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INTRODUCTION 

The sporangiophores  of Phycomyces Blakesleeanus grow exclus ively  at  thei r  t ips.  
As t hey  grow the  sporangia  usua l ly  show rota t ions ,  which are clockwise when seen from 
above.  (OORT 193I ). We  shall  call  this  ro ta t ion  r ight  handed .  OORT AND ROELOFSEN 
(I932), on the  basis  of an inves t iga t ion  of the birefr ingence of the  wall  in the  growth-zone 
(to be cal led in this  ar t ic le  p r i m a r y  wall  or mer i s temat ic  wall), came to the  conclusion 
t ha t  this  wall  possesses a flat Z-spira l  s t ructure*.  Thus :  "Die  Spirale  verl~tuft meistens 
rechts,  bisweilen auch links. Genaue Winke lmessungen  waren n icht  m6gl ich" .  In  one 
figure the  largest  index  of ref rac t ion  is p ic tu red  as mak ing  an angle of 8 ° wi th  the  
t ransverse  direct ion.  

These d a t a  were of too scan ty  a na tu re  to es tabl ish  beyond  doub t  the  existence 
of a Z-spiral .  A survey  of the  recent  l i t e ra tu re  does not  y ie ld  fur ther  observa t ions  on 
this  ma t t e r ,  bu t  confirms the  fact  t ha t  the  double  wall  has  a nega t ive  birefr ingence 
wi th  regard  to the  long i tud ina l  d i rect ion;  consequent ly  i t  mus t  possess ei ther  a t rans-  
verse s t ruc ture  or a spiral  s t ruc ture  mak ing  an angle of less than  45 ° wi th  the  t ransverse  
direct ion.  PRESTON (1948) wri tes :  " I t  is no t  clear in the  l i t e ra tu re  even whether  the  
spi ra l  is left-  or r i gh t -handed" .  We therefore  thought  i t  necessary  to e luc ida te  this  point ,  
and  this  was done b y  means  of: (I) exper iments  on models ;  (2) microscopical  obser-  
va t ions ;  (3) examina t ions  of birefr ingence and  (4) e lec t ronmicrographs .  The  resul ts  of 
(i) and  (2) will be descr ibed in par t  I,  those of (3) and  (4) in Pa r t  I I  of this  publ ica t ion"* .  

Elsewhere (RoELOFSEN, I950 ), the au thor  discusses the  quest ion,  whether  spiral-  
g rowth  is due to the  mechanica l  p roper t ies  of the  cell wal l  only,  or whe ther  i t  is also 
the  resul t  of in tussuscept ion  of the  micro-fibri ls  in some special  way.  

* Following the usage common in the American textile irmustry, we shall speak of a Z-spiral, 
if the part of the spiral nearest to the observer runs in a direction parallel to the middle part of the 
letter Z, the main axis of the spiral being vertical, Its mirror image is an S-spiral. Mathematicians 
artd physicists call a Z-spiral left-handed, many botanists, a.o. OORT AND RO~LOFS~N (l.e.), call this 
right-har~ded. Much confusion has arisen from this. 

** This journal, 6 (1951) 357. 
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§ I .  MODEL E X P E R I M E N T S  ON THE 

ROTATION THAT OCCURS W H E N  SPIRAL SPRINGS ARE STRETCHED OR W H E N  THE 

P R E S S U R E  IS I N C R E A S E D  IN TUBES W I T H  SPIRAL STRUCTURE 

L 

a. Stretching o/ spiral springs 

PRESTON (1948) has drawn attention to the fact that a spiral spring shows a rotation 
of one end relative to the other when stretched. The degree and sense of the rotation 

n 
depend mainly on the steepness of the spiral and the magnitude of the q u o t i e n t - ,  

q 
where n is the torsional rigidity and q the YOUNG'S modulus of the material. In cotton 

fibers a quotient --n of o.155 was found. 
q 

The cylinder in Fig. I represents a sporangiophore in the growth zone. A A"  is 
the growth spiral. In other words, a point A will reach 

~ ' - ~ ' -  "~ - the position A ~ after a growth over the distance Al. The 
F2_ ~ 

~ . . ~ , , ~ ,  " - . j ~  ' angle of the growth spiral is given by tan fl = i8oAl' where 
I 

a = radius, AV = rotation in degrees corresponding to 
an elongation A1. For fl CASTLE found values between 4 ° 
and I8 ° and OORT an average of 5.8 °. 

Assuming that the sporangiophores of Phycomyces 
rotate as the result of the stretching of spirals, that  the 

~t growth zone possesses a spiral structure with an average 
angle of IO ° with the transverse and that  these cells have 
a growth spiral making an angle of 5.8 ° with the longi- 

n 
[ \ l \  ,\ [1 tudinal axis, PRESTON calculates an-q of 0.2 for chitin. 

I ~  ' ~  ~S '  According to him, a spiral would, on being extended, 
rotate in the direction of the spiral itself in those cases 

~ ~  2n. 
u where - -  is less than unity ("the spiral coils up on itself"). 

i f2n  q Fig. I. Growth spiral and becomes greater than unity, the spiral will unwind 
s t r u c t u r a l  s p i r a l  q 

when stretched. Thus PRESTON explains the normal, 
clockwise rotation during growth i.e. the growth spiral A A  ~, by assuming a fibrillar 
structure running parallel to the spiral AS, i.e. an S-spiral. 

However, when we studied (1949) the rotation of wire spirals, it became evident 
that  PRESTON'S interpretation could be valid only under certain conditions. We used 
spirals of iron wire that were extended beyond the elastic limit and also spirals of steel 

2 n  
wire that were extended below the elastic limit. According to the current tables - -  

q 
here equals o.6-o.8, i.e. less than unity. Both reversible and irreversible stretching 
resulted in a rotation in a direction opposite to that of the spiral itself; in other words 
a clockwise rotation for a Z-spiral*. We have previously published a sketch illustrating 
these results and Fig. 2 shows a spiral before and after extension. The rotation can be 

F o r  i n s t a n c e  A S '  i n  F ig .  I .  
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Fig. 2. S-spiral of i ron wire, before and 
after stretching. Note the white  paint  

dots arranged in a Z-spiral 

followed here by examining the position of the 
white dots of paint on this S-spiral. 

