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ABSTRACT

The development, structure and function of vacuoles in some

filamentous fungi, particularly Rhizoctonia solani were studied

by several cytological methods.

The development and general form and behaviour of vacuoles
were followed with the phase contrast microscope, and the electron

microscope was used to study the fine structure.

The relationship between the contents of the vacuole and the
surrounding cytoplasm was studied by micro-interferometry and found

to be variable and complexe.

The accumulation of neutral red was investigated and was shown

to be markedly pH dependent.

No clear measurement of the osmotic pressure of the vacuoles

could be made.
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INTRODUCT IOKN

Observation of the cytoplasm of living fungi with the optical
microscope reveals structures, spherical to ovoid in shape, that
appear to be devoid of contents and similar in this respect to the
vacuoles seen in mature plant cells. They are also invariably
called vacuoles, but unlike those in plants they can be seen to be
abttached to the hyphal wall and are frequently flattened in the area
of contact. An alternative explanation for their existence might be
that there is insufficient cytoplasm to fill the hyphae and the so
called vacucles are indentations in the cytoplasmic membrane. The
experience of mycologists that it is difficult to demonstrate plasmo-

lysis in filamentous fungi tends to support the latter possibility.

In recent years many physical techniqgues have been developed
that were not available to physiologists in the first half of the
century when most of the studies on water relations of plants were
conducted, and the purpose of this study is to describe attempts to
clarify the function of the vacuoles in filamentous fungi through

the application of some of the newer methods.
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LITERATURE REVIEW

Vacuoles are regarded as one of the cytoplasmic inclusions in
cells. They are considered to be characteristic of mature plant cells
where they may occupy more than half the total cell volume and are
filled with liquid cell sap, they are rarely found in the meristematic
tissue. They are not generally conspicuous in animal cells, however,
in protozoa, contractile vacuoles act as the excretory organ by which
waste products are expelled to the outer medium. The size and shape
of vacuoles depends on a number of factors such as the age and the
activity of the cytoplasm, they tend to be spherical in quiet cytoplasm,
and may be rod-shaped, elongate or irregularly shaped in streaming

cytoplasm (Zirkle, 1937).

In fungi, relatively small, globular vacuoles are first seen
adhering to the walls of the young hyphae. As the hyphae become older,
the vacuoles increase in size and may occupy a total of more than
50% of the volume between adjacent septa. Buller (1933) observed that
as fungal fruiting bodies begin to develop many small vacuoles fuse
to form a large vacuole occupying most of the basidium. He considered
that the growth of the vacuoles was due to the presence of osmotic
substances in the vacuoles and to water absorption from the medium.

In the mycelium of Fimetaria fimicola, Buller noticed that the vacuoles

moved with the streaming cytoplasm and were capable of being carried
with the protoplasm from cell to cell passing through the pores in
the septa. While passing through the pores the vacuoles became con-
stricted and many divided into two or more small vacuoles which often
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fused together again. In the highly vacuolated hyphae of Pyronema,
confluens, Buller (1935) observed that the vacuoles were more firmly
attached to the cell wall and even the pressure of rapidly streaming
protoplasm was not sufficient to free the vacuoles of their attach-
ment, but their shapes were changed by the pressing of the proto-
plasm. Arthur (1897) observed the vacuoles of coenocytic hyphae and
noticed that when streaming in a branched trunk hypha the large
vacuoles tended to divide into two or more parts, with one part going

into the branch hypha, while the other went on in the trunk hypha.

The streaming of protoplasm in fungi has been considered by
some authors to be due to vacuolar pressure. Buller (1938) studied
translocation in fungi, and thought that the vacuoles probably play
a role in forcing the protoplasm to the young hyphal tips, also
Corner (1948) considered that the vacuole of the basidium has the func—
tion of forcing the protoplasmic contents into the basidiopores. Well
(1964) studying the features of developing and mature basidia and

basidiospofes of Schigzophyllum commune, showed that small vacuoles

appear in the basal position of the basidium after the sterigmatal
initiation. The small vacuoles tend to coalesce and may force the
cytoplasm and nuclei into the basidiospores. Vacuolation proceeds
until it reaches a stage in which a thin peripheral layer of cytoplasm

is left in the basidium.

From electron microscopic studies, I. Manton (1962) observed
that some young vacuoles showed an obvious electron dense precipi-

tate which was thought to be due to a reaction of the vacuolar solutes



with the KMhOh used as a fixative. Also, Well (1965) observed

that vacuoles were frequently irregularly shaped in the dikaryotic
basidium, and that the tonoplast appeared as an electron dense line,
presumably consisting of a unit membrane; it is possible that the

irregular shape was due to poor fixation.
THE FUNCTIONAL ROLE OF VACUOLES

In plants, vacuoles play a significant role in accumulating
ions into the vacuoclar sap. The ionic concentration in the vacuole
is generally higher than that of the external medium. The vacuolar
concentrations of potassium and chloride in the giant internodal cells

of Nitella transluscens are higher than that of the medium. MacRobbie

(1964) suggested that two separate processes are involved in the
active uptake of salts by the vacuoles; an active accumulation in
the cytoplasm and a subsequent transfer of salts actively across
the tonoplast into the vacuoles. Several authors, e.g. Bath and
Sponsler (1942), have suggested that the vacuoles might be the

site of reactions of physiological interest, but published papers
have concentrated on the uptake process, for instance, many studies
have been made in connection with vital staining of vacuoles. Vital
staining involves the uptake of dye by living cells and because
most vital stains are more or less toxic cells seldom survive in
them for long. Although several dyes have been proposed as vital
stains, practically all work has been done with neutral red. One

characteristic of the uptake of this dye is the frequent appearance



of concentrated droplets or fneutral red gramules® in the cell after
treatment with dilute neutral red solution. This was observed by
Cicklhorn (1929) who noted that neutral red granules not only

occurred in the cytoplasm of animal cells, but also in the vacuoles

of plant cells. According to this author the neutral red granules
disappeared after piasmolysis, but reappeared at deplasmolysis. The
droplets at first appeared to be fluid, but later solidified and
became hard and brittle. Baker (1945) considered that the appearance
of neutral red granules indicated that there were pre-—-existing bodies
in the vacuoles. However, other investigators such as Yoshimi Nagatani
(1960) and Singh (1937) have explained the presence of the neutral red
granules on the basis of reaction to the dye and not to the pre-existing
nature of the vacuoles. Singh concluded that the pre-existing nature

of the vacuoles may induce the neutral red granules formation.

Neutral red is a weakly basic dye, entirely in the associated
state in an alkaline medium, but dissociating in an acidic medium.
Owing to this property, the penetration of the dye into cells and
vacuoles depends upon the pH difference between the cell interior
and the exterior medium,and the degree of dissociation of the dye.
By using sea urchin eggs, Chamber (1930) demonstrated that the vacuoles
of the eggs take up neutral red, when placed in alkaline sea water; but
when tranéferred to acidified sea water they become colorless. Chambers
and Chambers (1961) indicated that the neutral red diffuses rapidly
from the medium through the acidic cytoplasm and into the more acidic

vacuoless



6

Scarth (1926) showed that Spirogyra and Tradescantia zebrina

could be stained by neutral red and other basic dyes. As the dye
acéumulated, granular precipitates occurred and aggregated together
into droplets in the cytoplasm and appeared to pass into the vacuole,
The formation of drops of stain, which appeared to be a coacervate,
could be increased by the addition of alkali (ammonia) or an alkaloid
(caffeine). The stain droplets increased in size as the ammonia
penetrated the cell. The amount of accumulabidn of neutral red in the
vacuoles also depended upon the alkalinity of the medium, the more
alkaline the medium the more accumulétion. |
DETERMINATION OF CYTOPLASMIC AND VACUOLAR CONCENTRATIONS
BY THE INTERFERENCE MICROSCOPE -

Until the development of the interference microscope no method
was available that would enable measurement to be made of the con-

centration of solute in the vacuoles of living cells.

