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SUMMARY

The assumption that the mushrocom stem has the ability to undergo autonomic straightening enables a
mathematical model to be written that accurately mimics the gravitropic reaction of the stems of Coprinus cinereus.
The straightening mechanism is called curvature compensation here, but is equivalent to the ‘autotropism’ that
often accompanies the gravitropic reactions of axial organs in plants. In the consequently revised local curvature
distribution model, local bending rate is determined by the difference between the ‘bending signal’ (generated by
gravitropic signal perception systems) and the ‘straightening signal’ (proportional to the local curvature at the
given point). The model describes gravitropic stem bending in the standard assay with great accuracy but has the
virtue of operating well outside the experimental data set used in its derivation. It is shown, for example, that the
mathematical model can be fitted to the gravitropic reactions of stems treated with metabolic inhibitors by a change
of parameters that parallel the independently derived physiological interpretation of inhibitor action. The revised
local curvature distribution model promises to be a predictive tool in the further analysis of gravitropism in

mushrooms.
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INTRODUCTION

The first attempt at deriving a mathematical model
of the gravitropic reaction of mushroom stems
(Stockus & Moore, 1996) successfully simulated the
gravitropic change in apex angle. The basic
assumptions of this scheme, derived from
Rawitscher (1932) and Merkys et al. (1972), were
that changes in apex angle occurred as a result of four
consecutive stages: (i) the physical change that
occurs when the subject is disoriented, (ii) con-
version of the physical change into a physiological
change, (iii) transmission of the physiological signal
to the competent tissue, and (iv) the growth response
in which differential regulation of growth generates
the change in apex angle. A combined equation was
established that could generate simulated kinetics
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that imitated the reaction of mushroom stems quite
well.

Although successful, the imitational models of
Stockus & Moore (1996) dealt with change in apex
angle only. In these analyses the bending process
forming the apex angle was decreased to a ‘mathe-
matical point’, an abstraction equivalent to a
dimensionless hinge. No attention was given to the
shape of the stem as it reacted. It is evident from the
observations that have been made, however, that
there is a complex distribution of bending rates in
mushroom stems during their tropic reactions (Kher
et al., 1992; Moore et al., 1994). There are regions
that, after reaching a particular angle, start to
straighten. Almost 909 of the initial curvature is
reversed by this process (called ‘curvature com-
pensation’ by Kher et al. (1992)), so it cannot be
ignored. Consequently, a more realistic model of the
mushroom stem gravitropic reaction must describe
the bending process in space as well as in time.
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In an earlier paper (Meskauskas et al., 1998) we
described the spatial organization of the gravitropic
reaction in Coprinus cinereus as a descriptive math-
ematical model. This local curvature distribution
model is able to simulate accurately the shapes
assumed by real stems of C. cinereus fruit bodies that
have been experimentally pinned to a horizontal
support. By successfully simulating the morphology
of experimentally manipulated tissue, the model
approaches the desired aim of a mathematical
description of fungal morphogenesis. This first
model has difficulties, however, in accounting for the
observation that during the gravitropic reaction the
apical part of C. cinereus stems stops bending and
begins to straighten well before reaching the vertical
position, leaving the final realization of the gravi-
tropic response to more basal subsections. In the first
model this was accounted for by complexity in the
signal perception mechanism. It was supposed that
the bending stops and straightening begins after the
subsection reaches some critical orientation in the
gravity field because signal transmission through
the subsection depends on the orientation of the
subsection. A suitable mathematical expression
was found empirically. Unfortunately, there are two
problems with this. First, the expression applies
specifically to stems displaced to the horizontal: to
simulate gravitropic bending from different initial
positions, a function in this equation must be fitted
separately for each new initial angle. Second, the
nature of the empirical solution (the ratio between
the gradient of local bending rate along the stem and
the local bending rate) is not readily understood in
biological terms. Hence, this model i1s largely
descriptive and cannot be used to predict the
development of gravitropic reactions outside the
parameter envelope from which it was derived, for
example displacement angles other than the hori-
zontal, or experimental manipulation of perception
and/or signal transmission by the use of metabolic
inhibitors. This deficiency implies that the first local
curvature distribution model lacks some factor that
is important for the spatial organization of the
gravitropic reaction in real C. cinereus stems. Our
further analysis leads us to conclude that curvature
compensation is the relevant factor.

The key observation comes from experiments
with clinostats, which equalize exposure to the
otherwise unidirectional gravity vector (Hatton &
Moore, 1992). These authors showed that C. cinereus
stems that were gravitropically bent by initial
exposure to the unilateral gravity vector were able to
straighten when subjected to rotation on a clinostat.
Hence, the stem seems to be able to sense its
curvature and in the absence of the external tropic
signal will restore the shape that existed before the
tropic change. In plants, such a reaction is widely
observed and has been called ‘autotropism’,
although other terms have been used and their

relative utilities and, indeed, strict accuracy are
arguable (Stankovié et al., 1998). The term ‘auto-
tropism’ is used widely in mycology to describe the
tendency for hyphal tips to grow towards (positive
autotropism) or away from (negative autotropism)
other hyphae of the same mycelium, so to use the
term here would be inappropriate. We shall continue
to use the phrase ‘curvature compensation’ in the
sense in which it was coined by Kher et al. (1992);
that is, an autonomic straightening of a gravitropic
bend.

