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plot shown in figure 1. This energetics plot reveals that for 
a range of frequencies net work per cycle is being done by 
the muscle (i. e. W positive) and reaches a maximum. As 
frequency is increased, W begins to decrease and becomes 
zero approximately at the frequency where dynamic stiff- 
ness is a minimum (figure la). This frequency is denoted by 
fe  At this frequency, E also reaches a minimum. Beyondfd, 
viscous effects dominate and W becomes negative. In the 
vicinity offa therefore, a change occurs in the performance 
of the muscle, with net work being done before fd, while 
viscous effects dominate at frequencies beyond fa. As 
frequency is increased further, W goes through a minimum 
and then begins to increase again. This is paralleled by a 
steady increase in E. Therefore at higher frequencies anoth- 
er change appears in muscle behaviour - from one where 
viscous effects are at their peak to behaviour which 
becomes more like that of an elastic device. This tendency 
towards elastic behaviour at higher frequencies is in agree- 
ment with tension transient studies performed on living 
frog fibres 1~ 
Implications of these studies to the mechanical response of 
tetanized muscle when subjected to sinusoidal length 
changes was highlighted by a study performed by Steiger 
and Rtiegg 11. They found that activated insect fibrillar 
muscle, when driven with small-amplitude sinusoidal per- 
turbations, not only performed oscillatory work (i.e. W pos- 
itive) but also displayed what was termed an 'oscillation- 
induced extra ATPase'. This oscillation-induced extra AT- 
Pase (termed the biochemical equivalent of the Fenn 
effect) varied with frequency of oscillation in a similar 
manner to the work curve. No extra ATPase was induced 
for frequencies greater than the frequency where dynamic 
stiffness was minimum (i.e. fd). They concluded that work 
per cycle and ATPase activity reflect a frequency depen- 
dence of actin-myosin interaction rate in a sliding filament 

system. For  the limited frequency range investigated by 
Steiger and Rtiegg u the oscillatory work curve obtained by 
them agreed with the work curve shown in figure 2. 
When the temperature of the bathing solution was changed 
we observed the stiffness minimum, and hence the frequen- 
cy where extra induced ATPase activity ceased, to move. 
Figure 3 shows this temperature dependence for the range 
18-28 ~ The Arrhenius plot revealed an activation energy 
of the process reflected by the parameter fa, to be 
18 kcal/mole. This figure is in close argreement with values 
quoted for the activation energy of ATPase activity of 
myosin 12 which was proposed as the rate limiting step of 
the cross-bridge cycle. 
To further investigate this temperature dependence a more 
efficient procedure for obtaining frequency responses must 
be employed. Reports on this are in preparation. 
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Summary. The importance of amino acids in the induction of zygospores in mucors has been realized for the first time. It 
was found that in the thermophilic species Mucor miehei zygospores at high temperatures (40-50 ~ can be induced by 
addition of phenylalanine and aspartic acid. 

During our studies of thermophilic fungi it was observed 
that the homothallic and thennophilic species Mucor mie- 
hei Cooney and Emerson produces zygospores at 35 ~ but 
fails to produce them at 50+ 1 ~ Earlier, Lasure and 
Ingle 2 had also observed that this otherwise homothallic 
species failed to produce zygospores and a pigment at 
higher temperatures (45 ~ It was thought that such fungi 
are possibly able to produce certain essential amino acids 
for the induction of zygospores at low temperatures but fail 
to do so at high temperatures. This expectation has been 
justified by subsequent studies. They are briefly reported 
here. 
Our own isolate of M.miehei, obtained from soil, was 
grown in flasks with a medium containing: dextrose 40 g; 
KH2PO4 0.5 g; MgSO4.7 H20 0.25 g; thiamine chloride 
0.5 mg; asparagine 2 g, and 1000 ml distilled water. For  
each experiment 1 set of  9 replicates was incubated at 35 ~ 
and another set at 50 ~ At the end of the 4th, 8th and 12th 
day of incubation a set of 3 flasks were taken out from each 
of  the 2 incubators and the contents of each set was 

separately passed through a filter. The mycelial extract of 
each set was obtained in ethanol and then analysed chro- 
matographically for its amino acid content following Cons- 
don et al. 3. Phenol, saturated with ammonia solution, and a 
mixture of n-butanol-acetic acid and water (4:1:5) were 
used as 1st and 2nd running solvents, respectively. Ninhy- 
drin at a concentration of 0.1% (w/v) in n-butanol was 
sprayed to locate the amino acid and amide spots. The 
spots were developed on heating the chromatograms for 
20 min at 80 ~ 13 amino acids were detected (table 1) in 
the colony grown at 35 ~ but only 8 were found in the 
mycelium growing at 50 ~ The 5 amino acids missing at 
50 ~ were aspartic acid, ~-amino n-butyric acid, aspara- 
gine, leucine and phenylalanine. From this it was con- 
cluded that 1 or more of these 5 amino acids are possibly 
essential for the initiation of sexual activity in the fungus 
and failure of the fungus to synthesize them at high 
temperature is responsible for the absence of  zygospores at 
that temperature. This conclusion was substantiated by the 
experiments that followed. 



