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A B S T R A C T 

Gas-vacuoles were examined with o p t i c a l and e l e c t r o n 

microscopes i n s p e c i e s of blue-green algae c u l t u r e d i n the 

lab o r a t o r y and c o l l e c t e d from the f i e l d . Gas-vacuoles 

were c h a r a c t e r i s e d with the normal transmission o p t i c a l 

microscope as reddish, p r e s s u r e - s e n s i t i v e s t r u c t u r e s , which 

possess a lower r e f r a c t i v e index than the surrounding 

c e l l u l a r contents. They were resolved with the e l e c t r o n 

microscope i n t o c l o s e l y packed bundles of g a s - c y l i n d e r s 

(70.0 nm wide) with a-granules l y i n g i n ordered rows between 

the i n d i v i d u a l g a s - c y l i n d e r s . The groups of g a s - c y l i n d e r s 

were found i n a s s o c i a t i o n with lamellae at a l l stages of 

growth of Anabaena flos-aquae D124. Changes i n the 

arrangement of lamellae were r e f l e c t e d i n the appearance 

of the groups of g a s - c y l i n d e r s . 

Analyses of vacuole gases with the mass-spectrometer 

i n d i c a t e d the presence of nitrogen. However, the f i n d i n g 

t h a t g a s - c y l i n d e r membranes are f r e e l y permeable to gases 

i n d i c a t e s that the composition of vacuole gases w i l l 

r e f l e c t t h a t of the surroundings. 

G a s - c y l i n d e r membranes and a-granules were i s o l a t e d 

from A. flos-aquae D124. The membranes were s t r i a t e d with 

a p e r i o d i c i t y of 5.0 nm and appeared globular i n s e c t i o n . 

The 4.0 nm globules were proteinaceous with molecular weights 



of 22,000 + 2,000. P o s s i b l e homologies of these membranes 

with v i r a l coat p r o t e i n are discussed. a-granules were 

shown by a v a r i e t y of techniques to be polysaccharide. 

A. flos-aquae D124 was grown under a v a r i e t y of 

d i f f e r e n t environmental conditions. Two g e n e r a l i s a t i o n s 

were apparent from these s t u d i e s . Gas-vacuoles occupy 

a g r e a t e r proportion of c e l l volume i n the s t a t i o n a r y 

phase of growth compared with exponential growth. Gas-

vacuoles i n c e l l s grown at i n h i b i t o r y l i g h t i n t e n s i t i e s 

are r e s t r i c t e d i n t h e i r development to the c e l l periphery 

adjacent to c e l l w a l l s . 

Some p h y s i o l o g i c a l s t u d i e s were conducted on the 

e f f e c t s of the absence of gas-vacuoles on growth of A. 

flos-aquae D124, and the changes i n sedimentation r a t e of 

c e l l s a s s o c i a t e d with gas-vacuole redevelopment. A f t e r 

c o n s i d e r a t i o n of a v a r i e t y of d i f f e r e n t evidence i t was 

concluded that the main function of gas-vacuoles i s to 

lower the s p e c i f i c g r a v i t y of blue-green a l g a l c e l l s . 
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INTRODUCriON 

An e f f e c t of the i n c r e a s e i n human population i n the 

l a s t few decades has been the n u t r i e n t enrichment of n a t u r a l 

waters by waste d i s p o s a l and the leaching of a g r i c u l t u r a l 

f e r t i l i z e r s from s u r f a c e s o i l s . I n l a k e s and r e s e r v o i r s 

t h i s e x c e s s i v e n u t r i e n t r i c h n e s s has l e d to the development 

of blooms of p l a n k t o n i c blue-green algae. These blooms 

are a great nuisance to water supply undertakings, to f i s h 

farmers and a n g l e r s , and, under c e r t a i n circumstances, may 

cause severe poisoning of c a t t l e . However, a blue-green 

a l g a l bloom i s not only a contemporary phenomenon. E a r l y 

r e f e r e n c e s to water blooms i n the B r i t i s h I s l e s were 

c o l l e c t e d by GRIFFITHS (1939), who reported that s e v e r a l 

e a r l y c h r o n i c l e r s recorded the occurrence of a red bloom 

at Finchampstead, B e r k s h i r e , i n 1100 A.D. S i m i l a r l y , the 

t u r n i n g of the R i v e r N i l e blood-red reported i n Exodus T_: 

19-21, and the c o l o u r a t i o n of the Red Sea may p o s s i b l y be 

a s c r i b e d to blue-green a l g a l blooms. 

S e v e r a l s p e c i e s of blue-green algae from a niimber of 

d i s t i n c t genera produce blooms* Three of the most important 

s p e c i e s from d i f f e r e n t genera (Anabaena, Aphanizomenon, and 

M i c r o c y s t i s ) a l l bear the s p e c i f i c name of 'flos-aquae'. 

I t i s p o s s i b l e f o r a bloom to be u n i a l g a l , or to be a mixed 

bloom c o n s i s t i n g of s e v e r a l s p e c i e s (HAMMER, 1964). These 
*See the Appendix (p.142) f o r a summary of the s p e c i e s 
reported to contain gas-vacuoles by GEITLER (1932). 
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s p e c i e s may be divided i n t o e p i l i m n e t i c and hypolimnetic 
forms (EBERI^Y, 1966). I n general, e p i l i m n e t i c forms are 
s p e c i e s from the genera described above and are surface 
blooms, hypolimnetic forms are s p e c i e s from the genus 
O s c i l l a t o r i a and are deep-water blooms. 

The c e l l s of these planktonic s p e c i e s of blue-green 

algae possess d i s t i n c t i v e i n c l u s i o n s of low r e f r a c t i v e 

index which appear reddish when observed with the o p t i c a l 

microscope. These s t r u c t u r e s were reported by RICHTER 

(1894) to be amorphous sulphur. However, subsequent 

s t u d i e s revealed the absence of e x t r a c t a b l e sulphur from 

c e l l s c o n taining these s t r u c t u r e s . KLEBAHN (1895) termed 

these red i n c l u s i o n s 'gas-vacuoles*. Klebahn based h i s 

c h a r a c t e r i s a t i o n on the evidence of t h e i r low r e f r a c t i v e 

index and t h e i r d e s t r u c t i o n by pressure treatment. An 

elegant experiment devised by STRODTMANN (1895), which 

demonstrated the s i g n i f i c a n t c o n t r i b u t i o n made by these 

s t r u c t u r e s i n lowering the s p e c i f i c g r a v i t y of c e l l s , 

supported Klebahn's hypothesis that they were g a s - f i l l e d . 

I n the present study the term 'gas-vacuole' w i l l be used 

to d e s c r i b e these s t r u c t u r e s . I t s use w i l l be r e s t r i c t e d 

to observations made with the o p t i c a l microscope. 

Gas-vacuoles were described by COHN (1870), WINOGRADSKY 

(1888), MOLISCH (1906) and LAUTERBORN (1915) i n c e l l s of 
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c e r t a i n s t r a i n s of purple and green sulphur b a c t e r i a 
c o l l e c t e d from n a t u r a l h a b i t a t s . WINOGRADSKY (1888) 
termed the gas-vacuoles, 'Hohlungen'. Gas-vacuoles were 
a l s o observed by LAUTERBORN (1915) i n c e r t a i n aquatic, 
c o l o u r l e s s filamentous b a c t e r i a which he c a l l e d Pelonema 
and Peloploca and by KOLKWITZ (1928) i n T h i o t h r i x and 
S a r c i n a v e n t r i c u l i . Unfortunately, most of these 
observations must be accepted with caution because these 
workers did not i n v a r i a b l y use pressure treatment to 
c h a r a c t e r i s e the reported gas-vacuoles. However, PETTER 
(1931) showed that c e r t a i n Halobacterium s t r a i n s , which 
caused the red d i s c o l o u r a t i o n of f i s h , contained bodies of 
low r e f r a c t i c index which could be induced to disappear 
a f t e r pressure treatment. She therefore provided 
convincing evidence of presence of gas-vacuoles i n a group 
of organisms not c l o s e l y r e l a t e d to blue-green algae. 

Klebahn's gas-vacuole hypothesis was vigorously 

opposed by BRAND (1901), MOLISCH (1903), FISCHER (1905) 

and LEMMERMAN (1910). Two p r o p e r t i e s of the blue-green 

a l g a l gas-vacuoles, which were incompatible with the known 

c h a r a c t e r i s t i c s of small gas bubbles were the main grounds 

f o r t h i s c r i t i c i s m . In the f i r s t i n s tance, gas-vacuoles 

did not disappear under vacuvim and, secondly, they could 

be i s o l a t e d from the blue-green a l g a l c e l l by gentle 
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homogenisation or by chemical d i g e s t i o n of the c e l l w a l l 
(MOLISCH, 1903). However, KLEBAHN (1922, 1925, 1929) 
attempted to e x p l a i n these anomalies by suggesting that 
the gas was enclosed i n a r i g i d , impermeable membrane. He 
c a r r i e d out a s e r i e s of ingenious experiments to demonstrate 
th a t gas could be e x t r a c t e d from these s t r u c t u r e s and a l s o 
attempted an i d e n t i f i c a t i o n of the gas present. 
Unfortunately, Klebahn was l i m i t e d by the inadequacies of 
the technology of h i s period. He did not use f r e s h m a t e r i a l 
and most of the gas he e x t r a c t e d from the gas-vacuolate 
m a t e r i a l was derived from a i r i n s o l u t i o n . However, 
although the experimental evidence f o r Klebahn*s conclusion 
that the gas was nitrogen was u n s a t i s f a c t o r y , he was able 
to show t h a t gas was r e l e a s e d from c e l l s on d e s t r u c t i o n of 
t h e i r gas-vacuoles. 

FOGG (1941) reviewed the e a r l y s t u d i e s on blue-green 

gas-vacuoles (by German workers) and thus provided an 

E n g l i s h i n t r o d u c t i o n i n t o the s u b j e c t of gas-vacuoles. 

Following Klebahn's i n v e s t i g a t i o n s i n the 1920*s, the 

unique problems presented by gas-vacuoles were neglected. 

The cause of t h i s neglect may be p a r t l y due to the need 

f o r new instrumentation which had to await t e c h n o l o g i c a l 

advances i n other d i s c i p l i n e s . However, the main reason 

f o r the absence of any s i g n i f i c a n t published work on the 
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s u b j e c t f o r n e a r l y f o r t y years may be as c r i b e d to the s t a t e 

of d i s r e p u t e of the s u b j e c t following c r i t i c a l a t t a c k s on 

the gas-vacuole hypothesis by BRAND (1901), MOLISCH (1903), 

FISCHER (1905), LEMMERMAN (1910) and LAUTERBORN (1915). 

These workers did very l i t t l e meaningful experimentation on 

the gas-vacuoles and t h e i r c o n t r i b u t i o n to the su b j e c t must 

be s a i d to have been a negative one. LEMMERMAN (191iQ 

proposed that gas-vacuoles should be described by the 

misleadi n g term 'pseudovacuole'. Unfortunately, t h i s term 

has been employed by recent workers i n the f i e l d 

(PRINGSHEIM, 1966; PEARSON and KINGSBURY, 1966) and i s used 

i n the t e x t of FRITSCH (1945) and by VAN NIEL (1957) i n 

'Bergey's Manual of Determinative Bacteriology'. 

I n the past two decades the advent of modern c u l t u r e 

methods has l e d to a great i n c r e a s e i n our understanding of 

the biology of the blue-green algae. However, blue-green 

a l g a l r e s e a r c h has centred on organisms which have been 

s e l e c t e d f o r t h e i r f a s t growth r a t e s and capacity to produce 

high y i e l d s i n laboratory c u l t u r e . Despite t h e i r econpmic 

importance, the p l a n k t o n i c blue-green algae containing gas-

vacuoles have been r e l a t i v e l y neglected because of 

d i f f i c u l t i e s experienced i n t h e i r c u l t u r i n g . Consequently, 

l i t t l e i s known about the physiology of these gas-vacuolate 

organisms, and our knowledge of blue-green a l g a l physiology 
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and biochemistry r e s t s on information obtained from a few 
sp e c i e s without gas-vacuoles which grow w e l l i n laboratory 
c u l t u r e . 

However, s i n c e 1960 some progress has been made i n 

the c u l t u r i n g of planktonic s p e c i e s by workers at the 

Natio n a l Research Council at Ottawa. The following 

e p i l i m n e t i c s p e c i e s have been grown s u c c e s s f u l l y i n laboratory 

c u l t u r e : M i c r o c y s t i s aeruginosa (McLACHLAN and GORHAM, 1961), 

Aphanizomenon flos-aquae (McLACHLAN, HAMMER and GORHAM, 1963), 

G l o e o t r i c h i a e c h i n u l a t a (ZEHNDER, 1963) and Anabaena 

flos-aquae (GORHAM et a l . , 1964). STAUB (1961) c u l t u r e d a 

hypolimnetic s p e c i e s , O s c i l l a t o r i a rubescens, and published 

an e x t e n s i v e account of i t s physiology and ecology. The 

f i r s t blue-green algae examined with the e l e c t r o n microscope 

were not plank t o n i c organisms. However, s e v e r a l workers 

(HOPWOOD and GLAUERT, 1960; SUN, 1961; CHAPMAN and SALTON, 

1962, and GIESY, 1962) reported the presence of i r r e g u l a r 

lacunae i n blue-green a l g a l c e l l s which they m i s - i d e n t i f i e d 

as gas-vacuoles. BOWEN and JENSEN (1965) c o l l e c t e d f i e l d 

m a t e r i a l of the gas-vacuolate organism, Aphanizomenon 

flos-aquae and c o r r e l a t e d t h e i r observations of f i n e 

s t r u c t u r e with a l i g h t microscope c h a r a c t e r i s a t i o n of gas-

vacuoles. JOST (1965) c u l t u r e d the planktonic organism 

O s c i l l a t o r i a rubescens i n the laboratory, employing the 
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medium developed by STAUB (1961) and studied i t s f i n e 
s t r u c t u r e . Both these s t u d i e s revealed that gas-vacuoles 
c o n s i s t e d of c y l i n d r i c a l sub-units with c o n i c a l ends 
c l o s e l y packed i n p a r a l l e l a r r a y s . I n d i v i d u a l c y l i n d r i c a l 
s u b-units were about 70 nm wide and were bounded by an 
unusual membrane about 2.0 nm wide. These s t r u c t u r e s were 
termed 'Hohlspindeln• by JOST (1965) and 'gas v e s i c l e s ' 
by BOWEN and JENSEN (1965). In the present study the term 
' g a s - c y l i n d e r ' i s employed. 

Since 1966, when the present t h e s i s s t u d i e s were 

s t a r t e d , there has been a great r e v i v a l of i n t e r e s t i n the 

s u b j e c t of gas-vacuoles i n blue-green algae and b a c t e r i a . 

T h i s work i s i n t i m a t e l y r e l a t e d to the present s t u d i e s 

and w i l l be b r i e f l y summarised and discussed below i n more 

d e t a i l . JOST and MATILE (1966) attempted to i s o l a t e gas-

c y l i n d e r s from O s c i l l a t o r l a rubescens by employing a sucrose 

gradient and high speed c e n t r i f u g a t i o n . They reported 

t h a t g a s - c y l i n d e r membranes had a high l i p o i d and carotenoid 

content. WALSBY and EICHELBERGER (1968) showed that gas-, 

c y l i n d e r s could be r e l e a s e d from Anabaena flos-aquae Di24 

and t h a t on i s o l a t i o n ' they r e t a i n e d t h e i r shape and st r u c t u r e , 

These authors a l s o reported some preliminary s t u d i e s on the 

gas-composition of the gas-vacuoles. Employing the mass-

spectrometer for t h e i r a n a l y s i s they confirmed the r e s u l t 
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of KLEBAHN (1922) that the gas present was mainly nitrogen. 

The s t u d i e s on the gas-vacuoles of b a c t e r i a have been 

of great comparative i n t e r e s t . HOUWINK (1956) was the 

f i r s t to demonstrate with the e l e c t r o n microscope the 

presence of small v e s i c l e s i n a Habolacterium s t r a i n which 

corresponded with the gas-vacuoles observed with the l i g h t 

microscope by PETTER (1931). LARSEN et a l . (1967) and 

STOEKENIUS and ROWEN (1967) showed that these s t r u c t u r e s 

v a r i e d i n s i z e between 100 and 300 nm and had a s t r i a t e d 

s u r f a c e s t r u c t u r e s i m i l a r to the appearance of gas-

c y l i n d e r s described by WALSBY and EICHELBERGER (1968). 

STOEKENIUS and KUNAU (1968) reported that the membranes of 

these s t r u c t u r e s were highly proteinaceous. PFENNIG and 

COHEN-BAZIRE (1967) have demonstrated the presence of 

70 nm tubular v e s i c l e s i n the green bacterium Pelodictyon 

c l a t h r a t i f o r m e . These appear homologous to the gas-

c y l i n d e r s present i n blue-green algae, but they are not 

c l o s e l y packed i n t o bundles. PFENNIG, MARKHAM and LIAAEN-

JENSEN (1968) made observations with the l i g h t microscope 

on gas-vacuoles present i n s t r a i n s of Lamprocystis 

r o s e o p e r s i c i n a and Thiodictyon elegans. 

In the present study the nature and f u n c t i o n a l 

s i g n i f i c a n c e of gas-vacuoles i n blue-green algae has been 

i n v e s t i g a t e d . The problem assumes some economic importance 
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because of the nuisance caused i n c e r t a i n r e s e r v o i r s by 
these organisms. The a b i l i t y of these organisms to f l o a t , 
a property which may be a t t r i b u t e d to the presence of gas-
vacuoles, causes great d i f f i c u l t i e s i n coagulation and 
f i l t r a t i o n when blue-green algae are present i n raw water. 
A s u b s i d i a r y aim of the present study was, therefore, to 
i d e n t i f y the environmental conditions which stimulate gas-
vacuole development. 

A consequence of these aims was a need to provide 

s t r u c t u r a l , p h y s i o l o g i c a l and biochemical information 

r e l a t i n g to gas-vacuoles and gas-vacuolate organisms. 

The " R e s u l t s " s e c t i o n of the present t h e s i s i s organised 

i n t o s i x P a r t s , each d e a l i n g with one l i n e of enquiry. 

The c u l t u r i n g , h a r v e s t i n g and preparation of gas-vacuolate 

organisms f o r e l e c t r o n microscope examination presented 

problems not normally a s s o c i a t e d with s t u d i e s on blue-

green a l g a e . S p e c i a l i s e d techniques f o r studying these 

organisms were developed i n Part I of the present study. 

As a r e s u l t of these p r e l i m i n a r y s t u d i e s Anabaena flos-aquae 

D124 was chosen as a s u i t a b l e experimental organism fo r 

subsequent i n v e s t i g a t i o n s . P a r t s , I , I I , I I I and V each 

have b r i e f introductory s e c t i o n s which o u t l i n e the aims of 

the p a r t i c u l a r study. As the r e s u l t s of P a r t s I and I I 

were important to the development of a s u i t a b l e approach to 
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subsequent s t u d i e s they are discussed i n " R e s u l t s " , 
S e c t i o n s 5 and 12, r e s p e c t i v e l y . 
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MATERIALS AND METHODS 

1. A l g a l m a t e r i a l s 

A. U n i a l g a l c u l t u r e s 

D e t a i l s of the o r i g i n s of the c u l t u r e s are given i n 

Table 1. In the present s t u d i e s the Durham c u l t u r e numbers 

of these organisms were employed to i d e n t i f y each s t r a i n . 

For example, the s t r a i n of Anabaena flos-aquae i s o l a t e d from 

Windermere, was r e f e r r e d to as A. flos-aquae D124. A l l 

c u l t u r e s were u n i a l g a l , but they were not axenic. 

B. F i e l d samples 

O s c i l l a t o r i a a g a r d h i i and 0. redekeiwere c o l l e c t e d 

from S t . James's Park Lake, London, on 31.VII.1967. The 

organisms were transported to Durham i n a polythene 250 ml 

c o l l e c t i n g b o t t l e and allowed to stand overnight at room 

temperature. On l . v n i . l 9 6 7 the m a t e r i a l that had c o l l e c t e d 

a t the s u r f a c e of the suspension was examined with the o p t i c a l 

microscope, and f i x e d and embedded for subsequent e l e c t r o n 

microscope s t u d i e s . 

M i c r o c y s t i s aeruginosa was c o l l e c t e d from Cole Mere, 

one of the Shropshire Meres, on 7.VIII.1967. On the same 

day, Anabaena flos-aquae and Aphanizomenon flos-aquae were 

c o l l e c t e d from White Mere. Within s i x hours of c o l l e c t i o n 

these organisms were examined with the o p t i c a l microscope and 
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f i x e d and embedded for subsequent e l e c t r o n microscope 

s t u d i e s a t Durham. 

2. Chemicals 

Except f o r those l i s t e d below, chemicals were obtained 

from the B r i t i s h Drug Houses Ltd., and were of Analar 

grade. 

S o l i d carbon dioxide 
( " C a r d i c e " ) . 

A r a l d i t e ) 
Benzyldimethylamine ) 
Glutaraldehyde ) 
Propylene oxide ) 

Osmium t e t r o x i d e ) 
Potassium permanganate ) 

Formvar 

Bovine serum albumin ) 
C a t a l a s e ) 

The D i s t i l l e r s Co. Ltd., 
Gateshead, Co. Durham. 

G. T. Gurr Ltd., London. 

Johnson Matthey Co. Ltd., 
London. 

Shawinigin Ltd., London. 