Curvature compensation can be included in the
local curvature distribution model by supposing that
the actual bending rate is determined by the balance
between the gravitropic and curvature compensation
signals. The gravitropic signal is a function of the
local angle in the signal perception site. The
curvature compensation signal can be assumed to be
a function of the local curvature in the signal
perception site. Hence, the actual bending rate in
any subsection can depend on the difference between
the gravitropic and curvature compensation signals
in this subsection. In the displaced stem, the
gravitropic signal makes the subsection bend. In a
straight stem displaced to the horizontal, the gravi-
tropic signal is maximal and the curvature com-
pensation signal is zero. As the stem bends, the
gravitropic signal weakens (as the angle of dis-
placement of the perception system lessens) but the
bending enhances the curvature compensation sig-
nal. When the signals become equal the bending
process stops. If the gravitropic signal continues to
weaken (for example, by further approach to the
vertical position because of the bending of more
basal subsections), straightening begins. Thus, it is
logical to expect the straightening of the apical part
before the apex reaches the vertical position. On the
clinostat, only the curvature compensation signal
remains in a previously bent stem. If the gravitropic
signal is perceived in the apex, it takes some time
before the information ‘no gravitropic signal’
reaches any particular subsection. During this
period, the subsection can still bend in the previous
direction. Later, the bending direction is determined
by the curvature compensation signal, which causes
straightening. The experimental data of Hatton &
Moore (1992) completely confirm this hypothesis:
bending continues in the earlier direction for
approx. 30 min after the stem is first placed on the
clinostat. Later, gravitropic bending is replaced by
straightening.

Here we describe a revised local curvature dis-
tribution model in which straightening is determined
by local curvature, which is independent of the
spatial orientation of the subsection. There is no
need to assume any ‘critical angle’ below which the
gravitropic signal changes markedly from positive
(bending) to negative (straightening), so this model
has a potential ability to predict the bending process
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from any initial position, from close to vertical to
close to inverted vertical. None of the model
parameters is specific to the initial orientation of the
stem. This model is predictive, in that once fitted
into the gravitropic reaction of a specimen for a
certain angle it can simulate the bending process
from any other angle. Furthermore, the simple wave
equation is sufficient to describe the transmission of
the hypothesized gravitropic signal so that the final
form of this new model is simpler, making the
biological interpretation of its parameters much
easier. We show also that the new model successfully
describes the gravitropic reaction of stems treated
with metabolic inhibitors. This also confirms the
credibility of the model, indicating possible links
between the functions of the equations and actual
physiological processes.

MATERIALS AND METHODS

Experimental material

The vegetative dikaryon of Coprinus cinereus (Fries)
S. F. Gray was cultured on complete medium
(Moore & Pukkila, 1985) in 9-cm Petri dishes in the
dark at 37°C for 3—4 d. Fruiting bodies were obtained
by inoculating the dikaryon on sterilized horse dung
in crystallizing dishes, incubating at 37°C for 3-4 d
in the dark and then transferring the dung cultures to
a 26-28°C incubator with a 16 h light/8 h dark
illumination cycle (white fluorescent lights, average
illuminance 800 Ix). The length of stem used at the
start of observation was 40-48 mm. The standard
assay of C. cinereus gravitropism involved removal of
the cap followed by continuous video recording of
the stem secured on a horizontal platform that was
housed in a humidity chamber at room temperature.
Video records give no evidence of rotation of the
fruit body stem during either vertical growth or
tropic bending. The numbers of stems involved in
the experiments are given in the legends to the
corresponding figures.
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Image capture, analysis and mathematical model.
Sfitting

Images were captured from videotapes with Screen
Machine Camera® version 1.1 peripherals and
software at a resolution of 736 x 560 points per image
(approx. 10 points mm™). Images were captured
every 10 min up to 400 min, producing 41 images for
each stem, except in experiments with the inhibitor
A231817, for which images were captured up to
200 min, producing 21 images per stem.

Images were manipulated by using Image
Assistant® version 1.10. Graphic images were
digitized into x—y coordinates with UnGraph®
version 3.0. Images were rotated before regression
analysis. The distribution of local curvatures was
calculated after polynomial regression by using
Maple® V version 4.00b, as described in Megkauskas
et al. (1998). The growth of the upper and lower
sides of the C. cinereus stems was measured by using
a custom program for image analysis, written in
Borland Pascal version 7.0.

The final model was written in Borland C+ +
version 5.02 with the use of object-oriented pro-
gramming. The fitting procedure aimed at mini-
mizing the lack-of-fit mean square value in tests for
goodness of fit between the curves (composed of up
to 200 coordinates) representing observed and mod-
elled stem shapes. Fitting was done by dichotomy
(that is, a bisection or dichotomous line search), an
iterative method in which the interval between values
is halved at each iteration by testing two new
functions that bracket the midpoint of the interval.

