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PREFACE

This book contains the majority of the presentations of the Second International
Symposium on the Biology of Root Formation and Development, that was held in Jerusa-
lem, Israel, June 23-28, 1996. Following the First Symposium on the Biology of Adventi-
tious Root Formation, held in Dallas, USA, 1993, we perceived the need to include all
kinds of roots, not only the shoot-borne ones. The endogenous signals that control root
formation, and the subsequent growth and development processes, are very much alike, re-
gardless of the sites and sources of origin of the roots. Therefore, we included in the Sec-
ond Symposium contributions on both shoot-borne (i.e., adventitious) roots and root-borne
(i.e., lateral) roots.

Plant roots have remained an exciting and an intriguing field of science. During the
years that followed the first symposium, an exceptional proliferation of interest in root
biology has developed, associated with the intensive research activity in this field and the
contemporary developments in the understanding of root function and development. New
methods have been applied, and old ideas and interpretations were reexamined. Alto-
gether, it became necessary to update our viewpoints and to expand them.

The chapters of this book are not intended to provide complete overviews. Our pur-
pose is to present a cross section of the accomplishments of the past and of the direction
into the future. The book covers molecular biology, physiology, etc.; passes through topics
such as micropropagation, root production, etc.; but also tackles ecological questions and
interactions between roots at the field scale. The articles present the opinion of the sympo-
sium participants, and their points of views. They were intended to be provocative, to in-
troduce the reader to the pressing current questions of root studies, and to point out new
bearings for future research.

The book presents a major source of information for plant root scientists, and desig-
nates the frontiers of our knowledge in this field. It points out the pressing questions that
should be investigated in the future. It presents a multidisciplinary view of plant roots and
the state of the art. [t covers various aspects of root structure, development and behavior,
the interactions between roots and their environment, and the various uses of roots.

The book contains some 78 contributions. It examines a wide range of critical top-
ics, unexplored areas, potential applications and future directions. It covers the following
themes:

* Diversity of roots (Section 1).

¢ Induction of root formation and root development (Section 2).

* Hormonal control of root induction and development (Section 3).
* Molecular biology of root development (Section 4).

* Ecological aspects of root development (Section 5).

* Applied aspects of root formation and development (Section 6).
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* Root products (Section 7).
* Models and methods for root studies (Section 8).

Some of the topics were given more weight than others, especially those where the
literature has amply proliferated during the last years, or where new techniques were in-
troduced. Several new themes were included in the Second Symposium:

* Innovative Methods of Root Studies
* Modeling and Simulation
* Ecological Aspects of Root Biology

While we have made every effort to reach uniformity in terminology and style, the
presented results, the expressed ideas, and the final shape of the manuscript remained the
sole responsibility of the authors.

We wish to express our sincere gratitude to each of the eminent contributors for their
scholarly contribution and for their fast and enthusiastic cooperation. We are grateful also
to the members of the International Advisory Board and to the Organizing Committee for
their unequaled help in organizing the symposium.

Arie Altman
The Hebrew University of Jerusalem

Yoav Waisel
Tel Aviv University
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THE PLACE OF ROOTS IN PLANT
DEVELOPMENT
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1. INTRODUCTION

A plant is a complex system of branched axes, any of which may be in either a vege-
tative or a reproductive phase of development. Indeed, given the amazing diversity of
plant life, repetitive branching of morphologically distinctive axes is probably the only
true generality that can be attributed to plants (see Schultz-Schulizenstein {861). At a
more detailed level, in those axes expressing the vegetative phase, it can be seen that their
structure is comprised of a set of reiterated morphological units, a structure which, more-
over, tends to be recapitulated in each new axis originating from a branching event. But
what exactly is the reiterated structure that is so faithfully reproduced by branching?
Where do the type of roots termed “adventitious” fit into this branching scheme, and what
contribution do they make to the plant’s life cycle? We shall attempt tc answer these ques-
tions in the following pages but, put briefly, our thesis is that so-cailed “adventitious
roots” comprise a range of shoot-borne roots which are members 2f a set of reiterated
morphological units that, in turn, are integral to plant architecture. Not unexpectedly, these
roots are components of a strategem of plant development that is geared tc vegetative
propagation and nutrient acquisition. These developmental ploys are accomplished in di-
verse manners, revealing the astonishingly multifarious nature of root growth and devei-
opment. First, however, it is necessary to clarify what is meant by the two terms already
used, “shoot borne-root” and “adventitious root”. In doing so, some explanation is re-
quired of the reiterative nature of plant construction which, although more evidently of
relevance to the shoot system, does nevertheless emphasise the indissoluble link between
root and shoot systems in the life of the plant.

Biology of Root Formation and Development, edited by Altman and Waisel.
Plenum Press, New York, 1997. i
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2. ROOTS IN RELATION TO DEVELOPMENT

2.1. Terminology of the Types of Roots Borne by Shoots

The term “adventitious root” is used widely, but not with any degree of precision.
For the horticulturist, an adventitious root is generally one that is caused to form by some
artificial means, often with the assistance of growth regulating chemicals (Avery et al.
1947, Blazich 1988), on a plant part (usually of the shoot system) that might never have
borne roots if left undisturbed. The roots are “adventitious” in the sense that they can be
produced at anatomically unexpected locations. The origin of the root primordia can be
traced to the totipotency of cells in the affected part, a property evoked when the integrity
of the system is challenged either chemically or physically.

Agronomists and botanists also refer to “adventitious roots”, but here the roots are
not necessarily artificially induced but are ones which appear during the normal course of
plant development. While there is clearly some common ground between this and the situ-
ation mentioned in the paragraph above, it does seem that the term “adventitious root” is
often used in two distinct senses: in one case, the root in question is a perfectly natural
manifestation of the “branching of axes” that characterises plant ontogeny, whereas in the
other case, the root has been forced into being by some practice (e.g. severance) which has
left the affected part with no option but to take recourse to cellular totipotency if survival
and ramification of the plant is to continue.

To accommodate the various temporal and spatial relationships that a root may have
with its supporting shoot system, we propose the classificatory scheme shown in Table |
and thereby arrive at eight types of shoot-borne root.

. Sylleptic shoot-borne root

. Proleptic shoot-borne root

. Sylleptic, adventitious shoot-borne root

. Proleptic, adventitious shoot-borne root

. Sylleptic, adventive shoot-borne root

. Proleptic, adventive shoot-borne root

. Induced, adventitious shoot-borne root

. Induced, proleptic, adventitious shoot-borne root

00 O L AW —

Implicit within the scheme is the fact that the respective root primordia may, with
reference to the timing of (and response to) a rooting stimulus, natural or otherwise, be
either pre-formed (i.e. initiating roots of types 1-4) or post-formed (initiating types 5-8).
Fragmentation (or severance) of the shoot may stimulate the emergence of roots from pre-
formed, but dormant, primordia on the fragmented part (types 2 and 4), or cause the initia-

Table 1. Eight types of roots (1-8) developing on shoots (or roots) dependent
on the timing and location of their initiation and the timing of their outgrowth

Root primordium initiation

Usual timing location Unusual timing location*
Root primordium outgrowth Usual Unusual Usual Unusual
Immediate (sylleptic) 1 3 5 7
Delayed (proleptic) 2 4 6 8

*Delayed or stimulated in relation to the usual temporal sequence of primordium initiation during
the development of a particular phytomer.
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tion of new root primordia (types 5-8), especially if assisted by root-inducing compounds.
The shoot-borne roots induced in horticultural practice are often those of types 5 and 7,
but may also be of types 2 and 4. By contrast, roots of type 1 are entirely natural compo-
nents of the plant, which play an essential role in the life of the plant as a whole. Usually,
no specific name is given to them, but here we call them “sylleptic roots”.

The terminology associated with the scheme in Table 1 is helped by the adjective “ad-
ventive”, which conveys the sense of “spontaneous occurrence”. In the present context,
spontaneity of rooting would probably be perfectly predictable if all the pre-conditions for
this event were known. However, if spontaneity is equated with some accidental, or chance,
occurrence in time, but not necessarily in location, then “adventive” may appropriately ap-
ply to type 5 or type 6 roots borne on a shoot system. For a type 7 or type 8 root, the same
spontaneity of induction could also hold true, but here the location is also different and
hence we look to “adventitious” to convey this more obviously recognizable trait.

2.2. Metamers, Phytomers, Shoots and Roots

An important notion, emphasised in the above terminology, is that roots arise on
shoots at predictable sites. Thus, there are “usual” sites (for roots of types 1, 2, 5 and 6), and
these contrast with “unusual” sites (for root types 3, 4, 7 and 8). The predictability with
which roots arise endogenously and then emerge at characteristic anatomical (usual) sites
indicates that they are ontogenetically pre-determined, and that the primordia from which
they arise are just as much an integral component of the developing shoot as are leaf or bud
primordia (Kawata et al. 1963, Kurihara et al. 1978). The root primordium probably arises
in response to positional information, perhaps in the form of local variations in auxin con-
centration that are, in turn, related to anatomical features such as a subtending leaf or nodal
tissue. But at this point we may justifiably ask whether we understand fully what is meant
by shoot development and how it is that root primordia should be part of it?

