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Abstract. The elongation of pine seedlings (Pi~us  silvestris L.) is associated with nutation 
movements. Trajectories of these growth oscillations were recorded by fihn technique in hori- 
zontal and vertical projection during a three day period of growth. On the basis of these data 
the parameters of elongation and nutation oscillations, i.e. rate, amplitudes and frequency of 
oscillations, were calculated and their changes during plant development compared. Oscillation 
trajectories are circular or elliptic spirals the amplitudes of which are increasing with the age of 
hypocotyl from 1.Smm to 7.5 mm. The frequencies of nutations are decreasing during the growth 
from 0.5 to 0.2 ray. h-L On the other hand, the growth rate of hypocotyl increased from values 
near to 10 -3 mm h -1 at the beginning of the experiment to 4 x I0 -1 mm h -1 recorded at the end 
of the third day. The zone of nutation curvature was slightly transferred from the middle of the 
hypoeotyl toward the apex and its location has not been identical with that  of elongation. 
This indicates that  the system controlling nutation oscillations need not be identical with that  
controlling direction of elongation. At a certain stage of development behaviour of the decapi- 
tated pine hypocotyl is analogical to that  of the root without the centre of georeception. A possi- 
bility of analogy of the system controlling direction of hypocotyl growth and of the system 
proposed for geotropieal control of root growth is discussed. 

The existence of nutation movements of growing pine seedlings complicates 
estimation of their phototropic sensitivity. Mechanisms of both these move- 
ments interfere and phototropie and nutation curvatures may be distinguished 
on the basis of the size of amplitudes of natural growth oscillations. For such 
measurements it has been suggested to estimate the' basic nutation para- 
meters of hypocotyl grown under scattered illumination for a period cor- 
responding at least to two nutation cycles (SPURN3~ ~ et al. 1974). The size of 
the phototropical response is possible to determine by measurement of 
nutation deviations of hypocotyl before and after side-illumination. 

The basic parameters of growth by elongatio n and nutation oscillations 
are affected by the age of seedlings (BAILLAUD 1958, MARSAUD et al. 1965), 
temperature (HEATHCOTE 1969) and by endogenous growth regulating factors. 
According to the recent investigations the localization of nutation curvatures 
of organs and position of zone of maximum elongation are closely related 
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( I - IEATltCOTE 1969). The identi ty of zone of elongation and region of maximum 
nutat ion deviations was univocally recognized in roots of pea seedlings 
( S r c ~ N f  1968). Similar data  are not  available for hypocotyls.  I t  was therefore 
necessary to localize not only the zone of elongation bu t  also the region of 
nutat ion curvature under conditions of scattered illumination. The know- 
ledge of interactions of the two movement  mechanisms may help to elucidate 
the t ransport  and region of action of growth substances regulating elongation, 
i.e. of auxins and gibberellins (HAUPT 1972). 

Material and Methods 

The pine seedlings employed were of the same origin as described elsewhere ( S P u ] r  et al. 
1974). Ten selected individuals f rom pre-germinated seeds were p lanted into quar tz  sand in 
a growth-chamber .  This chamber  consisted from two parts ,  The first one was a tank  made  f rom 
" U m a p l e x "  (150 • 40 • 40 ram) wi th  a perforated b o t t o m  where the seedlings were p lanted in 
one line in a distance of 13 m m  each f rom the other.  The second par t  was a cover which main ta ined  
a high humid i ty  inside the chamber .  The g rowth-chamber  contained the size marks  and the  
left pa r t  of the microcul t ivat ion devic~ was reserved for the t ime base. The t ank  and the cover 
were cons t ruc ted  in such a way  which allowed s imul taneous c inemathographie  recording of 
oscillation movemen t s  of the apex in horizontal  and vertical projection. This was achieved by  
a t t a c h m e n t  of a mirror  at an  angle of 45 ~ which reflected the picture of seedlings and simul- 
taneously  reflected the light i l luminating seedlings f rom above (SPVRN~ 1975). The recorded 
size of objects was  reduced in ratio 1 : 12.7 and 1 : 13.5. The pictures were evaluated  by  a special 
microscope using enlargement  21 • and coordinates determining the posi t ion of the  apex were 
plot ted on a mill imeter network.  I n  this way  the horizontal  and vertical project ions of nu t a t i on  
trajectories of 50 seedlings f rom five exper imenta l  sets (A I 5) were obtained.  

