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A B S T R A C T 

Although the Phycomyces s|iorangiophore has been the 
ob j e c t of numerous p h y s i o l o g i c a l i n v e s t i g a t i o n s l i t t l e 
i s known of i t s u l t r a s t r u c t u r e or of the changes t h a t 
occur w i t h i n i t during growth and development. This i s 
p a r t l y due to the f a i l u r e of some workers to obtain 
s a t i s f a c t o r y f i x a t i o n of the sporangiophore f o r 
u l t r a s t r u c t u r a l i n v e s t i g a t i o n s . 

I n v e s t i g a t i o n s were made f o r s u i t a b l e f i x a t i o n 
procedures which might help to el u c i d a t e the f i n e s t r u c t u r e 
o f the sporangiophore during growth and development. 
Using the f i x a t i o n procedures developed, long microfilaments 
l y i n g almost p a r a l l e l to the long axis of the sporangiophore 
and c l o s e l y associate-d w i t h mitochondria were revealed. 
These microfilaments probably determine the path along 
which the mitochondria move and may account f o r the 
m u l t i s t r i a t e streaming of organelles as seen i n the phase 
co n t r a s t microscope. I n v e s t i g a t i o n s f o r a dis c r e t e g r a v i t y 
receptor proved negative but d i d reveal an upward 
displacement of the large c e n t r a l vacuole concurrent w i t h 
the development of a geotropic curvature.. I was not able 
to f i n d any organelle vjhich might f u n c t i o n as a 
photoreceptor. 

The u l t r a s t r u c t u r a l changes occurring during the 
development of the sporangium and germination of the spores 
are described. 



1 . 

Section I 

Although Phycomyces hlakesleeanus has been the 
obj e c t of numerous i n v e s t i g a t i o n s and much i s known ahout 
i t s physiology, biochemistry, genetics and h a b i t s , there 
remains several phenomena s t i l l unexplained, an explanation 
of which might be assisted i f a more d e t a i l e d Imowledge 
of the f i n e s t r u c t u r e were a v a i l a b l e . 

I t was the aim of t h i s study:-
1 . To i n v e s t i g a t e the p o s s i b i l i t i e s of examining the 

vegetative s t r u c t u r e s of Phycomyces under the 
e l e c t r o n microscope. (Several attempts have been 

' ' i: ,f: made but i n a l l cases considerable d i f f i c u l t y has 
been experienced in. the preparation of the m a t e r i a l 
p r i o r t o examination.) 

2» To determine i f such phenomena as protoplasmic 
streaming, geoperception and photoperception of 
the sporangiophore had any basis i n recognisable 
u l t r a s t r u c t u r a l features associated with,and 
perhaps responsible f o r , the observed behaviour* 

3» To i n v e s t i g a t e the development and maturation of 
the sporangia and the germination of the spores. 

The i n v e s t i g a t i o n was, t h e r e f o r e , e s s e n t i a l l y 
a study by e l e c t r o n microscopy and much of the evidence 
appears i n the e l e c t r o n micrographs. 

1 OCT 1(972 



S e c t i o n I I 

In t r o d u c t i o n , 

I l a Phycomyces - A Survey 

Phycomyces blakesleeanus belongs to the fungal 
c l a s s Zygomycetes, members of which are c h a r a c t e r i s e d 
by the production of non-motile vegetative spores l a c k i n g 
f l a g e l l a on a mycelium t h a t i s almost completely without 
s e p t a 

The genus Phycomyces was f i r s t created i n 1823 "by 
Kunze who d i s t i n g u i s h e d one spec i e s only - Phycomyces 
n l t e n s . At the present time there are s a i d to be 
three s p e c i e s (Benjamin & H e s s e l t i n e 1959) recognised 
w i t h i n the genus although only two are known to be 
a v a i l a b l e . These are Phycomyces blakesleeanus 
(Burgeff 1925) and Phycomyces nitens« Burgeff separated 
the s p e c i e s on the b a s i s of i n c o m p a t i b i l i t y . Although 
the two i n t e r a c t e d s e x u a l l y and formed zygospores which 
germinated to produce sporangia the spores were s t e r i l e . 

The organism has been of b i o l o g i c a l i n t e r e s t 
almost s i n c e i t s discovery. I n t e r e s t was f i r s t aroused 
by the l a r g e , e r e c t , c y l i n d r i c a l , coenecytic 
sporangiophores which may grow to a height of 10 cm or 
more, and t h e i r s t r i k i n g piiototropism, and l a t e r by the 
discovery of s e l f i n c o m p a t i b i l i t y by B l a k e s l e e {190k) 
and the requirement of Phycomyces f o r vitamin B j by 
Schopfer (193U) and Burgeff {133k)• 

Each sporangiophore bears a s i n g l e s p h e r i c a l 
sporangium which may be up to f i v e times the diameter 
of the supporting sporangiophore. 

Many i n v e s t i g a t i o n s have been made into the 
mechanism of sporangiophore growth of t h i s fungus 
( C a s t l e 1942,, 1958, 1959) and p a r t i c u l a r l y i n t o the 
s p i r a l growth so c h a r a c t e r i s t i c of the Stage I V 
sporangiophores. About 2-3 hours a f t e r the completion 
of sporangium development,growth i n height of the 
sporangiophore, which ceases during sporangium 
formation, i s resumed and within a few hours a steady 
growth of about 3 nim per hour i s a t t a i n e d and may 
continue f o r s e v e r a l hours. Growth of the 
sporangiophore i s l i m i t e d to a growth zone which 
occupies the f i r s t 2-3 mm of the sporangiophore below 
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the base of the sporangium. Growth i s not uniform 
throughout the zone, but reaches a maximum at about 
0.3 nun below the sporangium s w e l l i n g and de c l i n e s to 
zero at the bgse, about 2 mm below the sporangium 
base ( C a s t l e 1938)• During the growth of a mature 
sporangiophore - Stage I V ( C a s t l e 19^2) the 
sporangium and each s e c t i o n of the growth zone r o t a t e s 
around the v e r t i c a l a x i s , the r o t a t i o n a l v e l o c i t y 
being f a s t e s t f o r the sporangium and decreasing to 
zero at the base of the growing region. This 
r o t a t i o n i s at f i r s t a n t i c l o c k w i s e (Z h e l i x , 
R a e l o f s e n 1959) but l a t e r changes to a clockwise 
d i r e c t i o n (S h e l i x , R aelofsen 1959)(Castle 19U2). 
Growth w i t h i n the zone can be considered to be a 
measure of the r a t e of s y n t h e s i s of w a l l m a t e r i a l 
and i t s i n t e r s u s c e p t i o n between the previous l y 
e x i s t i n g m i c r o f i b r i l s . I t i s b e l i e v e d by some 
workers that the s p i r a l growth of the sporangiophore 
r e f l e c t s the submicroscopic f i b r i l l a r anatomy of the 
sporangiophore w a l l (Hawker.'-1965) 

The sporangiophore i s s e n s i t i v e to l i g h t - a 
response f i r s t discovered and e x t e n s i v e l y studied 
by Blaauw--" i n 1909, 1914, 1915 and 1918 (BergmanceCal 
1969) and to g r a v i t y , the most d e t a i l e d study of which 
has been made by Dennison (195-9) • ' I t has more 
r e c e n t l y been shown to respond to humidity changes 
and to an imposed s t r e t c h i n g f o r c e . The 
sporangiophore a l s o shows an avoidance response 
f i r s t reported by E l f v i n g i n 1881 and r e c e n t l y 
used i n i n v e s t i g a t i o n s on the habituation of the 
l i g h t growth response by Ortega and Gamovtt' (l970). 
These various s t i m u l i a f f e c t the r a t e of growth of 
the sporangiophore by producing e i t h e r a t r o p i c 
response or a temporary change i n the r a t e of growth 
i n the growth zone. 

Below the growth zone of the sporangiophore and 
i n the m y c e l i a l hyphae protoplasmic streaming can 
be r e a d i l y observed by phase c o n t r a s t on i n t e r f e r e n c e 
microscopy. I n t h i n or o l d sporangiophores p a r t i c l e s 
can be seen moving i n opposite d i r e c t i o n s along a 
seemingly s i n g l e s t r a n d of cytoplasm. The axes of 
these strands l i e p a r a l l e l to each other but often 
deviate by s e v e r a l degrees from the axis of the 
sporangiophore. T h i s streaming was f i r s t described 



by Oorl* and Raelofsen (1932) who b e l i e v e d i t played 
some r o l e i n determining the s p i r a l growth of the 
sporangiophore. L a t e r s t u d i o by Pop (1938) produced 
c o n f l i c t i n g evidence which l e d him to b e l i e v e that 
there was no r e l a t i o n s h i p between the two phenomena 
of streaming and s p i r a l growth. 

l i b . Auxins and Tr o n i c Responses. 

The sporangiophores of Phycomyces show three 
pronounced responses to e x t e r n a l s t i m u l i v i z : a l i g h t 
growth response, a phototropic response and a 
g r a v i t a t i o n a l response. So f a r as higher p l a n t s are 
concerned i t i s g e n e r a l l y agreed that the growth 
responses to l i g h t are the r e s u l t of the r e g u l a t i o n 
of growth r a t e s by auxins and s i m i l a r r e g u l a t o r s are 
considered to be the c o n t r o l l i n g influence of growth 
responses to g r a v i t y . 

Banbury (1952) was unable to show any growth 
response to e x t e r n a l l y applied i n d o l y l a c e t i c a c i d 
i n concentrates of between 10 - 10,000 ug/ml. i n 
the sporangiophores of Phycomyces. despite the evidence 
f o r the occurrence of t h i s substance i n fungi. He 

was, however, able to produce sharp curvatures i n 
sporangiophores t r e a t e d with g r i s e o f l a v i n paste 
containing 100 vtg/ml. The response was the r e s u l t 
of a change i n d i r e c t i o n of growth as a r e s u l t of the 
a p p l i c a t i o n . S i m i l a r a p p l i c a t i o n s below the growth 
zone produced no apparent r e a c t i o n . Despite the f a c t 
t h a t g r i s e o f l a v i n i s produced by s e v e r a l species of 
P e n i c i l l l u m and f u l f i l ^ ; ; one of the c r i t e r i a f o r a 
myco-auxin by i t s a f f e c t on the extension of c h i t i n 
w a l l e d hyphae i t has not been demonstrated i n 
Phycomyces mycelium and i t seemed reasonable to assume 
th a t i t i s not i n v o l v e d i n the photo-responses of 
Phycomyces sporangiophores. 

l i e . H i s t o r y of U l t r a - S t r u c t u r a l S t u d i e s . 

Pew i n v e s t i g a t o r s : have attempted to e l u c i d a t e 
the f i n e s t r u c t u r e of t h i s much studied fungus. The 
e a r l i e s t u l t r a s t r u c t u r a l i n v e s t i g a t i o n on Phycomyces 
was probably that of Raelofsen (l95l) when he o u t l i n e d 
the s t r u c t u r e of the c e l l w a l l as understood from the 
r e s u l t s of experiments using double r e f r a c t i o n and 
e l e c t r o n microscopy. T h i s was followed i n 1963 "by the 



r e s u l t s of the vjork of Preston on w a l l s t r u c t u r e and 
c e l l growth i n which he i n d i c a t e d t h a t i t seemed most 
probable t h a t there e x i s t s a r e l a t i o n s h i p between the 
arrangement of the c h i t i n f i b r i l s i n the secondary 
c e l l w a l l , the s p i r a l growth and the s p i r a l streaming 
of the protoplasm o f the Stage I V B sporangiophore. 

Peat and Banbury ( I 9 6 7 ) reported on the f i n e 
s t r u c t u r e of the growing region of the Stage I and 
Stage IV B sporangiophores. I n t h i s work they were 
able to show t h a t i n many respects the fungal hjrpha 
possessed most organelles i n common w i t h higher p l a n t s 
and animals - n u c l e i , mitochondria, vacuoles, l i p i d 
bodies, glycogen and some endoplasmic reticulum. I n 
t h e i r micrographs the l a t t e r was comparatively 
sparse and u n l i k e the c o n d i t i o n commonly reported i n 
higher p l a n t and animal c e l l s showed no obvious 
continuations w i t h the membranes of the plasqjalerama and 
n u c l e i . The micrographs published by Peat and Banbury 
showed some evidence of possible organelle d i s t o r t i o n 
•during p r e p a r a t i o n - nevertheless t h e i r f i n d i n g s 
agreed f o r the most p a r t w i t h those of e a r l i e r workers 
w i t h fungal m a t e r i a l and summarised i n " U l t r a s t r u c t u r e 
of Fungi", Bracker ( I 9 6 7 ) and Pine Structure of Fungi", 
Hawker ( I 9 6 5 ) . 

However Peat and Banbury (I . 9 6 7 ) were not able 
to f i n d any u l t r a s t r u c t u r a l basis f o r the s p i r a l streaming 
of the protoplasm or the s t r i k i n g t r o p i c responses 
of the sporangiophore t o l i g h t and g r a v i t y . 

A new organelle not observed by Peat and Banbury 
i s the autophagic vesic-le (Thornton I 9 6 8 ) . Such 
ve s i c l e s were reported by th a t author as occurring i n 
l a r g e numbers below the nuclear zone of the Stage I 
sporangiophore where they were o f t e n seen to contain 
cytoplasmic c o n s t i t u e n t s i n various stages of 
d i s i n t e g r a t i o n . I t was suggested t h a t these v e s i c l e s , 
which s t a r t out as small c i s t e r n a e , coalesce around the 
p o r t i o n of the cytoplasm to be disposedvof, so e n g u l f i n g 
i t , and f i n a l l y disgorge the degradated contents i n t o 
the c e n t r a l vacuole. Having made t h e i r f i r s t appearance 
i n the swollen hyphal primordia of very young 
sporangiophores, the v e s i c l e s were reported as 
p e r s i s t i n g throughout the development of the 
sporangiophore, and to f u n c t i o n a f t e r s p o r u l a t i o n and 
maturation of the sporangium. ( I n view of the immense 
d i f f i c u l t y experienced by myself and other workers i n 
o b t a i n i n g s a t i s f a c t o r y Gluteraldehyde post Osmium 



t e t r o x i d e f i x a t i o n of Phycomyces sporangiophores 
and my complete f a i l u r e to observe comparable 
s t r u c t u r e s , although vesicles which coalesce 
w i t h the c e n t r a l vacuole have been observed i n 
m a t e r i a l e i t h e r s i m i l a r l y f i x e d and embedded i n 
Methacrylate (Mohr & Cocking 1 9 6 8 ) , or f i x e d i n 
potassium permanganate and embedded i n A r a l d i t e , I 
remain somewhat unconvinced of the existence of 
autophagic v e s i c l e s ) . 

I n v e s t i g a t i o n s of the f i n e s t r u c t u r e of 
Phycomyces have been slow because o f the inherent 
p r o p e r t i e s of the c u t i c l e and c e l l w a l l which make 
prep a r a t i o n of the m a t e r i a l f o r e l e c t r o n microscopical 
examination d i f f i c u l t ; yet a knowledge of the u l t r a -
s t r u c t u r a l f e a t u r e s , p a r t i c u l a r l y of the sporangiophore, 
might w e l l a s s i s t i n exp l a i n i n g some of the phenomena 
v/hich are so c h a r a c t e r i s t i c o f t h i s fungus and 
which have so f a r remained i n e x p l i c a b l e i n terms 
of l i g h t microscope observations and sensory 
physiology. 

When beginning i n v e s t i g a t i o n s on the 
u l t r a s t r u c t u r e of Phycomyces blakesleeanus i t was 
f i r s t e s s e n t i a l to develop a teclmique of ma t e r i a l 
p r e p a r a t i o n which would r e s u l t i n the minimum 
d i s r u p t i o n i n shape and d i s t r i b u t i o n and st r u c t u r e 
of the c o n s t i t u e n t organelles of t h i s extremely 
la r g e c e l l . 
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SECTION I I I 

MATERIA AND METHODS. 

Source of S t r a i n 

Phycomyces blakesleeanus plus and minus s t r a i n s 
were obtained from C.B.S. Baorn and were the same 
as those used by Peat and Banbury (1967) 

I I I a. Media and Growth Vessels 
Culture medium. The fungus was grown on plates 
or s o l i d slopes of 2% malt agar throughout the 
i n v e s t i g a t i o n . 
The medium was made up as f o l l o w s : -
Malt-Agar Medium 

Malt e x t r a c t 20.0 grammes 
D i s t i l l e d water 1000.0 cm^ 
Agar 20.0 grammes 

Two other media were t r i e d at the beginning of the 
work but as the growth on these substrates was not 
as good as t h a t on the 2fo malt agar, they were 
abandoned. These media were a malt e x t r a c t -
glucose agar and a malt extract-glucose-peptone 
agar. 
Malt extract-glucose agar 

Malt e x t r a c t 20.0 grammes 
Glucose 20.0 grammes 
Agar 20.0 grammes 
D i s t i l l e d water 1000.0 cm-̂  



Malt extract-glucose-peptone agar 
Malt e x t r a c t 20.0 grammes 
Glucose 20.0 grammes 
Peptone 0.5 grammes 
Agar 20.0 grammes 
D i s t i l l e d Water 1000.0 cra^ 

The growth v/as p a r t i c u l a r l y poor on the malt 
extract-glucose-peptone medium, the fungus producing 
a sparse mycelium and a poor crop of sporangiophores. 
Culture vessels. 
(a) P e t r i d i s h c u l t u r e s . For ro u t i n e work the 
fungus was grovm i n s t e r i l e p l a s t i c p e t r i - d i s h e s , 
diameter 8-8 cm. These were kept i n s t e r i l e glass 
p e t r i d i s h tops,diameter 10-I' cm. ,and covered w i t h 
s t e r i l e c r y s t a l l i z i n g dishes ,diam^er 9 0 cm. and 
height4 6 cm, , ( f i g l ) . 
(b) Oxoid cap c u l t u r e s were used when cu l t u r e s were 
to be c e n t r i f u g e d . Small oxoid caps,diameter 2.5 cm. 
height 2.5 cm,held about 12.5 ml, of c u l t u r e 
medium. Eight c u l t u r e vessels could be placed on a 
s t e r i l e glass p e t r i - d i s h top,,diarater 10 1 cm. ,and 
covered w i t h a s t e r i l e c r y s t a l l i z i n g dish,diameter 
9 -0 cm. and height 4 6 cm. , u n t i l growth of the 
sporangiophores was s u f f i c i e n t f o r use i n the 
c e n t r i f u g e , ( f i g s . 2a and b) 
( c ) P r o t e c t i v e caps. Before use, the oxoid cap 
c u l t u r e s were covered w i t h Morton Closure Caps, 
diameter 2.7 cm. and height 3.8 cm. , ( f i g 3). 

I l l b . l ) Turntable f o r Geotropic Experiments 
A t u r n t a b l e of tufnol,38 cm. diameter and 3 cm. 

deep,was made to f i t a slow speed M.S.E. c e n t r i f u g e . 
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^ • • 

P i g 1 . Culture vessel i n which m a t e r i a l used t o 
i n v e s t i g a t e protoplasmic streaming and sporangium 
development was grown. 

P i g 2a.Vessels i n which m a t e r i a l was grown f o r 
use i n geotropic experiment. 
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This was bored w i t h holes,2.8 cm. i n diameter and 
2.2 cm. deep,into which the oxoid cap cu l t u r e s 
could be f i r m l y f i t t e d . The holes were 
w i t h t h e i r centres 3.81 cm., 5.08 cm., 7.62 cm., 
10.16 cm., 11.̂ 4.3 cm., and 15»2k, cm. from the centre 
of r o t a t i o n o f the t u r n t a b l e ( F i g ; : 4) 
2) Growth Chamber f o r Phototropic Experiment 

A boxSlcm XScm XSScm was made l i g h t proof by 
coati n g both the ins i d e and outside w i t h black 

^ p a i n t . I t Was f i t t e d w i t h two 3 watt bulbs so 
t h a t two opposite l i g h t beams each made an angle 
of approximately 45° w i t h the centre of the chamber 
f l o o r . The two beams were of c l o s e l y matched 
i n t e n s i t y and when necessary the r i g h t beam could 
be cut o f f t o produce asymmetrical i l l u m i n a t i o n 
of v e r t i c a l sporangiophores placed i n the centre 
of the chamber f l o o r . The f r o n t of the box was 
covered w i t h black polythene sheeting. 

I I I c . S t e r i l i z a t i o n and I n o c u l a t i n g procedure 
The c u l t u r e medium and vessels were s t e r i l i z e d 

by autoclaving at a pressure of 15 I b . / s q . i n . f o r 
15 min. The c u l t u r e medium was inoculated w i t h 
mycelium from a 6-7 day o l d c u l t u r e t r a n s f e r r e d by 
means of a s t e r i l e platinum loop. This produced 
an e x c e l l e n t crop of sporangia about f o u r days 
a f t e r i n o c u l a t i o n . 
Growth c o n d i t i o n s . 

A l l c u l t u r e s were kept at ambient room 
temperature - approximately 20 C. Cultures used 
i n geotropic experiments were t r a n s f e r r e d t o the 
dark at the appearance of the Stage I sporangiophores 
and kept thece u n t i l several of the sporangiophores 
bearing mature sporangia were 2 cm. to 2.5 cm. t a l l . 



CAUTION 

P i g . 4 T̂ SE centrifuge with "turn-talDle made to take 
oxoid cap c u l t u r e v e s s e l s . 



C u l t u r e s used i n phototropic experiments were 
subj e c t e d to con t i n u a l i l l u m i n a t i o n from a 
d i f f u s e l i g h t at 60 era. distance u n t i l s e v e r a l 
sporangiophores bearing mature sporangia were 
2 cm, to 2.5 cm. t a l l . 

I l l d . C o l l e c t i o n of Spores 
Spores were c o l l e c t e d from 8-9 day old p l a t e 

c u l t u r e s as these produced the g r e a t e s t number of 
v i a b l e spores. The p l a t e s were flooded with 3 cm^ 
of s t e r i l e d i s t i l l e d water drained and r i n s e d with 
another 3 cm^ of s t e r i l e d i s t i l l e d water. The 
concentrated spore suspension thus obtained was 
d i l u t e d to 10 cm-̂  f i n a l volume. 
Medium f o r Germination of Spores. 

The spores were germinated on a potato 
e x t r a c t . 30 gm. potato were macerated i n 5 cm'̂  
of s t e r i l e d i s t i l l e d water. T h i s was then made up 
to 25 cm-̂  by the addition of a f u r t h e r 20 cm-̂  of 
s t e r i l e d i s t i l l e d water. The pulp was shaken 
v i g o r o u s l y for s e v e r a l minutes to bring as much 
solub l e m a t e r i a l as p o s s i b l e i n t o s o l u t i o n . The 
l i q u i d was then decanted and f i n a l l y f i l t e r e d 
through normal grade Whatman f i l t e r paper to 
remove the i n s o l u b l e s t a r c h g r a i n s . F i n a l l y 
10 cm-̂  of t h i s s o l u b l e e x t r a c t were added to the 
spore suspension i n a p e t r i d i s h . 
G u l t u r i n g of Spores. 

