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Inversion of gravitropism 
by symmetric blue fight on the cfinostat 
H. Sailer, P. Nick*, and E. Schiifer 

Institut fiir Biologie II, Sch~inzlestrasse 1, 7800 Freiburg, Federal Republc of Germany 

Abstract. Gravitropic stimulation of  maize (Zea mays  
L.) seedlings resulted in a continuous curvature of  the 
coleoptiles in a direction opposing the vector of  gravity 
when the seedlings were rotated on a horizontal clinos- 
tat. The orientation of this response, however, was re- 
versed when the gravitropic stimulation was preceeded 
by symmetric preirradiation with blue light (12.7 ~tmol 
photons .m-2) .  The fluence-response curve of this blue 
light exhibited a lower threshold at 0.5 ~tmol.m-2, and 
could be separated into two parts: fluences exceeding 
5 lamol.m-2 reversed the direction of  the gravitropic re- 
sponse, whereas for a range between the threshold and 
4 tamol" m -  2 a split population was obtained. In all cases 
a very strong curvature resulted either in the direction 
of gravity or in the opposite orientation. A minor frac- 
tion of seedlings, however, curved towards the caryopsis. 
Furthermore, the capacity of  blue light to reverse the 
direction of  the gravitropic response disappeared with 
the duration of  gravitropic stimulation and it depended 
on the delay time between both stimulations. This tonic 
blue-light influence appears to be transient, which is in 
contrast to the stability observed for tropistic blue-light 
effects. 
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Introduction 

Graminean coleoptiles have been studied in great detail 
with respect to phototropic and gravitropic induction 
(Dennison 1979; Volkmann and Sievers 1979; Pohl and 
Russo 1984). Recently, Nick and Sch/ifer (1988a) de- 
scribed a complex interaction of  gravi- and phototropic 
stimulation in the response of  maize coleoptiles. But also 
tonic blue-light effects upon gravitropism after symmet- 
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ric irradiation, either bilaterally or from above, have 
been reported. Blaauw (1961) observed that a pretreat- 
ment with symmetric blue light slowed down the rate 
of  the upward movement induced by gravitropic stimu- 
lation. Moreover, the initial, downward movement of  
maize coleoptiles, usually found in the early phase of  
the gravitropic response (Hild and Hertel 1972), is abol- 
ished by preirradiation with blue light (Hild 1977). These 
results have been interpreted in terms of  a blue-light- 
elicited decrease of  gravitropic sensitivity. 

Phototropic stimulation induces stable curvature and 
a stable directional memory, if the seedlings are rotated 
on a horizontal clinostat (Nick and Schiller 1988 b). The 
memory can be detected as increasing stability towards 
counterstimulation of  equal strength. In contrast, gravi- 
tropic stimulation can induce only a transient response 
on the clinostat (Nick and Sch~ifer 1988 a). Surprisingly, 
it is nevertheless able to elicit the formation of  a stable 
memory ,  i.e. stable curvature, whose direction cannot 
be reversed by opposing blue-light stimulation of  equiva- 
lent strength (Nick and Sch/ifer 1988b). In order to ex- 
plain this discrepancy it is necessary to test whether this 
switch from transient to stable gravitropic curvature on 
the clinostat might be due to the tonic, stabilising effects 
of the blue-light counterstimulation. Therefore, in this 
investigation, the influence of symmetric blue-light upon 
the gravitropic response on the clinostat will be analysed 
in more detail. 

Material and methods 

Plant material and light sources. Maize (Zea mays L., cv. BRIO 
42.HT; Asgrow, Bruchsal, FRG, harvest 1987; stored at 3~ in 
the dark) seeds were grown in a phytochamber and prepared for 
experimental use as described by Nick and Schfifer (1988a). A 
description of the red-light source used in the growth chamber 
and as symmetric background illumination during curvature devel- 
opment on the clinostat is given in Mohr et al. (1964). Symmetric 
blue light was obtained by means of a mirror. For details on light 
sources, light measurement and filters see Nick and Sch/ifer (1989). 
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Stimulation treatments. For stimulation by gravity the seedling tray 
was tilted such that the gravity vector was parallel with the longer 
coleoptile cross-section. This stimulation treatment lasted for 
30 min, if not stated otherwise. Thereafter the seedlings were posi- 
tioned on a horizontal clinostat and rotated at 0.5 rpm under sym- 
metric red light (2.3 W ' m  -2) until excision (24 h after the onset 
of stimulation). Alternatively, seedlings were irradiated with vary- 
ing fluences of blue light from above at different time intervals 
with respect to the onset of gravitropic stimulation and then 
brought onto the clinostat. The irradiation time never exceeded 
90 s so as to avoid distortions caused by sensory adaptation (Iino 
1987). 