Zones of m a x i m u m  elongation were localized by  means  of Ind ian  ink marks.  These marks  
were d rawn  on the whole hypocotyl  length in a distance ca. 1 m m  each f rom the other.  Seedlings 
were then  planted into the wet quar tz  sand in growth-chamber .  Their g rowth  and  changes in bar  
distances were registered only in horizontal  projection. The cul t ivat ion pots  used in this exper-  
iment  were smaller wi th  a t tached  size and  t ime marks.  The size of the object  was reduced in 
ratio 1 : 2.34. This reduction allowed to recognize the posit ion of marks  under  the microscope 
wi th  sufficient accuracy. The records were eva lua ted  o n  ~,spe~i~l Z~iss reading a p p a r a t u s  a t  
en largement  of 17.5 • which makes  possible to draw the exact  shape of  the growing hypoeoty l  
in each nu t a t i on  phase. I n  this way the da ta  were obtained about  16 seedlings f rom 4 exper imenta l  
sets (B 1--4),  All seedlings were grown under  the same conditions: a t  25 ~ for 80 h f rom plant-  
ing. At  the end of the exper iment  the cotyledons s ta r ted  to develop and these seedlings loose 
their  testa.  

Results and Diseussion 

A characteristic course of apex trajectory of growing pine seedling hyp- 
ocotyl  in both, horizontal and vertical projection, is shown in Fig. 1. Para- 
meters of growth oscillations, i.e. frequencies and amplitudes, and their 
changes are the same during the first three days of cultivation as in the 
previous experiments (SPt~R~: et al. 1974). Oscillation trajectories are circu- 
lar or eliptie spirals with increasing amplitudes from 1.5 mm at the beginning 
of  the experiment to values 5 times higher at the third day of  cultivation. 
The nutation frequencies are decreasing during this period from 0.5 rev. h -1 
to 0.2 rev. h -1. The growth rate is also increasing from values near to 10 -a 
mm h -1 to 4 • l0 -1 mm h -1. This increase, however, is not high enough to 
compensate increasing amplitudes of oscillations and for this reason the 
frequency of nutations is decreased to one half. The regularity of size of 
oscillation spirals is increasing with the age of seedlings. 
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Fig. 1. Nutation oscillations of growing pine seednng hypocotyl (Pinus silvestris L.). Trajectories 
in vertical (above) and horizontal (below) projection were obtained from the cinematographic 
record of one plant from the experimental set A 1/2. Drawn in the 2.5 mm orthogonal net.work. 
Figures on the curve represent the beginning and the end of the experiment in h. 
Fig. 2. Loeation of zones of maximum elongation on pine seedling hypocotyl (Pinus silveetris L.). 
Drawn according to the cinematographic record of one plant from the experimental set B 2/1. 
Abscissa: growth[ hours], ordinate: length of hypoeotyl [mm]. Figures on curves represent serial 
numbers of marks from the base to the apex. 

Localization of hypocotyl  elongation was determined on seedlings with 
hypocotyl l0 mm long. The results obtained from one seedling are shown in 
Fig. 2. At this stage of development the rate of elongation of the 6 mm long 
basal region of the hypocotyl  is low (ca. l0 -a mm h -1) and the zone of 
maximum elongation (ca. 2 • 10 -~ mm h -1) is located in the apex (mark No. 
10, i.e. approximately between 7 and 8 mm of the hypocotyl). At the later 
stage the basal region ceases to elongate and the zone of maximum elonga- 
tion is near to the apex. Starting the third day of cultivation the elongation 
is restricted to the zone deliminated by the last bar and the cotyledonar bad. 
The rate of elongation is reaching value 4 • l0 -1 mm h -1. 