The spores were c u l t u r e d i n a t h i n f i l m 
of potato e x t r a c t at the bottom of a p e t r i d i s h . 
T h i s was incubated at i|.0°C f o r 15 minutes and 
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then kept at ambient room temperature. Spores taken 
from an 8-9 day old c u l t u r e germinated i n 5-6 
hours, 

I l l e . E l e c t r o n Microscopy 
1. F i x a t i v e s 
( a ) The most s a t i s f a c t o r y general f i x a t i v e was 
2^ mnO^ w/v (not "buffered) 
("b) A f i x a t i v e composed of equal volumes of l^o 
Gluteraldehyde and 2fo OSO^ i n 0.1 M cacodylate 
TDuffer gave the most s a t i s f a c t o r y f i x a t i o n of 
m i c r of llraraent s. 
Other f i x a t i v e s were i n v e s t i g a t e d and these are 
described, i n a s e c t i o n d e aling with f i x a t i o n 
2. R e s i n 
The only one which gave repeated s a t i s f a c t o r y 
emhediment of Phycomyces was TiUB Embedding 
R e s i n 
T h i s was prepared as f o l l o w s : -

R e s i n 50 cm^ 
Dodecenylsuccinic anhydride (D.D.S.A. )50 cra"̂  
Tridimethylaminomethyl phenol 
(D.M.P./30) 0.01 cm^ per 5 cm"̂  of r e s i n 

5. S t a i n i n g 
The two s t a i n s most frequently used were 
( a ) Uranyl acetate - a 1% s o l u t i o n w/v made up 
i n absolute a l c o h o l 
(b) Lead c i t r a t e - Re'iiolds 

1.33 g Ph (1^0^)2; 1.76 g Sodium c i t r a t e 
(Na^ (CgH^0-,)2H20) i n 30 ml. water 
T h i s was shaken vigorously f o r 1 minute to 

complete conversion to l e a d c i t r a t e . A f t e r 3o min. 
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8.0 ml. of IN. NaOH were added and the suspension 
d i l u t e d to 50 ml. 

The s e c t i o n s were s t a i n e d by f l o a t i n g them on 
drops of the above s o l u t i o n placed on wax su r f a c e s . 
Potassium permanganate, was used to s t a i n some of the 
s e c t i o n s prepared from simultaneous gluteraldehyde/ 
osmium t e t r o x i d e f i x a t i o n and gave s a t i s f a c t o r y 
r e s u l t s . 
U. V e s s e l s f o r f i x a t i o n . 

Rectangular troughs 3 i n . by 1 i n . by 1 i n . 
made from microscope s l i d e s were used i n s t e a d of 
v i a l s f o r the f i x a t i o n of the Stage I V B ( f i g . S.) 
sporangiophores. I n these, troughs the sporangiophores 
could be drawn down below the surface of the f i x a t i v e 
by t h e i r base without causing deformation of the 
c e l l s t r u c t u r e . 



I t . 

o 
H 

•P 

o 

o 

+» 

u fa 
ft 0) 

bO 
a 
•H 

O 
xi 

(D -H 
CO bO 

o 
EH 

bO 
•H 

O 
ft 
CO 



17. 

SECTION I V 

INVESTIGATIONS INTO THE PREPARATION OF PHYCOMYCES 
FOR ELECTRON MICROSCOPY 

iVa. Problems p e r t a i n i n g to Phycomyces. 
The presence of a chit i n o u s w a l l surrounded 

by a waxy c u t i c l e made the penetration of f i x a t i v e s 
and embedding r e s i n extremely d i f f i c u l t i n a l l p a r t s 
of the sporangiophore except the growing region and 
sporangiophore base. F i x a t i v e s penetrated these 
l a t t e r tuo regions f a i r l y r a p i d l y , but even so 
e l e c t r o n microscope examinations of these sections 
suggested that considerable d i s t o r t i o n of the 
c e l l contents had occurred. 
F i x a t i o n . 

The f o l l o w i n g f i x a t i v e s were t e s t e d on the 
Stage I V B sporangiophore and on sporangia (see 
Table l ) at d i f f e r e n t stages of development. Only 
two f i x a t i v e s were foiind to be s a t i s f a c t o r y . 

A l l f i x a t i o n s i n gluteraldehyde were followed 
by post f i x a t i o n i n 2fo aqueous OsO^ w/v for a period 
of from 30 min to 2 hours at e i t h e r k'^G or room 
temperature. 

As a f i x a t i v e f o r the sporangia, the 2% KMnO^ 
w/v proved to be the most s a t i s f a c t o r y and i t was 
there f o r e decided to continue to make f u r t h e r 
s t u d i e s of the development of the sporangia and 
germination of the spores using 2^ KMnO^ as the 
f i x a t i v e . The periods of f i x a t i o n however v a r i e d 
from 20 mins to 12 hours depending on the stage of 
development. I t i s recognised that using only one 
f i x a t i v e , KMnO^, f o r work on sporangia places one 
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at a s p e c i f i c disadvantage. E x t r a information may 
|n g^neral be obtained by comparing micrographs 
prepared from corresponding s e c t i o n s of material 
f i x e d by d i f f e r e n t procedures, and c l e a r i n d i c a t i o n 
may be obtained concerning the d e s t r u c t i o n , or 
s e r i o u s l o s s , or mod i f i c a t i o n of p a r t i c u l a r components 
by one f i x a t i v e , the same component being w e l l 
p r eserved by another f i x a t i v e . . I n t h i s case however, 
potassium permanganate seemed to be the only f i x a t i v e 
p e n e t r a t i n g s u f f i c i e n t l y to give acceptable 
p r e s e r v a t i o n of a good proportion of the cytoplasmic 
components. Recognising the c h a r a c t e r i s t i c l i m i t a t i o n s 
of potassium permanganate p r e s e r v a t i o n , one may s t i l l 
c l a im that some r e l i a b l e information may nevertheless 
be obtained from a study r e s t r i c t e d to t h i s f i x a t i v e . 
Protoplasmic Streaming. 

A f t e r p^iji-liminary t r i a l s i t was decided to use 
the simultaneous gluteraldehyde, osmiiim tetroxide f i x a t i o n 
w i th postosraication devised by Franks, K r i e n and Brown 
(1969) i n f u r t h e r i n v e s t i g a t i o n of the f i n e s t r u c t u r e 
of the mature regions of the sporangiophores. 

Equal p a r t s of i c e co l d k% gluteraldehyde and 
2% osmium tetroxide,both buffered with 0.1 M c'acodylate 
to a pH 7.0> \]GTe mixed and used at once for f i x a t i o n . 
The f i x a t i v e v e s s e l was kept i n an i c e bath throughout 
the f i x a t i o n . One pa r t of detergent per 1000 p a r t s of 
f i x a t i v e was added to the f i x a t i v e to ensure the complete 
wetting of the c e l l w a l l s and the complete submergence 
of the sporangiophores during the f i x a t i o n period. The 
sporangiophores were f i x e d f o r one hour and then washed 
three times i n 0*1 M cacodylate buffer f o r 30 minutes 
each, as suggested by Frank, K r i e n and Brown. 
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Washing was followed by postosmication i n 1% OsO^ 

i n 0,1 M cacodylate b u f f e r f o r 3 hours and f u r t h e r 
Washing i n 0.1 M cacodylate buffer f o r 30 minutes. 

IVb. Dehydration. 
During the e a r l i e r p a r t of t h i s study the 

f o l l o w i n g dehydration procedures were c a r r i e d out 
at room temperature 
E i t h e r 
(1) 25% 50^ 75^ and absolute alcohol 10 min.each 

Absolute a l c o h o l , 2 changes 15 min.each 
Propylene oxide 15 min 

or 
( 2 ) 25% 50% 15% W 90% alcohol 10 min.each 

Absolute alcohol 2 changes 15 min.each 
Propylene oxide 15 rain 
These sequences caused considerable shrinkage 

of the h i g h l y vacuolated sporangiophores. The 
shrinkage was accompanied by apparent d i s t o r t i o n 
of the cytoplasmic contents as seen imder the l i g h t 
microscope. These e f f e c t s were p a r t i c u l a r l y 
n o t i c e a b l e at the 75% alcohol and propylSne.e oxide 
stages of the dehydration procedure. 

To minimise t h i s d i s t o r t i o n a s s o c i a t e d with 
long d i f f u s i o n paths, the sporangiophores were cut 
i n t o approximately 5 mm. lengths at the 25% alcohol 
stage. T h i s procedure l e f t an open ended u n i t into 
which substances could move f r e e l y . The 5 mm. lengths 
of sporangiophore were then passed through 25^, 
50% 75% Absolute alcohol f o r 15 min. followed by a 
second period of 15 min. i n Absolute alcohol. 
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Dehydration using the technique of S i t t e (1962) 
( f i g . 6) Was attempted. I n t h i s technique the specimens 
l y i n g i n a small volume of water i n a watch g l a s s are 
placed on a pe r f o r a t e d s h e l f i n a small d e s i c c a t o r 
attached to a vacuum pump. Some alcohol and calcium 
c h l o r i d e are placed at the bottom of the d e s i c c a t o r , 
and above the specimens i s a small d i s h of calcium 
c h l o r i d e . 

The d e s i c c a t o r i s evacuated u n t i l the alcohol 
s t a r t s to bubble vigorously and then the tap i s closed. 
The Water from the specimens slowly evaporates into the 
alc o h o l s a t u r a t e d atmosphere and i s absorbed by the calcium 
8hicipide.It i s replaced by alcohol from the atmosphere. 

I n my attempts the water evaporated from the c .". ~̂ 
specimens but i t s equivalent replacement by alcohol 
was not achieved, and the specimens showed signs of 
shrinkage and d i s t o r t i o n . 

IVc Embedding procedures attempted. 
( 1 ) A r a l d i t e . T h i s r e s i n proved e n t i r e l y u n s a t i s f a c t o r y 
with Phycomyces. Three embedding procedures being 
attempted. 
( a ) Conventional Method (Kay I 9 6 I , Mercer & Birbeck 
1961). The majjerial was t r a n s f e r r e d to propylene oxide 
f o r 15 minutes and then a 50/50 v/v mixture of 
propylene oxide and a r a l d i t e i n an open v e s s e l . This 
Was l e f t overnight to allow the propylene oxide to 
evaporate so that the ma t e r i a l would f i n a l l y contain 
100% a r a l d i t e . Following penetration the sporangiophore 
len g t h s were then t r a n s f e r r e d to f r e s h 100?S a r a l d i t e 
p l u s 0*01 ml of a c c e l e r a t o r per 5 ml of r e s i n i n 
the polymerization dishes. Polymerization was brought 
about by p l a c i n g the r e s i n containing the m a t e r i a l 
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i n a i|-0°C oven f o r 2 days and then a 60°C oven for 
a f u r t h e r 2 days. 

Polymerized blocks were l e f t to harden f o r a 
week before s e c t i o n i n g . 

I n a l l attempts the r e s i n w i t h i n the sporangiophore 
f a i l e d to harden suggesting l a c k of penetration 
of the 1 0 0 ^ a r a l d i t e p l u s a c c e l e r a t o r , 
(h) The method devised by Peat and ^Jhitton - 1966. 

This method attempted to achieve good penetration 
of the r e s i n into d i f f i c u l t m a t e r i a l over a short 
period of time. 

Following dehydration the m a t e r i a l was t r a n s f e r r e d 
i n t o a s e r i e s of mixtures of propylene oxide and 
a r a l d i t e f o r a period of 1 hour i n each case. The 
v e s s e l s were l e f t open and the propylene oxide 
allowed to evaporate. The mixtures used were: 
( a ) 2 0 ^ a r a l d i t e i n propylene oxide at 60°C f o r 1 hour 
(h) 50% " " " " " " " " " 
( c ) JOfo " " " " " " " 

(d) 100^0 " " " " " room temperature for 
2k hours 

T h i s was followed by polymerization and hardening as 
before 

Again the procedure f a i l e d to give f u l l y impregnated 
and hardened blocks. Although the method gave good 
r e s u l t s with Ghlorogloea i t has the disadvantage of 
producing a f l u c t u a t i n g concentration of a r a l d i t e 
during impregnation.. > 
( c ) A long 'embedding procedure. This was attempted i n 
the hope of achieving thorough penetration of the 
a r a l d i t e p l u s a c c e l e r a t o r . A f t e r dehydration the 
sporangiophore lengths were placed i n a 5 0 / 5 0 v/v 
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mixture of r e s i n and propylene oxide for 16 hours. The 
caps were removed from the v i a l s and the propylene oxide 
l e f t to evaporate overnight. The material was then 
t r a n s f e r r e d to 10C^/o a r a l d i t e plus a c c e l e r a t o r and l e f t 
at room temperature f o r 2-3 days. The m a t e r i a l was then 
t r a n s f e r r e d to f r e s h a r a l d i t e plus a c c e l e r a t o r and 
polymerized i n a I|.0°C oven fo r 2 days followed by 2 days 
i n a 60 C oven. The polymerized blocks were l e f t to 
harden f o r a week before s e c t i o n i n g . 

I n almost a l l attempts the r e s i n w ithin the 
sporangiophores f a i l e d to harden i n d i c a t i n g l a c k of 
pene t r a t i o n of the a r a l d i t e plus a c c e l e r a t o r (fig..7). 
(2) Methacrylate Embedment. The methacrylate embedding 
procedure,for h i g h l y vacuolated and senescent c e l l s , 
used by Mohr and Cocking (I968) was t r i e d . T his 
e l i m i n a t e d the need to use propylene oxide and the lov; 
v i s c o s i t y of ^ e methacrylate f a c i l i t a t e d easy penetration. 
P r e p a r a t i o n of the R e s i n . 

The r e s i n was prepared by adding 3 p a r t s styrene to 
7 p a r t s n b u t y l methacrylate v/v. The s t a b i l i s e r , of the 
n b u t y l methacrylate was removed with KOH. An equal 
volume of 5% KOH was added to the mixture i n a separating 
funnel and the two thoroughly mixed and then l e f t to 
separate. The brown KOH^containing the s t a b i l i z e r from 
the n b u t y l methacrylate^was then run off. This procedure 
was repeated u n t i l the KOH l a y e r remained c l e a r i n d i c a t i n g 
that the removal of the s t a b i l i z e r was complete. The 
r e s i n was then washed twice i n d i s t i l l e d water to remove 
any trace of KOH. 2% benzoyl peroxide was added, together 
with an excess of GaCl2,as a c a t a l y s t ; to the r e s i n . The 
r e s i n was f i n a l l y f i l t e r e d to remove the CaCl2. Mixtures 
prepared i n t h i s way could be kept f o r s e v e r a l weeks at k C. 
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P i ; : . 7 . Transverse s e c t i o n through growing zone of 
Sta.::e .'V 3 c T i o r ; ngiophor-e. Gluteraldehyde f i x a t i o n -
Ailf l d i t e Embedment • .".ies i l t s o f t h i s procedure v.erc 

u s u u l l poor. . -
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Embedment. 
The m a t e r i a l which had p r e v i o u s l y been 

f i x e d and dehydrated i n a graded s e r i e s of alcohol 
was t r a n s f e r r e d to f r e s h r e s i n and l e f t at room 
temperature f o r 15-16 hours. . I t was then 
t r a n s f e r r e d to f r e s h r e s i n f o r an hour before a 
f i n a l t r a n s f e r to the r e s i n i n LKB BEEM p l a s t i c 
capsules. Poljmierization was c a r r i e d out at 
1+0°C f o r 2k hours followed by 2k hours at 60°C. 

Good penet r a t i o n of the m a t e r i a l was achieved 
and although the blocks were often s o f t , the 
m a t e r i a l cut w e l l . E l e c t r o n microscope examination 
however i n d i c a t e d considerable d i s r u p t i o n of the 
f i n e s t r u c t u r e during polymerization, ( f i g 18D) 
The s e c t i o n s were not s t a b l e uQder the e l e c t r o n 
beam. 
( 3 ) Water soluble Durcupon 

A f t e r f i x a t i o n the m a t e r i a l was washed f o r 
15 minutes i n two changes of d i s t i l l e d water. I t 
was then passe d through the following s e r i e s of 
Durcupon concentrations: 

25% aqueous Durcupon 30 mins 
50% " " 30 " 
70% " " 30 " 
90% " " 30 " 
T h i s was followed by two changes of absolute 

Durcupon f o r 1 hour each. F i n a l l y the m a t e r i a l 
was t r a n s f e r r e d to f r e s h Diircupon plus a c c e l e r a t o r 
f o r 2k hours before polymerization at ij.0 0, 
( 4 ) G l y c o l Methacrylate (G.M.A.) 

Af t e r f i x a t i o n the m a t e r i a l was washed i n 
e i t h e r d i s t i l l e d water or b u f f e r s o l u t i o n . I t was 
then passed through the following concentrations of 
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Methacrylate Embedment . • 
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glycol raethacrylate 
30^ aqueous glycol methacrylate 30 rains 
50^ " " " 30 rains 
70^ " " " 30 rains 
80% " " " 30 rains 
90?g • " " " 30 rains 
Grlycol methacrylate 2 hours 

The material was then f i n a l l y transferred to fresh 
glycol methacrylate and after 2k hours at room 
temperature polymerized at i|0°C. 

Material embedded i n these two water soluble 
resins according to the procedure of Glauert and 
Glauert "Techniques i n Electron Microscopy" (196I ) 
proved impossihle to section. 
(5 ) T.MB Emhedding Resin. ' 

This proved to be the most satisfactory resin for 
the embedment of Phycomyces. 
Preparation of the Resin. 

Equal quantities of TMB embedding resin and 
DDS.A. v/v were thoroughly mixed together. 0» 1 cm-̂  of 
the accelerator DÎ IP per 5 cm^ of the resin were added 
to the embedding resin j u s t before use. I t was found 
that the best cutting blocks were obtained when the 
mixture had been made up at least one week before 
being used. 
Embedding procedure. 

Material that had been fixed and dehydrated i n 
a graded series of alcohol was l e f t overnight i n a 50:50 
resin/alcohol mixture. I t was then transferred to freshly 
made up resin minus accelerator and l e f t at 60*̂ C for 



2-3 days. This f a c i l i t a t e d the penetration of the 
resi n . The material was then transferred to fresh 
r e s i n plus accelerator and l e f t f o r 2 days at room 
temperature. I t was then transferred to fresh resin 
plus accelerator i n polymerization dishes and 
polymerized at ijO^G for 2 days followed by 2 days at 
60°C. This procedure gave good penetration and an 
even hardness of resi n throughout the "blocks. The 
"blocks cut well and the sections were extremely 
stable under the electron beam. There was l i t t l e 
evidence of polymerization damage. 

IVd Sectioning. 
Sections were cut on an L.K. B, ultraraicrotorae 

I I I using glass knives with a cutting angle of 4 5 ° . 
The sections were collected on T.A.A.B. 300 mesh 
grids coated with 2% formvar and stained with 
uranyl acetate f o r 20 minutes followed by a thorough 
washing i n d i s t i l l e d water and a post staining with 
lead c i t r a t e ( E ^ o l d ^ f o r 5 minutes. They were 
then given a f i n a l wash i n d i s t i l l e d water before 
examination. 
Electron Microscopy. 

The sections were examined on anA.E,I 6B 
Transmission electron microscope at 60 kM 
magnification I k to 60k and occasionally at higher 
^, ^ , magnifications. 
Photography. 

Photographs were taken on I l f o r d Special lantern 
Contrast plates which were developed i n Autophen 
developer. The p r i n t s were made on I l f o r d Photographic 
Paper. 
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Section V. 

PROTOPL^MIC STRE.4HIKG« 

Va» H i s t o r i c a l Background* 
Protoplasmic streaming i s a phenomenon that 

has been recorded f o r many organisms,both plant 
and animal. I n plant material i t was observed f o r 
the f i r s t time by Corti i n 1774 (Kamiya 1959). 
According to Kamiya'sreview (1959) many l a t e r workers 
(Prank 1872, Dehnecke 1886, Keller 1890, 
Kretzshmar 190U) observing the streaming regarded 
i t as an abnormal phenomenon occurring only when 
the c e l l Was Injured or subjected to environmental 
changes, 

Hauptfleisch (I892) distinguished two classes 
of protoplasmic streaming:- a primary streaming 
which occurs i n c e l l s under normal and natural 
conditions and a secondary streaming which i s 
established i n cel l s the protoplasm of which has 
been i n a quiescent state ©s a re s u l t of some 
pliysical or chemical stimulus. . Velten (1872) thought 
that protoplasmic streaming was a common phenomenon 
appearing at a certain stage i n the l i f e of the 
protoplasm of the c e l l . Kamiya's review (1959) 
(Schorr 1935, Linderheim 1937, Pop 1938) suggests 
that i t was not u n t i l the beginning of the 1935̂ ' s 
that protoplasmic streaming was generally accepted 
as a naturally occurring process i n intact c e l l s 
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with an active metabolism. 
The numerous modes of protoplasmic streaming 

and the vast l i t e r a t u r e of work dealing with t h i s 
streaming were well summarised by Kamiya i n his 
review e n t i t l e d 'Protoplasmic Streaming' published 
i n 1959. Streaming i n most organisms is observed 
because of the r o t a t i o n of granules. I f i t were 
not f o r the presence of these granules of varying 
kinds and size which serve as markers to indicate 
the flow i t would be extremely d i f f i c u l t to 
recognise protoplasmic streaming within the c e l l . 
However one should not asstmie that the v i s i b l e 
movement of these granules indicates precisely the 
flow of the groundplasm i n which they are suspended, 
nor that i t i s only the granules themselves that 
actively move. 

I t has been suggested by PTagai & Rebhun (1966) 
after reviewing.the work of Hoffraan-Berling, 
Bettex-Galland & Luscher, Nakadima, Vorobyeva and 
Poglazovr- & Schmidt that there i s possibly a common 
macro-molecular e n t i t y which may be the universal 
mechanochemical transducer involved i n non muscular 
m o t i l i t y and that t h i s i s probably organised into 
some macro-molecular complex which i s then repeated 
many times i n some three dimensional pattern rather 
than being randomly dispersed. They suggest that 
the bundles of 50 ^ microfilaments may be the direct 
mechanochemical transducer of streaming i n the 
cytoplasm of N i t e l l a . 
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Kavanau (1963) , Kane (1962) working on mitotic 
apparatus, Ledbetter & Porter (1963) on meristematic 
c e l l s and Roth (196U) on various protozoa have suggested 
that microtubes are the most probable elements involved 
i n p r i m i t i v e mobility. 

I'/ohlfarth-Bottermann {196k) found no microtubes 
i n Physarum but filaments about 70 2. i n diameter 
which he believed to be the basis of m o t i l i t y 
i n t h i s organism. This view has been strengthened 
by the findings i n several protozoa, of similar 
filaments possibly involved i n contraction 
and the presence i n smooth muscle of filaments 
generally thought to be co n t r a c t i l e . 

Jahn & Bovee ( I969) i n t h e i r comprehensive , 
review on protoplasmic movement within cells are 
of the opinion that there i s s u f f i c i e n t evidence 
to indicate a basic biochemomechanical mechanism 
that powers protoplasmic movements i n a l l kinds of c e l l s , 
and that t h i s exists within the c e l l s as a sort of 
actomyosinoid protein. Prom t h i s pool l a b i l e f i b r i l s 
and gels are formed which interact and move i n 
r e l a t i o n to one another, s p l i t t i n g ATP to produce the 
energy f o r the formation and interaction of 
the f i b r i l s and gels and for t h e i r subsequent 
movement. 

In those c e l l s which show streaming along well 
defined tracks they postulate the formation of 
discrete actin f i b r i l s or tubules along which such 
organelles as chloroplasts and mitochondria are 
carried by the motion of cytoplasmic microstruc.tures 
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to which they are fi x e d . I t i s suggested that the 
organelles which possess both ATP and small 
quantities of actomyosin with ATPase a c t i v i t y may 
have a subsidiary self active role i n t h e i r 
movements, especially the more abrupt ones. 

