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Abstract

In the presented model cells of the plant bedy form a spatial medium in
which three-dimensional morphogenic waves of auxin are propagated. Points
in the same phase of oscillation form isophasic surfaces and the vectors of
wave propagation form a three-dimensional vector field. The vectors in the
case of local inhomogeneities of the medium deviate from organ polarity,
providing positional information recognized by cells. Models of functioning
of such a supracellular oscillatory system in regulation of tissue differentia-
tion, tropic responses and plant forrn are discussed.

INTRODUCTION

The amount of auxin efflux to agar from a series of successive short
sections of stem segments including the cambial region of large trees
(Pinus silvestris L.) oscillates forming a wave-like pattern (Zajacz-
kowski, Wodzicki 1978). The observed pattern has been discussed
as a two-dimensional moving wave in which the tangentially neigh-
bouring cells are in the same phase of oscillation. It has been postulated
that the cambial cells recognize the direction of the vectors of wave
propagation and by localized growth and asymmetric divisions adjust
their possition to these directions. Basic principles of a model of regula-
tion of plant morphogenesis by such a system, taking into account the
effects of three-dimensional auxin waves are proposed in this article.

MODEL

1. The three-dimensional wave

Auxin basipetal transport in tree stems takes place mainly in the
cambial region. Some auxin transport also occurs in differentiating xylem
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and phloem (Nix and Wodzicki 1974). Cells of all these tissues form
a spatial medium in which the earlier observed waves of auxin (Za -
jaczkowski Wodzicki 1978) should be considered in a three-
-dimensional aspect. In such three-dimensional waves, points in the same
phase of oscillation form surfaces of equal phases. If the wave passes
along tissue consisting of structurally different cells, the isophasic sur-
faces must be bent. The boundary effects produce additional bending at the
margins of the tissues in which auxin is translocated. If we assume that
these effects on both sides of the cambium are not identical, the theore-
tical wave fronts in radial stem sections must follow curved lines as in
the model presented in Fig. 1 A-C. The vectors of wave propagation are
always orthogonal to surfaces of equal phase and in this model there is
only one envelope in the whole stem (in the layer of cambial initials)
in which the vectors seen in radial stem section form continuous lines.
Boundary effects produce an increasing shift of the wave phase with
increasing distance from the cambium (increasing angle between the
cambial envelope and the vectors of wave propagation). This is substan-
tiated by experiments in which 60X20X5 mm blocks of pine stem tissues
(comprising phloem, cambial zone, and 2 mm of xylem) were divided in
to 5 mm sections for investigation of natural auxin efflux to agar (as
described by Zajaczkowski, Wodzicki 1978). Immediately after
cutting, the sections were separated into the phloem and xylem sides,
and placed with their basal ends on agar plates for 15 minutes. The
results of bioassays (Fig. 2 A-C) revealed differences in wave phases
between the two types of tissues. In the earliest performed experiment
(Fig. 2 A) the waves were intermittently synchronous and asynchronized
progressing from the basal end. This result as illustrated by the model
(Fig. 2 D, E) suggests a possibility of oscillation of the direction of vectors
of wave propagation and that the amplitude of the oscillation decreases
with the distance from the cambium.

2. Regulation

Divergence of the vectors of wave propagation from the direction of
major polar transport of auxin in the organ seems to play an important
role in the system regulating morphogenesis of the plant.

a) Tissue

The mechanism of such control at the tissue level may be discussed
using the example of some morphogenic processes involved in secondary
xylem differentiation. It is seen (Fig. 3 A) that the greatest divergence
of the vector of wave propagation from the zones of major polar trans-
port — in this case, the cambial envelope — is reached at the boundary
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of maturing and mature xylem. At this site an envelope of autolysing
axial tracheids forms. It is possible that breakdown of vacuolar mem-
branes, which initiates the processes of autolysis (Wodzicki, Brown
1973), occurs at some critical angle of vector divergence from the cambial
envelope. The same critical angles may be attained at different distances
from the cambium depending on the shape of the isophasic surfaces of
the wave (Fig. 3 B, C). This could explain seasonal variation of the width
of the zone of maturing xylem (Wodzicki 1971).

As new xylem cells are produced, the position of already different-
iating cells become more distant from the cambium and the whole vector
field adjust to the changing position of the cambial envelope. It is
possible that earlier stages of differentiation of axial tracheids are under
the control of vectors of auxin wave propagation.