As mentioned in the Introduction, plant development consists of the reiteration of
axes by means of a branching process. The axes themselves are composed of reiterated
morphological units known as metamers or phytomers. (Later, we shall attempt to distin-
guish between these two terms.) Each morphological unit, M, is a portion of shoot that is
defined by (1) a leaf, L, at its distal end, and (2) an associated node, N. At its proximal end
there is (3) a shoot primordium, or apical dome, D, which often appears to be initiated in
the axil of a subtending leaf in an earlier-formed unit; new M units will form from this
apical dome. The intervening portion of the stem in M is (4) the internode, /. A fifth com-
ponent is (5) a root primordium, R, or a site at which R will emerge at some later time.
Often, the primordia are dormant (D or R), awaiting a condition that will renew their
growth. Thus, the reiterated unit, M, is a quintuplet of cell-groups, each possessing a dif-
ferent developmental state: M = [L N I D R]. The relationship of these units with the con-
struction of the stem and its phyllotaxy has been considered elsewhere (Barlow 1994a, b).
Briefly, there are two concepts of stem construction (Celakovsky 1901): (1) that the stem
is subdivided into holocyclic segments or frusta [i.e. they are stem segments whose ends
(or transversal boundaries) are bounded by successive nodes, and whose sides (longitudi-
nal boundaries) are the flanks of the segments], or (2) the stem consists of mericyclic sec-
tors (i.e. M is a sliced segment, or sector, whose ends are defined by two successive leaf
bases that lie approximately on an orthostichy and one of whose sides is an arc comprising
the sector’s flank, the other sides being planes lying on two radii that join the edges of the
leaf bases to the centre of the stem). In accordance with these sub-divisions of the plant
axis, we propose that the holocyclic segments are equivalent to phytomers whereas the
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mericyclic sectors are metamers. Both types of unit arise from little-understood rhythmic
activities within the apical dome of the shoot.

Metamers are units of development which appear to have their origin in cells with
similar or common lineages and, being mericyclic, they can, in shoots with spiral phyllo-
taxy, be ordered in a staggered sequence along the stem. The phytomer is a unit that is
sometimes easier to apprehend visually. On occasion, one phytomer may correspond to one
metamer (as in shoots with distichous phyllotaxy and encircling leaf bases), but in spiral
phyllotaxy the frustum-shaped phytomer would comprise portions of three or more succes-
sive metamers. The organizational power of the shoot may be such that, in members of the
Gramineae, for example, the spirally arranged metamers are organized into a sequence of
phytomers which give the stems an articulated appearance, with the leaf base and associated
nodal tissue extending transversely like a disc across the whole stem. Metameric and phy-
tomeric constructions of a notional stem are shown in schematic form in Fig. 1, which also
indicates the spatial arrangement of the five components of these reiterated units. The quin-
tuplet of characters (=M) can apply equally to both phytomer and metamer.

2.3. Shoots and Roots of Maize and Other Gramineae

Plants are evidently populations of reiterated units, £, from which shoot-borne
roots can arise. The branching pattern, or architecture, of the shoot is defined by the se-
quence, rate and orientation at which their apices grow in response to internal correlative
factors within ZM. The architecture is supplemented by the growth pattern of the root pri-
mordia, R, which subsequently contribute to the shoot-borne root system. Taking the
maize plant (Zea mays) as a simple and relatively well studied example, there is a geneti-
cally defined number of type 1 (or type 2) root primordia associated with each successive
internode along the stem. Roots then grow out from the respective population of primordia
on each internode with a rhythm determined by the rate of formation of new M units (the

Figure 1. Notional construction of a stem to show the interrelation-
ship between metamers, phytomers and their component subunits,
leaves (L), nodes (N, and filled segments), internodes (/, and unfilled
segments), bud primordia (filled circle) and root primordia (unfilled
ellipses). The present scheme might apply to a shoot with distichous
phyllotaxy. The mericyclic sectors (i.e. sectors 2+4 and 3+5) corre-
spond to metamers, whereas the holocyclic segments (i.e. sectors 1+2,
3+4 and 5+6) correspond to phytomers. In a piant whose cellular con-
struction is clearly based on merophytes (e.g. a fern), these latter con-
structional units also correspond to the metamers (i.e. sectors 2+4
could correspond to both metamer and merophyte).
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plastochron) (Picard et al 1985). A detailed consideration of the circumferential arrange-
ment of shoot-borne roots around successive internodes of maize shoots (in the F1 hybrid
Dea) led Pellerin et al. (1991) to suggest that there was “some kind of rhizotaxis” (see also
Fig. 1). In this variety, internodes 2—5 each tended to bear three roots. Their location
around the circumference of a given internode (/) was such that they lay between the or-
thostichies of root sites associated with the previously formed internode (/). This obser-
vation suggests that the position of the root primordia is determined by the phyllotaxy of
the shoot — which in turn corresponds to the mericyclic arrangement of the metamers.

It is only during the vegetative phase of development that internodes of the maize
shoot bear roots (Poethig 1990); internodes of a shoot which has entered the reproductive
phase do not form root primordia. Phase transition of the shoot is associated with a repro-
gramming of phytomer (or metamer} production in the apex: e.g., [NLI/DR] > [NLI__],
the “_” indicating a missing member of the usual vegetative phytomer quintuplet.

Consideration of the maize shoot recalls another terminological puzzle that has, from
time to time, beset the literature relating to the shoot-borne roots of graminaceous plants
{Hoshikawa 1969, Onderdonk and Ketcheson 1972)— that is, what names to give to the roots
emerging at morphologically distinct sites along the stem, especially in the early stages of its
growth? Favoured positions for roots are (1) just distal to the nodes (here it is important to
note that the roots do not emerge from the nodes themselves — they are supra-nodal and
emerge from the base of an internode), and, less frequently, {2) at sites along the internodes.
In maize and many other Gramineae, the first two whorls of supra-nodal roots arise just distal
to the first and second visible nodes of the stem, the scutellar node, V,, and the coleoptilar
node, NV,. These sets of roots are in positions anticipated by the phytomer concept and hence
can be considered as shoot-borne roots of type 1. Roots intercalated between the base of /,,
the first emerged internode, and A, are designated mesocotylar roots. These roots are not in an
expected position (according to the phytomer concept), nor are they always present
{Hoshikawa 1969). Hence, they may be considered as spontaneous, adventitious roots of
types 4, 7 or 8 (see Table 1). It will be noticed here that the first whorl of shoot-borne roots ac-
tually lies within 7, of the second phytomer, M,. By numbering the phytomers in order of their
production, M,, M,, ..., M,, the roots, leaves, etc., of which they are composed can also be
numbered in a consistent way: M, = [N, L, {, _R'],M,=[N, L, f, _R,], M,=[N,L,I,_R)],
M,=[N,L,i, D, R,], where L, = scutellum (tentative), L, = coleontile, L, = first true leaf, /, =
hypocotyl, 7, = mesocotyl, _ = absent member, D, = first apical dome or bud primordium
(dormant), R, = first whorl of supra-nodal, shoot-borne roots {or seminai roots), R, = second
whorl of supra-nodal, shoot-borne roots (or crown roots). R’ indicates a root whose status we
shall discuss in the next section. The intercalated mesocotylar roots on /,, where present, can
be designated R ,,. This terminology does away with the inconsistency in the otherwise per-
ceptive “harmonisation des notations” of Girardin et al (1986) whereby the first internode is
associated with the second node, and the first leaf (¥, in these authors’ terminology) appears
on the third node.

The fourth phytomer, M,, of the maize shoot is the first one to be complete, having all
five components. By means of I, it is also the phytomer which initiates the branching proc-
ess of the stem that is so characteristic of plant life. Evidently, this phytomer, and others
with a full complement of members, are self-sufficient constructional units in the sense that
any one of them could form a new plant, even if all other phytomers were destroyed. Here,
then, we see the essence of the phytomer (or metamer) in the life of plants generally. The re-
iterative unit, M, is an autonomous and self-reproducing unit of vegetative plant life.

The above illustration of the construction of the maize shoot viaz phytomers, and the
part that shoot-borne roots play in the architecture of the plant can probably be general-
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ized to all species of angiosperms, with the proviso that evolution can supress the property
of root development (recall the rootless plants of the Utriculariaceae, for example). This
leads us now to consider the nature of the embryonic, or pole-borne root, for it is sugges-
tive that, in listing the phytomeric components of the maize shoot, supra-nodal, shoot-
borne roots were not explicitly included in M,, but were only hinted at with the
designation R". If a root were to have been included for this unit, where would it have
been? We presume that some sort of polarization of the developing phytomer would have
caused it to be at or near the proximal end of M,. Thus, can it be that the embryonic, pole-
borne root is, in reality, a shoot-borne root?

3. THE POLE-BORNE ROOT

The logic of the phytomer concept, as applied to the youngest phytomers of maize,
inevitably focuses attention on the first of these morphological units, M, which initiates
the development of a new generation of branching axes. The leafy sub-unit L, in this
monocot species has already been tentatively equated with the scutellum; in a dicot, L,
would be equated with a cotyledon (or a pair of them). But what of /,? This must be a por-
tion of the embryonic axis itself. One end of it should possess the single root, R", that is
usually termed “pole-borne” or “embryonic”. The other end of /, would bear an apical
shoot primordium or meristem. It would be reasonable to suppose the course of develop-
ment of the pole-borne maize root to be analogous to that of any of the primordia (R,, R,,
...) of the shoot-borne roots present on any other phytomer (M,, M, ...). A root primordium
presumably forms at the proximal “pole” of the M, phytomer for the same reasons that
shoot-borne root primordia form at the proximal end of later phytomers. Accordingly, the
physiological stimulus for primordium initiation, which perhaps has its basis in localized
auxin content and activity, evokes similar patterns of gene activity at sites where either the
embryonic or the shoot-borne root primordia form. Embryonic root and shoot-borne roots
may therefore be of qualitatively similar origin. Any subsequent differences between their
structures should be largely quantitative (i.e. their size, gravitropic response, etc.) and
likely to be due to nutritional or local environmental factors.