According to PRESTON (private communica- 
tion) the formula employed by him is only valid 
for narrow and flat spirals, lightly stretched below 
the limit of elasticity. The models used by PRESTON 
to test his theory were 5 ° cm long and o.5 mm wide. 
We used spirals 5 cm wide. In our opinion, this 
dimension is in better agreement with the relation 
between cell lumen and fibril thickness than that  
of very narrow spirals. 

However, we are of the opinion that  a cell wall 
possessing spiral structure cannot be compared with 
any kind of simple spiral spring. PRESTON (l.c.) also 
suggests that this analogy is open to doubt. Elec- 
tron micrographs show a network of interwoven 
micro-fibrils running in all directions but with a 
preference for a transverse or nearly transverse 
orientation, as is normal for the meristematic cel- 
lulose cell wall and (as will become apparent in 
Part  II) also for the chitin cell wall of Phycomyces. 
These micro fibrils are unlikely to be independent of 

each other and may therefore not be compared with the single spiral of the model ex- 
periments, so that, quantitatively, large differences from the theory are to be expected. 

However, if one wishes to compare a growing cell having spiral structures in its 
wall with a simple spiral spring that is being stretched, then our model experiments 
tend to support the existence of a Z-spiral structure in the meristematic wall of Phyco- 
myces. 

b. Increase o/pressure in tubes possessing spiral structure 

An important difference between the extension of spirals and the elongation of 
cells is that in the latter case elongation is the result of internal pressure. CASTLE (1937) 
and VAn ITERSON (1937) have pointed to the fact that the tension in the wall of a tube- 
shaped, turgid cell is larger in the transverse than in the axial direction. Therefore the 
wall reacts in a quite different way to axial stretching than it does to an increase of 
pressure. The following are striking examples illustrating this difference. 

VAN ITERSON (l.c.) observed that cuticle-free cells of the well-known staminal hairs 
of Tradescantia virginica can, under certain circumstances, rapidly increase in size by 
endosmosis to 2-3 times their original length within a couple of minutes, during which 
process the statistical preference of the fibrils for a transverse orientation is not lost, 
but, on the contrary, is rather increased, since the negative birefringence increases. 

Another example is that of the very rapidly growing stamens of grasses, i-n which the 
negative birefringence is likewise retained during elongation (ScHocH-BODMER, 1939)*. 

* The wall has to be in a special, extensible condition to demonstra te  th is  phenomenon.  FREY- 
WYSSLING AND SCHOCH-BODMER (1938) have reported t ha t  in the grass-s tamens  mentioned,  an 
axial or ientat ion of the fibrils occurs towards  the end of the period of cell-elongation. Probably  
this  applies to the  outer layer of the wall only (RoELOFSEN, I950). 

t?e/erences p. 355/356. 



VOL. 6 (1950) CELL-WALL STRUCTURE OF GROWING SPORANGIOPHORES I 343 

We consider these cases striking because elongation takes place so rapidly that  
the deposition of new cell-wall material can, to all intents and purposes, be neglected; 
the increase in surface area takes place at  the expense of the thickness of the wall. 
These examples therefore demonstrate the exclusive influence of turgot pressure on the 
fibril orientation in the cell wall. 

The influence of extension is a quite different one, since this always results in a 
reversion of orientation of the fibrils and consequently a reversal of the sign of the 
double refraction. This has been stated to occur in many  cases, e.g. by BONNER (1935) 
for the Avena coleoptile. We ourselves have observed the phenomenon in young extended 
cotton hairs (15 days after flowering), an object in which the change had already been 
established by SlSSON (1938) with the aid of its X-ray diagrams. The Tradescantia-hairs 
mentioned above and also the growth-zone of Phycomyces* likewise show the pheno- 
menon. 

For this reason it seemed desirable to carry out additional model experiments on 
the twisting of tubes possessing spiral structure of the wall and in which the pressure 
could be increased. 

We performed the first experiments with a piece of inner tube of a bicycle tyre, 
around which a jute string was wound in a Z-spiral. When air was pumped into this 
tube the string unwound, the tube twisting in the same direction as found by  us for 
a stretched Z-spiral spring. A similar model-experiment has already been described by  
STEENBERG (1947). 

An objection which might be raised against this model is the fact that  the spiral 
structure within the wall can not very well be compared to the string wrapped around 
the tube. For that  reason we prepared cellophane tubes. 

Commercial cellophane in surface view usually shows double refraction in which 
the long axis of the refractive index ellipsoid coincides with the so-called machine- 
direction, the latter being evident from the weak striation that  is to be observed in 
the cellophane. Both the cellulose-crystallites and the amorphous cellulose-molecules 
show a preference for orientation in the machine-direction. In accordance with this, 
the greatest extensibility occurs in a direction transverse to the machine-direction and 
the smallest in a direction coinciding with the latter (EBBINGE 1932). I t  is a general 
and long-accepted fact that  in cell-walls too the greatest extensibility is to be found 
in a direction perpendicular to that  of the fibrils. 

Though the structure of regenerated cellulose is certainly different from that  of 
native cellulose, there is reason to suppose that  the mechanical properties may  compare 
favourably with those of the meristematic cell-wall. In cellophane as well we find a 
network of micellar chains and molecules with a statistical preference for a certain 
direction. 

We prepared cellophane cylinders with a spiral structure by  cutting out strips at 
a certain angle to the machine-direction, subsequently rolling these strips around a 

* This phenomenon  caused us difficulties when sporangiophores (including the sporangium) 
were washed in warm NaOH under  a coverslip. A contract ion then  takes place, bu t  is hampered  
in these prepara t ions  because the sporangium is fixed between coverslip and slide, while the basal 
end usual ly prot rudes  from under  the cover slip and adheres there onto the slide. I n  prepara t ions  
treated in this  way, par t  of the growth zone becomes, as a rule, posit ively birefr ingent  or isotropic. 
Cotton hairs and Tradescantia hairs may  be stretched by  pu t t ing  them in a humid  condition on an  
slide covered by  a dried-out layer of gelatine, and pull ing them across tha t  layer wi th  a needle unt i l  
they  break. When  the hairs  have dried, posit ively birefringent extended cells may  be seen as well as 
negat ively birefringent unextended ones. 

