 6.26b).

The mitochondria are rather

Vesicles may also collect in the apoplastic

space (Plate 6.26c,d).
If monensin is added for 40 min after pre-incubation in lAA for 60
min, then gross distortion of the cytoplasm occurs (Plate 6.28e,f>.
Misformed dictyosomes can also be identified (Plate 6.29) with swollen
cristae and secretory vesicles.
If the tissue is incubated for 90 min in lAA and then monensin is
added for 5 min, the dictyosomal volume fraction decreases further as does
the perimeter value.

The P:VF ratio increases which would imply that the

dictyosomes are becoming more irregular which equates with a decrease in
degree of curvature.

The secretory vesicles increase slightly with a

concurrent increase in their perimeter.

It appears that the secretory

vesicles are still being produced but that the dictyosomes are altered in
shape.

This agrees with the appearance of the tissue.

Large vesicles

have budded off, although these may be swollen cisternae (Plate 6.30a,b).
The vesicles appear to be developing on all the cisternae (Plate 6.30c,d).
What is not considered by IBAG analysis are the large electrontransparent areas which predominate the tissue after incubation with this
inhibitor.

These may be of dictyosomal origin and should therefore have

been included in the results or they may be of endoplasmic reticulum
origin.

6.2.8 The Effect of Trifluoperazine on Ultra&tructure

This tissue was incubated in lAA for 30, 60 and 90 min and then
20x10~®fflolm~® trifluoperazine was added for different incubation times
and the effects on ultrastructure observed.
The most noticeable feature is the arrangement of the cisternae
within the dictyosome.

They appear to be stacked in very elongated

parallel bundles (Plate 6.31a,b) and may have more cisternae than is
usual;

most dictyosomes observed after treatment in lAA or distilled

water possessed 3-4.

Many vesicles can be seen budding off but most

remain in the vicinity of the dictyosome (Plate 6.31c).
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Plate 6.28 (a-c) Tissue incubated in lAA for 60 min and then treated
with 10 pgcrn"® monensin in 1% ethanol for 5 min.

Note

the enlarged stacks of cisternae, and collection of
vesicles in the apoplastic space.

Note also the

crenated appearance of mitochondria (xl4400).

(d-f)

Tissue incubated in monensin for 40 min.

Note the

long bands of rough endoplasmic reticulum and vesicular
areas of cytoplasm.

(d)

(X24000)

(e) (X12000)
(f)

(X12000)
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Plate 6.29 Tissue incubated in 10 |igcm~® monensin for 40 min after
pre-incubation in lAA for 60 min.
dictyosomes <xl6800).
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Note the mis-shapen

* A

-C

Plate 6.30 <a-d)

Tissue pre-incubated for 90 min in lAA and then
treated with 10 ^tgcm"* monensin in 1% ethanol for
5 min.

Note the swollen vesicles of the periphery of

the dictyosomal stacks and the swollen smooth endoplasmic
reticulum.

(a) (X16800)
(b) (x24000>
(c) (x 16800)
<d) <x16800)
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Plate 6.31

(a-c) After pre-incubation in lAA for 9 0 min, tissue was
treated in 20xl0~®molm"® trifluoperazine for 40 min.
Note the straight, elongated cisternae surrounded by
small vesicles.

Note also the vesicles in the

apoplastic space.

(a)

(X28000)

(b) (X28000)
<c) (X42000)
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It is difficult to tell whether addition of trifluoperazine at
different stages during lAA incubation causes any change to
ultrastructure.

The individual cisternae may not be as clearly

delineated when addition occurs after 30 min as they are when addition
occurs after 90 min (Plate 6.32a,b).

Occasionally, black deposits are

seen within the mitochondrial matrix but otherwise mitochondria appear
normal (Plate 6.33a,b).

Trifluoperazine does not appear to have a major

effect on ultrastructure.

6.2.9 The Effect of Cytochalasin D on Ultrastructure

The ultrastructural changes in this tissue were not analysed by IDAS
but a similar procedure of adding cytochalasin D to the tissue for
different times at different stages of growth in lAA was performed.
Tissue was very disrupted after incubation for 40 min in cytochalasin
D.

Cytoplasm either became "thin" or else very dense (Plate 6.34a,b) and

fixation in either state was never very reliable.
appear distorted (Plate 6.34c).

The mitochondria also

Large amounts of electron-transparent

material can be observed in Plate 6.34d, especially in conjunction with
the dictyosomes.

They are swollen at both the forming and maturing face.

Vesicles can be seen throughout the cytoplasm but none are seen fusing
with the plasma membrane.
(Plate 6.35a).

Many are seen clustered around the dictyosomes

It may be that vesicles fuse to give the appearance of

tissue as shown in Plate 6.35b.
clustering of mitochondria.

This plate also provides evidence of

Incubation of tissue for 15 min in

cytochalasin D also causes clustering, even if added after 30 min
incubation in lAA (Plate 6.35c).

No difference can be determined between

the effects of added cytochalasin D at 30, 60 or 90 min in lAA.

The

rough endoplasmic reticulum does not appear to be disturbed at any stage
by addition of cytochalasin D.

6.2.10 The Effect of Nigericin on Ultrastructure

Initially the effect of incubation of tissue in nigericin for 15 min
was examined;
lAA.

the chemical being added after 30, 60 or 90 incubation in

However, it was discovered that nigericin had little effect and so

the incubation time was increased to 40 min.

