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Interaction of gravi- and phototropic stimulation
in the response of maize (Zea mays L.) coleoptiles
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Abstract. The influence of gravitropic stimulation
upon blue-light-induced first positive phototrop-
ism for stimulations in the same (light source and
center of gravity opposite to each other) and in
opposing directions was investigated in maize cole-
optiles by measuring fluence-response patterns. As
a result of gravitropic counterstimulation, photo-
tropic bending was transient with maximum curva-
ture occurring 100 min after stimulation. On a hor-
izontal clinostat, however, the seedlings curved for
20 h. Gravistimulation in the opposite direction
acted additively upon blue-light curvature. Gravi-
stimulation in the same direction as phototropic
stimulation produced a complex behaviour deviat-
ing from simple additivity. This pattern can be ex-
plained by a gravitropically mediated sensitization
of the phototropic reaction, an optimal depen-
dence of differential growth on the sum of photo-
and gravistimulation, and blue-light-induced inhi-
bition of gravitropic curvature at high fluences.
These findings indicate that several steps of photo-
and gravitransduction are separate. Preirradiation
with red light desensitized the system indepen-
dently of applied gravity-treatment, indicating that
the site of red-light interaction is common to both
transduction chains.

Key words: Coleoptile — Gravitropism — Photo-
tropism — Zea (gravitropism, phototropism).

Introduction

Phototropism has been studied in some detail in
both graminean coleoptiles and in fungal sporan-

* To whom correspondence should be adressed

Abbreviations: BL="blue light; G* =stimulation by light and
gravity in the same direction (i.e. light source and center of
gravity opposite to each other); G~ =stimulation by light and
gravity in opposing directions

giophores (Dennison 1979; Pohl and Russo 1984).
It has long been known (Rothert 1894) that, in
coleoptiles, a photogravitropic balance is obtained
under conditions of continuous irradiation. This
can also be observed in Phycomyces blakesleeanus
sporangiophores (Galland 1983; Ldser and
Schifer 1986) and in the hypocotyls of dicotyle-
dons (Hart and MacDonald 1981). In the case of
stimulation with light pulses involving the sensitive
first rather than the time-integrating second posi-
tive reaction, however, no stable balance is ob-
served. On stimulation, bending ceases after
100 min and straightening due to gravitropism be-
gins. This leads to difficulties in quantifying the
actual phototropic response (Curry 1969 ; Iino and
Briggs 1984).

Gravitropic straightening can be expected to
depend on the maximal curvature reached after
phototropic stimulation, since gravitropic curva-
ture has been shown to increase proportionally to
the component of the gravitropic stimulus normal
to the longitudinal axis of the coleoptile tip (Pick-
ard 1972). One method of excluding distortions
due to gravitropic counterinduction is the use of
a clinostat. However, in such experiments, gravi-
tropic stimulation is not absent but merely acting
symmetrically, i.e. even on a clinostat ““pure” pho-
totropism does not exist.

Investigations into the interaction between
photo- and gravitropism were begun as early as
1851 (Rawitscher 1932), but the use of continuous
illumination meant that only the second positive
curvature was involved. For first positive curva-
ture, however, two principal approaches were con-
sidered:

(1) Summation of sub-threshold stimuli in oat
(Avena sativa L.) coleoptiles (Pekelharing 1909).
Sub-threshold stimuli of the same type (i.e. light
followed by light, or gravity followed by gravity)
showed an additive response up to the threshold,
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whereas this was not the case for stimuli of differ-
ing types (i.c. light followed by gravity or vice
versa). This indicated that the two transduction
chains are separated at the level of stimulus sum-
mation.