Sigma Chemical Co. L t d . , 
London. 

3. Culture methods 

A. Cleaning of glass-ware 

C o n i c a l , 250 ml Pyrex f l a s k s were employed for growing 

a l l organisms. These were washed by soaking overnight i n 

a hot 2% (w/v) s o l u t i o n of Quadralene Laboratory detergent. 

A f t e r soaking they were scrubbed to remove any stubborn a l g a l 

d e p o s i t s , and r i n s e d thoroughly i n tap water. F l a s k s were 

given a f i n a l r i n s e i n d i s t i l l e d water and dried i n an oven 
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at 105 °C. 

P i p e t t e s that had come into contact with organic 

m a t e r i a l s were cleaned by soaking overnight i n a mixture of 

1 volume of s a t u r a t e d sodium n i t r a t e and s i x volumes of 

concentrated s u l p h u r i c a c i d . They were r i n s e d i n the same 

way as f o r f l a s k s . 

B. Apparatus f o r growth of c u l t u r e s 

Experiments were c a r r i e d out i n f l a s k s incubated i n 

tanks i l l u m i n a t e d from below by a bank of fluorescent tubes. 

L i g h t i n t e n s i t i e s were adjusted by reducing the number of 

tubes and by wrapping f l a s k s i n black, fine-meshed c l o t h gauze. 

The design of apparatus allowed one to make easy and rapid 

m o d i f i c a t i o n s of the d e s i r e d shaking r a t e and incubation 

temperature. 

C. Media 

Media were prepared with d i s t i l l e d water and chemicals 

of Analar grade. Apart from the p r e l i m i n a r y growth e x p e r i ­

ments described i n " R e s u l t s " , Part I , only one medium was 

employed. T h i s medium (termed ASM-1) was developed by 

GORHAM et a l . , (1964). I t s composition i s shown i n Table 

2. D e t a i l s of the other media used i n Part I are summarised 

i n Table 3. 
o 

D. S t e r i l i s a t i o n 

F l a s k s were stoppered with non-absorbent cotton wool 
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Table 2. Composition of ASM-1 medium 

CompSund S a l t used Concentration 
micro-
moles mg/1 

Sodium n i t r a t e NaNOg 2,000 170.0 

Magnesium sulphate MgS04.7H20 200 49.0 

Magnesium c h l o r i d e MgCl2.6H20 200 41.0 

Calcium c h l o r i d e CaCl2.2H20 200 29.0 

di-Potassium hydrogen 
orthophosphate 

K2HPO4 100 9.0 

di-Sodium hydrogen 
orthophosphate 

Na2HP04 100 7.0 

F e r r i c c h l o r i d e FeCls 4 0.65 

B o r i c a c i d H3BO3 40 2.0 

Manganese c h l o r i d e MnCl2.4H20 7 1.0 

Zinc c h l o r i d e ZnClg 3.2 0.3 

Cobaltous c h l o r i d e C0CI2.6H2O 0.08 0.02 

Cupric c h l o r i d e CUCI2.2H2O 0.0008 0.001 

Diaminoethanetetra-
a c e t i c a c i d , 
disodium s a l t 

Na2EDTA.2H20 20.0 7.0 
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plugs and s t e r i l i s e d by autoclaving at 15 l b per sq. i n . 

f o r 15 min. P i p e t t e s were s i m i l a r l y s t e r i l i s e d . Inocu­

l a t i o n s were c a r r i e d out i n a room s t e r i l i s e d by u l t r a ­

v i o l e t i r r a d i a t i o n . Before i n o c u l a t i o n the room was 

sprayed with absolute ethanol to remove suspended m a t e r i a l 

from the atmosphere, and the i n o c u l a t i o n bench was swabbed 

with absolute ethanol. 

E. Inoculum m a t e r i a l 

Inoculum m a t e r i a l c o n s i s t e d of 5.0 ml of a c u l t u r e 

between 28 and 38 days old, which had been grown on ASM-1 

medium under the standard conditions described i n "Materials 

and Methods", Section 3G. 

F. Measurement of p h y s i c a l f e a t u r e s 

L i g h t i n t e n s i t i e s were measured with an "EEL" Lightmaster 

photometer at the plane of the middle of the f l u i d i n the 

growth f l a s k s , and o r i e n t a t e d at r i g h t angles to the source 

of l i g h t . L i g h t i n t e n s i t y w i l l be expressed i n lux ( I x ) . 

pH v a l u e s were measured with a "PYE" Dynacap pH meter 

s e n s i t i v e to 0.01 d i f f e r e n c e s . Temperatures w i l l be 

expressed i n degrees C e l s i u s (°C). 

G. Standard growth conditions 

F l a s k s were incubated i n the tank at 20 °C, 2,000:ix 

and shaken 64 times per min. through a h o r i z o n t a l movement 
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of 30.0 mm. C e l l s were harvested from the l a t e log phase 
of growth when they were i n a healthy, a c t i v e l y growing 
s t a t e . 

4. Growth measurements 

M a t e r i a l was harvested by c e n t r i f u g a t i o n at 5,000 x g 

at 2 day i n t e r v a l s , f o r a period of 12 days. C e l l s were 

washed with d i s t i l l e d water, t r a n s f e r r e d to v i t r e o s i l c r u c i b l e s 

and d r i e d f o r 24 hours at 105°C. Growth r a t e s were expressed 

i n terms of the r e l a t i v e growth constant, K, i n ^OS^Q day 

u n i t s (FOGG, 1965). 
logioN - logj^QNo 

K — 

where, t = days a f t e r i n o c u l a t i o n , 

N = y i e l d a f t e r t days. 

No = y i e l d when t = o. 

The mean doubling time, G, can be derived from K: 
0.301 

G = 

K 

For the study of the growth c h a r a c t e r i s t i c s of Anabaena 

flos-aquae D124 i n " R e s u l t s " , Part I I , m a t e r i a l was 

harvested on days +2, 4, 8, 12, 16, 20, 24 and 28. 

5. E l e c t r o n microscopy 

A. D i r e c t preparation technique 

C e l l s were f i x e d with osmic a c i d vapour for 30 seconds 
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on 200 mesh formvar coated g r i d s . The preparation was 
then d r i e d i n an oven f o r 10 minutes at 40 °C. After washing 
i n d i s t i l l e d water and subsequent drying, the c e l l s were 
examined with an o p t i c a l microscope p r i o r to examination with 
the e l e c t r o n microscope. 

B. Negative s t a i n i n g 

Some d i f f i c u l t y was encountered i n obtaining good 

n e g a t i v e l y s t a i n e d preparations of membrane f r a c t i o n s . 

The f o l l o w i n g procedure was found the most s a t i s f a c t o r y : 

( i ) Drop of f r a c t i o n placed on formvar-carbon 

coated g r i d s and allowed to stand f o r 30 seconds. 

( i i ) G rid held v e r t i c a l l y and s e v e r a l drops of 

d i s t i l l e d water run over the su r f a c e to remove excess 

m a t e r i a l and sucrose. 

( i i i ) G r i d h e l d upside down f o r 1 minute i n contact with 

a drop of 2% (w/v) phosphotungstic a c i d n e u t r a l i s e d with 

potassium hydroxide. 
( i v ) Excess s t a i n removed by touching the edge of the 

g r i d with f i l t e r paper. 

(v ) Grid allowed to dry at room temperature. 

The use of 1% (w/v) u r a n y l acetate at pH 4.1 as a 

negative s t a i n , and the a d d i t i o n of 1% (w/v) bovine serum 

albumin, did not improve the q u a l i t y . o f the preparations. 
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C. P r e p a r a t i o n of sectioned m a t e r i a l 

Since gas-vacuoles are destroyed by c e n t r i f u g a t i o n , 

c e l l s were concentrated on M i l l i p o r e f i l t e r s (,3.0/JLm 

pore w i d t h ) . 

I . F i x a t i v e s . Two f i x a t i v e s were employed i n a l l 

s t u d i e s : 

( i ) 2% (w/v) potassium permanganates, unbuffered, 

at room temperature for 1 hour (MOLLENHAUER, 1959). 

( i i ) 1% (w/v) osmic a c i d , buffered at pH 6.1, at 

room temperature f o r 3 hours (PANKRATZ and BOWEN, 

1963). 

For examination of membrane f r a c t i o n s the following 

f i x a t i o n procedure was found to be the most s a t i s f a c t o r y : 

( i ) Membrane f r a c t i o n s c o l l e c t e d on M i l l i p o r e 

f i l t e r s (lOHm pore width), 

( i i ) F i l t e r s washed with 0.2 M phosphate buffer 

(pH 7.0). 

( i i i ) M a t e r i a l f i x e d f o r 3 hours at 4°C with 5% 

(w/v) glutaraldehyde i n buffer, 

( i v ) Re-washed i n buffer and post f i x e d with 1% 

(w/v) osmic a c i d i n buffer f o r 3 hours at 4°C. 

(v) Washed i n d i s t i l l e d water. 

I I . Embedment. In " R e s u l t s " , P a r t s I and I I , f i x e d 

m a t e r i a l was t r e a t e d i n the following way: 
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( i ) Dehydrated i n an ethanol s e r i e s . 

( i i ) Propylene oxide (P.O.) for 20 minutes. 

( i i i ) 10% (v/v) A r a l d i t e (prepared by mixing 26 ml of 
a r a l d i t e (CY212) with 24 ml of hardener 
(HY964) plus one drop of benzyldimethylamine 
to each ml of mixture i n P.O. for 30 minutes 
at 60 °C. 

( i v ) 20% (v/v) a r a l d i t e i n P.O. f o r 30 minutes at 
60 °C. 

( v ) 40% (v/v) a r a l d i t e i n P.O. f o r 30 minutes at 
60 °C. 

( v i ) 50% (v/v) a r a l d i t e i n P.O. overnight at room 
temperature with the cap o f f the container. 

( v i i ) 100% a r a l d i t e for 6 hours at room temperature. 

( v i i i ) M a t e r i a l t r a n s f e r r e d to capsules containing f r e s h 
a r a l d i t e and cured f o r 48 hours at 60°C. 

I n " R e s u l t s " , P a r t s I I I , V and V I , improved penetration 

of a r a l d i t e i n t o m a t e r i a l was accomplished by modifying 

the above procedure. A f t e r treatment of dehydrated m a t e r i a l 

with P.O. f o r 20 minutes, i t was soaked i n 50% (v/v) a r a l d i t e 

i n P.O. overnight. The m a t e r i a l was then t r a n s f e r r e d to 

c a p s u l e s c ontaining f r e s h a r a l d i t e at 40 °C for 48 hours and 

f i n a l l y cured at 60 °C f o r a f u r t h e r 48 hours. The r a t i o of 

a c c e l e r a t o r to a r a l d i t e was lowered to one drop of 

benzyldimethylamine to 5 ml of a r a l d i t e mixture. 

I l l , S e c tioning. Sections were cut on an LKB ultratome 

u s i n g g l a s s k nives and c o l l e c t e d on formvar coated g r i d s . 
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D. E l e c t r o n microscope examination 

S e c t i o n s were s t a i n e d with lead c i t r a t e (REYNOLDS, 1963) 

before examination with an AEI EM6B e l e c t r o n microscope. 

Examination was r o u t i n e l y c a r r i e d out at 60 Kv. I l f o r d N50 

p l a t e s were used throughout the present study. 

6. Gas experiments 

A. The composition of vacuole gas 

Gas-vacuolate c e l l s of Anabaena flos-aquae D124 were 

concentrated by low speed c e n t r i f u g a t i o n at 1,500 x g ( a 

pre s s u r e not high enough to rupture gas-vacuoles^ The 

concentrate was divided i n t o two samples. One sample was 

t r e a t e d with 3.72 atmospheres pressure by c e n t r i f u g a t i o n at 

5,000 X g. Opltical microscope examination revealed that gas-

vacuoles had been ruptured by t h i s treatment. Both samples 

were then resuspended i n p r e v i o u s l y b o i l e d water and 

reconcentrated. For c e r t a i n experiments the samples were 

f r e e z e - d r i e d to remove water and sealed under vacuum. A 

vacuum system was constructed f o r the manipulation of the 

vacuole gases ( F i g . 1 ) . Evacuation was e f f e c t e d using a 

vacuum u n i t r o t a r y pump, "Speedivac", model 12E6/1288. 

Access to the system was p o s s i b l e at two points u t i l i s i n g 

Bi4 s o c k e t s . Samples were attached to system and evacuated 

f o r 5 minutes at the temperature of " c a r d i c e " (-60°C). Two 

methods were employed fo r r e l e a s i n g the vacuole gases. 
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F i g . 1. The apparatus employed for manipulating 
the gases present i n gas-vacuoles. 
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Method I . Chloroform was s o l i d i f i e d with l i q u i d 

n i t rogen (-195°C). A f t e r p r i o r evacuation of the system 

the chloroform was allowed to vaporise and was used to 

d i s r u p t gas-vacuolate c e l l s by d i s t i l l a t i o n from f l a s k A to 

f l a s k B. 

Method I I . A f t e r p r i o r evacuation at -60°C the 

samples were allowed to reach room temperature. The pressures 

generated during the process of thawing disrupted the gas-

vacuoles. Analyses of vacuole gases were made i n 

conjunction with Mr. P. Nutter of the Department of Chemistry, 

Durham, on an AEI M.S.9 mass spectrometer. The mass 

spectrum of the samples was measured from mass 1 to mass 130. 

B. Argon and N-*-̂  uptake experiments 

The f o l l o w i n g experiments were c a r r i e d out at the 

Department of Botany, W e s t f i e l d College, U n i v e r s i t y of 

London, i n conjunction with Mr. A. E. Walsby. Anabaena f l o s -

aquae D124 was grown at W e s t f i e l d . O s c i l l a t o r i a a g a r d h i i 

D132 was grown at Durham under the standard growth conditions 

("Materials and Methods", Section 3G), with the modification 

that the l i g h t i n t e n s i t y was lowered to 1,000 I x . 

Argon uptake. Two concentrated 5.0 ml samples of Anabaena 

flos-aquae D124 were prepared. One sample was pressure 

t r e a t e d to d i s r u p t gas-vacuoles. They were placed i n 

Warburg f l a s k s and attached to a manifold s u i t a b l e for 

f l u s h i n g with d i f f e r e n t gas mixtures. The f l a s k s were 
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evacuated f o r one minute and shaken f o r 10 minutes while 

100% argon was flushed through the system. 

Incubation with N^^. Four 5 ml samples of O s c i l l a t o r i a 

a g a r d h i i D132 were placed i n Warburg f l a s k s and flushed with 

an80% argon, 20% oxygen, 0.04% carbon dioxide mixture. 

A f t e r p r i o r evacuation, 0.2 atmospheres of N^^, plus 0.8 

atmospheres of the 80% argon, 20% oxygen and 0.04% carbon 

dioxide mixture were,added to the f l a s k s . These f l a s k s 

were incubated f o r 24 hours at 1,000 I x and 20°C. 

Dumas combustion. M a t e r i a l was prepared f o r Dumas combustion 

by concentrating i t on f i l t e r paper and adding copper oxide 

powder. T h i s was placed i n a combustion tube, copper 

oxide added, and the tube topped up with f i n e s . The 

combustion tubes were t r e a t e d by the method of BARSDATE and 

DUGDALE (1965). The apparatus employed by these workers 

was s i m p l i f i e d by omitting the P i r a n i gauge and the Kepler 

pump. The masses of the gases r e l e a s e d by the combustion 

were estimated with a mass spectrometer (AEI M.S.3). 

7. Sucrose gradient c e n t r i f u g a t i o n 

Washed c e l l s were ground with a c i d washed sand and 8% 

(w/v) sucrose i n 0.05M t r i s - H C l buffer (pH 7.5). More 8% 

sucrose buffer was added and the homogenate was centrifuged 

at 2,000 X g f o r 10 minutes to remove sand and whole c e l l s . 

Approximately 1.0 ml suspension was c a r e f u l l y layered on 
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to the s u r f a c e of a sucrose density gradient i n a 23 ml 

c e n t r i f u g e tube. The gradient was s i m i l a r to that employed 

by JOST and MATILE (1966): 70% to 10% (w/v) sucrose. The 

gradient was cent r i f u g e d at 105,000 x g AVE for 2^ hours at 

4°C u s i n g an M.S.E. 3 x 23 swingout r o t o r , catalogue no.-

59590 on an M.S.E, "superspeed 65" c e n t r i f u g e . 

A f t e r c e n t r i f u g a t i o n , the gradient was f r a c t i o n a t e d by 

a modified method of OUMI and OSAWA (1966). A t h i n s t e e l 

rod was c a r e f u l l y i n s e r t e d down the s i d e of the tube u n t i l 

i t r e s t e d at the bottom. The gradient was pumped out of 

the tube at a flow r a t e of 0.5 ml per minute, using a 

p e r i s t a l t i c pump, and the o p t i c a l density at 280 nm was 

monitored using an I s c o U l t r a v i o l e t Analyser, model 222. 

8. The i s o l a t i o n and molecular weight 
determination of membrane pr o t e i n s 

A. Pr e p a r a t i o n of membrane pr o t e i n s 

C e l l s were washed with ASM-1 medium and ground with acid-

washed sand and one volume of 0.3M sucrose, 0.05M t r i s - H C l 

(pH 7.5). The homogenate was extract e d with 10 volumes of 

bu f f e r and cent r i f u g e d at 5,000 x g for 15 minutes to remove 

sand, unbroken c e l l s and large membrane fragments. The 

sediment was discarded and the supernatant was centrifuged 

a t 20,000 X g f o r 30 minutes to obtain a sediment containing 

membranes. T h i s was drained b r i e f l y , taken up i n 0.5 ml of 
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6M guanidine hydrochloride, containing 25/11 of 2M 

ammonium carbonate buffer pH 8.6 and 5.0^1 mercaptoethanol, 

and l e f t at room temperature f o r 3 hours. The reduced 

mixtures were al k y l a t e d ' with 20 mg of iodoacetamide and 

5 0 ^ 1 of 2M ammonium carbonate buffer (pH 8.6) at room 

temperature for i j hours. A f t e r overnight d i a l y s i s against 

tap water the p r o t e i n was p r e c i p i t a t e d with two volumes of 

acetone and c o l l e c t e d by a b r i e f c e n t r i f u g a t i o n at 3,000 x g. 

I t was washed thoroughly with acetone and dried. 

B. Polyacrylamide gel e l e c t r o p h o r e s i s 

Molecular weights of p r o t e i n s were determined on 10% 

polyacrylamide g e l s by the method of SHAPIRO et a l . (1967). 

The p r o t e i n samples were d i s s o l v e d i n 1% (w/v) sodium dodecyl 

sulphate (pH 7.1). T h i s s o l u t i o n was d i l u t e d to 0.1% 

sodium dodecyl sulphate before use. Duplicate samples 

( 2 0 - 5 0 ^ g ) of the p r o t e i n s , to one of which was added 

cytochrome c as a marker, were run on the g e l s . The gels 

were s t a i n e d i n 0.25% (w/v) coomassie blue i n methanol, 

a c e t i c a c i d , water, (5.0/5,0/1,0, (v/v/v) ) for 30 minutes 

and destained by overnight washing i n 7% (v/v) a c e t i c a c i d . 

R e s u l t s were recorded b y scanning the g e l s on the Joyce-

Loebl Chromoscan. The s o l u b i l i s a t i o n of membrane protein and 

the determination of molecular weights were c a r r i e d out i n 

co n j u n c t i o n with Dr. C. J . B a i l e y of the Dept. of Botany, Durham. 
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9. The i s o l a t i o n of g-granules 

a-granules were prepared as described for the preparation 

of membrane p r o t e i n (see "Materials and Methods", Section 8A), 

with the mo d i f i c a t i o n that the 5,000 x g supernatant was 

ce n t r i f u g e d at 60,000 x g f o r 30 minutes to form a p e l l e t . 

T h i s p e l l e t was washed with buffer and re c e n t r i f u g e d . 

10. Buoyancy experiments 

A. Prep a r a t i o n of the c e l l suspension 

C e l l s were harvested from the l a t e exponential phase 

of growth a f t e r having been grown under the standard growth 

c o n d i t i o n s described i n "M a t e r i a l s and Methods", Section 

3G. M a t e r i a l was cent r i f u g e d at a pressure of 3.72 

atmospheres to destroy gas-vacuoles. C e l l s were resuspended 

i n the supernatant a f t e r i t had been M i l l i p o r e f i l t e r e d 

(5.0yum pore width) to remove any gas-vacuolate c e l l s . 

The suspension was glass-wool f i l t e r e d to remove any clumps, 

mucilage and long f i l a m e n t s and returned to the growth tank. 

When samples were taken i n order to measure the changes i n 

sedimentation c h a r a c t e r i s t i c s of c e l l s , a second f i l t r a t i o n 

was made. 

B. Measurement of the sedimentation r a t e s of c e l l s 

Some d i f f i c u l t y was encountered i n making accurate 

determinations of small changes i n the sedimentation 
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c h a r a c t e r i s t i c s of c e l l s . A spectrophotometric method 
was f i r s t used i n an attempt to measure the s i n k i n g r a t e of 
the c e l l suspension i n a cuvette. However, t h i s method only 
provided mean r e s u l t s r e l a t i n g to a mixed population 
c o n t a i n i n g f i l a m e n t s of varying lengths. To obtain standard 
measurements r e l a t i n g to filaments of s p e c i f i c length an 
a l t e r n a t i v e method was devised. The s i n k i n g r a t e s of 
f i l a m e n t s i n a soda glass-tube were observed with an inverted 
microscope. The soda glass-tube was sea l e d at i t s base with 
a round, g l a s s cover s l i p . The method employed f o r s e a l i n g 
the cover s l i p to the tube i s summarised below: 

( i ) Base of the soda glass-tube was ground f l a t , 

( i i ) A paste was made by adding water to the soda 

g l a s s powder and t h i s was applied to the base of the tube 

with a camel h a i r brush. 