Curvature measurements and statistics. Time courses of curvature 
development and final curvatures 24 h after the onset of stimula- 
tions were measured as given elsewhere (Nick and Seh~fer 1988a, 
b). As the direction of the response deviated from the direction 
of gravitropie stimulation it was necessary to regard not only the 
curvature component parallel to the stimulation vector but also 
the azimuth of curvature. For this the azimuthal system described 
in Nick and Schfifer (1989) was used. In this system, curving away 
from the caryopsis was indicated by an azimuth of 0 ~ whereas 
180 ~ characterised bending towards the caryopsis. Azimuthal an- 
gles of 90 ~ and 270 ~ stood for curvatures parallel to the longer 
coleoptile cross-section, i.e. within the plane of gravitropic stimula- 
tion. Frequency distributions over azimuthal classes of 30 ~ width 
were measured for all major parts of the fluence-response curve 
of Fig. 3 and the gravity dose-response curve of Fig. 5, respectively. 
For the frequency-distribution plot of Fig. 2 the width of the classes 
was 15 ~ . Note that in these curves error bars indicate standard 
deviations. The time courses of curvature development (Fig. 1) 
were obtained as means from 16 seedlings. The frequency-distribu- 
tion plots (Figs. 2, 4, 6) cumulated the data from 50 to 100 individ- 
uals, whereas in the fluence-response curve of Fig. 3, the dose- 
response curve of Fig. 5 and Table t each value represents the data 
from 20 to 30 seedlings. 

Results 

Time course of gravitropic curvature after preirradiation 
with blue light from above. W h e n  maize  seedlings on  the 
c l inos ta t  were s t imula ted  with  gravi ty  for  30 min  wi th-  
ou t  b lue  i r r a d i a t i o n  a m o r e  or  less con t i nuous  g rav i t rop -  
ical ly negat ive  m o v e m e n t  was obse rved  (Fig.  1). I t  
shou ld  be men t ioned ,  however ,  tha t  bend ing  was no t  
con t inuous ,  bu t  a p p e a r e d  to be biphasic .  Af t e r  an  ini t ial  
increase  o f  cu rva tu re  the angle  ( abou t  20 ~ ) r ema ined  
c o n s t a n t  f rom 120 to 240 min  af ter  the onse t  o f  c l inos ta t  
ro t a t ion ,  fo l lowed by  a second  increase  o f  cu rva tu re  sat- 
u r a t ed  at  a b o u t  70 ~ in the p lane  o f  the g rav i ty  s t imulus  
24 h af te r  the onse t  o f  c l inos ta t  ro t a t ion .  N ick  and  
Schfifer (1989) r e p o r t e d  a nast ic  response  o f  ma ize  cole-  
opt i les  t o w a r d s  the ca ryops i s  du r ing  r o t a t i o n  on  the hor -  
i zonta l  c l inos ta t .  In  o r d e r  to check the inf luence o f  this  
response,  no t  on ly  the cu rva tu re  c o m p o n e n t  para l le l  to 
the grav i ty  vec tor  (Fig.  1), bu t  also the  az imu th  o f  f inal  
cu rva tu re  was ana lysed .  The  c o r r e s p o n d i n g  f requency  
d i s t r ibu t ion  o f  a z imu th  (Fig.  2) exhibi ts  a c lear  peak  at  
an  az imu th  270 ~ ind ica t ing  the usual  g rav i t rop ic  re- 
sponse  in the d i rec t ion  oppos i t e  to the g rav i ty  vector .  
However ,  a s ignif icant  p r o p o r t i o n  o f  seedlings was ori-  
en ted  t o w a r d s  the ca ryops i s ,  as is shown by a second,  
smal ler  peak  in the az imu th  reg ion  a r o u n d  180 ~ poss ib ly  
due  to the inf luence o f  the nast ic  c o m p o n e n t .  

