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Summary. The ac t iv i ty  of reducing glycolytic enzymes  is s ignif icant ly  higher  in ex t rac t s  f rom vege ta t ive  compared  
wi th  d i f ferent ia ted  cul tures  of Neurospora and  Allomyces. The reducing power,  which is cy tochemica l ly  shown to be 
localized in the  vege ta t ive  hypha l  tips,  fades a t  di f ferent ia t ion.  

H y p h a l  t ips  are depr ived  of mi tochondr i a  2 b u t  filled 
wi th  small  vesicles associa ted wi th  wall ex tens ion  3. In  
1957, we had  men t ioned  t h a t  the  apices of h y p h a e  f rom 
Allomyces can reduce th ion ine  and me thy lene  blue ~. In 
Neurospora, the  hypha l  apices were shown to  be nega t ive  
to cy tochemica l  t es t s  for succinate  dehydrogenase  and 
cy toch rome  oxidase while being especially posi t ive  for 
-SH groups 5. 

Specific activities~ of u-lactate dehydrogenase (v-LDH) and ethanol 
dehydrogenase (ADH) compared in homogenates from vegetative 
and differentiated stages of Allomyces arbuscula and Neurospora 
Cr~ssa. 

Developmental stage u-LDH ADH 

A. arbuscula 
Vegetative 
Differentiated (gametangia) 

N.  crctssg~ 
Vegetative 
Differentiated (conidiated) 

1.66 
0.52 

6.75 
1.52 

A O.D. 340 nln (NADH) { rain / lj.g protein13; average of 3 exper- 
iments. 

In  a search for a funct ional  exp lana t ion  of the  mecha-  
n i sm of contro l  of h y p h a l  e longat ing g rowth  versus  apical 
d i f ferent ia t ion  to  gametang ia  or to  conidia  6,7, we have  
fu r the r  compared  the  reducing power  of vege ta t ive  hypha l  
t ips  wi th  t h a t  of d i f ferent ia t ing  apices, b o t h  by  enzy- 
mat ic  and cy tochemica l  techniques .  

For  the  enzymat i c  studies,  we have  chosen two te rmi-  
nal  glycolyt ic  enzymes,  name ly  D- lac ta te -dehydrogenase  
(LDH) for AUomyces s and  e thano l -dehydrogenase  (ADH) 
for Neurospora 9. In  A. arbuscula, soluble f ract ions ex- 
t r a c t ed  (100,000 gl0) f rom mycelial  balls bear ing only 
vege ta t ive  h y p h a l  t ips  (3 days  g rowth  in ag i t a ted  GCY 
med i u m a t  25~ ~) were compared  for the i r  L D H  ac t iv i ty  
w i t h  homogena~ces w i th  balls bear ing  d i f fe ren t ia ted  ga- 
me tang ia  (3 days,  in ag i t a ted  G2Y med i u m a t  25~ 
In  N. crassa, homogena te s  (10,000 g) f rom vege ta t ive  my-  
celial ma t s  ob ta ined  af ter  60 h of s t a t i ona ry  g rowth  in an 
ammonium-suc rose  med i u m 12 were compared  wi th  those  
f rom the  same ma t s  b u t  8 h af ter  the i r  t r ans fe r  into a 
p h o s p h a t e  solut ion (0.1 M, p H  7.2), on glass beads,  to 
induce apical  d i f ferent ia t ion  of macroconid ia  (with 
KENNV, unpubl ished) .  Our resul ts  show t h a t  b o t h  vege- 
t a t i ve  A llomyces and  Neurospora have  s ignif icant ly  higher  
glycolytic act ivi t ies  (Table) in ag reemen t  wi th  the  pre-  
viously  recorded a b u n d a n t  l ibera t ion in to  the  f i l t ra tes  of 
lactic acid ~0 and e thanol  9, respect ively .  They  also re- 
inforce our previous  view 1~ t h a t  t he  nega t ive  react ions 
ob ta ined  wi th  the  cy tochemica l  t e t razo l ium tes t s  for bo th  
L D H  and ADH,  which are necessar i ly  made  in the  oxi- 
dizing di rect ion for subs t ra tes  (with NAD reduction),  
were due to  the  reducing power  localized in the  hypha l  
t ips.  