(i) Adaptation after prestimulation (Hild 1977;
Hild and Hertel 1972; Ullrich 1976; Blaauw and
Blaauw-Jansen 1970). Coleoptiles prestimulated ei-
ther by alternating gravitropic stimulation from
opposite sides or blue-irradiation from above were
then subjected to asymmetric gravitropic or photo-
tropic induction. In all four possible combinations
of symmetric prestimulation an adaptation to
asymmetric stimulation could be observed. In the
case of blue-light-induced adaptation, the time
courses for both asymmetric photo- and gravi-
tropic stimulation were the same. This indicates
common adaptation of both signal chains (Hild
1977; Blaauw and Blaauw-Jansen 1970). In the
case of gravitropically adapted coleoptiles, how-
ever, differences in the response to asymmetric
stimulation could be observed. When asymmetric
gravistimulation was tested, adaptation was con-
fined to the azimutal axis of prestimulation (Hild
and Hertel 1972). The adaptation to subsequent
blue-light stimulation, however, did not depend on
the angle between the azimutal axes of prestimula-
tion and of stimulation (Ullrich 1976). It is not
clear whether this deviation is caused by differ-
ences in transductional adaptation or merely by
localized adaptation of gravity perception. In the
latter case, one could conclude that the adaptation
step is common to both transduction chains.

Symmetrical preirradiation with blue light re-
duces gravitropic curvature in both maize and oat
coleoptiles. The fluence-response curve of this inhi-
bition corresponds roughly to that for first positive
curvature but is slightly (about half an order of
magnitude) shifted towards higher fluences (Hild
1977; Blaauw 1961). Red-light prestimulation de-
sensitized both gravitropic and phototropic bend-
ing (for the first positive reaction). Morcover the
time courses for this effect were the same, indicat-
ing that red light acts upon transduction steps
common to both signal chains (Hild 1977).

The present paper investigates the interaction
between gravitropic stimulation and phototropic
pulse stimulation as a contribution to understand-
ing gravity-induced distortions of first positive
phototropism. As a factor presumably affecting
both tropisms in the same manner (Hild 1977),
prestimulation with red light is used to indicate
the part of the transduction chain common to both
stimulations.
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Material and methods

Plant material. Maize seeds (Zea mays L. cv. BRIO 42.HT,
Asgrow, Buxtehude, FRG, stored at 3° C in the dark) were
soaked for 24 h in running tap water and sown, embryo up,
on one layer of absorbant paper (No. 914446/4; Hartmann,
Heidenheim/Brenz, FRG) in clear plexiglas trays
(33-22-13 cm?®, 80 seeds per tray), irrigated with 400 ml deion-
ized water. They were kept for 60 h under continuous red light
in a phytochamber (0.01 W-m~2, 65% relative humidity,
25° C). Irradiation with red light enhances coleoptile elongation
and inhibits mesocotyl growth (Kunzelmann and Schéfer 1985).
After 60 h, seedlings were selected for straightness and length
(about 7 mm), transferred in rows of seven to plastic trays (base
area 14-6 cm?, height 5 cm) filled with vermiculite (Deutsche
Vermiculit; Dammstoff, Sprockhovel, FRG) and irrigated with
300 ml deionized water. The seedlings were oriented in such
a way that the flat sides of the seeds were perpendicular to
the plane of the seed row. The trays were placed in cardboard
boxes (35-27-13.5 cm?) and kept in complete darkness at 25° C
for one day.

Light sources. The red-light source used in the phytochamber
was as described by Mohr et al. (1964). For phototropic induc-
tion (taking place in the dark), fluence rates lower than 25-10~3
W-m~? were obtained using a Prado Universal Projector
(Leitz, Wetzlar, FRG). Higher fluence rates necessitated the
use of a Zeiss-Tkon Xenosol ITI projector having an Osram
XBO 2500 W Xenon arc (Osram, Miinchen, FRG). Blue light
was isolated by means of a DIL interference filter (451 nm,
half-bandwidth 10 nm, maximal transmission 18%) and fluence
rates were regulated using neutral density filters (both filter
types from Schott, Mainz, FRG). Irradiation time (30s
throughout) was controlled by means of an automatic shutter
system. Between phototropic induction and excision, the seed-
lings were kept either in the dark or under saturating red light
(1.0-W-m ™7, light source as described for phytochamber illumi-
nation). Light measurements were carried out with a digital
photometer (J 16/Option 2; Tectronix, Beaverton, Ore, USA).