It should be recalled that monocots are evolutionarily more advanced than dicots.
Therefore, it is conceivable that their newly evolved strategems of development frustrate
attempts to homologise their early phytomers with those of dicots. The very ontogeny of
monocot embryos indicates such difficulties: viz. the uncertain homology of the scutellum
with L, of a dicot.

3.1. The Equivalence of the Embryonic, Pole-Borne Root and the
Shoot-Borne Root

We here propose the first of two fairly general schemes for early root and shoot de-
velopment, and of phytomer construction. In this scheme, the embryonic root primordium
and shoot-borne root primordia are held to have similar origins; that is, they have origi-
nated from within an established, although underdeveloped, phytomer. For the full realiza-
tion of the scheme, we must trace it from the zygote, Z, and the resultant proembryo. The
cell, Z, is the original stem cell from which all other cells are subsequently derived (Bar-
low 1996a). As the proembryo grows in size and cell number, a discrete stem-cell com-
partment, Z°, is retained at one end and a derivative compartment, 7', is differentiated at
the other. It is the latter compartment that produces M,. Z° goes on to generate the apical
dome, D, of the primary shoot. The derivative portion, Z’, polarizes into apical and anti-
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apical ends, ¥+ and V~-. The former (V+) differentiates into leaf (L,, scutellum or cotyle-
don) and node (N,), the latter (V) differentiates a root primordium, R’ which we may
now term R,, at the proximal end. The intermediate part of the derivative, lying between
V+ and V-, is regarded as having an indifferent status, o. It differentiates as hypocotyl; it
is also equivalent to the first internode, /,. This accords with the fact that, anatomically,
hypocotyls are of embryonic origin and generally show characteristics of both root and
shoot. The hypocotyl may even be regarded as an embryonic rhizophore, akin to that well
known shoot-borne structure of Selaginella (Lycopsida), which seems to develop as an or-
gan sui generis before the developmental pattern of its apex “mutates” to form a root.

The following algorithm (1) summarises M, development for this first scheme as
follows:

Z-[2°7"]
Z°— D,
Z' SV +oV,-]
+—[LN]
0—1
N-—I[_R] (1)
Therefore, M, = [L, N, I, _R|]. At this stage, the embryo E = [ D, M,]. The fact that
mutation (the dek mutation in maize, for example) can permit the formation of an embry-
onic root in the absence of the embryonic shoot could be because of a block to the transition

AR

Each successive phytomer follows a similar pattern of development by virtue of the
retention of the embryonic character at the apical dome, .D,. The apical dome comprises a
stem-cell population, as did the apical portion, Z°, of the proembryo. Concomitant with its
growth, the stem-cell compartment, EDS,, is maintained and a derivative portion, ¥, is dif-
ferentiated. V, polarises as V,+ and V,—, and is the basis for the development of M,. The
second leaf (or coleoptile), L,, differentiates together with N, the shoot-borne root pri-
mordium, R,, also differentiates. R, is thus, in principle, no different from R,. It is interest-
ing that, in the Gramineae, the embryonic root primordium does not lie on the same axis
as the shoot apex, but to one side, as though it were indeed a lateral (rather than a polar)
primordium borne on the /, internode. In maize, no lateral shoot apex, D,, develops on M,,
perhaps because the scutellum (which may or may not be equivalent to L,) does not exert
the requisite inductive influence.

The algorithm (2) for M, formation is therefore:

eDy —>[:DiV,]
;D= D,

V, =V, +oV-]
V+—[L,N,]
0= 1,

Vi==1_R] 2)
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In the context of maize shoot development, it is only later, when ¥, has been derived
from ,D,, do we obtain D, and R,. At this stage, M, = [N, L, I, D, R,].

3.2. The Distinctiveness of the Embryonic, Pole-Borne Root

The second of our two schemes for the origin of the pole-borne roots confers on this
root a rather distinctive status. The scheme is more in keeping with embryological obser-
vations (Randolph 1936, Guttenberg et al. 1954) which reveal that, in maize and other
grasses, the embryonic axis appears to arise by a process of histogenetic compartmenta-
tion from within the body of the embryonic group of cells, a large number of cells not di-
rectly contributing to the proembryo. It might do this as a result of a cell-lineage-based
program of differentiation (see Barlow 1996b). The same could also occur in dicots,
though here the embryogenetic compartmentation process prevails within nearly the entire
proembryonic cell group. In both monocots and dicots, only the suspensor differentiates as
a terminal-state tissue, distinct from the embryo proper.

It is quite clear that, in the Gramineae, both the primary root and primary shoot mer-
istems arise simultaneously in two distinct locations, denoted £+ and E-, within the enlarg-
ing embryonic cell cluster. The first metamer, M,, appears to be intercalated between these
two developing meristems. It is as though there is a zone within the embryo that is pre-de-
termined to become polarized; a distinctive primary shoot apex, D, forms at £+ and an
equally distinctive, but different, primary root apex, R, forms at the £— end. The interven-
ing portion, o, becomes hypocotyl. There is no leaf; the scutellum, S, differentiates from
embryonic cells external to the differentiating embryonic axis. In this scheme, S is not part
of M,. Thus, in this second scheme, the algorithm (3) for M, development is as follows:

Z —[SE+0E-]

S—S§

E+ —.D,

o—=>[_NI_]

E- >R (3)
Therefore, M, = [_N, I, _]. At this stage, the embryo, £ =[S ;D M, .R].
The two distinctive apical meristems contain stem-cell compartments, .D°, or R,

and then ,D°, behaves similarly, according to algorithm (2), as described for the first-men-
tioned scheme of embryonic development.

4. SOME CONSEQUENCES OF PHYTOMERISM

In the first of the two schemes, the pole-borne, or embryonic, root appears to be sub-
ordinate to the shoot apex since the progenitors of the root primordium have descended
from the embryonic shoot’s apical dome in the form of a derivative compartment that later
developed as the first phytomer, M. Leaf and root have equivalent status as meristematic
members of the quintuplet of phytomer sub-units. A distinctive behaviour of the shoot
apex is also to be suspected from the very concept of the phytomer since this morphologi-
cal unit is a rhythmically-produced derivative of shoot apex activity. No similar rhythmic
production of visibly distinct morphological sub-units seems to occur in roots, indicating
that root and shoot apices, whatever their origin, have patterns of organogenetic behaviour
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that differ in this respect. However, it is possible that, if a root apex did possess a rhythmic
behaviour which resulted in a distinctive morphological sub-division (as “rhizomer seg-
ments”) over and above that associated with root branching, this might have some nega-
tive survival value, whereas in shoots this type of behaviour could have beneficiai
consequences. Evolution would ensure the minimizing of overt rhythmicity in roots and
enhance it in shoots. One benefit of a morphologically sub-divided shoot is that each unit
(whether phytomer or metamer) is a potential unit of vegetative propagation, in which the
natural shoot-borne roots serve as both anchor and feeder during the dispersal and estao-
lishment of the phytomer/metamer propagules. On the other hand, what is required of the
root is that it should be a ramifying foraging organ that efficiently transports solutes with-
out any interruption due to its segmentation.

Despite a negative survival value, some trace of innate rhythmicity may stili persisi
in root apices. In this respect, root and shoot meristems may be considered equivaient in
their structural and functional attributes, as proposed in Scheme 2 above, and that one or-
gan is not dependent on, or subordinate to, the other. Both are of equal status in their con-
tribution to the plant. Moreover, in some circumstances, roots can give rise to shootc
(Bonnett and Torrey 1965). The contrary situation of shoots giving rise to roots is wet:
known. Thus, both organs have equivalent morphogenetic potentiais.

Evidence of an internal rhythm is seen from longitudinai sections of roots of the sea
grass, Thalassia testudinum (Tomiinson 1969). Files of cells in the cortex, at the proximai
end of the meristem, simuitaneously undergo unequal elongation so that segments, or
bands, of two small cells alternate with bands of four long cells. This pattern of growth is
indicative of a rhythmic event at the base of the cortical portion of the meristem that gen-
erates the equivalent of node (', short cells) and internode (/’, iong celis). It is as though
the base of the meristem behaves according to aigorithm (4):

R—[R°V]
RS >R
Vo[V+oV-] (4)

In this case R® would comprise most of the meristem, not just a small stem-cell zone.
The derivative, ¥+, of a division represents a progenitor of the non-growing celis. ¥— that
of the growing cells. With one or two additional divisions, respectively, V+ — 2 NV celis
and V= — 4 1" cells.

Other roots, particularly of ferns, show metameric, rather than phytomeric, segmen-
tation {as defined earlier (see Fig. 1); in these cases the metamers correspond to mero-
phytes]. Here, too, there may be segregation of + and — sites in the derivative celis which
is expressed in different morphogenetic outcomes. For example, in both Ceratopteris
thalictroides (Chiang and Gifford 1971) and Marsiiea quadrifolia (Lin and Raghavan
1991), a certain cell within a metamer or merophyte, and within the endodermal tineage,
grows isotropically; it forms the apical cell for a new laterai root primordium. Other celis
in this same lineage within the merophyte grow anisotropically and do not develop in this
way. Each merophyte is a derivative, ¥, of the apical cell, ,R°. The new apical celi of the
lateral root could represent most or all of the V'+ site, while the other celis represent the V-
site. This clearly nas echoes of the rhythms of leaf production (see aigorithm 2) and could
conform with arguments put forward that leaves and roots are at least comparabie catego-
ries of piant organs (Arber 1941). However, it is possible that, in other ferns there may be
more than one lateral root per merophyte. It would be interesting to determine the timing
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of their development: that is, whether one lateral root (the most distal) forms first, being
located at the V'+ sites, whereas those that occur more proximally are initiated later, “fill-
ing-in” the space between two successive V+ sites along an orthostichy of spirally ar-
ranged merophytes. Published evidence suggests that this does not occur and that lateral
primodium initiation occurs in a strictly acropetal sequence (Charlton 1983), as expected
of a one-lateral-per-merophyte origin. In-filling does, however, occur after auxin treat-
ments (Charlton 1983), the neo-formed roots being type 7 or 8 adventitious root-borne
roots. Similar arguments have been put forward for a regularity of lateral initiation at pre-
determined sites in cultured roots of a dicot (Lycopersicon esculentum) by Barlow and
Adam (1988), though the rather short spacing between laterals may be an indication that
the production of the organogenetic derivative, ¥, occurs towards the base of the meristem
and is not an early event, as it is in fern merophytes.