54 Experientia 36 (1980), BirkMuser Verlag, Basel (Schweiz) 

Table 1. Table showing the presence of different amino acids at 35 and 50 ~ in the mycelium of Mucor miehei 

Amino acids 4th day 8th day 12th day 
35 ~ 50 ~ 35 ~ 50 ~ 35 ~ 50 ~ 

1 Asparagine + - + - + - 
2 Aspartic acid + - + - + - 
3 a-Alanine + + + + + + 
4 )~-Amino-n-butyric acid + - + - + - 
5 Glutamine + + + + + + 
6 Glutamic acid + + + + + + 
7 Glycine + + + + + + 
8 Histidine + + + + + + 
9 Leucine + - + - + - 

10 Lysine + + + + + + 
11 Phenylalanine + - + - + - 
12 Serine + + + + + + 
13 Valine + + + + + + 

+ ,  Present; - ,  absent. 

Table 2. Effect of aspartic acid and phenylalanine on zygospore formation at 50 ~ 

Amino acid Dextrose Nitrogen concentration (g/l) 
1.5 1 0.5 

Aspartic acid 10 g - + + 
5g + + + +  
4g  + - 
2g  - - 

Phenylalanine 10 g + + + 
5g  + + + +  
4g + - 
2g  - - 

+ 

+ 
+ + +  

- ,  No zygospore; + few zygospores; + +,  many zygospores; + + +,  

Excluding asparagine,  which  had  a l ready been  tested, be ing  
a const i tuent  of  the init ial  med ium,  the r ema in ing  4 amino  
acids were supplied to the fungus  grown at 50~ by 
incorpora t ing  t hem singly in the basal  med ium.  The  basa l  
m e d i u m  used was the same as for the previous  exper iments  
except tha t  ins tead of  40 g of  dextrose, 5 g was used and  
asparagine was replaced by  1 of  the r ema in ing  4 amino  
acids singly in quant i t ies  so as to supply the same a m o u n t  
of  n i t rogen as in  asparagine.  It was observed  ( table 2) tha t  
out  of  the 4 amino  acids tested aspart ic  acid and  phenyla la-  

abundant zygospores. 

nine were able to induce  a b u n d a n t  zygospore fo rma t ion  at 
50 ~ in M. miehei. Fur the r  studies on  the role of  amino  
acids in  zygospore fo rma t ion  at h igh  t empera tu res  in  ther-  
mophi l ic  fungi  are in  progress. 
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Summary. The  structure of  a new natura l ly-occurr ing azulene,  1-s tearoyloxymethylene-4-methyl -7- i sopropenylazulene ,  
ob ta ined  f rom an  acetone extract  of  the b lue  m u s h r o o m  Lactarius indigo, has  b e e n  d e t e r m i n e d  by  chemica l  and  spectral  
methods.  

Azulenes  have  b e e n  ob ta ined  f rom a wide var iety of  p lan t  
sources 4, bu t  in  a lmost  all cases, these p igments  are not  
present  in  the l iving p lan t  bu t  are fo rmed  dur ing  isolat ion 
f rom suitable precursors  5. We  wish to repor t  the occurrence 
of  evidently pre-existing, exceedingly sensitive azulenes  in 
the m u s h r o o m  Lactarius indigo, and  the de t e rmina t ion  of  
the structure of  the m a i n  b lue  azulene f rom this species. 
Fresh  sporophores  of  fungi f rom this large genus  con ta in  a 

6 true latex which,  in  a n u m b e r  of  species, is h ighly  colored. 
The  only such species s tudied chemical ly  so far, the orange  
L. deliciosus (Fr.) S.F. Gray,  has  yielded 2 azulenes,  the 
blue lac tarazulene  (1) 7 and  the reddish-viole t  lactaroviol in  
(2) 8. However ,  ne i the r  of  these occurs as such9; the orange  

color of  the fungus  is due, in  E u r o p e a n  specimens,  to the 
extremely sensitive d ihydroazu lenes  (3) and  (4) 1~ while 
fungi f rom Cal i fornia  have  yielded lac tarofulvene  (5) 11. 
The  isolat ion of  these p igments  f rom a Lactarius species 
suggested the in t r iguing possibil i ty tha t  the color of  the 

12 deep blue latex of  young specimens  of  L. indigo migh t  be  
due to pre-exist ing azulenes.  We  have now shown that  this 
is indeed  true. 
Pre l iminary  ch romatograph ic  studies on  1 young  spec imen  
of  L. indigo found  in Potomac,  Mary land ,  several  years ago 
seemed to show the presence of  1 b lue  p igment ,  ext rac table  
with acetone and  soluble in hexane .  The  absorp t ion  spec- 
t rum of  the crude p igment  suggested an  azulene  re la ted to 1 


