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Abstract .  The  ana lys i s  of  d i u rna l  osc i l la tory  m o v e m e n t s  of  tobacco  leaves  was  used  in t h e  
d iagnos i s  o f  v i ra l  in fec t ion  o f  p lan t s .  T h e  osci l la tory  helices c i r cumsc r ibed  b y  a g rowing  lea f  
o f  a h e a l t h y  p l a n t  were regular ,  b u t  s o m e  dev ia t ions ,  pa r t i cu la r ly  in t he  t r a n s i t i o n  poin ts ,  were 
recorded .  

I n  o rder  to  m a k e  clear t h e  cause  of  t he se  i r regular i t ies  o f  t r a j ec to ry ,  t h e  com'se of  e longa t ion  
o f  l ea f  pet iole  a n d  b lade  in re la t ion  to local izat ion a n d  sh i f t  o f  zones o f  e longa t ion  d u r i n g  onto-  
genes i s  was  ana ly sed .  T he  p r e s e n t  ana lys i s  is s imi lar  to  t h a t  descr ibed  b y  t h e  a u t h o r ' s  ear l ier  
e x p e r i m e n t s  w i th  pea  roots .  Osc i l la tory  cu rves  c i r cumscr ibed  b y  petiole,  p ro jec ted  on a hori-  
zon ta l  p lane ,  were  c o m p a r e d  w i t h  cu rve s  c i r cumsc r ibed  b y  t he  blade t ip .  The  ana lys i s  o f  t he  
l eaves  o f  d i f ferent  ages  enab led  u s  to  s t u d y  th i s  process  in dependence  on  g r o w t h  ra te .  I t  w a s  
con f i rmed  t h a t  osci l la t ions  arc  a r e su l t  o f  e longa t ion ;  t h e  e x t e n t  of  osci l la t ions  is q u a n t i t a t i v e l y  
d e p e n d e n t  on  t h e  g r o w t h  ra te .  A n  ana lys i s  of  t he  zones  of  g r o w t h  showed  t h a t  in pet iole  t h e  
ac t ive  m e r i s t e m s  are  localized n e a r  to  i ts  base  while in  t h e  leaf  l a m i n a  t h e y  m o v e  g r a d u a l l y  
d u r i n g  t h e  on togcnes i s  f r om t h e  apica l  to  t h e  basa l  p a r t  o f  t h e  leaf  b lade.  Ac t ive  m e r i s t e m s  
of  y o u n g  r ap id ly  g rowing  leaves  a re  local ized a p p r o x i m a t e l y  in t h e  midd le  of  t h e  b lade  while 
t hose  o f  old l eaves  were  f o u n d  in  close p r o x i m i t y  to  t h e  base  of  t h e  l amina .  The  g r o w t h  
r a t e  o f  pet iole  c an  be  exp re s sed  in  h u n d r e d s  o f  m m  per  h o u r  (4.8 • 10 -2 m m  h - l ) ;  h a f t  o f  t h i s  
va lue  was  recorded  for i t s  apica l  pa r t .  T h e  g r o w t h  r a t e  o f  leaf  b lade  was  f o u n d  a p p r o x i m a t e l y  
t e n  t i m e s  h ighe r  (3.2 • 10 -1 rnm h - l ) .  

The  osc i l la tory  movemertCs o f  g rowing  lea f  cons is t s  o f  two in t eg ra t e  c o m p o n e n t s :  o f  osci l la t ions  
o r ig ina t ing  in t h e  base  o f  t h e  pet iole  a n d  of  osci l la t ions  o f  leaf  b lade t h e  c e n t r u m  of  w h i c h  is 
local ized in t h e  basa l  t h i rd  o f  t h e  blade.  

The  a r r a n g e m e n t  of  t h e  e x p e r i m e n t s  did  n o t  enable  u s  to d e t e r m i n e  to w h a t  e x t e n t  t he  
pho to t rop i e  response  o f  l ea f  b lade  pa r t i c ipa t e s  in  leaf  m o v e m e n t s .  The  m o v e m e n t s  o f  l eaves  
o f  a n  i n t a c t  p l a n t  a re  e v i d e n t l y  af fec ted  b y  r h y t h m i c  s t e m  oscil lat ions.  S t e m  is an  in tegra l  p a r t  
o f  a s y s t e m  w h i c h  pa r t i c ipa t e s  in t h e  t r an s f e r  of  i n fo rma t ion  in p lan t s .  

The changes in rhy thm of the oscillatory movements of growing tobacco 
leaves were used for the diagnosis of viral infection (NovA~: 1964, NOVAE 
and SPURN~ 1968). I t  was found that  the leaves of healthy plants circum- 
scribe during ontogenesis growth-helices the length of which is given by 
the time of elongation, its steepness being proportional to the growth rate. 
The frequency of oscillations displays an almost  regular 12 h rhythm. Their 
amplitude is mainly determined by the age o f  the leaf. The oscillations of 
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leaves infected by VTM are irregular with smaller amplitudes which reflect 
the growth inhibition of the plant. While the oscillatory movements are 
generally very regular, certain irregularities do exist, particularly in the 
transition points of growth helix. This suggests the possibility of the existence 
of side-oscillations of smaller amplitude (ttEATHCOT]~ 1966). In all these 
studies, the growth movements were recorded by cinematography. I t  cannot 
be excluded that some irregularities of trajectory were due to phototropie 
changes in the shape of the leaf blade (B~AU~E~ 1959). I t  was necessary 
to determine in what way the oscillations depend on movements in the 
region of the base of the petiole ( B ~ I ~ o  1937, BAILLAVD 1958) and to 
what extent they are affected by other factors, as for instance, by the 
localization of the zone of maximum elongation and by its shift during 
growth as has already been demonstrated in roots (SPuR~ 1965, 1966). 
The present study was undertaken in order to examine the side-mechanisms 
of the growth-oscillations of leaves and their relation to the growth rate 
of petiole and blade and to the localization of zones of growth during onto- 
genesis. 