5. CONCLUSION

Adventitious root is a term which, when examined closely, actually comprises a
number of different categories of root types that may, in turn, have different anatomical
origins determined by different organogenetic conditions. Often they are shoot-borne
roots, but they could also be root-borne roots; in theory, there may be eight types of roots
depending on the time and position of their origin. The problem of whether or not the em-
bryonic or pole-borne root represents a category of root distinct from the shoot-borne
roots is still unresolved. From a phylogenetic point of view, the embryonic root could well
be shoot-borne in certain taxa (viz. the embryology and rhizogenesis of club mosses and
ferns) and the same argument can be applied in the Angiosperms.

Emphasis is placed on the root as part of a phytomeric unit, which is deemed to be
an autonomous modular unit of plant construction, phytomers being particularly well
manifested in Gramineae and Equisitaceae, for example. Phytomers are often not so evi-
dent in dicotyledonous Angiosperms, but this may depend on the extent to which the leaf
base encircles the stem. Just as the inherent shoot-borne nature of the root has become in-
corporated into the embryonic stages of dicot development, so the segmented phytomer is
likewise incorporated into the over-arching development of a more completely integrated
shoot organ. At other stages of phylogeny, the incorporation of one morphological unit
into another is also evident from the equivalence of merophytes and metamers of mosses,
for example, and, at a later stage, with the incoporation of the metamer into the phytomer.
In all cases, the one common principle of plant development — branching — is retained.

The plant is thus viewed as a set of branching, caulescent and radicant axes, the
roots usually being located at predictable sites on a phytomerically sub-divided stem. Be-
cause of the inherent plasticity of primordia, roots may also lead back, developmentally
speaking, to the shoot via a root-borne bud. On occasions when the integrity of the plant is
broken, cellular totipotency is the fundamental condition that leads to a renewed cycle of
plant development and branching. It is then that an adventitious origin of roots is most
strongly marked.
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INTRODUCTION

The biology of root formation and development and plant adaptation to the natural
environment are two closely related aspects of plant biology and have to be considered
jointly. The environmental conditions, highly drastic for some species, may be common
for others. Drought is one such, though complex, condition. Effects of high temperature
(Taylor and Clowes, 1978; Barlow, 1987; Clowes and Wadekar, 1988, 1989; Francis and
Barlow, 1988; Gladish and Rost, 1993) and water deficit (Sharp et al., 1988; Spollen and
Sharp, 1991; Tomos and Pritchard, 1994) on meristem function and root growth have been
studied mainly in mesophytes. How root formation and growth, in species experiencing
drought most of the year, are organized and how the root meristem of these species re-
sponds to environmental conditions are fundamental questions. Such questions are impor-
tant for better understanding of the cellular basis of root growth and development in plants
and of adaptive strategies elaborated in the root meristem during plant evolution.

In preliminary experiments, I found some Sonoran Desert Cactaceae, after seed ger-
mination, form a short primary root with a growth pattern resembling determinate root
growth. The nature of determinate growth and its significance have not been widely stud-
ied. This type of growth was described for some Pteridophytes (reviewed by MacLeod,
1991), in Zea mays (Varney and McCully, 1991), and in Opuntia arenaria (Boke, 1979).
The determinate root growth represents a unique development path when meristematic
cells divide only for a limited period of time and then differentiate. The study of the deter-
minate meristem and its functioning can be useful for comprehension of apical meristemn
organization and of the maintenance of meristem integrity in seed plants.

Biology of Root Formation and Development, edited by Altman and Waisel.
Plenum Press, New York, 1997. 13
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In the Sonoran Desert, seedling establishment a priori has to be a rapid process. One
can hypothesize determinate growth of a primary root in a desert plant may have an adap-
tive feature. It may have an ecological significance for rapid induction of lateral roots and
for development of a branched root system important for seedling anchorage and for water
and mineral absorption. This possibility will be considered here.

One interesting plant where features resembling determinate growth can be found is
Stenocereus gummosus (Engelm.) Gibson & Horak. This is a widely distributed plant in
the Sonoran Desert (Bravo-Hollis and Sanchez-Mejorada, 1978). It is a clonal plant that
produces many branches rooted in the ground because of development of adventitious
roots. The adventitious roots are well developed, can reach 4 cm in diameter, and pene-
trate the soil deeper than 60 cm (personal observations). However, the primary roots grow
during a very short time. The primary root in this cactus is determinate in its growth pat-
tern. My research was focused on the analysis of determinate root growth, on the timing of
meristem activity, and on the analysis of the possible role of determinate growth in induc-
tion of lateral roots and in early seedling establishment.

DETERMINATE ROOT GROWTH AND ITS ORGANIZATION

Pattern of Determinate Growth

Primary roots of S. gummosus grow only for two days after the start of radicle pro-
trusion (ASRP) (Fig. 1). On subsequent days, there were no changes in root length
(P>0.05, Student’s t-test). The rate of root elongation was at a maximum during the sec-
ond day ASRP and then declined, being on average 3.4, 0.7, 0.4, and 0 mm d™' during the
2nd, 3rd, 4th, and 5th days. Maximum root length averaged 5.9+0.5 mm (Mean%SE,
n=16). This pattern of growth was observed under various experimental conditions: in
Petri plates on filter paper and in soil, both moistened with 20% Hoagland’s mineral solu-
tion, and at two temperatures (22° and 30°C). This growth pattern was not induced by lack
of water and is a normal development path.

Primary root length (mm)

Figure 1. Determinate primary root growth in rapidly
] growing seedlings of S. gummosus. Seedlings were
0 2 4 6 8 maintained in inclined Petri plates on filter paper mois-
tened with 20% Hoagland mineral solution. Data are

Time (days ASRP) means * SE (n=16).

L L | I |




Determinate Primary Root Growth in Stenocereus gummosus (Cactaceae) 15

Behavior of Meristematic and Nonmeristematic Elongation Zones

The distance from the youngest root hairs to the cap and root body junction is the
length of the growing part of the root (the length of the meristem and the nonmeristematic
elongation zone together). For the first 12 h ASRP, the length of the growing part of the
root increased, did not change in the next 24 h, and then sharply declined (Fig. 2). The
root-hair zone approached the tip of the root.

The relative meristem height (Rost and Baum, 1988) was determined on Feulgen-
stained roots embedded in balsam. The relative meristem height was determined for the
epidermis as the distance from the cap and root body junction to the proximal root portion
where the epidermis nuclei can be seen in a file with the interval between neighboring
cells in a cell file approximately equal or less than the diameter of the nuclei. During the
12 to 36 h period, the relative meristem height (Fig. 2) and the number of epidermal cells
in the meristem (not shown) were unchanged, indicating this period can be considered as
steady-state growth. On average, 13 meristematic cells in the epidermis were counted dur-
ing this growth period. After 36 h ASRP, meristematic cells in some roots stopped division
and started elongation. Because of this process, 32% and 62% of the roots had no typical
meristem at 36 and 48 h ASRP.

When the meristem was not present, the distal cells of the root apex, exmeristematic
cells, were on average twice as long as typical meristematic cells. Some of these cells
occasionally were found in division. Sixty hours ASRP, all roots lacked the meristem.

Duration of Cell Division Cycle in the Root Apical Meristem

Twelve to 24 h ASRP in roots 1 to 2 mm long, the duration of the cell division cycle
duration was estimated by the method of accumulation of metaphases (0.025% colchicine
was applied), assuming exponential kinetics of cell proliferation (Webster and Macleod,
1980). The duration of the cell division cycle T was calculated as 7=In2/k, where k is the
rate of accumulation of cells in metaphase. The calculated T was equal to 14.5 h.

—
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Figure 2. Changes in length and width of meristem and of the growing part of the root (meristem and nonmer-
istematic elongation zone) over time ASRP. The relative height (length) of meristem (Rost and Baum, 1988) was
measured in epidermis on fixed, Feulgen-stained material embedded in balsam. Data are means + SE (n=6 to 21).
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Dynamics of Meristem Exhaustion

The root development described represents a case where meristem integrity was lost.
In roots growing steadily, the number of cells in the meristem is relatively constant
(Ivanov, 1981). In S. gummosus, the number of meristematic cells in the meristem was
maintained at the same level up to 36 h, and then began to decrease sharply. In maize roots
irradiated with X-rays in doses arresting cell division, the basal half of meristematic cells
have left the meristem during a time approximately equal to the duration of one cell divi-
sion cycle (Ivanov, 1981, 1994). If we assume at 36 h ASRP meristematic activity started
to decline in S. gummosus roots, and at this time the basal half of meristematic cells began
leaving the meristem, then, one can conclude the time, when the number of cells in a mer-
istematic cell file has decreased to half of that at 36 h, is equal to the duration of the cell
division cycle. Based on this analysis, the cell cycle duration has to be equal to 12 h (Fig.
3). In our case, the number of epidermis cells in the meristem during its exhaustion was
close to that predicted by Ivanov’s model of the life-span of cells in the meristem (Ivanov,
1994) when T was taken as 14.5 h (Fig. 3).