O 
v 

Q )  

O 

0 
o 

o 

100 
80- e----e 30 min G 
60 i H BL+ + 30 min G 

40 

20 

0 

-20-  

-4o -  

- 6 0  

- 8 0  

-i00 .... , .... , .... j .... I .... 
300 600 900 1200 1500 

Time on the  c l inos t a t  (min)  

Fig. l .  Time course of gravitropic curvature of Zea mays coleoptiles 
on the horizontal clinostat with and without preirradiation (blue 
light, BL, from above) immediately before the onset of gravistimu- 
lation. Open circles: control (30 min gravistimulation without blue- 
light pretreatment). Closed circles." 12.7 l.tmol photons,  m -  2 of blue 
light followed by 30 rain gravistimulation. Positive values indicate 
gravitropically positive curvature, i.e. bending in the direction of 
the gravity vector. The time axis starts with the end of gravity 
stimulation, which at the same time is the onset ofcl inostat  rotation 
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Fig. 2. Frequency distribution over the azimuth of final curvature 
of Zea mays coleoptiles after 30 min gravistimulation and subse- 
quent rotation on the clinostat for 24 h. Gravitropically negative 
curvature (opposing the direction of the gravity vector) is indicated 
by an azimuth of 270 ~ whereas curvatures towards the caryopsis 
(perpendicular to the stimulation plane) are characterized by an 
azimuth value of 180 ~ An azimuth of 90 ~ represents bending in 
direction of the gravity vector 

If, immed ia t e ly  before  the onset  o f  g rav i s t imula t ion ,  
a b lue- l ight  i r r ad i a t i on  f rom above  (12.7 lamol p h o t o n s .  
m -  z) was admin i s t e red ,  this b e h a v i o u r  changed  d r a m a t -  
ically (Fig.  1). On  the c l inos ta t ,  now,  curving  became  
g rav i t rop ica l ly  posi t ive  t h r o u g h o u t  the expe r imen ta l  pe-  
r iod,  af ter  a sl ight  ini t ia l  bend ing  in the oppos i t e  direc-  
t ion.  Here,  again ,  the response  reached  70 ~ in the p lane  
o f  the grav i ty  s t imulus  wi thin  24 h. The  vas t  m a j o r i t y  
o f  coleopt i les  were o r i en ted  in the  d i rec t ion  o f  the gravi-  
t a t iona l  force (da t a  no t  shown,  bu t  the az imu tha l  dis tr i -  
bu t ion  c o r r e s p o n d s  to tha t  in Fig.  4c). 

Fluence dependence of  the tonic blue-light effect upon gra- 
vitropic curvature. To test the f luence dependence  o f  this  
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Fig. 3. Fluence-response curve of  the tonic reversion of gravitropic 
bending of maize coleoptiles by blue-light (BL) preirradiation from 
above immediately before the onset of a gravistimulation of 30 min 
duration (curvature development 24 h on the clinostat). Negative 
values indicate components of  final curvature opposing the stimu- 
lation vector, positive values the reversion of the gravitropic re- 
sponse by the light treatment. Dashed line: final gravitropic curva- 
ture without blue irradiation. Note the extraordinarily large stan- 
dard deviations in the transition from the negative to the positive 
branch of the curve (standard deviations in the other parts of the 
curve amounted to about + 30 ~ 

blue-light effect, varying fluences of  blue light from 
above were given immediately before the onset of  grav- 
istimulation and the response was allowed to develop 
on the clinostat. Then, the component  of final curvature 
oriented within the plane of  gravistimulation was plotted 
versus the fluence of  blue light (Fig. 3). For fluences 
up to 0.5 pmol-m -z  no significant effect of  blue-light 
irradiation was observed, indicated by a curvature com- 
ponent of  50-70 ~ in a direction opposite to that of  gravi- 
tational force (Fig. 3, compare the dashed line). When 
fluences increased, the curvature component  approached 
zero, and, for fluences exceeding 4 pmol-m -z,  became 
positive, which indicates gravitropically positive bend- 
ing. This positive branch of the curve peaked at about 
10 pmol. m -z,  but fell back to zero, when fluences were 
further raised. It should be noted that the standard de- 
viations in the transition from the negative towards the 
positive branch of  the curve (between 1 and 4 pmol- 
m-2)  were extraordinarily large (Fig. 3, bars). In order 
to analyse this in more detail, frequency distributions 
of azimuthal orientation were plotted for the three major 
ranges of the fluence-response curve (Fig. 4a-c).  For 
fluences up to 5 pmol .m -2 the majority of  seedlings 
were oriented in the direction opposite to the gravity 
vector, and only minor portions in the direction of  gravi- 
ty or towards the caryopsis (Fig. 4a). In contrast, at 
fluences between 8 and 25 pmol-m -2 (Fig. 4c) almost 
a mirror image of  the previous distribution is obtained. 
Here, less than 10% of  the seedlings curved in a direction 
opposite to the gravity vector. In the transition range 
between I and 4 ~tmol-m -2 (Fig. 4b) a split population 
was observed: some seedlings curved into the direction 
of  gravitational force, some opposite to this direction, 
and a conspicuous portion in the latter orientation 
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Fig. 4a-c.  Frequency distribution over the azimuth for the different 
fluence ranges of Fig. 3. For the azimuth system compare Fig. 2. 
a Less than 0.5 p m o l ' m  -2 blue light; b 1-4 pmol .m -2 blue light; 
c 8-25 pmol. m-2  blue light 

showed a deviation towards the caryopsis. This causes 
the large standard deviations found in Fig. 3. 