The interference microscope has the advantage in that it can

" be used to measure the mass, concentration, or thickness, of single
cells and other tissue elements. In practice, it has been the unknown
thickness of most cells .which has been the main difficulty with the
technique, but in the case of cells that are approximately spherical or
cylindrical in shape, the thickness can be estimated by measuring the

diameter.

The concentrations of dry substance in Amoeba, different stages

of development of pollen grains, nuclei of cells and sperm heads have



all been determined using the interference microscopes With the
original Dyson (1950) microscope, Davies et al (1954) determined
the changes in dry mass during development of pollen grain of Trades-

cantia bracteata. They found that the dry mass was increased about

ten times during the development of mature pollen grains, and that the
total dry weight increased during the formation of vacuoles. They
observed that increase in the cell volume is accompanied by a
decrease in the average concentration of dry substance. The larger
cell with large vacuole was likely to have the lower average concen-
tration of protoplasm. With the Baker-Smith interference microscope,
the concentration of dry substance in nucleus and cytoplasm of living
sea urchin eggs, the changes during fertilization and the first
division have been determined by Mitchison and Swann (1953). The
concentration of dry substance in the cytoplasm of the unfertilized

egg is about 25 g/100 ml while that in the nucleus is about 16 g/100 ml.

Barer (1956) showed that the concentration in the cytoplasm
of most tissue cells is generally between 10 and 25 g/100 ml. lore
than 55 g/100 ml in concentration was recorded for some bacterial
cells, fungal spores, cilia and some sperm heads. The goncentration

of human red blood cells has been shown to be about 28 = 34 g/100 ml.

The concentrations of biological materials most often vary
with the change of physiological conditions. For example, the
change in concentration of dry substance in cytoplasm of chick fibro=-
blast depends upon the extent of toxicity of the medium (Barer and

Dick, 1955).



In none of the studies mentioned was an attempt made to
measure the concentration of solute in the vacuole, in fact in most
cases material was deliberately selected that was non-vacuolate
to avoid errors due to uneven distribution of dry mass within the

cell,
OSMOTIC RELATIONSHIPS

Osmotic phenomena have been studied in detail in the higher
plants, and animals and to a much lesser extent in the fungi.
De Vries (1884) introduced a method for determining the osmotic
value of plant cells by immersing them in solutions of known concen-—
tration of cane sugar or potassium nitrate and noting the concen-
tration in which the cells show the fifst signs of plasmolysis. This
work has been elaborately studied since then by Dixon and Atkin
(1916), Ursprung and Blum (1916), Weber (1926) and many others and
found to give adequate data for the estimation of the osmotic value
of the cell sap. A more accurate and versatile method 1s the
plasmometric method of Hofler (1920). The osmotic pressure is found
to vary widely in different plants and even in different varieties
of the same species. Bemnet-~Clark, Greenﬁood and Barker (1936)
illustrated three varieties of beetroot which differed markedly in
osmotic pressure and sugar content. They also showed that the
value of osmotic pressure determined by the plasmolytic method is
generally greater than that determined by cryoscopic methods. A

fact that was interpreted by them to imply that cytoplasm is capable



of secreting water into the vacuole against an osmotic gradient.

The measurement of osmotic pressure in fungi presents considerable
difficulty owing to the uncertainty of detecting plasmolysis, how-
ever, the phenomenon has been studied in some parasitic fungi. The

osmotic pressure of various parasitic fungi was found to be greater

than that of their hosts by Thatcher (1939, 1942) and by Lonsdof (1934)

who determined the osmotic pressure by means of the plasmolytic
method. The higher osmotic pressure in the parasitic fungi than in
their hosts was regarded as characteristic of the host-parasite
relationship by Lilly and Bernett (1951). Thatcher (1942) considered
that the higher osmotic pressure in the parasite was necessary to

enable them to absorb water from the host plant. According to

Hawker (1950), a high osmotic pressure in a parasite is not necessary

for penetrating the host cuticle.

Several fungl have the ability to grow in solutions with
extremely high osmotic pressures. Some data presented by Hawkins

(1916) are shown in the following table.

Iilly and Barnett (1951) suggest that these data show that
the limiting osmotic pressure is dependent upon both the fungus and
the compounds used, and so the effect upon the fungus cannot be

regarded as a simple physio-chemical processe
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Potassium Calcium

Glucose®™ Sucrose Nitrate Nitrate
Species (atm.) (atm) (atm) (atm)
Plenodomus destruens - 58.3 LT ol 5he5 33.6
Diplodia tubericola 63.2 42.1 58.8 33.6
Rhizopus nigricans .663.2 L2.1 27.5 15.9
Botrytis cinerea 63.2 LT oly 5he5 27.7
Ceratostomella fimbriala 63.2 LTk 5he5 19.5

RY3
ri

¢ Limiting concentrations not used.
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MATERIALS AND METHODS

ORGANISH AND GULTURE METHODS

Rhizoctonig solani Kuhn was used in the experimental part of

this investigation. This fungus was obtained from the stock culture
collection (No. R=3) of the Department of Botany of the University
of Manitoba. In addition, use was made of the collection of micro-
graphs of this and other fungi held by the Electron Microscope

Section of the Division of Biological Sciences.

The stock cultures were stored on potato~carrot agar medium
(Dade, 1960). The medium is composed of 20 gm each of potato and
carrot and 15 gm of agar per litre of distilled water. The fungus
was transferred from the above medium and grown on sucrose-peptone

agar medium at 20-25°C for use in the experiments.

Sucrose~peptone agar medium:

Sucrose 10 gm
Peptone - 5 gmn
KHZPOQ 2 gn
1gS0, +7H,0 0.5 gm
Agar 15 gnm
Distilled HZO 1000 ml

For microscopic observations of undisturbed hyphae, 1t was
necessary to grow the fungus on slide culture (Gow, 1958; King, 1964).
Standard 1" x 3" microscope slides were sterilized in a plain agar

medium with a composition of 15 gm agar per litre of distilled water
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in a pyrex storage dish. After sterilization in an autoclave for
15 minutes at 15 1lb pressure, the microscope slides were taken out
with the aid 6f sterile forceps. The excess plain agar was allowed
to drain-off and each slide was placéd in a petri plate on tﬁe
surface of a solidified layer of 1.5% agar. After the thin film
of plain agar had solidified, a disc cut with a No 2 wrk borer
(4 mm diameter) was taken from the edge of a one week old culture
of R. solani grown on sucrose-peptone agar. The inoculum was
placed one end of the slide, and the petri plate was placed in
a dessicator jar lined with filter paper moistened with a dilute
copper sulphate solution to prevent bacterial growth. The method
ensured that a high humidity was maintained throughout the growing

period of the fungus.