After cells leave the quiescent center, they go through a few cell division cycles in the
meristem before they cease to divide (Barlow, 1976; Ivanov, 1981, 1994; Webster and
Macleod, 1980). Meristem integrity is maintained both by the meristematic activity of cells
in the meristem and by the presence and activity of a quiescent center or the initial cells. In
the roots studied, meristematic activity was maintained for 48 h. Thus, on average, three cell
division cycles in the meristem preceded its exhaustion. It is unclear whether the mecha-
nism for the switchoff control in the meristem is related to a critical number of cell divisions
in the meristem. Hypothetically, a limited period of meristematic activity during determi-
nate growth can be explained by early exhaustion of the quiescent center, the initial cells, or
their absence in the root. This question requires further investigation.

Figure 3. Theoretical and experimental dynamics of meristem exhaustion. The time when a decrease in the mer-
istem length began was on average 36 h ASRP. Ivanov’s model (Ivanov, 1994) of the life span of cells in the mer-
istem suggests when division is arrested, during the time equal to one cell division cycle (7), the basal half of the
meristematic cells leave the meristem. Upper box: dynamics of meristem exhaustion in accordance with the
Ivanov’s model when 7 was taken 14.5 h as determined. Lower box: dynamics of meristem exhaustion as obtained
in the experiment. Underlined numbers are numbers of epidermal cells in a cell file predicted by the model and ex-
perimental data (means are given).
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LATERAL ROOT FORMATION

Timing of Lateral Root Formation

The first lateral root primordia (LRPs) were recorded 24 to 36 h ASRP. Sub-
sequently, there was an increase in the number of LRPs (Fig. 4}. The first lateral roots
appeared at 96 h. The time from primordia initiation to lateral root emergence in S. gum-
mosus was 60 to 72 h, which was close to that of Raphanus sativus {Blakely et al., 1982),
Zea mays, and Phaseolus vulgaris (Thompson and Macleod, 198 1a), and shorter than that
of Pisum sativum (Thompson and Macleod, 1981b) and Vicia faba {MaciLeod, 1976). This
comparison shows the ability of the xerophyte under study to have rapid root branching
similar or faster than the mesophytes.

Relationship between Determinate Root Growth and Lateral Root
Initiation

There was an inverse correlation between the presence of the meristem in a root and
the initiation of LRPs in the primary root; the lower the percent of roots with apicai mer-
istem, the higher the percent of roots where LRP initiation started (Fig. 5). The number of
LRPs increased with time. Two to four LRPs can be found in roots 72 to 96 h ASRP. At
this time, there was no apical meristem found in the primary root, indicating a possible
relationship between induction of LRP initiation and exhaustion of the meristem.

it is known the root tip affects lateral root formation in primary roots. possibly
through production of an inhibitor that moves basipetaily (Thimann, 1936: Bottger, 1974;
Wightman and Thimann, 1980; Hinchee and Rost, 1986). The cessation of meristematic
activity in the primary root apical meristem of S. gummosus apparently was directly re-
lated to. the induction of lateral root primordia formation because: aj the time of lateral
root initiation (Fig. 4) and of the beginning of the decrease in size of the meristem (Fig. 2)
was concurrent and was 36 h ASRP and b) there was a correlation between the percentage
of roots in the population that at the moment of fixation did not have a meristem because
of the determinate growth, and the percentage of roots where lateral rcot primordia initia-
tion commenced (Fig 5). Actively dividing meristematic cells may be a source of an

Figure 4. Number of LRPs initiated in primary root over
time. LRPs were counted on fixed, Feulgen-stained materi-
al embedded in balsam. Data are means = SE (n=10 to 20).
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inhibitor of lateral root initiation. After 36 h ASRP, when meristematic activity declined,
lateral root primordia initiation was apparently promoted. Determinate primary root
growth in this cactus species can be thus viewed as a physiological root tip decapitation
which stops production of a signal inhibiting lateral root primordia initiation.

ECOLOGICAL SIGNIFICANCE OF THE DETERMINATE ROOT
GROWTH

The determinate pattern of root growth demonstrated meristematic cells are pro-
grammed to pass through a few division cycles and then to be differentiated. The rapidity
of the expression of this developmental program in the primary root suggests, under desert
environmental conditions, roots, at any time, are prepared to stop their growth when con-
ditions are inappropriate and to continue growth when conditions permit. The fast comple-
tion of growth even under optimal conditions can be an important energy saving
mechanism. It is known growing roots have high respiratory costs (Nobel, 1988, 1991).
Lateral roots have determinate growth and thus sympodial branching in a root system was
found to be typical. The high rate of lateral root formation and early induction of lateral
root primordia development associated with determinate growth of the primary root indi-
cated high rates of root system development. Seed germination in an arid environment is
usually associated with short wet periods. In S. gummosus, rapid formation of the sympo-
dially branched system may be an important factor for successful seedling establishment.
Interestingly, a similar feature was found in another cactus species Opuntia arenaria
Engelm. Root branching was found also to be sympodial, and many short, less than 1 mm
long, determinate lateral rootlets were found (Boke, 1979). It might be determinate root
growth is a general feature of plants experiencing water deficits. It was shown that meso-
phytes, such as Arabidopsis thaliana, under drought stress are able to produce short roots
with limited meristematic activity typical for determinate roots (Vartanian et al., 1994).
Thus, this developmental program can be expressed in root meristem constitutively in
xerophytes as in S. gummosus, or in mesophytes, can be induced by drought, as in Arabi-
dopsis thaliana (Vartanian et al., 1994), or expressed under normal field conditions as in
Zea mays (Varney and McCully, 1991).
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CONCLUSIONS

I. Determinate primary root growth in S. gummosus is a normal developmental
path implying meristematic cells are programmed to undergo a few cycles of di-
vision and to be differentiated;

2. The meristem exhaustion was directly related to the induction of lateral root pri-
mordia formation and can be considered as a physiological decapitation;

3. High rates of the expression of the determinate developmental program and of
lateral root formation suggest the ecological importance of this growth pattern
for early seedling establishment in an arid environment.
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INTRODUCTION

During plant embryogenesis an embryo with cotyledons, a shoot apical meristem, a
hypocotyl and a root apical meristem, is formed. The primary root and shoot meristems in-
itiate post-embryonic growth generating all plant organs. The root meristem forms the pri-
mary root, and the shoot meristem forms the aerial portion of the plant including
secondary meristems. Histological and fate map data have shown that there is no precise
correlation between the shoot meristem cells and their descendants (Steeves and Sussex,
1989). This indicates that cell fate is flexible. In contrast, in the root a more strict relation-
ship between differentiated cells and their meristematic ancestors is seen. Little is known
about the mechanisms specifying cell fate in meristems.

Here, we focus on the cellular communication that is critical for the formation and
functioning of the Arabidopsis root meristem. Due to its simple cellular pattern, the Arabi-
dopsis root is a suitable system to study cell specification and communication. We have
used laser ablations to study the flexibility of cells in the root meristem. Furthermore, we
have analysed a number of mutations involved in embryonic as well as secondary and ad-
ventitious root formation. Taken together, these results show that root meristem initials
learn their fate by positional information and that genes involved in cell specification first
act early during embryogenesis.

Biology of Root Formation and Development, edited by Altman and Waisel.
Plenum Press, New York, 1997. 21



22 C. van den Berg et al.

EXPERIMENTAL

Laser ablations were performed as described (van den Berg et al., 1995). Living
cells could be visualised by the outlining of the cells by the fluorescent dye propidium io-
dide. Ablation of cells was performed by parking the unfiltered laserbeam (25 mW argon-
ion laser, mrc-600, BioRad, Zeiss Axiovert) for 1 sec. on each cell. Successful ablations
could be seen by the entering of the propidium iodide into the dead cells (see Fig. 2).

Root mutants were isolated by screening single siliques from 18,000 M1 plants re-
sulting from EMS mutagenesis of dry seeds. Root meristem mutations were selected in the
M2 generation. In this way lines were isolated with distortions in root growth or develop-
ment. Mutants were grouped based on seedling phenotype and subjected to complementa-
tion analysis to test allelism.

Histological analysis was performed as described (Dolan et al., 1993; Scheres et al.,
1994).

RESULTS AND DISCUSSION

Development of the Root during Embryogenesis

The Arabidopsis primary root has a highly regular cellular organisation. It consists
of four main tissue types: an inner stele composed of vascular and surrounding pericycle
cells, a ground layer of endodermal and cortical parenchyma cells, an outermost layer of
epidermal and lateral root cap cells (Fig. 1b, 2a) (Dolan et al., 1993). The basal ends of
each cell file are called the initial cells. They are highly constant in number and display
regular division patterns. The initial cells divide, generating a new initial and a daughter,
which can undergo further divisions and subsequent differentiation. The initials abut four
nondividing cells, the quiescent centre, the function of which is unknown.

During the first division of the zygote an apical and a basal cell are generated. The
apical cell forms the embryo proper, whereas the hypophysis and the suspensor are gener-
ated by the basal cell. The proximal initials are formed from the lowest tier of the embryo
proper. The quiescent centre and columella root cap are generated by the hypophyseal cell.