Material and Methods 

Y o u n g  tobacco  p l an t s ,  Nicotlana tabacum cv. S a m s u n ,  were u sed  in  t h i s  s t u d y .  The  cul t ivat ion, .  
se lect ion a n d  class i f icat ion o f  p l a n t s  accord ing  to  the i r  d e v e l o p m e n t ,  i l l umina t ion  a n d  c inemato -  
g raph ic  t e chn ique  h a v e  been  descr ibed  e lsewhere  ( N o v ~ :  a n d  SPU~N~ 1968). I n  t h e  p r e s e n t  s tud ies  
on ly  a s t e m  sec t ion  w i t h  petiole ( m a r k e d  w i t h  4 to  5 ma rks )  a n d  a p a r t  o f  t h e  b lade  was  photo-  
g r aphed .  Such  records  m a d e  i t  possible  to  reg is te r  m o v e m e n t s  localized on  t h e  base  o f  t h e  petiole.  
I n  o rder  to  o b t a i n  t h e  ho r i zon ta l  p ro jec t ion  o f  osci l la t ion w i t h o u t  d i s to r t ion ,  t h e  p l a n t  was  
o r i e n t a t e d  in f r on t  of  t h e  f i lm c a m e r a  in s u c h  a w a y  t h a t  a couple  o f  pet io les  were in  p lane  per-  
pend i cu l a r  to  t h e  lens  axis .  T he  d e p e n d e n c e  of  t h e  osci l lat ion a m p l i t u d e s  on  t h e  d i s t ance  f rom 

TABLE 1 

PETIOLE ELONGATION of  t h e  g rowing  tobacco  leaf  (Nicet ia~ ~bacum cv. Samsun ) .  Values  ob t a ined  
f rom t h e  petiole o f  t h e  y o u n g e s t  leaf  _4 o f  t h e  e x p e r i m e n t a l  series No. 1 

L e n g t h  o f  s e g m e n t s  on  m a r k -  Growth  ra t e  o f  t he  pet iole  
ed  pet iole  in m m  (mark  1 a t  To ta l  l e n g t h  o f  pc- s e g m e n t s  in % of  the i r  origi- 

Growth  t h e  pet iole  joint)  tiole (marks  1 - -4 )  na l  va lues  

[h] 
1 - - 2  2 - - 3  3 - - 4  1 - - 2  2 - - 3  3 - - 4  

12 
24 
36 
48 
60 
72 
84 
96 

108 
120 
132 
144 
156 
168 
180 

2.91 2.89 3.14 
3.26 3.19 3.22 
3.40 3.29 3.46 
3.65 3.40 3.60 
3.62 3.65 3.86 
4.17 3.67 4.09 
4.14 3.71 4.24 
4.42 4.02 4.44 
4.37 4.27 4.70 
4.76 4.45 4.76 
5.10 4.78 4.81 
5.73 4.82 4.86 
5.81 5.02 4.93 
6.02 5.32 5.00 
6.45 5.54 5.05 

% of  t he  i 
[mm]  o r i g i n a l !  

va lues  

8.94 0 
9.69 8.1 

10.15 13.0 
10.65 19.5 
11.13 24.2 
11.93 33.1 
12.09 35.0 
12.88 41.8 
13.34 48.8 
13.97 56.0 
14.69 64.2 
15.41 73.0 
15.86 78.0 
16.34 82.2 
17.04 91.0 

12.8 10.5 0.3 
17.2 13.9 10.1 
26.1 17.5 14.8 
25.0 26.1 23.0 
43.0 27.0 30.0 
42.5 28.1 35.0 
52.0 39.0 41.0 
51.0 47.5 49.6 
64.0 54.5 51.5 
75.5 65.5 52.8 
97.5 67.0 55.0 

100.0 74.0 56.8 
108.0 86.0 59.5 
122.0 92.0 60.5 



16  M. S PUR.N~" 

t h e  base  of  t h e  petiole h a v e  been  e v a l u a t e d  f rom these  records.  The  f r e q u e n c y  of  shoo t i ng  was  
one f r a m e  per  30 min .  