Hence two sets of results

are presented for this survey (Table 6.6 and 6.7).

203

Plate 6.32 <a-b) Tissue incubated for (a) 90 min (b) 30 min in lAA and
then treated for 40 min in 20x10~®molm~®
trifluoperazine.
cisternae (b).

Note the lack of defihition of some
Note also the large areas of electron-

transparent material.

(a)

(X21000)

(b)

(X14000)
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m

Plate 6.33 (a-b) Tissue treated in trifluoperazine for (a) 5 min
(b) 40 min after a pre-incubation in lAA for 30 min.
Note the dense deposits within the mitochondria, as well
as electron-transparent tissue.

(a)

(X21000)

<b) (x14000)
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Plate 6.34 (a) Incubation of tissue for 40 min in 10 |jigcm~®
cytochalasin D and 2% DMSO. Note the state of the cytoplasm
and the degree of preservation <xl4400).

(b) Note the bands of rough endoplasmic reticulum are
clearly distinguishable.

Note also the abundance of

vacuole-like bodies in the cytoplasm (xl4400).

(c) This plate illustrates the distortion of mitochondria
(>; 18000)

(d) Note the swollen dictyosome and surrounding vesicles as
well as electron-transparent areas (xl400).
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Plate 6.35 (a-c) Effect of 10

cytochalasin in 2% DMSO added

after 30 min incubation in lAA.

Note the clustering of

vesicles around the dictyosomes and the clustering of
mitochondria.

Note also the formation of large vesicles

within the cytoplasm.

(a) (X16800)
(b) (X14500)
(c) <x16800)
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TABLE 6.6.

Parameter

Volume
Fraction
Perimeter
(^m)

Degree of
Curvature

TABLE 6.7.

Parameter

Volume
Fraction
Perimeter
(yim)

Degree of
Curvature

Change in volume fraction, perimeter and degree of curvature
of dictyosomes and secretory vesicles after incubation in
0.5xiO~®molm~® nigericin in 17, ethanol for 15 min following
incubation for varying periods of time in a solution of lAA
containing 1 mm segments of excised, etiolated Cucumis
hypocotyl hooks + S.E.

Time(min)

Dictyosomes

30
60
90

6. 1
4. 8
B, 9

X

30
60
90

12. 2
11. 9
14. 7

X

30
60
90

64.,8
63.,7
62. 2

X

X
X

X
X

X
X

Secretory vesicles

10-=
10-=
10-=
10* + 0.9
1 0 ® + 0.7
10® + 1.2

10=
10»
10»

X
X
X

10-= t 0.5 )< 10-=
10-= + 0.6 >< 10-=
10-= ± 0.8 )< 10-=

7. 0
5. 2
6. 9

X

7. 2
6. 8
7. 0

X

X
X

X
X

10-1
10-1
10-1
10* + 0.4
10* + 0.4
10* + 0.5

X

10*
10*

X

10*

X

30. 4 X 10-= * 0.2
30. 6 X 10-= + 0.2
32., 1X 10-= ± 0.2

X

10-1
10-1

X

10-1

X

Changes in volume fraction, perimeter and degree of
curvature of dictyosomes and secretory vesicles after addition
of 0.5xiO~®(nolm~® nigericin for 40 min to an incubation
medium containing 0.1 molm~® lAA and 1 mm segments of excised,
etiolated Cucuais hypocotyl hooks + S.E.

Time(min)

Dictyosomes

30
60
90

11.5
23.2
7.6

X

30
60
90

16.2
22.2
15.7

X

30
60
90

62.5
59.7
58.3

X

X
X

X
X

X
X

Secretory vesicles

10-=
10-=
10-=

9.5
12.1
5.9

10® + 1.3
10® + 1.9
10® + 0.9
10-= + 0.8
10-= + 0.9
10-= + 0.7
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10®
10®
10®

X
X
X

X
X
X

10-=
10-=
10-=

8.0
7.1
6.7
38.2
47.7
33.7

X
X
X

X
X
X

X
X
X

10-1
10-1
10-1
10* + 0.5
10* ± 0.4
10* + 0.3

10*
10*
10*

X
X

10-= + 0.2
10-= + 0.2
10-= + 0.2

X

X
X
X

10-1
10-1
10-1

The volume fraction of dictyosomes in tissue incubated in nigericin
for 40 min is much higher than that in tissue incubated for only 15 min.
With the latter, this value is approximately the same as that found in the
control

(Fig. 6.1).

After 40 min incubation the perimeter value of the

xtletyoBomes is larger, but the PiVF ratio (Table 6.2) is less than the
control or after treatment in nigericin for 15 min;
the dictyosomes have become swollen.

this indicates that

The volume fraction of secretory

vesicles is also much reduced compared to the controls (Fig. 6.2). In the
case of tissue treated in nigericin for 15 min, the P:VF ratio is much
higher than the controls (Table 6.2).

Therefore the dictyosomes,

although remaining the same size, may have elongated.
The micrographs demonstrate that after 15 min incubation in nigericin
added after 30 min pre-incubation in lAA, the cisternae are beginning to
curl, especially the longer ones located at the maturing face (Plate
6.36a,b).

Several of the cisternae have produced vesicles at the

maturing face.

Some cisternae exhibit abnormalities such as continuous

circular bodies (Plate 6.36c).
Incubation for 40 min at this stage produces less well preserved
cytoplasm (Plate 6.36d-f).
tissue to nigericin.