Intibitor and water treatment

The effects of BAPTA (1,2-bis-(2-amino-5-
nitrophenoxy)ethane-N,N,N’,N'-tetraacetic acid),
A231817 and cytochalasin D on the spatial
organization of the gravitropic reaction of C. cinereus
fruit body stems were tested. To perform the
treatments, the stems were incubated vertically in

Table 1. Tests for goodness of fit between observed stem shapes and stem shapes predicted by the vevised local
curvature distribution model in base-pinned Coprinus cinereus stems

Cytochalasin D

BAPTA A231817,
Parameter Water 5 mM 1 uM 10 pM 1 M
Number of stems 9 7 9 9 16
Lack-of-fit mean square 0.00071 0.00057 0.00104 0.00339 0.00041
Pure error mean square 0.0059 0.0039 0.0081 0.0134 0.0009
df 1180, 10656 1244, 8736 1180, 10656 1180, 10656 604, 7296
Ratio 0.1199 0.1462 0.1279 0.2530 0.4566
Value 2 for which the distribution 1.092 1.072 1.092 1.092 1.136

function F(2) = 0.95%

*All of these values indicate that differences between modelled shapes and observed shapes were not significant.



390 A. Meskauskas et al.

separate, end-sealed 1 ml pipette tips in the dark at
room temperature (22 +1°C), totally immersed, for 2
h. After treatment, stems were rinsed briefly with
distilled water (still in the vertical orientation); they
were then turned to the horizontal position and
video-recording was initiated. Controls were im-
mersed in water. The exact numbers of stems
involved in the experiments with each inhibitor are
given in Table 1. Because BAPTA shifts pH
significantly, the pH of the final BAPTA solution
was adjusted to 6.2+0.2 by titration. All chemicals
were obtained from Sigma (Sigma-Aldrich Co. Ltd,
Poole, Dorset, UK).

THE MODEL

Following Barlow e al. (1991) and Stockus
(1994a,b,c), we supposed that after reorientation the
physiological signal arises in the apex, and that this
signal at any time ¢ is proportional to the cosine of
the tip angle at that instant:

Spip(t) = Ky cosfo,(2)] Eqn1

(the tip angle is measured as the angle from the
horizontal (Fig. 1, curves labelled S)). After per-
ception, the signal is transmitted towards the stem
base. In our earlier model (Meskauskas et al., 1998)
the signal transmission function was unusual because
it had to account for the fact that bend movement in
real C. cinereus stems occurs with decreasing speed.
However, when a curvature compensation signal is
incorporated, this feature can be explained without
further complication. The distribution of such a
signal and the consequential distribution of local
curvature is illustrated in Fig. 2. Accordingly, in this
revised model the classic equation of signal trans-
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Fig. 2. Computer-generated distribution of the local level
of the hypothetical gravitropic signal perceived in the apex
(a) and the local curvature (b) during simulation of the
gravitropic reaction of Coprinus cinereus stems. During the
bending process the apex angle, and hence the signal level
in the apex, decreases. The simulation was performed with
parameter values from Table 2. The curvature distribution
(b) can also be compared with directly measured data
(Fig. 5b).

mission can be used, which assumes that the signal is
transmitted as a wave whose magnitude decreases as
it progresses. This is the most commonly used signal
transmission function in gravitropic modelling
(Johnson, 1971; Brown & Chapman, 1977; Stockus
19944a):

S(h,2) = Sy,[2— (1 —1)/v] el SprP] Eqn 2
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(A is the relative distance from the base of the axial
base, 1 = tip) and v is the signal
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Fig. 1. Some dependences that can be calculated from the model parameters (Table 2) for Coprinus cinereus
stems. (a) The gravitropic perception in the apex (S) and the local perception (R) as functions of the
reorientation angle, which is the apex angle for S and the local angle for R. (b) The distribution of capacity for
local perception of the gravitropic signal (L) and autotropic reaction (A4) through the length of the stem. In both
panels the vertical axis is given as a percentage of the maximum values that the two perception functions
(S and R) acquire in the horizontal position (0°) and the two distribution functions (4 and L) exhibit in the
apex (position 0). The broken lines show 95 9% confidence intervals.
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transmission rate, which is constant for a wave
equation). Hence the signal reaches any particular
realization point delayed by time (1 —Ai)/v and the
signal level decreases exponentially during trans-
mission (as determined by the constant Spy).

If we were to suppose that the local bending
velocity is simply proportional to this local signal
level S(A,t), we would obtain an equation similar to
model 4 in Stockus & Moore (1996). However, for
an exact simulation of the spatial development of
gravitropic reaction in C. cinereus the description of
the realization must be a function not only of S(,t)
but also of two additional signals.