Phototropic induction and gravistimulation. Complete shoots
were irradiated unilaterally for 30 s with the longest transverse
axis of the seedling parallel to the direction of the incident
light. After irradiation, trays were tilted so that the gravity
center was opposite to the light source enhancing phototropic
bending (“G* ). Alternatively, the gravity center was in the
same direction as the light source had been, i.e. phototropic
bending was inhibited (““G~""). A control group of trays was
kept in upright position. If not otherwise specified, gravistimu-
lation was applied for 100 min. All treatments took place either
in the dark or under continuous symmetrical red light beginning
1 h before the phototropic induction.

Curvature measurements. One hundred minutes after photo-
tropic induction, the shoot was excised, attached to a strip
of masking tape and fixed to a Plexiglas plate in such a way
that the longest transverse seedling axis was parallel to the
plate surface. The plate was photocopied with an IBM copier
III Model 20 and coleoptile curvature marked by drawing
lines. The angles were measured with an Hewlett-Packard
986417 digitizer connected to an HP 982017 calculator (Hew-
lett-Packard, Bad Homburg, FRG). Mean and standard error
were calculated for 15 to 20 seedlings per treatment.

Kinetic measurements. Time courses for curvature development
were measured after phototropic and gravitropic induction, re-
spectively. For phototropic stimulation, one test group was kept
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in an upright position, a second group was held horizontally
on a clinostat at 0.5 rpm. For measuring the time course of
gravitropic curvature, a further group was subjected to 60 min
gravistimulation by tilting the seedlings into the horizontal posi-
tion. After this treatment, these seedling were held on a clinostat
as in the case of the second group. All seedlings were kept
under symmetrical continuous red light starting 1 h before stim-
ulation. Shadowgraphs were made using unilateral red light
(0.025 W-m ™, DEPIL interference filter, maximal transmis-
sion at 665 nm, maximal transmission 10%). For shadowgraph-
ing, seedlings had to be removed from the clinostat and stood
upright for roughly 30 s. This treatment has been shown not
to affect curvature development on the clinostat (Pickard 1972).

Results

Influence of gravitropic counterinduction on develop-
ment of phototropic curvature. Time-course mea-
surements. Kinetic measurements of first positive
phototropism following unilateral irradiation with
0.88-pmol-m~2 blue light show that a transient
response reaches a maximum 100 min after photo-
tropic induction and then returns slowly to zero
(Fig. 1). This is consistent with earlier investiga-
tions (Curry 1969).

When curvature is allowed to develop on a cli-
nostat, the initial phase is slightly slower but curva-
ture increases continuously, saturating at about
20 h after induction at an angle of 95°-100°. Cur-
vature is maintained even after the primary leaf
has broken through the coleoptile 12 h after induc-
tion (Fig. 1).

In contrast to the first positive phototropism,
60 min of gravistimulation followed afterwards by
growth on a clinostat produces an increase in bend-
ing for 3 h after induction reaching a maximum

1200 1400

curvature of 75°. The angle then decreases slowly
to a final value of 25° (Fig. 1). This decrease, how-
ever, is slower than that described for oat coleop-
tiles by Pickard (1972).

Interaction between gravitropism and first positive
phototropism. Fluence-response patterns for curva-
ture development in the dark. Fluence-response
curves for upright unilaterally irradiated control
seedlings show the familiar optimum curve for first
positive phototropism. The threshold is at about
10™* pmol-m ™2, maximum response at about
0.8 pmol-m™~2. Above this fluence, the response
decreases and at fluences above 120 pmol-m™~2 no
curvature can be observed (Fig. 2). Gravistimula-
tion for 100 min without phototropic induction
(““gravicontrol”) results in 55° curvature (Fig. 2,
dashed lines).