Figure 1. Fate map of the Arabidopsis thaliana root; heart stage embryo and seedling.
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Figure 2. (a) Confocal laserscan of a seedling root stained with propidium iodine. (b) Ablation of an epidermal
cell. The dead cell is pressed towards the outside of the root (black arrow) and a cortical cell invades its position
(white arrow).

At the heart stage of embryogenesis the cellular organisation of the root apical meristem is
completed (Fig. 1) (Scheres et al., 1994).

Communication of Cells in the Root Meristem: The Role of Positional
Information

Fate map analysis of cells derived from the shoot apical meristem predicts that cell
fate is highly flexible. Positional information rather than clonal origin is thought to regu-
late cell fate. In contrast, in the root there is a more rigid lineage relationship between
meristematic cells and their descendants. This can be taken to suggest that clonal origin
makes a contribution to fate determination. To test this in Arabidopsis roots, laser ablation
can be applied. Cells killed in this way become rapidly flattened and their position is taken
up by neighbouring cells (Fig. 2b). The fate of cells in a new position was subsequently
studied.

Cell fate decisions in the radial dimension in the Arabidopsis root meristem were
studied by ablating several proximal initials. After ablation of an epidermal initial, a corti-
cal initial cell invaded (Fig. 2b). This cell formed lateral root cap cells, normally exclu-
sively generated by epidermal initials indicating a switch in fate. Similarly, after ablation
of the cortical initial, pericycle-derived cells switched fate; the invading pericycle cell per-
formed the cortex-specific division pattern and generated an endodermis with a casparian
strip (van den Berg et al., 1995).

From these experiments, we conclude that the fate of these cells is determined by
their position. Furthermore, the signal(s) guiding the functioning of cells is (are) continu-
ously present because switching of cell fates can be observed throughout early seedling
development.
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What Are the Source and Nature of Positional Information?

To determine the direction of positional signals, we examined further the develop-
ment of cortical cells. The cortical initial divides first anticlinally generating a cortical
daughter. This daughter then undergoes an asymmetric periclinal division forming an in-
ner, smaller endodermal cell and an outer cortical cell (Fig. 3a).

If the cortical initial cell was isolated, by ablating all above daughter cells contact-
ing this initial, the asymmetric division of the isolated cortical cell was prevented (Fig.
3b). This shows that, at least for cortical cells, signals derived from more mature cells of
the same tissue type are responsible for fate determination of their initials.

It is clear that positional information acts to reinforce the generated pattern but can
lineage still play a role? After all, in the absence of positional information, lineage might
determine cell fate. When-a single cortical initial was isolated from its daughters, its speci-
fication was hindered. This indicates that lineage is of minor importance in cell specifica-
tion. We concluded that the fate of the proximal initials is instructed by their more mature
daughters (Fig. 4a) (van den Berg et al., 1995). Thus, the root meristem initials cannot be
seen as the creators of a specific pattern in the plant, whereby the generating cells “know”
what to produce. They only conform to an already existing pattern, acting as a copying
machine. More apical cells provide the information to copy this pattern.

Figure 3. (a) Schematic view of a cortical initial cell. This initial first generates a daughter which performs an
asymmetric division forming a cortical (light grey) and an endodermal (dark grey) cell. (b) Schematic repre-
sentation of ablation of 3 cortical daughters (*) isolating the underlying initial cell. The isolated cell is then unable
to perform periclinal divisions, and only anticlinal divisions are seen.
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This signal can either act over a long range, providing information along the whole
apical-basal axis, or locally in which case a specific group of cells acts as the information
source. Ablation of cortical and endodermal cells, 3 cells above the initial, shows that in-
vading pericycle cells still switch fate, indicating that the immediate cortical daughters di-
rectly abutting the initials are not the direct source of this positional information.

The most distal cells of the root (quiescent centre and columella) are programmed
differently. In these cells, either the signals that determine the radial cell fates are not per-
ceived, or overruling signals are present (Fig. 4b). By ablating the quiescent centre vascu-
lar-derived cells move into the former columella position. These cells switched fate and
expressed a columella specific marker (a 35S B2-subdomain GUS fusion). In conclusion,
the fate of cells along the apical-basal axis is also determined by positional signalling. The
source of this signal is currently under investigation. Furthermore, mutants lacking parts
of the apical-basal axis are providing more information on how these cell types are estab-
lished and maintained.

The chemical nature and the method of transport of positional signals are unknown.
Cellular components generated in more mature cells could be allocated to the initials via
plasmodesmata. It has been demonstrated that at least one transcription factor, KNOTTED-
1, can be transported from one cell to another (reviewed in Lucas, 1995). KNOTTED-1 is
involved in keeping cells in an indeterminate state. Fluorescently labeled injected KNOT-
TED-1 rapidly moved out of the injected cell into surrounding cells thereby increasing the
plasmodesmata size exclusion limit. It is possible that in the root meristem, cell fates are
also determined by signals travelling via plasmodesmata. It has been shown that in the
root meristem, epidermal cells can transport fluorescent dye into other cells of the epider-

Figure 4. (a) Long range signals determining the fate of cells in the
proximal meristem (arrows). (b) Short range positional signals which de-
termine quiescent centre and columella fates (large arrow).
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mal cell layer but not into cells in adjacent layers (Duckett et al., 1994). The distribution
of plasmodesmata in cell layers could thus be used to restrict the transport of inductive
signalling molecules.

Alternatively, laser ablation experiments in the Fucus embryo have indicated that
the cell wall is involved in cell fate determination (Berger et al., 1994). Contact of one
cell with a cell wall of a different cell type causes the cell to switch fate. The basal rhi-
zoid cell in the 2 cell stage embryo was ablated, isolating the thallus cell. Rhizoid cell
redifferentiation from the thallus cell was only observed when this cell was contacting
the former rhizoid cell wall. If wall-to-wall contact was prevented, isolated thallus cells
did not develop a rhizoid. In our ablation experiments the cell wall was not destroyed.
This means either that the cell wall is not involved in cell specification, or that the sig-
nalling molecules located in the cell wall have a short half life and need to be continu-
ously replenished.

The Function of the Quiescent Centre

The quiescent centre was first identified in maize roots as a group of cells in the cen-
tre of the root meristem showing a low rate of cell division (Clowes, 1958). In Arabidop-
sis thaliana, the quiescent centre consists of only four cells. The function of this group of
cells has not been demonstrated directly. Barlow (1976) proposed that the quiescent centre
cells serve as replacements for initial cells, thereby acting as a stem cell reservoir. Damag-
ing of initial cells should cause the quiescent centre cells to reenter mitosis. It was shown
that excision of the root cap in maize roots causes reactivation of quiescent centre cells to
reform a complete root cap (Barlow, 1974).

In our experiments, after ablation of cortical or epidermal initials, the dead cells
were always replaced by neighbouring initials and not by quiescent centre cells. Thus, ap-
parently, the major function of the quiescent centre is not replacing damaged cells. How-
ever, when columella cells were ablated, quiescent centre cells did replace the dead cells.
Furthermore, in older roots, quiescent centre cells have been reported to divide occasion-
ally, generating additional cortical cell layers (Rost et al., 1996). Thus quiescent centre
cells can replace neighbouring cells, as has been suggested, but no exclusive function for
the quiescent centre can be proposed.

A Genetic Approach to Understand Root Development

We used a second, genetic, approach to obtain more information concerning signals
involved in root formation and functioning. A number of mutants have been isolated
which lack pattern elements in the apical-basal axis of the embryo (Mayer et al., 1991).
For example, mutations in the monopteros (mp) gene interfere with the formation of both
the root and hypocotyl during embryogenesis (Berleth and Jiirgens, 1993). Cells of the
lowest tier of the embryo proper and of the hypophysis display abnormal division patterns
from the octant stage onwards. This leads, in the strong mutant phenotype, to a seedling
lacking all basal structures.

During wild type embryogenesis, the basal part of the embryo is subdivided into a
root and hypocotyl. The root is further subdivided into a prospective embryonic and a
meristematic root. We have isolated mutant seedlings which contain an embryonic root but
which are directly impaired in the formation of a functional root meristem. Here we will
discuss two of them, hobbit and bombadil. Both show their primary defect in the hypo-
physeal cell region, the prospective quiescent centre and columella.
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Hobbit. Seedlings homozygous for strong hobbit (hbt) alleles display no root mer-
istem activity at all. They show abnormal root meristem anatomy with regard to both cell
shapes and number. Based on anatomy, the quiescent centre and columella root cap region
is predominantly affected. We investigated whether these cell types are still present by us-
ing cell type specific markers. In wild type plants the more mature cells of the columella
contain starch granules. In strong ~bt mutants these are absent. Moreover, a specific GUS
fusion, normally expressed in the root cap, shows no expression in bt seedlings. These re-
sults show that the specification of columella cell fate is altered (Fig. 5b). In contrast, a
root meristem-specific marker (em101; Topping et al., 1994) is expressed in /bt seedlings,
showing normal basal cell fate specification (Fig. 5b). We conclude that although the iden-
tity of this region is not changed, its cellular specification is lost.

Anatomical analysis of 4bt embryos shows that the hypophyseal cell undergoes aber-
rant divisions from early globular stage onwards (Fig. 5b). Furthermore, the periclinal divi-
sions in the epidermal initials that generate the lateral root cap cell are mostly absent.
Marker gene expression in Abt indeed confirmed that no functional lateral root cap is
formed. The HBT gene is not only involved in root formation during embryogenesis. Roots
generated from homozygous bt seedlings show a similar phenotype and quickly arrest de-
velopment, showing that ABT is involved in all developmental pathways of root formation.
HBT maps on chromosome 2 and we are currently isolating the corresponding gene.