Vb. Protoplasmic Streaming i n Phvcomyces Sporangiophores. 
Pop (1938) describes the protoplasmic streaming 

i n the sporangiophores of Phycomyces as occurring i n 
two concentric tubes. A tubular ascent of the 
protoplasm takes place around a central sap 
vacuole towards the top of the sporangiophore growth 
zone where the protoplasm turns bgck i n a tubular 
stream towards the sporangiophore base, floxi/ing 
between the ascending stream and the sporangiophore 
W a l l . Pop states that he was unable to observe 
s p i r a l streaming w i t h i n the sporangiophore, i t 
being nearly always p a r a l l e l to the long axis of 
the c e l l . 

Vc. Observations. 
Sporangiophores of both the plus and minus 

strains of Phvcomyces blakesleeanus were plucked 
from the mycelium by means of a pair of fi n e 
forceps applied at t h e i r bases. The procedure 
produced no damage to the c e l l and they could be 
observed f o r several hours under the phase contrast 
microscope. 

The plucked sporangiophores were transferred to 
a drop of water on a microscope slide and covered with 
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a coverslip supported on two pieces of fine drawn-
out glass tubing. Although hundreds of sporangiophores 
Were examined i n t h i s way the tubular streaming of the 
protoplasm described by Pop (1938) was never observed. 

I n the Stage IV B sporangiophores of Phycomyces 
blakesleeanus the protoplasmic streaming appears as 
a well orientated and well organised phenomenon 
(Table I I ) when viewed under the phase contrast 
microscope. I n these sporangiophores vigorous and 
characteristic raultistriate streaming was always 
observed (Pigs. 9a, b). At temperatures of about 
20°G the velo c i t y of movement, calculated by timing 
the movement of par t i c l e s between two fixed points i n 
the calibrated eye piece, was estimated as being 
2.2u-3»6u/sec. (Table I I I ) . These calculations 
agree with those cited by Kamiya (1962) . I t was 
observed that the smaller p a r t i c l e s - mitochondria etc. , 
moved at a greater velocity than the larger ones 
i.e. nuclei. The various p a r t i c l e s within any one 
microstream of cytoplasm could be seen moving i n the 
same or opposite di r e c t i o n along the longitudinal 
axis of the sporangiophore. The particles were 
frequently seen to be deflected from th e i r l i n e of 
movement on meeting what can only be envisaged as an 
obstacle to progression. This deflection was usually 
followed by several similar abortive attempts to 
proceed before f i n a l l y returning along the o r i g i n a l 
path. Particles moving i n the same direction within 
a cytoplasm-ic strand were often observed increasing 
t h e i r speed of movement as they moved along the 
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Table r e f l e c t i n g Spatial Organization of Protoplasmic 

Streams withwthe Sporangiophores 

Height i n Width i n di s t a n c e between Average 
cms. u protoplasmic streajns Distance 

1.8 cms 1065 M 15^,li+,25, 22}i 
1.8 cms i*80 n k2f i+5, 50 50ji i+6.75> 
2.2 cms 300 M 50, 58, 52, 91J1 62.75>^ 
3*7 cms 233 n 85u, 100, 175J1 120;LI 
6.5 cms 337 n 59u, 193, 209)1 153.6 )i 
7.0 cms 330 n 88, 150, 170M 102.6 ju 

x Distance measured at various points along the sporangiophore 

TABLE I I I 
Table to show Velocity of Organelles moving i n a 
Protoplasmic Stream of Phycomyces blakesleeanus 

Sporangiophore 
Streams 

Time i n sec. f o r Organelles to 
move across a distance of UDyi 

Average 
Time 

Minus 
s t r a i n l a 

l b 
2a 
2b 
3a 

Plus 
s t r a i n l a 

2a 
3a 

16,16,15,17,10,16,18,21 
13,10.5,11,13,11.5,15,13 
20 .5 ,20 ,17 .5 ,18 ,17 ,15 .5 ,19 ,20 
12 ,12 .5 ,11 ,11 ,10 .5 ,11 ,13 ,15 
12 .5 , 12 ,12 ,13 ,14 .5 ,9 .5 ,10 ,10 .5 

11 ,10 ,16 ,12 ,11 ,11 .5 ,10 ,10 
10 ,9 .5 ,10 ,5 ,11 ,13 ,5 ,10 
12 .5 ,12 ,13 .5 ,13 ,12 ,14 ,12 

Chanel 

16.38 
12.42 
18 .44 
12.0 
11.62 

11.44 
10.75 
12.71 

not particularlj 
obvious 

3b 11,13,14,15,13,20,14,16 
10 ,11 ,12 ,10 ,10 .5 ,11 ,13 ,12 

14.5 
11.18 

a- movement from base to apex of sporangiophore 
b- movement from apex to base of sporangiophore 



P i ^ 9a Two sporangiophores showing protoplasmic 
streams X.lOO 

{ 3 1 OG 1972 Pig 9b The Protoplasmic streams are almost 
i D a r a l l e l to the long axis of the sporangiophore 
X.lOO 



34-, 

strand so that they frequently passed each other 
as they progressed. I n order to pass round a 
p a r t i c l e moving at a lower velocity a p a r t i c l e 
moving at a higher ve l o c i t y often f i r s t collided 
w i t h the obstacle p a r t i c l e , retraced i t s path over 
a short distance and then moved forward again on a 
s l i g h t l y deviated path, moving back to i t s apparent 
o r i g i n a l course after having negotiated the obstacle. 
The movement resembled i n many ways the negotiating 
of an obstacle by many protozoan organisms. 

When observed under a Le i t z phase contrast 
microscope with an o i l immersion lens the cytoplasmic 
strands were at times seen to exhibit a pulsating 
movement. (Pigs. 9c , d). 

A l l these features strongly suggested the existence 
w i t h i n the cytoplasm of a structure,to which the 
pa r t i c l e s were i n some way e l a s t i c a l l y linked,which 
determined the general direction of flow. The 
variations i n velo c i t y however suggested that the 
pa r t i c l e s move with t h e i r own localised impulse, 
although one cannot ignore a possible role of the 
ground cytoplasm i n assisting movement i n one 
dir e c t i o n . 

These findings with the l i g h t microscope ledc. 
me to believe that there might possibly be a system 
of microtubules or f i b r i l s w i t h i n the cytoplasm along 
which the organelles moved as a consequence of l a s t i n g 
or ti'ansient attachment. Movement of a structural 
system has been envisaged i n terms of j e t propulsion 
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IP 

Pig 9c A 'vesicle' can be observed i n two of the 
Protoplasmic streams. X 900 

Pig 9d less than one second l a t e r the vesicles are no 
longer v i s i b l e - such vesicles appeared to pass i n wave 
l i k e motion along the streams X,900 

i 3 t o n 1972 
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of f l u i d from microtubules (Kavanau I963) and as 
previously stated as cycles of contraction and relaxation 
of f i b r i l s . 

Mi Organelle D i s t r i b u t i o n i n Relation to Protoplasmic 
Streaming. 

An attempt was made using various staining 
techniques f o r the l i g h t microscope, to determine 
the nature of the organelles moving along the f i n e 
strands of protoplasm. Since most staining 
techniques involve pretreatment with f i x a t i v e s 
that caused considerable d i s t o r t i o n of the 
cytoplasmic contents of Phvcomyces they did not 
always provide the desired information. 
M a t e r i ^ s and Method. 
1 . Nitroblue tetrazolium - Mitochondria 

L i v i n g sporangiophores were placed i n equal 
volumes of nitroblue tetrazolium ( l mg 1 mol.) and 
0.05 M sodium succinate buffered to pH 7 . 1 with 
0.05 M phosphate buffer. The sporangiophores were 
then kept at a temperature of 35°C f o r 20 mins. 
This ivas followed by thorough washing i n d i s t i l l e d 
water and mounting i n Zeiss water mountant W 15 n̂ ^ 
1.515. The sporangiophores were examined 
immediately. 
2. Janus Green - Supravital stain for Mitochondria 

Living hyphae were placed i n a solution of Janus 
Green 1/1,000 i n d i s t i l l e d water on a microscope 
s l i d e . They were then covered and examined immediately. 
This i s a supravital s t a i n f o r mitchondria and t h e i r 
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p o s i t i o n i n the l i v i n g hyphae could thus be 
rea d i l y determined. 
3« Feulgenb s t a i n (Jones 19U7) - Nuclei 

Sporangiophores were f i x e d f o r 2 hours i n 
Carney's B f i x a t i v e (6 parts ethyl alcohol, 1 part 
g l a c i a l acetic acid and 3 parts chloroform). They 
v^ere then rinsed f o r 20-30 mins i n d i s t i l l e d water. 
The f i x e d material was then hydrolysed i n 
N. hydrochloric acid f o r 5 mins at room temperature, 
followed by 5-7 mins at Z0°C and a further 5 mins 
at room temperature. The sporangiophores were then 
removed from the acid, washed thoroughly, placed i n 
d i s t i l l e d water f o r 5 mins and f i n a l l y stained i n 
Peulgenfe reagent f o r 5-10 hours at room temperature. 
After staining the material was bleached i n water 
containing sulphur dioxide for 30 sees to 5 mins. 
This was followed by ri n s i n g i n d i s t i l l e d water, 
dehydration, clearing and mounting i n Euparal. 
Some sporangiophores were mounted immediately after 
r i n s i n g i n Zeiss water mountant. 

Dehydration was carried out by placing the 
material f o r 5 mins i n each of 20%, 3C^, 50% and 
70% alcohol and 10 mins i n each of 85^, 95% and 
absolute alcohol. The sporangiophores were cleared 
by leaving them f o r 5 mins i n 75/25%, 50/50% and 
25/75% alcohol-xylene mixture and 100% xylene. 

A few sporangiophores were counter stained with 
10^ Orange G i n 70% alcohol. The counter staining 
was carried out at the 70% alcohol stage of dehydration 
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when they were transferred to the stain f o r 5 rains. 
Excess stain was removed i n 70^ alcohol before the 
material was dehydrated, cleared and mounted as 
above. 
4 . Sudan I I I - Fats 

Li v i n g hyphae were placed on a microscope slide 
and flooded with Sudan I I I (O.l gms Sudan I I I i n 50 mis 
of 9 ^ ethyl alcohol and 50 mis of glycerol). After 
5 mins the Sudan I I I was drained away and the 
sporangiophores were mounted i n equal parts of 
9 ^ ethyl alcohol and glycerol, covered and 
examined immediately. 
5. Korson's Stain (Korson 1951) 

Sporangiophores were f i x e d f o r 30 mins i n a 
modified Carnoj^s B f i x a t i v e (2 parts ethyl alcohol, 
3 parts chloroform and 1 part g l a c i a l acetic acid). 
They were then washed f o r 30 mins each i n two 
changes of 85?S alcohol and then brought down to 
water through 75^, 50̂ 2 and 25^ alcohol. The 
f i x e d material was then stained as follows:-

I t was f i r s t placed i n Korson's solution A 
{1^0 Orange G i n d i s t i l l e d water) f o r 3-5 mins, washed 
i n d i s t i l l e d water containing a drop of Korson's 
solution A. The material was then transferred to 
Korson's solution B ( O . l ^ methyl green i n d i s t i l l e d 
water) f o r 15 mins, drained and then transferred to 
Korson's solution C (one part 0 . 1 ^ methyl green i n 
d i s t i l l e d water and one part 0,1% toiuidine blue 
i n d i s t i l l e d water) f o r 5 mins. After staining the 
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material was taJcen through a graded series of 
n b u t y l alcohol and f i n a l l y l e f t overnight i n fresh 
n b u t y l alcohol to complete destaining. This long 
period of destaining i s essential for delicate and 
precise staining. Pollowing destaining the material 
was then washed i n xySiol and mounted i n Zeiss mountant 
or Eupar®.!. 

Results. 
1. Nitroblue tetrazolium. 
Aggregates of mitochondria appeared i n the following 
locations:- (Pig,10^a-f) 
(a) Prom 0-1 mm below the sporangium of the Stage I 
and IV B sporangiophores. 
(b) Prom 0-^ or 1 mm up from the base of the Stage I 
and IV B sporangiophores. 
(c) I n the storage vesicles of the mycelium. 
(d) At the points of branching of the mycelium. 
(e) I n the columella. 
2. Janus Green - Supravital staia^-l^' (Pigs.gfh) 
The resxilts of t h i s staining procedure agein showed 
the presence of large numbers of mitochondria:-
(a) below the sporangium of the Stage IV B sporangiophore. 
(b) at the base of the sporangiophore 
(c) i n the storage vesicles of the mycelium and, i n 
addition to the above locations, i n the f i n e 
protoplasmic streams running along the long axis of 
each sporangiophore. 
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Pig.lOa Results of staining with nitroblue - tetrazolium 
a)stage I sporangiophore, b)stc-;ge IVB sporangiophore 
c)branching of mycelium, d) reserve vesicles, e)columella 
after dehiscence of sporangium 

?ig.lOb 
nitroblue 

Growth zone of sporangiophore stained with 
- tetrazolium " X 100 



F i g 10c Sporangiophore base containing numerous 
mitochondria - n i t r o t l u e - t e t r a z o l i u m s t a i n X.200 

Pig lOd Apex stage I sporangiophore showing dense 
aggregation of mitochondria - n i t r o b l u e - t e t r a z o l i u m 
s t a i n X.lOO 

OCT 1972 i • 
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« 

F i g lOe Columella and growth zone of Sporangiophore 
- n i t r o t i l u e - t e t r a z o l i u m s t a i n X.lOO 

I 

F i g lOf Pa r t of Mature spor,-ngiophore - n i t r o b l u e 
- t e t r a z o l i u i n s t a i n . Note absence of protoplasmic • t e t r a z o l 
streams. X.200 



F i g lOg Part of sporangiophore showing protoplasmic 
streams - S u p r a v i t a l Janus Green s t a i n X.200 

F i g lOh As Pig lOg - Note the dark s t a i n i n g i n d i c a t i n g 
the presence of mitochondria i n the protoplasmic 
streams. X.200 

{ 3 1 OCT 1972 
. . f 0II3B J > 



5» Feulgen's S t a i n , 
N u c l e i , l o c a t e d "by means of the D.N.A. s t a i n i n g 

•with Feulgen's s t a i n , were present:-
(a) I n la r g e numbers i n the Stage I V B sporangia. 
Squashed sporangia showed these n u c l e i to be 
lo c a t e d i n the spores which had stained deeply. 
(b) I n the sporangiopSiore where there was a f a i r l y 
even d i s t r i b u t i o n of n u c l e i along the whole le n g t h . 
Although the f i x a t i o n procedure used p r i o r to 
s t a i n i n g brought about some d i s t o r t i o n of the l i n e a r 
arrangement of organelles and protoplasmic strands 
i t was evident t h a t the n u c l e i had a l i n e a r 
o r i e n t a t i o n together w i t h the mitochondria along 
the l e n g t h of the sporangiophore. 

U. Sudan I I I . 
Pats were apparent along the whole le n g t h of the 
sporangiophore. They appeared as droplets of 
varying s i z e . An intense orange s t a i n appeared i n 
the Stage IV B sporangium and a deep yellow s t a i n 
i n the columella. I n the l a t t e r there gappeared a 
w e l l defined p e r i p h e r a l region v;ith6ut s t a i n . There 
was no evidence of a l i n e a r arrangement of the f a t 
d r o p l e t s . 

5. Korson*s S t a i n . 
(a) I n the t e r m i n a l 1 mm of the sporangiophore there 
was an intense green s t a i n i n g i n d i c a t i n g the presence 
of D.N.A. i n large q u a n t i t i e s . 
( b ) The sporangiophore i t s e l f was stained blue 
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i n d i c a t i n g the presence of ribosomal R.N.A. , but 
s c a t t e r e d throughout t h i s were areas of green 
s t a i n i n g i n d i c a t i n g the presence of D.N.A. alongside 
the ribosomes. 
( c ) Considerable green s t a i n i n g also appeared i n 
the sporangium. 
(d) The p e r i p h e r a l region of the t e r m i n a l 2 mm of 
the sporangiophore and also the region of the myceliuj;;i 
from which the sporangiophore o r i g i n a t e s stained a 
deep v i o l e t . 
( e ) The columella showed a blue s t a i n i n g together 
w i t h considerable deep v i o l e t and a green s t a i n i n g 
at the base i n d i c a t i n g the l o c a t i o n of n u c l e i . 
I t was however impossible t o detect any precise 
arrangement of organelles \T?ithin the sporangiophore. 

Ve. E l e c t r o n Microscope Results. 
I n transverse and l o n g i t u d i n a l sections of 

regions of the Stage IV B sporangiophore between 
1 cm and k cm below the sporangium the cytoplasm 
forms a l i n i n g t o the c e l l w a l l and surrounds an 
extensive vacuole. As the distance from the 
sporangium base increases the cytoplasmic l a y e r 
becomes p r o g r e s s i v e l y t h i n n e r . At a distance of 
il- cms or more as seen i n Transverse section ( F i g 11) 
th.e cytoplasmic l a y e r i s extremely variable i n 
depth c o n s i s t i n g of deep regions i n which are embedded 
organelles such as n u c l e i and mitochondria separated 
by t h i n regions o f t e n devoid of organelles. This 
arrangements of the cytoplasm probably explains the 
appearance of the l o n g i t u d i n a l cytoplasmic strands 
apparent i n e n t i r e sporangiophores xvhen viewed under 
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cytoplasm 

c e l l w a l l 

cytoplasm 

c e l l w a l l 

vacuole 

Pig. 11 Transverse section of pa r t s of stage IVB sporangio-
phores of Phycomyces approximately k cm helowf the 
sporangium to show the v a r i a t i o n i n depth of cytoplasm -
t r a c i n g s from an e l e c t r o n microscope p l a t e . 



the l i g h t microscope. 
I n p r e l i m i n a r y experiments I was unahle to 

f i n d any conclusive evidence of e i t h e r microtubules or 
f i b r i l s w i t h i n the cytoplasm. Although several 
methods of f i x a t i o n were used (see Table I , section 
IV a) nothing was observed which gave any evidence 
at a l l f o r the presence of microtubules. V.'ith 
the Gluteraldehyde-Osmium t e t r o x i d e f i x a t i v e 
(Franke et a l 1969)however many, and i n some 
instances extremely long, microfilaments vjere 
olDserved ( F i g s . 12 and 13) . I n some instances 
mitochondria appeared to be attachdd to these 
microfilaments (Pig. These microfilaments 
were I60 £ i n diameter and were only observed i n 
l o n g i t u d i n a l sections suggesting an o r i e n t a t i o n 
p a r a l l e l , or approximately so, to the long axis of 
the sporangiophore. Microfilaments of s i m i l a r 
dimensions were occasionally observed i n m a t e r i a l 
prepared by using gluteraldehyde f i x a t i v e w i t h post 
osraication ( P i g . I 5 ) , They ivere not however so 
common or so long i n t h i s m a t e r i a l . 

The microfilaments observed i n Phycomyces are 
very s i m i l a r i n diameter to those occurring i n 
Physarum (Crawley I 9 6 6 ) . Both are considerably l a r g e r 
i n diameter than the microfilaments occurring i n most 
other organisms. No s t r u c t u r e s corresponding to the 
210 ^ microtubules described by Sabnis and Jacobs 
(1967) i n Gaulerpa were observed. 

From the observations i t seems reasonable t o 
suppose t h a t the o r i e n t a t i o n of the microfilaments 
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F i g . Ik, M i c r o f i l s r o n t s w i t h c l o s e l y associated 
mitochondria. ..irow Indicates an apparent l i n k 
between a i i l a m r n t and a mitochondrion, 
simultaneous Gluteraldehyde - Osr^ium t s t r o x i d e 
f i x a t i o n . X 30,000 



F i g 16. 

F i g 15. 

Vlg 13 Miorofilafnent peBslng r c r o M 
• QooleuB - the double l i n e t 
•UglBest miorotubules -
01ttt«rad«l)yGle fixatioB X 63»790 

F i g 16 KierofllaMenta pataing froa 
the cytoplasm into the c e l l yall 
Their orientation i s Terjr oloae 
to that of the oh l t i n f i b r U t 
Z 60,000 

t OCT 1972 
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p a r a l l e l to the long axis of the sporangiophore 
determines the o r i e n t a t i o n of protoplasmic streaming. 
I t i s possible t o envisage a system s i m i l a r to t h a t 
suggested by Jahn and Bovee (1969) e x i s t i n g w i t h i n 
the sporangiophores of Phycomyces. The mitochondria, 
which are ge n e r a l l y accepted as possessing ATP and 
ATPase a c t i v i t y , could provide some of the motive 
f o r c e r e q u i r e d f o r t h e i r movement and be l i n k e d to 
the cytoplasmic microfilaments by temporary bonds. 
Such a system would e x p l a i n why i t i s possible f o r 
moving organelles w i t h i n a strand of cytoplasm to be 
able to pass each other and then to continue t h e i r 
f orward movement on the same path but moving at 
d i f f e r e n t v e l o c i t i e s . 

This does not however e x p l a i n the mechanism which 
determines when tli e organelles w i l l move from base to 
apex or from apex to base of the sporangiophore. 
Prom the observed r a t e s of movements of the organelles 
i n the two opposing d i r e c t i o n s (see Table I I I ) i t 
seems u n l i k e l y , as was once suggested, (see Kamiya 
1959) t h a t the primary f o r c e develops from a turgor 
pressure at the base of the sporangiophore. 

Vf. Protoplasmic Streaming i n R e l a t i o n to Secondary Wall 
Development. 

I t i s b e l i e v e d by some i n v e s t i g a t o r s t h a t the 
s p i r a l floxtf of the cytoplasm might play some p a r t i n 
the d e p o s i t i o n of the secondary c h i t i n molecules i n t o 
the primary w a l l s t r u c t u r e l a i d down i n the growing 
r e g i o n of the sporangiophore. I n oblique sections o f 
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the Stage I V B sporangiophore taken from more than 
2 cm below the...sporangium the i n t e r n a l boundary of the 
w a l l was seen^ t o be extremely i r r e g u l a r i n form 
possessing nvunerous sharp inward p r o j e c t i o n s . 
Passing from the cytoplasm i n t o these p r o j e c t i o n s of 
w a l l m a t e r i a l s microfilaments could o f t e n be observed 
( P i g . 16). Prom the nature o f the w a l l as seen i n 
transverse, l o n g i t u d i n a l and oblique sections a three 
dimensional model of the s t r u c t u r e of the w a l l can 
be b u i l t up.(Fig. 1?). I t w i l l possess numerous 
r a i s e d areas o r i e n t a t e d w i t h t h e i r long axes o b l i q u e l y , 
at an angle i n the r e g i o n of k5'^ to the long axis of 
the sporangiophore. The p o s i t i o n of the microfilaments 
seen passing into these r a i s e d areas indicates t h a t 
they enter at an angle to the long axis of the 
sporangiophore c l o s e l y approximating th a t of the 
secondary w a l l f i b r e s , thus suggesting an o r i e n t a t i o n 
i n a loose s p i r a l w i t h i n the cytoplasm. Such an 
o r i e n t a t i o n would also account f o r the appearance 
of the f i b r i l s i n the w a l l as seen i n l o n g i t u d i n a l 
s e c t i o ns* 
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F i g 17 Diagrams to i l l u s t r a t e the appearance of the c h i t i n 
f i b r i l s i n the w a l l of the growth zone Phycomyces 
sporangiophore a)transverse section-no f i b r i l l e r s t r u c t u r e 
apparent, b) l o n g i t u d i n a l section - short f i b r i l s present 
c)oblique l o n g i t u d i n a l s ection - long f i b r i l s present-
raicrofilament pass i n t o w a l l from cytoplasm d) three 
dimensional plan of sporgngiophbre w a l l 
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Section VI 

G-eoperception i n Phvcomyces Sporangiophores 

Via H i s t o r i c a l 
When a sporangiophore of Phycomyces blakesleeanus 

i s placed w i t h i t s long axis i n a h o r i z o n t a l plane, 
the growing region curves upwards u n t i l i t s d i r e c t i o n 
of growth i s v e r t i c a l . I t thus e x h i b i t s a negative 
geotropic response. The response begins a f t e r a 
Variable l a t e n c y of 30-180 mins i n mature stage IV B 
sporangiophores. The bending rates f o r w i l d types 
may be as high as 0.3°/min i n i t i a l l y when the angle 
between g r a v i t y and the growth zone i s 90°, but drops 
t o about 0.17 /min* when the angle i s k5 and about 
0.08°/roin when the angle i s 20°. Thus, s t a r t i n g 
from the h o r i z o n t a l , about 12 hours i s required f o r 
the sporangiophore t o reach the v e r t i c a l (Dennison 
1961). 