Upon gravistimulation in the same direction
as photostimulation, the seedlings exhibit a com-
plex fluence-response relationship. In the case of
low fluences, which do not produce any curvature
in the controls, the response is the same as that
to gravicontrol curvature alone. Above the thresh-
old fluence for the control curve, the curve for
gravistimulation in the same direction shows a
maximum followed by a deep trough and a second
somewhat smaller peak at those fluences producing
maximal curvature in control seedlings. On further
increasing the fluence, the curve falls again to a
constant value of 35°-40°. Thus, those fluences
where the control curve shows no significant curva-
ture, produce curvatures of approx. 55° for subop-
timal and 35°—40° for supraoptimal fluences upon
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Fig. 2. Fluence-response curves for first positive phototropism
with different gravity treatments. Responses measured 100 min
after phototropic induction. Curvature development in the
dark. Con: Seedling trays upright during curvature develop-
ment. G*: Trays tilted during curvature development. Gravity
center opposite to light source. G~ : As G*, but gravity center
at the same side as light source. Dashed lines: gravicontrol
(graviresponse without phototropic induction)

gravistimulation in the same direction as photo-
stimulation (Fig. 2).

If photostimulated coleoptiles are stimulated
gravitropically in the opposite direction, the corre-
sponding curve shows a shape very similar to the
control. Curvature is, however, diminished by a
constant value of roughly 55° (i.e. the value of
gravicontrol curvature alone) for suboptimal
fluences, 45° for supraoptimal fluences (Fig. 2).
Additionally, the threshold of curvature is lowered
by about two orders of magnitude. The position
of the peak, however, is not significantly different
from the control curve.

Interaction between gravitropism, first positive pho-
totropism and red-light pretreatment. Fluence-re-
sponse patterns. The experiments described above
were repeated under continuous, laterally symmet-
rical irradiation with saturating red light (2.3 W-
m~?) starting 1 h before phototropic induction.
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Fig. 3. Fluence-response curves for first positive phototropism
with different gravity treatments. Curvature development mea-
sured after 100 min under continuous, symmetrical red light
(2.3 W-m~?) beginning 1h before phototropic induction.
Dashed lines: gravicontrol for curvature development in the
dark. Dotted lines: gravicontrol for curvature development
under red light. Con: Trays upright. G*: Gravity center oppo-
site to light source. G~ : Gravity center at the same side as
light source. For comparison, curves from Fig. 2 are given with-
out points

Regardless of the gravistimulation applied, a shift
of somewhat less than one order of magnitude to-
wards higher fluences occurs as compared to exper-
iments where curvature developed in the dark
(Fig. 3). The response patterns appear to be unal-
tered if one takes into account the fact that the
curvature induced by 100 min gravistimulation
without phototropic induction (gravicontrol) is di-
minished by about 10° by red light (Fig. 3, dotted
line).

Interaction between first positive phototropism and
weak gravistimulation. Fluence-response patterns
for curvature development under continuous red
light. In order to test whether the complex pattern
for gravistimulation in the same direction as pho-
tostimulation is caused by saturation of curvature
due to supraoptimal gravistimulation, the previous
experiment with red-light irradiation was repeated
but the gravistimulation was reduced by using a
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Fig. 4. Fluence-response curves for
first positive phototropism with
different gravity treatments.
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after 100 min under red light. Weak
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Curve 1: G™-curve for 90°-
gravistimulation (Fig. 3). Curve 2,
crosses: G -curve for 45°-
gravistimulation. Curve 3: Addition
of 45°-gravicontrol and control curve
of first positive phototropism (Fig. 2)
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Fig. 5. Dependence of G -effect on
gravistimulation time (stimulation
angle 90°). Curvature development
was measured after 100 min under
symmetrical, continuous red light
(2.3 W-m™?) beginning 1 h before
phototropic induction. Curve 1:
gravicontrol (without blue-light
irradiation). Curve 2: 1 nmol-m~
blue light. Curve 3: 1 pmol-m ™2 blue
light. Dashed line: value from Fig. 3
(1 nmol-m~? blue light, curvature
development under 2.3 W-m~? red
light). Dorred line: value from Fig. 3
(1 pmol-m~? blue light, curvature
development under 2.3 W-m™? red
light)
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smaller stimulation angle (45°). This reduction of
the stimulus angle simplifies the response for stim-
ulation in the same direction dramatically. Curva-
ture is again increased as compared to the control
by the value of the gravicontrol (Fig. 4, dashed
line). However, instead of two peaks there is only
one (Fig. 4) with a maximum corresponding ex-
actly to the maximum of the control. Thus, the
curve can be described by addition of the control
curvature and the gravicontrol. As in the experi-
ments described above, additivity is also found for
weak stimulation opposite to photostimulation
(Fig. 4).