Plate 6.37a depicts a typical reaction of

The Golgi apparatus appears to become circular,

surrounded by a continuous membrane.

Small vesicles can be seen

throughout the cytoplasm but most appear to contribute to the large
vesicles seen around the dictyosomes (Plate 6.37b).

The mitochondrial

profiles are rather crenated with swollen cisternae and smooth endoplasmic
reticulum.
If tissue is incubated in lAA for 60 min and nigericin is then added
for 15 min, the volume fraction of both dictyosomes and secretory vesicles
decreases (Fig. 6.1, 6.2).
also decrease (Fig. 6.3-6.6).

The perimeter and degree of curvature values
The P:VF ratio increases suggesting that

the dictyosomes are becoming more elongated or irregular in outline.
Incubation for 40 min in nigericin causes an increase in the P:VF ratio
indicating that the dictyosomes are becoming more swollen.
Electron micrographs of these treatments illustrate how the
dictyosomes have become more elongated and the cisternae stacks thinner
(Plate 6.38a).

Vesicles are seen around the dictyosomes and in the

locality of the plasma membrane which is also very irregular in outline.
Occasionally individual cisternae within the stack have become swollen but
the edges of the stack remain normal

(Plate 6.38b).
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The mitochondria in

Plate 6.36 (a-c) Tissue incubated in lAA for 30 min and then treated
with 0.5xl0-=molm-= nigericin in 1% ethanol for
15 min.
the

Note the curling of the cisternae especially on

maturing

face

and

the

continuous circular bodies

(x14400).

(d-f) Tissue treated with nigericin for 40 min.

The

cytoplasm is less well preserved and illustrates enlarged
mitochondria (xl4400).
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Plate 6.37 <a-b) Tissue incubated in lAA for 30 min followed by
treatment in nigericin for 40 min.

Note the circular

appearance of dictyosomes and large vesicles (xl6800).
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Plate 6.38 (a-c) Tissue incubated for 15 min in 0.5xl0~®molm~®
nigericin in 1% ethanol after a pre-incubation of 60 min
in lAA.

Note the elongated cisternae and the swelling of

the individual cisternae (x16800).
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some sections have become elongated and distorted (Plate 6.38c).

There

is little evidence of the presence of rough endoplasmic reticulum after
treatment with nigericin.
Incubation for 40 min in nigericin causes a major increase in both
dictyosomal and secretory vesicle volume fraction (Table 6.7).
reason for this is demonstrated in Plate 6.39a.

The main

The dictyosomal

cisternae have curled around to form complete circles.

Very few small

secretory vesicles are seen although some collect in the apoplastic space.
Those vesicles, which contribute most to the volume fraction, are engorged
ones located at the maturing face of the dictyosome and may actually be
swollen cisternae and not vesicles.

Mitochondria contain swollen cristas

and possess irregular double membranes.

The smooth endoplasmic reticulum

is more prominent after this incubation time.

Large areas of

electron-transparent material can also be found at this stage (Plate
6.40a).

Plate 6.40b gives some indication as to the origin of these

vesicles as the entire dictysomal stack has swollen up to produce large
electron-transparent areas.
be seen in Plate 6.40b.

Distortion of the plasma membrane can also

Vesicles have collected in the periplasmic space

and some appear to have fused to form long sheets of vesicular-like
material.
Tissue incubated for 90 min in lAA before being incubated for 15 min
in nigericin shows an increase in dictyosomal and secretory vesicle volume
fraction but a decrease in PsVF ratio.
organelles have become more swollen.

This may indicate that both
This increase is not seen after 40

min incubation in nigericin although an increase occurs in the P:VF ratio,
suggesting that a longer incubation time may cause organelles to elongate.
The cisternae in tissue treated for 15 min in nigericin are beginning
to swell (Plate 6.41a) and there also may be an increase in cisternal
number.

The ends of the cisternae also swell

(Plate 6.41b,c).

More

numerous and larger vesicles are seen scattered throughout the cytoplasm.
In tissue treated for 40 min with nigericin the dictyosomes appear to
be inactive (Plate 6.42a).
dictyosome.

Few vesicles are seen forming on the

Mitochondria also appear twisted (Plate 6.42b).

The

standard of preservation after treatment with nigericin is quite
acceptable at all stages.
If tissue is incubated in nigericin for 120 min then more extreme
effects can be seen.

Plate 6.43a-d illustrates swollen dictyosomes which

are barely identifiable while swollen endoplasmic reticulum is obvious.
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Plate 6.39 <a-b) Tissue incubated in 0.5xi0~®raoim~® nigericin in
1% ethanol for 40 min after a pre-incubation in lAA of 60
min.
the

Note the distorted dictyosomes, swollen vesicles at
mature

face

and

reticulum (xl6800).

U4

the

swollen

smooth

endoplasmic

Plate 6.40 <a-b) Tissue treated with nigericin for 40 min after a 60 min
incubation in lAA.

Note the swollen dictyosomes, large

amounts of electron-transparent tissue and vesicles
collecting in the periplasmic space <>: 16800).
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Plate 6.41 (a-c) Tissue which has been pre-incubated in lAA for 90 min
and

then treated with 0.5>;10~®molm~® nigericin in 17.

ethanol

for

15

cisternae, swollen

min.
smooth

Note

the

swollen

of

endoplasmic reticulum and the

large amount of electron-transparent material

!16

stacks

(xl6800).
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Plate 6.42 (a-b) Tissue treated with nigericin for 40 min after a
pre-incubation in lAA for 90 min.