Bombadil. Besides HBT, other genes are involved in root formation including BOM-
BADIL (BBL). BBL maps on the upper arm of chromosome 3 and we have isolated 2

Figure 5. Schematic- representations of
heart stage embryos and seedling of (a) wild
type; (b) hobbit and (c) bombadil.
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alleles to date. Within each allele, the seedling phenotype of b4/ is variable and two phe-
notypic classes can be distinguished. The strongest phenotype shows a very short root, a
short hypocotyl and small closed cotyledons. The weaker phenotype has a longer root and
hypocotyl and larger open cotyledons. The root mostly shows a hook. bb/ seedlings show
a similar phenotype as /bt seedlings in that they are also mainly affected in the specifica-
tion of quiescent centre and columella root cap. bb/ mutant embryos show more divisions
in cells derived from the hypophyseal cell from early stages onwards (Fig. Sc). Later dur-
ing development, aberrant divisions are seen in other parts of the embryo. In contrast to
hbt, bbl seedlings show no em101 expression (Fig. 5c). This shows that both the regional
identity and the cellular specification are lost.

CONCLUSIONS

Based on anatomical data and fate map analysis, the Arabidopsis root meristem
shows a very rigid cellular organisation. Laser ablation studies show, that cells in the mer-
istem are highly flexible and fate is most likely completely determined by positional infor-
mation. Furthermore we showed that initial cells learn their fate from more mature cells of
the same tissue type. Where exactly this signal is generated is not known. It is likely that
all cells in the meristem are able to respond to positional cues. This leads to a model in
which a long range signal with an apical to basal direction determines the fates of the dif-
ferent cell layers in the radial dimension (Fig 4a). However, in the most distal part of the
root, other cell types are present (quiescent centre and columella). In these cells, fates are
also determined by position. We think that these signals act locally, overruling the radial
signals (Fig. 4b). We are currently performing laser ablation experiments of cells in this
region to determine the direction and source of signals. It will be interesting to see what
the fate of the columella and quiescent centre will be if this local signal is removed. It re-
mains to be seen whether the mutants we study lack the same signals. If this is the case,
we could conceive that similar positional signals are important for cell fate both during
embryogenesis, to pattern the root, and at seedling stage to maintain this pattern. Answer-
ing the question whether meristems utilise one or more systems to confer positional infor-
mation will be a major future challenge.
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1. INTRODUCTION

Acacia senegal is an economically valuable tree species growing in the arid and semi-
arid Sahel grassland of northern Africa. Not only is it a protein-rich forage crop, but it is
also the sole source of gum arabic, a commercially valuable water-soluble polysaccharide.
Natural regeneration of 4. senegal is compromised by over-grazing, fires, drought, ezc., and
so it has been necessary to implement re-forestation programmes in order to ward off the
continual threat of desertification. In this context, it is fortunate that 4. senegal has a root
system that (a) stabilizes soil structure and (b) enriches the soil with symbiotically-fixed ni-
trogen. However, during the replanting of young trees, the main root easily becomes dam-
aged. Although a new root system does eventually become re-established, this takes time,
leaving the plantlets vulnerable to unfavourable conditions and hence making recovery of
the ecosystem less certain.

The regenerative potential of the root systems of seedlings and plantlets of A.
senegal, the two main sources of new trees in re-forestation programmes (Palma 1990),
has been evaluated by subjecting them to experimental amputation (Palma et al. 1994).
The morphology of the initial root system and that of the new systems formed in response
to amputation were sufficiently varied to permit the application of a formal approach — in
this case by means of Petri nets — to provide a coherent framework for the experimental

Biology of Root Formation and Development, edited by Altman and Waisel.
Plenum Press, New York, 1997. 31
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results obtained. This approach has been shown to work well in other regenerating plant
systems (Liuick et al. 1983, Liick and Liuck 1991).

2. MATERIALS AND METHODS

The plant material was of two types, seedlings and plantlets. Seedlings of Acacia
senegal (L.) Willd. (Papilionaceae) were obtained following scarification of the seed testa
in conc. H,SO, for 14 min, as described by Vogt and Palma (1991), with subsequent ger-
mination at 30°C in a greenhouse. Plantlets were raised following rooting of excised
branchlets in “Woody Plant Medium” (Lloyd and McCown 1980) supplemented with 3%
sucrose and 1.5 mg/l indole butyric acid. They were then transplanted to vermiculite/soil
mixture and placed in a greenhouse.

When the tap roots of either seedlings or plantlets were 10—12 cm long, the distal
portion was amputated either 4 cm from the root base or 1.5 cm from the root tip. The re-
maining plants were then transferred to minirhizotrons (Riedacker 1974) where the re-
growth of the root systems was observed over the next 24 days.

3. OBSERVATIONS ON THE ROOT SYSTEM AND ITS
RESTORATION

3.1. The Seedling Root System

3.1.1. The Normal Condition. During the immediate post-germination period, there
was growth and development of first and second order axes (tap root and lateral roots). At
the end of this period. it was evident that, although all tap roots had extended similarly

Figures 1-6. Drawings of root systems of Acacia senegal developed by seedlings. The systems are either intact
(Figs 1 and 2) or have recovered following an amputation at.a position in either a pre-formed (Figs 3 and 4) or
a post-formed (Figs 5 and 6) region of root. Further descriptions of the root systems are found in the text. Scale
bar = 10 cm.
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and were 50 cm or more long, the root systems had developed in one of two ways; i.e. the
root system at this stage was dimorphic. The first type of system, System 1 (Fig. 1), was
found to consist of a pre-formed portion of tap root (i.e. the portion of radical that was
formed in the ungerminated seed) which lacked lateral roots, and a post-formed portion of
root (i.e. formed after germination) which bore short, diagravitropic laterals. In the second
type of system, System 2 (Fig. 2), the pre-formed tap root bore short laterals and the post-
formed portion supported longer, plagiogravitropic laterals.

3.1.2. Restoration of the Root System after Amputation near the Root Base. When the
tap root of System 1 was amputated at 4 cm, the excision was made into the pre-formed
portion. The system which regenerated over the 24-d period conformed to System 1. That
is, the new root which grew from the excised stump bore short laterals and the original,
pre-formed portion of root continued not to form any lateral roots. More frequently, how-
ever, the new roots which developed conformed to System 2 (Fig. 3). The new root
growing from the excised stump of the tap root bore lateral roots of the longer, pla-
giogravitropic type. Moreover, lateral roots emerged from the formerly unlateralized,
pre-formed portion of tap root.

When a tap root of System 2 was amputated in the same way, the new system which
developed was either of System 1 (Fig. 4) or of System 2, though more frequently it was
the latter system that was restored.

3.1.3. Restoration after Amputation Near the Root Tip. When tap roots of either Sys-
tem | or System 2 were amputated near the tip, the regenerated portion of root always
conformed to System 1 (Figs 5 and 6).

3.2. The Plantlet Root System

3.2.1. The Normal Condition. All root systems which developed on plantlets ap-
peared to conform to System 2, although the laterals still tended to be quite short at the
end of the 24-d growth period (not shown), but they were plagiogravitropic, nevertheless.

3.2.2. Restoration of the Root System after Amputation. After either type of amputa-
tion (near the base or near the tip), the restored portions of root seemed to conform to Sys-
tem 2. In some cases, however, the restored system after amputation near the tip was
comprised of short horizontal laterals which would indicate that it was System 1; it is possi-
ble that these could be laterals that had not yet made much growth during the 24-d period.

4. FORMALIZATION OF ROOT SYSTEM DEVELOPMENT AND
RESTORATION

In order to help understand the response of the root system of 4. senegal to pruning,
it is useful to have some conceptual framework wherein the experimental findings can be
given some coherence. An elementary Petri net (Fig. 7) seems suitable for this purpose.
Such a device, moreover, may bring insights into the conditions necessary for the develop-
ment of the two types of root system.

Details of Petri net construction and application have been presented elsewhere (Liick
& Liick 1991, Liick et al. 1983, Barlow 1994). In brief, a Petri net charts the sequence of
events within a deterministically developing system, the enablement of each event being
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Figure 7. An elementary Petri net representing a parsimonious means of developing the various morphological
configurations of A. senegal seedling root systems recovering or not from amputation in the pre-formed portion of
root (see text). Details of steps in the sequential filling of places (circles) are presented in Table 1. An example of
an initial marking of the net with “filled” places (c0, C4, A, each with ®) is shown (see Table 1.4) (though for
clarity these places are more simply denoted as 0, 1,...,5 and A, respectively). Arcs denoted by continuous lines in-
dicate connections to and from events (rectangles) and places with root morphological correlates: arcs denoted by
broken lines reflect connections which may involve undefined, possibly physiological, correlates. Arcs a, b and ¢
are invoked selectively (see Tables 1.3-1.8).

dependent upon the fulfillment of specific pre-conditions. The set of pre-conditions that en-
ables one or more simultaneously occurring events defines the current “state” of the system.
In the present context, each pre-condition corresponds to some identifiable morphological
configurations of the root system (c0O,cl,...,ci) and to some so-far unrecognised (perhaps
physiological) properties (C1,C2,...,Ci). Pre-conditions are represented as “places” (or cir-
cles) in the Petri net shown in Fig. 7. An “event” (rectangles in Fig. 7, pl,u2,...,ui) is en-
abled only when the requisite pre-conditions are fulfilled. All the places, which represent
these pre-conditions, are then “filled”. Places and events are linked by “arcs”.