80
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Interaction between first positive phototropism and
various times of gravistimulation in the same direc-
tion: Time course of gravity influence. To investi-
gate the possible role of saturation phenomena in
the pattern for photo- and gravistimulation in the
same direction, gravistimulation time was varied
for two blue-light fluences using a stimulation an-
gle of 90°. The blue-light fluences were chosen as
1 nmol-m~ 2, where the fluence-response curve for
gravistimulation in the same direction is rising, and
1 pmol-m ™2, where it shows a trough. The experi-
ments were carried out under continuous irradia-
tion with red light. After different times of gravi-
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stimulation the trays were returned to the upright
position. As previously, seedlings were excised
100 min after phototropic induction. In the case
of phototropic stimulation with 1 nmol-m~?2 blue
light and in the dark controls, there is a linear
increase in curvature with increasing gravistimula-
tion time (Fig. 5). The curves are also parallel to
one another. With 1 pmol-m™2 blue light, how-
ever, the curve is only linear (and parallel to the
other two curves) for up to 50 min gravistimula-
tion. On attaining 50° curvature, further gravi-
stimulation results in a decrease in the response.

Discuassion

Response kinetics. First positive phototropic induc-
tion only results in transient curvature which de-
creases again 100 min after stimulation (Fig. 1).
This decrease could be caused by gravitropic coun-
terinduction, by endogenous feedback mechanisms
or simply by basipetal curvature migration (Firn
1986). The fact that phototropic curvature is stable
in clinostat experiments, where it reaches values
of more than 90° indicates that gravitropic coun-
terinduction (‘“‘gravitropic straightening’) is re-
sponsible for the transient response.

Stabilization of the original growth gradient
must occur, since this moves towards the base of
the coleoptile at a speed of about 10-20 mm-h™*
(Iino and Briggs 1984), i.e. 2 h after induction, the
initial growth gradient might be expected to reach
the mesocotyl. Further increases in curvature must
presumably be produced by secondary growth gra-
dients. In contrast, gravitropic bending is transient
even on the clinostat (Fig. 1); this might indicate
that gravitransduction is incapable of initiating
such secondary growth gradients.

Fluence-response patterns for photo- and gravistimu-
lation in opposing directions. The fluence-response
pattern for photo- and gravistimulation in oppo-
site directions can be described by subtraction of
gravicontrol curvature from the control curve re-
gardless of the light conditions during curvature
development (dark or red light) and of the angle
of gravistimulation. Thus, if applied in opposing
directions, gravistimulation and photostimulation
appear to act independently upon curvature. Dur-
ing first positive phototropism exactly this situa-
tion is given. Thus, gravity-caused distortions of
first positive phototropism are restricted to mere
addition of gravitropically induced (negative) cur-
vature.

Dependence of the effect of gravistimulation in the
same direction as photostimulation on gravistimula-
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tion time. In the case of the dark control there
is a linear increase in curvature with increase in
gravistimulation time (Fig. 5). The same situation
occurs for weak blue light which causes only slight
phototropic curvature, differing only in a shift, by
a constant angle, in the positive direction. This
indicates additivity of phototropic and gravitropic
curvature as found for stimulations in the opposite
direction. For blue-light fluences eliciting maxi-
mum curvature in control seedlings, additivity is
only found for weak (stimulation times shorter
than 50 min) gravistimulation. Longer stimulation
times appear to be supraoptimal. These findings
indicate that additivity of stimulations in the same
direction is obscured by a non-linear dependence
of growth on the preceding transduction step. Nei-
ther gravistimulation nor photostimulation alone
are sufficient to attain this region, where the depen-
dency is non-linear. Combined action can, how-
ever, reach this point and result in ““overstimula-
tion™.