Note the elongated

twisted mitochondria and small dictyosomes (xl6800).
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€

Plate 6.43 (a-d) Tissue which has been incubated in nigericin for 120
min illustrates extreme effects of this inhibitor.
the swollen vesicles and cisternae.

(a) (x18000)
(b)

(X18000)

(c)

(X24000)

(d)

(X14400)
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Note also the swelling of associated mitochondria.

Small vesicles can

also be seen forming blebs into the periplasmic space (Plate 6.43a).

The

overall effect of nigericin on ultrastructure is very similar to that of
monensin.

6.3.

Discussion

In order for a plant cell to elongate it must synthesize new plasma
membrane and cell wall material.

In many tissues this cell elongation is

believed to be under auxin control.

Thus the application of auxin might

be expected to have some effect on the endomembrane system.

The

endomembrane concept has been proposed to account for the synthesis of the
plasma membrane in all eukaryotic cells (Morr^and Mollenhauer, 1974;
Morre^ 1977) and envisages a flow of membrane components from the
endoplasmic reticulum to the cell surface via the dictyosome.

Thus it is

not surprising that one of the major observations made in this work
concerns the alteration in the morphology of the dictyosomes and their
associated vesicles after treatment with chemicals which are known to
inhibit elongation growth.
The question of how lAA induces this extension growth has puzzled
plant physiologists since its discovery.

Auxin treatment has been shown

to increase utilization of dictyosomes in plant cells (Quaite et ai.,
1983;

Cunninghame and Hall, 1985).

Presumably the application of lAA

merely increases the demand on secretory processes and may enhance the
response to the action of inhibitors which would then be more readily
detected.
It has also been observed that the plant's response to auxin is
biphasic;

the first is thought to be acid-induced and the second involves

the production of new plasma membrane and cell wall material by
dictyosomes.

For this reason the inhibitors used in this study were

applied at different stages throughout the growth response.
The most pronounced effect on the ultrastructure of tissues was
caused by the ionophores.

These have been widely employed to increase

membrane permeability to specific ions, particularly Ca=+.

Such an

alteration of membrane permeability may have affected the penetration
properties of the tissue to fixatives.

In this work tissue was incubated

for a range of times and usually the effect on ultrastructure after 40 min
incubation time was much more pronounced than after 5 min except in the
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case of monensin (this tissue was only incubated for 5 min as the change
in structure was drastic after this time).

It is interesting to note

that Hollenhauer et al. (1982) suggested that monensin altered the
dictyosome in some way so that the swelling of the cisternae was enhanced
by glutaraldehyde-osmium tetroxide fixation.
is unknown.

The cause of the swelling

Animal dictyosomes also swell irt response to monensin,

regardless of the fixation technique used (Tartakoff and Vassalli, 1978;
Ledger et ai., 1980).

One possible explanation for the swelling of

cisternae may be a change in the ionic composition of the intracisternal
spaces.

A similar swelling is observed after incubation with monensin

and nigericin (Plate 6.26c, 6.28c, 6.29, 6.37) and to a much lesser extent
after long incubation of 120 min in ruthenium red (Plate 6.21) and after
40 min incubation in verapamil

(Plate 6.22c,d).

In the case of ruthenium

red and verapamil, the swelling is also probably caused by disruption of
the internal ionic environment and will be discussed later.
Monensin and nigericin are both monovalent-cation exchanging
ionophores (Griffing and Ray, 1985).

Monensin transports H* ions in

exchange for Na* ions and thus causes the collapse of proton gradients
existing across membranes.

Nigericin functions in a similar manner

except that it exchanges K* ions for H* ions.

It has been well

illustrated that these ionophores perturb the dictyosomes when applied to
plant cells (Mollenhauer et ai., 1982;

Robinson, 1981).

It is not

known how monovalent cations cause this disruption, although Griffing and
Ray (1985) have proposed one model which suggests that nigericin blocks
the export of Golgi-secreted cell wall matrix polysaccharides from pea
cells and causes an accumulation of product-containing vesicles in the
cytoplasm.

These vesicles may be cisternal vesicles and their formation

may prevent normal vesicle formation.

They suggest that the functioning

of Golgi cisternae, and possibly exocytosis, requires an acid pH in the
Golgi system.

This then forms part of an osmotic mechanism that

compressses and flattens the cisternae and allows them to extrude their
contents into secretory vesicles.
Dilation and fusion of dictyosome vesicles has also been reported
after treatment with monensin in animal cells (Tartakoff and Vassalli,
1978) and in maize root cap cells (Robinson, 1981), the effects being
ascribed to cytoplasmic ionic changes.

Tartakoff and Vassalli

(1978)

proposed that Na*- and K*-specific pumps on the dictyosome, normally
concerned with water efflux, are adversely affected.
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Robinson (1981)

revealed that vesiculation of dictyosome was due to changes in ion levels
suggesting that internal ion belance within the cytoplasm is of
considerable importance in the functioning of the dictyosome.

He found

that the effects seen after treatment with monensin and nigerxcin could
also be observed after treatment with ionophores selective for Ca*+
(A23187, X537A) and the chelator EGTA.
work.