The curvature compensation (that is, straight-
ening) signal arises in the same point at which
the bending process develops, and the level of
this signal is assumed to be proportional to local
curvature, C;. The curvature compensation signal is
not transmitted through the stem, but it is known
that the compensation process is more highly
expressed close to the apex than it is in more basal
subsections (Meskauskas et al., 1998). Compensation
is polarized. In stems secured at the apex in the
horizontal position, the base is raised by the
gravitropic curvature but the basal part undergoes
much less straightening than usually occurs at the
apex. To produce the working model, this fact was
accounted for by supposing that the distribution of
the capacity for curvature compensation is not
uniform and decreases exponentially in the basipetal
direction. Then, the level of the straightening signal
at position A in a given period ¢ is:

A(th) = — Ay P C (1)) Eqn 3
(parameters A, and A, determine the distribution of
curvature compensation along the stem (Fig. 1,
curves labelled A)).

Eans 2 and 3 together give a mathematical model
that can reproduce all C. cinereus stem shapes that
occur during gravitropic reaction, but the lack-of-fit
test indicates significant differences between simu-
lations and reality in the time dimension. The
bending process simulated by this simpler model is
too slow in the beginning of the gravitropic reaction
(over the first approx. 3 h) and too fast in the later
stages. We therefore included the local perception of
the tropic signal, which is confirmed both exper-
imentally (Greening et al., 1993) and by math-
ematical modelling (Meskauskas et al., 1998). This
means that the gravitropic irritation is perceived
both at the stem apex and in the site of realization.
The local perception function differs from the
perception function in the apex and can be approxi-
mated as:

RLocal(aL) = e(hBDEaL)

Eqn 4

(o, 1s the local reorientation angle of the subsection).
Similarly to cos(ay), this function is maximal when
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a;, = 0 (horizontal position), but it can decrease
much faster when o, starts to increase (Fig. 1, curves
labelled R). Hence it was supposed that the local
perception has the most important role in the first
stages of the bending process, when o, <45°.

The distribution of capacity for local perception is
not uniform and decreases exponentially from the
apex in the basipetal direction. Hence the level of the
perception at time ¢ in position A is:

R(t))“) = BS e[iBD(l_)\)] RLocal(aL) Eqn 5

(Fig. 1, curves labelled L). Hence, the realization of
the gravitropic response, the local bending rate at
point A at time £, is:

dC,(t0)/dt = Ky, [StA)+A(tA) +R(tA)] Eqn 6

(K 1s the realization constant).

By summarizing the equations shown above and
expressing local angle through local curvature, we
obtain the final equation below (t=0; 0=i>1,
initial condition C(A,0) = 0 (straight stem), bound-
ary conditions C (1,0} = C.(¢,1) = 0):

0 ! 1-A
ECL(X,t) = {KS cos[fOCL<t— ” ,x)dx}

¢SoalH _ 4 e n0NC (1))

A

+ B, e Fo0 e‘BDEJ

0

CL(t,x)dx} K Eqn 7

By using this equation, the program in C+ 4 was
written to obtain numeric solutions.

RESULTS

Fitting the model to experimental data

The fit of the model to the gravitropic reactions of
untreated C. cinereus stems is shown in Fig. 3. The
values of the parameters, established by using the
method of dichotomy (see the Materials and
Methods section), are given in Table 2. A statistical
analysis of the goodness of fit between model and
experiment effectively compared the polynomial
represented by the modelled and
observed stem shapes. Table 1 shows that the model
fits the experimental data; deviations were not
statistically significant.

One of the interesting results seen in Table 2 is the
quite large value (8.65) for the constant A, that
determines how fast the capacity for curvature
compensation decreases in the basipetal direction.
Such a value means that curvature compensation is
mainly a characteristic of the apical 20-309%, of the
stem (Fig. 1, curves labelled 4). For example, the
capacity for curvature compensation in the middle of
the stem is approx. 1.39%, of the value at the apex.
For more basal subsections it is even lower. Simi-
larly, the ability to perceive the gravitropic signal

regressions
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(a) 410 min

0 min

(b} 410 min

0 min

Fig. 3. Comparison of (a) averaged bending of base-pinned Coprinus cinereus stems with (b) the images
generated by the model shown as Eqn 7. Calculated values of the parameters are given in Table 2. In (b),
computer-generated images (thick lines) are plotted over the experimentally observed images (regular lines).
Times of subsequent images differ by 10 min. The error bar at the top left of (a) defines the maximal SD
of the mean for experimentally observed shapes. The goodness of fit was tested by the lack-of-fit test (see

Table 1).