The location of elongation was analyzed in dependence on simultaneously 
recorded position of nutat ion curvature. The phases of changing shape of 
nuta t ing hypocoty[ are plotted at enlargement 17.5 • from the cinemato- 
graphic record in Fig. 3. The deviations originate in young seedlings in the 
middle of the hypocotyl.  This region is nearer to the apex after three days of 
growth, i.e. in the oldest plants tested. The basal region of the hypocotyl 
does not elongate at all. At this point should be mentioned the investi- 
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Fig. 3. Location of nu ta t ion  deviations on growing pine seedling hypoeotyl  (Pinus silvestris L.). 
Drawn according to the cinematographic record of one plant  from the experimental  set B 1/3 
(above) and  B 2/1 {below) in the 10 m m  orthogonal network. The changes in position of the  
centre  of hypoeotyl  nu ta t ion  curvature  are recorded in 4 phases of elongation (plant from the 
exper imental  set, B 1/3: 5, 15, 25 and 40 h; plant  from the experimental  set B 2/1: 15, 30, 40 and  
65 h of growth). Nuta t ion  fan on the upper  half  of the hypocotyl  deliminates the ex ten t  of oscil- 
lat ion ampli tudes ( =  one half  of nu ta t ion  revolution). 
Fig. 4. The effect of decapitation on elongation and nuta t ion  oscillations of pine seedling hypocotyl  
(Pinus silvestris L.). The changes in the shape of hypocotyl  of one plant  from the experimental  
set C 2/1 are drawn in the horizontal projection in 10 m m  orthogonal network. Presented records 
in 15 rain. intervals;  s tar t ing from l l  h of growth these intervals were extended to 1 h. The 
arrow marks  the time of decapitation. 

gations of AREAL (1953) and HEATHCOTE (1965) of nutat ion curvatures of 
ray coleoptiles and seedlings ofPhaseolus multiflorus. Both authors described 
the same type  of course of nutat ion oscillations which involves a characte- 
ristic wave advance from the apical to the basal region. On the basis of the 
velocity of transfer of curvature from the apex to the base they  suggest tha t  
mechanism of nutat ion oscillations is closely connected with the mechanism 
of auxin transport.  The t h e o r y  of nutat ion oscillations as modulation of 
auxin production has not  been, however, verified (JOERRS,~S 1959). The 
shape of nutat ion deviations and their course in pine seedlings is not, how- 
ever, a type  designated as "advance of waves from above below". I t  cor- 
responds much more to circumnutations described for apical region of stems 
of Dioscorea batatas, Quamoclit pinnata and Phaseolus multiflorws ( B A I L L A U D  

1952 and MARSAUD et al. 1965). 
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TABLE 1 
THE EFFECT OF APEX DECAPITATION ON PARAMETERS OF GROWTH AND NUTATION OSCILLATIONS 
OF pINE SEEDLING HYPOCOTYLS (Pinus silvestris L.). CALCULATED FROM THE DATA REGISTERED 
IN THE EXPERIMENTAL SET C 2/1 

Growth Hypoeotyl Rate of Frequency of oscillations Oscillation 
[mm] elongation time interval [rev. .  h -1] amplitudes (2a) 

[h] length [mm . h -1] [hi [mm] 

2 10.24 - -  0 330 0.287 2.45 
3 10.70 0.286 215-  545 0.287 2.56 
4 10.94 . . . .  
5 11.35 . . . .  
6 12.00 0.454 415-  745 0.287 2.65 
7 12.30 . . . .  
8 12.59 0.454 615-  9 a5 0.287 2.96 
9 13.18 . . . .  