Re/erences p. 355/356. 
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glass cylinder and gluing the edges together with a water-resistant adhesive. After that,  
the cellophane cylinder obtained was pushed off the glass tube except for one end which 
was tied onto the tube. The other end was fastened to a cork disc or just tied up. The 
pressure of the air in the cylinder was now increased via the glass tube and the rotation 
of the free end of the cellophane cylinder was followed. The most convincing rotation 
was observed in cylinders of a small diameter, because in these pressure can be raised 
to a higher level before they burst (bursting pressure inversely proportional to the 
diameter). I t  is also desirable to render the cellophane more extensible by  wetting it 

with water or preferably with dilute NaOH. 
~ - -  The cylinders were made in such a way that  

~ i ! ~  the machine-direction followed a spiral course. In 
various models the angle between machine-direction 

• ~ and the transverse direction of the cylinder varied 
~" from IO ° to 9 o°, either in S-spiral or in Z-spiral 

direction Both machine-direction and longitudinal 
axis of the cylinder were indicated by a stripe of 
paint applied before we started raising the pressure. 

Without exception these cylinders twisted 
when the pressure was changed. See Fig. 3. (The 
curvature of the tubes is due to the lower exten- 
sibility of the seam). When the pressure was in- 
creased, cylinders with Z-spiral structure, when seen 
from the free end (i.e. from below in the photo- 
graph), showed a clockwise twisting of this free end 
just as Phycomyces sporangiophores. Cylinders with 
S-spiral structure twisted in the opposite direction. 

This is evident in view of the greater exten- 
sibility perpendicular to the machine-direction. 
However, considering the difference in tension in 
the wall in transverse and axial direction, a quan- 
t i tative explanation of this phenomenon is not so 
simple. The question whether the steepness of the 
spiral is changed by  inflation is also connected with 
the relation between these tensions in the wall. A 

Fig. 3. Rotation of cellophane tubes superficial examination does not reveal any changes 
with S-spiral-structure (left) and in steepness. I t  is unnecessary to go any further into 
Z-spiral-structure (right) by increase 

of i~lternal pressure this matter ,  because these model experiments only 
serve to illustrate that  if the mechanical proper- 

ties of the cell-wall of Phycomyces in the growth-zone are comparable to those of 
cellophane, the twist of the sporangiophores of Phycomyces during growth would point 
to the existence of a Z-spiral in the wall. This spiral must needs be less steep than 45 °, 
because the birefringence of the double wall is negative with regard to the longitudinal 
axis of the cell. 

I t  is of course still possible that  the wall contains layers with both S- and Z-spirals, 
but then the Z-spirals are predominant in a mechanical sense. In Par t  I I  it will be shown, 
that  there is an outer isotropic layer and an inner nearly transversely orientated one. 
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.~ 2 .  M I C R O S C O P I C A L  O B S E R V A T I O N S  ON W A L L  S T R U C T U R E  

Because communicat ions  on this subject  have already been given by  OORT AND 
ROELOFSEN (1932) and by  CASTLE (I938), only a few addit ional  observations will be 
recorded here. 

a. Unwinding o/a spiral 

When efforts were made to detach a sporangiophore in growth stage 4b* from the 
slide onto which it had stuck while drying 
out,  the cell almost broke in two in the 
g rowth  zone. A narrow ribbon, however, 
remained connect ing the two parts,  one of 
which, viz. the tip, still s tuck to the slide. 
When  the basal par t  was now pulled, the 
ribbon unwound  in the manner  indicated in 
Fig. 4. This proved tha t  a flat spiral s t ructure  
was present in the wall. 

We have m a n y  times tried to repeat 
these observations,  bu t  the cell then usually 

I 

Fig. 4. Unwinding of a spiral in the growth 
z o n e  

broke completely in two. We have observed it in only three cells, originating from the 
same culture. We received the impression tha t  it can only be seen in s trongly twisting 
cells, for this was the case with other cells originating from the same culture-vessel. 

All three times the unwound  spirals turned out  to be Z-spirals making angles of 
8 °, 9 ° en I3 ° respectively with the transverse. The last case is shown in Fig. 5 b, which 
clearly proves the presence here of a Z-spiral. The ribbon is in the process of unwin- 
ding at the bo t tom side, for the top side of the cell, characterized by  its minute  axial 
folds appearing darker than their background between crossed nicols, is well in focus. 
Fig. 5a shows a case in which the growth zone has deliberately been torn into three 
par ts ;  in all four places the spiral was a Z-spiral, which could either be observed at the 
place where rupture  had occurred, in the same way  as shown in Fig. 5b, or could be 
deduced from the Z-spiral twist occurring in the unwound ribbon. 

ASTBURY AND PRESTON (1940) show a photograph  of a similar phenomenon in 
Cladophora. 

b. Cuticular wrinkles 

VAN ITERSON drew our a t tent ion to the fact tha t  CARNOY (I870) has already 
described a cuticle tha t  makes the cell-wall of Phycomyces (called Mucor romanus) 

* ERRERA has described 4 stages, stage 4 being split in two further stages (4a and 4b), by CASTLE 
(1942). 

Thus stage I. no sporangium, longitudinal growth; 
2. growing sporangium, no longitudinal growth (very small yellow sporangium) ; 
3. full-grown sporangium, no longitudinal growth (big yellow sporangium) ; 
4 a. renewed longitudinal growth, left hand rotation (big yellow sporangium) ; 
4 b. longitudinal growth, right hand rotation (big yellow, yellowish-brown, or brown 

sporangium). 
We shall employ mostly the criteria recorded between brackets, which, as will be evident, do 

not differentiate between the stages 3, 4a and 4 b as long as the sporangium is still yellow. A yellowish- 
brown or brown sporangium is only found in stage 4 b. In special experiments we have established 
the fact that growth is resumed (4 a) while the sporangium is still yellow and that cells with big 
yellow sporangia are even present at the beginning of stage 4 b. 
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a h 

Fig. 5a. U n w i n d i n g  of spi ra ls  by  tea r ing  growth-zone  in to  th ree  par ts .  Growth  s tage  4 b. Crossed 
nicols.  Fig. 5 b. Same  as 5a; focussed on uppe r  wall .  A Z-spiral ,  m a k i n g  an  angle  of 13 ° wi th  t he  

t ransverse ,  is in the  process  of u n w i n d i n g  in t he  lower wall  of the  cell 

impervious to reagents like IKI .  He stated that  the cuticle is very loose and can easily 
be rubbed away locally; in places where this had occurred reagents could stain the 
remainder of the wall without difficulty. 