F r o m  t h e  enzymat i c  results ,  we have  assumed t h a t  the  
required reduced  coenzyme N A D H  should be more  highly  
concen t r a t ed  in w h a t  can be considered the  different ial  
zone when  vege ta t ive  h y p h ae  are compared  to sporogenic 
ones, n ame l y  in the  ami tochondr ia l  t ips  in which  act ive 
glycolysis should therefore  occur. Such localized high 
p roduc t ion  of N A D H  genera t ing  e i ther  lactic acid or 
e thanol ,  super imposed  on the  p r e s u mp t i v e l y  high con- 

Fig. 1. Neutral red staining (10 -t  in phosphate buffer pH 7.0) of 
vegetative hyphae (a-c) compared with that of an aerial hypha in- 
duced to the first conidiogenous apical enlargenient (d). The ve- 
getatlve tips (arrows) are yellow. • 500 (a) and • 700 (b-d). 
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Fig. 2. Right side: vegetative hyphae of Allomyces 
arbuscuIa bathed in an aqueous solution (1.0 4) of 
phenazine methosulfate (PMS) and presenting an 
apical blue hue after 2 min (top) rarely intensified 
(arrow), with brownish transition to yellowish, after 
around 5 rain (below). Left side: vegetative hyphae 
of A. arbuscula progressively reoxidizing methylene 
blue (see text). • 1000 and 1200. 

c e n t r a t i o n  of reducing,  SH-r i ch  glycolyt ic  enzymes  in t h a t  
zone, s t rong ly  sugges ted  t he  occurrence  of a cy tochemi -  
cal ly d e m o n s t r a b l e  h i g h  r educ ing  power  in t he  h y p h a l  
t ips  of b o t h  species s tudied .  

W e  f i rs t  t e s t ed  a v i t a l  s t a in ing  r eagen t  w i t h  low redox  
po ten t i a l ,  n e u t r a l  red (E 'o  a r o u n d  -0v30  a t  p H  7.0, i.e. 
on ly  s l igh t ly  above  t he  -0v32  va lue  of N A D + / N A D H  14). 
Af t e r  s h o r t - t i m e  b a t h i n g  in a 10 -~ p h o s p h a t e  buffered  
(pH 7.0) so lu t ion  of th i s  reagent ,  t he  v e g e t a t i v e  h y p h a e  
of Neurospora crassa showed u n d e r  t he  opt ica l  microscope  
a d i s t i nc t ive  yel low s t a in ing  of t he i r  t ips  c o n t r a s t i n g  w i th  
t h e  red  co lora t ion  deve lop ing  f rom the i r  subap ica l  zones 
(Figure  1, a-c) .  In t e re s t ing ly ,  t he  yel low reac t ion  cor- 
r e s p o n d i n g  to the  sh i f t  to  t he  reduced  form of n e u t r a l  red  
d id  n o t  occur  in en la rged  h y p h a l  t ips  t r iggered  b y  pre-  

Fig. 3. Dark sites of Fe +~ to Fe .~2 reduction as revealed by the positive 
Turnbull blue reaction in the tips of vegetative hyphae of Neuro- 
spora crassa. • 350 and 500. 

l imina ry  t r a n s f e r  in to  p h o s p h a t e  buffer  to  in i t i a te  conid ia l  
d i f f e ren t i a t ion  (Figure 1, d). In  o the r  expe r imen t s ,  we 
could see a decreas ing  yel low to red g r ad i en t  f rom the  t ip  
of g e r m i n a t i v e  t ubes  to  t he i r  bas is  on t h e  conid ium.  