Table 2. Model parameters obtained by optimizing the fit of the vevised local curvature distribution model to

the gravitropic reaction of Coprinus cinereus stems

Calculated
Parameter Model feature, defined by this parameter Units value
K, Perception in the apex Relative 1.00+0.08
B, Local perception degree™! 0.085+0.02
B Distribution of ability to perceive the gravitropic irritation  Relative 2.4+0.15
along the stem
B, (exponent of By) Distribution of ability to perceive the gravitropic irritation  Relative 4.00+0.1
along the stem
Ay Distribution of ability for autotropism Relative 0.0225+0.0075
Ay, (exponent of 4;) Distribution of ability for autotropism Relative 8.65+0.85
Spe Signal decrement during transmission Relative 1.575+0.075
|A Signal transmission speed h™? 0.259+0.0017
K, Local bending rate dependence on local signal level degree h™!  85.043.0
locally is also mainly a feature of the apical two- 300
thirds of the stem (Fig. 1, curves labelled L). F
The sigrllal. transmission rate that emerges frorp F— Stem vertical -~
this analysis is 0.259 h™" (stem length is set to unit wmok -~ T e
length) or approx. 12 mm h™'. This is much faster | == e Upper side

than passive diffusion and could indicate the exist-
ence of some active system for signal transmission. It
takes approx. 3 h for the signal to reach the base of
the stem, where it maintains approx. 209 of its
initial value. Signal decrement is quite significant.

Comparison of the growth in the upper and lower
stdes during the gravitropic bending of C. cinereus
stems

The growth of lower and upper sides during the
gravitropic reaction of C. cinereus stems is shown in
Fig. 4. Both sides of vertical stems grew continuously
at a rate of approx. 0.085 mm min ' In stems
reoriented to the horizontal, the growth rate was
about half this during the first 170 min, after which
growth rate increased on both sides. The final length
achieved at 400 min after reorientation was close to

the length of vertical controls. Uniform decrease in

=== | ower side

200

.t
o
!

Length {mm)

150

100 " | L 1 L 1 1 J
0 100 200 300 400

Time (min)
Fig. 4. The growth of the upper and lower sides of
Coprinus cinereus stems during the gravitropic reaction.
Growth was measured for the whole length of each side.
The error bars in the upper part of the figure represent the
maximum SD of the mean for each curve.

growth rate supports the view that the gravitropic
signal can be perceived throughout the stem. Green-
ing et al. (1997) analysed incremental growth rates
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Fig. 5. The effect of incubation in water (2 h in vertical position before turning to the horizontal) on the
distribution of local curvature over the length of the stem for base-pinned Coprinus cinereus stems. (a,b)
Untreated control; (c,d) water treatment. (a,c) Time-telescoped projections (each curve represents the
changing curvature of a different subsection of the stem); (b,d) space-telescoped projections (curves represent
distribution of curvature over the length of the stem at 10 min intervals). The distance from the base is given
in arbitrary units of stem length. The error bar at the top left of (a) and (c) represents the maximum SD for
both projections in each case. Note that as the apical regions of the stem start to straighten (shown as smaller
local curvature in the last and later lines of (b) and (d)), the corresponding lines in (a) and (¢) curve downwards

(from approx. 130 min).

and showed that the gravitropic bend is caused by
the lower side accelerating its growth rate more
rapidly than the that of the upper side.

Fitting the model to the gravitropic reactions of
inhibitor-treated C. cinereus stems

Inhibiters of specific cellular processes can be used
to establish links between components of the math-
ematical model and actual physiological processes.
To perform the inhibitor treatments described
here, the stems were incubated for 2 h in the vertical
position in inhibitor solution. A water treatment was
used as the control and the effect of this on the
development of local curvature is shown in Fig. 5.
The data are shown in two ways (and the same sort
of display is used in Figs 6, 9, 11 and 13). Fig. 5a,c
are time-telescoped projections in which each curve
represents the changing curvature of a different
subsection of the stem during the time course of the
experiment. Fig. 5b,d are space-telescoped pro-
jections in which the curves show the distribution of
curvature over the whole length of the stem at 10 min

intervals. Fig. 5 shows that the water treatment
slowed the beginning of the bending process in
comparison with untreated stems and that the
subsequent straightening of the water-treated stems
was more vigorous.

However, fitting the model to the gravitropic
reaction of water-treated stems shows that only two
parameters were changed (Table 3). The apical
region, where the curvature compensation is most
significant, was longer (A, smaller) and the
realization of the gravitropic response in the bending
site. was slower (K, smaller). The gravitropic
reactions of inhibitor-treated stems were compared
with the water-treated controls rather than untreated
stems (Table 3).

The effect of BAPTA. BAPTA is specific chelator for
calcium ions. Calcium chelators suppress the gravi-
tropic reaction in plant roots (Lee et al., 1983) and
coleoptiles (Medvedev et al., 1991). In all such cases
the effect of calcium chelators can be reversed by
subsequent treatment with calcium ions. In our
experiments also it was shown that 1 h of treatment
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Table 3. Changes required in parameters of the local curvature distribution
model to account for stem gravitropic behaviour of Coprinus cinereus in

response to diffevent experimental treatments

Change

Parameter required

Maximum
Percentage  deviation for the
of control  new optimal value

Effect of water treatment tn comparison with untreated control

K, 85.0 - 61.5 72.3 +23.5
A, 8.65 > 4.65 53.7 —2.24, +o0*
Effect of other treatments in comparison with water-treated control
BAPTA 5 mM
v, 0.259 — 0.125 48.3 +0.04
Spe 1.575 > 1.2 76.1 —-1.2, +1.8¢%
B; 2.4 - 0.45 18.7 +0.6
A4, 4.65 ~> 8.65 185.8 —5.00, +o0*
Cytochalasin 1 pM
K 61.5 > 47.5 77.2 +12.55
Cytochalasin-D 10 pM
V. 0.259 — 0.003 1.1 —0.003, +0.09%
K, 61.5 > 47.6 77.3 +12.4
A231817, 1 uM
K, 61.5 - 20.0 325 +6.0

Changes were taken into consideration only if the new optimal value differed by

more than 109, from the control.