In ceils which were in stage I and less obviously in those being in stage 4, CASTLE 
(1938) observed cuticular wrinkles orientated transversely in the upper part  of the 
growth zone. These changed, via an isotropic network, into longitudinal folds below 
the growth zone; this he pictures as in Fig. 6. These wrinkles were indeed observed only 
in ceils dried out on the slide, but  apparently CASTLE tacitly assumes that  
they were also present in the turgid cell. They are said to be stretched in a 
positive sense by longitudinal growth and this he interprets as a demonstra- 
tion of the theory of reorientation of transverse fibrils in cells growing longi- 
tudinally, a theory proposed but  soon abandoned by FREY-WYSSLING. 

In our opinion it is more likely that  the wrinkles find their origin in a 
contraction of the cell wall caused by loss of turgot pressure, so that  the 
direction of the wrinkles and that  of least contraction coincide. Since the 
orientation of the fibrils is a transverse one in the growth zone and a pre- 
ponderantly axial one below that  zone and since, naturally, the contrac- 
tion is greatest perpendicular to the direction of the fibrils, the direction 
of the cuticular wrinkles in and below the growth zone can be completely 
explained. 

Fig. 6. D i a g r a m  (CASTLE, 1938) showing  cu t i cu la r  p a t t e r n  a t  different  locat ions  in the  
g rowth  zone in  s tage  I 
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a b 
Fig. 7. Cuticular pattern in the growth-zone of stage 4 b. 
Illumination from above, a. Steep S-spiral in turgid cell. 
b. Same cell in the process of contracting. Appearance of 

transverse wrinkles besides the steep S-spiral 

Our surmise turned out to be 
'correct. Sporangiophores in various 
stages of growth were carefully re- 
moved and were put  on a slide. By 
this procedure they did not lose 
their turgor, since the basal part  
was very thin and plugged with 
protoplasm. When these cells were 
examined in or below the growth 
zone, under a microscope with 
illumination from above, we ob- 
served a rather irregular surface, 
in which (and this is very remark- 
able) we could always discern a 
steep S-spiral-shaped striation or 
folding but not the wrinkles des- 
cribed by CASTLE. We saw those 
appearing very clearly when the 
cell was cut in two in the middle. 
This caused a conspicuous contrac- 
tion of the cell wall in the growth 
zone. Fig. 7 a gives the picture of 
the cell wall surface in the growth 
zone of a cell in stage 4, whereas 
Fig. 7b has been taken in the same 

place immediately after the cell had been cut in two and while the wall was still in the 
process of contracting. For that  reason the cuticular wrinkles are not in focus. The 
steep S-spiral retains its original orientation. Apparently the contraction follows the 
same S-spiral, otherwise the S-spiral-like folds would change their slope. 

The cuticular folds may  be studied also by making replicas in gelatin. For this 
purpose we applied the following technique, which is a modification of the procedure 
usually employed in the s tudy of the scale-structure of animal hairs. 

A drop of liquefied 12 % gelatin was placed on a slide lying on a luke-warm copper 
plate and was subsequently smeared out in a layer of uniform thickness with the aid 
of a razor blade resting on two narrow strips ,1¢,4zo~ aL,QOe 

of paper on the long sides of the slide (see P A P E R ~  
Fig. 8). After that,  turgid sporangiophores \ ~ / ~ J  ~ " ' >  ~"  ¢? 
were placed in the layer of gelatin, so that  ~ ~ ~ ~ , ~ ; i ~ ,  ,;, 
they were half covered by  this substance 
and the slide was put  on a small ice cube for 
½ minute in order to solidify the gelatin. 

As soon as the gelatin had dried in the air xIIOLTEN f2o/o OELATII~, 

the cells were pulled off (if this is postponed Fig. 8. Smearing out of gelatin prior to making 
too long the cells will break in the process)*, replicas 

* In the hope of obtaining a replica of the cell in the turgid condition we first removed the cells 
immediately after the gelatin had solidified, but ii1 that case the replica turned out to be completely 
devoid of wrinkles. For that reason this method is also unsuitable for replicas of animal hairs. 
Re/erences p. 355/356. 
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Fig. 9. Gelatin-replica of growth-zone 
of contracted cell in stage 4b just beneath 
sporangium. Mirror image of steep S- 

spiral and flat Z-spiral 

Fig. IO. Same cell as in Fig. 9, i mm 
beneath sporangium 

Though the solidified gelatin embedding the turgid cells will counteract  the shrin- 
kage of the wall occurring on drying out of the cell, still a considerable shrinkage 
occurred, for in the growth zone the replicas always showed the two directions of folding 
we have just described for cells tha t  had lost their turgor,  viz. a steep S-spiral folding 
and the transverse folding described by  CASTLE. The replicas may  be studied by  means 
of t ransmi t ted  light, but  bet ter  with the aid of il lumination from above, especially by  
dark field i l lumination (Reichert 's  42 x Epi lum objective). 

Finally,  we have also employed a third method  to s tudy  cuticular folding, viz. the 
one applied by CASTLE (l.c.) by  allowing the cells to d ry  out  on a slide. The results 
were similar except tha t  the wrinkling could not  be observed so well, despite the use 
of surface illumination. 

Though both  str iat ion-systems could be observed fairly well in cells of stage I, 
they  were much more distinct in cells of stage 4, where, s t rangely enough, CASTLE (l.c.) 
could not  discern them so well. Figures 9, io  and i i  are pictures taken with the aid 
of i l lumination from above of replicas of the growth zone. Figures 9 and io  are from 
the same cell, just below and I m m  below the sporangium respectively. Fig. i i  shows 
another  cell immediately below the sporangium. Because these are replicas we have a 
mirror image of the real si tuation and the direction of the spirals is reversed. 