This was not observed in this

Ultrastructural changes were noted after incubation in EGTA (Plate

6.9) and A23187 (Plate 6.13) but no pronounced swelling of cisternae was
observed.

There was however an accumulation of vesicles within the

cytoplasm and, in particular, adjacent to the dictyosomes.
Treatment with monensin in this work produced large swollen cisternae
(Plate 6.26) often forming complete circles.
be seen around the dictyosomes.

Small vesicles could also

Many biochemical studies have been

carried out to investigate the effect of monensin.

Griffiths et al.

(1983) illustrated by immunoelectron microscopy that proteins accumulate
in the middle of dictyosomal stacks.

The 'cis' and 'trans' part of the

dictyosomal stack are biochemically distinct and monensin may therefore
cause a block within it.

It is thought that monensin exerts its effect

by intercalating into the membranes and abolishing the ion gradients
through an electroneutral exchange of protons for monovalent cations
(Tartakoff, 1980).

The exact mechanism by which monensin produces a

secretory blockage and causes ultrastructural changes is unknown.

Some

ionophores have been shown to accumulate preferentially in intracellular
membranes probably due to partitioning of these hydrophobic molecules into
such lipid-rich regions of the cell.

Monensin has also been reported as

causing an intracellular accumulation of procollagen and fibronectin in
the endoplasmic reticulum, indicating that either the transport product
out of the endoplasmic reticulum is inhibited or that accumulation of
newly synthesized products from the dictyosome extends back into the
endoplasmic reticulum.
unaffected.

This organelle seemed to be relatively

Mollenhauer ei al. (1982) reported that monensin appeared

to affect only the mature half of plant dictyosomes.

Thus, the increase

in dilated secretory vesicles may be because of accumulation of
polysaccharide material in the cisternae.

This build-up of material

clearly destined for export to the plasma membrane could cause a
growth-limiting affect and would be particularly prominent during the
second phase of the biphasic response.

Addition of monensin or nigericin

after 90 min clearly reduces the volume fraction of dictyosomes and, in
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the case of monensin, increases the amount of secretory vesicle material.
This would be expected if the vesicles were accumulating in the cytoplasm,
from such a reduced volume fraction of functioning dictyosomes.
Treatment with nigericin appears to have no clear cut effect.

The

cisternae may increase in numbers if added after 90 min but their
structure seems to be affected at all stages.

Large areas of

electron-transparent tissue can also be observed;
from swollen cisternae (Plate 6.40).

these may be derived

If this is the case, the low volume

fraction of secretory vesicles recorded after 90 min in tissue treated
with nigericin for either 15 or 40 min, may be anomalous because the
electron-transparent areas have not been included in the analysis.
The ionophore A23187 disrupts organelle zonation found in tips of
elongating pollen tubes, disorientates exocytosis (Reiss and Herth, 1979a;
1980), and produces irregular wall thickening (Picton and Steer, 1982).
The only effects observed in Cucuwis hypocotyl after treatment with
A23187 are occasional clustering of mitochondria (Plate 6.lie).

A23187

functions by inducing an influx of Ca=+ through the cell membrane in
exchange for H"*" (Reiss and Herth, 1979a).

Two molecules of A23187 are

capable of complexing with a divalent cation and thus binding to cell
membranes containing calcium.

This allows the calcium to diffuse through

the membrane along a concentration gradient.

It appears from this work

that disruption of the internal calcium concentration in the above manner
did not cause any major distortion of dictyosomal morphology but did cause
a reduction in their size and shape when compared to the effect of other
inhibitors (Fig. 6.1-6.6).

No cup-shaped dictyosomes were observed.

This observation was supported by work reported by Glas and Robinson
(1982) who treated cultured Acer pseudoplatanus

cells with chelators and

ionophores including EDTA, chlorotetracycline, A23187 and monensin;
of these induced cup-shaped dictyosomes.

none

This phenomenon is believed to

occur when tissue is exposed to inhibitors of energy metabolism (Robinson,
1981).

Vesicle release is believed to be an energy-requiring process

(Jamieson and Palade, 1968;

Robinson and Ray, 1977).

Vesicle fusion was

not inhibited in those tissues which exhibited cup-shaped dictyosomes.
Cup-shaped dictyosomes were observed in tissue which had been treated with
ruthenium red (Plate 6.19), monensin (Plate 6.26, 6.27), nigericin (Plate
6.36d, 6.37a) and lanthanum chloride (Plate 6.6).

It is interesting to

note that in the case of these last two inhibitors, the calcium balance
within the cell may have been disrupted and as a consequence the
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dictyosomes might have formed circular bodies.

One would expect A231B7

to also be among those listed as promoting curling of dictyosomes but this
result may be due to the low concentration employed and/or the short
incubation time.

Longer incubation times of 40 min serve only to make

the cisternae less distinguishable (Plate 6.16b).

Addition of A23187

throughout the experiment appears to gradually reduce the volume fraction
of dictyosomes but to increase the volume fraction of secretory vesicles.
However, when the perimeter values are considered, dictyosomes are found
to increase in length and more cisternae may be produced.

Interestingly,

exposure of tissue to A23187 for 120 min causes cisternae to develop
apparent breaks along their length (Plate 6.17c).

Dark bands can also be

distinguished.
Extension is thought to be controlled by the rate of vesicle fusion
and rigidity of the wall, according to the mechanism proposed for pollen
tube extension (Picton and Steer, 1982;

1983).