( i i i ) The cover s l i p was placed i n a furnace on top 

of a copper sheet and the tube placed c e n t r a l l y on i t . 

( i v ) Paste was added to the j o i n , i n order to s e a l i t , 

and the furnace was heated to 600 °C and maintained at that 

temperature f o r ten minutes. 

(v) The oven was allowed to slowly e q u i l i b r a t e with 

room temperature before i t was opened. 

In order to estimate sedimentation r a t e s one ml of 

c e l l suspension was added to the tube. Filament counts 
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were made at 5 minute i n t e r v a l s on the 4 - c e l l e d filaments 

which had sunk to the base of the tube. 



-31-

RESULTS 

PART 1. P r e l i m i n a r y s t u d i e s on the c u l t u r i n g of gas-
vacuolate blue-greens and the c h a r a c t e r i s a t i o n of gas-vacuoles. 

F i v e s p e c i e s of blue-green algae reported to contain gas-

vacuoles by GEITLER (1932) were studied i n order to s e l e c t a 

s u i t a b l e organism and a standard growth medium for l a t e r 

s t u d i e s . A s u b s i d i a r y aim of the study was to c h a r a c t e r i s e 

the f e a t u r e s common to gas-vacuoles of blue-green algae and 

the development of a s u i t a b l e d e s c r i p t i v e nomenclature. The 

terminology of PANKRATZ and BOWEN (1963) was used to describe 

c e l l u l a r morphology. 

1. The growth r a t e s of reported gas-vacuolate 
blue-greens 

The r e s u l t s of the growth s t u d i e s are shown i n Table 4. 

A l l s p e c i e s grew w e l l on ASM-1 medium. These organisms a l l 

showed some growth on CHU 10 (mod.) and i n the case of 

G l o e o t r i c h i a e c h i n u l a t a D126 the medium supported a f a s t e r 

growth r a t e (K = 0.135) than on ASM-1 (K = 0.115). The more 

concentrated AC and AD media i n h i b i t e d growth of the organisms 

o r i g i n a l l y i s o l a t e d from the plankton (Anabaena flos-aquae D124, 

G l o e o t r i c h i a e c h i n u l a t a D126, M i c r o c y s t i s aeruginosa D127 and 

O s c i l l a t o r i a a g a r d h i i D132). However, these media supported 

good growth of the s e s s i l e s p e c i e s , Nostoc l i n c k i a D130, and 

the sewage oxi d a t i o n pond i s o l a t e , Anabaena flos-aquae D125. 



-32-

Table 4. Growth r a t e s of organisms i n d i f f e r e n t 
media grown under standard growth conditions 
("Materials and Methods", Section 3G) expressed 
i n terms of the growth constant 'K'.-

Medium 

Organism ASM-1 AC AD CHU 10 
(mod.) 

Anabaena flos-aquae 
D124 

0.128 No 
growth 

Poor 
r e p l i ­
c a t i o n 

0.124 

Anabaena flos-aquae 
D125 

0.151 Good 
growth 

Good 
growth 

Good growth 

G l o e o t r i c h i a e c h i n u l a t a 
D126 

0.115 No 
growth 

No 
growth 

0.135 

M i c r o c y s t i s aeruginosa 
D127 

0.177 No 
growth 

No 
growth 

Some growth 

Nostoc l i n c k i a 
D130 

0.145 Good 
growth 

Good 
growth 

Some growth 

O s c i l l a t o r i a a g a r d h i i 
D132 

0.131 No 
growth 

No 
growth 

Some growth 

Q u a n t i t a t i v e growth measurements were not made 
where poor r e p l i c a t i o n was obtained between 
f l a s k s , and growth i s i n d i c a t e d i n these cases 
by "poor r e p l i c a t i o n " . Where q u a n t i t a t i v e 
measurements were not made growth i s in d i c a t e d 
as e i t h e r "no growth", "some growth", or "good 
growth". 
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EBEm^Y (1965) s i m i l a r l y concluded that ASM medium supported 
the best growth of the f i v e planktonic s p e c i e s which he had 
attempted to grow on s e v e r a l recognised media. The ASM-1 
medium employed i n the present study i s a more concentrated 
m o d i f i c a t i o n of the o r i g i n a l ASM medium. 

2. O p t i c a l microscope observations 

The v e g e t a t i v e c e l l s of Anabaena flos-aquae D124 when 

viewed at low magnification contained black, i r r e g u l a r shaped 

s t r u c t u r e s . At higher magnification (400 X) these non-

r e f r a c t i l e s t r u c t u r e s appeared reddish with black margins. 

Under dark phase c o n t r a s t i l l u m i n a t i o n they appear as bright 

s t r u c t u r e s . F i g . 2 i s a l i g h t micrograph of t h i s organism 

and shows examples of h e t e r o c y s t s and a k i n e t e s . These 

c e l l s represented about 4% and 1 % , r e s p e c t i v e l y , of the 

c e l l population. The reddish s t r u c t u r e s were d i s t r i b u t e d 

between the p e r i p h e r a l and c e n t r a l regions of the vegetative 

c e l l s . Most h e t e r o c y s t s contained one or two of these 

s t r u c t u r e s which were very s t r i k i n g i n c o n t r a s t to the pale 

green c o l o u r a t i o n of these c e l l s . 

The reddish s t r u c t u r e s were absent from the c e l l s of 

Anabaena flos-aquae D125, M i c r o c y s t i s aeruginosa D127, and 

Nostoc l i n c k i a D130. However, these c e l l s have pink c e n t r a l 

a r e a s which do not appear black at low magnification. C e l l s 

from trichomes of G l o e o t r i c h i a e c h i n u l a t a D126 contained 
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l a r g e examples of these s t r u c t u r e s which often occupied the 
t o t a l volume of both h e t e r o c y s t s and vegetative c e l l s ( F i g . 3 ) . 
O s c i l l a t o r i a a g a r d h i i D132 c e l l s have a reddish granular 
appearance. 

The r e d d i s h s t r u c t u r e s present i n the c e l l s of Anabaena 

flos-aquae D124 and G l o e o t r i c h i a e c h i n u l a t a D126 and the 

r e d d i s h appearance of O s c i l l a t o r i a agardhii D132 were destroyed 

by c e n t r i f u g a t i o n at a pressure of 3.72 atmospheres. The 

same r e s u l t was achieved by applying pressure to a cover s l i p 

mounted above a preparation of c e l l s on a s l i d e . No changes 

were observed i n the appearance of c e l l s of Anabaena flos-aquae 

D125, M i c r o c y s t i s aeruginosa D127 and Nostoc l i n c k i a D130 

a f t e r p r e s s u r e treatment. 

3. Examination of d i r e c t preparations with the 
e l e c t r o n microscope 

C e l l s of the 6 s p e c i e s were f i x e d with OsO^ vapour on 

g r i d s and examined with the o p t i c a l microscope.' No changes 

i n s t r u c t u r e were observed a f t e r t h i s treatment. C e l l s 

were then examined with the e l e c t r o n microscope. F i g . 4 

shows an example of a c e l l of Anabaena flos-aquae D124. 

Bundles of e l e c t r o n transparent c y l i n d e r s were observed i n 

p o s i t i o n s which appeared to c o r r e l a t e with the p o s i t i o n of 

the n o n - r e f r a c t i l e reddish s t r u c t u r e s observed with the o p t i c a l 

microscope. These c y l i n d e r s were a l s o observed i n 

G l o e o t r i c h i a e c h i n u l a t a D126 c e l l s , but were absent from those 
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of flnabaena flos-aquae D125, M i c r o c y s t i s aeruginosa D127 and 

Nostoc l i n c k i a D130. These c y l i n d e r s were not e a s i l y 

r e s o l v e d i n O s c i l l a t o r i a a g a r d h i i D132 trichomes which had a 

hi g h l y vacuolated appearance and tended to di s r u p t when the 

e l e c t r o n beam was focussed on each trichome. No c y l i n d e r s 

were observed i n c e l l s which had been pressure t r e a t e d . 

4. Examination of f i x e d and embedded m a t e r i a l with 
the e l e c t r o n microscope 

F i g . 5 shows a s e c t i o n of a vegetative c e l l of Anabaena 

flos-aquae D124 f i x e d with OsO^. A d i s t i n c t i v e feature of the 

c e l l was presence of membranes c o n s i s t i n g of a s i n g l e e l e c t r o n 

dense which i s about 2.0-3.0 nm wide. These appeared 

c i r c u l a r i n favourable s e c t i o n s and appeared to correspond 

with the e l e c t r o n transparent c y l i n d e r s ( F i g . 4 ) . These 

membranes contrasted with the lamellae membranes which were 

about 7.5 nm wide and c o n s i s t e d of two e l e c t r o n dense l i n e s 

(about 2.0 nm wide) with a space of about 3.5 nm between 

them. A f t e r KMn04 f i x a t i o n ( F i g . 6) these membranes were 

wider (about 3.0 nm wide), but the c y l i n d r i c a l organisation 

was not obvious a f t e r treatment with t h i s f i x a t i v e . The 

width of the c y l i n d e r s a f t e r OSO4 treatment was 70.0 nm. 

S i m i l a r s t r u c t u r e s were present i n sectioned c e l l s of 

G l o e o t r i c h i a e c h i n u l a t a D126 and O s c i l l a t o r i a a g a r d h i i D132 

(see F i g s . 4 and 5, r e s p e c t i v e l y , of SMITH and PEAT, 1967a). 

Present i n a s s o c i a t i o n with c y l i n d e r membranes were a-granules. 
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They are best preserved by KMnO^ f i x a t i o n ( F i g . 6 ) . I n 
Anabaena flos-aquae D124 and G l o e o t r i c h i a echinulata D126 
the bundles of c y l i n d e r s are surrounded by the lamellae. 
Examples of t h i s a s s o c i a t i o n are best shown i n Figs. 2, 3, 
4 and 6 o f SMITH and PEAT (1967a). C e l l s of Anabaena 

flos-aquae D124 which were f i x e d and embedded a f t e r pressure 
treatment d i d not contain any c y l i n d r i c a l s t r u c t u r e s . However, 

Fig . 8 shows the presence of membranes w i t h i n t e r l a m e l l a r 
d i s t r i b u t i o n which appear t o be collapsed c y l i n d e r membrane 

fragments. 
No c y l i n d e r s were observed i n sectioned c e l l s of Anabaena 

flos-aquae D125 ( F i g . 7) and were also absent from c e l l s of 

M i c r o c y s t i s aeruginosa D127 and Nostoc l i n c k i a D130 (see Figs. 
9 and 10, r e s p e c t i v e l y , of SMITH and PEAT, 1967a). 

5. The c h a r a c t e r i s a t i o n of blue-green a l g a l gas-
vacuoles and the development of standard preparative 
procedures f o r f i n e s t r u c t u r a l studies (Discussion) 

From the r e s u l t s described above i t was concluded th a t 
gas-vacuoles were present i n the s t r a i n s of Anabaena flos-aquae 
D124, G l o e o t r i c h i a echinulata D126 and O s c i l l a t o r i a a g a r d h i i 
D132 examined and absent from Anabaena flos-aquae D125, 
M i c r o c y s t i s aeruginosa D127, and Nostoc l i n c k i a D130, grown 
under the conditions employed i n the present study. Gas-
vacuoles may be i d e n t i f i e d w i t h the o p t i c a l microscope as 
reddish, n o n - r e f r a c t i l e s t r u c t u r e s which are destroyed by applying 
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pressure treatment. With the e l e c t r o n microscope the 
gas-vacuole i s resolved i n t o groups of c l o s e l y packed 
c y l i n d e r s (termed 'gas-cylinders') w i t h a-granules present 
i n the i n t e r gas-cylinder spaces. These groupings are 
bounded by lamellae. 

The normal pr e p a r a t i v e procedures employed during 
f i x a t i o n and embedment of c e l l s f o r e l e c t r o n microscope 
examination involve the use of c e n t r i f u g a t i o n t o concentrate 
c e l l s . This procedure cannot be applied t o the pressure 
s e n s i t i v e gas-vacuoles o f blue-green algae and M i l l i p o r e 
f i l t e r s must be used r o u t i n e l y t o c o l l e c t c e l l s . The 
complementary r e s u l t s w i t h OSO4 and KMn04 f i x a t i o n described 
above r e f l e c t the need t o use both f i x a t i v e s on i d e n t i c a l 
samples as a standard procedure. Although OsO^ f i x a t i o n 
provides b e t t e r p r e s e r v a t i o n of gas-cylinders i t i s inadequate 
t o f i x a-granules,which lack contrast, and are not e a s i l y 
d i s t i n g u i s h e d from ribosomes and p h y c o b i l i n molecules 
when the l a t t e r are aggregated adjacent t o lamellae (LANG, 
1968). 

Although b a c t e r i a were present i n the gas-vacuolate c u l t u r e s 
they d i d not e f f e c t the good r e p l i c a t i o n of growth r e s u l t s which 
was obtained. However, as the c u l t u r e of G l o e o t r i c h i a 
e c h i n u l a t a D126 was also contaminated w i t h a small protozoan 
i t was decided t o employ Anabaena flos-aquae D124 as a standard 
organism f o r studying gas-vacuoles. 
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Fi g . 2. A l i g h t micrograph of day +8 Anabaena 
flos-aquae D124 showing the presence of 
gas-vacuoles d i s t r i b u t e d between the inner 

/ and p e r i p h e r a l regions of c e l l s and examples 
of d i f f e r e n t i a t i o n i n t o akinetes and 
heterocysts, Mag. 1,000X. 
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Fi g . 3. A l i g h t micrograph of day +8 Gl o e o t r i c h i a 
echinulata D126 showing the presence of 
large gas-vacuoles and gas-vacuolate 
heterocysts. Mag. 800X. 
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/ 

I. Q im 

Fig. 4. A d i r e c t preparation of a day +8 Anabaena 
flos-aquae D124 c e l l showing the d i s t r i b u t i o n 
of gas-cylinders. Also present are spherical 
s t r u c t u r e s (arrows) which may represent an 
ea r l y stage i n gas-cylinder development. 
Mag. 30.000X. 
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Fig . 5. A day +8 Anabaena flos-aquae D124 c e l l 
showing the presence of gas-cylinders 
bounded by d i s t i n c t membranes. Note the 
presence of electron-transparent spaces 
(arrows) between gas-cylinder membranes, 
OSO4 f i x a t i o n , Mag. 120,000X, 
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Fig. 6. A day +8 Anabaena flos-aquae D124 c e l l 
showing the presence of of-granules associated 
w i t h gas-cylinder membranes. KMn04 
f i x a t i o n . Mag. 48,OOOX. 
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I .0 |j m 

Fig. 7. A day +8 Anabaena flos-aquae D125 c e l l showing 
the absence of gas-cylinder membranes. 
OSO4 f i x a t i o n , Mag. 52,OOOX, 
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Fig. 8. A day +8 Anabaena flos-aquae D124 c e l l 
which has been pressure-treated p r i o r to 
f i x a t i o n . Although gas-cylinders are 
absent, gas-cylinder membrane fragments 
are present i n the i n t e r - l a m e l l a r areas, 
OSO4 f i x a t i o n . Mag. 68,OOOX. 
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PART I I . The e f f e c t s of environmental conditions on 
growth and gas-vacuole development i n Anabaena flos-aquae D124. 

The reported observations r e l a t i n g gas-vacuoles t o stages 
of growth are meagre and o f t e n c o n t r a d i c t o r y . According t o 
the work of CANABAEUS (1929) c e l l s which possess gas-vacuoles 
which have been induced a r t i f i c i a l l y , show no f u r t h e r growth. 
These observations l e d FRITSCH (1945) t o speculate whether 

gas-vacuoles were symptomatic of c e l l s being i n a senescent 

s t a t e . I n the present study an attempt was made t o r e l a t e 
gas-vacuolation t o stages during growth of Anabaena flos-aquae 
D124 grown under the standard growth conditions ('Materials and 
Methods', Section 3G). Samples were taken f o r e l e c t r o n 
microscope examination on days +2, 4, 8, 12 and 24, and a t t e n t i o n 

was focussed on the r e l a t i o n of gas-cylinders t o lamellae and 
a-granules. Day +50 m a t e r i a l was also examined. The 

e f f e c t s of l i g h t i n t e n s i t y , temperature, inoculum size and 
shaking r a t e on growth r a t e and gas-vacuole development 
were also examined. 

6. Growth c h a r a c t e r i s t i c s of Anabaena flos-aquae D124 

There wasno detectable l a g phase f o l l o w i n g i n o c u l a t i o n 

i n t o ASM-1 medium of 38 day o l d A. flos-aquae D124 t o give a 

conc e n t r a t i o n of 12.0 mg/1. Exponential growth was slow 

(do u b l i n g time of 56.5 hrs) and la s t e d 12 days ( F i g . 9 ) . 
The growth r a t e declined from day +12 t o day +20 and at day 
+24 growth was s t a t i o n a r y . The f i n a l y i e l d obtained was 
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Fig . 9. 

T 12 16 20 

Age (days after inoculation) 

The growth c h a r a c t e r i s t i c s of Anabaena f l o s -
aquae D124 grown under the Standard growth 
c o n d i t i o n s ('Materials and Methods', Section 
3G) . 
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416.0 mg/1. A f t e r day +28 the c u l t u r e showed a gradual 

loss i n dry weight. Good r e p l i c a t i o n of these r e s u l t s were 

obtained f o l l o w i n g repeat experiments. Exponential growth 

i s accompanied by a pH change i n the medium from an i n i t i a l 

pH o f 7.1 t o a pH of 9.4 on day +16 ( F i g . 10). The decline 

i n growth r a t e i s accompanied by a drop i n pH t o a value of 

8.0 on day +24. 
7. S t r u c t u r a l changes associated w i t h growth of 

Anabaena flos-aquae D124 

A. O p t i c a l microscope observations 
A summary of the o p t i c a l microscope observations of gas-

vacuoles i n c e l l s from d i f f e r e n t growth stages i s shown i n 
F i g . 1 of SMITH and PEAT (1967b). The inoculum m a t e r i a l 
contained l a r g e , elongated gas-vacuoles and pressure-resistant, 
r e f r a c t i l e vacuoles which had a p i n k i s h c o l o u r a t i o n . During 
e a r l y exponential growth these l a t t e r vacuoles disappeared and 
gas-vacuoles were reduced i n numbers t o one or two large 
c y l i n d r i c a l gas-vacuoles adjacent t o c e l l w a l l s . By day 
+8 sm a l l , g r a u l a r gas-vacuoles made t h e i r appearance and had 
a d i s t r i b u t i o n between the p e r i p h e r a l and c e n t r a l regions of 
c e l l s ( F i g . 2 ) . During l a t e exponential growth these 
g r a d u a l l y increased i n s i z e . The d e c l i n i n g phase i n growth 
was characterised by an increase i n the numbers of gas-
vacuoles per c e l l , and by day +24 these had a d i s t r i b u t i o n 
throughout the volume of each c e l l . The p i n k i s h , pressure-
r e s i s t a n t vacuoles redeveloped i n the l a t t e r c e l l s . 
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"5 i5 iS 35" 
Age (days after inoculation) 

F i g . 10. The pH changes r e s u l t i n g from the growth 
of Anabaena flos-aquae D124 i n ASM-1 
medium under the Standard growth conditions 
('Materials and Methods', Section 3G). 
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B. E l e c t r o n microscope observations 
At a l l stages of growth gas-vacuoles, as observed w i t h 

the o p t i c a l microscope, showed an e x c e l l e n t c o r r e l a t i o n w i t h 
groups of gas-cylinders observed w i t h the e l e c t r o n microscope. 
The gas-cylinders were i n ass o c i a t i o n w i t h lamellae and a-
granules. Changes i n the arrangement of the lamellae were 
r e f l e c t e d i n the appearance of the groups of gas-cylinders. 
I n day +4 c e l l s lamellae tended t o l i e p a r a l l e l t o the c e l l 
w a l l i n a s s o c i a t i o n w i t h c y l i n d r i c a l groupings of gas-cylinders 
(see Figs. 3 and 4, SMITH and PEAT, 1967b). By day +8, and 
also i n days +12 and +24, lamellae were d i s t r i b u t e d throughout 
the c e l l s and small groups of gas-cylinders c l e a r l y bounded 
by lamellae were present (see Figs. 5 and 6, SMITH and PEAT, 
1967b). a-granules were observed at a l l stages of growth i n 
rows between gas-cylinders (Figs. 6 and 13). They were 
present i n low numbers i n day +2 c e l l s and increased i n 
numbers duri n g exponential growth. I n days +12 and +24 
( F i g . 13) the a-granules were present i n large niunbers, and 
they were o f t e n found i n p a i r s at r i g h t angles t o the lamellae. 
A d i r e c t estimate of the percentage volume of vegetative 
c e l l s occupied by gas-cylinders and hence, gas-vacuoles was 
made by examining a s e r i e s of micrographs of sections from 
d i f f e r e n t c e l l s . The mean percentage volume of c e l l s 
occupied by gas-vacuoles remained constant at about 20% 
du r i n g exponential growth and rose t o 34% by day +24. 