The steep S-spiral can be seen both  in and below the growth zone; the meaa  angle 
with the axis of the cell was 9 ° and varied from 5-11 ° . Obviously, this folding is more 
or less parallel to the growth-spiral  and also parallel to the direction of the greatest 
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contraction occurring on loss of turgor pressure. 
CASTLE (1938) has also described these steep 
cuticular folds, but only "within the lower part of 
the growth zone and below" (Fig. 7 of his publi- 
cation). He demonstrated that these folds run 
parallel to the growth-spiral. In the growth zone 
itself he also saw steep S-spiral striation but only 
after staining with congo red (Figures io and i i) .  
Obviously then, staining enhanced the wrinkles 
in the growth zone, a fact that may be the result 
of the larger surface in the profile of the wrinkles. 
CASTLE'S explanation of the origin of the striation- 
like coloration is not clear; he speaks of tiny 
cracks in the cuticle and also of an interfibrillar 
non-chitinous wall substance. This latter deduc- 
tion is based on the disappearance of the stria- 
tions on heating in acid. We do not think this last 
assumption is necessary; the disappearance may 
be the result of a more uniform penetration of 
the dye due to the chemical pretreatment. 

We wish to point out that cuticular folds 
running in the direction of most active growth, 
have also been described in the hairs of Trades- 
cantia (MARTENS 1934, VAN ITERSON I937). 

Fig. ii, As Figs. 9 and io, just beneath 
sporangium. Arrow indicates spot where 

a bubble was present 

In the majority of cases it was very hard to decide whether the more or less trans- 

Fig. 12. Bubbles between cuticle and cell wall in stage i. In 
the right picture cuticular films have spread out on the water 

surface 

verse network of cuticular 
folds did, on the average, run 
in a transverse direction, or in 
flat spiral fashion, but in some 
preparations a spiral structure 
was very clear. Then it was al- 
ways a Z-spiral. This can he 
seen in Fig. 9 and I I .  This too 
supports the idea that the di- 
rection of greatest contraction 
follows a steep S-spiral course. 

The great looseness of the 
cuticle also became apparent 
from the remarkable fact that 
drops of fluid seen to be ex- 
creted in such large numbers 
on the cell-surface below the 
growth zone in the growth- 
stages I-3,  proved to occur 
between cell-wall and cuticle. 

This became evident immediately from their shape, when examined in light from above. 
Fig. 12 gives a picture of this. In a cell which is half under water, the bubbles sometimes 
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burst on the waterline and the cuticle spreads out on the water surface. Electron micro- 
graphs have been made of these cuticular films (Part II). In dried-out cells and in 
gelatin replicas, we were able to establish the fact that the cuticular pattern, as might 
be expected, is different in those places where bubbles had been present; this can be 
seen in Fig. I i  near the marked spot. 

A loose cuticle is relatively rarely found. MARTENS (1933) mentions these cases, 
and he himself described one in petals and staminal hairs of Tradescantia virginica. 

c. Wrinkles  and striations in the cell wall itsel/ 

These are only visible between crossed nicols in the cleaned, preferably single, 
cell wall, after staining with congo red or chlorzinc iodine. The cells were put in a drop 
of 5 % NaOH on a slide (or first in water and afterwards in NaOH) and then cut through 
obliquely beneath the sporangium. By tapping softly on the coverslip the cell was made 
to roll through about 9 °o and at the same time the contents were squeezed out. In this 
way a small diamond shaped area of single cell wall was made visible at the cut end 
of the cell. After that the preparation was heated for 15 minutes on a steam bath and 
water was added from time to time, to make up for losses due to evaporation. By this 
procedure the wall became permeable and proteins and fats for the greater part went 
into solution. Moreover the ribbon-like cell became fairly rigid and could be moved 
about on the slide without difficulty. Then, with a dissecting needle, the cell was 
pulled away from under the coverslip into a drop of 1% congo red; it was subsequently 
transferred to water and then to glycerol on the same slide. I t  was examined in 
glycerol. 

More or less transverse striations 

In the meristematic wall kept in a diagonal position between crossed nicols minute 
transverse striations are to be seen, giving the impression of very small undulations or 
folds. Sometimes these are more pronounced than at others. (See Fig. I3a and I4a ). 
The fact that the smallest index of refraction is oriented radially accounts for the 
stronger birefringence of wrinkles in the wall. 

Because it was our hope to demonstrate the existence of a spiral structure, we 
studied the way the wrinkles were arranged with respect to the transverse direction. 

a b c 

Fig. 13. Misleading orientat ion (indicated) of str iat ions (wrinkles) in the p r imary  wall, as seen on the 
inside of the single wall between crossed nicols, a. Diagonal positiorL; t ransverse  striation, b, Artgle 
oi 12.5 ° betweert cell axis arid vibrat ion-plane of polarizer. Str iat ion apparerxtly in S-spiral. c. As b 

but  in other quadran t s ;  s t r ia t ion apparen t ly  in Z-spiral 
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However, it became clear that  their direction apparent ly changed when the microscope- 
stage was turned round, so that,  according to the position of the cell, we could observe 

R 

o b c 

folds varying in direction be- 
tween a Z- and S-spiral, at an 
angle of about 20 ° with the 
transverse. This can be seen in 
photographs of Fig. 13b and 
i3c and, schematically, in Fig. 
I4b and I4C. The photographs 
are of one of the not infrequent 
cases where the wrinkles were 
very pronounced. The appar- Fig. 14 . Diagram showing how misinterpretations of apparent 

striations may arise 
ent change in direction is 

caused by the fact that  the wrinkles run not only in a purely transverse direction, but  
also at angles with the transverse, so that,  when the stage is turned round, those 
wrinkles running diagonally to the planes of vibratiorl of the nicols (or showing the 
nearest approach to that  position), become most pronounced. 