*Infinite value means the absence of autotropism.
1tThe optimal value is different from the average of minimal and maximal
values. The minimal and maximal values are the boundary values between
which the model still satisfies the lack-of-fit test.
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Fig. 6. Distribution of local curvature over the length of the stem for BAPTA-treated (5 mM, 2 h) Coprinus
cinereus stems. (a) Time-telescoped projection (each curve represents the changing curvature of a different stem
subsection); (b) space-telescoped projection (curves represent 10 min time intervals). The distance from the
base is given in arbitrary units of stem length. The error bar represents the maximum SD for both projections.

with BAPTA followed by 1 h of treatment with 10
mM CaCl, resulted in no effect on the spatial
organization of the C. cinereus gravitropic reaction
(results not shown). BAPTA delays the bending
process and changes the curvature development
pattern in C. cinereus stems (Novak Frazer & Moore,
1993). The BAPTA-treated stems also curl beyond
the vertical in very late stages of gravitropic reaction
when control stems have returned and remain at the
vertical (Novak Frazer & Moore, 1993).

One of the most obvious effects of 2 h of treatment
with 5 mM BAPTA, seen in Fig. 6 (in both

projections) was a significant initial delay of gravi-
tropic bending. In the first 90 min of the gravitropic
reaction the stem remained almost completely
straight, and only after that time did the bending
process begin. In some models of gravitropic reaction
(Stockus, 1994a) the initial bending delay is closely
related to signal transmission rate. It might be that
the treatment decreases this parameter. Although
the compensation process is clearly seen, it is smaller
than in the water-treated control stems (Fig. 5). This
causes the region of maximum curvature to remain
closer to the apex.
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(a)

400 min

0 min
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(b) 645 min

400 min
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Fig. 7. Comparison of (a) averaged bending of BAPT A-treated (5 mM, 2 h) Coprinus cinereus stems with (b)
the images generated by the model shown as Eqn 7 with parameters given in Table 3. In (b), computer-
generated images (thick lines) are plotted over the experimentally observed images (regular lines). Times of
subsequent images differ by 10 min. The error bar in (a) defines the maximum SD of the mean for
experimentally observed shapes. The goodness of fit was tested by the lack-of-fit test (see Table 1). The
computer-generated images also include a shape for a very late stage of ‘the gravitropic reaction (10 h from

reorientation).
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Fig. 8. Comparison of the effect of different concentrations
of cytochalasin D on the gravitropic reaction of Coprinus
ctnereus stems. The duration of the treatments was 2 h
before reorientation into the horizontal position. The
number of stems used in each experiment was 31 for the
water control, 15 with 1 uM cytochalasin D, 9 with 10 uM,
6 with 50 uM and 10 with 100 uM. The error bars show the
SD of the mean where these exceed the size of the symbol.

The revised model is able to simulate the gravi-
tropic reaction of BAPTA-treated stems, including
the curling beyond the vertical in late stages (Fig. 7).
In comparison with the water-treated control, the
model indicates a lower signal transmission rate (1),
significant inhibition of local signal perception B (to
a level only 18.7 9% of the control), enhancement of
curvature compensation and a slight decrease in the
signal decrement during transmission that can be
linked with the decreased transmission rate (Table
3). The bending past the vertical in the model is
caused by slow signal transmission rate: the bending
part is late to respond to the fact that the vertical
position has already been reached. The model
confirms the interpretations of Novak Frazer &

Moore (1996) that calcium chelators affect signal
transmission during the gravitropic reaction in C.
cinereus but not its perception at the apex.

The effect of cytochalasin D. Cytochalasin D disrupts
the actin microfilament networks in fungal hyphae
(Kanbe et al., 1993), including those in the fruiting
bodies of Flammulina velutipes, in which it causes a
loss of 809, of stem gravitropic bending capability
(Monzer, 1995). The lowest concentration of cyto-
chalasin D that caused noticeable changes in the
gravitropic reaction of C. cinereus stems was 1 pM
(Fig. 8); 10 pM caused further qualitative changes,
and 50 and 100 uM caused further quantitative
changes. The effects of both 1 pM and 10 pM
cytochalasin D in a 2 h treatment regime were
analysed (Fig. 9). Exposure to 1 pM cytochalasin D
for 2 h did not change the spatial organization of the
gravitropic reaction significantly. As is seen in Fig.
10 and Table 1, the revised model fits the gravitropic
reaction of such stems extremely well. The only
parameter needing modification was the realization
constant K, (Table 3).