Small i n t r a l a m e l l a r v e s i c l e s (PEAT and WHITTON, 1967) 
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wer e present i n c e l l s at a l l stages of growth. Their 

contents were e l e c t r o n transparent a f t e r OSO4 f i x a t i o n (see 

Figs. 2, 3, 5 and 8 of SMITH and PEAT, 1967b). Large 

i n t r a l a m e l l a r v e s i c l e s were present i n day +24 c e l l s and 

occ a s i o n a l l y i n some day +2 c e l l s . As large i n t r a l a m e l l a r 

v e s i c l e s were present i n day +50 c e l l s , these were presumed 

t o be a fe a t u r e of o l d c e l l s . Their presence i n sectioned 

c e l l s c o r r e l a t e d w i t h the occurrence of the pressure-resistant 

r e f r a c t i l e c e l l s observed w i t h the l i g h t microscope. 

8. The e f f e c t s of l i g h t and temperature 

BQDHE (1948) reported t h a t the response of an alga t o 

l i g h t i n t e n s i t y i s dependent on the ambient temperature. The 

shaking c u l t u r e tanks employed i n the present study provided 

an e x c e l l e n t t e c h n i c a l basis f o r the study of the r e l a t i o n s h i p 

between l i g h t and temperature on the growth r a t e of A. 

flos-aquae D124. Because of the i m p o s s i b i l i t y of employing 

i d e n t i c a l inoculum m a t e r i a l i n a l l growth studies, comparison 

of growth rates at a p a r t i c u l a r temperature were always made 

w i t h a c o n t r o l grown under the standard conditions described 

i n 'Materials and Methods', Section 3G. In a l l experiments 

the growth r a t e of the c o n t r o l f e l l w i t h i n the range K = 0.128-

0.132. I n one case, growth of the c o n t r o l was very poor 

and there was heavy b a c t e r i a l contamination. The 

experiment was repeated su c c e s s f u l l y by employing d i f f e r e n t 

inoculum m a t e r i a l . 
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A. Growth Rates 
The growth r a t e s of A. flos-aquae D124 at l i g h t 

i n t e n s i t i e s from 500-10,000 I x and from 5°-25°C temperature 
are summarised i n the form of a three-dimensional model, 
Fig. 11. No growth occurred at 5 °C, and growth only occurred 
at low l i g h t i n t e n s i t i e s at 10 °C. Optimum growth occurred 
at 2,000 I x l i g h t i n t e n s i t y , 20 °C temperature, w h i l s t some 
i n h i b i t i o n of growth occurred at higher l i g h t i n t e n s i t i e s at 
t h i s temperature. Some a d d i t i o n a l experiments were made at 
higher l i g h t i n t e n s i t i e s and temperatures. No growth 
occurred at l i g h t i n t e n s i t i e s of 15,000 I x and, although some 
growth was shown at 27.5°C, i t was completely i n h i b i t e d at a 
temperature of 30°C. In general, growth of A. flos-aquae 
D124 was i n h i b i t e d at comparatively low temperatures and 
l i g h t i n t e n s i t i e s . L i g h t i n h i b i t i o n was accentuated by 
lowering the temperature. 

B. Op^tigal microscope observations on gas-
vacuoles^ 

At 20°C and 25°C, and l i g h t i n t e n s i t i e s above 2,000 I x , 
there was a marked red u c t i o n i n gas-vacuolation f o l l o w i n g 
i n o c u l a t i o n . About 40-50% of c e l l s were non gas-vacuolate 
at t h i s stage of growth. The gas-vacuolate c e l l s possessed 
small gas-vacuoles u s u a l l y d i s t r i b u t e d at the cross-walls of 
c e l l s ( F i g . 12). At the end of the exponential phase of 
growth, l a r g e , c y l i n d r i c a l gas-vacuoles made t h e i r appearance 
adjacent t o c e l l w a l l s . S i m i l a r gas-vacuole development was 
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F i g . 11. The e f f e c t s of l i g h t and temperature 
on the growth r a t e of Anabaena flos-aquae 
D124 expressed i n the form of a three-
dimensional model. 
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Early exponential growth. 

L L 

H L 

Late exponential growth. 

LL 

Stationary phase of growth. 

HL 

L L 

HL 

F i g . 12. Summary of o p t i c a l microscope observations 
on gas-vacuole development i n Anabaena flos-aquae 
D124 at low and high l i g h t i n t e n s i t i e s (LL and 
HL, r e s p e c t i v e l y ) . 
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shown by c e l l s grown at 10°C, 2,000 I x . In c o n t r a s t , c e l l s 
grown at 20°C and 25°C and l i g h t i n t e n s i t i e s below 2,000 I x 
showed pronounced gas-vacuolation at a l l stages of growth 
fo l l o w i n g i n o c u l a t i o n . The gas-vacuoles were small and 
granular and appeared to be d i s t r i b u t e d throughout the volume 
of c e l l s . 

I n the s t a t i o n a r y phase of growth c e l l s grown at a l l 

combinations of l i g h t and temperature are markedly gas-

vacuolate. However, there were marked d i f f e r e n c e s i n the 

appearance and d i s t r i b u t i o n of gas-vacuoles i n c e l l s grown 

i n d i f f e r e n t l i g h t and temperature combinations. At 20°C and 

25 °C and l i g h t i n t e n s i t i e s above 2,000 I x gas-vacuolation took 
a 

the form o f / c y l i n d e r beneath the c e l l w a l l which completely 

enclosed the c e n t r a l region of the c e l l . C e l l s grown at 

10 °C, 2,000 I x had a s i m i l a r appearance. C e l l s grown at 

20 °C and 25 °C and lower l i g h t i n t e n s i t i e s possessed la r g e , 

g r a n u l a r gas-vacuoles d i s t r i b u t e d throughout the c e l l volume. 

9. The e f f e c t s of change of shaking r a t e 

The r e s u l t s of t h i s experiment are shown i n Table 5. 

As no s i g n i f i c a n t d i f f e r e n c e s i n growth r a t e were observed 

between 64 and 90 o s c i l l a t i o n s / m i n t h i s experiment was not 

extended f u r t h e r to include a wider range of speeds. No 

d i f f e r e n c e s i n gas-vacuolation were observed. As was to 

be expected, the higher shaking r a t e induced fragmentation 

of f i l a m e n t s to produce a high proportion of 4 - c e l l e d u n i t s . 
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Table 5. Growth r a t e of Anabaena flos-aquae D124 
i n r e l a t i o n to shaking r a t e . M a t e r i a l was grown 
under the standard growth conditions ('Materials 

and Methods', Section SOTi 

Shaking r a t e Growth r a t e 
CK') 

Standing c u l t u r e 

64 o s c i l l a t i o n s / m i n . 

90 o s c i l l a t i o n s / m i n . 

0.110 

0.132 

0.134 

10. The e f f e c t s of inoculum s i z e 

The f o l l o w i n g concentrations of inoculum were employed: 

1.2, 2.4, 12.0, 24.0, 48.0 mg/1. Concentrations of 12.0 mg/1 

and above showed no s i g n i f i c a n t d i f f e r e n c e s i n growth r a t e . 

Attempts a t measuring the growth r a t e of c u l t u r e s with inocula; 

of 1.2 and 2.4 mg/1 proved u n s a t i s f a c t o r y because no growth 

was observed i n these c u l t u r e s u n t i l a l a g phase of 12 days 

had occurred. I n both 1.2 and 2.4 mg/1 c u l t u r e s no growth 

was observed i n some f l a s k s 24 days a f t e r i n o c u l a t i o n . No 

s i g n i f i c a n t d i f f e r e n c e s i n gas-vacuolation were observed i n 

c e l l s from c u l t u r e s with inoc u l a of 12.0 mg/1 and above. One 

i n t e r e s t i n g e f f e c t on gas-vacuolation was observed i n day +2 

c e l l s from c u l t u r e s of 1.2 and 2.4 mg/1. These c e l l s were 

attached to the o c c a s i o n a l cotton wool strands which were 

present i n the c u l t u r e medium and they showed no obvious 
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gas-vacuolation. However, day +6 c e l l s possessed s i n g l e , 
l a r g e gas-vacuoles which were normally d i s t r i b u t e d at c r o s s -
w a l l s or adjacent to c e l l w a l l s . 

11. E f f e c t s of competition with Anabaena flos-aquae D125 
on growth of Anabaena flos-aquae D124 

F l a s k s were i n o c u l a t e d with equal q u a n t i t i e s of Anabaena 

flos-aquae D124 and A. flos-aquae D125. There was some 

i n i t i a l growth on A. flos-aquae D124, but a f t e r day +12 there 

was a great reduction i n the number of c e l l s present and by 

day +24 no c e l l s could be detected. 

In competition with A. flos-aquae D124, A. flos-aquae D125 

attached i t s e l f to the g l a s s s u r f a c e at the bottom of the 

f l a s k . T h i s behaviour was not shown by A. flos-aquae D125 

when i t was grown i n c o n t r o l f l a s k s from which A. flos-aquae 

D124 was absent. A f t e r day +12, however, A. flos-aquae D125 

began to resuspend i t s e l f and by day +24 a clumped suspension 

of pure A. flos-aquae D125 was obtained. 

12. Gas-vacuole development i n Anabaena flos-aquae 
D124 ( D i s c u s s i o n ) 

The above s t u d i e s show t h a t gas-vacuoles are present i n 

c e l l s of Anabaena flos-aquae D124 grown under a v a r i e t y of 

c o n d i t i o n s . Two g e n e r a l i s a t i o n s are apparent from these 

s t u d i e s . F i r s t l y , gas-vacuoles occupy a greatetproportion 

of c e l l volume i n the s t a t i o n a r y phase of growth compared 

with exponential growth. T h i s g e n e r a l i s a t i o n i s a p p l i c a b l e 
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to c e l l s grown under a l l the l i g h t and temperature combinations 
i n v e s t i g a t e d . Secondly, c e l l s grown at l i g h t i n t e n s i t i e s 
which are high enough to cause some i n h i b i t i o n of growth r a t e 
possess gas-vacuolation which i s normally r e s t r i c t e d i n i t s 
development to the periphery of the c e l l adjacent to the 
c e l l w a l l s . 

FRITSCH (1945) s t a t e s that i t i s not c l e a r whether 

m a t e r i a l possessed of gas-vacuoles i s a c t u a l l y i n a healthy 

c o n d i t i o n and whether c e l l d i v i s i o n continues. The present 

s t u d i e s show that gas-vacuoles are a normal feature of 

Anabaena flos-aquae D124 c e l l s and they are not i n any way 

c h a r a c t e r i s t i c of senescent c e l l s . However, the r e f r a c t i l e , 

p r e s s u r e - r e s i s t a n t vacuoles ( l a r g e i n t r a l a m e l l a r v e s i c l e s ) 

observed i n old Anabaena flos-aquae D124 c e l l s are c e r t a i n l y 

a c h a r a c t e r i s t i c f e ature of senescence i n t h i s organism. 
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F i g . 13. A day +24 c e l l of Anabaena flos-aquae D124 
showing the presence of la r g e numbers of 
a-granules. Note the d i s t r i b u t i o n of 
pair e d a-granules between the plasma 
membrane and the lamellae. 
Mag. 40,000X. 

KMn04 f i x a t i o n . 
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PART I I I . Observations on organisms c o l l e c t e d from the f i e l d . 

The observations reported i n Part I and I I of the present 

t h e s i s have been r e s t r i c t e d to c u l t u r e s maintained i n the 

la b o r a t o r y . The p h y s i c a l environment of these organisms does 

not correspond with that i n which they grow n a t u r a l l y . I t 

was, t h e r e f o r e , decided to c o l l e c t m a t e r i a l from n a t u r a l 

s i t u a t i o n s i n order to make comparative s t u d i e s . Two s i t e s 

were chosen: St. James's Park Lake, London, and the Shropshire 

Meres. These l a k e s had the advantage over other s i t e s because 

at each s i t e b i o l o g i c a l s t u d i e s were i n progress and the 

p l a n k t o n i c blue-green algae were r e g u l a r l y being sampled 

(REYNOLDS, 1969, and WHITTON, 1969). E l e c t r o n microscope 

observations were r e s t r i c t e d to the s t r u c t u r e and d i s t r i b u t i o n 

of g a s - c y l i n d e r s , lamellae and a-granules. A more d e t a i l e d 

d e s c r i p t i o n of the f i n e s t r u c t u r e of these organisms w i l l be 

published i n a future paper. 

13. Organisms c o l l e c t e d from St. James's Park Lake, 
London 

A. O p t i c a l microscope observations and age of 
populations 

Two gas-vacuolate blue-green algae were present: 

O s c i l l a t o r i a r e d ekei and 0. a g a r d h i i . The former organism 

was about 2.(̂ /um wide and had a c o l o u r l e s s appearance. In 

about 50% of the trichomes no gas-vacuoles were observed. 

Where gas-vacuoles were observed they were small, rounded and 
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were i n v a r i a b l y p o s i t i o n e d adjacent to the c r o s s - w a l l s of 
trichomes. 0. a g a r d h i i c e l l s were highly gas-vacuolate, 
4.^m wide, and had the appearance of the 0. a g a r d h i i D132 
trichomes described i n 'Results', Section 2, p.33. The 
proportion of 0. redekei to 0. a g a r d h i i trichomes was about 
3:1. 

The 0. redekei population had been observed i n the lake 

f o r 18 months p r i o r to c o l l e c t i o n and i t s numbers had not 

f l u c t u a t e d g r e a t l y i n the 4 months p r i o r to c o l l e c t i o n . The 

0. a g a r d h i i population had developed more r e c e n t l y and was 

f i r s t observed only 2 months before m a t e r i a l was c o l l e c t e d . 

B. E l e c t r o n microscope observations 

O s c i l l a t o r i a redekei 

F i g . 14 shows a median s e c t i o n through the gas-vacuoles 

a s s o c i a t e d with the c r o s s - w a l l s i n 0. redekei. Gas-cylinders 

were c l o s e l y packed together and they appeared to be a s s o c i a t e d 

with p r o l i f e r a t i o n s of the plasma membrane. These 

p r o l i f e r a t i o n s bore some s i m i l a r i t i e s to the lamellasomes 

de s c r i b e d by ECHLIN (1964) i n A n a c y s t i s nidulans and the 

mesosomes of b a c i l l i (FITZ-JAMES, 1960). The p r o l i f e r a t i o n s 

may a l s o have a comparable r o l e i n c e l l s to mesosomes and, 

s i m i l a r l y , represent s i t e s of high b i o s y n t h e t i c a c t i v i t y , 

p o s s i b l y a s s o c i a t e d with g a s - c y l i n d e r membrane s y n t h e s i s . 

Lamellae were o r i e n t a t e d p a r a l l e l to the c e l l w a l l and had a 



-61-

p e r i p h e r a l d i s t r i b u t i o n ( F i g . 15). a-granules were present 
adjacent to lamellae and between g a s - c y l i n d e r s . In 
favourable s e c t i o n s b a c t e r i a could be observed i n s i d e the 
sheath of t h i s organism. The O s c i l l a t o r i a redekei trichomes 
examined were notable f o r the small percentage of t h e i r c e l l 
volume ( l e s s than 10%), which was occupied by g a s - c y l i n d e r s . 
However, the degree of gas-vacuolation i n t h i s organism 
shows considerable v a r i a t i o n . The percentage of the c e l l 
volume occupied by gas-vacuoles may be greater than 10% 
when 0. red e k e i i s grown and harvested under d i f f e r e n t 
c o n d i t i o n s (PEAT and WHITTON, i n p r e p a r a t i o n ) . 
O s c i l l a t o r i a a g a r d h i i 

F i g . 16 shows ah 0. a g a r d h i i trichome which has been 

se c t i o n e d o b l i q u e l y . I t s s t r u c t u r e i s s i m i l a r to that 

d e s c r i b e d by SMITH and PEAT (1967a) i n 0. aga r d h i i D132. 

I t was notable f o r the high percentage of i t s c e l l colume 

occupied by g a s - c y l i n d e r s and the c l o s e l y packed org a n i s a t i o n 

of the a-granules. Depending on the o r i e n t a t i o n of 

s e c t i o n , a-granules showed considerable v a r i a t i o n i n 

appearance. However, favourable s e c t i o n s demonstrated that 

the l a r g e , electron-dense area with i t s s t r i a t i o n s about 

20 nm wide ( F i g . 18) was composed of a-granules, showing an 

unusual o r i e n t a t i o n . I t seems probable that the report 

by UEDA (1966) of a 19 nm wide v i r u s present i n O s c i l l a t o r i a 
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princeps was a m i s i n t e r p r e t a t i o n of t h i s arrangement of a-
granules. F i g s . 17 and 18 show good examples of g a s - c y l i n d e r s 
i n t r a n s v e r s e and l o n g t i t u d i n a l s e c t i o n , r e s p e c t i v e l y . Many 
examples of the presence of e l e c t r o n - t r a n s p a r e n t spaces between 
g a s - c y l i n d e r s were observed i n favourable s e c t i o n s of t h i s 
organism. 

14. Organisms c o l l e c t e d from the Shropshire Meres 

A. O p t i c a l microscope observations and age of 
populations 

M i c r o c y s t i s aeruginosa formed small c o l o n i e s composed of 

gas-vacuolate c e l l s about 7.(^m wide. T h i s organism 

represented about 10% of the blue-green a l g a l population 

i n Colemere and was f i r s t observed i n the Mere only one month 

previous to c o l l e c t i o n . Aphanizomenon flos-aquae and Anabaena 

flos-aquae c o l o n i e s were present i n equal numbers i n Whitemere 

at the time of c o l l e c t i o n . The widths of the c e l l s of these 

s p e c i e s were 5.Qiam and 4.^m , r e s p e c t i v e l y . No data was 

a v a i l a b l e on the age of the Aphanizomenon flos-aquae population. 

Gas-vacuoles were observed i n vegetative c e l l s and absent 

from h e t e r o c y s t s i n t h i s s p e c i e s . Anabaena flos-aquae was 

f i r s t observed i n Whitemere two months p r i o r to c o l l e c t i o n . 

At the time of c o l l e c t i o n i t s doubling time was about 3.5 days. 

The gas-vacuoles of v e g e t a t i v e c e l l s were d i s t r i b u t e d adjacent 

to c e l l w a l l s . T h i s d i s t r i b u t i o n of gas-vacuoles was s i m i l a r 

to t h a t of A. flos-aquae D124 c e l l s grown at l i g h t i n t e n s i t i e s 
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which cause some i n h i b i t i o n of growth (see 'Results', 
. S e c t i o n 8, p.50). 

B. E l e c t r o n microscope observations 

Anabaena flos-aquae 

C e l l s f i x e d with OSO4 and KMn04 are shown i n F i g s . 19 

and 20, r e s p e c t i v e l y . Lamellae were d i s t r i b u t e d throughout 

c e l l s and showed no tendency to l i e p a r a l l e l to the c e l l w a l l . 

Groups of g a s - c y l i n d e r s bounded by lamellae generally had a 

p e r i p h e r a l d i s t r i b u t i o n . a-granules were present i n 

a s s o c i a t i o n with lamellae and ga s - c y l i n d e r membranes. 

In g eneral, the appearance of these c e l l s was con s i s t e n t 

with s t r u c t u r e of day +12 c e l l s of A. flos-aquae D124 described 

i n ' R e s u l t s ' , S e c t i o n 7, p.49,. However, l a r g e r groups of 

g a s - c y l i n d e r s , p o s s e s s i n g a p e r i p h e r a l d i s t r i b u t i o n , were 

present i n the c e l l s of A. flos-aquae c o l l e c t e d from the f i e l d 

and a-granules were not as abundant i n these c e l l s compared 

with t y p i c a l day +12 c e l l s . 

M i c r o c y s t i s aeruginosa 

Micro-colonies of M i c r o c y s t i s aeruginosa were sectioned 

f o r e l e c t r o n microscope examination. F i g s . 21 and 22 are 

t y p i c a l examples of c e l l s f i x e d i n OSO4 and KMn04, r e s p e c t i v e l y . 