The effect of the diverging vectors of auxin wave propagatioh may
be to control the helical orientation of cellulose fibrils in the secondary
wall with respect to the cell axis. Sudden changes of orientation of
microfibrils in the successive cell wall layers Sy, Sy, S; (Frey-Wyss-
ling 1959; Wardrop 1964a) may result from the increasing structural
complexity of the cellular medium in which the wave is propagated. In
the case of nonhomogeneity of the medium local refraction of the vectors
may be expected. For example, such refractions probably occur at the
cytoplasm cell wall interface. Circular deposition of fibrils in the
secondary wall, which occurs when bordered pits are formed around
primary pit-fields permeated by plasmodesmata (Liese 1965; Schmid
1965), may be a manifestation of local turbulence of the vectors of wave
propagation.

Involvement of the vectors of auxin wave propagation in morpho-
genesis, also allows an explanation of the initiation of vessel members,
which in the secondary structure of Angiosperms form systems of
continuous vessels over long distances. The diffusion-reaction theory of
Turing (1952) was invoked by Wardlaw (1965) to explain the control
mechanism determining vascular bundles initiation. The elegant experi-
ments of Wetmore and Sorokin (1955) and Wetmore and Rier
(1963) in which xylem differentiation was induced in tissue culture, seem
to provide evidence of such regulation. However, according to Crick
(1970, 1971), the diffusion control system cannot operate at distances
greater than a few millimeters. Our proposal of control by vectors of
auxin wave propagation overcomes this limitation. Assuming that in the
system proposed by Turing some inhomogeneities occur (e.g. changes
in the amplitude of auxin wave fronts) then those inhomogeneities may
be propagated together with the wave fronts and may operate as a control
mechanism over long distances. By the same mechanism the pattern of
tissue differentiation initiated below the apical meristems (as discussed
by Romberger 1963) may be propagated along the organ axis.
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PLATE I

Fig. 1. Theoretical distribution of auxin wave fronts (thick solid lines) and vectors

of wave propagation in the stem secondary structure. Three-dimensional drawing

of stem segment (A), and small piece of tissue at greater magnification (B), and

radial view (C). Small arrows — vectors of wave propagation in the cambial en-

velope. Trajectories orthogonal to auxin wave fronts as seen in the radial cross-

-sections represent change of angles between the cambial envelope and the vectors
of auxin wave propagation at various distances from cambium.

Fig. 2. Natural auxin efflux from xylem (solid lines) and phloem (dotted lines) sides

of successive (about 5 mm long) sections cut from 60-mm stem blocks collected

on September 16 — (A), September 23 — (B), and September 30 — (C). Three-

-dimensional model of amplitudes and wave fronts illustrating the experimental

results — (D). Theoretical distribution of wave fronts (thick solid lines) and vectors

of wave propagation (small arrows) — (E); in case of moving waves the pattern is
translocated along the stem

Fig. 3. Initiation of final phase of axial tracheids maturation (autolysis) in stem
secondary xylem — the model of control by vectors of auxin wave propagation.
A — inclination of the vectors of auxin wave propagation (a) in the cambial region
and differentiating secondary tissues as seen in radial (b) and transverse (c) cross
section. The breakdown of cytoplasm occurs at some critical angle (a) between the
vector of auxin wave propagation and cell axis. (B) and (C) — model of regulation
of early- and latewood formation. Phe — conducting phloem; Php — dividing
phloem; C; — cambial initial; Xp — dividing xylem; Xg — enlarging xylem;
Xm — maturing xylem; Xp — mature xylem tracheids (according to Wilson et
al. 1966), Php — phloem ray; Xgr — Xylem ray.

b) Plant body

The postulated ability of cells to recognize the direction of auxin
wave propagation and cell adjustment to wave vectors may provide
a basis for control of tropisms and coordinated plant growth,