Dennison also foiind t h a t there i s considerable 
V a r i a b i l i t y i n the l a t e n t p e r i o d and i n the i n i t i a l 
beij-ngj speed. He suggested t h a t t h i s might r e f l e c t 
a v a r i a t i o n i n the growth r a t e or i n the s e n s i t i v i t y 
t o g r a v i t y , due t o such f a c t o r s as sporangiophore 
m a t u r i t y , c u l t u r e age, and p o s s i b l y , humidity. 
However, one cannot overlook the p o s s i b i l i t y t h a t 
two or more of these f a c t o r s may be involved. 

Further r e s u l t s of Dennison showed t h a t when 
v e r t i c a l sporangiophores are c e n t r i f u g e d about a 
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v e r t i c a l axis at a Resultant CJravitational Force 
greater than l.i+7 g the geotropic response i s more 
r a p i d than w i t h n a t u r a l g r a v i t y , and continues u n t i l 
the d i r e c t i o n of growth i s p a r a l l e l t o the r e s u l t a n t 
of the g r a v i t a t i o n a l and c e n t r i f u g a l sectors. 
Dennis on found t h a t at any s p e c i f i c angle the 
geotropic "fenaJi-g speed increased w i t h increased 
c e n t r i f u g a l f o r c e i n the range of l-i|.3g. 

I n a d d i t i o n t o the response to steady g r a v i t a t i o n a l 
f o r c e a t r a n s i e n t response, occurring only a f t e r a 
change i n c e n t r i f u g a l stimulus, also occurs i n 
Phycomyces sporangiophores. This response has two 
phases. The f i r s t , o c c u r r i n g immediately upon 
changing the r e l a t i v e c e n t r i f u g a l f o r c e , i s i n the 
d i r e c t i o n of the change of force and appears to be 
an e l a s t i c f l e x i n g under the changing imposed f o r c e . 
The second or a c t i v e phase begins w i t h i n two minutes 
a f t e r the beginning of the change i n r e l a t i v e c e n t r i f u g a l 
f o r c e and l a s t s f o r about 5 mins. I t represents an 
a c t i v e growth response, and occurs i n a sense opposite 
to the e f f e c t of the change i n the f l e x i n g f o r c e . 
This t r a n s i e n t response i s superimposed on the 
r e l a t i v e l y slow geotropic response e l i c i t e d by steady 
g r a v i t a t i o n a l stimulus. 

Dennison was able to show t h a t the t r a n s i e n t 
response i s due to the change i n the e x t e r n a l forces 
a c t i n g on the sporangiophore, and the r e s u l t i n g 

def;cira!atl6p of the growth zone, whereas the long term 
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response i s not due to the deformation of the growing 
zone under e x t e r n a l forces. When the sporangiophores 
were t o t a l l y immersed i n PG-43 ( a f l u o r i n e - s u b s t i t u t e d 
hydrocarbon f l u i d of high r e l a t i v e density- 1»87) during 
Jhe c e n t r i f u g a t i o n , the t r a n s i e n t geotropic response 
xi/as reversed, but the long term geotropic response was 
subs.tanti a l l y unaffected, despite the f a c t t h a t 
the greater density of PC-43 would r e s u l t i n the 
e x t e r n a l l y a c t i n g forces being the reverse of those 
on sporangiophores c e n t r i f u g e d i n a i r . He concluded 
t h a t the long term response t o a steady g r a v i t a t i o n a l 
stimulus must be due t o the actions of the stimulus 
on an i n t e r n a l sensory apparatus. 

I n v e s t i g a t i o n f o r Sensory Apparatus. 
Sporangiophores of Phycomyces blakesleeanus grown 

on Z% malt agar under normal d a i l y l i g h t v a r i a t i o n s 
were plucked from the mycelium xi/hen they were 
approximately 2 cm t a l l and prepared f o r e l e c t r o n 
microscopy. Transverse sections at 0*5 mm, 1 mm, 
1»5 mm and 2 mm below the sporajigium were examined 
under the e l e c t r o n microscope. 
(1) U l t r a s t r u c t u r e of the growth zone of the sporangiophore, 

The u l t r a s t r u c t u r a l features of the cytoplasm are the 
same at a l l l e v e l s i n the growth zone. The sporangiophore 
i s bounded by a c u t i c l e which sometimes during the 
pr e p a r a t i o n of the m a t e r i a l may become separated from 
the c h i t i n o u s (Roelofsen 1951) c e l l w a l l which i n 
the growth zone i s approximately 2̂ m thick.. From 
immediately below the sporangial s w e l l i n g 
the columella w a l l extends downwards as an inner 
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l i n i n g xvithin the sporangiophore w a l l f o r a 
d i s t a n c e of about 0.05 nun ( P i g , 1 8 ) . I n the terminal 
0,5 mm of the growth zone small vacuoles coalesce 
(Pigs.19 and 20) to form the l a r g e c e n t r a l vacuole 
which extends down to the sporangiophore hase. 
Within t h i s vacuole, and o c c a s i o n a l l y w i t h i n the 
cytoplasm, c r y s t a l s of va r i o u s s i z e s and forms are 
found; they have "been i d e n t i f i e d (Wolken I969) as 
prohahly "being a r i b o f l a v i n p r o t e i n complex 
( P i g . 2 l ) . 

These c r y s t a l s bear a close resemblance to the 
i n t r a mitochondrial c r y s t a l s found i n the epitheliomuscular 
c e l l s of sexual and regenerating Hydra (Davis I967) 
and to some of the macrocrystals found i n the seeds of 
F r a x i n u s e x c e l s i o r and Fraxinus americana ( V i l l i e r s 
1368), At high magnification c r y s t a l l a t t i c e s could 
often be r e s o l v e d . These appeared e i t h e r as a reg u l a r 
system of p a r a l l e l electron, dense l i n e s 130 £ apart 
with a repeating p a t t e r n of e l e c t r o n dense short side 
branches a l s o of approximately 13O K apart. I n 
other s e c t i o n s , presumably cut i n other planes, the 
l a t t i c e appeared more n e a r l y as two se t s of p a r a l l e l 
l i n e s i n t e r s e c t i n g of angles of 105° and 75°. 
V i l l i e r s suggests that the i n t r a n u c l e a r c r y s t a l s of 
F r a x i n u s r e p r e s e n t storage p r o t e i n f o r use i n 
germination, and Davis a l s o i n d i c a t e s that the 
i n t r a mitochondrial c r y s t a l s of Hydra may a l s o be a 
storage product, although s i m i l a r c r y s t a l s were 
found by Oschman i n Hydra v i r i d i s which had been 
s t a r v e d f o r f i v e days. 
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P i g . 19. Transverse s e c t i o n of the growth zone 0*5 mm belov; 
the sporangium of a Stage IV B sporangiophore showing 
numerous small vacuole and the c e n t r a l vacuole X 3,600 
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1 

F i g . 20. C e n t r a l vacuole of sporangiophore 1 inm 'belov/ the 
sporangium. The cytoplasm vacuoles are l e s s numerous 
tiaan i n F i g . 19 ^ ^'^00 
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P i g . 21 Rhomoidal c r y s t a l i n the cytoplasm. The c r y s t a l 
i s approximately 1.0? ji between the more widely separated 
v e r t i c e s and 0.y5 )i between the other v e r t i c e s . The 
c r y s t a l l a t t i c e i s seen as i n t e r s e c t i n g e l e c t r o n dense 
l i n e s . X 115,000 
I n s e t A vacuole c r y s t a l . Note the d i f f e r e n t p r o f i l e . 
Gluteraldehyde f i x a t i o n . X 21,5^0 
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T h e i r presence i n r e l a t i v e l y large numhers i n 
the Vacuole of the older p a r t s of Phycomyces sporangiophore^ 
which i n the Stage I V B development have l i t t l e need 
of storage m a t e r i a l , might perhaps more s a t i s f a c t o r i l y 
"be i n t e r p r e t e d as a means hy which waste m a t e r i a l s 
are removed from the cytoplasm and deposited as 
harmless i n s o l u b l e substances. 

There i s no organised d i s t r i b u t i o n of cytoplasmic 
o r g a n e l l e s w i t h i n the growth zone. Mitochondria 
nuclei,glycogen granules, f a t droplets bound with a 
c r y s t a l l i n e l a y e r of f e r r i t i n molecules forming a 
two dimensional p a t t e r n over the surface (Peat and 
Banbury I968) (Pig.22), v e s i c l e s of s e v e r a l forms and 
l a y e r s of membrane have a random d i s t r i b u t i o n (Pig.23) . 

Pockets of v e s i c l e s causing numerous invaginations 
of the plasraalemma are of frequent occurrence. These 
very much resemble the lomasomes o r i g i n a l l y described 
by Mohr and McAlear (1961)(Plate 2k)' 

VIb ( i i ) Primary G r a v i t y Receptor 
The p o s s i b i l i t i e s f o r a primary g r a v i t y recepjbor 

f o r the long term geotropic response were:-
1. The sedimentation of p a r t i c l e s - t h i s was not 
l i k e l y because of the r a p i d streaming of protoplasrar, 
w i t h i n the sporangiophore which would tend to d i s t u r b 
any concentration gradient induced by g r a v i t y . 
2. The s h i f t i n g of the large c e n t r a l vacuole. 
3. The r e d i s t r i b u t i o n of the v e s i c l e system. 

VIb ( i i i ) Examination f o r the Primary G r a v i t y Receptor 
P e t r i d i s h and oxoid cap c u l t u r e s of flhycomyces 

blakesleeanus grown on ^ malt agar bearing Stage I V B 



P i g . 22. F e r r i t i n bound to l i p i d droplets i n the cytoplasm 
of the growth zone of Stage IV 3 sporangiophore. 
Note the two dimensional c r y s t a l l i n e p a t t e r n 
Gluteraldehyde f i x a t i o n . X 82,500 
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F i g . 23. Transverse s e c t i o n of growth zone of Stage IV B 
s. orangiophore. KMnp^ f i x a t i o n . X 5»780 
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P i g . . Cbl i c u e s e c t i o n of :;rowth zone of Stage IV B 
sporangiophore 0,5 fim below sporangium. Note the large 
nir-bcr of ' lomasome-.like' bodies associated with the 
plasmalc -ma ant c e l l w a l l . IQfnO^ f i x a t i o n . X 13,i+00 
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sporangiophores between 20-25 mm i n height and 
standing v e r t i c a l l y were t r e a t e d as fo l l o w s : -

A l l sporangiophores markedly l e s s than, or greater 
than 20-25 mm i n height were plucked from the c u l t u r e s 
Some p e t r i - d i s h c u l t u r e s to be used as controls were 
pl a c e d i n the dark and l e f t to continue v e r t i c a l growth 
f o r a period of 2 hours. 

Other p e t r i d i s h c u l t u r e s were placed i n the dark 
and turned so th a t the sporangiophores were l y i n g with 
thehr along the axes making an angle of approximately 
90° to the fo r c e of g r a v i t y . 

The oxoid cap c u l t u r e s were placed i n the dark 
f o r 2 hours and then f i t t e d with Morton closure caps 
to p r o t e c t them from a i r currents during c e n t r i f u g a t i o n . 
They were then placed on the centrifuge table i n 
supporting c a v i t i e s p o s i t i o n 2 (Fig.25) i . e . 5.08 cm 
from centre of fo r c e and p o s i t i o n 3 (Fig.25) i . e . 
7.62 cm from centre of c e n t r i f u g a l force. The r e l a t i v e 
c e n t r i f u g a l f o r c e s at these p o s i t i o n s were c a l c u l a t e d 
as f o l l o w s : -

C e n t r i f u g a l f o r c e = M x U IT ̂  X E 
M X g 

where M = mass; N = re v o l u t i o n s per second; R = radius 
and g = a c c e l e r a t i o n due to g r a v i t y = 980.6 cm/sec/sec 
and where:-
P o s i t i o n 2 ( F i g . 25) 

( a ) When the d i s c was centr i f u g e d at 200 R.P.M, the 
r e l a t i v e c e n t r i f u g a l force = 2.29 g. 
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F i g . 25a. Surface view of c e n t r i f u g e table to 
show r e l a t i v e p o s i t i o n s of holes' d r i l l e d to take 
the'oxoid cap'cultures (shown on two r a d i i only) 

c e n t r i f u g a l 
f o r c e 

g r a v i t a t i o n a l 
force 

Pig.' 25b. Side viexv of c e n t r i f u g a l table - only 
one c u l t u r e tube I s shown 
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(b) When the d i s c was centrifuged at 300 R.P.M. the 
r e l a t i v e c e n t r i f u g a l force = 5*13g. 

P o s i t i o n 3 ( P i g . 25) 

When the d i s c was centr i f u g e d at 200 R.P.M. the 
r e l a t i v e c e n t r i f u g a l f o r c e = 3*43g. 
The sporangiophores were centrifuged at approximately 

( a ) 2 . 3 g f o r 30 mins 
(b) 5*1 g for , 5 mins 
( c ) 5*1 g for 30 mins 

An absolute p o s i t i o n i n g of the sporangiophores r e l a t i v e 
to the a x i s of r o t a t i o n was not-possible because of 
the need to obtain s u f f i c i e n t m a t e r i a l for e l e c t r o n 
microscopy. However a l l . the sporangiophores used 
were p o s i t i o n e d w i t h i n a rad i u s of 1 cm from the 
midpoint of the c u l t u r e discs." 
P r e p a r a t i o n of M a t e r i a l f o r E l e c t r o n Microscope 
examination. 

The curvatures produced i n the sporangiophores 
i n response to g r a v i t a t i o n a l and c e n t r i f u g a l s t i m u l a t i o n 
remained throughout the subsequent preparation of the 
m a t e r i a l f o r e l e c t r o n microscopy, and i t was thus 
p o s s i b l e to make accurate o r i e n t a t i o n of the specimens 
to ensure that true transverse s e c t i o n s across the 
curvature were obtained during s e c t i o n i n g ( f i g . 2 6 ) . 

The block was marked on the outer side of the curvature 
to enable immediate i d e n t i f i c a t i o n when the se c t i o n s 
were examined under the microscope ( P i g . 2 7 ) . 

P r e p a r a t i o n of Thick S e c t i o n s . 
S e c t i o n s 1 p. t h i c k were t r a n s f e r r e d to microscope 

s l i d e s by means of f i l m loops, d r i e d onto the s l i d e s and 
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microtome 
chuck 

sporangium 

sporangiophore 
shoxving geotropic 
curvature 

F i g . 26 . R e s i n block i n p o s i t i o n i n L.K.B. 
chuck ready f o r trimming 

marker 
•f-ace-

transverse s e c t i o n 
of sporangiophore 

block face 

P i g . 27 . Trimmed block ready f o r se c t i o n i n g 
showing marker f o r outer edge of geotropic 
curvature i n sporangiophore 
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then s t a i n e d by warming i n 1% Toluidine blue i n borax 
f o r s e v e r a l minutes. Following s t a i n i n g , the s e c t i o n s 
were then r i n s e d under running water, a i r d r i e d and 
mounted i n E u p a r a l 

VIc R e s u l t s . 
A f t e r reaching the r e q u i r e d c e n t r i f u g a l force 

by gentle a c c e l e r a t i o n f o r about 2 mins. the c u l t u r e s 
experienced a steady force that was both c e n t r i f u g a l 
and g r a v i t a t i o n a l i n o r i g i n , r e s u l t i n g from the 
v e c t o r i a l a d d i t i o n of a component o r i g i n a t i n g from 
c e n t r i f u g a l a c c e l e r a t i o n and another from the 
g r a v i t a t i o n a l p u l l . 
N.B. The magnitudes of a l l g r a v i t a t i o n a l force 
expressed as m u l t i p l e s of the a c c e l e r a t i o n due to 
g r a v i t y (980 cm/sec ) to which the sporangiophores 

, were subjected, were s e l e c t e d on the b a s i s of 
Dennison's work (I961). 

I n the sporangiophores c e n t r i f u g e d at 5 g f o r 5 mins 
inward curvatures (Pig.28) i n the growth zone of 35° 
to 37^ from the v e r t i c a l were measured and because 
of s e l e c t i o n showed a remarkably uniform response. 
These were i n agreement with Dennison's c a l c u l a t i o n s 
of " t r a n s i e n t " t r o p i c bending speed of 5°/min f o r 
the a c t i v e phase of the t r a n s i e n t growth response 
e x h i b i t e d when the sporangiophores are subjected to 
a change i n the c e n t r i f u g a l f o r c e . The d i r e c t i o n of 
the curvature was r e l a t e d to the d i r e c t i o n of change 
of the c e n t r i f u g a l f o r c e i n that i t was always 
opposite to i t . Thus the d i r e c t i o n of curvature was 
inward as the c e n t r i f u g a l force was r a i s e d from 
1 g to 5 g. 
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I m m 

Pi 

D i r e c t i o n of curvature of sporangiophore 

D i r e c t i o n of c e n t r i f u g a l displacement of 
cytoplasm 

Pig. 28 . Sporangiophore c e n t r i f u g e d at 5g f o r 5 mlns 
produced an inward curvature of 35^ to 37*^ from 
the v e r t i c a l 
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R e s u l t s of Examination of t h i c k s e c t i o n s . 
The prepared s e c t i o n s were examined under a 

Baker phase c o n t r a s t microscope at magnification 
of X 100 and X ij.00 
Sporangiophores c e n t r i f u g e d f o r 5 mins at 5.1 g 

Examination of t h i c k s e c t i o n s showed a w e l l 
pronounced asymmetry i n the d i s t r i b u t i o n of the 
cytoplasmic mass between 1.5 nim and 2.0 mm below 
the sporangium base. I n t h i s area there was 
approximately tliree times the depth of cytoplasm on 
the outside of the r e s u l t a n t curvature, as compared 
with that on the i n s i d e . (Pig.2 9 ) . This asymmetry \^as 
presumably the r e s u l t of an outward displacement of 
the cytoplasm and an opposite and corresponding 
inward movement of the l e s s dense vacuole. 

The occurrence of t h i s asymmetry between 1.5 mm 
and 2.0 mm below the sporangium base c l o s e l y corresponds 
with the region of the maximum curvature of the 
a c t i v e phase of the t r a n s i e n t r ^ p o n s e curve at 
1.5 mm below the sporangiiim base reported by 
Dennison (1961) There was no asymmetry of the cytoplasm 
i n those p a r t s of the sporangiophore l y i n g outside 
the growth zone where secondary w a l l m a t e r i a l was 
being deposited. (Pig . 3 0 ) . 

R e s u l t s of Examination of u l t r a s t r u c t u r a l f e a t u r e s . 
Thin s e c t i o n s were cut from the same areas as the 

t h i c k sections-^- These, a f t e r s t a i n i n g were 
examined under the e l e c t r o n microscope and numerous 
micrographs covering the whole area of each s e c t i o n 
were taken at 2.5 k. Prom these micrographs, which 



c e n t r a l 
vacuole 

hi. 

cytoplasmic 
Vacuole 

F i g . 29a Transverse s e c t i o n of "a sporangiophore 
c e n t r i f u g a l at 5 g f o r 5 min. ̂ Se'ction cut 1 mm 
iDelow the "base of the sporangium. 

nucleus 

cytoplasm 

c e n t r a l 
vacuole 

F i g . 2913 Transverse s e c t i o n of same sporangiophore 
at- 2 mm helo'w the "base of the sporangium 
At t h i s point there i s a marked asymmetry of the 
cytoplasm. Camera l u c i d a drawings 
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F i g . 30a. Transverse s.e^iorix of the same s.porangiophore 
as P i g . 29 "but taken 4 mm below the base of the 
sporangium.. Note the absence of asymmetry of the 
cytoplasm. Camera l u c i d a drawing. 

2 
F i g . 30b. I . P a r t of the sporangiophore s i m i l a r to 
t h a t between A-B, and 2.. s i m i l a r to that , between C-D i n 
F i g . 30a to show the d e p o s i t i o n of secondary v/all 
m a t e r i a l between the primary w a l l and the plasmalemraa. 
Drawings from e l e c t r o n micrographs such as. P l a t e a 34 
and 35. 
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had at l e a s t 2^/o overlap I n order to allow f o r 
s p h e r i c a l a h e r r a t i o n , montages were prepared. 
These were examined c a r e f u l l y f o r organelle 
d i s t r i h u t i o n . Examination of these montages taken 
at v a r i o u s l e v e l s w i t h i n the growth zone of "both 
the c e n t r i f u g e d m a t e r i a l and that subjected to g r a v i t y , 
d i d not r e v e g l any asymmetry of organelle d i s t r i h u t i o n 
or any marked r e - o r g a n i z a t i o n of organelles or i n c l u s i o n s 
See Table I V f o r r e s u l t s . 

V i c ( i ) Cytoplasmic Asymmetry i n Centrifuged Sporangiophores 
Dennison a t t r i b u t e s the t r a n s i e n t response to a 

mechsnical d i s t o r t i o n of the c e l l w a l l under the 
e x t e r n a l l y a c t i n g r e s u l t a n t force a r i s i n g from the 
a c t i o n of g r a v i t a t i o n a l and/or c e n t r i f u g a l force on 
the r e l a t i v e l y massive sporangium;.*. He concludes 
t h a t the r e s u l t i n g s t r e t c h i n g or compression of the 
c e l l w a l l would stimulate or r e t a r d the rate of c e l l 
w a l l elongation. The t r a n s i e n t response must however 
"be a s i g n i f i c a n t f r a c t i o n of the t o t a l long term 
geotropic response. 

I t seems probable that the asymmetry of the cytoplasm 
that develops during the t r a n s i e n t response might w e l l 
be the t r i g g e r i n g mechanism for the r e l e a s e of 
substances a f f e c t i n g the r a t e of c e l l w a ll growth on 
opposite s i d e s of the sporangiophore, that r e s u l t s i n 
the long term geotropic response, although i t i s not 
known whether any u l t r a s t r u c t u r a l change can be 
recognized a f t e r b r i e f s t i m u l a t i o n by f l e x i n g , to 
produce a minimal t r a n s i e n t response. 



OsiBg « 3 039 BQttare ooimta were nads of the varlouB 
organelles px'aient i n the cy topi asm on the inside 
end outeid® of the geotpopio curvature* 

ômlDer of Organelle i n each 3 em aguare 

Mierograph Ro — 1 2 5 5 6 7 8 9 

Mitochondria 3 5 6 h 3 2 5 
Nuclei 1 1 - i - 1 2 1 2 
Fat droplets 6 : 4 1 3 1 k 3 
Spherical 8 3 5 7 8 2 U h 1* 

veaiolea 
SiBQll vacuolea - 3 h 1 3 3 k 1 

iiarge vacuoles 
BR - / / / / / 

/o present; al>tmd«:it 
Kiorographa taken i n aequenee round 
tranverse section 
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TiiBLE I V C 
66. 