10 13.67 0.430 715--1045 0.287 4.09 
11 14.15 0.474 915--1245 0.287 4.39 
12 14.15 . . . .  
13 15.00 0.477 1115--1445 0.287 4.27 
14 15.28 . . . .  
15 15.85 0.487 1315--1645 0.287 4.12 
16 16.10 . . . .  
17 o5 Apex decapitation (1.93 ram) 
18 15.19 . . . .  
19 15.23 0.003 17 o5_ 19 oo - -  2.10 
20 15.59 0.140 1845--20 oo - -  1.83 
21 15.79 . . . .  
22 15.93 0.067 2015--24 oo 0.267 1.43 
23 15.93 . . . .  
24 15.90 . . . .  
25 16.12 0.147 2215--2600 0.267 0.82 
26 16.48 . . . .  
27 16.50 0.179 2415--2745 0.287 0.31 
28 16.53 . . . .  
29 16.70 0.185 2815--3145 - -  0.09 
30 17.20 - -  - -  does not oscillate 
35 17.54 - -  
40 17.89 0.068 
45 18.20 0.051 

T h e s e  d i f e r e n c e s  a r e  n o t  e a s y  t o  e x p l a i n .  I t  s e e m s  t o  b e  n e c c e s s a r y  t o  r e -  
e v a l u a t e  m e t h o d s  u s e d  f o r  r e g i s t r a t i o n  o f  c u r v a t u r e  o f  p l a n t  o r g a n s  a n d  
i n t e r p r e t a t i o n s  o f  r e s u l t s  w i t h  r e s p e c t  t o  t r i g o n o m e t r i c  l a w s .  I t  m u s t  b e  
s t r e s s e d  t h a t  o p t i c a l  r e c o r d s  o f  c u r v a t u r e s  o f  o r g a n s  (e. g. e p i c o t y l s  of Phaseolus 
multiflorus i n  F i g .  1 o f  HEATHCOTE ] 9 6 5 )  d o  n o t  s h o w  t h e  r e a l  c u r v a t u r e  b u t  
o n l y  i t s  h o r i z o n t a l  p r o j e c t i o n .  A u t h o r s  i n t e r p r e t  t h e  p h o t o g r a p h i c  r e c o r d s  o f  
o r g a n  c u r v a t u r e s  a s  c u r v a t u r e s  w h i c h  p r o c e e d  i n  a p l a n e .  B u t  t h i s  is  n o t  t h e  
c a s e .  0 n l y  t h e  s i m u l t a n e o u s  v e r t i c a l  r e c o r d  o f  t r a j e c t o r i e s  o f  n u t a t i n g  o r g a n s  
m a y  e n a b l e  o n e  t o  m a k e  a t h r e e  d i m e n s i o n a l  r e c o n s t r u c t i o n  a n d  t o  g e t  a r e a l  
p i c t u r e  o f  o r g a n  t r a j e c t o r y .  A s i m i l a r  a r t i f a c t  m a y  i n f l u e n c e  r e s u l t s  o f  m e a s u r e -  
m e n t  o f  o r g a n  e l o n g a t i o n  w h e n  t h e  o r g a n  i s  r e g i s t e r e d  o n l y  i n  a h o r i z o n t a l  
p r o j e c t i o n .  D i s t o r t i o n  o f  r e a l  l e n g t h s  o f  n u t a t i n g  o r g a n  w h i c h  r e a c h e d  
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maximum in optical perihelium and ahelittm may be a source of errors and 
incorrect interpretation of relaxation cycles. 