Of i n t e r e s t was the presence of b a c t e r i a w i t h i n these c o l o n i e s 

( F i g . 2 2 ) . I n comparison with M. aeruginosa D127 c e l l s 

d e s c r i b e d i n 'Results', Section 4 (see F i g . 10 of SMITH and 
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PEAT, 1967a) the f i e l d m a t e r i a l showed two d i f f e r e n c e s . 
F i r s t l y , g a s - c y l i n d e r s were present i n these c e l l s i n c l o s e l y -
packed groupings and showed a p e r i p h e r a l d i s t r i b u t i o n . 
Secondly, a-granules were almost t o t a l l y absent from the f i e l d 
m a t e r i a l . F i g . 23 shows a planktonic rhizopod which has 
•imDibed • some c e l l s of M. aeruginosa. These c e l l s s t i l l 
contained i n t a c t g a s - c y l i n d e r s and lamellae systems. An 
example of a p a r t l y digested c e l l i s shown i n F i g . 24. Of 
i n t e r e s t was the absence of a l l recognisable c e l l s t r u c t u r e s 
except f o r the presence of lamellae showing a tendency to 
v e s i c u l a t e , and g a s - c y l i n d e r membranes. From these 
observations i t i s tempting to speculate whether these 

s t r u c t u r e s remain f u n c t i o n a l for any s i g n i f i c a n t length of 
/ K J eJfe«{ 

time a f t e r being -imbibed- and whether s i g n i f i c a n t changes 

occur i n the buoyancy c h a r a c t e r i s t i c s of the animal. 
Aphanizomenon flos-aquae 

A low magn i f i c a t i o n view of colony f i x e d by KMn04 f i x a t i o n 

i s shown i n F i g . 25. A higher magnification view of ma t e r i a l 

f i x e d with OSO4 i s shown i n F i g . 26. BOWEN and JENSEN (1965) 

s i m i l a r l y examined f i e l d m a t e r i a l of t h i s organism. The 

present observations confirm the presence of ga s - c y l i n d e r s i n 

t h i s organism and a l s o the presence of the large i n t r a l a m e l l a r 

v e s i c l e s which were reported by these workers. However, 

BOWEN and JENSEN (1965) s t a t e d t h a t , "membranes of gas 
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v e s i c l e s are not preserved by f i x a t i o n with KMn04". F i g . 25 
shows the presence of g a s - c y l i n d e r membranes a f t e r KMn04 
f i x a t i o n . Although t y p i c a l g a s - c y l i n d e r s were not observed, 
abundant g a s - c y l i n d e r membranes and a-granules were present 
i n the i n t e r l a m e l l a r a r e a s . 
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2 O O n m 

F i g . 14. Fine s t r u c t u r e of the gas-vacuoles adjacent to 
the c r o s s - w a l l s of O s c i l l a t o r i a redekei, c o l l e c t e d 
from St. James's Park, London. Note the presence 
of el e c t r o n - t r a n s p a r e n t spaces (arrows) between 
g a s - c y l i n d e r membranes and the p r o l i f e r a t i o n of 
the plasma membrane which may be associated with 
g a s - c y l i n d e r membrane s y n t h e s i s . OSO4 f i x a t i o n . 
Mag. lOCOOOX. 
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F i g . 15. General c e l l views of O s c i l l a t o r i a 
redekei i n t r a n s v e r s e and l o n g i t u d i n a l 
s e c t i o n . Note the d i s t r i b u t i o n of 
lamellae which run p a r a l l e l to the c e l l 
w a l l . KMnO^ f i x a t i o n . Mag. 35,OOOX. 
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Fig. 16. An oblique section of an O s c i l l a t o r i a 
a g a r d h i i trichome which was c o l l e c t e d from 
St. James's Park, London. OSO4 f i x a t i o n . 
Mag. 22,OOOX. 
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Fig. 17. An O s c i l l a t o r i a a g a r d h i i c e l l showing gas-
c y l i n d e r s i n transverse section w i t h e l e c t r o n -
transparent spaces (arrows) between gas-
c y l i n d e r s . Note the lamellae showing t h e i r 
t y p i c a l u n i t membrane s t r u c t u r e . OSO4 f i x a t i o n , 
Mag. 118,000X. 
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9Li 

Fig. 18. An O s c i l l a t o r i a a g a r d h i i c e l l showing gas-
c y l i n d e r s i n l o n g i t u d i n a l s ection w i t h 
electron-transparent spaces (arrows) between 
gas-cylinders. Note the appearance of a-
granules i n t h i s section. 
Mag. 118,000X. 

OSO4 f i x a t i o n . 
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Fig. 19. An Anabaena flos-aquae c e l l which was 
c o l l e c t e d from White Mere, Shropshire. 
OSO4 f i x a t i o n . Mag. 29,OOOX. 
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» 

Fig. 20. A White Mere Anabaena flos-aquae c e l l showing 
a general s i m i l a r i t y i n f i n e s t r u c t u r e to a 
t y p i c a l Anabaena flos-aquae D124 harvested from 
the l a t e exponential phase of growth ( F i g , 6, 
page 42). KMn04 f i x a t i o n . Mag. 48,000X. 
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I 

Fig. 21. A M i c r o c y s t i s aeruginosa c e l l c o l l e c t e d from 
Cole Mere, Shropshire. OSO4 f i x a t i o n . 
Mag. 43,000X. 
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Fig. 22. A M i c r o c y s t i s aeruginosa c e l l c o l l e c t e d from 
Cole Mere, Shropshire. Note th a t the c e l l 
i s from a colony and t h a t the presence of a 
bacterium i n t h i s s e ction i n d i c a t e s that these 
organisms are present w i t h i n colonies. 
KMn04 f i x a t i o n . Mag. 35,OOOX. 
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1 ̂ Ja'"tvc( 
Fig. 23. A planktonic rhizopod which has jjafei^^Sf some 

gas-vacuolate Microcystis aeruginosa c e l l s . 
KMn04 f i x a t i o n . Mag. 15,000X. 
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Fig. 24. A p a r t l y digested c e l l of Microcystis aeruginosa 
w i t h i n a planktonic rhizopod. Lamellae and 
gas-cylinder membranes are s t i l l evident. 
KMnO^ f i x a t i o n . Mag. 59,000X. 
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Fig. 25, A low m a g n i f i c a t i o n view of an Aphanizomenon 
flos-aquae colony c o l l e c t e d from White Mere, 
Shropshire. KMnO^ f i x a t i o n . Mag. 35,OOOX. 
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Fig, 26, An Aphanizomenon flos-aquae c e l l showing 
abundance of i n t r a - l a m e l l a r v e s i c l e s , 
OSO4 f i x a t i o n . Mag. 35,OOOX. 



-79-

PART IV. The gases present i n gas-vacuoles. 

15. The composition of vacuole gas 
Method I 

Freeze-dried m a t e r i a l containing gas-vacuoles and sealed 
under vacumn released no excess gas, compared w i t h the c o n t r o l , 
a f t e r chloroform treatment. However, Method I proved 
u n s a t i s f a c t o r y because of the large number of chloroform 
degradation products released during the process of mass-
spectrometer a n a l y s i s . Products containing c h l o r i n e were 
present from masses 35-38 and 47-50. 

Method I I 
Analysis w i t h the mass-spectrometer of the gases released 

a f t e r f r e e z i n g and thawing of c e l l s , revealed a s i g n i f i c a n t 
excess of n i t r o g e n i n the gas-vacuolate sample compared w i t h 
the c o n t r o l . The Nitrogen:oxygen r a t i o was 10:1 compared 
w i t h 5:1 i n the sample i n which gas-vacuoles had been previously 
destroyed. No other d i f f e r e n c e s could be detected, 

16. Gas uptake experiments 
No s i g n i f i c a n t increase i n argon was detected i n the gas-

vacuolate sample a f t e r the Dumas combustion was complete. 
Following i n c u b a t i o n , N''"̂  uptake was estimated i n two samples 
w i t h c o n t r o l s i n which gas-vacuoles had been disrupted p r i o r 
t o the Dumas Combustion. The r e s u l t s obtained are shown 
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i n Table 6. 

Table 6. N 15 uptake by c e l l s of O s c i l l a t o r i a 
a g a r d h i i D132 w i t h and without gas-vacuoles 

Atom % 
excess N^^ 

Gas-vacuolate 
Sample ( i ) -0.039 
Control +0.03 

Gas-vacuolate 
Sample ( i i ) -0.025 
Control +0.05 

The r e s u l t s showed no tendency towards any excess N'''̂  
uptake by the samples compared w i t h the c o n t r o l s . I t was 
concluded t h a t when gas uptake i s estimated by t h i s method 
(th e method of BARSDATE and DUGDALE, 1965) gas i s l o s t from 
the gas-vacuoles duri n g the preparation procedures. The 
most l i k e l y stage a t which t h i s occurs i s when the sample 
i s purged w i t h carbon dioxide p r i o r t o combustion. The gases 
present i n the gas-vacuoles are flushed away and replaced by 
carbon d i o x i d e . These r e s u l t s i n d i c a t e the permeable nature 
of the gas-vacuole membrane and c o n t r a d i c t the assumption 
made by KLEBAHN (1922) t h a t the gas-vacuole membranes are 
impermeable t o the gases they contain. 
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PART V. The i s o l a t i o n and chemical c h a r a c t e r i s a t i o n of 
gas-vacuole components from Anabaena flos-aquae D124. 

The density gradient method described by JOST and MATILE 

(1966) was used t o attempt t o i s o l a t e gas-cylinder membranes 

from Anabaena flos-aquae D124. However, A. flos-aquae D125 

( F i g . 7, p. 43) was also used i n the present study as a 
c o n t r o l organism because i t does not possess gas-vacuoles, 
thus a l l o w i n g an unequivocal i d e n t i f i c a t i o n of gas-cylinder 
membranes t o be made i n variouspreparations. 

17. Sucrose gradient c e n t r i f u g a t i o n 
A. Absorption spectra 

The f r a c t i o n a t i o n of A. flos-aquae D124 and A. flos-aquae 
D125 i s shown i n Figs. 27 and 28 r e s p e c t i v e l y . Fractions 
were monitored at 280 nm wavelength i n order t o detect absorption 
by p r o t e i n s . The heavy f r a c t i o n s 1 and 2 showed a peak at 
t h i s wavelength i n A. flos-aquae D124 which was absent from 
the corresponding f u n c t i o n s of A. flos-aquae D125. However, 
f r a c t i o n s 1 and 2 from both organisms were:yellow-green i n 
c o l o u r a t i o n . Another d i f f e r e n c e between the two organisms 
was the h i g h absorption at 280 nm of f r a c t i o n s 4 and 5 from 
A. flos-aquae D125. These f r a c t i o n s were dense blue due 
t o the presence of phycocyanin. F r a c t i o n 8 at the top of 
the gradient had a pale brown c o l o u r a t i o n . The absorption 
spectra of the sediments from the two gradients were also 
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examined ( F i g . 29). The A. flos-aquae D124 sediment showed 
increased absorption a t 270-280 nm compared w i t h A. flos-aquae 
D125. 

B. Examination of f r a c t i o n s w i t h the e l e c t r o n 
microscope 

Figs. 32 and 33 show neg a t i v e l y stained preparations of 
the sediment from A. flos-aquae D124 and A. flos-aquae D125 
r e s p e c t i v e l y . The only d i f f e r e n c e observed between the two 
prep a r a t i o n s was the presence i n the A. flos-aquae D124 
sediment o f membranes 110 nm wide w i t h lengths not exceeding 
600 nm. They o f t e n had a c h a r a c t e r i s t i c f o l d about 300 nm 
from t h e i r c o n i c a l ends. F i g . 35 shows an example of one 
of these membranes which has been magnified i n order t o 
examine i t s surface s t r u c t u r e . S t r i a t i o n s having a 50 nm 
spacing were observed. S i m i l a r s t r i a t i o n s were reported by 
WALSBY and EICHELBERGER (1968) on the surface of i s o l a t e d gas-
c y l i n d e r s . As these membranes also possess a width (110 nm) 
which i s the p r e d i c t e d size f o r a f u l l y f l a t t e n e d 70 nm gas-
c y l i n d e r i t was concluded t h a t they were gas-cylinder membranes. 
Also present i n sediments from both organisms were membranes 
which were i d e n t i f i e d as lamellae because of t h e i r c h a r a c t e r i s t i c 
granular surface s t r u c t u r e (NORTHCOTE, 1968). Granules 
which had the appearance of two c l o s e l y adjoined spheres, 
each of which was 40 nm i n diameter, were i d e n t i f i e d as 
a-granules. 
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Fig . 27. Density gradient f r a c t i o n a t i o n of membrane 
preparations from Anabaena flos-aquae D124. 
The heavier band appears pale green and 
contains gas-cylinder membranes. 
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F i g . 28. Density gradient f r a c t i o n a t i o n of 
membrane preparations from Anabaena 
flos-aquae D125. : : Compared w i t h A. 
flos-aquae D124 ( F i g . 27), the heavjy 
band i s absent and there i s a blue 
c e n t r a l peak r e s u l t i n g from the 
presence of a large concentration 
of phycocyanin. 
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Fractions 1 and 2 from A. flos-aquae D124 contained 
smaller gas-cylinder membrane fragments ( F i g . 34), some 
lamellae fragments, and a-granules. Gas-cylinder membrane 
firagments were absent from the corresponding f r a c t i o n s from 
A. flos-aquae D125. Fractions 3, 4, 5 and 6, contained no 
examples of lamellae, occasional a-granules and, i n the case 
of A. flos-aquae D124, one or two scattered gas-cylinder 
membrane fragments. Fractions 7 and 8 contained no examples 
of a-granules, gas-cylinder membranes and lamellae. 

F i g . 36 shows a general view of the f i x e d and embedded 
sediment f r a c t i o n s from A. flos-aquae D124. Gas-pylinder 
membranes were observed i n cross-section as e l e c t r o n dense 
l i n e s w i t h a glob u l a r appearance. The spacing of the globules 
was about 4.0 nm. I n t a n g e n t i a l s e c t i o n there were some 
i n d i c a t i o n s of s t r i a t i o n s on the surface of these membranes, 
a-granules were also observed and, i n favourable sections, 
these had the c h a r a c t e r i s t i c appearance of two c l o s e l y 
adjoined spheres, each of which was about 40.0 nm diameter. 

18. P r o t e i n molecular weight determination of gas-
c y l i n d e r membrane p r o t e i n 

Because of the presence of both gas-cylinder membranes 

and lamellae i n f r a c t i o n s prepared by sucrose gradient 

c e n t r i f u g a t i o n , t h i s method has no advantage over simple 
d i f f e r e n t i a l c e n t r i f u g a t i o n . The l a t t e r method was ther e f o r e 
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used t o prepare membrane samples f o r p r o t e i n studies. The 
molecular weight d i s t r i b u t i o n s of the p r o t e i n chains from 
the membrane f r a c t i o n s of A, flos-aquae D.24 and A. flos-aquae 
D125 are shown i n Figs. 30 and 31 r e s p e c t i v e l y . The samples 
were s i m i l a r i n t h a t both contain complex mixtures of 
polypeptide chains w i t h molecular weights i n the range 
55,000-85,000 and smaller amounts of a continuous spectrum 
of chains i n the molecular weight range 20,000-50,000. The 
samples probably contained s i m i l a r polypeptide u n i t s i n 
d i f f e r e n t p r o p o r t i o n s . The most obvious d i f f e r e n c e i n the 
samples was the presence of a high concentration of a pure 
polypeptide chain of molecular weight 22,000+2,000 i n A. 
flos-aquae D124 ( F i g . 30). 

19. a-granule c h a r a c t e r i s a t i o n 
a-granules showed sedimentation c h a r a c t e r i s t i c s s i m i l a r 

t o those of animal glycogen described by ORRELL and BUEDING 
(1958). Treatment of a-granules w i t h 2% diastase and 
subsequent examination of neg a t i v e l y stained preparations 
demonstrated the disappearance of a-granules. A p o s i t i v e 
r e a c t i o n was obtained when p a r a f f i n wax..embedded m a t e r i a l 
was t r e a t e d w i t h the p e r i o d i c a c i d - S c h i f f technique. 
Sections of A. flos-aquae D124 t r e a t e d w i t h 2% diastase f o r 
30 minutes a f t e r p r i o r bleaching (GIESY, 1964) d i d not show 
any disappearance of a-granules. This r e s u l t may be explained 
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F i g 30 The molecular weight d i s t r i b u t i o n of the 
p r o t e i n chains from the membrane f r a c t i o n 
of Anabaena flos-aquae D124. 
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F i g . 31. The molecular weight d i s t r i b u t i o n of the 
p r o t e i n chains from the membrane f r a c t i o n 
of Anabaena flos-aquae D125. 
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by poor p e n e t r a t i o n of sections by the dig e s t a t e , or by some 
d i f f e r e n c e i n the molecular branching p a t t e r n of the a-granules 
i n A. flos-aquae D124 compared t o those o f O s c i l l a t o r i a 
c h alybia employed by GIESY (1964). The above data s t r o n g l y 
i n d i c a t e a-granules are polysaccharide. Anabaena flos-aquae 
D124 c e l l s were incubated i n the dark f o r 48 hours a f t e r 
i n o c u l a t i o n i n t o f r e s h medium. Examination of these c e l l s 
w i t h the e l e c t r o n microscope revealed a great reduction i n 
numbers of a-granules i n the i n t e r l a m e l l a r areas. This 
r e s u l t i n d i c a t e s t h a t a-granules polysaccharide may act as 
a food reserve i n A. flos-aquae D124 c e l l s . 
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Fig. 32. General view of a negatively-stained 
preparation of the sediment from the density 
gradient f r a c t i o n a t i o n of Anabaena flos-aquae 
D124 ( F i g . 26, page 78). Mag. 140,000A. 
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Fi g 33. General view of a negatively-stained 
— preparation of the sediment from the density 

gradient f r a c t i o n a t i o n of Anabaena flos-aquae 
D125 ( F i g . 28, page 84), Note the absence of 
gas-cylinder membranes. Mag. 135,OOOX. 



Fig. 34. Small gas-cylinder membrane fragments 
present i n Fraction 2 from the density 
gradient f r a c t i o n a t i o n of Anabaena flos-aquae 
D124 ( F i g . 26, page 78). Mag. 270,OOOX. 
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Fig. 35. A n e g a t i v e l y stained gas-cylinder membrane 
from the sediment of the density gradient 
f r a c t i o n a t i o n of Anabaena flos-aquae D124. 
Mag. 270,OOOX. 
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Fig. 36. Fixed and embedded sediment from the density 
gradient f r a c t i o n a t i o n of Anabaena flos-aquae 
D124. Glutaraldehyde f i x a t i o n . Mag. 180,000X. 
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PART V I . P h y s i o l o g i c a l studies on gas-vacuoles i n 
Anabaena flos-aquae D124 

20. E f f e c t s of the absence of gas-vacuoles on 
growth r a t e 

C e l l s were prepared as described i n 'Materials and 
Methods', Section lOA, p.28, w i t h the m o d i f i c a t i o n t h a t 
pressure-treated c e l l s were resuspended i n f r e s h l y prepared 
ASM-1 medium. The growth r a t e of these c e l l s during the 
time taken f o r gas-vacuoles t o redevelop (4.0 days) was 
measured by t a k i n g o p t i c a l density readings at 650 nm. 
The value obtained by t h i s method was K = 0.137. The 
growth r a t e of gas-vacuolate c e l l s grown under i d e n t i c a l 
c o n d i t i o n s i s K = 0.132. I t was concluded t h a t no i n h i b i t i o n 
of growth r a t e occurs when gas-vacuoles are absent from 
Anabaena flos-aquae D124 c e l l s grown under the above 
c o n d i t i o n s . As LEMMERMAN (1910) proposed t h a t gas-vacuoles 
might provide a l i g h t s h i e l d i n g f u n c t i o n i t was decided t o 
examine the e f f e c t of the absence of gas-vacuoles on c e l l s 
incubated at an i n h i b i t o r y l i g h t i n t e n s i t y . Cells were 
grown under the standard growth conditions ('Materials and 
Methods', Section 3G) w i t h the m o d i f i c a t i o n t h a t the l i g h t 
i n t e n s i t y was increased t o 12,000 I x . The growth r a t e of 
gas-vacuolate c e l l s under these conditions was K = 0.68. 
Pressure-treated c e l l s redeveloped gas-vacuoles i n 4.0 days. 
The e f f e c t on growth r a t e of the absence of gas-vacuoles 
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was t o induce a l a g phase i n these c e l l s which l a s t e d 
4-6 days. 

21. The redevelopment of gas-vacuoles f o l l o w i n g 
pressure treatment. 

A. The r e l a t i o n s h i p between the growth 
r a t e of c e l l s and the time taken f o r 
gas-vacuoles t o redevelop 

The aim of t h i s experiment was t o i n v e s t i g a t e whether 
the times taken f o r gas-vacuoles t o redevelop bear a simple 

r e l a t i o n s h i p t o the growth r a t e of c e l l s a t d i f f e r e n t stages 
of growth. From the above r e s u l t s ('Results', Section 19), 

i t was concluded t h a t the growth r a t e of c e l l s grown at 
medium l i g h t i n t e n s i t i e s was not s i g n i f i c a n t l y a f f e c t e d by 
gas-vacuole d e s t r u c t i o n . However, t h i s conclusion was only 

based on r e s u l t s w i t h day +0 c e l l s , and the assumption was 
made i n the present experiment t h a t the growth of c e l l s of 

d i f f e r e n t ages was l i k e w i s e unaffected by gas-vacuole 

d e s t r u c t i o n . 
C e l l s grown under the Standard growth conditions ('Materials 

and Methods', Section 30) were pressure t r e a t e d (3.72 
atmospheres) t o destroy gas-vacuoles and the c e l l s resuspended. 
The suspension was returned t o the growth tank and 
observations were made at 6 hour i n t e r v a l s on the time taken 
f o r the f i r s t i n d i c a t i o n s of gas-vacuole redevelopment t o 
appear i n 50% of c e l l s . The redevelopment times f o r c e l l s 
pressure t r e a t e d on day 0, +2, 4, 8, 12, 24, and 50, were 
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-3.5, 3.0, 1.5, 0.75, 0.75, 2, and 8 days, r e s p e c t i v e l y . 
The r e c i p r o c a l o f the time taken f o r gas-vacuoles t o redevelop 
i s p l o t t e d against the age of c e l l s i n Fig. 37. The 
f a s t e s t redevelopment times were thus observed i n the c e l l s 
from the l a t e exponential phase of growth (day +8 and 12 
c e l l s ) when the growth r a t e of c e l l s was K =0.132. However, 
although c e l l s from the e a r l y exponential phase of growth 
(day +2 and 4) also had a growth r a t e of K = 0.132, these 
c e l l s e x h i b i t e d much slower development rates than the day 
+8 and 12 c e l l s . Growth i s s t a t i o n a r y i n day +24 c e l l s . 
However, these c e l l s redevelop gas-vacuoles i n only 2 days. 
Day +12 c e l l s incubated i n the dark redeveloped gas-vacuoles 
i n 24 h r s . , a time which was only reduced t o 18 hrs. when 
these c e l l s were incubated i n the l i g h t . The redevelopment 
times of gas-vacuoles do not, t h e r e f o r e , bear any simple 
r e l a t i o n s h i p t o the growth r a t e of c e l l s . A d d i t i o n of 
2-4-dinitrophenol t o a concentration of 2.5 mM prevented gas-
vacuole redevelopment. This r e s u l t confirmed t h a t of 
LARSEN et a l . (1967) who employed a s i m i l a r concentration of 
2-4-dinitrophenol t o prevent recovery of gas-vacuoles i n 
Halobacterium. 