Fluence-response patterns of phototropism for gravi-
tropic stimulation in the same direction . sensitivity-
shift and overstimulation. Except in the case of
weak gravistimulation in the same direction as
photostimulation (45°, Fig. 4), it is obviously im-
possible to explain the complex fluence-response
curve for stimulations in the same direction by sim-
ple addition at the growth level without assuming
a sensitization of the first positive reaction by gra-
vistimulation. The shape of the fluence-response
curve for the first positive reaction has been shown
to depend mainly on the light gradient (Kunzel-
mann 1986). One would not expect it to be changed
by gravistimulation since sensitization of the first
positive reaction would simply shift the whole
curve towards lower fluences without affecting its
shape. On this assumption and taking into account
addition of phototropic and gravitropic curvature,
one would expect for stimulations in the same di-
rection a single-peaked curve, whose maximum is
shifted to lower fluences and increased by the gra-
vicontrol curvature (Fig. 6, curve 1). In the centre
of this curve overstimulation occurs causing curva-
ture to cease. This would explain the trough be-
tween the two peaks. These peaks should, however,
then be symmetrical. The observed asymmetry of
the two peaks and the biphasic behaviour of the
baseline (Fig. 6, curve 3) can, however, be ex-
plained by the inhibition of gravitropic curvature
by high fluences of blue light found in both oat
(Blaauw 1961) and maize coleoptiles (Hild 1977;
Fig. 6, curve 2). Thus, the rather complex response
for gravistimulation in the same direction as pho-
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growth level and overstimulation.
Curve 2: Fluence-response curve for
blue-light-induced inhibition of
gravitropic curvature (data according
to Hild 1977). Curve 3: Expected G *-
curve taking into account the data of
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tostimulation can be described by assuming three
factors: (i) Addition of photo- and graviresponses
at the growth level with an optimum dependence
of the response on the corresponding sum of stimu-
lations (Fig. 5). For 1 nmol-m~2 this optimum is
not reached. For 1 umol-m ™~ 2, however, this opti-
mum is reached at 50 min gravistimulation, if both
stimulations occur in the same direction. (ii) Sensi-
tization of phototropic bending by gravistimula-
tion in the same direction. (iii) Inhibition of gravi-
tropically induced curvature by high fluences of
blue light.

Phototropic and gravitropic transduction are differ-
ent. (i) On the clinostat, phototropic curvature is
stable, whereas gravitropic curvature is only tran-
sient. (ii) Simple additivity of curvature is found,
if gravi- and photostimulation are applied in op-
posing directions. Together with (i) this can be in-
terpreted by assuming the existence of separate
transduction chains. (iii) Additivity is also valid
for paralle] suboptimal stimulation.

Perception, summation (Pekelharing 1909) and
site of signal-chain interaction are thus followed
by an transductional adaptation step (Hild 1977;
Hild and Hertel 1972; Ullrich 1976; Blaauw and
Blaauw-Jansen 1970) common to both signal
chains, and the site of red-light interaction (red-
light pretreatment shifted all fluence-response
curves to the same degree regardless of how gravi-
stimulation was applied). Gravistimulation in the
opposite direction and weak gravistimulation in
the same direction as phototropic stimulation do
not affect the confluent part of the transduction
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chains. This can, however, be influenced by strong,
near-optimal gravistimulation in the same direc-
tion.

Both, gravi- and photoperception must occur
at the cellular level, leading to the formation of
a putative transverse polarity. On account of the
nature of the inducing agents, gravity-induced
transverse polarity is considered to occur at the
cellular level. Phototropic transverse polarity, on
the other hand, has been shown to originate from
integration over the whole coleoptile (Buder 1920).
In both cases, however, the final growth gradient
requires a trans-organ polarity, i.e. the cellular
gravitropic polarity must be transformed into a
systemic polarity. The difference between gravisti-
mulation in the same and in the opposite direction,
respectively, with respect to the observed sensitiza-
tion, involves such a transformation mechanism,
whereby the gravity-induced cell polarity is ex-
pressed as a systemic polarity equal in quality to,
and able to interact with, phototropic polarity.

This work was supported by the Deutsche Forschungsgemein-
schaft.
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