Only the slight shift of the zone of oscillation toward the apex shows a close 
relationship between this process and the location of the zone of maximum 
elongation of the hypocotyl.  But  this relationship is not a correction as it was 
found in the case of growing roots where nutat ion deviations are associated 
with the zone of maximum elongation (SPuRN~ 1968). Such behaviour of 
roots has corresponded to the proposed cybernetic model which was employed 
for interpretat ion of function of geocontrol system of growing roots. Accord- 
ing to this model corrections of deviations of root axis from the geotropic 
direction induce deviations. I t  has been a s s u m e d t h a t  high elongation rate is 
favourable for occurrence of deviations and tha t  these deviations require cor- 
rections which are signalized from the georeception centre to the elongation 
zone. The control of the root growth is apparent ly not analogical to the 
control of hypocotyl  elongation. In the case of pine seedling hypocotyl  the 
zone of maximum elongation is localized in a close distance under the coty- 
ledons (3rd day of growth) but  the centre of nutat ion deviations is below, 
approximately in the middle of the hypocotyl,  i .e. at the periphery of the 
elongation zone. This means that  the response to the hormone redistribution 
(its control mechanism is still irrelevant) occurs out of the zone of maximum 
elongation. I t  is possible tha t  the control system of nutat ion oscillations is 
not, from the point of view of plant hormones, identical with a system 
controlling direction of hypocotyl  elongation (see antagonism between auxin 
and gibberellin, HAIJPT 1972). 

Some interesting information related to this problem were obtained in 
preliminary experiments in which the presumed control centre of hypocotyl  
elongation was removed. The decapitation of apex ceased hypocotyl  elon- 
gation but  the nutat ion oscillation damped out  with smaller ampli tudes 
during an interval of one oscillation period, i .e.  4 to 5 h (Fig. 4). The hypocotyl  
started to elongate after this period but  oscillations ceased. In this respect 
the decapitated hypocotyl  behaves similarly to the root without  the geo- 
reception centre in the tip: the organ elongates but  does not oscillate. The 
direction of growth is not controlled and corrected. 

The problem will be investigated in the whole complexity as soon as the 
curvature of hypocotyl  at various phases of seddling development grown 
under phototropic liminal- and side-illumination is known. 
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H y p o k o t y l  kliSnleh ros t l in  borovice lesnf (P inus  silvestris L.) vykons  p~i dlou~iv~m r d s t u  
n u t a 6 n l  p o h y b y .  D r h h y  t~ehto  rfistov3~eh oscilael by ly  fi lmov~ z a z n a m e n h v A n y  po d o b u  3 dnfl 
v hor izontAlnfm a ver t ikAlnlm prf im~tu .  Ze zlskan3~eh da t  by ly  v y h o d n o e e n y  p a r a m e t r y  dlou~i- 
v~ho r f i s tu  a nu taSn lch  oseilael, t j .  rfistovA ryehlos t ,  a m p l i t u d a  a f rekvenee  oseilacl a je j ieh z m ~ n y  
b~hem vi~-voje ros t l in  (obr. 1). OscilaSnl drAhy j sou  k ruhovd  a~ e l ip6 i~  w s a m p l i t u d a m l  
zv~t~ujfcfmi se se s th~im h y p o k o t y l u ;  f r ekvenee  nu t ae f  se zpoma lu j e  b~hem rf i s tu  z poShteSnfch 
h o d n o t  0,5 na  0,2 ot /h .  Rfis tovA ryeh los t  h y p o k o t y l u  se s. v3~vojem ros t l iny  zv~tfiuje Z h o d n o t  
1 . 10 -3 n a  4 .  10 -1 m m / h .  

Po loha  z&ny nutaSm'ho  k~'ivenl nen~ k o n s t a n t n f ,  ale p~emlsfu je  se sm~rem k apexu ;  ale to to  
mis to  neodpovidA poloze z6ny  ne j rychle jh lho  dlou~eni  (obr. 2a, 3). Z toho  lze soudi t ,  ~e Hdlef s y s t e m  
n u t a 6 n l e h  oscilacl n e m u s l  b~'t identick~" se s y s t 6 m e m  ovlhda j le lm sm~r  dlou~eni  h y p o k o t y l u .  

D e k a p i t o v a n ~  h y p o k o t y l  boroviee se v urSit4 fhzi ehovg~ ana log icky  j ako  ko~en zbaven3~ e e n t r a  
geopercepee (obr. 4); je d i sku tovAna  v h o d n o s t  analogie  Hdlciho s y s t ~ m u  pro sm~r  r f i s tu  h y p o k o -  
t y lu  s geokon t ro ln im  s y s t ~ m e m  v ko~eneeh.  