B. Changes i n the sedimentation r a t e of c e l l s 
associated w i t h gas-vacuole redevelopment 

The sedimentation r a t e of 4-celled filaments of Anabaena 
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T 4 12 
AGE OF CELLS. 

(Days after inoculation.) 

F i g . 37 The r e l a t i o n s h i p between the age of c e l l s 
and the r e c i p r o c a l of the time taken f o r 
gas-vacuoles t o redevelop i n Anabaena 
flos-aquae D124. 
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flos-aquae D124 immediately f o l l o w i n g gas-vacuole d e s t r u c t i o n 

was 4.ISytCmXSec"''" at 20 °C. This filament size was chosen 

f o r sedimentationary studies because of the high p r o p o r t i o n 

of 4 - c e l l e d f i l a m e n t s present i n the sample f o l l o w i n g 

f i l t r a t i o n . F o r t u n a t e l y , no heterocysts or akinetes were 

observed i n these f i l a m e n t s . These types of c e l l e x h i b i t 

f a s t e r s i n k i n g r a t e s than vegetative c e l l s . The sedimen­

t a t i o n r a t e of A. flos-aquae D125 fil a m e n t s was 3.4^m\Sec 

A change i n the sedimentation r a t e of A. flos-aquae D124 

f i l a m e n t s was f i r s t observed at time +18 hrs. (18 hrs. a f t e r 

gas-vacuole d e s t r u c t i o n ) . When measurements were repeated 

at time +24 hrs. ( F i g . 38) the sedimentation r a t e had been 

reduced t o only 1.lyUmXSec""^. At time +30 and 36 hrs. there 
no 

was/positive accumulation of f i l a m e n t s a t the base of the 
sedimentation tube. The sedimentation values p l o t t e d on 
Fi g . 38 f o r these times are shown as values of O.Oy«tS^ee=^. 
However, i t i s possible t h a t f i l a m e n t s may e x h i b i t negative 
sedimentation r a t e s at these times. I t was not possible 
t o make accurate estimates of these rates by employing the 
standard sedimentation technique used i n the present studies. 

C. Observations on gas-vacuole redevelopment 
w i t h o p t i c a l and e l e c t r o n microscopes 

Gas-vacuoles were f i r s t observed w i t h the o p t i c a l micro­
scope i n 4-celled f i l a m e n t s of Anabaena flos-aquae D124 at 
time +18 hours (18 hours a f t e r gas-vacuole d e s t r u c t i o n ) . 
At t h i s time the gas-vacuoles were very i n d i s t i n c t , and 
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T IME. 
(Hours after gas vacuole destruction.) 

Fig. 38. The changes i n sedimentation 
c h a r a c t e r i s t i c s of 4-celled filaments of 
Anabaena flos-aquae D124 during the 
period of gas-vacuole redevelopment. 

QUENOE 

1969 
SEOTU 



-102-

there were only occasional examples of d e f i n i t e granules 
i n some c e l l s . At time +24 hours gas-vacuoles were 
observed i n a l l c e l l s . They appeared as d i s t i n c t , rounded 
granules d i s t r i b u t e d between inner and p e r i p h e r a l regions of 
the c e l l s . The number and size of gas-vacuoles had 
increased considerably when observations were made at time 
+30 and 36 hours. 

Attempts were made t o examine d i r e c t preparations of 
c e l l s a t time +l8 hours w i t h the e l e c t r o n microscope. However, 
the c e l l s f i x e d on g r i d s proved t o be very unstable when 
attempts were made toi.focus the e l e c t r o n microscope. There 
appear t o be two possible explanations f o r t h e i r i n s t a b i l i t y . 
F i r s t l y , c e l l s c o n t a i n i n g s i t e s of gas-vacuole resynthesis 
may be i n h e r e n t l y unstable. Secondly, the 4-celled 
f i l a m e n t s employed i n the present studies contained large 
rounded c e l l s which may not s t a b i l i s e during the drying 
process as s a t i s f a c t o r i l y as the c e l l s employed f o r previous 
d i r e c t preparations (see Fig. 4, p.40). 
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DISCUSSION 

1. The c h a r a c t e r i s a t i o n of blue-green a l g a l gas-vacuoles 

The subject of the o p t i c a l and e l e c t r o n microscope 
c h a r a c t e r i s a t i o n of gas-vacuoles has been b r i e f l y discussed 
i n 'Results', Section 5, p.36. The o p t i c a l microscope 
observations on blue-green gas-vacuoles are also reviewed 
i n the 'Appendix' t o the present t h e s i s . In both species 
c u l t u r e d i n the l a b o r a t o r y ('Results', Part I ) , and species 
c o l l e c t e d from the f i e l d ('Results', Part I I I ) , gas-vacuoles 
appeared under the normal transmission o p t i c a l microscope 
as reddish, n o n - r e f r a c t i l e s t r u c t u r e s which were pressure-
s e n s i t i v e . The shape and d i s t r i b u t i o n of the gas-vacuoles 
i n these organisms v a r i e d considerably between d i f f e r e n t 
species. I n Anabaena flos-aquae D124 there was also 
v a r i a t i o n i n gas-vacuole development i n r e l a t i o n t o changes 
i n environmental c o n d i t i o n s ('Results', Part I I ) . The 
nature of t h i s v a r i a t i o n has been discussed i n 'Results', 
Section 12, p.56. 

The gas-vacuoles of a l l the species examined i n the 

present study ('Results', Parts I and I I I ) were resolved 

w i t h the e l e c t r o n microscope i n t o groups of gas-cylinders, 

70.0 nm i n width. Although the length of the c y l i n d e r s 

and the size of the groupings showed some v a r i a t i o n between 

species, a l l c y l i n d e r s were bounded by unusual membranes 

about 3.0 nm wide. 
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2. The gas present i n gas-vacuoles 
Recent studies have confirmed the hypothesis of KLEBAHN 

(1895) t h a t the reddish, pressure-sensitive s t r u c t u r e s present 
i n c e r t a i n blue-green algae are g a s - f i l l e d vacuoles. The 
present work ('Results', Part IV, p.79) i n d i c a t e d the presence 
of n i t r o g e n i n gas-vacuoles of Anabaena flos-aquae D124. 
KLEBAHN (1922), i n attempting t o exp l a i n the persistence 
of gas-vacuoles i n c e l l s examined under vacuum, postulated 
t h a t the gas-vacuole w a l l must be a r i g i d , impermeable 
s t r u c t u r e . KLEBAHN based h i s postulate on o p t i c a l microscope 
observations of gas-vacuoles. However, the present studies 
showed t h a t gas-vacuoles were resolved, w i t h the e l e c t r o n 
microscope, i n t o groups of c y l i n d r i c a l sub-units (gas-
c y l i n d e r s ) and t h a t there was no r i g i d , outer w a l l enclosing 
these s t r u c t u r e s . 

Two observations i n d i c a t e d t h a t the gas-cylinders were 
permeable t o gases. F i r s t l y , no gas was obtained from gas-
vacuolate m a t e r i a l which had been freeze-dried and sealed 
under vacuum ('Results', Section 15, p.79), and, secondly, 
vacuole gases may be e a s i l y flushed away as was demonstrated 
d u r i n g gas-uptake experiments ('Results', Section 16, p.80). 
WALSBY (1969) i n an extensive study on the permeability of 
the gas-cylinders i n c e l l s of A. flos-aquae D124, s i m i l a r l y 
concluded t h a t they were f r e e l y permeable t o gases. He 
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employed a manometric method t o measure the q u a n t i t y of gas 
released a f t e r u l t r a s o n i c d e s t r u c t i o n of these s t r u c t u r e s 

and demonstrated t h a t the pressure of gas-cylinder gas was about 

one atmosphere. By modifying a Warburg apparatus he was 

able t o demonstrate t h a t gas-cylinders were very permeable 

t o n i t r o g e n , oxygen and argon. 
These r e s u l t s i n d i c a t e t h a t the blue-green a l g a l gas-

c y l i n d e r s are not homologous t o the vacuole present i n the 
rhizopod A r c e l l a . In t h i s organism the gas present i s 
e x c l u s i v e l y oxygen which i s a c t i v e l y transported t o the 
vacuole (CICAK, 1963). Instead, the blue-green a l g a l 
groups of gas-cylinders show some s i m i l a r i t i e s t o the 
h y d r o s t a t i c organ of Chaoborus, a l a r v a l d i p t e r a . Two 
p a i r s of kidney-shaped sacs are developed from the main 
t r a c h e a l trunks of t h i s organism. The sacs contain gases 
which are i n e q u i l i b r i u m w i t h the mixture dissolved i n the 
water i n which the l a r v a i s l i v i n g (KROGH, 1939). S i m i l a r l y , 
the composition of gas-cylinder gas of blue-green algae 
w i l l be close t o the mixture present i n the surrounding 
s o l u t i o n . I t w i l l be modified, however, by the processes 
of photosynthesis, r e s p i r a t i o n , and, i n some cases, n i t r o g e n 
f i x a t i o n . 

I n regard t o n i t r o g e n f i x a t i o n by gas-vacuolate blue-
green algae, i t was suspected t h a t the presence of gas-
c y l i n d e r s might f a l s i f y some n i t r o g e n f i x a t i o n r e s u l t s 
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obtained by the method of BARSDATE and DUGDALE (1965). 
15 

For example, the uptake of N by Trichodesmium erythaeum, 
which was reported by DUGDALE e t a l . (1964), might be 
explained by exchange of N"̂ ^ w i t h gas present i n gas-cylinders 
r a t h e r than t r u e f i x a t i o n . However, the gas-uptake 
experiments ('Results', Section 15, p.79) c l e a r l y i n d i c a t e d 
t h a t , because of the p e r m e a b i l i t y of the gas-cylinders, a l l 
15 

N gas was removed by the f l u s h i n g process incorporated i n t o 

the method of BARSDATE and DUGDALE (1965). Results obtained 

by t h i s method are not, t h e r e f o r e , f a l s i f i e d by the presence 

of gas-cylinders. 
FOGG (1941) a f t e r reviewing the e a r l y studies on gas-

vacuoles concluded t h a t , 'the unusual p r o p e r t i e s of the gas-
vacuoles might depend not so much on the gas as on the 
membrane which enclosed i t ' . Recent studies have supported 
h i s view and revealed t h a t the presence of gas i n the 
vacuoles i s a consequence of the p e r m e a b i l i t y of gas-cylinders. 
3. The gas-cylinder membrane 

The molecular o r g a n i s a t i o n of c e l l u l a r membranes has 
been the subject of vigorous discussion f o r many years ( f o r 
a review of the l i t e r a t u r e , see ROTHFIELD and FINKELSTEIN, 
1968). U n t i l r e c e n t l y the generally accepted model has been 
t h a t of DAVSON and DANIELLI (1935) as modified by ROBERTSON 
(1959). I n t h i s view ( t h e u n i t membrane concept) a l l 
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membranes consist of continuous bimolecular l e a f l e t s of 
l i p i d s , w i t h p r o t e i n s mainly located i n the po l a r surfaces 
of the l e a f l e t s . However, a uniform u n i t membrane s t r u c t u r e 
i s i n c o n s i s t e n t w i t h v a r i a t i o n s i n l i p i d and p r o t e i n 
composition seen i n i s o l a t e d membranes. The only t r u e 
s i m i l a r i t y between d i f f e r e n t c e l l u l a r membranes i s t h e i r 
general resemblance i n e l e c t r o n micrographs, when they 
e x h i b i t a c h a r a c t e r i s t i c t r i l a m i n a r ' u n i t membrane' s t r u c t u r e 
c o n s i s t i n g of two e l e c t r o n dense l i n e s about 2.0 nm t h i c k w i t h 
a c l e a r space of about 3.5 nm between them. WHITTAKER (1968) 
i n t e r p r e t e d t h i s resemblance between d i f f e r e n t membranes i n 
e l e c t r o n micrographs as simply representing a stable 
c o n f i g u r a t i o n o f membranes which i s brought about by the 
ph y s i c a l and chemical transformations of the membranes during 
the process of f i x a t i o n . 

However, the gas-cylinder membrane does not s t a b i l i s e 
a f t e r f i x a t i o n as two e l e c t r o n dense l i n e s . I t appears as 
a s i n g l e e l e c t r o n dense l i n e (about 3.0 nm wide) and can be 
resolved i n t o globules w i t h a spacing of about 4.0 nm. 
Cl e a r l y the gas-cylinder membrane i s an unusual membrane 
w i t h d i s t i n c t i v e p r o p e r t i e s and i s u n l i k e l y t o represent 
' h a l f a u n i t membrane' as suggested by BOWEN and JENSEN (1965) 

JOST and MATILE (1966) i s o l a t e d a gas-cylinder membrane 
f r a c t i o n from O s c i l l a t o r i a rubescens and reported t h a t i t had 
a high carotenoid and l i p o i d content. However, they d i d not 
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use the t y p i c a l c y l i n d r i c a l shape, constant width (110 nm 
a f t e r i s o l a t i o n ) , or s t r i a t e d surface s t r u c t u r e s of gas-
c y l i n d e r membranes t o characterise t h i s f r a c t i o n . Unless 
the gas-cylinder membranes of 0. rubescens possess a very 
d i f f e r e n t s t r u c t u r e from those of Anabaena flos-aquae D124, 
one must conclude t h a t t h i s f r a c t i o n was m i s i d e n t i f i e d . 

By employing the above morphological c r i t e r i a i n the 
present s t u d i e s , gas-cylinder membranes were i d e n t i f i e d 
i n membrane f r a c t i o n s from A. flos-aquae D124. A high 
c o n c e n t r a t i o n of a pure polypeptide- chain of molecular 
weight 22,000 + 2,000 was present i n the samples ( F i g . 30, 
p.88). The c a l c u l a t e d size of a sp h e r i c a l p r o t e i n sub-unit 
w i t h t h i s molecular weight i s 3.8 nm. The polypeptide 
appears t o correspond w i t h the globules observed i n f i x e d 
g a s - c y l i n d e r membranes. A gl o b u l a r sub-structure has been 
observed i n the gas-vesicle membranes of Halobacterium 
halobium by LARSEN, OMANG and STEENSLAND (1967). STOECKENIUS 
and KUNAU (1968) reported t h a t these membranes consisted 
mainly of p r o t e i n and t h a t no l i p i d could be extracted. 
These r e s u l t s s t r o n g l y i n d i c a t e the gas-cylinder and gas-
v e s i c l e membranes i n both b a c t e r i a and blue-green algae 
are composed o f g l o b u l a r sub-units which are p r o t e i n i n 

nature, ( 
From the above f i n e s t r u c t u r a l and biochemical r e s u l t s 
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i t appears t h a t the gas-cylinder membranes bear some 
resemblances t o the s t r u c t u r e of the p r o t e i n coat of viruses. 
S i m i l a r l y , the lac k of v a r i a t i o n i n c o n s t r u c t i o n between gas-
c y l i n d e r s from d i f f e r e n t species of blue-green algae ('Results', 
Parts 1 and I I I ) and from d i f f e r e n t growth stages ('Results', 
Section 7B, p.49), i n d i c a t e s t h a t t h e i r formation must be 
the simple, s t r a i g h t f o r w a r d process f o l l o w i n g one f i x e d 
path, a k i n t o v i r a l s h e l l formation. Therefore, a u s e f u l 
approach t o the i n t e r p r e t a t i o n of the molecular organisation 
of gas-cylinder membranes may be t o r e f e r t o the s t r u c t u r e 
of v i r a l coat p r o t e i n . 

The present t h e o r i e s of v i r u s c o n s t r u c t i o n stem from 
the suggestion of CRICK and WATSON (1956) t h a t a l l viruses 
are b u i l t up of i d e n t i c a l p r o t e i n sub-units (about 20,000 MW) 
packed together i n a re g u l a r manner, t o provide a p r o t e i n 
s h e l l f o r the n u c l e i c a c i d . I t might appear, at f i r s t 
s i g h t , t h a t there i s an enormous v a r i e t y i n the ways i n 
which t h i s could be done. However, CASPAR and KLUG (1963) 
have shown t h a t there are only a l i m i t e d number of e f f i c i e n t 
designs possible f o r a b i o l o g i c a l container which can be 
constructed from a large number of i d e n t i c a l p r o t e i n 
molecules. The two basic designs are h e l i c a l tubes and 
icosahedral s h e l l s . The co n s t r u c t i o n of the gas-cylinder 
appears closest t o t h a t of the h e l i c a l tube. 

CASPAR (1963) reported t h a t no rod-shaped viruses 
(th e h e l i c a l tube design) are known t o be b u i l t according 
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t e p r i n c i p l e s other than those determined f o r TMV (Tobacco 

Mosaic V i r u s ) . The gas-cylinder, however, does not possess 

an obvious h e l i c a l s t r u c t u r e . However, when i s o l a t e d TMV 

p r o t e i n i s reaggregated i t assumes i t s lowest energy 

conformation and does not form a h e l i x . The p r o t e i n sub-

u n i t s c r y s t a l l i s e i n hexagonally packed sheets; the sheet 

i s then r o l l e d up t o produce a hollow c y l i n d e r , which from 

the side looks l i k e a p i l e o f stacked discs w i t h a 

p e r i o d i c i t y of 5.0 nm (HASELKORN, 1966). This appearance 

i s comparable t o t h a t of the gas-cylinder which i s s i m i l a r l y 

s t r i a t e d w i t h a p e r i o d i c i t y about 5.0 nm ( F i g . 35, p.94), 

The normal s t r u c t u r e of the TMV p r o t e i n coat i s assumed when 

RNA i s i n s e r t e d , r e s u l t i n g i n a p e r i o d i c d i s l o c a t i o n of 

discs t o give a h e l i x . 
From these comparisons w i t h v i r a l coat p r o t e i n the 

a p p l i c a t i o n of the term 'membrane' t o the s t r u c t u r e enclosing 
the gas o f the gas-cylinder must be reconsidered. I f one 
defines a c e l l u l a r membrane as a f l e x i b l e s t r u c t u r e capable 
of growth, i t s size being determined by i t s contents, and a 
s h e l l as a r e l a t i v e l y r i g i d s t r u c t u r e which can only assume 
a f i x e d s t r u c t u r e (CASPAR and KLUG, 1963) the gas-cylinder 
membrane seems more akin t o a s h e l l than a t y p i c a l membrane. 

I t i s tempting t o speculate t h a t gas-cylinders may 
have a v i r a l o r i g i n . The p r o t e i n of viruses by v i r t u e of 
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t h e i r inherent s e l f - p o l y m e r i s i n g p o t e n t i a l i t i e s , may form 
s t r u c t u r e s other than v i r u s p a r t i c l e s ( f o r a review of the 
l i t e r a t u r e see MARKHAM, 1968). An example of such 
s t r u c t u r e s i s the 'stacked d i s c ' form of TMV p r o t e i n which 
was described above. I t i s possible t h a t an over-production 
of v i r a l coat p r o t e i n i n v i r a l - i n f e c t e d c e l l s of blue-green 
algae r e s u l t e d i n tubes resembling gas-cylinders being 
assembled. However, the gas-cylinder membrane probably 
possesses a d d i t i o n a l non-protein components. Electron 
transparent spaces are present outside the 'membrane' as 
observed a f t e r OSO4 f i x a t i o n (see Figs. 17 and 18, pp.69 
and 70). These may represent a component t h a t has been 
l o s t by leaching during e l e c t r o n microscope preparation 
procedures. STOEKENUS and KUNAU (1968) reported t h a t p r o t e i n 
accounts f o r only 70% of the dry weight of the Halobacterium 
gas-vesicle membranes. 

This a d d i t i o n a l component may represent the need t o 
s t a b i l i s e the proteinaceous tube. V i r a l coat p r o t e i n , 
f o r example, without the a d d i t i o n of i t s n u c l e i c acid 
component can be disaggregated under milder conditions than 
e i t h e r the n a t i v e or r e c o n s t i t u t e d v i r u s . The increase i n 
wi d t h of the gas-cylinder membrane observed a f t e r KMn04 
f i x a t i o n may r e f l e c t the presence of the OSO4 leached 
component. This leachable substance i s u n l i k e l y t o be 
l i p o i d because t h i s i s normally more sta b l e a f t e r OSO4 
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f i x a t i o n . A possible suggestion as t o the chemical 
nature of t h i s component i s t h a t i t represents a carbohydrate 
which i s c o v a l e n t l y bonded t o gas-cylinder polypeptide. Such 
g l y c o p r o t e i n associations have been demonstrated i n b a c t e r i a l 
c e l l envelope preparations (ROTHFIELD and FINKELSTEIN, 1968), 
and have been shown t o p a r t l y s t a b i l i s e the w a l l a r c h i t e c t u r e 
of T o l y p o t h r i x (HOCHT jet aJL., 1965). I t i s also of 
comparative i n t e r e s t t h a t GOLDSTEIN et a l . (1967) report 
t h a t o n l y 93% o f the weight o f the i n t a c t blue-green a l g a l 
v i r u s LPP-1 can be accounted f o r by p r o t e i n and DNA. 
Although these authors propose t h a t the remaining 7% might 
be p r o t e i n destroyed through h y d r o l y s i s , they also suggest 
t h a t i t might represent a carbohydrate component. 