P h e n a z i n e  m e t h o s u l f a t e  (PMS, E ' o  --  + 0v0801.) was  
nex t  tes ted ,  because  of i ts  d i rec t  i n t e r ac t i on  w i t h  pyr i -  
d ino -p ro te ins  w i t h o u t  i n t e r v e n t i o n  of f l avopro te ins  14. 
Vege t a t i ve  h y p h a e  of b o t h  Neurospora an d  A llomyces 
t r an s f e r r ed  u n d e r  covers l ip  in a d rop  of a d i lu te  aqueous  
so lu t ion  of P M S  rap id ly  deve loped  a s o m e w h a t  t r a n s i e n t ,  
s u b v i t a l  b lue  hue  in t h e i r  apices, op t ica l ly  more  vis ible  
in t h e  wider  h y p h a e  of A llomyces (Figure 2, r ight) .  The  
u n r e d u c e d  fo rm of t h e  r e ag en t  t h e n  s t a ined  le thal ly ,  in 
pale yellow, t h e  subap ica l  an d  d i s ta l  zones of the  h y p h a e .  
In  a d i lu te  so lu t ion  of m e t h y l e n e  blue  (E 'o  = + 0v0101~), 
on ly  t h e  h y p h a l  t ips  r e m a i n e d  colourless a f te r  a br ief  
l i f t ing of t h e  coversl ips,  l ead ing  to r eox ida t ion  of t he  
leucobase  in t h e  subap ica l  m i tochondr i a l - r i ch  zone (Figure 
2, left). 

The  s t rong  reduc ing  power  of t h e  h y p h a l  t ips  h a s  been  
f u r t h e r  d e m o n s t r a t e d  b y  a new t e c h n i q u e  invo lv ing  t he  
in i t ia l  b a t h i n g  of a b u n c h  of v e g e t a t i v e  h y p h a e  in a 
d i lu te  aqueous  so lu t ion  of FeCI 3 (10 a, average  10 min) 
followed b y  severa l  wash ings  in dist i l led w a t e r  before  ex- 
posure  to  a d i lu te  aqueous  so lu t ion  of K- fe r r i cyan ide  
(10 -a, ave rage  5 min) ;  a f t e r  f inal  r e p l a c e m e n t  of t h e  ferri- 
cyan ide  so lu t ion  b y  dis t i l led water ,  microscopical  exa-  
m i n a t i o n  of t h e  h y p h a l  apices showed a clear  blue s ta in-  
ing of Fe+~-ferr icyanide c o n c e n t r a t e d  in the i r  t ips.  The  
blue colour  ob t a ined  was denser  in  t h e  h y p h a l  t ips  
of Neuro@ora (Figure 3) t h a n  in  those  of A llomyces. Signif-  
icant ly ,  t h e  T u r n b u l l  b lue  r eac t ion  faded  in the  h y p h a l  
t ips  i nduced  to  d i f fe ren t i a te  (1 h in to  p h o s p h a t e  buffer) .  
The  i ron reductiol~ in t h e  t ips  of growing h y p h a e  is in- 
t e res t ing  f rom t h e  eco-physiological  po in t  of view ; i t  leads 

14 H. R. •AHLER and E. H. CORDES, Biological Chemistry (Harper 
Intern. Edit., New York 1969), p. 872. 
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us to  t h i n k  t h a t  t he  of ten  descr ibed  i ron ox ida t ion  b y  
fungi  15 should  i n t e r v e n e  secondar i ly ,  in  the  subapica l ,  
m i t o c h o n d r i a l  zone of t he  h y p h a e .  The  k n o w n  close r edox  
i n t e r ac t i on  of Fe +a a n d  cys te ine  suggests  t h a t  t he  s t rong  
Fe  +~ to Fe +2 reduc ing  power  of the  h y p h a l  t ips  is reflect-  
ing less the  N A D H  p r o d u c t i o n  (revealed more  specif ical ly 
a b o v e  w i t h  t h e  P M S  tes t )  t h a n  t h e  apica l  c o n c e n t r a t i o n  
of the  su l fhydry l - r i ch  enzym es  (g lyce ra ldehyde -phospha t e  
dehydrogenase ,  hexokinase ,  ADH) .  