Counts taken from same s e c t i o n as Table B but 
from s e l e c t e d areas of the Cytoplasm on the 
outside of the Geotrouic Curvature. 

Number of Organelles i n each 5 cm sq. 

Micffograph 'Mo - 8 9 10 11 o 12 

Outer Middle Mitochondria 5 3 9 k 5 5 5 7 10 6 
Nuclei - — — 1 — — — — — — 
Pat dr o p l e t s 2 3 2 k . k 9 5 6 2 7 
S p h e r i c a l 

v e s i c l e s k 1 5 1 3 3 .h 2 — 1 
Small 

v e s i c l e s 
Large 

v e s i c l e s 
E R 

Inner Middle 8 Mitochondria 1 7 - 2 3 2 5 9 8 k 
N u c l e i 1 - - 1 - 1 - — — 1 
Pat dr o p l e t s 6 1 5 2 8 k 5 6 3 9 
S p h e r i c a l 

13 v e s i c l e s 1 2 1 2 k 2 5 1 , 13 
Small 

v e s i c l e s 
Large 

v e s i c l e s 

Inner 
Mitochondria - 3 - 3 1 2 — 3 2 
N u c l e i 1 - - - - 1 1 — 2 
Pat dr o p l e t s - 3 - 2 - 5 k 1 — 
S p h e r i c a l 

v e s i c l e s - 1 - 3 - — 3 1 1 
Small 

v e s i c l e s - - - - — — — 
Large 

v e s i c l e s — — — 2 



TABLE I V D 

Counts taken from same s e c t i o n as Table I V B 
but from s e l e c t e d areas of the Cytoplasm on 
the Inner side of the Geotroplc Curvature. 

Number of Organelles i n Each 5 cm Souare. 

I n n e r l a y e r 

Hi'crogf.aph No 1 2 3 if 

Mitochondria 2 k 2 k 
Nuclei 1 - 1 1 
Pat d r o p l e t s 3 5 

1 
5 h 

2 
Small 

vacuole — — — — 

Large " 
E R / / / 

Mitochondria 1 1 1 
N u c l e i - 1 -
P a t d r o p l e t s - 2 6 

Small 
1 

Large 

E R // / / 
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V i c ( l l ) Absence of O r g ^ e l l e Asymmetry 
The absence of asymmetry of organelle d i s t r i b u t i o n 

i n sporangiophores subjected to g r a v i t a t i o n a l and 
c e n t r i f u g a l f o r c e s are i n agreement with the f i n d i n g s 
of Zalokar ( a s reported by Bergman et a l ) when he 
attempted the i n t r a - c e l l u l a r c e n t r i f u g a l separation 
of the o r g a n e l l e s i n the Stage I sporangiophore. Zalokar 
found that c e n t r i f u g a l f o r c e s of about 50,000 g were 
necessary to obtain separation of organelles from 
cytoplasmic connections. 

I t I s therefore most i m l i k e l y that the mechanism 
of geoperception i s based on d i f f e r e n t i a l sedimentation 
of o r g a n e l l e s . The r o l e of sedimentation, r e l a t i v e 
v i s c o s i t i e s of o r g a n e l l e s and i n c l u s i o n s i n geoperception 
has been c r i t i c a l l y d i s c u s s e d by Aiidasc (I962) 

V I c ( i i l ) Lomasome Development 
I n Sporangiophores subjected to a steady force 

of e i t h e r 1 g f o r 2 hours, 5 g f o r 30 mins or 2 g f o r 
30 mins or more the asymmetry of the cytoplasm was 
not so w e l l defined but d i d ne v e r t h e l e s s e x i s t . 

I n these sporangiophores however, p a r t i c u l a r l y 
those c e n t r i f u g e d at 2 g f o r 30 mins or more there 
Was found to be an extensive i n c r e a s e i n the lomasome-
l i k e bodies on the outside of the r e s u l t i n g curvature 
(Pig.31) when compared with :-
( a ) the lomasome-like bodies of the v e r t i c a l l y grown 
sporangiophore 
(b) the lomasome-like bodies on the ..inside of the 
curvature (Pig.32). Lomasome-like bo<iss were also 
present between the plasmalemma and sporangiophore 



F i g . 31 E x t e n s i v e development of lomasome l i k e 

bodies oetween the c e l l w a l l and plasmalemma 

on the outside of the geotropic curvature 

!972 



F i g . 32 'Loraasome-like' bodies between the 
c e l l w a l l and plasmalem.ma on the i n s i d e of the 
geotropic curvature 

% 3 1 OCT 1972 
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w a l l s i n those regions of the sporangiophore where 
secondary w a l l m a t e r i a l was being deposited ( P i g . 33). 
in, these regions s e v e r a l extremely large plasmalemma 
i n v a g i n a t i o n s were observed ( P i g . 3k') Moore and McAlear 
suggested that these bodies might play some r o l e 

i n tise b u i l d i n g of c e l l w a l l s . 
ife/iscussion 

Autoradiographic s t u d i e s (Barton I968) however 
showed that i n Chara s p e c i e s , which possessed 
1-omasomeelike bodies, when the c e l l s are provided with 
t r i t l a t e d glucose i t i s the Golgi apparatus i n which 
the glucose appears before being extruded i n the 
Golgi v e s i c l e s and taking up i t s f i n a l p o s i t i o n i n 

the c e l l u l o s e f i b r e s of the w a l l . 
Despite Barton's f i n d i n g s and h i s suggestion 

t h a t lomasomes are probably of no s i g n i f i c a n c e i n 
w a l l s y n t h e s i s , the presence of these lomasome-like 
bodies i n regions of a c t i v e hyphal w a l l growth, t h e i r 
apparent absence i n non-growing regions and t h e i r 
e xtensive development close to the outer w a l l of the 
geotropic bend, where one would expect increased w a l l 
s y n t h e s i s , s t r o n g l y suggests that they play some r o l e 
i n w a l l s y n t h e s i s of the sporangiophore of Phycomyces 
blakesleeanus and that they play some part i n bringing 
about growth responses. Heath and Greenwood (1970) as 
a r e s u l t of t h e i r i n v e s t i g a t i o n s on Saprolegnia f e r a x 
and DictyuQhus a l s o suggested that lomasomes and 
piasmalemiuasomes may not be involved i n w a l l s y n t h e s i s . 
Hjowever the two orgtoiisms used by them were both 
oomycetes which l i k e Chara possess a s u b s t a n t i a l 
proportion of c e l l u x o s e i n the c e l l w a l l . They may 
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Pig*33 Transv rse s e c t i o n of a sporangiophore 
ce n t r i f u g e d at 5 g for 5 min, k mm below the 
sporangium. Note the development of secondary 
w a l l m a t e r i a l and the presence of 'lomasome' 
l i k e bodies. X 7,180 



F i g . 3h. r.xtensive i n v a g i n a t i o n of pasmalemma i n 
region of secondary v:;..ll development. Sporangiophore 
c e n t r i f u g e d c i t 5 g for 30 rain. X 7,1̂ -0 
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therefore possess a c l o s e r a f f i n i t y to Chara i n t h e i r 
mechanism of w a l l s y n t h e s i s than they do to most 
other fungi which,like Phycomyces.have c e l l w a l l s 
containing a s u b s t a n t i a l proportion o f c h i t i n . 

The e l e c t r o n microscope evidence so f o r obtained 
f o r the mechanism of c e l l w a l l growth i n Phycomyces 
^lakeaieeanus i s somewhat confusing. The presence of 
both microfilaments passing from tne cytoplasm into 
the c e l l w a l l and 'lomasome-like' bodies between 
the c e l l w a l l and plasmalemma suggest the involvement 
of a two phase system leading to the f i n a l deposition 
of w a l l m a t e r i a l and the a s s o c i a t e d s p i r a l growth of 
the sporangiophore. Future autoradiographic studies 
may help to v e r i f y the p r e c i s e mechanism of w a l l 
s y n t h e s i s i n Phycomyces sporangiophores. 
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S e c t i o n V I I 

Photoreception i n Phycomyces 

V I I a . H i s t o r i c a l . 
The e a r l i e s t i n v e s t i g a t i o n s on the l i g h t growth 

responses of Phycomyces sporangiophores were made by 
Blaauw (1914) and l a t e r confirmed by C a s t l e (1932), 
who observed among other things that there was a 
marked but t r a n s i e n t i n c r e a s e i n growth r a t e when 
sporangiophores were symmetrically i l l u m i n a t e d from 
two or more s i d e s . Blaauw (1918) developed a theory 
f o r the phototropic response of the Phvcomyces 
sporangiophores. He i n t e r p r e t e d the unequal growth that 
lead^s to a phototropic curvature as a r e s u l t of an 
unequal l i g h t growth r e a c t i o n i n the proximal and 
d i s t a l s i d e s of the u n i l a t e r a l l y i l l u m i n a t e d 
sporangiophore. He supposed that i n the sporangiophores 
of Phvcomyces there would be a tendency fo r l i g h t to 
focus on t h a t side of the sporangiophore away from the 
source and t h i s would consequently give a stronger 
p o s i t i v e l i g h t growth r e a c t i o n on that side thus 
b r i n g i n g about a p o s i t i v e phototropic curvature. 
Such a process would not in c r e a s e the t o t a l amount 
of l i g h t r e c e i v e d by the back w a l l but would only 
a l t e r i t s s p a c i a l d i s t r i b u t i o n . C a s t l e (1933) 
assumed that the absorbing pigment was not l o c a t e d i n 
or near the sporangiophore w a l l but was uniformly 
d i s t r i b u t e d throughout the protoplasm. He pointed out 
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t h a t due to r e f r a c t i o n , the average length of path 
t r a v e r s e d by the l i g h t i n the back h a l f of the 
sporangiophore i s about 20^ greater than that 
t r a v e r s e d i n the f r o n t h a l f . Therefore the nett 
absorption i n the back h a l f might w e l l be i n excess 
of that i n the front, h a l f of the sporangiophore 
i f the attenuation of i n t e n s i t y during t r a v e r s a l 
i s s l i g h t . 

According to Banbury (1959) Buder argued that 
C a s t l e ' s assumption of a uniform absorption of l i g h t 
throughout the cytoplasm was an xmlikely one. 
Allowing that the t o t a l vflux'. of l i g h t reaching the 
back w a l l of the sporangiophore w i l l not be greater 
than that s t r i k i n g the f r o n t w a l l , but i n f a c t must 
be somewhat smaller, Buder argued that due to l e n s 
a c t i o n photoreception would be concentrated i n a 
narrow zone i n the back w a l l r e s u l t i n g i n a narrow 
concentrated growth r e a c t i o n . T h i s , Buder argued, 
would give the growth response i n the back w a l l a 
mechanical advantage over the uniformly d i s t r i b u t e d 
one i n the f r o n t w a l l . 

However Delbriick and Reichardt (1956) point 
out t h a t none of these t h e o r i e s account f o r the 
f a c t that the phototropic response must be extremely 
l o c a l i s e d at the base of the growth zone, since 
without such l o c a l i s a t i o n the s p i r a l growth so 
c h a r a c t e r i s t i c of Phycomyces together with the t r o p i c 
response would cause the growth zone to bend i n t o 
a h e l i x . Delbrlfck axid. Reichardt (1956) showed by 
means of s t i m u l a t i n g short s e c t i o n s of the growth 
zone and measuring the growth response that there 
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"Was an independent response i n each f r a c t i o n of the 
growth zone. The f u l l response of the t o t a l l y -
s t i m u l a t e d growth zone was the sum t o t a l of the 
response of each' component pjai-t of the zone. 
They were however imahle t o e x p l a i n why the l a t e n t 
periods "between the s t i m u l a t i o n of the various zones 
and the responses are a l l a l i k e i f each s t i m u l a t i o n 
produces i t s response at the "base of the growth zone, 
although i , t i s not impossihle t h a t s t i m u l a t i o n leads 
t o conduction of the stimulus to the base of the 
growth zone. 

Banhury ohtained r e s u l t s which supported the 
deduction of Delhruck and Reichardt t h a t the t r o p i c 
response i s confined to the base of the growing zone. 
He obtained a p h o t o t r o p i c curvature, i n Stage I 
sporangiophores i l l u m i n a t e d "by a very narrow grazing 
p e n c i l of l i g h t , which was i n a plane almost 
perpendicular t o the beam and at a distance of a 
m i l l i m e t r e or more behind the region of w a l l surface 
a c t u a l l y i l l \ i m i n a t e d . There i s thus a strong 
i n d i c a t i o n t h a t there i s a downward transmission of 
the stimulus although the experimental evidence 
i s f a r from conclusive. 

v i^j^ The PhotQre<?ept<^r» 
Numerous attempts have been made to i d e n t i f y 

the photoreceptor. Studies to f i n d i t have been 
based on the a c t i o n spectra of the sporangiophores 
and»as a r e s u l t of these* ^-carotene, r e t i n a l 
attached t o a p r o t e i n , or a f l a v o p r o t e i n have been 
suggested as l i k e l y recep.tor pigments. These compounds 
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have l i g h t ahso^ption spectra which c l o s e l y resemhle 
the a c t i o n spectra of the phot^jtropic curvature. 

I n vivo measurements through the growing zone 
of s i n g l e sporangiophores show t h a t p - carotene i s 
the main ahsorhing pigment i n the ij.00-500 nm reg i o n 
of the v i s i b l e spectrum (Zankel, Burke & Delhruck 

• 1967). I t s absorption spectrum i s very close to the 
a c t i o n spectrum although displaced 5-10 nm to the red. 
There have, however, "been several pigment mutant s t r a i n s 
of Phycomyces discovered containing less than I/I000th 
of the p - carotene possessed hy the w i l d type which 
are s t i l l f u l l y photosensitive (Meissmer and Delbruck 
1968). These f i n d i n g s i n d i c a t e t h a t the hulk of the 
p - carotene i s not the e f f e c t i v e pigment, hut do not 
nec e s s a r i l y mean t h a t i t plays no p a r t i n photoreception. 
The mutant type sporangiophores have been estimated to 
possess about 10""^ molecules of p - carotene per 
sporangiophore while the requirements f o r e f f e c t i v e t r o p i c 
responses have been estimated at about 3 x 105 molecules 
of receptor pigment per growth zone (Bergman et a l I969). 
I t i s thus s t i l l p ossible phat some spec i a l i s e d form 
of p - carotene may play some p a r t i n photoreception. 

R e t i n a l as a receptor pigment i s most u n l i k e l y 
since w i l d type sporangiophpres contain very small 
q u a n t i t i e s , between 10^ and lo"*^ molecules per 
sporangiophore which i s about 1/10>000th t h a t of the p-
carotene content. Attempts to f i n d r e t i n a l p r o t e i n complexes 
which l i b e r a t e r e t i n a l on exposure to l i g h t have proved 
negative and no r e t i n a l was found i n the p - carotene 



mutant car 5 which shows a phototropic response 
(Bergman e t a l I969). 

Wolken (1969) obtained two d i s t i n c t l y d i f f e r e n t 
absorption spectra f o r . the growing zone 0.1 t o 3 nim 
below the base o f the sporangium. One he found to be 
more c h a r a c t e r i s t i c of a carotene w h i l s t the other 
was more c h a r a c t e r i s t i c of a f l a v i n . When the absorption 
spectra were combined they reproduced very c l o s e l y the 
a c t i o n spectrum f o r the p h o t o t r o p i c response. I n the 
albino car 10 (-) which i s d e f i c i e n t i n carotenes, 
only the spectrum c h a r a c t e r i s t i c of 2 luraichrome or a 

reduced f l a v i n e was found. I n both the w i l d type 
and albino car 10 (-) a c type cytochrome was i s o l a t e d 
which i f coupled w i t h a f l a v i n could permit a photo 
r e v e r s i b l e o x i d a t i o n - r e d u c t i o n system, 

Wolken also observed b l r e f r i n g e n t c r y s t a l s 
a l igned i n the growing zone i n which the photoreceptor 
i s b e l i e v e d to l i e . Using microspectrophotometry he 
Was able t o show t h a t the absorption peaks of these 
c r y s t a l s were s i m i l a r t o those of r i b o f l a v i n c r y s t a l s 
and t o the absorption spectra of the sporangiophore. 
These f a c t s together w i t h the i s o l a t i o n of a cytochrome 
suggested t o Wolken a possible s;cheme which would 
provide a photo-reversible system such as from the 
o x i d i s e d yellow r i b o f l a v i n v i a cytochrome and l i g h t 
t o the reduced colourless form. He also suggests the 
possible conversion of r i b o f l a v i n i n l i g h t and acid 
pH to Iximichrome. I t therefore seemed to me w e l l worth 
while to attempt t o determine the frequency of occurrencd 
and d i s t r i b u t i o n of such c r y s t a l s w i t h the e l e c t r o n 
microscope. 



As a r e s u l t of h i s work Wolken str o n g l y suggests 
t h a t f -carotene does not appear t o be the primary 
photoreceptor molecule although i t or one of the 
other carotenes present i n the sporangiophore most 
l i k e l y f u n c t i o n s as an accessory pigment molecule, 

Heuckel (1927) claimed to have observed a 
greater d e n s i t y of protoplasm on the f a r side of 
u n i l a t e r a l l y i l l u m i n a t e d sporangiophores, than on 
the near side i n Mucor mucedo and i n P i l o b o l u s 
c r v s t a l l i n u s . Banbury (1952) was not able to detect 
any asymmetry i n opacity i n l i v i n g sporangiophores 
of Mucor mucedo or Phycomyces blakesleeanus during 
or immediately a f t e r u n i l a t e r a l i l l u m i n a t i o n . 

However, i t was thought t h a t small aggregates of 
photo-absorbing m a t e r i a l might become arranged i n 
the cytoplasm i n a d i s t r i b u t i o n t h a t was determined by 
the l i g h t f l u x and t h a t a small concentration gradient 
might have important consequences i n modifying the 
l i g h t absorption. 

V I I c . E l e c t r o n Microscope I n v e s t i g a t i o n f o r a possible 
Photoreceptor 
Method. 

Cultures were grown i n 2^ malt agar i n d i f f u s e 
l i g h t at ambient room temperature u n t i l the 
sporangiophores were i n Stage IV B of development, 
approximately 2 - 2.5 cm t a l l and growing v e r t i c a l l y . 

They were then t r a n s f e r r e d to the growth chambers 
i n a dark room. I n the growth chamber the sporangiophores 
were i l l u m i n a t e d by one 6 v o l t 3 watt bulb on each of 
two opposite walls p o s i t i o n e d so t h a t the i n c i d e n t l i g h t 
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from each bulb made an angle of approximately 
w i t h the growth zone. They were l e f t f o r 30 mins to adapt 
t o the reduced l i g h t c o n d i t i o n s . At the end of t h i s 
p e r i o d one l i g h t was turned o f f so t h a t the specimens 
were now r e c e i v i n g u n i l a t e r a l i l l u m i n a t i o n of h a l f the 
i n t e n s i t y of the o r i g i n a l symmetrical b i l a t e r a l 
i l l u m i n a t i o n . . W i t h i n 30 mins the sporangiophores 
had produced a p o s i t i v e phototropic curve th a t was 
v i s i b l e to the naked eye. 
Prepa r a t i o n of M a t e r i a l f o r E l e c t r o n Microscopy. 

Once a v i s i b l e curvature had been produced the 
sporangiophores were immediately plucked from the 
c u l t u r e and prepared f o r e l e c t r o n microscopy i n the 
same way as were the sporangiophores subjected to 
g r a v i t a t i o n a l / c e n t r i f u g a l f o r c e . 

The specimens were o r i e n t a t e d i n the chuck and 
sections were cut between 1,5 and 2 mm below the 
sporangium and stained as i n the preparation of 
m a t e r i a l being examined f o r a primary g r a v i t y 
receptor. ( S e c t i o n VI b i i i ) 

V l l d , R e s u l t s of Examination of M a t e r i a l 
Examination of the t h i n sections under the e l e c t r o n 

microscope d i d not show any asymmetry of the cytoplasm 
on the i l l u m i n a t e d and non i l l u m i n a t e d sides of the 
sporangiophore and d i d not confirm Heuckel's view 
(1927) t h a t there was a d i f f e r e n c e i n protoplasmic 
d e n s i t y on the near and f a r sides of a sporangiophore 
showing a p h o t o t r o p i c curvature. 

Estimates of the organelle d i s t r i b u t i o n on the 
f a r and near sides of the phototropic curvature gave 
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no evidence of any s i g n i f i c a n t r e o r g a n i s a t i o n of 
p a r t i c u l a r organelles. (Pig.35) 

The only appreciable d i f f e r e n c e was t h a t between 
the glycogen content of sporangiophores grown under 
normal d a y l i g h t conditions and those under i n v e s t i g a t i o n . 
I n the l a t t e r the glycogen content was s i g n i f i c a n t l y 
l e s s than t h a t of sporangiophores grown i n normal 
d a y l i g h t as judged by the e l e c t r o n density a f t e r 
s t a i n i n g . 

V ile.Discussion. 
I n consequence of these f i n d i n g s i t seems most 

u n l i k e l y t h a t phdtoreception has i t s o r i g i n i n the 
organelle d i s t r i b u t i o n of the grovjth zone. Despite 
Wolken's f i n d i n g s i t also seems most improbable t h a t 
the c r y s t a l s , i d e n t i f i e d by means of t h e i r absorption 
spectra as being e i t h e r r i b o f l a v i n or a c l o s e l y r e l a t e d 
compound, found w i t h i n the sporangiophore are 
associated w i t h photoreception. These c r y s t a l s , which 
Vary considerably i n t h e i r size and form, appear t o 
have no s p e c i f i c l o c a t i o n w i t h i n the sporangiophore. 
They were occasionally found w i t h i n the growth zone, i n 
large numbers i n the older mature cytoplasm many 
m i l l i m e t r e s behind the growth zone, §nd also i n the 
la r g e c e n t r a l vacuole.^ The alignment of these 
c r y s t a l s i n the vacuole of the growth zone, as 
repor t e d by Wolken (1969) was not commonly observed 
i n my m a t e r i a l . His f i n d i n g s may have been s i g n i f i c a n t 
f o r h i s s t r a i n s or may have been a matter of chance; 
they are not v a l i d f o r ray s t r a i n which gave a strong 
p h o t o t r o p i c response. 
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Pig*35. Transverse section of the growth zone of a 
sporangiophore u n i l a t e r a l l y i l l u m i n a t e d f o r 30 mins. 
Note the t;; parent absence of glycogen. X 7»500 
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Pig.36. C r y s t a l s i d e n t i f i e d as r i b o f l a v i n or c l o s e l y 
r e l a t e d compound ( i o l k e n I969) i n the vacuole of the 
mature reg l o n o f e sporangiophore. Gluteraldehyde -
Osmium f i x a t i o n . X 6,250 



This random d i s t r i b u t i o n , e s p e c i a l l y w i t h i n 
the vacuole, makes them f a r from s u i t a b l e as 
photoreceptors. 