Low concentrations of cytochalasin D might
interfere with the final steps of the realization of the
bending process without significant effect on signal
perception and transmission. However, the
realization constant K, is not completely inde-
pendent of the constants of local perception (Bj),
local curvature compensation (A4;) and signal per-
ception in the tip (K ). An alternative hypothesis
could therefore be that K, remained unchanged but
K, B;and 4, decreased to the same extent (22.8 %).
Egn 7 would return the same values in these two
circumstances. Therefore it is also possible to suggest
the hypothesis of Monzer (1995), that cytochalasin
D at low concentration inhibits the perception of
signals involved in the gravitropic reaction (see
Eqn 6).
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Fig. 9. The distribution of local curvature over the length of the stem for Coprinus cinereus stems treated with
cytochalasin D (1 uM, 2 h). (a) Time-telescoped projection (each curve represents the changing curvature of
a different stem subsection); (b) space-telescoped projection (curves represent 10 min time intervals). The
distance from the base is given in arbitrary units of stem length. The error bar at the top left of (a) represents
the maximum SD for both projections.

(a) 410 min (b) 410 min
T

0 min 0 min

Fig. 10. Comparison of (a) averaged bending of Coprinus cinereus stems treated with cytochalasin D (1 pM,
2 h) with (b) the images generated by the model shown as Eqn 7 with parameters given in Table 3. In (b},
computer-generated images (thick lines) are plotted over the experimentally observed images (regular lines).
Times of subsequent images differ by 10 min. The error bar at the top left of (a) defines the maximum SD
of the mean for experimentally observed shapes. The goodness of fit was tested by the lack-of-fit test (see
Table 1).
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Fig. 11. The distribution of local curvature over the length of the stem for Coprinus cinereus stems treated with
cytochalasin D (10 pM, 2 h). (a) Time-telescoped projection (each curve represents the changing curvature of
a different stem subsection); (b) space-telescoped projection (curves represent 10 min time intervals). The
distance from the base is given in arbitrary units of stem length. The error bar at the top left of (a) represents
the maximum SD for both projections.

Cytochalasin D at 10 uM significantly changed the (Fig. 11a), the gravitropic reaction was significantly
spatial development of the gravitropic response (Fig. slower, especially during the first 200 min. The
11). As shown in the time-telescoped projection space-telescoped projection (Fig. 11b) shows that
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{a) {b)
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Fig. 12. Comparison of (a) averaged bending of Coprinus cinereus stems treated with cytochalasin D (10 pM,
2 h) with (b) the images generated by the model shown as Eqn 7 with parameters given in Table 3. In (b),
computer-generated images (thick lines) are plotted over, and because of the accuracy of the model largely
obscure, the experimentally observed images (regular lines). Times of subsequent images differ by 10 min. The
error bar at the top left of (a) defines the maximum SD of the mean for experimentally observed shapes. The
goodness of fit was tested by the lack-of-fit test (see Table 1).
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Fig. 13. The distribution of local curvature over the length of the stem for Coprinus cinereus stems treated with
A231817 (1 pM, 2 h). (a) Time-telescoped projection (each curve represents the changing curvature of a
different stem subsection); (b) space-telescoped projection (curves represent 10 min time intervals). The
distance from the base is given in arbitrary units of stem length. The error bar at the top left of (a) represents
maximum SD for both projections. Note that stem straightening was minimal.

= (a)

Fig. 14. Comparison of (a) averaged bending of Coprinus cinereus stem treated with A231817 (1 uM, 2 h) with
(b) the images generated by the model shown as Eqn 7 with parameters given in Table 3. In (b), computer-
generated images (thick lines) are plotted over, and because of the accuracy of the model largely obscure, the
experimentally observed images (regular lines). Times of subsequent images differ by 10 min. The error bar
at the top left of (a) defines the maximum SD of the mean for experimentally observed shapes. The goodness

of fit was tested by the lack-of-fit test (see Table 1).

the region of maximum curvature remained much
closer to the apex throughout than it did in the
control. This effect was even more significant than in
BAPTA-treated stems (Fig. 7).

Fitting the revised model to these gravitropic
reactions requires a decrease in the signal trans-
mission rate to 0.2 mm h™!, approx. 1.1% of the
initial value (Fig. 12, Table 3). Consequently, signal
transmission is largely blocked, and the role of the
local signal perception is enhanced in such treated
stems, especially in the earlier stages. Cytochalasin
D did not suppress local perception. The realization
constant (Ky,) was decreased to approximately the
same value as seen with 1 pM cytochalasin D, so the
saturation point might have been reached at this
lower concentration.