The 5-7 day old slide cultures of R. solani were taken out
from the petri plates and a thin glass strip, cut with a diamond tipped
slide marker from a 22 x 50 mm cover glass was placed on either side
of the hyphae which were then mounted with drops of distilled water
under a 22 x 50 mm cover glass which rested on the strips. This
enabled the mounting solution to be changed by adding drops of the
new solution at one end while the old solution was drawn off with

filter paper at the other.

DYE ACCUMULATION

The uptake and accumulation of neutral red was studied by the

classical technique as used by Chamber (1930), Scarth (1926), Singh
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(1937) and Taylor and Hayes (1942). The following neutral red
solution was used:

Neutral Red Chloride (B.D.H. Standard Stain) —=—= 0.05 gm
Distilled water 1000 ml

The pH of the solution was adjusted to a suitable level by

the addition of drops of 0.0l i NHAOH.
STUDIES OF THE PHYSICAL FORM OF VACUOLES

All routine observations were carried out with a positive
phase contrast microscope, and unless otherwise stated, the micro-
graphs in this thesis are photographed through such a microscope,
Most of the micrographs have been printed for mazximum contrast to

reveal the outline of the vacuoles most clearly.

An electron microscope was used to study the fine structure
of the vacuoles. Portions of 7-day old cultures of R. solani grow-
ing on sucrose-peptone agar were cut into small sections approximately
1 mm square and fixed with 1.2% unbuffered aqueous KMhOh solution for
about hall an hour at room temperature. Dehydration was carried out
using a graded ethyl alcohol series for about 15 minutes at each
change. The material was embedded in cross~linked methacrylate
consisting of 0.5% of the cross-iinking agent divinyl benzene in
butyl methacrylate and with 0.8% benzoyl peroxide as a catalyst.
Polymerization of the blocks was brought about under vacuum at 5800

for 24 hours (Pease, 1960). The blocks were sectioned by means of a




glass knife on the LKB ultramicrotome. Thin sections were mounted
on carbon films and observed under a Philips EI-75 B electron micro-

SCOpEe.
DETERMINATION OF DRY MATTER CONCENTRATION

Both the dry matter concentrations of the vacuoles and of the
cytoplasm were determined by using the Dyson interference microscope
(Vicker Instruments, Model No. M 2595). The measurements were made
on the slide cultures mounted in distilled water, using Kohler illumi-
nation with white or monochromatic (546 mp) light. The diameters
of the hyphae and of the vacuoles were measured with the aid of a
filter eyepiece (6x).

The measurements were made after rotating the wedge plates of
the interference microscope to the parallel position, i.e. until
the field was uniformly illuminated at the maximum fringe width

(Hale, 1958) °

The dry matter concentration of the cytoplasm was calculated
from the optical retardation and the depth of the hyphae with the

following formula:

_ Bh «A. 100,
Cee = Thy i, L. g/100 ml (1)
Where Cc = dry matter concentration (g/100 ml) of
the cytoplasm
Rh = optical retardation, in micrometer units,

of the hyphae (no vacuole)
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AN = wavelength of light used (0s5L46 11)

Dh = depth of hypha (}1)

M = micorometer constant ( = 130 units/ A )
X =0.,17=100 «, where ¢ is the specific

refractive increment (Armstrong, Budka,
Morrison, and Hassom, 1947).

The depth of the hyphae and of the vacuoles was estimated

by assuming they had a circular section and measuring the diameter.

In calculating the dry matter concentration of the vacuoles
allowance had to be made for the depth of cytoplasm and wall above
and below the vacucle. This was achieved by measuring the retarda-
tion through the vacuole (Rhv) and through the cytoplasm immediately
adjacent to the vacuole (Rh). Then the retardation of the vacuole

(Rv) alone, was calculated:

(Dh - Dv) o Rh (2)

Rv = Rhv - T

Where Dv = diameter of the vacuole (1)

The calculated value for the retardation due to the contents
of the vacuole was then used to calculate the dry matter concentration

of the vacuole (Cv):

_ Rve A 100
CV B Dve M & X gm/lOO m—l (3)

In practice the values of A, M and X are constant so the two

formulae (1) and (3) reduce to:
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Ce = %% 25 /100 ul and Cv = EX—ﬁ;g&i /100 nl

DETERMINATION OF DIFFUSIBLE COWTENIS

To determine the amount of material in the cytoplasm and
vacuole that existed in a diffusible form, that is, normally retained
in the organism by the semi-permeability of the cytoplasmic membranes,
as distinct from the structural material, the dry matter concentra-
tions of the cytoplasm and vacuoles were measured with the hyphae

mounted in water and again after irrigation with 4% neutral formalin.

Due to the fact that there was a certain amount of movement of
the hyphae during the exchange of mounting fluld co-ordinate measure-
ments could not be relied upon for successive measurements of the
same vacuoles, so that sketch maps of the surrounding hyphal system

were used as an ald to location.
DETERMINATION OF OSHMOTIC PRESSURZA

Two methods of determining the osmotic pressure of the vacuolar

contents were attempted:

(a) The Plasmolytic Method (Bemnet-Clark et al, 1936)

This method depends upon irrigating the hyphae with solutions
of a range of known osmotic pressures and observing the concentration

in which the hyphae show incipicent plasmolysis.

(b) The Plasmometric Method (Hofler, 1920)

Hoflerts plasmometric method depends upon the assumption that,
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within the experimental limits, the osmotic pressure of the vacuole is
related to the volume as if it obeyed the gas laws. The assumption
enables the osmotic pressure of the fully turgid cell to be calculated
from the change in volume that takes place following transfer from
equilibrium with a solution of known osmotic pressure to distilled
wabter. To eliminate the effect of wall pressure it is necessary
that the external solution be of such a concentration as to cause

a slight plasmolysis,
DETERMINATION OF THE MEAN MOLECULAR WEIGHT OF VACUOLAR CONTENTS

If the dry matter concentration and the osmotic pressure
are known the mean molecular weight of the contents of the vacuole

can be calculated:

Q0P x Cv
Gram Molecular Wte = ——
2624

Where O.P. is the osmotic pressure of the vacuole.

In viewbof the fact that the non-diffusable compounds can be
expected to have a high molecular weight and therefore contribute
little to the osmotic pressure, this calculation produces a more
realistic value if based on the value of the concentration of diffus—

able material (See Determination of Diffusable Contents).
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EXPERIMENTAL RESULTS

FORM AND STRUCTURE

(a) Vacuolization of Hyphae

Observations of actively growing hyphae of R. solani were made
on slide cultures with the positive phase contrast microscope. The
apical segment was found to be devoid of vacuoles (Fig 1) and highly
refractile. As the hyphae aged vacuoles started to appear, the
first being seen as small globose structures attached to the wall
when the hyphae were 20-30 minutes old (Fig 2). Increasing age of
the hyphae resulted in the further enlargement of the vacuoles and
the coalescence of some adjacent vacuoles with a consequent decrease
in the number per segment. It was noticed that the vacuoles were not
scattered over the wall, but tended to form in longitudinal rows
(Figs 3-5). The development of vacucles up to this stage tended to
be similar in all hyphae of the same age, whether they were trunk
hyphae or lateral branches. The differences between these became
progressively more apparent as the vacuolization proceeded. The
cytoplasm in this fungus tends to be withdrawn from the side branches
during the maturation of the mycelium and concentrated in the trunk
hyphae. This process results in the complete evacuation of cytoplasm
from most side branches (Fig 8) and the elimination of vacuoles
originally present in the trunk hyphae (Figs 7 and 9). Occasionally,
the vacuoles become very extensive just before the cytoplasm is

removed as is shown in Figure 6. The appearance of the cytoplasm in

18
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the fully mature resting trunk hyphae is very similar to that in

the apices, as can be seen by a comparison of Figures 1l and 9.