The  e longa t ion  of leaves  was  also reg is te red  on  c i n e m a t o g r a p h i c  records .  To p r e v e n t  dis- 
t o r t i on  o f  t h e  l e n g t h  of  m e a s u r e d  p a r a m e t e r s ,  t h e  leaf  b lades  o f  se lec ted  p l a n t s  were o r i e n t a t e d  
in a pe rpend icu la r  pos i t ion  to  t h e  ax is  o f  t h e  lens.  The  m a r k i n g  o f  concen t r ic  circles a t  1 m m  
in t e rva l s  was  f o u n d  usefu l  for d e t e r m i n i n g  t h e  f r e q u e n c y  of  shoo t ing  in t he se  e x p e r i m e n t s .  
T h e  ca lcu la t ion  o f  t h e  r a t e  o f  e longa t ion  of  t h e  b lade  was  ba sed  on  m e a s u r e m e n t s  o f  t h e  l a m i n a  
in t e rva l s ,  f r o m  base  to  t ip ,  d e t e r m i n v d  b y  t h e  pr inc ipa l  la tera l  ve ins .  The  t e m p e r a t u r e ,  t ime ,  
h u m i d i t y  a n d  d i m i n u t i o n  m a r k s  were p h o t o g r a p h e d  t oge the r  w i th  t h e  leaf  (Fig. 1). P h o t o g r a p h i c  
records  were i n t e rp r e t ed  u s i ng  a special  Zeiss  microscope  p rov ided  w i th  a n  ob jec t ive  3 a n d  
eyepiece  7 •  B y  t h i s  t e c h n i q u e  t h e  coord ina tes  of  po i n t s  wh ich  i l lus t ra te  t he  changes  o f  pos i t ions  
o f  m a r k s  on petiole were de t e rmined .  Coord ina tes  o f  t h e  e x t r e m e  b lade  po in t s  a long  t h e  midd le  
r ibs  were f o u n d  in t he  s a m e  way .  F r o m  t he se  d a t a  ho r i zon ta l  p ro jec t ions  o f  osci l la t ion cu rves  
were c o n s t r u c t e d  a n d  these  were i l l u s t r a t ed  in t h e  ac tua l  size on  a mi l l ime t re  ne twork .  

T h e  course  o f  osci l la tory g r o w t h  m o v e m e n t s  of  16 pet ioles  f r om four  e x p e r i m e n t s  was  recorded .  
The  g r o w t h  r a t e  of  t h e  leaf  b lade  was  m e a s u r e d  accord ing  to  c i n e m a t o g r a p h i c  records  o f  fou r  
e x p e r i m e n t a l  p lan t s .  

Results 

The horizontal projections of points marked on growing leaf petioles 
adjacent  to leaf blade (Indian ink marks 4 or 5) registered at  two hour 
intervals are presented in Figs. 2 to 5. The position of the corresponding 
leaves on the plant is described in the enclosed diagrams. These projections 
show the maxima of oscillation amplitude of growing petioles. The distri- 
but ion of the zones of elongation on petioles (leaves of age-groups A and B) 
recorded in experiments Nos. 1, 3, 4 and 8 is apparent  from Tab. 1 to 6. 
These data  are summarized in Fig. 6 which shows the localization of zones 
of maximal elongation of petiole and blade during the development of 

TABLE 2 
PETROLS ELONGATION of  t he  g rowing  tobacco  leaf  (lgicotiana tabacum ev. Samsun ) .  Values  ob t a ined  
f r o m  t h e  pet iole  of  t h e  y o u n g  leaf  B of  t h e  e x p e r i m e n t a l  series No. 1 

L e n g t h  o f  s e g m e n t s  on  mark -  Growth  ra t e  o f  t h e  petiole 
ed  petiole in m m  (mark  1 a t  To ta l  l eng th  o f  pe- s e g m e n t s  in ~o o f  the i r  origi- 

Growth  t he  petiole jo int )  tiole (marks  1 - -4 )  na l  va lues  

[h] 
1 - -2  2 - - 3  3 - - 4  1 - -2  2 - - 3  3 - - 4  

12 
24 
36 
48 
60 
72 
84 
96 

108 
120 
132 
144 
156 
168 
180 

3.96 3.10 3.35 
4.30 3.46 3.54 
4.61 3.30 3.60 
4.71 3.65 3.70 
4.83 3.88 3.77 
5.02 3.95 4.15 
5.37 3.90 4.20 
5.39 4.09 4.27 
5.42 4.13 4.25 
5.51 4.07 4.34 
5.70 4.07 4.36 
5.90 4.15 4.31 
6.02 4.17 4.36 
6.10 4.26 4.40 
6.13 4.26 4.42 

% of  the  
[mm]  original  

va lues  

10.61 0 
11.30 6.8 
11.51 8.6 
12.06 11.9 
12.48 18.1 
13.12 23.8 
13.47 27.0 
13.75 28.9 
13.80 29.9 
13.92 31.0 
14.13 33.0 
14.36 34.8 
14.55 36.8 
14.76 38.5 
14.81 [ 39.4 

8.5 11.2 5.6 
16.5 7.0 6.0 
19.0 17.5 10.5 
21.5 25.0 12.8 
26.5 27.0 24.1 
35.0 25.9 25.4 
36.0 32.0 27.1 
37.0 33.3 27.0 
39.0 31.0 29.5 
44.0 31.0 30.1 
48.8 33.9 28.5 
52.0 34.4 30.1 
54.0 37.0 31.0 
54.3 37.0 32.1 
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Fig. 2. Diurnal oscillatory movements  of petioles of growing tobacco leaves (Nicotiana tabacum 
cv. Samsun). Curves represent the horizontal projection of oscillations circumscribed by the 
extreme points of petioles given by the coordinates x and y and transcribed in the orthogonal 
miUimetre net. Numbers on curves describe the period of growth [hi. Data from the Exp.  1. 
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Fig. 3. Diurnal oscillatory movements of petioles of growing tobacco leaves (Nicotiana tabacum 
cv. Samsun). Curves represent the horizontal projection of oscillations circumscribed by the 
extreme points of petioles given by the coordinates x and y and transcribed in the orthogonal 
millimetre net. Numbers on curves describe the period of growth [hi. Data from Exp. 3. 
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TABLE 3 

PETIOLE ELO~OATm~ of the growing tobacco leaf (Nicotiana tabacum cv. Samsun) .  Values obta ined  
f rom the petiole of  the  young  leaf B of the exper imenta l  series No. 3 