The dependence of the tonic blue-light effect on the dura- 
tion ofgravitropic stimulation. Based upon the observa- 
tion that a symmetric blue-light pretreatment can reverse 
the direction of  the gravitropic curvature, it was tested 
whether or not this effect is dependent on the duration 
of  gravitropic stimulation. For this, seedlings were irra- 



H. Sailer et al. : Blue-light effects upon  gravi t ropism 381 

100- 

8O ~ 
0 

6O 

40 
r ~  

o ,~ 20- 

o 0 -  

o 

-202 
.~ - 4 0  5 
0 3  -601 

o - 8 0 -  

- 100-  ~ r ~ r 
0 30 60 90 120 

Dur a t i on  of G r a v i s t i m u l a t i o n  (min)  

Fig. 5. Gravis t imulat ion dose-response curve o f  gravitropic rever- 
sion by preir radiat ion o f  maize coleoptiles with 12.7 ~tmol-m -2 
blue light f rom above immediately before the onset  o f  gravistimula- 
tion (of  the dura t ion  given on the abscissa). Positive values indicate 
reversion o f  the gravitropic response.  For  compar ison,  the value 
for 30 min gravist imulat ion without  blue preirradiat ion is shown 
(dashed line). Note  the large s tandard  deviat ion in the transit ion 
from the positive to the negative branch o f  the curve (s tandard 
deviat ions in the other  par ts  o f  the curve were a round  + 35 ~ 

diated from above with blue light (12.7 I.tmol" m-2) and, 
immediately afterwards, stimulated gravitropically for 
variable time intervals (8-120 min). After gravistimula- 
tion, the vials with the seedlings were mounted on a 
clinostat and rotated 24 h in red light (2.3 W-m-Z). The 
curvature component within the stimulation plane is giv- 
en in Fig. 5. For gravitropic stimulations up to 30 rain, 
values are positive, i.e. blue light reversed the direction 
of the gravitropic response. The frequency distribution 
over the azimuth (Fig. 6a) reveals a major peak in the 
direction of the gravity vector and a minor peak towards 
the caryopsis. For stimulation periods exceeding 80 min 
no reversion of the gravitropic response was observed. 
However, the curvature is slightly reduced as compared 
to gravitropic stimulation (lasting 30 min) without blue- 
light pretreatment (Fig. 5, dashed line). The correspon- 
dent frequency distribution (Fig. 6c) shows that still 
about 20% of the seedlings population show a reversion 
of the gravitropic response. Most seedlings, however, 
curve in a direction opposite to the gravity vector. A 
gravitropic stimulation lasting 60 min resulted in a split 
population (Fig. 6b) oriented either in the direction of 
the gravitational force or opposite to it. Averaging over 
both populations (Fig. 5) leads to a zero value with an 
extremely large standard deviation (Fig. 5, error bars). 

Is the effect of  the blue-light preirradiation stable ? Blue- 
light irradiation (12.7 gmol.m -2) immediately admin- 
istered before or after a gravitropic stimulation of 
30 min duration was able to reverse the direction of the 
gravitropic response on the clinostat (Table 1). An irra- 
diation 30 min prior to gravitropic stimulation showed 
almost no effect compared with the controls, whereas 
a delay time of 15 min resulted in an intermediary behav- 
iour. 
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Fig. 6 a-e.  Frequency distr ibution over the az imuth  for the different 
par ts  o f  the curve shown in Fig. 5. For  the az imuth  system compare  
Fig. 2. Dura t ion  o f  gravist imulat ion:  a 8-30 rain, b 60 rain, e, 80-  
120 min 

Table 1. Dependence  o f  the tonic  blue-light effect (for 12.7 gmol .  
m - 2 blue light f rom above) upon the time interval elapsed between 
irradiation and the onset  o f  gravist imulat ion (lasting 30 min). 
- 3 0  min means  that  the light was adminis tered 30 min after the 
onset  o f  clinostat  ro ta t ion 

Time interval Curvature  Number  o f  seedlings 

+ 3 0  min +55 .6  ~ 6 
+ 1 5  min --11.4 ~ 7 

0 min - 55.0 ~ 59 
--30 min - 6 1 . 2  ~ 8 
No blue light +66.2  ~ 15 
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Discussion 