(b) The Effect of Cytoplasmic Streaming on Vacuoles

Superimposed upon the changes in volume of the vacuoles

described in the previous section are much shorter term changes due

to the effect of the cytoplasmic streaming in the hyphae. In actively
growing hyphae the vacuoles could be seen constantly changing their
shape and position, some would break free from their attachment to the
hyphal wall and move with the cytoplasmic stream, while those that
remained attached to the wall showed varying degrees of distortion.
Coalescence occurred between both attached and free vacuoles. The
series of photographs shown in Figure 10 demonstrates the type of
change frequently seen. The photographs are of the same section of

hypha taken at two minute intervals.

(¢) Fine Structure of Vacuoles

In addition to the sections prepared in this study and examined with
the electron microscope, the collection of micrographs of fungl held
by the electron microscope section of the Division of Biological Sciences
has been examined for evidence of vacuolar structure. From this survey
and from the references cited in the Literature Review it is clear
that vacuoles are seldom well preserved. The tonoplast is most clearly
revealed by fixation in unbuffered potassium permanganate as is shown

in Figure 1l. The outline of this membrane is much less distinct when
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osmium fixation is used (Fig 12). It was found that sections of
hyphae fixed in osmium very seldom show structures that can be recog-
nised as vacuoles; a more typical appearance is seen in the lower
half of Figure 13 where the cytoplasm appears to consist of irregular
areas that show a marked difference in electron density. In these
sections mitochéndria and nuclel are only found embedded in the denser
areas, but lipid depsoits are found in both. Fixation in glutaralde-
hyde solutions preserves the form of the vacuole, but prevents the
subsequent uptake of permanganate or osmium by the tonoplast (Figs li=

18) so that the membrane is not distinguishable.

Very few micrographs were seen with vacuoles in a position close
to the wall and in each of these cases there appeared to be a layer of

cytoplasm between the tonoplast and the plasmalema (Fig 11).

In one preparation of Albernaria tenuis a large central vacuole

surrounded by a thin peripheral layer of cytoplasm similar to that found
in the higher plant cell (Figs 14~17) was seen. Apart from these no
large vacuoles were found in the sections, nor have micrographs of
normal mabure vacuoles such as those seen in Figures 3-5 been taken

in this department or published by other authors.

Micrographs of the hyphae that appear to be empty under the
optical microscope confirm that the cytoplasm is completely withdrawn

leaving a hyphal tube of wall material only.

A consistent feature of electron micrographs of vacuoles is

the appearance of various types of contents which, with the possible
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exception of neutral red granules which will be discussed later,

are not seen with the optical microscope. The youngest vacuoles are
characterized by the presence of irregular flocculent contents and
the absence of membrane bound bodies (Fig 11). Older vacuoles
frequently contain vesicular structures varying from very small
(20-50 mp) and simple (Fig 12) to relatively large (1-2 1) and

complex with internal structure (Figs 14=17).

From the limited material available there is a suggestion that
development of the vesicular contents is accompanied by a correspond-
ing decrease in the flocculent material found in the youngest vacuoles

(cfo Figs 11, 12 and 14).

(d) Interferometric Studies

Owing to the regular geometrical form of the hyphae and vacuoles
it was possible to use the interferometer microscope to measure

directly their solute concentration.

The readings were paired with a value for cytoplasmic concentra-
tion being obtained beside each vacuole measured. This was necessary
for the calculation of vacuolar concentration, but also enabled the

relationship between the two to be demonstrated.

The values for cytoplasmic and vacuolar concentrations are
listed in Tables Ia and b and plotted in Fig 19. From these it is
evident that there is a double relationship between the two concentra-
tion measurements. Below a vacuolar concentration of approximately 5%

the correlation is negative, while above this value the correlation is
>
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positive. The range of vacuolar concentration thus increases with
increasing cytoplasmic concentration and is most restricted when the

cytoplasm is most hydrated.

Table II and Figure 20 show the effect of increasing the
nutrient level. The level used, 1/50 N sucrose-peptone, is at least
ten times the concentration of nutrient in the plain agar medium used
for the previous experiment, but is still a very weak medium. One
limitation of the technique is the requirement that the mycelium
be very sparse on the slide so as to prevent blocking of the reference

beam in the interferometer.

The effect of increasing the nutrient level is seen in an over-
all increase in both vacuolar and cytoplasmic concentrations, but
the relationship between the two remains the same. In both cases the
increases in concentration appear to be due primarily to a smaller
number of very low values rather than a marked increase in high

values.

The results shown in Figures 19 and 20 were obtained from
comparatively restricted areas about 10 mm behind the apices, of
the mycelium measuring vacuoles in hyphae of all types. Figure 21
shows the effect of measuring the vacuolar concentration in successive
vacuoles along a trunk hypha starting at the apex. The most advanced
vacuoles measured were not in the apex which is devoid of vacuoles, but
are the youngest ones of suitasble size and position to be measured.

Similarly, not all vacuoles were measured because many were too small
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or in an unsuitable position; samples were taken at intervals along
the hyphae. Although the variation is very large it is clear that
the tendency is for the younger vacuoles to have the lower solute

concentration.

In Figure 22 the values of cytoplasmic concentration are
plotted in order of position and a reverse trend to that seen in
vacuoles is found with the older cytoplasm having a lower concentra=
tion. This trend is further confirmed by comparing the concentrations
of apices and old hyphae (7-8 days) that have ceased to be vacuolated
(Table IV). The apices had a mean concentration of L1% while the
old hyphae were 26% dry matter. By measuring the concentration of
vacuoles and cytoplasm before and after treatment with 4% formalin
an estimate can be made of the concentration in each of small mole-
cules that are free to diffuse out of the hyphae when the semi-
permeability of the plasmalemma and tonoplast are lost. Values of
concentrations of cytoplasm and vacuoles in hyphae before and after
treatment with formalin are given in Table V and plotted in Figure 23.
It will be seen that the actual quantities lost are very similar in
both the cytoplasm and in the vacuole, but that some sections of
hyphae tend to lose more from the vacuoles and others the reverse.
This tendency for adjacent vacuoles to be simllar is shown by the

examples in Figure 24 a=-f.




FUNCTION STUDIES ON THE BEHAVIOUR OF VACUOLES

(2) Uptake of Neutral Red

Uptake of neutral red is only visually detectable when it is
followed by accumulation of the dye to a higher concentration than

the surrounding solution.

When hyphae of R. solani are immersed in a dilute (0.005%)
solution of neutral red the chief factor affecting the rate of accumu-
lation is the pH of the solution. For accumulation to take place

the pH of the solution must be equal to or more than 7.0.