Growth  

[h] 

12 
24 
36 
48 
60 
72 
84 
96 

108 
I20 
132 
144 
156 
168 

Length  of segments  on mark-  
ed petiole in m m  (mark 1 at 

the petiole joint) 

1--2  2 - -3  3 - -4  

2.48 2.78 2.74 
2.58 2.78 2.74 
2.63 2.98 2.82 
2.89 3.13 2.92 
3.10 3.17 3.02 
3.24 3.31 3.08 
3.46 3.58 3.04 
3.56 3.60 3.12 
3.67 3.58 3.20 
3.76 3.74 3.20 
3.92 3.78 3.06 
3.94 3.78 3.13 
3.92 3.84 3.17 
3.92 3.86 3.16 

Total  length of pe- 
tiole (marks 1--4)  

~o of the 
[mm] original 

values 

Growth  rate  of the petiole 
segments  in % of  their  origi- 

hal  values 

1- -2  2 - - 3  3 - -4  

8.00 0 
8.10 0.8 
8.43 5.6 
8.94 12.0 
9.29 15.9 
9.53 19.5 

10.08 26.0 
10.28 28.7 
10.45 31.0 
10.70 33.9 
10.76 34.0 
10.85 35.5 
10.93 36.4 
10.94 36.7 

4.4 0.0 0.0 
6.0 7.0 3.0 

16.5 12.8 ~ 6.8 
24.6 14.4 10.5 
30.5 19.9 12.5 
39.2 29.0 11.0 
43.0 29.9 I4 . I  
47.5 29.0 16.9 
51.0 34.5 16.9 
57.4 36.0 i2.3 
59.0 36.0 14.5 
57.4 38.0 15.5 
57.4 39.0 15.0 

TABLE 4 

PETIOLE ELONGATION of the  growing tobacco leaf (Nicotiana tabacum cv. ~ n m t m ) .  Values obtained 
f rom the petiole of  the  leaf C of  the  exper imenta l  series No. 4 

Growth  Length  of  segments  on marked  Total  length of  Gr owth  ra te  of  the petiole 
petiole in m m  (mark  1 a t  petiole segments  in % of  their  

the  petiole joint) (marks 1--5)  original values 

[h] 1- -2  2 - - 3  3 - - 4  4 - - 5  1- -2  2 - - 3  3 - - 4  4 - -5  

2, 
3( 
4t 
6( 
7' 
8~ 
9~ 

10t 
120 
132 
144 
156 
168 

2.33 2.09 1.86 2.29 
2.33 2.09 1.90 2.31 
2.33 2.09 1.99 2.31 
2.41 2.06 2.06 2.42 
2.48 2.17 2.00 2.43 
2.60 2.27 2.08 2.50 
2.68 2.25 2.08 2.55 
2.76 2.29 2.10 2.55 
2.78 2.27 2.10 2.55 
2.78 2.27 2.10 2.55 
2.78 2.27 2.10 2.55 
2.78 2.27 2.10 2.55 
2.78 2.27 2.10 2.55 
2.78 2.27 2.10 2.55 
2.78 2.27 2.10 2.55 

~o of  the  
[mm]  original 

values 

8.57 0 
8.63 0.7 
8.72 1.8 
8.95 4.4 
9.08 5.8 
9.45 10.4 
9.56 11.8 
9.70 13.6 
9.70 13.6 
9.70 13.6 
9.70 13.6 
9.70 13.6 
9 70 13.6 
9.70 13.6 
9.70 13.6 

0.0 0.0 2.5 1.0 
0.0 0.0 7.0 1.0 
3.5 0.0 10.8 6.0 
6.5 4.1 7.8 6.7 

11.8 8.5 12.0 9.3 
15.0 8.0 12.0 11.3 
18.5 9.5 13.0 11.3 
19.0 8.5 13.0 l l . 3  
19.0 8.5 13.0 11.3 
19.0 8.5 13.0 11.3 
19.0 8.5 13.0 11.3 
19.0 8.5 13.0 11.3 
19.0 8.5 13.0 11.3 
19.0 8.5 13.0 11.3 
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Fig. 4. Diurnal oscillatory movements of petioles of growing tobacco leaves (~Ticotiana tabacum 
cv. Samsun). Curves represent the horizontal projection of oscillations circumscribed by the 
extreme points of petioles given by the coordinates x and y and transcribed in the orthogonal 
millimetre net. Numbers on curves describe the period of growth [h]. Data  from Exp.  4. 
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Fig. 5. Diurnal  oscillatory movements  of petioles of growing tobacco leaves (Nicotiana tabacum 
c v .  Samsun). Curves represent  the  horizontal  projection of oscillations circumscribed by  t h e  
extreme points of petioles given by  the  coordinates x and  y and  t ranscr ibed in the  or thogonal  
millimetre net.  Numbers  on curves describe the  period of growth [h]. Da ta  from Exp.  8. 
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TABLE 5 