4. Gas-vacuole synthesis and development 
The present studies have not examined i n d e t a i l the 

mode of synthesis of gas-cylinders. However, groups of 
gas-cylinders i n a s s o c i a t i o n w i t h lamellae were found at a l l 
stages o f growth of A. flos-aquae D124 (see 'Results', 
Section 7B, p.49). Changes i n the arrangement of lamellae 
were r e f l e c t e d i n the appearance of the groups of gas-
c y l i n d e r s . Because of t h i s i n t i m a t e r e l a t i o n s h i p which 
e x i s t s between the lamellae and the gas-cylinders, i t i s 
tempting t o suggest t h a t the gas-cylinders may be synthesised 
i n a s s o c i a t i o n w i t h the lamellae. 
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Gas-cylinder synthesis appears o f t e n t o be r e s t r i c t e d 
t o p a r t i c u l a r s i t e s i n blue-green a l g a l c e l l s . For example, 
gas-cylinders were r e s t r i c t e d i n l o c a t i o n t o the regions 
immediately adjacent t o cross-walls i n O s c i l l a t o r i a redekei 
( F i g . 14, p.66). S i m i l a r l y , gas-vacuoles were r e s t r i c t e d 
t o the regions adjacent t o the c e l l w a l l s of Anabaena f l o s -
aquae D124 c e l l s grown at high l i g h t i n t e n s i t y ( F i g . 12, p.53) 
The f a c t t h a t gas-cylinders are c l o s e l y packed i n bundles , 
r a t h e r than evenly d i s t r i b u t e d i n blue-green a l g a l c e l l s , 
again tends t o suggest t h a t these s t r u c t u r e s are synthesised 
at p a r t i c u l a r c e l l u l a r s i t e s . Whether these s i t e s of gas-
c y l i n d e r synthesis are associated w i t h s p e c i a l i s e d 
b i osynthesis by the lamella system cannot be ascertained 
w i t h any c e r t a i n t y a t the present time. 

I n t h i s regard i t appears t o be of some value t o make 
comparisons w i t h the or g a n i s a t i o n of c e l l s of Pelodictyon 
c l a t h r a t i f o r m e , a green bacterium. C y l i n d r i c a l gas-vesicles 
are present i n t h i s species which appear homologous t o the 
gas-cylinders of blue-green algae. However, lamellae are 
absent from t h i s organism and, instead, chlorobium v e s i c l e s 
are the s i t e s of photosynthesis (PFENNIG and COHEN-BAZIRE, 
1967). I n contrast t o the c l o s e l y packed bundles of gas-
c y l i n d e r s observed i n the blue-green algae, the tu b u l a r gas-
v e s i c l e s of t h i s species are d i s t r i b u t e d throughout c e l l s . 
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This d i f f e r e n c e may be r e l a t e d t o the absence of a lamella 
system i n P. c l a t h r a t i f o r m e and the consequent change i n 
b i o s y n t h e t i c o r g a n i s a t i o n imposed by i t s s u b s t i t u t i o n by 
i n d i v i d u a l chlorobium v e s i c l e s . 

When gas-cylinders redevelop f o l l o w i n g pressure-treatment 
i t i s u n c e r t a i n whether gas-cylinder membrane fragments are 
used t o r e b u i l d gas-cylinders. I t seems more probable t h a t 
i n d i v i d u a l gas-cylinder membrane sub-units are re-employed 
i n t h e i r c o n s t r u c t i o n . The d i f f e r e n c e s i n redevelopment 
times observed i n c e l l s of d i f f e r e n t ages ( F i g . 37, p.99) 
i n d i c a t e t h a t t h e i r r e c o n s t r u c t i o n i s i n some Way r e l a t e d t o 
the metabolic s t a t e s of these c e l l s . The redevelopment 
of gas-cylinders i s c e r t a i n l y an a c t i v e energy-requiring 
process as evidenced by t h e i r more r a p i d redevelopment i n 
c e l l s from the l a t e exponential phase of growth and the 
i n h i b i t i o n of t h i s process of 2-4-dinitrophenol. The 
accumulation of gas w i t h i n g a s - c y l i n d e r s ^ i s not an energy-
r e q u i r i n g process (WALSBY, 1969). The energy must t h e r e f o r e 
be r e q u i r e d f o r e i t h e r the r e c o n s t r u c t i o n of gas-cylinders during 
the re-employment of gas-cylinder membrane sub-units, or, 
f o r the synthesis of gas-cylinder membrane sub-units de novo. 

The slow redevelopment times of c e l l s from the e a r l y 
exponential phase of growth probably r e f l e c t e d the net 
re d u c t i o n i n gas-vacuolation from 34% t o about 20%, which 
occurs i n the inoculum c e l l s d u r i n g the e a r l y exponential 
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phase of growth. These c e l l s probably undergo considerable 
r e o r g a n i s a t i o n of t h e i r metabolic pathways which requires 
high r a t e s of p r o t e i n biosynthesis and hence energy demand. 
When these demands are reduced i n older c e l l s i t i s probable 
t h a t there i s an increased a v a i l a b i l i t y of bi o s y n t h e t i c 
s i t e s and energy f o r gas-cylinder re-synthesis. A comparable 
example of r e - o r g a n i s a t i o n of metabolic pathways was 
reported by TUOMINEN and BERNLOHR (1967) i n B a c i l l u s 
l i c h e n i f o r m i s . These authors observed t h a t m o t i l i t y ceased 
f o r a 45 minute period during the exponential growth of t h i s 
organism. M o t i l i t y resumed when c e l l u l a r rates of p r o t e i n 
b i o s y n t h e s i s decreased. 

An increase i n the percentage of the c e l l volume of 
Anabaena flos-aquae D124 occupied by gas-cylinders was 
observed during the s t a t i o n a r y phase of growth i n t h i s 
organism ('Results', Section 7B, p.49). An increase i n the 
number of gas-vesicles present i n Halobacterium was also 
observed by STOECKENIUS and ROWEN (1967) at t h i s stage of 
growth. Other o p t i c a l microscope observations on 
increased gas-vacuole development at p a r t i c u l a r growth stages 
are summarised i n the 'Appendix' t o the present t h e s i s . 
The f u n c t i o n a l s i g n i f i c a n c e of the increase i n gas-vacuole 
development i n p l a n k t o n i c blue-green algae during the 
s t a t i o n a r y phase of growth, i s discussed below ('Discussion', 
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S e c t i o n 5 ) . 

5. The f u n c t i o n a l s i g n i f i c a n c e of gas-vacuoles 

As recent s t u d i e s have shed some new l i g h t on the problem 

of the nature of gas-vacuoles, i t seems of value to reconsider 

the f u n c t i o n a l s i g n i f i c a n c e of these s t r u c t u r e s . In order 

to prove that a p a r t i c u l a r s t r u c t u r e performs a suggested 

f u n c t i o n i t i s necessary f o r the hypothesis to f u l f i l the 

fo l l o w i n g four p o s t u l a t e s (WILLIAMS and BARBER, 1965):-

( i ) The s t r u c t u r e i s necessary f o r the s u c c e s s f u l 

growth of the plant i n competition with others. 

( i i ) The s t r u c t u r a l p r o v i s i o n i s adequate for the 

requirements of the function i t i s supposed to 

serve. 

( i i i ) These requirements could not have been met with 

markedly greater economy by some other a v a i l a b l e 

means. 

( i v ) P r o v i s i o n i s not markedly more than i s necessary 

to f u l f i l the f u n c t i o n a l requirements. 

WILLIAMS and BARBER (1965) approached the problem of the 

f u n c t i o n a l s i g n i f i c a n c e of aerenchyma i n pl a n t s by t e s t i n g 

v a r i o u s hypothesis a g a i n s t the above four p o s t u l a t e s . As 

t h i s approach proved quite s u c c e s s f u l i n the above case, i t 

w i l l be applied below to three t h e o r i e s of the function of 

gas-vacuoles i n plan k t o n i c blue-green algae: gas storage 
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r e s e r v o i r , l i g h t p r o t e c t i o n , and buoyancy t h e o r i e s . 

The gas storage r e s e r v o i r theory does not f u l f i l 

p o s t u l a t e ( i i ) . The quantity of gas that could be stored 

w i t h i n groups of g a s - c y l i n d e r s at one atmosphere pressure 

would be very s m a l l . In any case, t h i s gas would r a p i d l y 

e q u i l i b r a t e with gases present i n s o l u t i o n i n the surrounding 

medium (WALSBY, 1969). Thus g a s - c y l i n d e r s are not an 

adequate s t r u c t u r a l p r o v i s i o n f o r gas storage. 

The hypothesis that gas-vacuoles provide p r o t e c t i o n 

a g a i n s t high l i g h t i n t e n s i t i e s i n blue-green algae a t the 

s u r f a c e waters of l a k e s was f i r s t proposed by LEMMERMAN 

(1910). REYNOLDS (1969) has observed increased gas-

v a c u o l a t i o n i n blue-green algae a f t e r they c o l l e c t at the 

s u r f a c e of the Shropshire Meres. The presence of gas-

vacuoles i n a blue-green a l g a l c e l l w i l l a l t e r the r e f r a c t i l e 

p r o p e r t i e s of the c e l l and i t w i l l r e f l e c t more l i g h t than a 

c e l l without gas-vacuoles (WALSBY, 1969). In the present 

s t u d i e s ('Results', Section 20, p.96) i t was shown that at 

i n h i b i t o r y l i g h t i n t e n s i t i e s a l a g phase i n the growth of 

Anabaena flos-aquae D124 was induced by d e s t r u c t i o n of i t s 

gas-vacuoles. 

These observations tend to suggest that gas-vacuoles 

might provide some photo-protection under c e r t a i n conditions. 

However, i f we consider l i g h t p r o t e c t i o n as the main function 

of gas-vacuoles and t e s t t h i s hypothesis against the four 
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p o s t u l a t e s the evidence f o r the theory i s very u n s a t i s f a c t o r y . 
R e s u l t s of laboratory c u l t u r i n g of gas-vacuolate blue-greens 
i n d i c a t e t h a t , i n general, they are i n h i b i t e d at comparatively 
low l i g h t i n t e n s i t i e s . However, these r e s u l t s must be 
accepted with caution because the s p e c t r a l composition of 
the l i g h t employed i n the laboratory i s d i f f e r e n t from that 
of the l i g h t a v a i l a b l e to these organisms growing under 
n a t u r a l c o n d i t i o n s . Growth of Anabaena flos-aquae D124 
was completely i n h i b i t e d a t l i g h t i n t e n s i t i e s above 
15,000 I x ('Results', Section 8A, p.51) and EEEiqtL^Y (1965) 
reported that optimum growth of the s p e c i e s he studied was 
a t 500 I x . Therefore, there are no d e f i n i t e i n d i c a t i o n s that 
because gas-vacuolate s p e c i e s possess an e f f e c t i v e photo-
p r o t e c t i v e s t r u c t u r e that they are more s u c c e s s f u l i n 
competition with other blue-green algae which do not 
possess gas-vacuoles. Thus, postulate ( i ) appears to be 
contravened. 

I f the l i g h t p r o t e c t i o n function i s t e s t e d against 

p o s t u l a t e ( i i ) , i t i s again apparent that a postulate i s 

contravened. F i r s t l y , there are no i n d i c a t i o n s from s t u d i e s 

on Anabaena flos-aquae D124 ('Results', Section 8B, p.51) 

t h a t gas-vacuolation increased during growth of the organism 

a t i n h i b i t o r y l i g h t i n t e n s i t i e s . The p e r i p h e r a l 

d i s t r i b u t i o n of the gas-vacuoles i n these c e l l s suggests a 

p o s s i b l e f u n c t i o n a l r o l e . However, t h e i r d i s t r i b u t i o n 
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could be adequately explained by a change i n the d i s t r i b u t i o n 
of g a s - c y l i n d e r s y n t h e t i c s i t e s a s s o c i a t e d with a r e d i s t r i ­
bution of the l a m e l l a system at high l i g h t i n t e n s i t i e s . 
Secondly, gas-vacuoles seem u n l i k e l y to provide s u f f i c i e n t 
photoprotection by v i r t u e of t h e i r s c a t t e r i n g p r o p e r t i e s 
at the su r f a c e of l a k e s where l i g h t i n t e n s i t i e s of 50,000 I x 
may be recorded. Some a d d i t i o n a l photoprotection may be 
provided by the presence of carotenoids i n gas-cylinder 
membranes as suggested by JOST and MATILE (1966). However, 
as d i s c u s s e d above ('Discussion', Section 3 ) , recent 
s t u d i e s have i n d i c a t e d that pigments are absent from gas-
c y l i n d e r membranes. 

The main funct i o n of gas-vacuoles, therefore, i s 

u n l i k e l y to be photoprotection. The observations of 

LEMMERMAN (1910) and REYNOLDS (1969) that there was 

inc r e a s e d gas-vacuolation under conditions of high l i g h t 

i n t e n s i t y a t the su r f a c e of lakes may be explained by 

assuming that the increased gas-vacuolation i n these c e l l s 

was a s s o c i a t e d with a reduction i n t h e i r growth r a t e and 

not a d i r e c t response to l i g h t . 

The hypothesis that the main function of gas-vacuoles 

i s to lower the s p e c i f i c g r a v i t y of c e l l s and thus provide 

a buoyancy function as suggested by STRODTMANN (1895), 

KLEBAHN (1895) and MOLISCH (1903), does not appear to 
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contravene any of the four p o s t u l a t e s . The possession 
of gas-vacuoles appears to be a necessary condition f o r a 
p l a n k t o n i c e x i s t e n c e , for those s t r a i n s that contain them. 
Non gas-vacuolate blue-green a l g a l s t r a i n s of comparable 
s i z e and type to these planktonic s p e c i e s are not observed 
i n the plankton of deep l a k e s . The possession of gas-
vacuoles does, t h e r e f o r e , appear to be necessary for the 
s u c c e s s f u l growth of these blue-green algae i n competition 
with other s p e c i e s ( p o s t u l a t e ( i ) ) . 

The p r o v i s i o n of gas-vacuoles i n blue-green algae c e r t a i n l y 

appears to be adequate to lower the s p e c i f i c g r a v i t y of 

these c e l l s and allow these organisms to maintain t h e i r 

p o s i t i o n i n the water column of l a k e s ( p o s t u l a t e ( i i ) ) . 

The buoyancy experiments described i n 'Results', Section 

21B, (p.98) demonstrate that when gas-vacuoles redevelop 

they e f f e c t i v e l y lower the sedimentation r a t e of c e l l s . 

I t i s of comparative i n t e r e s t to consider how the 

sedimentation r a t e s of blue-green algae could be reduced 

by other means than the possession of gas-vacuoles (postulate 

( i i i ) ) . A u s e f u l approach to t h i s problem i s to 

con s i d e r the expression of OSTWALD (1902):-

S p e c i f i c g r a v i t y of organism -
medium s p e c i f i c g r a v i t y (2) 

Sedimentation r a t e (1) = •• 
V i s c o s i t y of water (3) x 
Form r e s i s t a n c e (4) 
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I t i s apparent t h a t the possession of gas-vacuoles by an 
organism w i l l r e s u l t i n lowering (2) to small or negative 
v a l u e s and reduce the sedimentation r a t e ( 1 ) . The only 
other examples of algae which possess s p e c i f i c g r a v i t i e s 
l e s s than that of water are some of the green algae such 
as Botryococcus.braunii, which possesses numerous o i l 
d r o p l e t s (KLEBAHN, 1895). However, blue-green algae do 
not appear to show excess development of o i l i n c l u s i o n s . 

MARGALEF (1957) points out that (3) has been considered 

a q u a l i t a t i v e property of water that can be assessed e a s i l y . 

He p o i n t s out, however, that the v i s c o s i t y that should be 

considered i s a " s t r u c t u r a l v i s c o s i t y " , modified by the 

chemical and the e l e c t r o s t a t i c p r o p e r t i e s of the c e l l 

s u r f a c e which could c o n t r o l the arrangement of water molecules 

i n the v i c i n i t y of the c e l l . U n t i l t h i s suggestion i s 

experimentally i n v e s t i g a t e d , i t i s u n c e r t a i n whether i t 

has any e f f e c t on the sedimentation r a t e s of blue-green 

a l g a e . 

HUTCHINSON (1967) reviews the s u b j e c t of form r e s i s t a n c e 

(4) i n general terms. There appear to be three ways of 

i n c r e a s i n g form r e s i s t a n c e a v a i l a b l e to planktonic blue-

greens: reduction i n s i z e , possession of a gelatinous 

sheath and i n c r e a s e i n length to form a c y l i n d e r . I t seems 

apparent from the comparatively few r e p o r t s of planktonic 

blue-greens without gas-vacuoles, that they lower t h e i r 
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sedimentation r a t e s by some of these mechanisms. The 
Synechococcus s p e c i e s reported by BAILEY-WATTS _et a l . (1968), 
c o n s i s t s of very narrow (0.7-0.9 m) long rods (40-60 m 
l e n g t h ) . EBERI^Y (1965) i s o l a t e d Synechocystis p a r v a l a , 
which i s very small (0.7-0.9 m), and occurs i n p a i r s of 
c e l l s with a very f i n e mucilagenous envelope. 

There may be more examples of non gas-vacuolate blue-

green algae than the few r e p o r t s i n d i c a t e . However, 

the r e seems to be no evidence that d i r e c t l y contravenes 

p o s t u l a t e ( i i i ) , t h a t the possession of gas-vacuoles i s 

the most economical adaptation a v a i l a b l e to blue-green 

algae occupying the planktonic niche. 

WILLIAMS and BARBER (1961) s t r e s s that postulate ( i v ) 

i s of great importance and i s often neglected by 

p h y s i o l o g i s t s . The f a c t that gas-vacuole redevelopment 

i n c r e a s e s a f t e r sedimentation r a t e s of c e l l s has been 

reduced to very low values ( F i g . 38, p.101),^ and the 

observations of decaying blooms f l o a t i n g at the surface 

of l a k e s , i n d i c a t e that gas-vacuole development i s greater 

than would appear necessary to adequately suspend c e l l s i n 

the water column of l a k e s . Thus the p r o v i s i o n of gas-

vacuoles appears markedly grea t e r than i s necessary and, at 

f i r s t s i g h t , p o s t u l a t e ( i v ) appears to be contravened. 

-. >r . I t would appear, t h e r e f o r e , that i t i s important to 
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e x p l a i n why the q u a n t i t a t i v e p r o v i s i o n of gas-vacuoles i s 
gre a t e r than i s req u i r e d to f u l f i l the buoyancy function. 
One p o s s i b i l i t y i s that g a s - c y l i n d e r s y n t h e s i s and hence 
gas-vacuole development, i s not adequately c o n t r o l l e d by 
blue-green algae except during e a r l y exponential growth. 
I n a l a k e when optimum n u t r i e n t requirements are a v a i l a b l e , 
the organism would apparently remain i n the exponential 
phase of growth u n t i l n u t r i e n t s are depleted. At t h i s 
point there w i l l be an i n c r e a s e i n gas-vacuole development 
a s s o c i a t e d with a reduction i n growth r a t e . The negative 
s i n k i n g r a t e a s s o c i a t e d with increased gas-vacuole development 
may be advantageous i n that i t w i l l provide more rapid 
u t i l i s a t i o n of d i s s o l v e d n u t r i e n t s than i f the organism 
i s a t r e s t . 

REYNOLDS (1969) reported that the f l o t a t i o n r a t e s of 

c o l o n i e s of Anabaena flos-aquae c o l l e c t e d from the Shropshire 

Meres, were w i t h i n the range 10-40^m?<sec ^. Although 

i t i s o r d i n a r i l y assumed that the s i n k i n g of a non-motile 

p l a n k t o n i c organism i s disadvantageous, t h i s i s not 

n e c e s s a r i l y true i n turbulent water i n which the s i n k i n g 

r a t e permits more r a p i d n u t r i e n t uptake, and so f a s t e r 

d i v i s i o n than would be p o s s i b l e for a s t a t i o n a r y c e l l 

(MUNK and RILEY, 1952). Although MUNK and RILEY (1952) 

were concerned with the p o s i t i v e s i n k i n g r a t e s of diatoms, 
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t h e i r g e n e r a l i s a t i o n seems a p p l i c a b l e to the f l o t a t i o n 
r a t e s of gas-vacuolate blue-green algae. Therefore, under 
c o n d i t i o n s of high turbulence, the apparent "excess" gas-
vacuole development e x h i b i t e d by these organisms may be 
advantageous, because i t w i l l r e s u l t i n more rapid n u t r i e n t 
uptake. An i n c r e a s e d n u t r i e n t uptake r a t e w i l l a l s o be 
a consequence of the i n c r e a s e i n the r a t i o of surface area 
of c e l l to non gas-vaauolate c e l l volume r e s u l t i n g from 
i n c r e a s e d gas-vacuole development. 

REYNOLDS (1967) has shown that when turbulence f a l l s 

to a minimum, the gas-vacuolate blue-green algae f l o a t to 

the s u r f a c e of the Shropshire Meres. T h i s sudden 

accumulation at the s u r f a c e does not appear to be a r e s u l t 

of any i n c r e a s e i n the d i v i s i o n r a t e of the organisms, and 

i s simply a consequence of t h e i r negative s i n k i n g r a t e s . 