Both these processes are

influenced by the prevailing Ca^* concentration.

Disruption of the

Ca*+ equilibrium with ionophores is thought to result in an increased
stiffening of the cell wall but to still permit continued vesicle fusion
(Picton and Steer, 1983).

Stiffening effects on the cell wall of other

elongating plant cells are also known to occur in the presence of
increased Ca®* levels (Thimann and Schneider, 1938;
1957;

Tagawa and Bonner,

Burstrom, 1968) and La** levels (Pickard, 1970).

Morris and

Northcote (1977) showed that calcium induced fusion of secretory vesicles
with the plasma membrane but fusion was also promoted by lanthanum
chloride.

La** is a competitive inhibitior of the calcium binding

process and inhibits mitochondrial calcium uptake in vitro much more
than ruthenium red (Reed and Bygrave, 1974).
In Cucu»is cells, lanthanum chloride causes a major reduction in
the volume fraction of dictyosomes and secretory vesicles compared to the
controls.

This chemical also causes a change in dictyosomal shape.

There appears to be no difference in the amount of material present after
addition at any stage in the biphasic response.

It may therefore be that

the inhibitory effect of lanthanum chloride is caused by reducing the
supply of material to the cell wall or that cell wall extension has been
reduced.
Chelators of Ca=+ such as EBTA cause

a large increase in the

volume fraction of both dictyosomes and secretory vesicles suggesting that
the secretory vesicles were retained on the dictyosome.
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Those which do

bud off collect in the vicinity of the dictyosomes rather than fusing with
the plasma membrane.

Some reports have observed that chelators act as

growth promoters (Heath and Clark, 1956) presumably by removing Ca**
from the wall.
Other inhibitors which might be expected to upset the calcium balance
within the cytoplasm were examined.

Ruthenium red is known to prevent

calcium sequestration by the mitochondria.

Prolonged incubation of

120

min causes dictyosomes to adopt a curled shape (Plate 6.21).
Morphological changes caused by ruthenium red have been observed in pollen
tubes (Picton and Steer, 1985).

In Cucumis, arrangement of

mitochondrial cristae and smooth endoplasmic reticulum have also been
affected (Plate 6.18).

This provides evidence that calcium sequestration

by the mitochondria may be of importance in the functioning of
dictyosomes.
Trifluoperazine is an antagonist of the calcium-regulating protein
calmodulin and it also inhibits growth (Roufogalis et al., 1983).

In

this study, cisternae were found to be arranged in very long straight
parallel groups (Plate 6.31) with clusters of small vesicles around the
dictyosomes.

There was some indication of an increased number of

cisternae and that vesicles may be fusing to the plasma membrane.
Although trifluoperazine is inhibitory to growth, its inhibitory action
must include disruptive actions on cellular activities other than on the
dictyosomes.

It does not appear to prevent vesicle fusion with the

plasma membrane.
Cytochalasin D was examined but adequate fixation was difficult to
achieve.

Mitochondria and dictyosomes were both distorted.

There was,

however, some evidence in this work that vesicles tend to cluster around
the dictyosomes after this treatment (Plate 6.35).
Pope ei aJ. (1979) using cytochalasin B found no effect after 90
min incubation except to cause cytoplasm to become more dense;

after 30

min a slight accumulation of vesicles around the dictyosomes was observed.
Chrispeels (1976) suggests that cytochalasin does not affect secretion in
higher plants.

However, some workers have reported effects on secretion

by, perhaps, interference with loading of vesicles on the microfilamentdependent transport system (Plagemann and Estensen, 1972).

Two possible

explanations have been put forward to explain the propelling force and
mechanism of vesicle migration.

Quantrano (1978) assumed that

electrophoresis-like migration of vesicles takes place along an
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electrochemical gradient in the cell.

Cytochalasin B does cause the

breakdown of the microfilaments (Godman, et ai., 1980;
1980;

Raizada, et ai., 1981).

Lin and Lin,

It appears that the metabolic

activities and molecular mechanism of cytochalasin D action are
wide-ranging.
In conclusion, the effects observed with inhibitor treatment, with the
exception of nigericin and monensin, were less severe than found in other
tissues reported in the literature (e.g. Robinson, 1981;
Robinson, 1981;

Griffing and Ray, 1985;

Bias and

Picton and Steer, 1985).

This

may be due to the lower concentrations used and the difficulty which the
inhibitor may have had in penetrating the tissue which had not been
abraded.

The incubation times were also relatively short.

The

secretory activity of the tissue may also be much lower than that involved
in pollen tube growth and maize root cap formation.

It appears that most

inhibitors affect morphology of dictyosomes when added at any time during
the growth response.

The time allowed for penetration of the chemical

must also be considered.

In the case of monensin, 5 min did appear to be

ample time to evoke a response but perhaps more response would have been
observed if other inhibitors, e.g. A23187, had been incubated for longer.
The results presented here demonstrate that alteration of the calcium
equilibrium both internally and externally causes a disruption of the
dictyosome morphology.

This is particularly noticeable after treatment

with monensin, nigericin, verapamil and ruthenium red.

The activity of

the dictyosome was affected by A23187, EGTA and lanthanum chloride.
Mitochondrial activity may also be affected by verapamil, cytochalasin D,
nigericin and monensin.