The r e s u l t s of these p r e l i m i n a r y experiments 
do not suggest t h a t the photoreceptor of Phycomyces 
sporangiophores w i l l be found i n the macromolecular 
s t r u c t u r e of the cytoplasm as revealed by e l e c t r o n 
microscopy. 
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Section V I I I 

Sporangium Development and Spore Germination 

V i l l a . Review of Previous work on Sporangium Development 

Columella formation 
Ihe e a r l i e s t account t h a t deals s p e c i f i c a l l y w i t h 

the formation o f spores i n the Mucorineae i s t h a t of 
Gorda (l838)(as reported by Swingles I903). He 
i n v e s t i g a t e d the development of the Sporangium of 
Ascophora mucedo. now known as Rhizopus n i g r i c a n s 
and gave us the f i r s t d e s c r i p t i o n of the method of 
columella and spore formation. He described the 
columella as " a t f i r s t being s l i g h t l y arched i n 

the lower p a r t of the sporangium and gradually pushing 
upwards i n t o the sporOi.genous t i s s u e " . The spores he 
described as being formed i n r a d i a t i n g rows from the 
columella. Although t h i s method of columella formation 
was soon described as being "a matter of pure i n v e n t i o n " 
on the p a r t of Corda (Presenius I85O-63) i t was generally 

accepted and appeared f r e q u e n t l y i n the c l a s s i c a l l i t e r a t u r e 

u n t i l w e l l beyond the t u r n . o f the century. 

According to S-wingles an accurate and d e t a i l e d 

d e s c r i p t i o n of the s t r u c t u r e and development of a very large 

number of the Mucorineae was l a t e r covered i n a series of 

papers by Van Tieghem (1873, 1875,i876). 
According to Schwarze,Brefeld (I872) studying Mucor 

mucedo described the columella as not being something 
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t h a t i s p r i m a r i l y f l a t and then becoming 

arched by increased pressure from bdlow, but "has 
from the f i r s t instance an arched form which may 
subsequently and i n c i d e n t a l l y become modified". 
S i m i l a r d e s c r i p t i o n s of columella formation were made 
by several l a t e r workers (Leger I896, Harper 1899» 
Swingles 1903 and Schwarze 1923). 
Spore formation. 

The method of spore formation i n sporangia was 
stud i e d by Pringsheim as e a r l y as 1859. I t was however 
Van Teighem (I873, 1875,1876),working on almost the 
e n t i r e group of zygomycetes,who f i r s t i n d i c a t e d 
t h a t the spores may be formed by simultaneous d i v i s i o n . 
He be l i e v e d t h a t the method of spore formation was the 
same i n a l l genera producing a sph e r i c a l sporangium. 
He observed t h a t the sporogenous protoplasm of 
Sporadinia separated i t s e l f i n t o two very d i f f e r ^ t t " 
substances. The spore-plasm which was always granular, 
condensed i n t o small polyhedral p o r t i o n s which rounded 
o f f , secreted a c e l l w a l l and formed the spore, and 
the i n t e r spore-plasm which was always homogene^ and 
b r i l l i a n t , and during spore formation dispersed i t s e l f 
so t h a t i t occupied a l l the spaces between spores and 
formed a l a y e r between the outer spores and the 
sporahgial w a l l . 

Strasburger (I880) studying zoospore formation i n 
Saprolegnia described spore formation as being 
simultaneous. " I n den Zoosporangien der Saprolegnien 
w i l d , wie aus zahlreichen angaben bekannt, eine grosse 
ilngahe Schwarmsporen simultan aus dem gesammten 
Protoplasmatischen I n h a l t e des Sporangium g e b i l d e t " 
S i m i l a r accounts of simultaneous spore formation were given 
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by s e v e r a l other authors i n c l u d i n g Dangeard (I890) 
working with Synchytrium t a r a x a c i , Cornu (1872) working 
with O l p i d i o p s i s A Thaxter ( l 8 9 7 ) working with 
Syncephalastrum. ( a s reported by Schwarze 1923) 

Schwarze (1923) however; c l a i m s , a f t e r studying 
cleavage i n the sporangia of a number of fungi, that 
the evidence f o r simultaneous spore formation was 
f a r from adequate,but r a t h e r that there was an 
accumulation of evidence i n support of the view that 
the process Was a progressive one r e s u l t i n g from 
furrowing e i t h e r from the periphery of the sporangia 
or from vacuoles w i t h i n the spore-plasm. 

Swingle (1903) made the f i r s t d e t a i l e d study of 
spore formation i n Phycomyces species,an account of 
which i s given i n a paper i n which he compares the processes 
o c c u r r i n g i n Phycomyces n i t e n s with that occurring i n 
Rhizopus nlgr'ans. I n t h i s paper he gives a l u c i d account 
of the development of the cleavage v e s i c l e s , the zonation of 
the sporangial contents i n the e a r l y stages of 
development,and the d i f f e r e n t i a t i o n of the columella and 
spores,as seen i n m a t e r i a l prepared by using the 
mixtures of Plemming, Herman and Merkel as f i x i n g f l u i d s 
together v/ith Plemming* s t r i p l e s t a i n . Swingle, however, 
claimed that the cleavage v e s i c l e s were present w i t h i n 
the cytoplasm at the onset of sporangium development. 
He a l s o claimed to have observed two l a y e r s i n the 
sporangium w a l l from a comparatively e a r l y stage i n 
development but only one l a y e r i n the w a l l of the 
sporangiophore. Another feature which Swingles describes 
i n h i s paper, i s the c o n t r a c t i o n of the spore-plasm during 
cleavage, a process he b e l i e v e s to be responsible f o r 
the enlargement of the cleavage v e s i c l e s and hence 
cleavage. 
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Numerous e l e c t r o n microscopical studies have to 
date been made on fungal m a t e r i a l . Some of these 
have been concerned w i t h spore germination. (Hawker and 
Abbott (1963) and Hawker and Hendy (I963), but only one 
d e t a i l e d e l e c t r o n microscopical study of sporangium 
development has been made (Bracker I966). 

V l l l b . gporangium Development i n Phycomyces. 
Two t o three days a f t e r i n o c u l a t i o n of a ̂  malt 

agar p l a t e w i t h mycelium the c u l t u r e i s usually seen to 
possess sporangia i n a l l stages of development. The 
developmental sequence can f o r convenience sake be 
d i v i d e d i n t o f i v e stages (Pig.37)(Castle 1942 based 
on E r r e r a ) . 
Stages of Development. 
Stage 1. The Sporangiophore grows up from the mycelium 
as a simple tube t a p e r i n g r a t h e r sharply at i t s apex, 
xvhere i t grows at a rat e of 1-2 mm./hour. Unlike l a t e r 
stages the apex shows l i t t l e , if any, r o t a t i o n around the 
v e r t i c a l a x is. 
Stage I I . The onset of Stage I I i s influenced by a ntiraber 
of environmental f a c t o r s vjhich include the chemical 
composition of the medium and i l l u m i n a t i o n . I t represents 
a change i n the morphology of the sporangiophore. The t i p 
of the sporangiophore swells and a b r i g h t yellow sporangium 
i s formed. During the enlargement of the sporangia, 
the sporangiophore does not lengthen or r o t a t e . 
Stage I I I . This i s a per i o d l a s t i n g f o r several hours 
d u r i n g which there i s n e i t h e r sporangium enlargement 
nor sporangiophore growth. 
Stage IVa. The s|)orangiophore resumes elongation and 
t w i s t s i n an anticlockwise d i r e c t i o n viewed from above. 
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The sporangium turns brown. 
Stage IVb. About 90 minutes a f t e r the resumption of 
growth anticlockwise r o t a t i o n slovjs down and i s 
gr a d u a l l y replaced by r o t a t i o n i n a clockwise d i r e c t i o n 
soon reaching a r a t e of one complete r o t a t i o n i n 30 
minutes. The sporangiophore continues growth f o r many • . i ^ 
hours maintaining a steady r a t e , once a t t a i n e d , of 
about 3 mm per hour. 

The a p i c a l zones of a l l stages of development 
were examined and during i n v e s t i g a t i o n very many 
sporangia were sectioned i n several places. 

Vine.Preparation of Ehycomyces Sporangia f o r E l e c t r o n 
Microscope I n v e s t i g a t i o n . 

Sporangiophores bearing sporangia at Stages 1-U 
of development (Castle 1942) were plucked from the 
mycelium at the p o i n t of j u n c t i o n of the sporangiophores 

and mycelium. These were put i n separate v i a l s containing 

2^ KMnO^ and one p a r t per thousand of detergent. The 
m a t e r i a l was l e f t i n the f i x a t i v e f o r varying periods 
of time. 
The f i x a t i o n times were as f o l l o w s : -

Stage I 1 hour 
Stage I I 2-4 hours 
S t a g e - I I I 5-6 hours 
Stage IV 12 hours 
These f i x a t i o n periods were chosen a f t e r several t r i a l 

attempts. F i x a t i o n using gluteraldehyde folloxved by post 
f i x a t i o n w i t h osmic a c i d was attempted but i t gave 
extremely poor r e s u l t s . 

A f t e r dehydration i n a graded series of alcohols 
the Stage I sporangiophores and the sporangia were 
embedded i n T.A.A,B. embedding r e s i n . 

Section of the order of 60nm i n thickness were 
c u t . A f t e r u r a n y l acetate and Reynold's lead c i t r a t e 



s t a i n i n g these were examined and photographed on an 
A.E.I EM6B e l e c t r o n microscope. 

V l l l d . Results. 
( i ) The Stage I apex. 

The a p i c a l zone of the Stage I sporangiophore has 
been examined by Peat and Banbury (1967) and Thornton 
(1968), My f i n d i n g s were i n general s i m i l a r t o t h e i r s . 
At the growing t i p i s an area about 20 jm i n l e n g t h 
which i s devoid of n u c l e i and possesses very few 
mitochondria, the l a t t e r only beginning to make t h e i r 
appearance at approximately 9.2 jim behind the apex. 
I Was not able t o confirm the f i n d i n g s of Peat and 
Banbury t h a t these mitochondria d i f f e r e d markedly i n the 
form of t h e i r c r i s t a e from those i n other regions of the 
hyphae. The plasmalemma i n t h i s a p i c a l region i s 
extremely i r r e g u l a r o f t e n showing extensive and much 
f o l d e d ingrowths passing deep i n t o the cytoplasm. 

- The cytoplasm w i t h i n the f i r s t 9 pm contains numerous 
small pieces of membrane forming a v a r i e t y of configurations 
w i t h i n the ground^plasm. The w a l l of the hyphal apex 
measured approximately 1.1: ym i n thickness and 
was surrounded by an e l e c t r o n dense c u t i c l e ( P i g , 38). 

This a p i c a l zone i s f o l l o w e d by a region about 
'100 pm long which contains numerous n u c l e i which are 
so c l o s e l y packed together as to be almost touching each 
other. These n u c l e i are o f t e n joined together by extensions 
of the nuclear membrane, and many of them appear to be i n 
a s t a t e of d i v i s i o n (Pig.38si) Scattered mitochondria 
are found interspersed betraden the n u c l e i together w i t h 
membrane bound "pockets" of granular cytoplasm. 



P i g . 38. Lon^iitudlnol s e c t i o n of a Gtage I sporangiophore. 
t i p . Note the e x t e n s i v e i n v a g i n a t i o n of the plasraalcr.ima 
i^nd development of e n d o p l D s n i c r e t i c u l u n . X 67,250 
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( i ) X 12,500 

( i i ) X 6,250 
Drawings from e l e c t r o n micrographs to show, 

B'ig. 38a ( i ) two n u c l e i with d i v i d i n g membrane and 
( i i ) c l o s e aggregation of n u c l e i , "between 20 ;im 

and 100 ym behind the apex of a Stage I 
sporangiophore 
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The cytoplasm surrounding t h i s c e n t r a l core of 
n u c l e i and l y i n g between i t and the c e l l w a l l i s almost 
devoid of n u c l e i , b u t contains numerous mitochondria, 
f a t d r o p l e t s and a concentration of glycogen granules. 
The plasmalemma i n t h i s region s t i l l possesses numerous 
i n v a g i n a t i o n s surrounding v e s i c l e s between i t and the 
c e l l w a l l . 

About 100 ;im below the sporangiophore apex large 
v e s i c l e s , s i m i l a r to those appearing during the cleavages 
of the Stage I I I sporangium and described l a t e r , are 
p r e s e n t . F u r t h e r down the sporangiophore these enlarge 
and e v e n t u a l l y coalesce to form the large c e n t r a l vacuole 
c h a r a c t e r i s t i c of the older p a r t s of the sporangiophores . 

Thornton (1968) a t t r i b u t e s the formation of the 
c e n t r a l vacuole to the development of autophagic v e s i c l e s 
which he suggests o r i g i n a t e by extension and pinching 
o f f of p a r t s of the n u c l e a r membranes. I n support 
Thornton published micrographs showing v e s i c l e s 
c o n t a i n i n g mitochondria and other c e l l c o nstituents 
i n v a r i o u s stages of breakdovrti. I have not been able 

to obtain any corresponding micrographs with the 
exception of some of m a t e r i a l s showing a considerable 
d i s t o r t i o n of Organelles i n d i c a t i n g poor f i x a t i o n . 
I n a l l these i n s t a n c e s the f i x a t i v e was gluteraldehyde 
followed by osmium t e t r o x i d e , the f i x a t i v e used by 
Thornton. 
( i i ) The Stage I I apex. 

Stage I I begins with the enlargement of the 
a p i c a l zone. T h i s continues u n t i l the terminal s w e l l i n g 
i s about three times the maximum diameter of the 
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sporangiophore and a b r i g h t yellow sporangium i s 
formed. During t h i s stage there i s n e i t h e r any 
elongation nor t w i s t i n g of the sporangiophore. 

The i n i t i a l sporangium i s hounded "by a minutely 
s c u l p t u r e d sporangial w a l l which measures between 
0.9 Mm and 1.8 ;im i n t h i c k n e s s ; i t i s thus very s i m i l a r 
i n dimension to that of the Stage I sporangiophore 
apex, a featxire which suggests the i n t e r s u s c e p t i o n 
of a d d i t i o n a l w a l l m a t e r i a l "between the e x i s t i n g w a l l 
c o n s t i t u e n t s during the period of a p i c a l s w e l l i n g . 
The s c u l p t u r i n g of the sporangium w a l l i s a new feature 
not found i n e i t h e r the Stage I or l a t e r stages of 
sporangium development. There was no evidence with the 
techniques employed f o r the presence i n t h i s w a l l , or that 
of the Stage I sporangiophore, of a weill defined 
m i c r o f i b r i l l a r s t r u c t u r e such as i s recognizable 
i n the w a l l i n other p a r t s of the sporangiophore ( P i g . 39) • 
T h i s does not however exclude the p o s s i b i l i t y of 
f i b r i l l a r m a t e r i a l being present. The e l e c t r o n dense 
c u t i c l e i s s t i l l present. 

The plasmalemma s i t u a t e d j u s t w i t h i n the w a l l 
showed numerous in v a g i n a t i o n s containing v e s i c l e s varying 
i n s i z e and number. These invaginations were s i m i l a r 
to those described e a r l i e r and reported by s e v e r a l 
authors (Weisenach and K e s s e l 1965, Marchant, Peat and 
Banbury I967, CaOL^gn©, F i e l d i n g and Byrde I969 and Chet, 
Henis and K i s l e V I969) as occurring i n regions of w a l l 
s y n t h e s i s i n s e v e r a l fungi, and I see no reason to suppose 
anything other than t h e i r involvement i n the maintenance 
of w a l l thickness during sporangial enlargement. 
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Fig«39« I'art of the w a l l of a Stase I I sporangium 
showing development of now w a l l m a t e r i a l and the 
v e s i c l e s apparently a s s o c i a t e d with i t s deposition. 

X 2kfGoo 
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The cytoplasmic organelles of t h i s i n i t i a l 
sporangium when examined i n l o n g i t u d i n a l s e c t i o n 
e x h i b i t e d a marked zonation forming three d i s t i n c t 
areas (Pig.39a). 
Outer Zone. 

Immediately w i t h i n the s p h e r i c a l sporangial w a l l 
i s a zone about 15 piR deep. The cytoplasm of t h i s area 
i s completely l a c k i n g n u c l e i but contains a l l the other 
o r g a n e l l e s found w i t h i n the Stage I sporangiophore. 
T h i s zone i t s e l f was s t r a t i f i e d into three l a y e r s . 
The outer and inner regions (A^ and P i g . l+O), of 
t h i s zone each contained a w e l l developed membrane system, 
numerous v e s i c l e s and ovoid bodies of low e l e c t r o n density 
i n t e r n a l l y but with an e l e c t r o n dense bounding l a y e r . 
On the b a s i s of t h e i r f i x a t i o n these l a t t e r bodies 
are probably l i p i d globules c o n s i s t i n g of a c e n t r a l 
core of sat u r a t e d f a t s surrounded by unsaturated f a t s 
^ d phospholipids or a l t e r n a t i v e l y the tv/o forms of f a t 
uniformly mixed with a r e a c t i o n occurring at the sur f a c e . 

The membranes forming the endoplasmic reticulum 
of the region appear to bud o f f v e s i c l e s at t h e i r 
e x t r e m i t i e s and i n some in s t a n c e s the sections 
r e v e a l e d chains of small v e s i c l e s comparable i n length 
to t h e membranes themselves. I n the region s i m i l a r 
membranes were often grouped together to form s t r u c t u r e s 
showing some resemblance to the Golgi bodies of higher 
p l a n t s and the dictysomes of Pythium debaryanum (Hawker 
and Abbott (I963). 
The v e s i c l e s . 

I n a l l the specimens examined the v e s i c l e s 
a s s o c i a t e d with the endoplasmic reticulum appear to be 
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i''ic» 39®» Uectioii Lhrough the Stage I I sporangium to 
chow th3 organized d i s t r i b u t i o n of organelles and 
Liic sciilooured E .orani^ium wall X 6^00 
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J'ig, 40. The outer zone of the Stage I I sporangium 
X 15,900 



81. 

of four types: m i c r o v e s i c l e s about 4-8 nm i n diameter, 
s p h e r i c a l vesicles»pleomor|)hic v e s i c l e s and 
m u l t i v e s i c u l a r bodies. 

The m i c r o ^ v e s i d e s although common throughout 
t h i s outer zone were p a r t i c u l a r l y abundant j u s t w i t h i n 
the plasmalemma p a r t i c u l a r l y i n the older Stage I I 
sporangia ( P i g . I I I . ) I n dimensions they were close to 
those v e s i c l e s found w i t h i n the lomasome l i k e bodies i n 
various p a r t s of the sporangiophores and developing 
sporangia. I t i s not improbable that these v e s i c l e s 
could be derived from the v e s i c u l a r membranes, although 
one cannot t o t a l l y exclude the p o s s i b i l i t y that they 
may represent e i t h e r transverse or oblique sections of 
minute tubules, even though no c l e a r evidence has been 
found.for the e z i s t e n c e of tubules of the appropriate 
dimensions w i t h i n the developing sporangium. The 
s p h e r i c a l v e s i c l e s were the most conspicuous. They 
ranged i n s i z e from about 30 nm to 90 nm i n diameter, 
the l a r g e s t being about h a l f the s i z e of the l a r g e s t 
mitochondria. These v e s i c l e s were bounded by a 
simple membrane and contained f i n e granular m a t e r i a l 
very s i m i l a r to the ground^lasm. 

The pleomorphic v e s i c l e s and multivesifiuiarr' 
bodies were r a r e l y foiind i n the outer A^region but 
were numerous i n the inner A-̂  region. The pleomorphic 
v e s i c l e s appeared to be formed from sivel l i n g s i n i s o l a t e d 
s trands of the endoplasmic reticulum. They contained 
a s m a l l number of e l e c t r o n dense granules about 13 nm 
i n diameter which sometimes appeared clumped together. 
The multi^^vesicular bodies were l e s s frequent than 
any of the other three kinds of v e s i c l e s . I n form and 
dimension they were u s u a l l y s i m i l a r to the mitochondria. 



P i g . 111. Late Stage I I sporangium showing numerous 
m i c r o v e s i d e s j u s t v.ithin the plasnalemma X 18,300 
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Each contained many small hollow v e s i c l e s . Some of them 
appeared, l i k e the pleomorphic v e s i c l e s , to be formed 
by the d i s t e n s i o n of the i s o l a t e d strands of 
endoplasmic reticulum. C i s t e r n a e (Pig.42.)(Bracker 
1967) of varying c o n f i g u r a t i o n s and s i z e were also 
foimd i n t h i s zone although they were not of frequent 
occurrence. 
I n n e r Zone. 

S i t u a t e d w i t h i n t h i s outer zone i s a crescent 
shaped zone approximately 8 jira-11 jm t h i c k . I t was 
formed by a c l o s e aggregation of nuclei. (Pig.ij.2.). The 
n u c l e i were about 2-7 i n length and most possessed 
an e l e c t r o n dense body, l y i n g asymmetric a l l y , which was 
prob§bly the n u c l e o l u s . Other i r r e g u l a r dense areas 
probably i n d i c a t e d the p o s i t i o n of -chromocentres. Each 
nucleus was bounded by a w e l l defined nuclear envelope 
w i t h many simple n u c l e a r pores. Almost every nucleus 
was surrounded by at l e a s t one incomplete sheet of 
endoplasmic r e t i c u l u m which often had interconnections 
w i t h the n u c l e a r envelopes. Often s e v e r a l n u c l e i 
were connected by means of these sheets of endoplasmic 
r e t i c u l u m . The small areas remaining between the 
n u c l e i were occupied by e i t h e r mitochondria or s p h e r i c a l 
v e s i c l e s or more fr e q u e n t l y by a pleomorphic v e s i c l e 
and o c c a s i o n a l l y a m u l t i ^ v e s i c u l a r body or c i s t e r n a 
(Pig.U3.) 
C e n t r a l Zone. 

The c h a r a c t e r i s t i c feature of the c e n t r a l zone was 
the membrane system. Por the most p a r t t h i s appeared i n 
the s e c t i o n s as s t a c k s of membranes with v e s i c u l a r 
s w e l l i n g s at t h e i r edges, and adjacent, presumably 
budded o f f , f r e e v e s i c l e s . These stac k s xiere not unlike 



P i g . lj.2. i'ort of inner zone of the Stage I I sporangium 
formed of c l o s e l y aggregated n u c l e i . X 18,300 



Pip-. U3. N u c l e i and a s s o c i a t e d endoplasmic reticulum 
of the Stage I I sporangium. 36,600 
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the membrane stacks of the outer zone, although each 
group did contain many more membranes. Between the 
s t a c k s l a y i s o l a t e d strands of endoplasmic reticulum, 
mitochondria and e l e c t r o n dense granules which were 
about 8 nm i n diameter. Numerous l a r g e pleomorphic 
v e s i c l e s and m i c r o ^ v e s i c l e s als o occurred i n t h i s 
r egion. (Pig.UU), 

S i t u a t e d at the boundary of the nuclear and 
c e n t r a l zones and l a y i n g about 3-5 ^ apart were s e v e r a l 
groups of c l o s e l y packed i r r e g u l a r shaped v e s i c l e s with 
t h i c k e l e c t r o n dense bounding membranes. I have never 
found s i m i l a r aggregations of v e s i c l e s anywhere e l s e 
i n Phycomyces. There was l i t t l e evidence of glycogen 
granules i n any of the three zones. Indeed, I have found 
l i t t l e evidence of the presence of glycogen i n the Stage I 
apex, although i t s presence has been reported by others 
(Thornton I968); glycogen i s howeveT present i n the 
older p a r t s of the Stage I sporangiophore betvjeen the 
n u c l e a t e d region and the vacuole. 