PETIOLE ELONGATION of the  growing tobacco leaf (Nicotlana tabacum cv. Samsun) .  Values obta ined 
f rom the  petiole of  the  young  loaf B of  the  exper imenta l  series No. 4 

rowth  Leng th  of  segments  on m arked  Total  length of  Growth  rate  of the petiole 
petiole in ram (mark  1 a t  petiole segments  in % of their  

the petiole joint) (marks 1--5) original values 

[h] 1- -2  2- 3 3 - -4  4 - - 5  1--2  2 - -3  3 - -4  4 - -5  

12 
24 
36 
48 
60 
72 
84 
96 

108 
120 
132 
144 
156 
168 

2.36 2.88 3.01 3.24 
2.48 2.88 3.03 3.43 
2.60 3.08 3.04 3.4I 
2.83 3.12 3.10 3.59 
2.96 3.20 3.16 3.59 
3.14 3.49 3.26 3.78 
3.32 3.51 3.24 3.76 
3.37 3.60 3.30 3.96 
3.41 3.62 3.32 4.00 
3.43 3.71 3.35 4.04 
3.51 3.71 3.34 4.04 
3.51 3.73 3.34 4.04 
3.51 3.76 3.34 4,05 
3.51 3.76 3.40 4.13 

% of the 
[mm] original 

values 

11.49 0 
11.82 3.0 
12.13 5.4 
12.64 11.2 
12.91 12.5 
13.67 19.0 
13.83 20.9 
14.23 24.3 
14.35 25.0 
14.53 26.4 
14.60 27.0 
14.62 27.5 
14.66 27.7 
14.80 28.2 

5.1 0.0 0.4 6.0 
10.4 7.0 0.5 5.7 
20.0 8.3 3.4 10.8 
25.1 10.8 5.0 10.8 
33.0 20.7 8.4 16.9 
41.0 21.9 7.9 16.4 
42.9 25.0 9.5 22.3 
44.8 25.6 10.3 23:2 
45.2 29.0 11.4 24.8 
48.7 29.0 11.0 24.8 
48.7 29.5 11.0 24.8 
48.7 30.7 11.0 25.0 
48.7 30.7 13.0 27.2 

TABLE 6 

PETIOLE ELONGATION of  the  growing tobacco leaf (Nicotiana tabacum cv. Samsun) .  Values obta ined 
f rom the  petiole of  the  young  loaf B of  the  exper imenta l  series No. 8 

I 
Growth  

[h] 

Leng th  of  segments  on m arked  
petiole in m m  (mark  1 a t  

the  petiole joint) 

1 - - 2 2 - - 3 3 - - 4 4 - - 5  

Total  length  of  
petiole 

(marks  1--5)  

% of the 
[mm] original 

values 

Growth  ra te  of  the petiole 
segments  in % of  their  

original values 

1 - - 2 2 - - 3 3 - - 4 4 - - 5  

0 
12 
24 
36 
48 
60 
72 
84 
96 

108 
120 
132 
144 
156 
168 
180 

3.30 3.47 3.21 2.82 
3.52 3.65 3.21 2.86 
3.53 3.65 3.30 2.99 
3.80 3.71 3.30 2.96 
3.85 3.78 3.40 3.13 
3.99 3.90 3.36 3.03 
4.03 3.97 3.49 3.16 
4.08 4.13 3.50 3.09 
4.15 4.17 3.57 3.20 
4.12 4.17 3.63 3.18 
4.25 4.17 3.63 3.18 
4.38 4.17 3.76 3.30 
4.38 4.17 3.78 3.36 
4.38 4.17 3.80 3.36 
4.38 4.17 3.78 3.36 
4.38 4.17 3.78 3.36 

12.80 
13.24 
13.47 
13.77 
14.16 
14.28 
14.65 
14.80 
15.09 
15.10 
15.23 
15.61 
15.69 
15.71 
15.69 
15.69 

0 
3.6 
5.4 
7.3 

10.8 
i1.7 
14.6 
15.7 
18.0 
18.2 
19.0 
22.0 
22.8 
23.1 
22.8 
22.8 

6.8 5.0 0.0 1.5 
7.1 5.0 2.8 6.2 

15.0 6.8 2.8 5.8 
16.8 9.0 2.8 11.2 
21.0 12.5 4.8 8.5 
22.7 14.5 8.6 12.5 
23.8 19.2 9.1 10.0 
25.8 20.5 10.8 14.2 
25.0 20.5 13.0 13.5 
28.9 20.5 17.0 17.2 
32.7 20.5 18.0 19.2 
32.7 20.5 18.5 19.2 
32.7 20.5 18.0 19.2 
32.7 20.5 18.0 19.2 
32.7 20.5 19.0 ]9.2 
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leaves .  T h e  r e su l t s  o f  t h e  o b s e r v a t i o n  of  o ld  pe t io les  ( age -g roups  C a n d  D) 
are  n o t  p r e s e n t e d  here  b e c a u s e  of  t h e i r  v e r y  l i m i t e d  g r ow t h .  

D a t a  d e s c r i b i n g  t h e  e l o n g a t i o n  of  b l a d e  in  t h e  d i r e c t i o n  of  l o n g i t u d i n a l  ax i s  
m e a s u r e d  in  l a m i n a  i n t e r v a l s  are  s u m m a r i z e d  in  T a b .  7. F i g u r e  7 shows  t h e  
d i s t r i b u t i o n  of  e l o n g a t i o n  a n d  t he  shi f t  of  t h e  zone  of  m a x i m a l  e l o n g a t i o n  
of  b l a d e  d u r i n g  t h e  d e v e l o p m e n t  of  t h e  leaves .  D e t a i l s  c o n c e r n i n g  t h e  m e t h o d  
of  e v a l u a t i o n  of  c i n e m a t o g r a p h i c  r ecords  a n d  t h e i r  g r a p h i c a l  r e p r e s e n t a t i o n  
are d i s cus sed  in  t h e  n e x t  c h a p t e r .  