Such observations suggest that organelle

structure and possibly secretion of cell wall materials may be dependent
on the ionic balance in the cells and that the disruption of this balance
may in part lead to an inhibition of elongation.
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CHAPTER SEVEN

CHAPTER SEVEN

GENERAL DISCUSSION

The dynamic secretory pathway leading to the release of extracellular
molecules destined to become incorporated into the cell wall is a key
morphological process in plant cells.

This system requires energy

utilization (i.e. ATP hydrolysis) and the participation of most components
of the cell's endomembrane system (Robinson, 1980).

The ultrastructural

observations of different regions of the expanding hypocotyl demonstrated
how this endomembrane system develops to accommodate increasing cell size.
As the vacuolar volume enlarges, the cytoplasm is forced into a peripheral
position.

The volume occupied by the cellular organelles remains

relatively constant except for that of the secretory vesicles.

It

appears then, that a similar or slightly greater volume of dictyosomes can
manufacture a much greater volume of secretory vesicles.

This increased

production of secretory vesicles may be caused by either an increase in
the actual number of dictyosomes with these new dictyosomes being smaller
or else by a change in the conformation of the existing dictyosomes.
This would provide a greater surface area available for secretory vesicles
to bud off.

This increase in surface area may be brought about by

flattening of the cisternal stack, so that there is a larger perimeter.
This increase would not then result in a noticeable increase in volume
fraction, but values such as perimeter and degree of curvature might be
expected to change.
Incubation of Cucuwis tissue with lAA rapidly increases the
abundance of these dictyosomes.

This increase has also been noted by

Gawlik and Shen-Miller (1974) in Avena, Quaite et al.,

(1983) in

and Cunninghame and Hall (1985) in pea stem segments.

It should

be noted that the behaviour of dictyosomes is slightly different depending
on the presence or absence of lAA.

Incubation in distilled water leads

to a decrease in the volume fraction of dictyosomes, which increase only
after 60 min whereas in the presence of lAA there is an immediate
increase, presumably stimulated by lAA.

The lAA appears to stimulate an

increase in volume fraction of dictyosomes above that observed in
distilled water (Table 3.11).
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Disruption of the secretory activity of dictyosomes was achieved
using several inhibitors which are known to affect different aspects of
cellular function.

These include calcium chelators, ionophores and

compounds which affect secretion.

These types have been more fully

described in Chapter 4.
Monensin causes swelling of the cisternae (Tartakoff and Vassalli,
1977;

Robinson, 1980).

It has been ascertained that monensin has an

inhibitory action on growth and that it seems to be particularly efficient
as an inhibitor of lAA-induced growth.

However, results from

acidification experiments indicate that part of the inhibitory action may
be due to its inhibition of proton extrusion into the extracellular space.
Ultrastructural studies however, have demonstrated major changes within
the morphology of the cell, the most noticable occurrence being the
swelling of cisternae and associated secretory vesicles.

These then

contribute to the large volume fraction of dictyosomal material recorded.
The dictyosomal volume fraction decreases if monensin is added after 60
min or later during the biphasic response.

This suggests that production

of both dictyosomal and secretory vesicle material is more susceptible to
monensin at later stages during the biphasic response.

However,

prolonged incubation causes the total disappearance of cisternae which are
replaced by large vesicles.
nigericin.

A similar effect was observed with

Both of these compounds are monovalent cation ionophores and

presumably disrupt the ionic balance within the cytoplasm.

The

dictyosomes appear more vulnerable to the ionic disruption caused by these
agents when added later in the biphasic response when the dictyosomes are
presumably more active.

Since dictyosomes are disrupted, this would

imply that both Na* and K* are important in their mechanism of
function.

Griffing and Ray (1985) demonstrated that, in the presence of

nigericin, there was still a production of secretory vesicles but that it
was severely reduced and those vesicles which were seen were very
enlarged.

It is therefore possible that vesicles are being retarded from

budding off the dictyosomes.
that they appear enlarged.

They then swell with secretory products so
It is therefore probable that the Na+/K*

balance is important in the dissociation of vesicles from the dictyosomal
cisternae.

Griffing and Ray <1981) suggest that the large swollen bodies

are actually cisternae and this would account for their observations that
cisternal numbers actually decrease.

Zhang and Schneider

(1983) have

suggested that Golgi secretion in animal cells requires acidification of
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the cisternal contents.

Boss et al, (1984) suggested that plant

cisternae have a low internal pH, and interpreted the swelling of
dictyosome cisternae produced by both monensin and nigericin treatments as
being an osmotic uptake of water into the cisternae driven by
ionophore-induced influx of K* or Na* in exchange for cisternal H*.
This is supported by Griffing and Ray (1985).

These authors suggest that

acidification of the dictyosome content compresses and flattens the
cisternae and allows them to extrude their contents into secretory
vesicles.

Inward pumping of protons, whether electrogenic or

coupled to

the antiport of monovalent cations, will tend to drive K* and/or Na*
out of the cisternae.

As the internal pH falls, many of the protons

being taken up will become associated with the carboxyl groups of the
pectic polymers.
extrusion of water.

This will reduce the osmolarity and lead to the
If this hypothesis is correct then inhibitors of the

uptake of H* into the dictyosome would upset dictyosomal function.
These include A23187 which destroys ionic gradients set up within the
membrane and therefore disrupts the movement of H* ions.

Examination

of dictyosomes after treatment with A23187 does provide some evidence of
swelling within the cisternae.
A23187 is also known to inhibit acidification by tissues.