Following a 30-rain gravitropic stimulation, maize cole- 
optiles exhibited a continuously increasing curvature in 
the direction opposing the gravity vector (Fig. 1), if they 
were rotated on a horizontal clinostat. This is in contrast 
to previous observations, where gravitropic curvature 
on a clinostat was reported to be transient (Nick and 
Schfifer 1988b). Using another seed batch (Harvest 
1988), again only a transient curvature in a direction 
opposite to the gravity vector was observed (data not 
shown). A large proport ion of  those seedlings eventually 
bent towards the caryopsis, which can be interpreted 
to indicate that the clinostat-elicited nastic response 
found in maize coleoptiles has a dominating influence 
(Nick and Sch/ifer 1989). This indicates that the orienta- 
tion of  gravitropic curvature is not very stable and can 
be easily influenced by internal and external factors. 

Therefore the influence of  bilateral blue-light irradia- 
tion on the orientation of gravitropically induced curva- 
ture has been analysed. It was reported previously that 
symmetric blue light has an influence upon the gravi- 
tropic response of  graminean coleoptiles (Blaauw 1961; 
Hild 1977). Those authors either investigated the effects 
on the rate of  curvature or the initial phase of the re- 
sponse, when curving occurs in the direction of  gravita- 
tional force. In contrast to those experiments, we ana- 
lysed the long-term behaviour on the clinostat. Here, 
a reversion of the direction of  the gravitropic response 
was observed (Fig. 1) when blue-light fluences were 
strong enough (Figs. 3, 4a-c),  and when the gravitropic 
stimulation was not too long (Figs. 5, 6 a-c). The corre- 
sponding curves mirror the behaviour of the mean, and 
on the population level the interaction between symmet- 
ric blue light and gravity appears to be graded. If  indi- 
vidual seedlings are analysed instead of  populations, 
however, one finds an all-or-none behaviour: the coleop- 
tiles either curve according to the gravitropic stimulation 
or opposite to this direction (Fig. 4b, 6b). A minor por- 
tion exhibits nastic bending towards the caryopsis (Nick 
and Schfifer 1989). Graded behaviour of  populations in 
combination with all-or-none behaviour of  individual 
seedlings was found during analyses of  counteracting 
phototropic stimulations (Nick and Sch/ifer 1988b) and 
interaction of nastic bending with phototropic counter- 
induction (Nick and Schfifer 1989). This all-or-none pat- 
tern of  individual seedlings on the clinostat appears to 
be a very general phenomenon. 

When delay times between 0 and 30 min were inter- 
posed between blue-light irradiation and gravitropic 
stimulation it was found that this tonic blue-light effect 
appears to be only transient (Table 1). In contrast, trop- 
istic blue-light effects manifest as stable phototropic 
curving on the clinostat for many hours (Nick and 
Schfifer 1988a), seem to be of much longer duration. 
The same holds true for the directional memory induced 
by phototropic stimulation (Nick and Sch~ifer 1988b). 
It should be mentioned that the tonic blue-light influence 
upon the initial phase of  the gravitropic response of  cole- 
optiles (Hild and Hertel 1972) is also transient and exhib- 

its a similar lifespan (Hild 1977). Additionally, the 
fluence-response relation of  both phenomena is more 
or less identical. This indicates that both effects, inhibi- 
tion of the initial positive phase of  the gravitropic re- 
sponse (Hild 1977), and reversion of  the direction of  
this response on the clinostat, are due to the same signal 
chain mediating the tonic blue-light effect. In this con- 
text it is worth mentioning that the tonic inhibition of  
clinostat-elicited nastic curving shows a very similar 
fluence-response curve (Nick and Schfifer 1989). Thus, 
besides the induction of  phototropism by blue-light gra- 
dients (Kunzelmann and Sch/ifer 1988) one finds tonic 
effects upon differential growth. It is not unlikely that 
this effect uses a partially deviating signal transduction 
chain branching off  phototropic transduction before the 
formation of  phototropic transverse polarity (Nick and 
Schfifer 1989). The mechanisms mediating the effect of  
tonic blue light upon differential growth are not under- 
stood yet. A speculative hypothesis implies persistent 
differences in cell-wall elasticity of  epidermal cells pro- 
duced by stimulus-dependent reorientation of microtu- 
bules and subsequent reorientation of  newly deposited 
cellulose microfibrils (data not shown). 

This work was supported by the Deutsche Forschungsgemein- 
schaft. 
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