T A B L E  7 
D I S T a I B U T I O N  OF THE RATE OF LAMINA ELONGATION of the growing tobacco leaf (Nicotiana tabacum 
cv. Samsun) 
Average length of lamina intervals obtained by evaluating of film-records of the six young 
leaves of A and B type. 

Midrib intervals dclimitated by the principal lateral veins. Interval 1 is at the 
lamina base. a - length in ram, b - in ~ of the original value 

Growth 
[b] l 2 3 4 5 6 

a b a b a b a b a b a b 

0 
! 24 

i 48 72 
1 84 
I 

2.07 - -  
1.98 22.31 
2.68 53.1 
3.22 102.6 
3.47 165.6 

3.94 
4.54 34.9 
6.02 77.0 
7.93 150.0 
9.04 237.6 

6.84 
8.35 22.2 

11.32 74.1 
14.32 116.4 
17.20 195.5 

9.82 - -  
12.42 38.4 
16.73 87.9 
21.16 141.0 
26.15 241.0 

12.89 - -  
16.43 46.6 
21.41 77.0 
26.45 114.0 
31.75 180.8 

19.79 - -  
25.22 28.8 
31.24 54.6 
34.06 57.6 
40.21 103.0 

D i s c u s s i o n  

T h e  d i u r n a l  o s c i l l a t o r y  m o v e -  
m e n t s  of  t h e  pe t io les  of  g r o w i n g  
leaves  of  t o b a c c o  i n  t h e i r  hor i -  
z o n t a l  p r o j e c t i o n  were  f o u n d  s imi -  
l a r  to  t hose  d e s c r i b e d  b y  NOVXK 
(1964) a n d  ~NOVSK a n d  SPURI~+ 
(1968). A n  a p p r o x i m a t e l y  12-h 
p e r i o d  of  o sc i l l a t i ons  was  d i s t i n c t  
for  y o u n g  l eaves  f r o m  a g e - g r o u p s  
A a n d  B (Figs.  2 to  5). T h e  m a -  
x i m a l  v e r t i c a l  a m p l i t u d e s  of  osci- 
l l a t i o n s  of  t h e  y o u n g e s t  l eaves  
d u r i n g  t h e i r  m a x i m a l  e l o n g a t i o n  
were  a b o u t  2 m m .  T h e  osc i l l a t i ons  

Fig. 6. Distribution of the rate of petiole 
and lamina elongation of tobacco leaf 
(Nicotiana tabaeum cv. Samsun). Abscissa: 

l e n g t h  bf the organ in ram, ordinate: 
elongation in ~o of the original length. 
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of old leaves (age-groups C and D) were irregular with the maximum am- 
plitudes of several tenths of a millimetre. The range of amplitudes of oscil- 
lations and their regularity decreases during leaf development.  Oscillations 
disappear when the elongation terminates. The rate of elongation of petioles 
is dependent  on the development  of the leaves. Calculated on the basis of 
the original length, the elongation of petioles of very young leaves (A) was 
91~/o, of young leaves (B) 31.7% and of old leaves (C) less than 200/0 . The 

I 2 3 4 5 6 

/ 
/ /  / 

" '  ] / // / 
o ~ 20 3O 

Fig.  7. T h e  sh i f t  of  zones  of m a x i m a l  e longa t ion  of  
tobacco leaf  b lade  (1Vicotiana tabacum cv. S a m s u n )  
d u r i n g  on togenes i s .  
L e n g t h  o f  s o g m e a s  1 - 6  d e l i m i t a t e d  b y  ~he pr inc ipa l  
la te ra l  ve in s  of  leaf  b lade.  
Abscissa: l e n g t h  of  l a m i n a  s e g m e n t s  [ram],  o rd ina te :  
growth [h I. 

zone of maximal elongation 
of both young and old petioles 
is located in the region be- 
tween 2 and 4 mm from the 
base of the petioles (Tab. 1 
to 6). With the increasing 
distance from the base, the 
elongation of petioles decreas- 
es up to one half of the record- 
ed maximum rate. A close 
relation between the oscilla- 
tory movements  and growth 
is apparent from these data. 
In the petiole, where the 
epicentrum of movements  lies, 
the oscillations are small, 
several tenths of a milli metre, 
but  at a distance of 30 mm 
corresponding to the length 

of young leaf (B), the tip of blade may circumscribe a helix with a maxi- 
mum amplitude of 5 mm in a horizontal projection. 

The results describing the localization of the zone of maximal elongation 
of  young leaves near to tip are in agreement with earlier findings (Av~.~Y 
1933, FRI~MEL 1954). Figure 6 shows that  the 
minimum elongation of blade at the beginning 
of the experiment was si tuated in this region 
(see curve for the first day). During t h e m  
further development  of leaves, the zones of 