I t  is a striking fact that  in the diagonal position (Fig. I3a ) no wrinkles arranged 
in an axial direction are visible, but only bands of alternating lighter and darker tones. 
However, this fact alone does not warrant  the conclusion that  they are absent, for the 
hi-axial index-ellipsoid in the pr imary wall is orientated in such a way, that  the smallest 
index, na, has a radial direction, nfl an axial one and the largest index, ny, a transverse 
one. When the cell is in a diagonal position an inclination of the wall with ny as its 
axis (transverse undulation) will always result in a stronger birefringence, however large 
this inclination may  be. On the other hand an inclination with nfl as its axis (longitudinal 
undulation) will first become isotropic and will only brighten up at larger inclinations. 
Thus, when the undulations run in all directions, one will still get the impression that  
there are mainly transverse wrinkles and wrinkles arranged in a flat spiral. In spite of 
what has been said we can assume a preference for a more or less transverse orientation, 
because the bright wrinkles indicated in our Figs. I3b and I3C, are not exactly diagonal 
but deviate from that  position by  7.5 degrees. 

This is in good agreement with the picture obtained at a 400-500 fold magnification 
by  oblique, unilateral illumination of dried-out cells from above. On turning the stage, 
one sees many  small wrinkles in transverse and nearly transverse directions, while in 
the axial direction only a few larger folds may  be noticed as well as a few small ones. 

From the electron micrographs described in Part  I I  it also appears that  there are 
many  small wrinkles in the transverse direction, while in the axial direction only a few 
coarse folds are to be seen. 

I t  thus became evident that  the appearance of shrunken thin cell walls seen between 
crossed nicols may be a misleading one, giving the impression of the presence of several 
striation systems. An example of such misinterpretation, in which a series of investi- 
gators confirmed one another 's  observations so that  finally their conclusions were 
accepted as established facts, is that  of the alleged spiral structures in the pr imary 
wall of the young cotton hair. In such hairs stained with congo red and kept between 
crossed nicols, BALLS (1923) described two striations in the wall, each making an angle 
of about 7 °0 with the cell axis, i.e. an S- and Z-spiral in one and the same wall. Later  
investigators (ANDERSON AND KERR, 1938; HOCK et al., 1941 ; KERR, 1946 ) saw yet 
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a third and transverse system of striation as well as these two. BALLS is the only one 
to remark that the striations seem to change their direction when the stage is turned. 
HOCK et al. see the transverse striation in the diagonal position only and the flat spiral 
striations only in positions making an angle of about 15 ° with the directions of vibration 
in the nicols. Both phenomena as well as the photographs given by HOCK et al. are in 
such complete agreement with what we described in Phycomyces that the explanation 
must be the same. Under the circumstances described, we were indeed able to establish 
in young cotton hairs phenomena identical in every respect with those in Phycomyces 
and, using illumination from above, we could also see here a system of folds running 
mainly in the transverse direction, although axial wrinkles were present as well. 

Fig. 15. Coarse folds in a Z-spiral in the growth zone of stage 4 b. Stained with congored. Crossed nicols. 
Left: upper wa l l  right: lower wall 

In some preparations of Phycomyces there appeared, for some reason as yet un- 
proven, conspicuously coarser and more or less transverse folds, which appeared bright 
between crossed nicols. They could be observed in both the upper- and the lower wall 
of the cell. In Fig. 15 it can be seen that such folds followed a flat Z-spiral course. 
They did not change their direction when the stage was turned. 

Axial striations 

Apart from the more or less transverse undulations and wrinkles already described, 
one usually finds axial structures also in the growth zone. In the first place the rather 
broad lighter and darker bands to be seen for example in Fig. I3a , which may possibly 
be ascribed to undulations. 
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VII 
METABOLISM BY A SUSPENSION OF FRESH MINCE 

453 

pmoles acetoin pmoles lactate 

] 9 12 I I3 I4 I5 16 F 

b No 5 Pg T P P  No 6/~g 5 Pg T P P  
addit. 5 6 pg addit. 5 Pg TPP thiam. 6 pg 

thiam, thiam. 

+ 4-74 
+3.26 
+ 3-93 
+ 5.05 
+ 4.52 
+ 4.75 

+ 4.03 

IO II 

pg TPP 6/~g thiam. 

+ 4.88 + 4.or 
+ 3.4 ° + 3.31 
+ 4 .21 + 3-94 
+ 5.00 + 4.04 
+ 5.09 + 5.33 
+ 5.60 + 4.45 

+ 4.44 + 4.°4 

IO-- 9 = 0.02 

I2 -- II < O.OOI 

I2 -- IO < O.OOI 

+5-56 
+ ~.74 
+ 4.97 
+ 5.84 
+ 5.73 
+ 5.96 

+ 5.03 
+ T.67 
+ 0.89 

+ 0.78 + ~.67 
--o.78 + 2.89 

+ 2.67 
+ :2.2I 

As, however, acetate is consumed in our experiments we cannot decide this question 
before more knowledge is gained concerning acetate metabolism under the prevailing 
conditions. 

The product of the reaction in which pyruvate and C02 are utilized is also ,mknown. 
I t  is not oxaloacetate, which is very unstable and would have been decomposed again. 
As acetate is utilized, citrate determinations were carried out, but  with negative result. 

The correlation coefficients show some interesting features. The second decarb- 
oxylation reaction has a strong negative correlation with the formation of acetoin, in 
the absence and in the presence of TPP.  Perhaps this correlation might suggest that  
a two-carbon compound is formed, which--depending upon conditions as yet  unknown 
- - c a n  either condense to acetoin or form acetate. Whether acetoin is a physiologically 
occurring intermediate or more or less an artefact, whose presence is perhaps due to 
a lack of some necessary factor, is not yet clear. 

The highly significant linkage between the conversion of lactate to pyruvate  and 
the fixation reaction deserves special comment. As the conversion of lactate to pyruvate  
is catalyzed b y a n  enzyme which can cooperate with either DPN or TPN 24, this reaction 
might perhaps be a source of the TPN=H 2 necessary for the fixation of CO~ to pyrnvate 
by the "maJic enzyme" as discovered in pigeon liver by  MEHLER, KOm~BERG, GRISOLIA 
AND OCHOA z4, zs. Whether a similar enzyme operates in pig heart  muscle remains, 
however, to be demonstrated. I t  also seems possible that  lactate rather than pyruvate 
is the direct precursor of the fixation product by  yielding on oxidation some form of 
"active pyruvate".  