The  cyl indrical ,  po lar ized  ex tens ion  of the  h y p h a l  t ips  
is m a i n t a i n e d  as long as pro-g lycoly t ic  cond i t ions  such  as 
semi-anaerobios is ,  h i g h  glucose in a m m o n i u m  med ium,  
excess of a n t i o x i d a n t s  (cysteine,  d i pheny l am i ne ,  etc.) 
are m a i n t a i n e d .  C o n t r a r y  effects  such  as ox ida t ive  s ta r -  
va t ion ,  i n a c t i v a t i o n  of t he  - S H  c o m p o u n d s  ( iodoacetate ,  
H g - c o m p o u n d s ,  qu inones ,  etc.) lead to a p r e m a t u r e  dis- 
a p p e a r a n c e  of the  ap ica l  r educ ing  zone which  is ' i n v a d e d '  
b y  mi tochondr i a .  Thus ,  in Neurospora, t h e  conidiogenic  
t r a n s i t i o n  is m a r k e d  b y  a progress ive  e n l a r g e m e n t  of t he  
h y p h a l  t ip  a c c o m p a n i e d  b y  a loss of t h e  P M S  or Fe  +a re- 
duc ing  power  a n d  a genera l i za t ion  of t he  ox ida t ive  v i t a l  
s t a in ing  w i t h  n e u t r a l  red (Figure 1, d) or J a n u s  green1". 
I n  Allomyces, t h e  c lub- l ike  s tage  shows a general ized re- 
ox ida t i on  of the  m e t h y l e n e  blue  and  no r educ t ion  of 
p h e n a z i n e  mefhosu l fa te .  

W e  can  a d m i t  t h a t  glycolyt ic ,  apical  d o m i n a n c e  over  
the  ox ida t ive  a c t i v i t y  of t he  subap ica l  m i t o c h o n d r i a l  
p o p u l a t i o n  enforces and  m a i n t a i n s  an  ac rope ta l ly  reduc-  
t ive  g r a d i e n t  (t ip redox  va lue  nega t ive ,  ave rag ing  those  of 
N A D H  and  - S H ) .  Such  a r edox  g rad i en t  could p rov ide  
the  e lec t rochemica l  power  p o s t u l a t e d  b y  BARTNICKI- 
GARCIA 17, to  insure  c o n t i n u o u s  polar ized t r a n s p o r t a t i o n  
to t he  growing apex  of t he  wall  p r ecu r so r s - con ta in ing  ve- 
sicles. Conversely,  t he  progress ive  (by ageing) or p r e m a -  
t u r e l y  i nduced  (see above)  loss of the  apica l  r educ ing  
power  ( t h rough  l i f t ing of t he  g lycolyt ic  dominance) ,  
would  t h e n  lead to  a un i fo rm  d i s t r i b u t i o n  of t he  mi to -  
chondr i a l  ox ida t ive  a c t i v i t y  in  the  en la rg ing  h y p h a l  t ip .  
The  un i fo rm  ' ox ida t ive  c l ima te '  t h u s  c rea ted  would  
res t r i c t  vesicles t r a n s p o r t  and  de lay  se t t i ng  of the  wall  
(plast icized for apical  en l a rgemen t )  while  t r igger ing  t r a n s -  
c r ip t ion  of t he  sporogenic  genes in the  apica l  nuclei.  

15 g .  G. MULDER, Rev. Ecol. Biol. Sol 9, 321 (1972). 
16 G. TURIAN, N. ()ULEVE'[ and M. CORTAT, Ann. Microbiol. (Inst.  

Past .  12dA, 443 (1973). 
17 S. BARTNICKI-GARcIA, it1 Microbial Di]/erentiation (Eds. J. M. 

ASHWORTH and J. E. SMITH; Symp.  Soc. gem MlcrobioI., 1973), 
vol. 23, p. 245. 
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Summary. H o m i n g  e x p e r i m e n t s  on  Swiss pigeons show t h a t  the  b i rds  use oI fac tory  cues for n a v i g a t i o n a l  purposes  a n d  
t h a t  o u t w a r d  j o u r n e y  de tou r s  inf luence t he i r  in i t ia l  o r i en ta t ion .  