V l l l d . ( i i i ) Stage I I I sporangium. 
T h i s i s the period during sporangium development 

when there i s n e i t h e r an incre a s e i n volume of the 
sporangium nor any elongation of the sporangiophore. 
I t i s a period of spore development w i t h i n the f u l l y 
extended sporangium, i t s termination i s i n d i c a t e d by 
resumed a c t i v i t y i n the growth zone of the sporangiophore 
a^d i t s subsequent elongation. . During t h i s phase the 
sporangium contents iindergo d i v i s i o n to produce the spore 
i n i t i a l s . At the completion of t h i s phase, the 
sporangium contains numerous multinucleate spores. 
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F i g . hk' C e n t r a l zone of the Stage I I sporangium. 
Note the extensive development of the membrane 
system. X 12,200 



At the onset of cleavage, numerous small v e s i c l e s 
c o n t a i n i n g course granules become apparent (Pig.1+5); 
the o r i g i n of these v e s i c l e s i s u n c e r t a i n but since the 
pleomorphic v e s i c l e s and m u l t i v e s i c u l a r bodies 
disappear at about t h i s time, i t seems not u n l i k e l y 
t h a t the granular v e s i c l e s o r i g i n a t e from one or other, 
or both, of these o r g a n e l l e s . 

On the micrographs c l o s e l y a s s o c i a t e d with these 
cleavage v e s i c l e s an extensive development of folded 
endoplasmic reticulum can be seen. Prom t h i s , s t r a i g h t 
membranes extend out i n t o the surrounding ground^lasm 
and sometimes serve to j o i n together two or more cleavage 
v e s i c l e s . Some of the v e s i c l e s are,at the same time, 
j o i n e d to one or more n u c l e i by membranes vjhich appear 
as e x t e n s i v e evaginations of the outer nuclear 
membrane (Pig.46). 

By f u s i o n of these i n i t i a l cleavage v e s i c l e s a 
conspicuous system of large i r r e g u l a r shaped cleavage 
v e s i c l e s i s produced. As they develop these enlarged 
v e s i c l e s continue to possess a coarse granular 
matrix? containing many rod l i k e bodies. They do however 
e v e n t u a l l y l o s e t h e i r i r r e g u l a r form and the a s s o c i a t e d 
endoplasmic reticulum disappears, presumably by i t s 
i n c o r p o r a t i o n i n t o the bounding membranes of the 
v e s i c l e s . 

During the phase of cleavage v e s i c l e developm.ent, 
when the l a t t e r are extremely i r r e g u l a r i n form, there 
appears to be present w i t h i n the cytoplasm a second type 
of v e s i c l e . These often appear to have a quite smooth 
bounding membrane, to be more or l e s s e l t o t i c a l i n 
s e c t i o n , and to contain e l i p t i c a l bodies e n c l o s i n g s 
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45. The H;t>?ge I I I sporangium showing many 
smcJ.1 clef;vage v e s i c l e s and two large clcavaa'e 
v e s i c l e s . Kote the presence of fo l d e d cndoplasnic 
re t i c u l u m round the cleavage ve s i c l e s . X 16,900 



F i g . P a r t of a Stage I I I sporangium showing the developing 
cleavage v e s i c l e s . The merahrane of one v e s i c l e i s continuous 
w i t h a nuclear membrane. X 11,875 



v ^ l o u s membrane configurations (Pig.47) • These bodies 
u?ere at f i r s t d i f f i c u l t to interpret, but examination 
of several sporangia i n the i n i t i a l stage and l a t e r 
stages of cleavage revealed no organelle from which 
they could have been derived* nor to which they could 
give r i s e , Re-^examination of the micrographs 
containing both the irregular cleavage vesicles and the 
e l i p t i c a l bodies leadsme to suggest that the l a t t e r are 
not discrete (>rg§nelles of the developing sporangial mass, 
but sections across the cleavage v e s i c l e s incorporating 
areas of groundpbsm almost completely surrounded by two 
or more of the elongated finger l i k e .extensions of the 
cleavage Vesicles (Pig.U8}. 

During the development of the cleavage v e s i c l e s , 
f a t droplets are the most conspicuous storage material, 
with small isolated areas of glycogen granules. 

The interassociation of the cleavage v e s i c l e s , 
endoplasmic reticulum and nuclei i s i n some ways 
simi l a r to the situation that e x i s t s i n Q i l b e r t e l l a peraicaria 
(Braoker 1966) and, as i n the l a t t e r fungus, probably 
determines the directional growth of the cieiavage 
v e s i c l e s and hence the boundaries of the i n i t i a l spores. 
This predetermination of the cleavage planes w i l l ensure 
that the resulting spore i n i t i a l s w i l l each contain at 
l e a s t one nucleus* 

As the cleavage v e s i c l e s enlarge (Fig.U9) they 
eventually coalesce with each otter and reach the plasma -
membranes of the sporangium,with which the vesicle 
membrane coalesces (Pig.50), thus forming a membrane -
bound network: throughout the sporangium, Tlie innermost 
cytoplasm of the sporangium during cleavage i s isolated 
from the outer spore-forming cytoplasm by a crescent 
shaped s e r i e s of v e s i c l e s (Pig. 51). 



P i g . I4.7. P^J^t of Stage I I I sporangium showing what appeared to 
"be a second type of cleavage v e s i c l e s . X 12,800 
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Pig.U8. P a r t of Stage I I I sporangium showing two types of 

v e s i c l e s . X 11,875 
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Pig.i^9. Two large cleavage v e s i c l e s . Note the evagination 
from the nucleus l y i n g "between the v e s i c l e s . X. 11,875 
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Pig.50. Drawing from an e l e c t r o n micrograph showing 
the f u s i o n of two cleavage v e s i c l e s w i t h the plasraa-
memhrane of the sporangium. X 12,500 



Pig.51. Drawing from an e l e c t r o n micrograph showing the 
f u s i o n of the cleavage v e s i c l e s which i s o l a t e the coltimella 
from the sporangiiim contents. Note the accumulation of 
Glycogen i n the columella. X 12,500 



•The:se on coalescence form a dome shaped septum which 
fuses w i t h the sporangium plasma memhrane at the 
"base of the sporangial s w e l l i n g . The columella i s thus 
formed. 

V l l l d . ( i v ) Possible Mechanism of Cleavage Vesicle Enlargement. 
The evidence from the e l e c t r o n micrographs would 

support Swingle's view t h a t the cleavage vesicles are 
present at the onset of sporajigium development. His view 
t h a t the c o n t r a c t i o n of the sporeplasra i s responsihle f o r 
the enlargement of the cleavage ves i c l e s must of 
necessity "be at l e a s t p a r t i a l l y c o r r e c t since cleavage, 
hrought ahout hy the enlargement of the v e s i c l e s , i s not 
accompanied by an increase i n the t o t a l volume of the 
sporangium. 

Examination of the micrographs of the sporangiiim 
d u r i n g cleavage shows c l e a r l y a pronounced compacting of 
such organelles as n u c l e i and mitochondria (Pig.52) i n the 
areas destined to he spores as the cleavage v e s i c l e s 
develop. There i s not hbwever any marked increase i n 
the e l e c t r o n density of the ground^lasm which might 
perhaps be expected i f the sporeplasm was c o n t r a c t i n g . 

The precise mechanism by which the sporeplasm 
c o n t r a c t s and the cleavage vesicles enlarge i s d i f f i c u l t 
t o envisage. The one which most r e a d i l y presents i t s e l f 
i s the osmotic withdravjal of water from the sporeplasm 
i n t o the cleavage v e s i c l e . For t h i s to take place 
however, there must develop at the onset of cleavage a h i g h 
osmotic p o t e n t i a l w i t h i n the cleavage vesicl e w i t h respect 
to the ground^lasm. The osmotic d i f f e r e n c e between the 
cleavage v e s i c l e content and the ground^lasm must then 
be maintained u n t i l at l e a s t the time of completion of the 
process. 



Pig.52. Part of columella and three newly formed spores from 
a l a t e Stage I I I sporangium. Note the close aggregation of 
organelles and the appearance of glycogen. X 11,250 
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V l l l d . 

V l l l d . 

The development of such an osmotic d i f f e r e n c e "between 
the two would imply a r a t h e r s p e c i a l i z e d a c t i v i t y on 
the p a r t of the cleavage v e s i c l e memhrane. 
(v ) Sporangium Membranes. 

The f u s i o n between the sporangium plasma membrane 
and the cleavage membranes suggest t h a t the two may 
possess a s t r u c t u r a l s i m i l a r i t y which d i f f e r s from the 
membrane s t r u c t u r e of other organelles w i t h i n the 
sporangium. Nevertheless, as suggested by Bracker (1967)» 
t h i s s t r u c t u r a l s i m i l a r i t y cannot be the only f a c t o r 
governing the f u s i o n of the membranes; i f i t were so, 
then one might expect t o observe frequent and gross 
f u s i o n between the organelles. I t may be s i g n i f i c a n t 
t h a t f u s i o n between the plasma membrane and the cleavage 
membranes has only been observed at l a t e cleavage^ suggesting; 
the possible r o l e of a time f a c t o r i n t r i g g e r i n g o f f 
a t r a n s i e n t change i n the membranes concerned, r e s u l t i n g 
i n a temporary p e r i o d of c o m p a t i b i l i t y between them. 

The whole sequence of events during cleavage s t r o n g l y 
suggests the existence of not one c r i t i c a l stage as 
po s t u l a t e d by Bracker (19^7) but a series of such 
stages r e s u l t i n g i n several t r a n s i e n t changes which 
culminate i n cleavage. 
Cvi) The Newly Formed Spore. 

When f i r s t formed the cytoplasm immediately w i t h i n 
the columella membrane and the spores l y i n g nearest to 
the columella LTS r i c h i n glycogen. This appears as 
la r g e dense aggregations of granules about 0.12 jm i n 
diameter (Pig.52) 

Each mu l t i - n u c l e a t e spore contains several f a t 
d r o p l e t s , mitochondria and fragments of endoplasmic 
r e t i c u l u m , and i s bounded by an apparently incomplete 
membrane. 
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The i n t e r s p o r e m a t e r i a l remains coiirsely granular, 
most of the granular m a t e r i a l appearing as e l e c t r o n 
dense rod l i k e bodies about 0.08 pmin length (Pig.53) 

V l l d . ( v l i ) Sx)ore Maturation. 
At the onset of maturation, the spore,; membrane 

loses i t s i r r e g u l a r form and become much smoother so tha t 
the spores appear sp h e r i c a l or e l i p t i c a l i n section. 
This change i n shapecouM.be a t t r i b u t e d to an increase 
i n turgor as the m e t a b o l i c a l l y active spores absorb 
moisture from the interspore m a t e r i a l , or to the 
i n t e r a c t i o n of an increased turgor and the l a y i n g down 
of an e l e c t r o n dense w a l l l a y e r about 25 nm t h i c k . I n 
spores t h a t are s t i l l i r r e g u l a r i n form, pockets of 
small v e s i c l e s each about U5 itoi i n diameter have been observed 
i n what might be considered as invaginations i n the spore 
membrane (Pig.5i+). When f i r s t recognisable these vesicles 
appeared t o arise i n the interspore m a t e r i a l t h a t was 
o r i g i n a l l y the contents of the cleavage ve s i c l e s . I should 
l i k e t o suggest t h a t these ves i c l e s play some p a r t 
i n the dep o s i t i o n of the primary w a l l m a t e r i a l v^hich 
develops around the spores and 13 about 25 nm t h i c k . 
Spore Lomasomes. 

Lomasome-like bodies were • commonly observed i n 
spores t h a t had developed the primary w a l l l a y e r (Pig.55) 
They appeared as groups of small v e s i c l e s l y i n g between 
the invaginated membrane and the primary w a l l l a y e r . 
Many spores contained up to seven or eight such bodies 
i n one section. These lomasome-like bodies when seen 
i n cross sections were e i t h e r dome shaped (about 200 nm 
from apex to base x 480 nm along the base) or tubular 
(about 240 nm from apex t o base x 1^0 nm along the base) 
i n appearance. S i m i l a r bodies were r a r e l y found i n older 
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FiS»53» Parts of f o u r newly formed spores surrounded by 
the i n t e r s p o r e plasm, o r i g i n a l l y the contents of the cleavage 
v e s i c l e s , containing numerous rod shaped bodies. 

X 18,750 



spore 

Pig.54. Kc\.ly formed spores showing invaginations 
of| the spore membrane t o form pockets containing 
v e s i c l e s . X 28,750 
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Pig*55. Spore w i t h e l e c t r o n dense primary w a l l Isyer 
and lomasome-like body l y i n g between the plasma-
nembrone and the v e i l l a y e r . X 17,800 
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spores which had s t a r t e d to l a y down secondary w a l l 
m a t e r i a l . 
R e t i c u l a t e t u b u l a r w a l l systems. 

As the spores continued t h e i r maturation, the 
lomasome-like bodies disappeared. Their place was then 
taken by a series of w a l l tubules of various configurations 
(Pig.56). Most appeared as extensive ingrowths of the 
plasmalemma, forming r e t i c u l a t e systems of various forms 
and dimensions. Some were globose while others were 
f l a t t e n e d w i t h t h e i r long axis extending p a r a l l e l to the 
spore w a l l . Several s i m i l a r membrane-bound tubules, 
some resembling the m u l t i v e s i c u l a r bodies reported by 
Marchant e t a l (1967)> were found f r e e w i t h i n the cytoplasm 
of the spores. Prom examination of s e r i a l sections, 
i t was found t h a t these bodies were a c t u a l l y p a r t of the 
extensive r e t i c u l a t e w a l l systems and were i n f a c t l i n k e d 
at some p o i n t t o the plasmalemma. These l a t t e r systems 
were more numerous i n spores which had produced 
secondary w a l l s , or at l e a s t contained some secondary w a l l 
m a t e r i a l . 
Storage M a t e r i a l . « 

The spore i n i t i a l s are generally r i c h i n glycogen 
as are the spores at the primary w a l l stage of development. 
With the appearance of the r e t i c u l a t e tubular w a l l 
systems and the development of secondary w a l l m a t e r i a l , 
the glycogen store w i t h i n the spore diminishes and o f t e n 
disappears altogether. At the same time, large i r r e g u l a r -
shaped vacuoles appear w i t h i n the cytoplasm (Pig.56). 
I n many instances the t u b u l a r systems are associated w i t h 
those vacuoles at one or more p o i n t s . 

The large f a t d r o p l e t s are the only storage materials 
evident w i t h i n the spores when they are f u l l y matured. 



l''iC«36. A spore at the l a t e stage of maturation showing 
the r e t i c u l a t e v.all syste'-s. Kote the absence of glycogen 
and the 2:resence of a l;..rge i r r e g u l i i i * ahaped vacuole, 

X 23,120 
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The r e t i c u l a t e w a l l systems are s i m i l a r to the 
hodies reported by Chet et a l (I969) i n hyphae of 
Sclerotium r o l f s i i and Sohsidered hy them to "be the 
v e h i c l e by which w a l l m a t e r i e l i s elaborated. The 
disappearance of glycogen and some f a t at the 
Same time as the appearance of these systems and the 
i n i t i a l development of the secondary wall l a y e r suggests 
a r e l a t i o n s h i p between the three phenomena. The 
r e l a t i o n s h i p might w e l l be the u t i l i z a t i o n of glycogen 
and some f a t i n the s y n t h e s i s of the m a t e r i a l of the 
secondary w a l l . The r e t i c u l a t e w a l l systems might 
represent a pumping or transport mechanism by which 
m a t e r i a l s are t r a n s f e r r e d from the storage regions to 
the regions of w a l l s y n t h e s i s . Such a system would of 
n e c e s s i t y depend upon the presence of a s u i t a b l e enzyme 
systems. On the other hand, i t might conceivably be 
that these systems are the a c t u a l s i t e s of enzyme 
s y n t h e s i s of w a l l components to which mat e r i a l i s 
t r a n s f e r r e d by some other mechanism. 

Marchant et a l (1967) postulate the formation of 
primary and secondary w a l l l a y e r s i n fungal hyphae by 
two d i s t i n c t mechanisms. I t may be that the involvement 
of two s t r u c t u r a l l y d i s t i n g u i s h a b l e systems i n the 
s y n t h e s i s of a two l a y e r e d w a l l i s a c h a r a c t e r i s t i c 
f e a t u r e of fungal w a l l s y n t h e s i s . 
The Mature Spore. 

When f u l l y mature the spores possess a two layered 
w a l l . The outer w a l l which was the f i r s t to be 
deposited i s extremely e l e c t r o n dense and about 25 nm i . 
t h i c k . The inner w a l l i s not so e l e c t r o n dense, and i s 
oli'gh-t],y t h i c k e r than the outer w a l l being about Ik )Jl^ 
t h i c k . Each mature spore contains s e v e r a l n u c l e i , 
numerous mitochondria, fragments of endoplasmic reticulum, 
u s u a l l y some f a t droplets and one or more vacuoles. I n a l l 
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the mature spores examined the contents did not f u l l y 

occupy the t o t a l volume wi t h i n the spore w a l l , but 
t h i s can probably be a t t r i b u t e d to a degree of shrinkage 
during the preparation of the m a t e r i a l . 

V l l l d ( v l i i ) Sporangium Development. 
V/ithin the developing sporangium, cleavage of 

the sporangium contents always appeared to be t o t a l 
so that the spores were formed simultaneously. 
Nevertheless i t was f r e q u e n t l y observed that the inner 
spores, those c l o s e s t to the columella appeared to 
mature f a r e a r l i e r than the outer spores, the former 
f r e q u e n t l y having developed the secondary w a l l w h i l s t 
the l a t t e r s t i l l only possessed the primary w a l l . ( P i g . 5 7 ) • 
The Columella. 

Simultaneous with spore w a l l development, w a l l 
m a t e r i a l i s deposited on the outside of the columella 
membrane thus forming a r i g i d b a r r i e r between the 
columella and the sporangium c a v i t y . On completion the 
colu m e l l a v;all extends for some di s t a n c e , about 0 05 minn 
down the sporangiophore w a l l , gradually decreasing i n 
th i c k n e s s u n t i l i t f i n a l l y c o a l e s c e s with the sporangiophore 
w a l l . 

On completion of development the area of the 
col u m e l l a membrane i s e x t e n s i v e l y i n c r e a s e d by the 
development of i r r e g u l a r ingrowths of w a l l m a t e r i a l ivhich 
f r e q u e n t l y branch and anastomose to form a complex 
network of w a l l m a t e r i a l . The plasma membrane c l o s e l y 
f o l l o w s the contours of the w a l l m a t e r i a l and cytoplasm 
i s f r e q u e n t l y found occupying the spaces between the 
framework. ( P i g . 5 8 ) . 

Ingrowths of w a l l m a t e r i a l have been reportted by 
numerous authors as oc c u r r i n g i n a wide v a r i e t y of plant 



P i g . 57. Two spores at d i f f e r e n t stages of maturation. 

Both contain i t l e a s t one r e t i c u l a t e w a l l system. X 18,570 
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sporangium 

P i g . 58. P a r t of columella from w i t h i n a Stage I V 
sporangium. There i s an extensive development of veil 
m a t e r i a l on the sporangiophore side of the columella 
septum, . X IktllO 
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m a t e r i a l i n c l u d i n g organs of s e v e r a l members of the 
Pteridop h y t a and Bryoplyfca and a few l i c h e n s . These 
f i n d i n g s have been reviewed by Gunning and Pate (1969) 
but i n t h e i r paper e n t i t l e d "Transfer C e l l s " , they 
make no reference to the occurrence of such s t r u c t u r e s 
i n f u n g i . 

T r a n s f e r C e l l s (Gunning and Pate I969) which are 
c h a r a c t e r i z e d by extensive w a l l ingrowths, are apparently 
r e s t r i c : ^ e d to areas where adverse surface are a/volume 
r e l a t i o n s h i p s e x i s t between adjacent c e l l s forming p a r t 
of a t r a n s p o r t pathway, or to areas where the transported 
s o l u t e s are accompanied by a minimal flow of solvent. 
I f the columella zone of the sporangiophore of Phycomyces 
i s comparable i n any way to t r a n s f e r c e l l s , then one has 
to p o s t u l a t e the transport of solutes across the 
columella membrane. Since these w a l l ingrowths only 
develop at a very l a t e stage i n sporangium development 
th a t i s , when the spores are more or l e s s f u l l y developed, 
i t i s d i f f i c u l t to envisage any reason f o r the mass 
movement of s o l u t e s from the columella i n t o the sporangium, 
s i n c e at t h i s stage i t i s most u n l i k e l y that they w i l l 
be incorporated i n t o the sporefilasm. However, i t i s 
g e n e r a l l y accepted that spore discharge i n many fungi 
i s dependent on e i t h e r atmospheric or substrate water, 
and t h a t osmotic f o r c e s are involved. T h i s most l i k e l y , 
a l s o a p p l i e s to Phycomyces even though the f i n a l 
r u pturing of the w a l l only r e s u l t s when contact i s made. 
The development of the e s s e n t i a l increase i n turgor 
can only r e s u l t from the b u i l d up of higtily osmotic m a t e r i a l s 
i n the sporangium r e l a t i v e to the columella. I t may 
therefore be that t h i s extensive plasmaleraraa develops as 
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a means by which s o l u t e s can, by ac t i v e membrane 
tr a n s p o r t , be r a p i d l y moved from the columella i n t o 
the sporangial mass, where they w i l l serve to maintain 
a concentration gradient l e a d i n g to the b u i l d up of a 
turgor pressure s u f f i c i e n t to f a c i l i t a t e the 
eventual rupture of the sporangium v j a l l . 

I n immature a a c i and i n the immature a c t i v e l a y e r 
of Sphaerobolous spp. (Cochrane 1958) glycogen i s abudant. 
I t s disappearance at maturity has l e d to the suggestion 
that the uptake of water i s mediated by enzymatic 
conversion of the osmotically i n a c t i v e polysaccharides 
to o d m o j i c a l l y a c t i v e sugars, and that such a mechanism 
might be extended to cover a l l discharge mechanisms 
which depend on i n c r e a s i n g turgor of c e l l s . 

Glycogen an abudant r e s e r v e i n immature sporangia 
of Phycomyces as i n a s c i and Sphaerobolus Spp. disappears 
at maturity. There i s however, adequate evidence from 
the e l e c t r o n micrographs to support the view that the 
disappearance of glycogen from the spores of Phycomyces 
i s the r e s u l t of i t s involvement e i t h e r d i r e c t l y or 
i n d i r e c t l y i n the s y n t h e s i s of spore w a l l m a t e r i a l , and 
does not merely imply h y d r o l y s i s to produce a high 
concentration of osmo t i c a l l y a c t i v e sugar that would 
f a c i l i t a t e the uptake of water. 

I n only one respec t i s t h i s hjrpothesis at variance 
with the f i n d i n g s of Gunning and Pate on t r a n s f e r c e l l s 
i n m u l t i c e l l u l a r organisms. T r a n s f e r c e l l s are 
r e s t r i c t e d to s i t u a t i o n s where the flow of solvent i s 
minimal to the flow of s o l u t e s . I n Phycomyces I suggest 
that the a c t i v i t i e s of the large membrane area might, 
i n f a c t , be respo n s i b l e f o r i n i t i a t i n g and maintaining 
a flow of solvent s u f f i c i e n t to bring about sporangium 
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dehiscence. Despite t l i i a fundamental d i f f e r e n c e I see 
no reason at t h i s stage to d i s c a r d t h i s p o s s i b l e 
f u n c t i o n of columella w a l l ingrowths. 

I t remains however, somewhat of a conjecture 
u n t i l such times as i t i s p o s s i b l e to i n v e s t i g a t e 
experimentally both the q u a n t i t a t i v e and q u a l i t a t i v e 
s o l u t e content of the mature sporangium over a 
p e r i o d "beginning with the appearance of the columella 
w a l l ingrowths and ending j u s t p r i o r to_sporangium 
dehiscence. 