The first sign of accumulation is the appearance in the hyphae
of small intensely stained globular bodies similar to the neutral
red granules® described by other authors. Most of these bodies.appear
to be inside vacuoles, but some may be free in the cytoplasm (Fig 25a).
As the accumulation continues the granules increase in size until they
appear to fill the vacuoles completely (Fig 25b). Further exposure
to the dye solution results in an increasing accumulation and a reduc-
tion in the number of vacuoles. The sequence of micrographs shown
in Figure 25 were taken during a period of immersion of 1.1/2 hours.
The reduction in a number of the vacuoles is illustrated by the
numbers visible in Figures 25b, ¢ and d, which are 40, 35 and 21

respectively. Coalescence is also shown in Figure 28.

If ammonium hydroxide is added to the neutral red solution to

give a pH of 9.0 the accumulation is at first very rapid but granules

produced at lower pH values do not appear, instead the vacuoles increase in
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density uniformly. After a short time ( 20 mins) the outline of
the vacuoles becomes vague and the staining appears to spread

into the cytoplasm (Fig 26).

If the hyphae that have accumulated neutral red normally are
placed in dilute acid solution (pH < 4.0) the dye diffuses out of

the vacuoles (Fig 27).

(b) Osmotic Pressure

Attempts to measure the osmotic pressure of the vacuoles were

made by both the standard plasmometric and plasmolytic methods.

The plasmometric method was thought to be suitable because
of its versatility and the reasonably regular form of the vacuoles,
however, when measurements were attempted it was found that the
vacuoles were.constantly changing their volume through division and

coalescence which prevented the method being used.

The plasmolytic method involves the immersion of organism
in a series of solutions of varying osmotic pressure and noting the
least concentration in which plasmolysis is detectable. This
concentration is considered ﬁo be equal to that of the vacuole. The
two standard solutes used in this method are calcium chloride and

sucrose. When the hyphae of R. solani were tested it was found to

be extremely difficult to determine whether the contents were plasmolysed

or not. In calcium chloride solutions the cytoplasm became granular

and the vacuoles started fragmenting at a concentration of 0.06 M
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(Fig 29) while in sucrose the concentration had to be raised 1.0 ¥
before the same result was obtained (Fig 30). At no concentrations

was plasmolysis similar to that seen in higher plants noticed.
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DISCUSSION

Vacuoles occur abundantly in the filamentous fungi, but
very little cytological study has been concerned with them. They
are clearly visible under the phase contrast microscope in Rhigoc—~

tonia solani and they appear like empty spaces or indentations

attached to the hyphal wall. By the aid of interference microscopy,
the study of dye accumulation and electron microscopy, the results
obtained from this work reveal that the vacuocles of filamentous
hyphae resemble in many respects that in higher plants, but differ

from them in their plasmolytic properties.

FORM AND STRUCTURE

The different stages of vacuole development shown in Figures
1-4 indicate an increase in size of vacuoles related to the age of
the hyphae. The highest degree of vacuolation occurs in the branch
hyphae as the cytoplasm is being withdrawn into the trunk hyphae.
The translocation of protoplasm from old hyphae towards the apices
and from the branch hyphae to the trunk hyphae was considered by
Buller (1933), to be due to vacuolation. He thought that the
pressure of the expanding vacuoles caused the streaming of the proto-
plasm. The highly vacuolated hyphae reach a certain age and become

completely empty as the cytoplasm is withdrawn into the older hyphae.

Fusion and change in shape of vacuoles was noted and occurred
most actively under the conditions of active streaming. This
suggests that the flowing protoplasm may exert a pressure which causes

the lateration in shape and coalescence of the vacuoles. Dowding and

27
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Bakerspigel (1954) reported that stfeaming cytoplasm of Gelasinospora
tetrasperma could break vacuoles free from the wall and carry them
through the septal pore. However, it was noted repeatedly in this
work that vacuoles changed their shape without any streaming being

S€€Ele.

In R. solani, large numbers of vacuoles are in contact with the
cell wall and appear to be empty spaces or indentations in the cyto-
plasm. However, from electron microscopical study, as shown in
Figure 11, the vacuole is seen to be situated close to the hyphal
wall with a thin layer of protoplasm lying between them. The vacuole
is bounded with an electron~dense tonoplast, and the contents have a
flocculent appearance which is characteristic of vacuoles in KMnOh
fixed plant cells (Whaley, 1960). The apparent existence of a layer
of cytoplasm between the tonoplast and the plasmalemma could mean the
section was cut obliquely, but the existence of content appears to
rule out the possibility of the vacuoles being indentations and
therefore part of the free space. The electron~density of the tonoplast
has been taken by many authors (e.g. Porter and Machada, 1960 and Parsons,

1961) to indicate the existence of phospho-lipoprotein;

It has been suggested that KMnOh acts as an tunmasking' agent
(Clayton, 1958; Clayton, 1959) enabling the protein to reduce the
KMnOh and increase the electron density; the high density in osmium-

fixed material suggests the lipid is highly concentrated.

The osmium-fixed vacuoles of R. solani show infolding of the
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. tonoplast which suggests some shrinkage of vacuoles took place
during the preparative processes. Globular or oval, membrane-

bounded organelles occur in the vacuoles of R. solani (Fig 12) and

Alternaria solani (Figs 14, 15, 16 and 17). They may be the pre-
existing bodies in the vacuoles that have been thought to be the
mpeutral red granules® and not artifacts of fixative or staining

as has been suggested by other authors.

The wrinkled appearance of the tonoplast of A. golani seen
in Figure 17 is similar to that described by Goldacre (1962) in
rhizoids which were undergoing a rapid increase in cytoplasmic

contentse.

The interfefmometric studies show a complex double corre-
lation to exist between the concentrations of vacuoles and ctyo-
plasm, indicating a probable dynamic relationship between the two.

" Ab least two explanations are possible. First, that there are two

sorts of vacuoles present and secondly, that the relationship represents

a change that takes place with time. These results were obtained
from a limited area of a slide culture and include hyphae of all
types, but in Figures 21 and 22 the concentrations are plotted for
a single trunk hypha. These suggest that a young vacuole (close
to the apex) tends to have a low concentration and be surrounded
by high density cytoplasm and as the hypha grows older the concen-
tration of the vacuole tends to rise and the cytoplasm to fall.

The explanation is very incomplete because of the large variation
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found in all parts of the hypha.

The effect of formalin is to increase the permeability of

the cell membranes and allow the diffusable substances to escape

(Davies, 1954). If the vacuoles contain most of the ions and small
molecules in the cell, which is suggested to account for the osmotic
pressure, then the great loss of mass on treatment with formalin should
occur from the vacuole. Figure 24 and Table V show that the loss

in mass is approximately equal from both vacuoles and cytoplasm.

FUNCTION

As one of the cytoplasmic inclusions s vacuoles have been

thought to play a role in accumulation and in regulating the osmotic
processes in higher plants. In addition to this “the vacuoles of
fungi have been thought to exert vacuolar pressure ‘causing the
streaming of protoplasm (Buller, 1933), and forcing the éy’copla.sm

and nuclei to the tip of basidium (Corner, 1948, Well, 1964) .