In summary, low concentrations of cytochalasin D
inhibit the bending process or perhaps the perception
of all three signals involved in the gravitropic
reaction (apex and local perception of reorientation,
and local curvature perception) to the same extent.
Higher concentrations of cytochalasin D additionally
suppress signal transmission,

The effect of A231817. A231817 forms specific Ca®*
channels in the membranes, so it can decrease the
calcium activity gradient on the outside of plasma
membranes and also abolish the cytoplasmic seques-
tration of calcium ions. The revised model could be
fitted to the gravitropic reaction under the influence

of A231817 after decreasing the realization constant
K, (Table 3, Figs 13, 14). This implies that the
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calcium ionophore A231817 decreases the bending
rate (it also suppresses the random oscillations of the
bending rate and decreases the variance between the
bending of different stems). Stem straightening was
minimal (Fig. 13), but it is not possible to say
whether this was an independent effect of the
ionophore (perhaps inhibiting curvature compen-
sation) or was a consequence of the decreased tropic
bending rate.

DISCUSSION

The revised local curvature distribution model
described here successfully accounts for curvature
compensation (straightening before the apex reaches
the vertical position) with the following assump-
tions:

e the bending process is influenced by the curvature
compensation signal, which causes straightening
if the gravitropic signal is decreased below a
critical level;

e the local bending rate is proportional to the sum of
three signals: the gravitropic signal from the apex,
which is being transmitted in the basipetal
direction, the gravitropic signal from the local
signal perception system and the negative cur-
vature compensation signal from the local cur-
vature perception system;

e the level of the curvature compensation signal at
any point in the stem is proportional to the local
curvature in that point, and the ability of the stem
to generate this signal decreases from the apex
toward the base (Fig. 1);

e the gravitropic signal perception system in the
stem apex generates a signal proportional to the
cosine of the apex angle;

e this signal is transmitted towards the stem base,
weakening as it progresses, at a constant rate of
approx. 12 mm h™. This simple assumption is
sufficient to explain the gravitropic curvature of
stems over the first 6 h. In very late stages this
model predicts an overshoot of approx. 5° beyond
the vertical and several decreasing oscillations
about the vertical position. If signal transmission
through subsections is assumed to be blocked
after the subsection reaches orientations close to
the vertical (85-95°), no overshoot is predicted);

e together with the perception of the gravitropic
signal in the apex, a system of local gravity vector
perception exists, and the ability to detect the
gravity vector locally decreases from the apex
toward the base (Fig. 1).

The overwhelming advantage of this revised local
curvature distribution model is that it can be used
predictively to fit situations that were not part of the
context used to design the original model. This
includes angles of disorientation other than the
horizontal displacement used in our standard ex-
periments. More importantly, we show here, by

examining how the model fits data from experiments
with metabolic inhibitors, that the model is-capable
of revealing effects that exactly match conclusions
reached from purely physiological considerations.
Significantly, by its very nature as a mathematical
description, the model returns quantitative values
for the physiological effects that it detects.

It is the inclusion of a function describing
curvature compensation that enabled this revised
local curvature distribution model to be produced,
vet the nature of curvature compensation is far from
clear. Possibly, the ‘rest’ state of the system (in our
case, a straight stem) is determined by internal
controls in a ‘default’ state to which they tend to
return after the environmental change (in our case,
disorientation from the vertical) that caused the
initial disturbance decreases below a particular level.
The implication is that the disturbed state is unstable
and needs continued reinforcement to be maintained.
The situation is different from the alternative
‘trigger’ hypothesis that environmental change
switches the system into an alternative stable state.

A phenomenon similar to curvature compensation
has often been observed in plant gravitropic
reactions. Plant organs usually regain their straight
appearance after showing gravitropic curvature. Firn
& Digby (1979) showed that sunflower hypocotyls
and maize coleoptiles began to straighten in the parts
that had not reached the vertical position. The
authors argued that this straightening was related to
the curvature induced by the gravitropic stimulus
rather than to the stimulus itself. The straightening
was conceived of as a counter-reaction to the tropic
curvature. Pickard (1973) showed that straightening
progressed before any part of the oat coleoptile
reached the vertical position, and MacDonald et al.
(1983) found a similar straightening reaction in
cucumber hypocotyls, These authors argued that the
final set point angle achieved by an organ is a
composite response of two tropisms, gravitropism
and autotropism. In that paper, ‘autotropism’ was
defined as an autonomic straightening response that
resulted as a consequence of a preceding gravitropic
curvature. Hence, differently from other tropisms,
autotropism is not a response to external stimulus
but to the internal stimulus arising from the
curvature of the organ. In their review, Stankovié et
al. (1998) argue that this straightening is part of the
gravitropic reaction itself (a conclusion with which
we cannot agree). However, Stankovic ef al. (1998)
state that ‘... Autotropic straightening partially
returns the organ to the orientation that existed
before it was exposed to a new signal gradient ... The
organ seems to have a spatial ‘memory’ of the
previous growth vector established by an earlier
environmental, regulatory stimulus ... The identity
of this spatial memory is both intriguing and
completely unknown.’ With those sentiments we do
agree.
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