It should be noted that the polarity of each organ and the vectors of
auxin wave propagation are parallel to the zones of major polar transport
of auxin. In this concept the organ axis is close to that of its polarity
(Fig. 4)\ In an ideal case these two axes coincide and the isophasic
surfaces of auxin wave propagation are locally perpendicular to them.
It is suggested that in an organ exposed to unilateral illumination,
gravity, or mechanical force etc. the vectors of wave propagation deviate
from the axis of organ polarity. This produces asymmetric growth
bringing the organ to a position in which the vectors again coincide with
organ polarity. Fig. 4 illustrates this type of regulation in the case of
phototropic and geotropic responses. All known mechanisms of tropic
responses proposed by various authors may be considered as operating
by deviation of the vectors of auxin wave propagation depending upon
the kind of stimulus and organ (or tissue) involved.
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There is voluminous literature concerning the role of auxin in the
control of plant branching and apical dominance. The fronts of auxin
waves interfere at nodes (or branching regions) which results in a dif-
ference between the wave-lengths at the two sides of the forks. Thus,
surfaces with equal phases of waves (and vectors of wave propagation)
in both axes are resultants of this interference as in the simplified model
presented in Fig. 5 A. Elastic coupling of the waves results in propagation
of these deviations along the organ axes in a direction opposite to that
of auxin active transport, decreasing gradually owing to a dumping effect.
Equal deviating effects in both axes produce dichotomy (Fig. 5 B). Domi-
nation of the deviating effects of one axis results in other types of
branching which in extreme cases may completely inhibit the propaga-
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PLATE II

Fig. 4—17. Models of regulation of plant morphogenesis by vectors of auxin wave
propagation (small arrows). Broken lines are theoretical tangentials to isophasic
surfaces of auxin waves in the zones of major polar transport of auxin in the
organs, prior to any adjustment arising from interference of wave fronts or/and
effects of other stimuli. Dotted lines are theoretical tangentials to isophasic surfaces
in the organs, but still before the organs have adjusted themselves to new vectors
of wave propagation. Dot-and-dash lines are theoretical tangentials to isophasic
adjusted themselves to new vectors of wave propagation.

Fig. 4. Tropic responses in the regions of apical meristems. A — shoot phototropism,
B — root geotropism; organs before morphogenic response (a) and after adjustment
(b). Long arrows — vectors of stimuli.

Fig. 5. Effect of interaction of auxin wave fronts between two organs at branching
region. Domination of main stem (A), and codomination (B).

Fig. 6. Geotropic responses in the cambial region of the main shoot (A, B), and

lateral branch (C, D, E). Organs adjusted to geotropic stimulus and each other

(A, C) — no reaction wood is formed; organs displaced from their adjusted (neutral)

position (B, D, E) — reaction wood forms. Long arrows-direction of displacement.

Fig. 7. Theoretical field of vectors of auxin wave propagation in aerial part of

a plant with continuous cambial envelope. Main stem intact (A) and regenerated
after decapitation (B).

tion of auxin waves in the lateral axes and result in suppression of
lateral buds.

As already mentioned in previous paragraphs, the vectors of auxin
wave propagation in the organs are also affected by other agents. For
example, in the lateral branches the deviation of the vectors caused by
interference of the main stem decreases with increasing distance from
the node and the effects of gravity and moments of force gradually
become dominant,

Asymmetric growth (by which the above described system of regula-
tion involving vectors of wave functions) occurs both in primary and
secondary structures. Young plant organs accomodate themselves to
deviating vectors by unequal rates of cell division and/or cell extension
growth of tissues on opposite sides of the organ. Parts of organs with
secondary structure usually adjust the organ position by localized for-
mation of reaction wood (Wardrop 1964b, 1965). The latter case is
briefly discussed in the model of compression-wood formation in Gymno-
sperms (Fig. 6). Inclination of the main stem from the vertical position
induces deviation of the vectors of auxin wave propagation toward the
direction of gravity extending outside the cambial envelope on the lower
side of the stem, which induces compression wood formation. In the
lateral branches the vectors of auxin wave propagation always deviate
by some characteristic angle from the direction of gravity owing to the
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deflecting effect of waves in the main stem, and reaction wood does not
form. The increase of this angle (e.g. by branch weight) results in de-
viating extension of vectors outside the cambial envelope on the lower
side of the branch, inducing compression wood. If the branch is bent
upward, the deviation of the vectors outside the cambial envelope occurs
on the upper side of the branch, where in this case compression wood
is formed. This mechanism of recognition of organ position with respect
both to gravity and to other plant organs, may function as a biological
pendulum although operating on a principle different from that of the
micropendulum-statolith concept described by Larsen (1957, 1959).
Coordinated growth of various plant parts, which determines the final

4
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form of the plant body, is regulated by vectors of propagation of the
system of auxin waves in all axes. This vector field tends toward a state
of least energy, a simple example of which is illustrated in Fig. 7A. An
analogous model explaining a case of restoration of the main stem, as
is sometimes observed in decapitated young trees, is seen in Fig. 7 B.