A few years  ago, I t a l i a n  researchers  p r e sen t ed  a new 
hypo thes i s  of p igeon homing ,  accord ing  to which  o l fac t ion  
p lays  an  i m p o r t a n t  and  specific role in t he  n a v i g a t i o n  
m e c h a n i s m  of these  b i rds  2. Th i s  hypo thes i s  has  been  
s u p p o r t e d  b y  t he  resu l t s  of a long series of e x p e r i m e n t s  
p e r f o r m e d  in T u s c a n y  a n d  in t h e  s u r r o u n d i n g  areasK I n  
add i t i on  to t he  o l fac to ry  cues  de tec ted  whi le  aloft,  
p igeons  m a y  also use those  de t ec t ed  du r ing  t he  o u t w a r d  
journey ,  whi le  t h e y  are  car r ied  to t he  release site. Indeed ,  
w h e n  2 groups  of p igeons  were car r ied  b y  d i f fe ren t  routes ,  
w i t h  the  f i rs t  p a r t  of t he  2 rou tes  be ing  v e r y  d ive rgen t ,  
each  group showed in m o s t  cases t he  t e n d e n c y  to fly in a 
d i rec t ion  which  was r ough l y  be t w een  t he  h o m e  d i rec t ion  
and  the  d i rec t ion  oppos i te  t h a t  of the  f i rs t  s egm en t  of i ts  
o u t w a r d  journey .  Moreover ,  t he  o r i e n t a t i o n  of one group  
was of ten  a t  r a n d o m ,  whereas  t h a t  of t he  o the r  was n o t  
(de tour  effect) 4. 

A m e r i c a n  a u t h o r s  conf i rmed  t h a t  e x p e r i m e n t a l  p igeons  
whose  o l fac tory  r~erves h a d  b e e n  cu t  were m u c h  poore r  
a t  h o m i n g  t h a n  t he  con t ro l  birds ,  b o t h  in t e r m s  of speeds 
a n d  of t he  n u m b e r  of b i rds  lostK However ,  t he i r  a t t e m p t  
to  r e p e a t  two o t h e r  e x p e r i m e n t s  p roduced  resu l t s  wh ich  
did no t  agree w i t h  those  of t he  I t a l i an  workersG, V. This  
fac t  gave  rise to  t he  idea  t h a t  p igeons  m a y  use d i f fe ren t  
n a v i g a t i o n a l  cues accord ing  to  t he i r  s t ra in ,  t he  region in 
wh ich  t h e y  live, or t h e  w a y  in wh ich  t h e y  are rea red  or 
t r a i ned  s. I t  is c o m m o n l y  be l ieved  t h a t  b i rds  m a y  ut i l ize 
cues some of t h e m  repe t i t ive ,  for n a v i g a t i o n a l  purposeg.  
Therefore ,  t he  poss ib i l i ty  t h a t  d i f fe ren t  s t r a ins  m a y  use 
d i f fe ren t  n a v i g a t i o n a l  cues, shou ld  be considered.  How-  

ever,  o the r  e x p l a n a t i o n s  for t he  d iscrepancies  be tween  
t he  resu l t s  of t he  two research  t e a m s  are possible.  

In  th i s  s i tua t ion ,  i t  seemed a p p r o p r i a t e  to  r epea t  3 of 
the  e x p e r i m e n t s  of the  I t a l i a n  workers ,  us ing Swiss 
pigeons.  The  f i rs t  2 e x p e r i m e n t s  h a d  a l ready  been  
r e p e a t e d  in t h e  Sta tes ,  b u t  w i t h  d i f fe ren t  results .  

Materials and methods. The  pigeons  came  f rom the  loft  
of one of us (G. W.) a t  Gr/ ichwil l  and  f rom the  Swiss 
A r m y  lof t  a t  Sand.  B o t h  local i t ies  are nea r  Berne.  The  
b i rds  were d i f fe ren t  in age and  exper ience.  The  p igeons  
for t he  2 g roups  used in t he  1st and  2nd  e x p e r i m e n t s  
were chosen  b y  lot, and  for t he  3rd e x p e r i m e n t  so t h a t  
age di f ferences  were min imized ,  e -p inene  was used in a 
m i x t u r e  of 10 ml  w i t h  50 g of pu re  vasol ine .  This  m i x t u r e  
was sp read  j u s t  before  t he  release on to  t h e  beak  of each  
e x p e r i m e n t a l  b i rd ;  pure  vaso l ine  was appl ied  to t he  
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