Another p o s s i b l e reason f o r the increased area 
of the columella plasmalemma might be the transport 
back i n t o the sporangiophore of s o l u t e s remaining 
i n the i n t e r s p o r e m a t e r i a l a f t e r the completion of 
spore formaition. Such a mechanisra^ would serve to 
prevent e x c e s s i v e l o s s of valuable n u t r i e n t materials 
which might otherwise occur during sporangitmr 

dehiscence, Hthough one cannot disregard the 
p o s s i b i l i t y of solute transport i n t h i s d i r e c t i o n , 
i t would seem h i g h l y improbable. As a r e s u l t of 
cleavage the e n t i r e content of the sporangium' 
becomes e i t h e r incorporated w i t h i n the' spore or the 
Goluraella. The remaining interspore m a t e r i a l i s the 
r e s i d u e occurring, w i t h i n the cleavage v e s i c l e s themselves 
and i t seems most improbable that these would possess 
v a l u a b l e n u t r i e n t s in. q u a n t i t i e s of economic 
importance to the mycelium. 
Coitfcrol of Wall Development. 

The development of the w a l l Ingrowths l i k e that 
of the columella w a l l i s i n a l l events influenced 
by the unique morphological and p h y s i o l o g i c a l 
s t a t e t h a t e x i s t s w i t h i n the sporangium at the 
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termination of cleavage. Cross w a l l s are not 
of common occurrence w i t h i n the mycelium of Phycomyces 
and with a few exceptions are found only i n t h i s 
unique s i t u a t i o n . I t seems therefore not unreasonable 
to suppose that the stimulus i n i t i a t i n g such an 
unusual event as the formation of the columella w a l l , 
might w e l l a l s o be resp o n s i b l e f o r the i n i t i a t i o n of 
the development of the w a l l ingrowth. 

I t has been s t a t e d that i n c e r t a i n species e.g.Pisum, 
Impatiens, Sedum and L i g u l a r i ^ the frequency and i n t e n s i t y 
of w a l l ingrowths i n t r a n s f e r c e l l s i s influenced by the 
fu n c t i o n s of the c e l l and i t s neighbours, and i n othei's Qf.-g. 
V i c i a fabg, that t h e i r production i s often synchronized with 
the onset of i n t e n s i v e t r a n s p o r t (Gunning and Pate I969) 
T h i s being so, the development of ingrowths of 
the columella w a l l of Fhycomyces might perhaps be 
regarded as another example of a modification i n the 
evo l u t i o n a r y development of the w a l l membrane apparatus 
capable of f a c i l i t a t i n g a r a p i d short distance transport 
of m a t e r i a l s to a s s i s t i n the completion of maturation and 
dehiscence of the sporangium. There i s however no data 
on which to base a theory of f u n c t i o n a l influence on the 
development of columella w a l l ingrowths. Nevertheless t h e i r 
presence might w e l l have some s i g n i f i c a n c e . 

V l l l e . G e r m i n a t i o n of the Spores. 
The vegetative spores of Phycomyces, because of t h e i r 

low metabolic r a t e , may remain dormant f o r long periods 
of time when placed i n an environment unsuitable f o r 
growth. A i r d r i e d spores placed i n l o o s e l y stoppered 
tubes i n a r e f r i g e r a t o r have been kept v i a b l e for as long 
as four y e a r s (Bergman e t a l I969) and l y o p h i l i z e d spores have 
been known to remain v i a b l e for as long as twenty three years 
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(Raper and Alexander 1945> E l l i s and Robertson 1968 as 
reported by Bergman e t a l 1969). 

Under s u i t a b l e conditions the spores w i l l germinate, 
although very few dormant spores w i l l germinate immediately 
when provided with the m a t e r i a l s r e q u i r e d f o r growth. The 
most commonly used method of a c t i v a t i n g spores i s heat shock. 

V l l l e ( i ) P r e p a r a t i o n of m a t e r i a l f o r germination. 
Spore suspensions were c o l l e c t e d , incubated and 

germinated i n the manner described p r e v i o u s l y i n S e c t i o n 
I l l . d . E i g h t to nine day old c u l t u r e s of Phycomyces were 
u s u a l l y used as the source of the spores and the spores 
u s u a l l y produced from one to three germ tubes i n about 
5 hours a f t e r incubation. 
Germination. 

About one hour a f t e r incubation the spores begin to 
s w e l l . The s w e l l i n g was most pronounced at the ends of the 
long a x i s of the spore so that the l a t t e r gradually assumed 
a dumbell shape, but as the s w e l l i n g continued the spores 
become more globose. About k-5 hours a f t e r incubation 
.the spores were about twice t h e i r dimensions at the 
dormant s t a t e 

i+.l ^ X 7 )im_dormant spore 
8.2 }i X11 ;im at the onset of germ tube emergence 
As the s w e l l i n g developed u s u a l l y two vacuoles became 

apparent. These enlarged and coalesced at about the same 
time that the germ tube emerged. At t h i s stage a s i n g l e 
l a r g e vacuole occupied almost the whole of the spore volume. 

V l l l e ( i i ) E l e c t r o n Microscope I n v e s t i g a t i o n s . 
Samples of spores were examined under the e l e c t r o n micros

cope a t : -
a) the end of 30 minutes a f t e r the i n i t i a l incubation period 
b) the end of 2 ho\irs a f t e r the i n i t i a l incubation period 
c) on the emergence of the germ tube 

Each sample was prepared f o r examination under the 
e l e c t r o n microscope i n the manner p r e v i o u s l y described 
i n S e c t i o n I I I e. 
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R e s u l t s . 

The spores examined 30 mins a f t e r incubation were 
i n u l t r a s t r u c t u r a l d e t a i l s i m i l a r to the dormant spores. 
At 2 hours a f t e r incubation, w e l l formed vacuoles were apparent, 
the storage f a t d r o p l e t s had often completely disappeared, 
the cytoplasm was extremely dense and there was often a 
pronounced development of strands of endoplasmic reticulum. 
J u s t p r i o r to the emergence of the germ tube the u l t r a s t r u c t u r a l 
changes that had occurred w i t h i n the swollen spore were 
f o r the most p a r t changes i n w a l l s t r u c t u r e . The t h i n 
e l e c t r o n dense outer w a l l l a y e r was s t i l l very much 
i n evidence, but the inner w a l l l a y e r appeared nov/in s e v e r a l 
p l a c e s as a much more l o o s e l y bound s t r u c t u r e than i t did 
i n the dormant spore; i n some areas i t had disappeared 
completely. Surrounding the cytoplasm a t h i r d laj'-er of w a l l 
m a t e r i a l , showing a f i b r o u s nature i n s e v e r a l p l a c e s , was 
developing (Fig.59), At one or more points the plasma 
membrane was thrown i n t o a s e r i e s of i r r e g u l a r 
i n v a g i n a t i o n s i n t o the cytoplasm. I n these areas the space 
thus formed between the plasma membrane and the t h i r d w a l l 
l a y e r was occupied by a number of i r r e g u l a r shaped v e s i c l e s 
of v a r y i n g s i z e s (Fig.6o). At a l a t e r stage i n the 
development the o r i g i n a l spore w a l l s completely disappeared 
from these areas, which were obviously destined to be the grooving 
p o i n t s of the germ tubes and subsequent f i r s t hyphae 
( P i g . 6 l ) . The cyto|)lasm immediately behind the growing 
point was r i c h i n mitochondria,which were often very much 
enlarged and elongated, small v e s i c l e s and pieces of endoplasmic 
r e t i c u l u m , a l l f e a t u r e s i n d i c a t i n g an area of intense 
metabolic a c t i v i t y . 

As a r e s u l t of germination the spores of Phycomyces. 



bocn 
•H lA 

bO 

r-i i n 

CM O 
CD O 

cry o 
i n cfl 
QD-P -P 



<5 

P i g . 61. Germinating spore f i v e hours a f t e r 

incubation. X 11,560 
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l i k e those of many germinating fungal spores, show a 
general i n c r e a s e i n c e l l o r g a n e l l e s . There i s a r a p i d 
b u i l d up of endoplasmic reticulum and a marked increase 
i n mitochondrial population. I t could not however be claimed 
that the i n c r e a s e inmitochondrial population i n the 
germinating spores i s accompanied,as i n the case of some 
spores, (Luck, I963) by a reduction i n mitochondrial s i z e , 
s i n c e some of the l a r g e s t mitochondria ever observed by me 
i n Phycomyces occurred i n the germinating spores. I f the 
i n c r e a s e i n mitochondrial population i s obtained by the 
d i v i s i o n of the e x i s t i n g mitochondria, t h i s d i v i s i o n must 
be accompanied by a r a p i d process of organelle enlargement. 
S i n c e the development of the t h i r d w a l l l a y e r w i t h i n the 
spore, and the subsequent germ tube w a l l , i s accompanied 
by the disappearance of the f a t globules i t would seem 
reasonable to suggest that the l a t t e r i s i n some way 
i n v o l v e d i n the production of w a l l m a t e r i a l . The c h i t i n 
•wall of Phycomyces has been shown to contain up to 25/S of 
waxy or f a t t y compo\inds r e a d i l y e x t r a c t e d by carbon 
t e t r a c h l o r i d e (Kreger,195U) so i t may thus be that at l e a s t 
p a r t of the f a t t y m a t e r i a l w i t h i n the cytoplasm- of the 
spore i s used s t r i c t l y as a c o n s t i t u e n t of the lojall m a t e r i a l 

during w a l l s y n t h e s i s . 
Attempts were made to germinate spores i n a medium 

cont a i n i n g t r i t i a t e d glucose in. the hope that i t might be 
p o s s i b l e to l e a r n something of the mechanism- by which w a l l 
m a t e r i a l i s s y n t h e s i s e d i n Phycomyces spores. Unfort\inately 
the spores c o n s t a n t l y showed a very low uptake of the 
r a d i o a c t i v e m a t e r i a l so that these attempts proved 
u n s u c c e s s f u l , perhaps to some extent because the spores 
always contained w a l l c o n s t i t u e n t s or t h e i r precursors i n 
adequate supply i n the storage m a t e r i a l s . I t i s more l i k e l y . 
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s i n c e spores w i l l not germinate unless a n u t r i e n t medium 
i s supplied,, that glucose i s not normally taken up from 
the growth medium although i t may be re q u i r e d for germination. 
The r e s u l t s of Ekundayo and C a r l i l e (196U) and Ekundayo (1966) 

i n d i c a t e that i n Rhizopus glucose could be metabolised on 
the surface of the organism to bring about permeability 
changes necessary f o r c e l l extension. The uptake of water 
by the spores of Rhizopus a r r h i z u s r equired the presence 
of glucose. The r a t e of water uptake per u n i t area of spore 
sur f a c e remained unchanged, as the volume of spore increased. 
These f a c t s suggest that the process was an a c t i v e one 
and riot osmotic. 

The glucose might be used to generate NADHg which 
could reduce the disulphide l i n k a g e s i n the p r o t e i n component 
of the w a l l to sulphydryl groups, and so increase the 
p l a s t i c i t y of the w a l l . 

The exact chemical composition of the xvall of 
Phycomyces i s s t i l l unkno^vn (Bergman, et a l I969); nevertheless 
the c h i t i n f i b r i l s , which are known to make up about 25/5 

of the w a l l m a t e r i a l , c o n s i s t of polymers of 1-k glucoside 
l i n k a g e s ,1 ike c e l l u l o s e , ; the glucofse r e s i d u e s being 
N-acetylglucosamine i n s t e a d of glucose. V/ork on the 
s y n t h e s i s of c h i t i n i n c e r t a i n C r u s t a c e a has shown that 
i t i s glucosamine which i s r e a d i l y incorporated into the 
c h i t i n f i b r i l s . 

N e v ertheless even i f the appropriate amino acids 
and n i t r o g e n bases r e q u i r e d f o r the syn t h e s i s of wa l l 
m a t e r i a l s were not present i n the growth medium provided 
i t i s d i f f i c u l t to e x p l a i n the apparent absence of glucose 
uptake bj?- the spores. 

The r e s u l t s obtained suggest that the germinating 
spores and i s o l a t e d hyphae possess s u f f i c i e n t r e s e r v e s of 
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glucose or m a t e r i a l s from which glucose can be derived 
to make them independent of the e x t e r n a l medium. 

V l l l e ( l l i ) The Germ Tubes. 
The young germ tubes (Pig.62) contain dense cytoplasm, 

a r e l a t i v e l y high proportion of endoplasmic reticulumr,;and 
numerous mitochondria; a l s o i n transverse s e c t i o n s e v e r a l 
small e l e c t r o n dense bodies v/ere apparent. The cytoplasm 
Was bounded by a s i n g l e w a l l l a y e r about 13 nm th i c k . 
There was no evidence of t h i s w all m a t e r i a l ever having 
been surrounded by the c u t i c l e commonly found i n 
Phycomyces sporangiophores. 



P i g . 62. Transverse s e c t i o n s of a very young and older 
germ tube. There i s no i n d i c a t i o n of the presence of 

a c u t i c l e . X 15fkS0 



Abbreviations* 

c l - cleavage v e s i c l e ; cm - columella; c t - c i s t e r n a ; 
cmw*- colTiraella w a l l ; cvs - c e n t r a l vacuole of 
sporangiophore; cw - c e l l u'all; cwm- c e l l w a l l m a t e r i a l 

e r - endoplasmic reticulum; 

f - f a t droplet; 

g - glycogen; gm - germ tube w a l l ; 

i - in t e r s p o r e m a t e r i a l ; 

l o - lomasome l i k e body; 

m - mitochondrian; raf - microfilament; mi- membrane 
inv a g i n a t i o n ; mv - m i c r o v e s i c l e ; ms - membrane stack; 

n - nucleus; ne- nuc l e a r evagination; no - nucleolus; 
np - n u c l e a r pore; 

p i - plasraalemma; pr - primary w a l l l a y e r ; pv-pleomorphic 
v e s i c l e 

r - rod l i k e body; rws - r e t i c u l a t e w a l l system; 

sp - spore mass; spw - spore w a l l ; sw - secondary w a l l 
l a y e r ; sv - s p h e r i c a l v e s i c l e ; 

V - vacuole; ver - v e s i c l e of endoplasmic reticulum; 
vs - v e s i c l e ; 
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HÂ 'fiCER, E.E. , and ABBOTT, P.McV., Pine s t r u c t u r e of the 
young gegetative hyphae of Pythium debarvanum. Journal 
of General Microbiology k91-h3k 1963 



HKATH, I.B. , and GREElTlyOOD, A.D., St r u c t u r e and Formation 
of lomasomes. Journal of General Microbiology 62 , 
129-137 1970 

HEUCKEL, A. t Le phototropisme des Mucorini. B u l l . Inst.. 
Rech. biol.. S t . B i o l . Univ. Perm. ^, 307-310 1927 

'ISAAC, P.K., Cytoplamic streaming i n filamentous fungi. 
Canadian J o u r n a l of Botany 787-792 1964 

''JJAHN, T . L . , and BOVEE. E.G., Protoplasmic movements w i t h i n 
c e l l s . P h y s i o l o g i c a l Reviews it2, 793-862 I 9 6 9 

'JOl^S, R.C., The feulgen r e a c t i o n as a c y t o l o g i c a l 
technique with ^ l o m y c e s arbuscula. Mycologia 
109-112 1947 

KAMIYA, F., Protoplasmic streaming. Protoplasmatologia. 
v i i i / 3 / a Springer-Verlag Wein. 1959 

'KAHE, R.E., The m i t o t i c apparatus - Fine structuEe of the 
i s o l a t e d u n i t . Journal of C e l l Biology 1 ^ , 279-287 1962 

KORSON, R. , A d i f f e r e n t i a l s t a i n for n u c l e i c acid. S t a i n 
Technology 26 , 265-270 1951 

KAV^AU, J.L. , Protoplasmic streaming as a process of j e t 
propulsion. Developmental Biology 2» 22-37 1963 

KAY, D. , ( e d t ) Techniques i n e l e c t r o n microscopy. Black»6ll 
S c i e n t i f i c P u b l i c a t i o n s L t d . , Oxford 65-67 I 9 6 I 

KREGSR, D.R., Observations on c e l l w a l l of yeasts and 
some other fungi by X-ray d i f f r a c t i o n and s o l u b i l i t y 
t e s t s . Biochem. Biophys. Acta 13, 1-9 1954 

LEDBETTER,,M.C., and PORTER, K.R., A 'microtubule' i n plant 
c e l l f i n e s t r u c t u r e . Journal of C e l l Biology i 2 , 
239-250 1963 

LUCK, D.J.L., Formation of mitochondria i n Feurospora c r a s s a 
q u a n t i t a t i v e radioautographic study. Journal of 

C e l l Biology I 6 , 483-499 1963 

LUFT, J.H. , Permanganate - a new f i x a t i v e f o r e l e c t r o n 
microscopy.Journal of Biophysics, Biochemistry and 
Cytology 2 , 799-801 1957 

MARCMT, R. , PEAT, A., andiffiAl^URY, G.H. , The 
u l t r s t r u c t u r a l basis of hyphal growth. New 
P h y t o l o g i s t 66 , 623-629 1967 



MEISSI'IER, G., and DELBRlIfCK, M. , Carotenes and r e t i n a l 
i n Phycomyces mutants. P l a n t Physiology i j ^ , 1279-1283 
1968 

MERCER and BIRBECK. E l e c t r o n Microscopy. Blackwell S c i e n t i f i c 
P u b l i c a t i o n s . I96I 

MOHR, W.P., and COCKING, E.C., A method of preparing h i g h l y 
vacuolated, senescent or damaged plant t i s s u e for 
u l t r a s t r u e t u r a l study. Journal of U l t r a s t r u c t u r a l 
Research 21, 171-181 I968 

MOORE, R.T., and McALEAR, J.H., Fine s t r u c t u r e of mycota. 
V Lomasomes-previously uncharacterized hyphal 
structures.. Mycologia 194-200 196I 

NAGAI, R., and REBHUN, L . I . , Cytoplasmic microfilaments 
i n streaming N i t e l l a c e l l s . J o urnal of U l t r a s t r u c t u r a l 
Research l i ^ , 57I-589 I966 

OORT, A. J . P., andl'-ROELOFSEN, P. A., Spiralwachstum wandbau und 
plasmastromung b e i Phycomyces. Koninkl. Ned. Akad. 
Wetenschap.. Proc. 898-908 1932 

ORTEGA, J.K.E., andCGAMOW, R . I . , Phycomyces; habituation of 
the l i g h t growth response.. Science I68. 1374-1375 1970 

.'PEAT, A., and BAL^BURY, G.H. , U l t r a s t r u c t u r e , protoplasmic 
streaming, growth and tropisms of Phycomyces sporangio-
phores. New P h y t o l o g i s t 66, 475-484 I967 

PEAT, A., and BANBURY, G.H., Occurrence of f e r r i t i n - l i k e 
p a r t i c l e s i n a fungus. P l a n t a 22*268-270 I968 

PEAT, A. , and WHITTON, B. A., Environmental e f f e c t s on the 
s t r u c t u r e of the blue-green alga Chlorogloea f r i t s c h i i 
A rchive ftir Mickrobiologie 155-180 1967 

'POP, L . J . J . , Protoplasmic streaming i n r e l a t i o n to s p i r a l 
growth i n Phycomyces. Proceeds of the Med. Akad. V<et. 
41 i i . 661-672 1938 

ROELOPSEN, P.A., C e l l w a l l s t r u c t u r e i n the growth zone of 
Phycomyces sporangiophores. I I Double r e f r a c t i o n and 
e l e c t r o n microscopy. Biochera. Biophys. Acta. 6, 
357-373 1951 

ROELOFSEN, P.A. , The plant c e l l w a l l . Encyclopedia of plant 
anatomy I I I (ij.) 298-305 B e r l i n 1959 



ROTH, L.E., P r i m i t i v e motile systems i n c e l l biology 
p. 527 Eds. A l l a n , R.D. , and Kamiya, N., Academic 
P r e s s New York, 1964 

SABNIS, D.D., and JACOBS, U.P., Cytoplasmic streaming 
and microtubules i n the coenocytic marine alga 
Caulerpa p r o l i f e r a . J o u r n a l of C e l l Science 2 
4 6 5 - 4 7 2 1 9 ^ 7 

SCHOPFER, \..H., Versilch tiber die Ivirkung von reinen 
k r i s t a l l i s i e r t e n vitamin B auf Phycomyces Ber. Deut. 
Botan. Ges, ^ « 308-312 1934 

SCffivfAB, D,\i. , JANKEY, A.H., and SCOLA, J . , P r e s e r v a t i o n 
of f i n e s t r u c t u r e i n yeast by f i x a t i o n i n dimethyl 
s u l f o x i d e - a c r o l e i n - gluteraldehyde s o l u t i o n . 
S t a i n technology. 1^^; 4 143-147 1970 

SCHWARZE, O.K., The method of cleavage i n sporangia of 
c e r t a i n f ungi. Mycologia 11̂ , 143-172 1922 

SITTE, P., E i n f a c h e s verfahren zur stufenlosen gewebe-
entw&.'sserung f i l r die electronenmikroskopische 
preparation. Die Naturwissenschaften 17, 402-403 
1962 

STRASBURGER, E., Z e l l b i l d u n g und 2 e l l t h e i l u n g 3rd ed. 1880 

SWINGLE, D.B., Formation of the spores i n the sporangia 
of Rhizopus n i g r i c a n s and of Phycomyces nitens.U.S. 
Department of A g r i c u l t u r e B u l l e t i n 5-40 1903 

THORNTON, R.M., The f i n e s t r u c t u r e of Phycomyces. I 
Autophagic v e s i c l e s . J o u r n a l of U l t r a s t r u c t u r a l 
Research 21, 269-280 I968 

THORNTON, R.M., The f i n e s t r u c t u r e of Phycomyces.II 
Organization of the stage I sporangiophore apex. 
.Protoplasma 6£L, 269-285 1968 

VILLIERS, T..A. , I n t r a n u c l e a r c r y s t a l s i n plant embryo 
c e l l s . P l a n t a ( B e r l ) 28, I I - I 6 1968 

WILSENACH, R. , and KESSEL, H., The ro l e of lomasomes i n wall 
formation i n P e n i c i l l i u m vermiculatum. Journal of 
General Microbiology. iiQ, 40I -404 1965 



WOHLFARTH-BOTTERI-fANN, K.E., D i f f e r e n t i a t i o n of the ground 
cytoplasm and themr s i g n i f i c a n c e f o r the generation 
of motive force of amoeboid movement. I n "Pr i m i t i v e 
motile systems i n C e l l Biology." Eds A l l e n , R.D., 
and Karaiya, N., Academic P r e s s New York. 79 1964 

WOLKEN, J . J . , Microspectrophotometry and the photoreceptor 
of Phycomyces I . Journal of C e l l Biology i j j , 353-360 I969 

4ANKEL, K . L . , BURKE, P.V., and DELBRTJtK, M., Absorption 
and screening i n Phycomyces. Journal of General 
f a ^ l f t o g y . ^ , 1 8 9 3 - 1906 1967 



A C K N O W L E D G M E N T 

I wish to thank Mr. G. H. Banbury f o r h i s help and 
encouragement throughout t h i s work. 

I would also l i k e to thank Mr. A. Cobb and 

Mr. R. Swinhoe f o r t h e i r a s s i s t a n c e with the 

photography. 

3 1 OCT 1972 
Harm „ 