Addition of T P P  has no significant influence on the "oxidative decarboxylation". 
This does not mean that  this reaction is not catalyzed by a T P P  bearing enzyme. I t  
might be that  T P P  is not split off from this enzyme during storage. Even if the same 
intermediate is formed as in the decarboxylation to acetoin, which is strongly TPP-  
dependent, addition of T P P  would not necessarily enhance the "oxidative" decarb- 
oxylation, as the formation of "acetate"  might already proceed at the maximal rate. 
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W e  also e m p l o y e d  wal l s  s t a i n e d  b e f o r e h a n d  w i t h  congo  r e d  a n d  we t r i e d  s a t u r a t e d  

ZnCI~, 6 o - 8 o %  s u l p h u r i c  ac id  a n d  SCHWEITZER'S r e a g e n t .  F i n a l l y ,  we also s t u d i e d  

m i c r o t o m e  c ros s - sec t ions ,  m a d e  a f t e r  e m b e d d i n g  in  pa ra f f i n  a n d  swo l l en  as  i n d i c a t e d .  

I n  n o t  a s ingle  case  d i d  we see l a m e l l a e ,  e i t h e r  in  o r d i n a r y  l i gh t ,  or  b e t w e e n  c ro s sed  

n ieo l s  or  in  a p h a s e - c o n t r a s t  m i c r o s c o p e .  W e  d i d  h o w e v e r ,  o b s e r v e  a c o n s p i c u o u s  o u t e r  

l aye r ,  w h i c h  was  m o r e  r e s i s t a n t  a n d  p r o b a b l y  c u t i n i z e d  a n d  a lso  t h e  s t r o n g l y  swo l l en  

h y a l i n e  r e m a i n d e r  of t h e  cel l -wal l .  T h e  cu t i c l e  p r o p e r  m u s t  h a v e  b e e n  d i s so lved .  

E s p e c i a l l y  b y  u s i n g  t o o  n a r r o w  a d i a p h r a g m ,  c o n s p i c u o u s  d i f f r a c t i o n - l i n e s  t h a t  m i g h t  

b e  t a k e n  for  l ame l l ae ,  we re  o b s e r v e d .  A g a i n ,  b y  f o c u s i n g  a t  a h i g h e r  or  l o w e r  l eve l  

one  c o u l d  see l o n g i t u d i n a l  s t r i p e s  in  t h e  wall .  H o w e v e r ,  we c a n n o t  b e l i e v e  t h a t  a sk i l l ed  

m i c r o s c o p i s t  l ike  CARNOY s h o u l d  h a v e  b e e n  m i s t a k e n  in  t h i s  a n d  we do n o t ,  t h e r e f o r e ,  

c o n s i d e r  o u r s e l v e s  j u s t i f i e d  in  d e n y i n g  t h e  p r e s e n c e  of l a m e l l a e  in  t h e  wall .  T h e y  m i g h t  

b e c o m e  a p p a r e n t  u n d e r  c o n d i t i o n s  n o t  r e a l i s e d  b y  us.  

E l e c t r o n  m i c r o g r a p h s  do  n o t  s h o w  t h e  p r e s e n c e  of m a n y  l a y e r s  e i t he r .  B e s i d e s  t h e  

c u t i c l e  t w o  l a y e r s  c o u l d  b e  f o u n d  in  t h e  g r o w t h  zone  ( P a r t  I I ) .  

(To be continued) 

SUMMARY 

OORT AND ROELOFSEN'S original opinion (1932) tha t  the cell wall in the growth zone of Phyco- 
myces sporangiophores in growth-stage 4 (ERRERA) possesses a flat Z-spiral structure, was corro- 
borated by the following facts and considerations. 

I. If i t  is assumed tha t  spiral growth is comparable to a simple extension of spirals, model 
experiments on wire spirals show tha t  the clockwise rotat ion of the sporangium occurring during 
growth or on increase of pressure is in agreement with  a Z-spiral structure (section in, Fig. 2). 

2. If spiral growth is deemed comparable to an extension due to internal  pressure of tubes with 
spiral structure in the wall, the clockwise rotat ion of the spolangium likewise favours a Z-spiral- 
s t ructule  (section ib,  Fig. 3). 

3. The presence of a Z-spiral structure in the growth zone is demonstrated by the unwinding of 
Z-spirals when the cell is torn apart  (section 2a, Figs. 4 and 5). 

4- As may be expected for a flat Z-spiral structure, the exteusibility of the wall is greatest in 
the direction of a steep S-spiral. This follows from the Z-spiral direction of folds formed after shrinkage 
in the cuticle (Figs. 7, 9, II ,  section 2b), and sometimes in the wall itself (Fig. 15). Often, however, 
i t  is difficult to judge whether the folds run  transversely or in spiral fashion (Fig. lO). 

The cuticle of the sporangiophores is very loose; the drops of moisture orL young sporangiophores 
are located between cuticle and cell wall (section 2b, Fig. 12). 

Between crossed nicols the small wrinkles resulting from shrinkage of th in  cell walls such as 
those of Phycomyces and young cotton hairs, give the false impression tha t  spiral systems are present 
(section 2c, Fig. 13 and 14). 

The lamellar  structure of the wall, described by CARNOY (1870), could not be confirmed 
(section 2d). 

Rt~SUM~ 

Les rafts et  consid6rations suivants nous ont permis de confirmer l 'opinion que OORT ET ROE- 
LOFSEN ont  publi6e en 1932 au sujet de la paroi cellulaire de la zone de croissance des sporangiophores 
de Phycomyces, Cette paroi poss6rait, en effet, dans le 4 e stade de croissance (d'apr~s ERRERA) une 
structure fibrillaire en forme de spirale en Z. 

i. Admettons qu 'une croissance ell forme de spirale soft comparable ~ une simple extension de 
spirales, des exp6riences modules avec des spirales en fil m6tallique montrent  alors que la rotat ion 
du sporange duns le sens des aiguilles de la montre, qui a lieu pendant  la croissance ou lorsque la 
pression augmente, est en accord avec une structure eu forme de spirale en Z (§ Ia, Fig. 2). 
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2. Si 1'o11 consid~re la croissallce ell forme de spirale  c o m m e  c o m p a r a b l e  ~ l ' ex t ens ion  sous  
l ' inf luence d 'ul le  p ress ion  illterlle de tubes ,  ayal l t  ulle paroi  avec s t ruc tu re  ell forme de spirale,  alors 
la  ro ta t ion  du sporange  duns  le sells des a igui l les  de la moll t re  est  6ga l emen t  en  f aveu r  d ' u n e  s t ruc tu re  
en  forme de spira le  en  Z (3 Ib, Fig. 3). 