LUND (1965) pointed out the apparent disadvantages to these 

organisms of s u r f a c e exposure to high l i g h t i n t e n s i t y and 

temperature. The observations that they r e l e a s e 

phycocyanin and accumulate at the s i d e s of l a k e s , i n d i c a t e 

t h a t s u r f a c e accumulation has d e l e t e r i o u s consequences to 

the i n d i v i d u a l organism. 

However, i f one examines t h i s phenomenon i n a wider 

context, i t becomes apparent that s u r f a c e bloom formation 

may be advantageous to the aquatic ecosystem. The 

c o n d i t i o n s a s s o c i a t e d with s u r f a c e bloom formation such as 
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high temperature and l a c k of turbulence, w i l l a l s o r e s u l t 
i n the establishment of a thermocline. Under these 
c o n d i t i o n s n u t r i e n t exchange between sur f a c e waters and 
the n u t r i e n t r i c h hypolimnion w i l l be prevented. The 
breakdown of blue-green algae i n the l i t t o r a l may provide 
a s i g n i f i c a n t source of n u t r i e n t s , phosphorus i n p a r t i c u l a r . 
HUTCHINSON (1941) has shown that i n L i n s l e y Pond, Connecticut, 
IdaoEct the phosphorus of the epilimnion i s replaced from the 
l i t t o r a l about once every three weeks during the summer. 
S i m i l a r l y , the high concentration of blue-greens per u n i t 
volume i n the s u r f a c e waters w i l l provide i d e a l conditions 
fo r e f f e c t i v e predation by herbivores, r e s u l t i n g i n ra p i d 
n u t r i e n t r e - c y c l i n g . 

6. The c o n t r o l of blue-green a l g a l blooms by 
d e s t r u c t i o n of gas-vacuoles 

I t i s apparent that the success of the planktonic blue-

green algae i n l a k e s and r e s e r v o i r s i s i n great measure 

due to t h e i r a b i l i t y to f l o a t . I f one seeks e f f e c t i v e 

methods of c o n t r o l l i n g these organisms, an obvious target i s 

the gas-vacuoles, because these s t r u c t u r e s f u l f i l the 

buoyancy f u n c t i o n . Two methods of destroying gas-vacuoles 

appear a v a i l a b l e : the s e l e c t i v e d e s t r u c t i o n of the gas-

vacuole membrane, and the d i s r u p t i o n of gas-vacuoles by 

pr e s s u r e treatment. 
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The former method does not seem very p r a c t i c a l i n the 
l i g h t of the present s t u d i e s , which i n d i c a t e the proteinaceous 
nature of the g a s - c y l i n d e r membranes ('Discussion', Section 
3 ) . P r o t e o l y t i c enzymes are not i n general very s p e c i f i c 
and s t r u c t u r a l p r o t e i n " i n v i v o " i s very r e s i s t a n t to 
d i s r u p t i o n . I t i s p o s s i b l e that some organisms may have 
evolved enzymes to d i s r u p t v i r a l coat p r o t e i n as part of a 
c e l l u l a r defence mechanism. I f one accepts that t h i s 
p r o t e i n i s homologous to g a s - c y l i n d e r membrane pr o t e i n , 
then these h y p o t h e t i c a l enzymes should be sought. However, 
v i r a l coat p r o t e i n does appear to be r e s i s t a n t to d i g e s t i o n 
as evidenced by the s t a b i l i t y of v i r u s e s w i t h i n the gut 
of aphid s p e c i e s (SMITH, 1965). Therefore, the search 
f o r a s e l e c t i v e agent to d i s r u p t gas-cylinder membranes does 
not appear to be a very f r u i t f u l one. 

D i s r u p t i o n of gas-vacuoles by pressure treatment appears 

to be a s u i t a b l e approach to the c o n t r o l l i n g of blue-green 

a l g a l blooms. I f t h i s method i s applied, i t i s important 

t h a t i t i s timed to c o i n c i d e with maximum development of 

the blue-green algae. At t h i s stage most of the a v a i l a b l e 

n u t r i e n t s w i l l have been imbibed by these organisms. 

D e s t r u c t i o n of t h e i r gas-vacuoles w i l l r e s u l t i n the 

sedimentation of the organisms i n t o the hypolimnion and 

removal of a v a i l a b l e n u t r i e n t s f o r a r e c u r r e n t bloom. 
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I f n u t r i e n t s are not removed, and, i n the absence of 
competition from blue-green algae, i t i s probable that 
other organisms would develop. There are other conditions 
f o r the s u c c e s s f u l a p p l i c a t i o n of t h i s method of 
c o n t r o l l i n g blue-green a l g a l blooms. F i r s t l y , i t must 
be a p p l i e d during conditions of s t r a t i f i c a t i o n and low 
wind speeds, otherwise the organisms might be resuspended 
by turbulence. Secondly, the treatment must be reapplied 
on s u c c e s s i v e days to prevent e f f e c t i v e gas-vacuole 
redevelopment ('Results', Section 21). 

I n c o n c l u s i o n to the present s t u d i e s , i t i s hoped that 

the hypothesis t h a t gas-vacuoles have a v i r a l o r i g i n w i l l 

prove a f r u i t f u l b a s i s f o r future s t u d i e s on these unique 

s t r u c t u r e s . The wealth of our knowledge on v i r u s e s and 

the numerous techniques a v a i l a b l e to i n v e s t i g a t e them 

suggests that t h i s hypothesis could be adequately t e s t e d . 

I f the v i r a l o r i g i n of g a s - c y l i n d e r s was proved, then the 

problems of g a s - c y l i n d e r c o n s t r u c t i o n , s y n t h e s i s and 

development would become s p e c i a l examples of v i r a l development 

and j u s t l y belong w i t h i n the f i e l d of virology. 
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APPENDIX 

A review of the o p t i c a l microscope observations on 
gas-vacuoles i n blue-green algae 

The present thesis has been concerned with the nature 
and functional significance of gas-vacuoles i n planktonic 
blue-green algae and has reviewed some of the o p t i c a l 
microscope observations of gas-vacuoles i n these organisms. 
However, there are a considerable number of early references 
to gas-vacuoles being present i n non-planktonic species of 
blue-green algae. As these observations are of some 
comparative interest they are b r i e f l y summarised below. 
A complete reference l i s t of a l l the gas-vacuolate species 
(planktonic and non-planktonic) reported by GEITLER (1932), 
i s given at the end of t h i s review. 

A problem arises i n the interpr e t a t i o n of some of the 
references becaoxse authors do not invariably use pressure-
treatment to characterise gas-vacuoles. The reported gas-
vacuoles may represent pink, r e f r a c t i l e nucleoplasm (SMITH 
and PEAT, 1967a), or pink, r e f r a c t i l e vacuoles (intralamellar 
vesicles) which occur i n the older c e l l s of Anabaena 
flos-aquae D124 ('Results', Section 12, p.56). The term 
" r e f r a c t i l e " employed i n these above descriptions i s used 
to mean that the structures have a r e f r a c t i l e index 
greater than that of t h e i r surrounding medium. 
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LANG (1968) and PFENNIG (1967) describe individual 
gas-vacuoles as highly r e f r a c t l i e . This use of the term 
" r e f r a c t i l e " merely implies that gas-vacuoles possess a 
di f f e r e n t r e f r a c t i v e index from that of the surrounding 
medium. However, to avoid confusion with other c e l l 
inclusions i t i s more exact to describe gas-vacuoles as 
structures of low re f r a c t i v e index within a medium of higher 
r e f r a c t i v e index. When observed with the normal transmission 
o p t i c a l microscope, gas-vacuoles appear as reddish structures 
with black margins. This appearance i s d i f f e r e n t from a l l 
other c e l l inclusions and, on i t s own, i s probably an 
adequate diagnostic feature with which to characterise gas-
vacuoles. Thus, although some of the following references 
must be accepted with caution, because gas-vacuoles were 
not characterised by pressure treatment, most references 
are probably v a l i d , i f the authors were fam i l i a r with the 
d i s t i n c t i v e o p t i c a l properties of gas-vacuoles. 

Gas-vacuoles were reported to be present i n sapropelic 
mud-inhabiting forms of blue-green algae by BORNET and 
THURET (1880), VAN GOOR (1918) and VAN GOOR (1925). 
O s c i l l a t o r i a gutullata, 0. limosa, and O. chalybea, were 
observed i n the mud examined by VAN GOOR (1918). Gas-
vacuoles occupied positions adjacent to cross-walls i n the 
l a t t e r two species and 0. g u t t u l l a t a was reported to possess 
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single, perfectly spherical gas-vacuoles i n some c e l l s . 
Sapropelic Oscillatoriaceae containing gas-vacuoles; were 
also reported by LAUTERBORN (1915) and BflCHER (1949). 

B5CHER (1949) conducted a thorough survey of the mud at 
the bottom of a small brackish-water lagoon i n N. W. 
Zealand. He reported that of the 44 species of blue-
green algae which were pr~esent, seven species were gas-
vacuolate. The gas-vacuolate species were, O s c i l l a t o r i a 
putrida, 0. fulgens, 0. m i r a b i l i s , Pseudanabaena biceps, 
P. galeata, Synechococcus cedrorum and Synechocystis 
miniscula. The O s c i l l a t o r i a species showed gas-vacuole 
development which was r e s t r i c t e d to the regions of c e l l s 
adjacent to cross-walls. Some of the associated bacteria 
showed similar gas-vacuole development to the blue-green 
algae. KOLKWITZ (1928) also observed gas-vacuoles i n 

with 
bacteria associated/sapropelic blue-greens. 

Other references to gas-vacuoles being present i n 
blue-green algae which are not t r u l y planktonic are 
r e s t r i c t e d to the reports of gas-vacuolate hormogonia. 
Calothrix anomala (Cambridge Culture Collection number 1410/4) 
was seen to detach i t s terminal c e l l s to form gas-vacuolate 
hormogonia (R. V. SMITH, personal observations). BORNET 
and THURET (1880) were the f i r s t to report thi s type of 
development i n Nostoc l i n c k i a and observed gas-vacuoles 
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("gros granules rougeatres tres refringent") i n hormogonia 
which developed from germinating spores. 

LEMMERMAN (1898) observed gas-vacuoles i n hormogonia 
of Phormidium ambiguum, and suggested that they played an 
important role i n the dispersal of t h i s species. 
LEMMERMAN (1901) reported a similar development of hormogonia 
i n Lyngbya a e s t u a r i i . GORBUNOVA (1960) cultivated Amorphonostoc 
punctiforme on agar plates and observed hormogonia development. 
I n i t i a l l y , hormogonia c e l l s were densely packed with gas-
vacuoles. However, gas-vacuoles started to disappear a f t e r 
12 hours and had completely disappeared by the f i f t h day. 
I t i s apparent from the many reports of gas-vacuole 
development i n non-planktonic species that gas-vacuole 
development may only las t a short time. In contrast, gas-
vacuole development i n planktonic species appears to be a 
reasonably constant feature of these organisms. Apparent 
exceptions to t h i s generalisation are the observations of 
non-gas-vacuolate c e l l s i n colonies of Microcystis flos-aquae 
(HORTOBAGYI, 1954) and Microcystis aeruginosa (JOST and 
ZEHNDER, 1966). I t also i s apparent from examining the 
l i s t of species reported to contain gas-vacuoles by GEITLER 
(1932), shown below, that only i n planktonic species are 
gas-vacuoles employed as a diagnostic character i n the 
i d e n t i f i c a t i o n of blue-green algae. The presence of gas-
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vacuoles i n Microcystis aeruginosa was used as a diagnostic 
feature i n the i d e n t i f i c a t i o n of t h i s species by GEITLER 
(1932). However, the observation of the absence of gas-
vacuoles i n the s t r a i n of the organism examined i n Part I 
of the present thesis shows the danger of relying on one 
diagnostic character to d i f f e r e n t i a t e species. 

The following species are reported by GEITLER (1932) 
to contain gas-vacuoles. Those species which are d e f i n i t e l y 
not plankton forms are indicated as "+". Species where 
gas-vacuoles are a diagnostic character i n t h e i r 
i d e n t i f i c a t i o n are indicated as "*". 

Anabaena aphanizomenoides, A. ba l t i c a , A. b e r g i i , A. 
boiochonzewii, A. c i r c i n a l i s , A. e l l i p t i c a , A. flos-aquae, 
A. halbfassi, A. levanderi, A. macrospora, A. planctonica, 
A. scheremetievi, A. spiroides, A. utermohli, A. v a r i a b i l i s , 
A. Werneri. 

Anabaenopsis a r n o l d i i , A. ele n k i n i , A. m i l l e r i , A. nadsonii. 

Aphanizomenon flos-aquae, A. ovalisporum. 

Aphanocapsa sideroderma*. 

Aphanothece pulverulenta*. 

Aulosira planctonica*. 
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Chroococcus cumulatus*. 

Coelosphaerium dubium*, C. naegelianum*, C. natans*. 

Gloeotrichia echinulata*, G. natans. 

Haliarachne l e n t i c u l a r i s . 

Lyngbya a e s t u a r i i , L. bo r g e r t i , L. hieronymusii, L. 
pseudospirulina. 

Merismopedia marssonii*, M. t r o l l e r i * . 

Microcystis aeruginosa*, M. aphanothecioides+, M. elabens, 
M. elabentioides"^, M. firma*, M. flos-aquae*, M. fusca"^, 
M. marginata*, M. protocystis*, M. pseudofilamentosa*, 
M. s c r i p t a * , M. v i r i d i s * . 

Nostoc kihlmani , N. planctonicum , 

O s c i l l a t o r i a agai-^hii*, 0. amphigranulata"*", 0. guttulata"*", 
0. l a c u s t r i s , ,0. lauterbornii"*", O. mougeotii+, 0. planctonica, 
O. p r o l i f i c a , 0. r a c i b o r s k i i * , 0. redekei, O. rosea, 
O. rubescens, 0. trichoides. 

Pelagothrix clevei. 

Phormidium ambiguum"^. 

Spirulina pseudovacuolata*. 

(TOTAL: 68 species). 
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Summary. A n investigation was made of 5 species of blue-green algae reported 
to contain gas-vacuoles. All organisms were grown and harvested under standard 
conditions. Gas-vacuoles were characterised as reddish structures which are de­
stroyed by applying-pressure. Using a simple direct preparation technique gas-
cylinders were observed with the transmission electron microscope in gas-vacuolate 
cells. Gaa-vacuoles were present in the strains of Anahaena jlos-aquae, Oloeotrickia 
echinulata and Oscillatoria agardhii studied and absent from Microcystis aerugiiiosa 

• and Nostoc lirickia. The reddish, refractile'centrararea;of'^?'. Knclcia andM. aerugi­
nosa cells was tentatively identified as nucleoplasm. Gas-vacuoles are collections 
of gas-cylinders 70 mfi wide, which in A. flos-aquae and 0. echinulata are clearly 
bounded by photosynthetic lamellae and associated with a-granules. The presence 
of bounding photosynthetic lamellae in these species is suggested as a causal factor 
of the unusual optical properties of their gas-vacuoles. The range of lengths of 
gas-cylinders in G. echinulata and 0. agardhii is from 100 mjx to 500 mfx and in 
A. flos-aquae it is from 100 mjjt to 1300 mjx. The percentage of cell volume occupied 
by gas-vacuoles was estimated by direct measurement. In A. flos-aquae and 0. echi-
nviata it was 22%.. In 0. agardhii gas-cylinders were not clearly associated with 
photosynthetic lamellae and a-granules and': occupied 39% of cell volume.-Gas-
cylinder membranes showed reasonable preservation in KMn04 and ..excellent 
preservation in OsOj. The widths .of membranes after treatment with these two 
fixatives was 3 mpi and 2 m|x respeetively. : 

Gas-vacuoies of blue-green' algae are characterised with the Ught 
microscope as reddish structures of low refractive index which are destroy.-
,ed by applying pressure. The early literature is reviewed by F O G G (1941). 

HopwooD and GLATTEET (1960), STJN (1961), CHAPMAN and SALTON 
(1962), and G I B S Y (1962) undertook fine structure studies of species of 
blue-green algae and reported irregular lacunae which were identified as 
gas-vacuoles. These authors did not attempt to correlate their observati­
ons of fine structure with light microscope characterisation of gas-vacuol­
es. BowEN and J E N S E N (1965), JOST (1965), JOST and M A T I L E (1966), 

and J O S T and Z E H N D E R (1966) made light and electron microscope studies 
of gas-vacuolate species and characterised the gas-vacuoles as three-
dimensional packed arrays of electron transparent cylinders. A disadvan­
tage of the published accounts is the absence of any attempt to relate the 

. gasrvacuoles to other features.of cell structure. 

8* 
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The present paper reports the results of an investigation of 5 species 
reported to contain gas-vacuoles by G E I T L E E (1932). Observations were 
made on normal vegetative ceUs of these species. The presence of gas-
vacuoles in heterocysts, akinetes and other cell types will be reported in 
a later paper. The terminology of PA^TKBATZ and B O W E N (1963) was used 
throughout the paper to describe the cellular morphology. 

Material and Methods 
The details of the methods of cultivation of the organisms and the preparation 

procedures for electron microscopy are in general the same as those used by PEAT 
and WHITTON (in press). 

Species Studied. Details of the origins of the cultures used are given in Table 1. 

Table 1. Details of cultures studied 

Culture Culture 
Organism Source no. at no. at 

Source Durham 

AnabaerM flos-aquae Westfield College, London 124 
Oloeotrichia echinulata Cambridge 1432/1 126 
Oscillatoria agardhii P.B.A., Windermere 

1432/1 
132 

Nostoc linckia C.S.S.R. culture collection 125 130 
Microcystis aeruginosa Cambridge 1450/1 127 

Cultivation. The organisms were grown in shake culture in modified ASM—1 
medium (GOBHAM ei al., 1964) with twice the level of phosphate, at a light intensity 
of 2000 metre candles and a temperature of 20° C. Cells of each organism were 
harvested from the late log phase of growth when they are in a healthy, actively-
growing state. / 

Direct Preparation Technique. Cells were fixed on a grid with OsOj vapour for 
30 seconds. The preparation was then dried in an oven for 10 minutes at40°C. After 
washing in distilled water and subsequent drying, the cells were first examined 
with a light microscope and then with an BM6B electron microscope. 

Preparation of Sectioned Material. Since gas-vacuoles are destroyed by centri-
fugation, cells were concentrated on Millipore filters. The filters were placed directly 
in the fixing fluid and dissolved in the subsequent preparation procedures. Two 
methods of fixation were employed: 2"!^ KMnO, for 1 hour at room temperature 
and l°/o OsO^ buffered at pH 6.1 for 3 hours at room temperature (PAUKEATZ and 
BowEN, 1963). Fixed material was dehydrated through an ethanol series and 
embedded in Araldite. Sections were cut on an L K B ultrotome and stained with 
lead citrate (REYNOLDS, 1963) before examination with an E M 6 B electron micro­
scope. 

Results 
1. Light microscope observations 

In the log phase of growth all normal vegetative cells of .4. flos-aquae, 
when viewed at low magnification, contain black structures. At high 
magnification these non-refractile structures appear reddish with black 
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margins. They are d is t r ibuted between the peripheral and central parts 
of the cell. Cells f r o m trichomes o f G. echinulata contain large structures 
which sometimes occupy almost the to ta l volume of the cells. These have 
optical properties similar to those found i n A. flos-aquae. Areas o f the 
cell which appear u n i f o r m l y green and occasionally containing small 
i r regular ly shaped reddish bodies are interspersed w i t h these structures. 
Cells o f 0. agardhii trichomes have a reddish, granular appearance. No 
discrete reddish structures o f the type described f o r A. flos-aquae and 
0. echinulata can be observed. Cells of M. aeruginosa and iV .̂ linckia have 
red, refract i le central areas which do no t appear black at low magnifica­
t i on . 

The reddish structures present i n the cells o f A. flos-aquae and G. 
echinulata and the reddish appearance of 0. agardhii cells are destroyed 
b y centr i fugat ion at a pressure of 3.72 atmospheres. The cells have a trans­
lucent green appearance after pressure treatment. No changes were ob­
served i n the appearance o f M. aeruginosa and iV .̂ linckia cells af ter such 
t reatment . 

2. Electron microscope observations 
a) Di s t r i bu t ion o f gas-cylinders 

F i g . l shows a direct preparation o f A. flos-aquae. The reddish, non-

refracti le areas of cells remain visible af ter fixation w i t h OSO4 vapour. 

The posit ion o f these cells on the gr id was determined w i t h the hght 

Fig. l . Direct preparation of A. flos-aquae showing distribution of gas-cylinders. 
OSO4 fixation. Mag. 12,000 x . The symbols used for all photographs are as follows: 
ed electron-dense body; med membrane surrounding electron-dense body; 
/ nucleoplasmic fibril; g gas-cylinder; gm gas-cylinder membrane; ( lamellae; 

pb polyhedral body; a a-granules 

microscope and they were then examined w i t h the electron microscope. 
The bundles of gas-cylinders correlated w i t h the presence of reddish, 
non-refracti le areas and this technique provides a simple test for the 
presence of gas-cylinders. Gas-cylinders were observed i n preparations 
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Fig.2. General cell view of A. flos-aquae showing distribution of gas-cylinders and 
their association with lamellae and a-granules. KMn04 fixation. Mag. 17,500 x 

Fig.3. Appearance of gas-cylinders in transverse sectional view in A. flos-aquae. 
KMnOi fixation. Mag. 41,000 x 






