2OO 

Fig. 8. The course of  elongation of  the lamina interval 
del imitated b y  the 2nd and 3rd principal lateral vein of 
tobacco leaf. (2~icotiana tabacum ev. Samsun). 
Periodical changes of  length caused by  optical distorbion ~0 
are negligible because of  small oscillations in this zone. 
n lustrated according to original records of  leaves from 
age-group A (1--3) .  
Abscissa: growth period of  lamina in days,  ordinate: 
changes in length of  intervals expressed in ~/o of  original 
values. 
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g r o w t h  a re  s h i f t e d  n e a r e r  t o  t h e  m i d d l e  p a r t  o f  t h e  b l a d e  a n d  t o  t h e  p e t i o l e  
(see t h e  c u r v e  fo r  t h e  s e c o n d  day ) .  T h e  d i s t a n c e  b e t w e e n  t h e  p r i n c i p a l  l a t e r a l  
v e i n s  in  t h e s e  r e g i o n s  i n c r e a s e d  2.5 fo ld .  D u e  t o  t h e  v e r y  h i g h  r a t e  o f  e l o n g a -  
t i o n ,  o s c i l l a t i n g  l e a v e s  m o v e d  p e r i o d i c a l l y  t o  a n d  f r o m  t h e  p l a n e  o f  t h e  lens .  
T h e s e  c h a n g e s  o f  d i s t a n c e  o f  t h e  o b j e c t  c ause  d i s t o r t i o n  o f  i t s  s ize on  p h o t o -  
g r a p h i c  r e c o r d s  (SPc~gg"  a n d  N o v X x  1962). T h i s  v a r i a t i o n  s h o w s  a r e g u l a r  
t w e l v e  h o u r  cyc l e  a n d  w a s  e l i m i n a t e d  b y  t h e  c l a s s i f i ca t ion  o n l y  o f  t h o s e  
r e c o r d s  w h i c h  w e r e  t a k e n  in  p e r i o d s  c o r r e s p o n d i n g  t o  t h e  m u l t i p l e s  o f  a 12 h 
i n t e r v a l .  T h e  e l i m i n a t i o n  o f  t h i s  e f fec t  i n v o l v i n g  a t i m e - a b s o r b i n g  c a l c u l a t i o n  
o f  c o r r e c t i o n s  ( S P u R ~ q  1964) was  n o t  ju s t i f i ed .  T h e  g r o w t h  c u r v e  r e c o r d e d  
in  t h e  r e g i o n  close t o  t h e  p e t i o l e  does  n o t  s h o w  a p e r i o d i c a l  v a r i a t i o n  b e c a u s e  
o f  sma l l  o sc i l l a t i ons  (Fig.  7). 

The zone of maximal elongation, which is localized in young leaves near to the blade tip, 
proceeds gradually in maturating leaves to the middle region of the blade and to the petiole. 
The growth rates of petioles were found generally lower than those of blades. They can be ex- 
pressed in hundreds of millimetres (4.8 • 10-~ rnm h-l) for petiole; half of these values were 
recorded in their apical regions close to the blade. One degree higher growth rates were found 
for leaf lamina (3.2 • 10 -1 mm h-l). The maxima of oscillatory amplitudes circumscribed by 
the terminal points of petioles of young leaves (A) varied between 1 and 2 ram. The projection 
of these values to the blades suggest the theoretical oscillation of the tips of leaves of about 5 ram. 
However, in our previous experiments the oscillation maxima of leaf tips of similar age were 
found to be 15 mm (NovX~ 1964). This difference indicates that an another oscillatory momentum 
participates in the registered total amplitudes of oscillations. The already-mentioned dependence 
of oscillations on the growth can be used to localize the source of these secondary oscillations. 
According to the results presented above, the zones of maximal elongation of leaves are localized 
in the middle region of the blades where the maxima of oscillatory amplitudes also occur and 
this may be identified as the secondary centrum of oscillatory movements. The final amplitude 
circumscribed by the tip of the blades is a sum of both partial amplitudes. This oscillatory 
system is described in Fig. 9 where a young leaf (A), about 30 mm long is presented in the phase 
of maximal blade elongation. Active meristems are located around point B0. The vertical oscil- 
lation of the leaf is caused first of all by the elongation of the base of the petiole (point O). The 
maxima of these amplitudes reach the extreme points Am and Bin. The experimental values of 
these amplitudes measured at the apical end of the petiole varied between 1 and 2 ram. Such 
amplitudes in the absence of any other oscillatory momentum would cause movements of 
the blade tips between the two extreme points G - -  a distance that corresponds to the maximum 
amplitude of 5 mm. The actual maxima, however, were found about three times higher. 15 ram. 
I t  is assumed that the highest rates of elongation recorded in the region around point B0 induce 
secondary oscillations which increase the amplitude of the blade tip up to the values found 
experimentally. 

This explanation is supported by a visual analysis of the cinematographic records repeatedly 
projected as an infinite loop. Using this kind of projection the significant oscillatory movements 
in the region around point B0 were revealed. 

The oscillations of tobacco leaves can be defined as growth movements which consist of 
two integral parts: of oscillations originating at the base of the petiole and of oscillations of 
growing leaf blade localized in the meristematie zone in the middle part of the blade and gradually 
moving toward its base. I t  has not been possible to determine to what extent phototrophie 
movements of blade participate in this complicated system. However, the registration of oseil- 
lations of blades by the cinematographic method may, in contrast to petioles, be influenced by 
many other factors. 