The demonstratlon of neutral red graaules in R. solani suggests
that the fungus a.ccunmlates neutral red by the same process as
pancreas acinor cells of mouse (Winfield, 1953 and Lacy, 1954), and

Amoeba proteus (Singh, 1937).

It is not possible to say whether the membrane bound bodies seen

in the vacuoles in the electron micrographs are the same or develop

into the neutral red granules.

The effect of pH on the accumulation of neutral red is consistent
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with the idea that the vacuoles are areas of lower pH than the
surroundings enclosed in a lipophilic membrane. This suggests
that the acid metabolism of the vacuole would be interesting to

study.

Levitt has suggested that calcium chloride is an ideal
plasmolyte for osmotic experiments because of its poor penetration
and low viscosity, but it seems to have a damaging effect on
the cytoplasm of R. solani. On the other hand sucrose causes the
vacuoles to fragment, and in neither case could plasmolysis like
that seen in higher plants be produced. This might be due to the
osmotic substances being evenly distributed between the vacuoles

and the cytoplasm as shown by the effect of formalin.
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Bakerspigel (1954) reported that stfeaming cytoplasm of Gelasinospora
tetrasperma could break vacuoles free from the wall and carry them
through the septal pore. However, it was noted repeatedly in this
work that vacuoles changed their shape without any streaming being

S€€Ele.

In R. solani, large numbers of vacuoles are in contact with the
cell wall and appear to be empty spaces or indentations in the cyto-
plasm. However, from electron microscopical study, as shown in
Figure 11, the vacuole is seen to be situated close to the hyphal
wall with a thin layer of protoplasm lying between them. The vacuole
is bounded with an electron~dense tonoplast, and the contents have a
flocculent appearance which is characteristic of vacuoles in KMnOh
fixed plant cells (Whaley, 1960). The apparent existence of a layer
of cytoplasm between the tonoplast and the plasmalemma could mean the
section was cut obliquely, but the existence of content appears to
rule out the possibility of the vacuoles being indentations and
therefore part of the free space. The electron~density of the tonoplast
has been taken by many authors (e.g. Porter and Machada, 1960 and Parsons,

1961) to indicate the existence of phospho-lipoprotein;

It has been suggested that KMnOh acts as an tunmasking' agent
(Clayton, 1958; Clayton, 1959) enabling the protein to reduce the
KMnOh and increase the electron density; the high density in osmium-

fixed material suggests the lipid is highly concentrated.

The osmium-fixed vacuoles of R. solani show infolding of the
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(1)

(2)

(3)

(&)

(5)

SUMMARY

The development of vacuoles in Rhizoctonia solani Kuhn was

shown to be related to the age of the hyphae.
The vacuoles were seen to change their shape and coalesce.

Electron microscopy showed the vacuoles to be surrounded by a
tonoplast and to have contents that were flocculent in young

vacuoles and vesicular in old vacuoles.

Interferometric studies showed a double correlation between the

vacuolar and cytoplasmic contents.

Young vacuoles tended to have lower concentrations and be surrounded

by denser cytoplasm than older ones.

(6) Heasurements of mass before and after treatment with formalin

(7

(8)

showed that diffusable substances were equally distributed between

the vacuoles and cytoplasme.

Treatment with neutral red solutions showed initial accumulation
of the dye in "neutral red granules®. Further accumulation of

eutral red lead to coalescence of va eSe
neubtral red lead % al e of vacuol

No clear measurment could be made of the osmotic pressure of the

vacuoles.
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FIGURES 1 - 10.

Micrographs of hyphae of
R solani growing in slide culture
on a plain agar medium. Positive

prhase contrast. Magnification
1000 x.



FIGURE 1.

FIGURE 2

Hyphal apex showing dense cytoplasm
and absence of vacuoles.

Portion of young hypha showing the first
appearance of vacuoles.
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101 1S moving 1n

Evacuation of cytoplasm of a side branch.
The lowest hyphae are empty and the cyto-

plasm of the vacuolated port
the full trunk hypha at the top of the

graph.,

FIGURE 7.

Completely evacuated hyphae.

FIGURE 8.
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FIGURE 9. 4 portion of old mycelium (6~7 days)

showing an empty branch and full trunk

hypha °




FIGURE 10 (a~d). 4 series of micrographs of a
portion of hyphae showing the
change in shape of the vacuoles;
2 minute intervals.
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FIGURE 1l. Electron micrograph of vacuoles fixed in

KtnO;, showing tonoplast, flocculent contents
and a layer of cytoplasm between the vacuole
and the plasmalema.

FiGURE 12. Flectron micrograph of vacuoles fixed in osmium
showing fine vesicular contents.
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FIGURE 15. Similar to Figure 14 showing membrane
bound vesicles,.

FIGURE 16. Similar to Figure 15.
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FIGURE 19.

Diagram showing the relationship

. between the concentration (g/100 ml)

of vacuoles and surrounding cytoplasme
Re. solani, slide culture, plain agare.
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FIGURE 20. As in Figure 19, but culture grown on
1/50 N sucrose-peptone medium.
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FIGURE 21. Diagram of the relationship between vacuolar
concentration and distance of vacuole from
apex. Re. solani, slide culture, plain agar.
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FIGURE 22. As in Figure 21, but relationship between
cytoplasmic concentration and distance
from apex.
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FIGURE 23. Diagram showing the relationship between
vacuolar and cytoplasmic concentrations before
and after treatment with 4% formalin. R
solani, slide culture, plain agar.

4+ Values obtained in water.

0 Values obtained after treatment with
formalin.
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FIGURE 24 (a~f) Drawings of representative portions of

hyphae showing differing types of
relationship between vacuolar and cyto-
plasmic concentrations.

(a),(b) and (f): Medium vacuolar concentration

(c)
(a)
(e)

Low cytoplasmic concentration

Low vacuolar concentration
High cytoplasmic concentration

High vacuolar concentration
High cytoplasmic concentration

Emptying side branch - low
vacuolar concentration.
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FIGURE 25 (a~d) The same portion of hypha of Re.golani
showing the process of accumulation of
neutral red during a period of 1.1/2
hours.
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FIGURE 28. HMicrograph showing coalescence>of vacuoles
at an early stage of neutral red accumula-
tion. "Neutral red granule" stage.

FIGURE 29 (a~c). A series of micrographs showing the
effect of CaCls, solutions of increasing
concentration. a) 0.02 M, b) 0.04 14,

C) 0006 Me



FIGURE 30 (a=~d)e. A series of micrographs showing the
effect of sucrose solutions of
increasing concentration.

a) water, b) 0.l I, ¢) 0.5 i1, d) 1.0 I
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TABLE I. Values of diameter (p) of vacuoles (Dy) and
hyphae (D) and of concentration (g/100 ml)
of vacuoles (Cy) and cytoplasm (Cg) in hyphae
of R. solani (plain agar medium - 3 day old

(a)

slide culture).