CONCLUDING REMARKS

Three-dimensional morphogenic waves are formed in cellular media
probably owing to synchronization of oscillatory processes originating
in individual cells, and their regulatory functioning may require some
minimum mass of tissue. This minimum mass requirement for cell dif-
ferentiation seems to be manifested in tissue cultures (Steward et
al. 1958). Spatial relationships involving tensile and compressive forces
resulting from mutual cell growth may modify the direction of vectors
of morphogenic waves and induce specific differentiation of cells. Experi-
ments, in which externally applied pressure stimulated differentiation
of vascular tissues (Brown 1964), support this hypothesis.

Oscillatory processes in cells to which the formation of auxin waves
can be related have been but little studied in this aspect. Some authors
correlated waves of auxin basipetal transport with the direction and
velocity of movement of electric potential differences in the tissue
(Newman 1963; Goldsmith 1967; Hertel and Flory 1968).
Furthermore several authors measured the effect of auxin upon H* —
ion transport across the cell membranes (Polevoy 1972; Cleland
1975; Marreé 1977). Maybe some system of feedback inhibition operates
at this level. Some support of this concept seems to be provided by
experiments in which the effects of electromagnetic fields upon cell
differentiation were demonstrated (Dunlop and Schmidt 1964, 1965,
1969). This interesting question is open for further studies. However,
no matter what kind of specific mechanisms cooperate in auxin wave
formation, the fact of their coupling to basipetal polar transport of this
hormone allows the above described system of regulation to function.

The roles of various growth regulators (such as abscisic acid, gib-
berellins, and cytokinins) in apical dominance, tropic reactions, and
tissue differentiation are seen in the proposed model of plant morpho-
genesis primarily by the effects of these regulators upon auxin waves
propagation. All these substances, irrespective of their specific function,
are known to affect at least auxin polar transport (Goldsmith 1969;
Thimann 1972). Thus, the exceptional position of auxin among all
other growth regulators is attributed to its polar transport as discussed
earlier by Leopold (1961) and Thimann (1972).
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Our suggested mechanism of regulation of plant morphogenesis intro-
duces a principle of morphogenic wave propagation similar to that
proposed previously by Goodwin and Cohen (1969) and Hejno -
wicz (1975). In the Goodwin-Cohen model the positional information
is determined by a phase shift between morphogenic waves of different
velocities. In Hejnowicz’s model the changing phases of oscillations
within the morphogenic map give topographic information. The difference
between these models and the mechanism of regulation proposed here is
that positional information is ascribed to vectors of morphogenic wave
propagation and that the deflection of these vectors from the axes of
polarity of biological units is recognized by the responding cells. Such
a system forms a three-dimensional vector field which behaves similarly
to other physical fields (discussed by Feynman et al. 1964); in the
case of local space inhomogeneities such field may exhibit local turbu-
lences and aberrations capable of influencing growth and differentiation
processes bringing to reality genetically programmed morphological
patterns. '
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Auksyna a morfogeneza drewna — model regulacji

Streszczenie

W pracy przedstawiono teoretyczny model mechanizmu hormonalnej regulacji
morfogenezy roslin, w ktéorym decydujaca role spelnia oscylacyjno-falowy charakter
polarnego transportu auksyny.

Na podstawie badan wilasnych i danych z literatury, zaproponowano, Zze fala .
auksyny przemieszcza sie w tréjwymiarowej przestrzeni tkankowej ciala rosliny.
Punkty znajdujace sie¢ w iej samej fazie oscylacji tworza powierzchnie izofazowe,
a prostopadle do nich wektory propagacji fal tréjwymiarowe pole wektorowe. Ko-
morki posiadaja zdolnoéé¢ rozpoznawania wektoréw i reagowania procesami wzrosto-
wymi na zmiany pola wektorowego zwigzanego z transportem auksyny. W warun-
kach lokalnych niejednorodnosci $rodowiska tkankowego mastepuje ugiecie frontéow
fal i wektoré6w propagacji stwarzajagc w ten sposéb ,informacje pozycyina” roz-
poznawang przez komorki.

Opracowany model wyjasnia, w jaki sposbb zjawiska oscylacyjno-falowe zwig-
zane z transportem auksyny moga by¢ odpowiedzialne za regulacje funkcjonalnego
réznicowania tkanek, kierunkowego wazrostu organéw oraz koordynacje proceséw
wzrostowych na poziomie organizmu. Nadrzedna role w omawianym mechanizmie
spelniaja tkanki regionéw merystematycznych roélin. Rola innych regulatoréw
wzrostu rozpatrywana jest w aspekcie ich modulujgcego dziatania na polarny
transport auksyny.
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