Results

from transducer experiments indicate however that growth is also inhibited
in the second stage of the biphasic response where acidification is not
thought to play a role.

This suggests that disruption of dictyosome

function may be an important reason for inhibiton of growth of hypocotyl
segments.

This inhibition is much more pronounced in the presence of lAA

so it is probable that lAA stimulates a greater production of dictyosomes
necessary for continued wall synthesis.

In rapidly elongating tissue,

the increase in the incorporation of material into the wall would result
in an increased utilization of dictyosome material and consequently a
reduction in the amount visible in the cell.
The incorporation of cell wall material probably depends on a
specific level of calcium since inhibitors such as EGTA and verapamil
apparently cause accumulation of vesicles within the cytoplasm.

Griffing

and Ray (1979) noted that cell wall secretion is insensitive to EGTA alone
but could be inhibited by EGTA and A23187.

They noted that exocytosis

and wall deposition were inhibited by nigericin (Griffing and Ray, 1980).
The inhibition of elongation by high concentrations of Ca^* has been
discussed (Chapters I, 4) and the effect is generally believed to be on
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the rigidity of the cell wall.

Lanthanum chloride however seems to

reduce the presence of both dictyosomes and vesicles and stop elongation
if added at any stage in the biphasic response.

Treatment with other

agents which disrupt cellular levels of calcium chloride, such as
chlorotetracycline, ruthenium red and A23187, all inhibit elongation,
causing dramatic changes to the structure of dictyosomes.

The

observation that most of these compounds prevent acidification except
lanthanum chloride is not sufficient to account for their inhibition of
growth.

EGTA appears to inhibit growth during the first phase of the

biphasic response but has little effect on the second phase so it is
therefore possible that only the initial uptake of calcium is important.
Agents such as verapamil and ruthenium red also affect calcium uptake but
they appear to inhibit growth at all stages during the biphasic response.
Both these agents cause ultrastructural changes to the dictyosomes
suggesting that disruption of the intracellular ionic equilibrium has
caused this effect.
However, some of the inhibitors may also have an effect on the cell
wall or plasma membrane.

The ionophores and calcium chelators may

disrupt transmembrane cation movement and may alter the plasma membrane so
as to impair vesicle fusion.

The membrane potential which also appears

to modulate some processes including cellulose synthesis may be altered
independently of any obvious function it serves as a driving force for
transport or synthetic reactions (Delmer ei al. 1982).
If the pump responsible for the extrusion of H* ions is disrupted
then the entry of other ions such as K* would be simultaneously
retarded.

Brummer and Parrish <1983) have suggested that transmembrane

ion gradients induced by auxins can serve as a second messenger.
Trifluoperazine, which disrupts the calcium-calmodulin complex and
inhibits lAA-induced elongation is not found to have any effect on growth
measured by the linear transducer;
problems of the inhibitor.

this may be due to penetration

It is known to prevent acidification and

cause elongation of dictyosomal cisternae.

The role of calmodulin in

elongation is still uncertain.
Acidic buffers evoke only short term elongation (Jacobs and Ray,
1975) and, although growth correlates well with the rate of proton
excretion (Rayle, 1973;

Cleland, 1973), there are other cases where

correlation is lacking (Vanderhoef et ai., 1977).

lAA may not

stimulate growth in the same manner as acidic solutions (Pope, 1977).
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In conclusion, the concentration of Ca** and other ions within the
cytoplasm appears to be critical for cell elongation.

Those inhibitors

which chelate Ca** or prevent sequestration of Ca** into mitochondria
and endoplasmic reticulum, and thus control Ca=* levels, appear to
affect dictyosomal volume fractions.

It is difficult to ascertain

whether there is a relationship between the application of the inhibitor
and the amount of dictyosomal or secretory vesicle material throughout the
biphasic response.
tissue.

The results may be due to variation within the

However, what can be suggested with some certainty is that

inhibitors which chelate calcium affect growth in the acid-induced phase
and those which disrupt ionic gradients such as monensin, nigericin and
A23187 have a greater effect in the second phase.

It also appears that

if the first phase is disrupted in any way (i.e. the cytoplasmic
environment is disturbed) then the dictyosomal function will be upset
later in growth.
as a signal.

It appears that the early movement of calcium may act

The actual secretion of cell wall material requires a

movement of calcium within the cell;

if this movement is impeded then

secretion is reduced and dictyosomes may swell.

Cytochalasin D was

observed to prevent the movement of vesicles from the dictyosomes to the
plasma membrane.

The correct calcium concentration is also required for

successful fusion of vesicles with the membrane as demonstrated by the
effect of EGTA.

Production of dictyosomes and secretory vesicles has

been stimulated by the presence of lAA, followed by increased utilization
and then more production.

It has been noted that several of the

inhibitors have more effect in the presence of lAA than in its absence but
the variation which can be seen between tissue incubated with and without
lAA plus inhibitors has not been examined.
Several steps in the secretory pathway may be regulated by calcium
concentrations which could be initially triggered by the presence of
auxin.

It is difficult to decide whether vesicle exocytosis is the

limiting factor in preventing growth by restricting the amount of
polysaccharide supplied to the wall.

Certainly accumulation of vesicles

within the cytoplasm and deterioration of dictyosomal structure suggest
that calcium and the ionic balance within the cell may act as a trigger
which affects the dictyosome and subsequent growth.
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