3- La  pr6sellce d ' u n e  s t r uc t u r e  en  forme de spirale  ell Z dans  la zolle de croissallce est  d6mont r6e  
pa r  le fa i t  que, l o r squ 'on  d6chire la cellule en  pi~ces, quelquefois  des spi ra les  en forme de Z se 
d6roulent  (3 2a, Fig. 4 et 5). 

4. Ainsi  que  1'oli p o u v a i t  s ' y  a t t end re  pour  une  s t ruc tu re  ell forme de spirale  en Z, la  paroi  
s '6 tend  le p lus  duns  la d i rec t ion  d 'ul le spirale  en S m o n t a n t  r ap idemea t .  En  effet, les pl is  qui  se 
formel l t  lorsque la cu t icu le  (Fig. 7, 9, i i) ou parfois  la parois  e l le-m6me (Fig. 15) se ra ta t inel l t ,  on t  
la  directioll  d ' u n e  spirale  en Z. I1 est  souven t  difficile, cependant ,  de d6cider si les pl is  son t  t rans-  
ve r s aux  ou er~ spirale,  (Fig. io). 

La  cu t icu le  des sporangiophores  est  tr~s 1Ache; les gou t t e l e t t e s  d ' eau  sur  les j eunes  sporangio-  
phores  son t  s i tu6es en t re  le cu t icu le  e t  la  paroi  cel lulaire (3 2b, Fig. 12), 

En t r e  nicols crois6s les pet i tes  r ides qui  prellnell t  l la issance lorsque des parois  minces  tel les que  
celles de Phycomyces et de coton j eune  se r a t a t i n e n t  dol lnent  la  fausse  impress ion  que  des  sys t~mes  
en forme de spira le  y existel l t  (2c, Fig. 13 et 14). 

Nous  n ' a v o n s  pas  i6ussi  a collfirmer l ' ex is tence  d 'ul le  s t r uc tu r e  ei1 forme de lamol les  telle que  
l ' a  d6crite CARNOY en 187o (3 2d). 

Z U S A M M E N F A S S U N G  

Die urspr t ingl ich  im  J a h r e  1932 von  OORT UND ROELOFSEN geAusserte Allsicht,  dass  die Zell- 
walld des Mer i s t ems  der Sporang iophoren  voll Phycomyces im  v ie r ten  W a c h s t u m s s t a d i u m  (ERRERA) 
eille flache Z-sp i ra l -S t ruk tu r  besi tzt ,  wurde  du rch  die folgellden T a t s a c h e n  und  B e t r a c h t u n g e n  be- 
stAtigt.  

I. Wel ln  m a n  a n n i m m t ,  dass  S p i r a l w a c h s t u m  m i t  eiller eilxfachen A u s d e h n u n g  von  Spiralen 
verg le ichbar  ist, danl l  zeigen Model lversuche  an Drah t sp i ra l en ,  dass  die Drehul lg  der Sporangien  
im  Uhrzeigers in l l  die wiihrend des W a c h s t u m s  oder bei z u n e h m e n d e m  Drucke  vor  s ich geht,  m i t  
e iner  Z-Spi ra l -S t ruk tur  ill E i n k l a n g  gebrach t  werden  k a n n  (3 ia,  Fig. 2). 

2. W e n n  Sp i r a lwachs t um als  verg le ichbar  angesehen  wird m i t  einer A u s d e h n u n g  von  R 6 h l e n  
mi t  Sp i r a l s t ruk tu r  im  Wallde,  ul l ter  d e m  Einf luss  von  in l lerem Druck,  danl l  weis t  auch  D l e h u n g  
des Spora l lg iums i m  Uhrze ige rs inn  auf  eine Z-Sp i ra l s t ruk tu r  h in  (§ ib,  Fig. 3). 

3. Die Gegenwar t  einer Z -Sp i ra l s t ruk tu r  i m  Mer i s tem wurde  du rch  das  abwicke ln  yon  Z-Spiralen 
be im ZerreisseI1 der Zelle bewiesen (§ 2a, Fig. 4 u n d  5)- 

4. W i e  fiir eine flache Z-Sp i ra l s t ruk tu r  zu e rwar ten  war, i s t  die D e h n b a r k e i t  der W a n d  in der 
R ich tu l lg  einer  steilell S-Spirale a m  gr6ssten.  Dies folgt  aus  der  Z-Spira l - f6rmigen R i c h t u n g  von  
Fal ten ,  die sich be im S c h r u m p f e n  in die K u t i k u l a  (Fig. 7, 9, II ,  2b) und  ma l l chma l  auch  in deI 
W a n d  selbs t  (Fig. 15) bi lden.  Ofters  a l lerdings  is t  es schwer  zu beurte i len,  ob die Fa l ten  t r ansver sa l  
oder  sp i ra l f6 rmig  ver laufen  (Fig. IO). 

Die K u t i k u l a  der Sporang iophoren  ist  sehr  lose; die Feuch t igke i t s t rop fen  auf  j ungen  Sporangio-  
phoren  s i tzen  zwischen K u t i k u l a  und  Zel lwaud (3 2b, Fig. 12). 

Zwischen  gekreuz ten  Nicols erweckeu die kleinell  Runze ln ,  die be im Z u s a m m e n s c h r u m p f e l l  
dfillller Zellwgnde, wie z. B. v o a  Phycomyces ulld jungei1 Baumwol lh~rchel l ,  ents tehel l ,  den  falschell  
E indruck ,  dass  Sp i ra l sys teme  vorha l lden  silld (3 2c, Fig. 13 und  I4). 

Das  Vorhandense in  der yon  CARNOY im J a h r e  187o beschriebelllell Lame l l e l l s t r uk tu r  kol lnte  
n i ch t  bes t~ t ig t  werden  (3 2d). 
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