I n  an  i n t e g r a l  p l a n t  s y s t e m  s o m e  o t h e r  f a c t o r s ,  s u c h  as o s c i l l a t o r y  m o v e -  
m e n t s  ( " e i r c u m n u t a t i o n " )  o f  s t e m  (GuREVICH a n d  I o ~  1968), m u s t  be  t a k e n  
i n t o  a c c o u n t .  I t  s e e m s  p r o b a b l e  t h a t  c o o r d i n a t e d  a n d  s y n c h r o n i z e d  o s c i l l a t o r y  
m e c h a n i s m s  o f  s e p a r a t e  o r g a n s  a r e  a p a r t  o f  a s y s t e m  w h i c h  p a r t i c i p a t e s  
in  t h e  t r a n s f e r  o f  i n f o r m a t i o n  in  p l a n t s  ( G u ~ v I c ~  a n d  IOFFE 1970). A t -  
t e n t i o n  has  a l r e a d y  b e e n  p a i d  t o  t h e  e n d o g e n o u s  m e t a b o l i c  f a c t o r s  w h i c h  
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may induce oscillatory movements (B~3~Nr~G and BLUME 1963, B(~NN~NG 
and MOSER 1968, BLVME 1961, KARV~ and JAGAJINNI 1966, MILLET 1970) 
and an attempt made to explain the autonomous periodicity of oscillations 
by variation in the production of auxin and by its uneven distribution in 
the lower and upper part of petiole (YI~ 1941). Another possibility, i .e.  that  
oscillations originate during orientated tropical growth when the deviations 
from the plagiotrophic direction are corrected by a feedback mechanism, 
cannot be ignored. The schema of such a self-regulating system has 
already been proposed for the geotropical growth of roots of pea seedling 
(SPuRNY 1968 a, b). The fact that there is no elongation without oscillation 
and vice versa  is in agreement with this proposal. 

Figures  at the end of the issue. 
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filmem, Brno D e n n i  o s e i l a 6 n i  p o h y b y  r o s t o u e i e h  l i s t f i  t a b t t k u  (Nicotiana tabacum e v .  Samsun). 
Biol. Plant. 14 : 14--27, 1972. 

V p~edlo~en6 prhci jsou sledov~ny faktory ovlivflujici pravid~lnost trajektorie oscilaSnlch 
pohybfl rostoucich listfi tabhku (Nicotiana tabacum cv. Samsun) registrovan~ch sb6rnou filmovou 
metodou (obr. [2 -  3]. Detailn6 byly sledovs oscilaSnl pohyby rostoucich ~apikfi listd a zvlhht6 
jejieh 6epeli (tab. 1 -- 6, obr. [2 -- 5]. Velikost amplitud oscilaSnlch pohybfi v horizont~lnlm prflmdtu 
byla porovn~na s polohami z6n nejrychlejw dlou~enl a s hodnotou rfistov~eh ryctdostl v ~apiku 
a 5epeli bdhem ontogeneze listfi (tab. 7--11, obr. [6--8]. Zbny nejrychlejw dlou~eni ~apiku 
se nach~zejl v t6sn6 bllzkosti kloubu ~aplku (2--4 mm), sin@rein k 6epeli dlou~tenl poldes~ al  na 
polovinu maxim~lnlch hodnot. V rostouci 5epeli se posunuje zSna maxim~lniho dlou~eni od w 
k bhzi. V dob6 nejv~tw rfistu jsou merist6my lokalizovhny ve st~edu 5epele a v dalw vy~voji 
se posunuji k jejl bs (obr. 6). 

V ~aplku kolls~ rfistovh rychlost ~dov@ v setinhch milimetrh za hodinu (4,8 • 10 -2 mm h-l) ,  
v depeli jsou zji~t6n6 ryehlosti dlou~teni v prflmdru o jeden ~hd v6tw (3,2 • 10 -1 mm h-l) .  

V2~sledky potvTzujl z~kladni tezi o spojitosti oscilacl s dlou~iv~m rdstem: dlm mohutn6j~i 
dlou~iv~ rfist org&nu, tlm lze oSekgwat v~tw amplitudy oseilacL Naopak, s usthvajlelm rdstem 
odezni~rajf i osciladnl pohyby. 

Byly porovns163 ob6 metody registraee osciladnlch pohybfl listfl tabs opisovan6 jednak 
~pidkou listov6 6epele, jednak krajnfmi body vyznaden:~mi na ~apiku [obr. 9]. Ukazuje se, ~e 
druh~ zpflsob registrace (dle oscilael ~aplku) odstrafluje nepravidelnosti trajektorie dan6 dru- 
hotn~mi pohyby 6epele a eventus fototropiek:~mi pohyby listu. V rs eel6 rostliny k tomu 
ie~t6 p~istupujl eirkumnutace osy (GuaEw6 a IOFFE 1968, 1970). 

Je  diskutov~na mo~nost interpretovat  osciladni pohyby rostoucfch listfl v r~mei systdmu 
plaglotropicky ~izendho dlou~ivdho rflstu, kde odchylky znadl zp@tn6 vazebn6 opravy smdru, 
obdobn6 jak to navrhl autor pro geotropieky ~zen:~ rflst klidnlho ko~ene hraehu (SPURNS;" 
1968 a, b). 



M. SPURN~ ~ 
DIURNAL OSCILLATORY MOVEMENTS OF LEAVES 

Fig. 1. Cinematographic apparatus for registration of oscillatory movements of tobacco leaves. 
A, B ~ moving film picture camera Cinephone 35 mm, recording the vertical and horizontal 
projections of oscillations. Diminution marks (1), temperature (2), t ime (3) and humidity (4) 
are registered simultaneously with the object. 
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DIURNAL OSCILLATORY MOVEMENTS OF LEAVES 

Fig. 9. Vertical oscillation of growing tobacco leaf ( N i c o t i a n a  t a b a c u m  cv. Samsun) in horizontal 
projection. 
0 ~ base of petiole, OAo ~ length of petiole, B0 ~ location of the zone of extensive elongation 
and centrum of the secondary lamina oscillations, Co : tip of lamina, C ~ erroneous extra- 
polation of oscillation maximum (see text  for explanation), Am, Bin,  C m  ~ oscillation maxima 
of separate parts of leaf. Abscissa: length of leaf [mm], ordinate: oscillation amplitudes [mini. 