61

D, Dy C, C,

367 6.7 1.1 28.1
Lol 6.3 6.3 25.0
3.5 6.3 2.5 26.6
3.7 6.3 Lol 27.8
3.7 7 ohs 0.7 30.4
3.7 7.0 Ooly 273
3.7 7.0 1l.2 27.3
bhol 7ol 545 23.3
ol 6.7 7.6 23.6
5.2 7 ols L8 16.9
Lok 6.3 10.7 30.6
3.7 Tols 9.8 30.0
baly 7ol 11.7 28.7
3.5 Ty 1.6 29.9
367 7.0 9.1 28 ot
3.7 7.8 10,7 28,9
367 7.8 12.8 27.6
56 7ol 343 2346
hol 748 13.3 3045
hol 7.0 8.2 26.6
3.7 5.9 15.7 3265
Lol 5.9 9.3 27 .0
3.0 7oy 0.1 28.7
Lol 6.7 7.3 2L ol
L o8 6.7 367 18.7
5.9 6.3 11.2 23.8
3.7 5.9 78 26,6

continued



TABLE I (a) Continued

62

D, D, C, C,
2.6 7.0 0.2 33.0
345 6.7 10.0 28.1
3.7 7.0 8.3 2ho5
Lol 7.0 13.3 28.0
3.7 7 ol 9.8 27.0
5.6 5.9 9.8 21.9
Lol 6.7 1l.1 22.5
1.9 8.1 0.9 2964
3.0 7ol 3.5 29.1
562 7.8 5.0 1hody
L8 6.3 9.5 19.8
3.7 7.8 11l.1 2Ll
3.7 8e5 7ol 20,7
L8 7ol ARG 203
37 8ol 12.5 29.0
3.5 6.7 11.3 31l.1
3.0 7.0 Lok 26,6
5.6 6.3 8.1 23.8
5.2 7.0 7.8 21.3
Lol 6.7 3ok 18.7
Lol Toly 2.3 23.6
5.6 7.0 6.l 19.5
35 7ol 11.8 2.6
549 6.7 T2 19.9
3.7 7.0 14.0 32.0
hol 6.7 1ol 32.0
5.2 6.3 104 2542
L8 7.0 8.6 10.5
3.7 6.7 6.0 16.9

continued



TABLE I (a) Continued

63

Dv Dh cv Cc

37 7.0 Leb 2L .1
502 6.7 6.6 22.5
Loly 740 6ol 20.9
Lely 6.3 3.6 25.1
5.2 6.7 Lao7 25¢5
3.7 663 2.1 310
Loly 6.3 6.0 23.0
Le8 6.3 6.0 18.0
3.7 Tels 4.0 13.0
3.7 7ok 2.9 20.2
5.2 7ol 3.6 22.0
502 Tols L8 22.6
5.6 Toly 10.0 24,0
L8 78 2.0 24,0




6ly

TABLE I (b). Same as Table I(a),
replicate experiment.

Dv Dh Cv Cc

3e5 6.3 362 2548
367 6.3 9.1 19.9
2.7 5.9 0 37.8
345 6.3 11.1 238
3.0 647 0 19.9
266 5.9 0 29.6
242 5.6 hob 293
3.7 6.3 10.1 29,0
37 5.9 1349 27 ks
3.7 5.9 8.0 317
3¢5 566 9.6 3062
3.0 5.9 0.8 21.1
345 6.7 0 25.5
365 70 11.0 19.6
365 5.6 6.5 27.0
Lol 5.9 13.2 27 4
3.7 6.7 6.7 22.9
37 5.6 13.0 29.3
365 6.0 L0 26.6
3.7 6.7 0 274
3.5 6.7 1.9 16.9
Lol 6.7 15.4 240
L.8 7.0 11.0 26.7
5.6 6.7 15.1 3040
502 7.0 0.1 21.3
3e5 ol 2.0 24..0
Lol 6.3 11.5 26.2
3.6 6.3 6.6 26.2

continued



TABLE I (b) Continued

65

D D, C, C,
3.0 7.0 0 22.0
3.7 Tols 3.0 28,0
5.6 6.7 12.2 2Ly
3.5 6.3 9.1 247
3¢5 T oly 3ol 11l.2
3.7 Toly 0 23.3
6.3 8.1 8.9 272
5.6 Toly 745 247
Lol 8ol A 2642
365 8.5 1.7 27.9
3.0 6.3 72 25.8
5.6 7.8 5.1 28.9
Lo 6.7 9.1 236
569 6.7 13.8 25.1
3.0 8.9 5.1 28.7
Lol 8s5 9.0 2865
3.0 7ok L7 30.0
367 Tols 0 254
5.6 7ol 11.3 20.3
3.7 7.8 6.2 2lel
Lol 7.8 0 23.5
Lo8 8.5 10.8 25.0
6.7 8.9 8.9 18.3
7.0 845 11.0 18.5
5¢2 845 1l.1 23.2
5.9 8.5 8.7 235
Lol 849 562 28.2
L o8 7 ols 645 23.6
6.3 8.9 Le2 18.9

continued



TABLE I (b) Continued

66

D, D, C, C,
Lo8 8.5 346 25.0
67 8.9 7.0 149
Le8 5.6 9.5 225
Lyoly 5.2 11.0 2L.6
6.7 Toly 6¢3 17.6
Lol 7ols 2ol 2547
3.7 748 0 2345
365 7ol 5.6 240
7.0 8.1 5.1 13.3
549 7.0 12.2 249
569 7ol 5.7 23.0
5.6 647 13.3 28.2
5.9 7.8 Qely 238
562 7ok 9.1 21.3
Lol 549 10.4 27.5
63 7 48 13.0 20,6




TABLE IT. Values of Dv’ D

h’

CV and CC for a

Mycelium of Re. solani growing in slide
culture on 1/50 N sucrose-peptone agar.

67

continued

D, Dy, C, C,
Loy 5.2 12.6 254
3.7 6.3 56l 23.0
3.0 Ll 2.3 36.8
L8 5.9 12.8 24,0
545 6.3 11.0 23.8
Lol 5.6 14l 2645
3.0 7.8 1.3 20.5
L8 569 15.4 295
Loly 6.3 o6 25 oly
345 5.6 9e2 2h .7
Lol 5.9 9.3 26,7
3.7 6.3 3.0 26
3.7 566 10.6 26.1
Lol 5.9 5.1 27 ol
6.3 7ok 12.0 243
566 7.0 7.8 21.3
Lol 7.0 56l 23.8
Loby 8.1 Lo5 21.5
549 8ol 10.3 23.3
5.6 7.0 0.9 29.5

Ll 7.0 0.3 26.6
5.6 7ol 57 26.0
5.9 8e5 L9 19.7
7 ols 8.5 7.6 202
6.7 8.5 3.5 214
7ols 8.9 9.6 21.1
) 93 5.9 21.8



TABLE II., Continued

D, Dy, C, C,
8okt 9.6 12.4 2ol
70 9.3 7.0 26,6
7 ols 8e5 10.7 3062
Lok 7.8 L3 22.5
L8 7.0 3ol 32,0
367 8.1 0 29.1
Loy 6.7 5.6 21.0
562 Toly 7.0 28,0
L8 T ol 6.0 25.7
Liely 7.8 8.8 21.2




TABLE IIT (a). Velues of D, D, C and C, for a

hypha of R. solani ¥t variSus dis-

tances from the ap apex. (plain agar
medium, 3 day old slide culture)e

69

Distance
(xan) Dv Dh Cv Cc

<0.1 3.7 6.7 1.1 28.1

<0.1l Lol 6.3 6.3 25.6
0.1 3.5 6.3 2.5 26,6
0.2 3.0 6.3 Lol 27.8
0.3 3.7 7oy 0.7 304
0.3 3.7 7.0 Ok 273
0.5 3.7 7.0 11.2 273
0.5 Lol T oly 5.5 233
0.5 Lol 6.7 7.6 23.6
0.5 562 7oy L8 16.9
0.6 Lol 6.3 10.7 30.6
0.7 3.7 Toly 9.8 30,0
0.7 Lol 7oly 11.7 28.7
0.9 3¢5 7.8 1.6 29.9
1.0 3.7 7.0 9.1 284
1.1l 3.7 7.8 10.7 28,9
1.2 3.7 7.8 12.8 27.6
1.2 546 Y 3.3 23.6
1.3 Lol 7.8 13.3 3045
1.3 Lol 7.0 8.2 26.6
15 367 569 15.7 3265
1.5 hol 5.9 9.3 27.0
1.8 3.0 7ol 0.1 28,7
2.0 Lol 6.7 7.3 2h ol
2.0 L8 6.7 3.7 18.7
262 5.9 6.3 11.2 238

continued



TABLE ITI (a) Continued

Distance

(mm) Dy Dh Cy Cc
2.2 3.7 5.9 11.6 2646
2.8 2.6 7.0 0.2 33.0
2.8 3.5 6.7 10.0 28.1
2.8 3.7 7.0 8.3 2405
3.3 4l 7.0 13.3 28.0
3okt 3.7 Tl 9.8 27.0
3l 5.6 5.9 9.8 21.9
Lol Lols 6.7 11.1 2245
Lol 1.9 8.l 0.9 29.L
9.6 3.0 74l 3.5 29.1
9.6 5.2 7.8 5.0 LUyels
9.7 L8 6.3 9.5 19.8
9.7 3.7 7.8 11.1 2ol

10.0 3.7 8.5 7l 2047

10.0 b8 7l lob 20.3

11.0 3.7 8.1 12.5 29.0

11.0 3.5 6.7 11.3 31.1

3040 3.0 7.0 1o 2646

30.0 5.6 6.3 8.1 23.8

30.8 5.2 7.0 7.8 21.3

31.2 3.0 8.9 5.8 25.0

31.2 Lol 6.7 3.4 18.7

31.2 bl 7ol 2.3 23.6

32.3 byl 7.4 147 2043

32.5 3.5 7, 11.8 2ho6

32.5 5.9 6.7 7.2 1949

33.0 3.7 7.0 14.0 32,0

33.1 Lol 6.7 1.1 32.0

continued



TABLE III (a) continued

71

Distance

(mm) D, Dh Cv CC
33.2 502 6.3 10.4 25.2
33.3 L8 7.0 8.6 19.5
3364 3.7 6.7 6.0 16.9
33.5 3.7 7.0 beb 2L.1
33.7 6.7 562 6.6 22.5
33.9 Lol 6.3 3.6 25.1
3L.1 5.2 6.7 Lo 2545
341 37 6.3 2.1 31.0
3Le3 Loly 6.3 6.0 23.0
3Ly L8 6.3 6.0 18.0
3h.7 3.7 7ol NG 19.0
L7 3.7 > 29 20.2
34.8 542 Tols 3.6 22.0
3469 562 Tl 4.8 22.6
3540 5.6 Tely 10.0 24.0
35.2 L8 7.8 2.0 24.0




TABLE III (b).

Same as Table III (a).
(7 day old culture)

Distance

() Dy Dy Cy Ce

<0.1 33 6.7 0 31.2

<0.1 3.3 6.7 0 23.7
0.1 3.7 Tols 0 277
O.l Lol Toly 5.6 2544
0.4 Lol Tely 2.8 24.0
0.5 Lol 7.0 363 28.5
0.5 Lol Toly 5.2 294
0.5 3.0 7.8 0 26,7
0.6 3e3 7ol BV 24 .6
0.6 3.3 6.7 Leb 30.8
0.7 3.0 7.8 23 23.2
0.7 37 7ol 0 237
0.8 L8 8.1 0 2l o6
0.8 33 8e5 0 25.0
0.9 3.7 7.8 0 2547
1ol 3.7 8.1 0 23.0
1.3 37 8.5 0 19.7
1.3 Lol 8.5 0 23.2
1.3 3.7 7.8 1.1 26.1
1ok Lel 8.1 0.6 22.7
1.9 hol 8.1 0 2264
1.9 3.7 Tols 6.3 18.4
203 3.7 7.8 0 20.6
2ok o8 6.3 8.1 22.7
2ol 3.3 8.1 1.3 19.9
2kt Lol 569 1.6 232
365 5.2 6.7 5.8 2245
L7 3.7 8.9 Re2 17.7
Lo8 4.8 865 T 20.3

contbinued



TABLE TIT (b) Continued.

73

Distance

(mm) Dy Dy Cy Cc
L8 3.0 7.0 3.0 24,8
5e5 3.7 8.5 40 2345
5.5 3.7 8.5 L8 25.0
5.7 33 7ol 8e5 28.0
6.5 Lok 7.8 12.5 20,9
6.5 3.7 8.9 Ouly 22.5
6.5 562 7.0 56l 18.8
6.6 Lol 6.7 3.3 21 ok
7.0 bl 6.7 Lol 19.5
Te3 booly 6.3 6.8 21.9
7oly Loly 8.1 7.1 184
8.9 Le8 8.9 10k 23.6
12.2 5.2 7.8 12,6 19.3
12.2 4 o8 8ol 0 16.9
12.5 o8 6.7 8.9 229
12.5 L oky 7.0 6.2 20.3
12.5 Lol 6.3 3.0 20,3
12,6 bl 7.0 9.1 20.3
12.6 5.9 7.0 8.5 17.7
12.7 Lok 7 oly 2.2 20.2
12.7 L8 6.3 L0 2063
12.8 5.6 8ol 0.l 164
12.9 Lol 7oy 5.8 19.3
12.9 6.7 7ol 6oly 19.2
13.0 3.7 7.0 5.6 2L.6
18.1 Lol Toly 11.2 2543
13.1 7.0 7.8 11.3 20,9
13.2 boly 7.0 7 oly 26.0
13.2 4.8 7ol 1.1 25.0

continued



TABLE III (b) continued

D%;;?ﬂce Dv Dh Cv C'c
13.3 3.7 8e5 3.1 22.0
13k Lol 6.7 11.7 2502
13.9 3.7 7ol 95 2L o3
13.9 L8 6.7 19.6 30.0
1349 Lol Tols 6.6 242
1he2 Lol 7.0 L2 21.3
4.3 5e2 7.0 o2 17.8
1Lh.5 Lol 6.7 11l.1 2562
1446 562 7.8 12.5 2063
1h.7 6.7 7ok 77 15.2
15.0 6.3 7.8 5.6 15.1
15.1 566 Tols 5.6 16.9
15.5 5.9 8.1 6.9 15.4
16.1 562 7.0 79 2204
164 L8 5.9 1267 18.2
16.7 549 7.0 6.6 16,7




5

TABLE IV. Values of Cc for hyphal apices and
portions of non-vacuolate old hyphae

(7 days)

Apices 01d Hyphae
L2.9 294
Lol 223
36,6 30.1
Ll.1 2263
40e5 28.5

Means

and

Standard

Deviations

4104 T 2,86 26.52 T 3.89
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