Upon completion of an event, 1, new post-conditions arise which then become pre-
conditions for a subsequent event. Hence, the system as a whole is represented as trans-
forming from one morphological state to another, e.g. {cl,c2} transforms to {c3,c4}. The
behaviour of the net is sequential: that is, when pre-conditions for an event are fulfilled,
the event is then enabled and the post-conditional places become filled. In the present
case, events are enabled immediately they are validated, but it is also acceptable to intro-
duce delays before this enabling process occurs.

4.1. An Elementary Petri Net

It is necessary to identify a minimal set of morphological or physiological elements
(which correspond to places or pre-conditions) within the root system of 4. senegal with
which to construct an appropriate Petri net. These are as follows:
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c0. A pre-formed germinating radicle

cl. A 6-cm-long pre-formed portion of root lacking lateral roots

c2. An immature post-formed vertical root

c3. As cl, but now bearing short lateral roots

c4. A post-formed root bearing long lateral roots

c5. A post-formed root bearing short lateral roots

cA. Readiness for amputation

Cl, C2, C3, C4. Physiological conditions which may (but not exclusively) accom-
pany certain morphological conditions, such as those that follow amputation

a, b, ¢. Arcs invoked in certain circumstances

A parsimonious Petri net that accomodates all the developmental transformations
of the A. senegal root system, with or without the amputations described below, is shown
in Fig. 7.

4.2. Seedling Root Systems

At the stage of growth studied, the seedling root system of A. senegal (Figs | and
2) consisted of a pre-formed portion (places cl or ¢3) that was derived from the embry-
onic radicle (c0), and a post-formed portion (c4 or c5) developed, via c2, from the pre-
formed portion (Fig. 7). The two types of seedling root system are easily reached as
end-points having the following places: System 1 = {cl,c5} and System 2 = {c3,c4}.
Thus, to reach System 1 the pathway of state transformation is, for the root system,
c0—>{cl,c2}—>{cl,c5}, and to reach System 2 the pathway is cO0—>{cl,c2}—>{c3,c4}.
However, the derivation of each System, following germination of the radicle, requires
two different sets of initial conditions: {c1,c2, C4} for System | and {cl,c2,C1,C2} for
System 2. This circumstance might suggest that these seedlings of A. senegal were of
two types, each having slightly different rhizogenetic potentialities, perhaps as a result of
different physiological correlates (implied by the necessity for the filling of places Cl
and C2 in order for System 2 to be reached, and for the filling of C4 for the reaching of
System 1). The complete sets of steps in the development of Systems 1 and 2, as required
by the Petri net of Fig. 7, are given in Table 1.1 and 1.2.

4.3. Amputation within the Pre-Formed Portion of Root

Once the seedling root systems were developed, they were subjected to pruning.
Their subsequent development was also explored and formalized by means of the Petri net
shown in Fig. 7. Following an amputation (cA) in the pre-formed portion of the root, Sys-
tems that orginally conformed to types 1 or 2 tended to recover as System 2 (Table 1.4 and
1.6; Fig. 3); more rarely was there the reformation of System 1 (Table 1.3; Fig. 4). [Resto-
ration of an entire System | from amputated System 2 is not possible, though see Table
1.6.] The Petri net indicates that, in order to derive an entire root System 2 from one that
was originally System 1, amputation supplies a pre-condition which permits the refilling
of places C1 and C2 following the invocation of arcs b and ¢ from event u6 (Table 1.4). In
order to recover System 1 from the starting point of System 1, it is necessary either to in-
voke a different pre-condition supplied by amputation [e.g. to create a new place cA’ (not
shown)], or to choose that arcs b and ¢ are not invoked [b-, c-]. The latter option for net
construction was preferred (Table 1.3) on the grounds of economy of places. In all, it is
possible to reach six different end-points following amputation in the pre-formed portions
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Table 1. The following parts of the Table show the workings of a Petri net (see Fig. 7)
that permits development of the dimorphic root system derived from seedlings of Acacia
senegal (Tables 1.1 and 1.2) and the subsequent restoration of root systems following
amputation of the post-formed portion of tap root. The Petri net contains supplementary
arcs labelled a, b and ¢ (broken lines). Even when the requisite pre-conditions are fulfilled,
these arcs are not always invoked. Each part of the Table therefore contains an indication
of whether these arcs are invoked (+) or not (—) through the notation a+, a—, b+, b—, c+,
or c—. There are circumstances where there is no opportunity for the use of these arcs
because the necessary pre-conditions are not met. Here the notation is a0, b0 or c0

Step Pre-conditions Events Post-conditions

1.1. Development of Root System 1 (Fig.1). [a0, b0, c0]

1 0, C4 pl 1,2,C4

2 1,2,C4 n4 ()
1.2. Development of Root System 2 (Fig. 2). [a0, b0, c0]

1 0,Cl1,C2 ul 1.2,Cl1,C2

2 1,2,Cl1,C2 p2, u3 3,4

1.3. Restoration of a complete Root System 1 following amputation in the Pre-formed portion of
Root System 1. [a0, b—, c—]

1 0,C4, A ul 1,2,C4, A
2 1,2,C4,A pd 1.5,A
3 1.5, A 16 1.2,C3
4 1,2,C3 7 1,2, C4
5 1.2,C4 4 1,5

For the five other root system restorations, details of the Petri net are abbreviated to the initial
pre-conditions (M, ) and final post-conditions (M, ) after n =S steps.

1.4. Restoration of a complete Root System 2 following amputation in the Pre-formed portion of
Root System 1. M, = {0, C4, A}, M, = {3,4, C4}, S = 4. [a0, b+, c+].

1.5. Restoration of a complete Root System 2 following amputation in the Pre-formed portion of
Root System 2. M, = {0, C1, C2, A}, M, = {3, 4, C4}, S =4. [a+, b0, c0].

1.6. Regeneration of a Post-formed portion of Root System | following amputation in the
Pre-formed portion of Root System 2 (Fig. 4). M, = {0, C1, C2, A}, M = {3, 5}.S = 5. [a—.
b0, c0].

1.7. Regeneration of a Post-fotmed portion of Root System 2 following amputation in the
Pre-formed portion of Root System 1 (Fig. 3). M, = {0, C4, A}, M, = {1, 4, C4}, S = 4. [a0,
b+, c-].

1.8. Regeneration of a Post-formed portion of Root System 1 and then the continued
development of the Pre-formed portion as Root System 2 following amputation in the
Pre-formed portion of Root System 1. M, = {1, 2, C4, A}, M= {3, 5}, S =5. [a0, b+, c+].

of either Systems 1 or 2. Complete details can be shown for only one of them (Table 1.3);
the remainder are presented in abbreviated form here (Table 1.4-1.8).

4.4. Amputation within the Post-Formed Portion of Root

The Petri net in a slightly more elaborate form (not shown) which maintains pre-ex-
isting post-formed portions by means of regenerative events, can also account for regen-
eration of new types of root systems when amputation is close to the tip of the
post-formed tap root. The predominant type regenerated is System 1 (Figs 5 and 6). This
occurs irrespective of the original type of System that was amputated and may indicate
that amputation at a more distal level no longer supplies information which can modify
the type of regenerative response.
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5. CONCLUSIONS

It is easy to over-interpret the root restoration schemes depicted by the Petri net. For
example, it is by no means certain that the C3 or C4 post-conditions that follow amputa-
tion and the enabling of event p6 are the same as the pre-conditions that favour develop-
ment of root System 1 (Table 1.1) or that, in certain cases, additional post-conditions (C1
or C2, or both) are similarly created by amputation (Table 1.4 and 1.5). However, the logic
established by the net does suggest that some events analogous to those proposed may be
occurring.

One assumption underlying the present Petri net is that root Systems 1 and 2 are dis-
tinct categories, and that System 1 is not simply an immature form of System 2. The latter
seems unlikely, given that all seedlings examined had developed over a long period and
that intermediate types of root systems were absent. It is possible that non-optimal envi-
ronmental conditions (e.g., the root medium) had favoured the dimorphic root system and
that dimorphism need not, therefore, be a characteristic inherent to the stock of seeds used
(i.e there was some physiological or genetic divergence in the seeds). However, even if
environmental effects were at work, there are clearly differences in the responses of roots
to them (threshold effects). This again justifies different places (C1, C2, C4) from which
to develop the two types of root system by means of the Petri net.

As in all modelling procedures, the process of modelling clarifies an understanding
of the system under investigation (see Barlow and Zieschang 1994). The Petri net, because
of its rigorous and deterministic structure, reinforces this view. The possibility of choice
for arc utilization is, from the formal point of view, a weakness in the present net. It could
possibly be over come by constructing an entirely different net, but this would require ad-
ditional places. The flexibility of arc invocation may be thought to point to certain sto-
chastic events in the root system during regeneration, but it is more likely that such events
are reflections of unrecognised, additional pre-conditions.

The net of Fig. 7 is based on morphological conditions, though the places C1-C4
may also reflect physiological or cellular attributes of the system. These latter places
would, in this case, represent a different level of biological organization. In principle, it is
undesirable to mix levels in modelling procedures. The present Petri net may thus repre-
sent a point of cross-over in the modelling process, anticipating the passing from one level
(that of organs) to the next lower level (that of cells) (see Barlow and Zieschang 1994, for
further discussion of this aspect of modelling). A Petri net constructed at the cellular or
physiological level would be feasible but might require a sub-net to represent the higher
organ level. Already our net begins to suggest this extension of the modelling procedure.
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INTRODUCTION

Root size and architecture are considered to form a major factor in nutrient uptake ef-
ficiency of plants (Fitter, 1991). Simulation of root growth and architecture has shown that
root architecture affects the volume of the soil from which nutrients can be exploited (Fitter
et al., 1987; Fitter et al., 1991). Models of nutrient uptake by roots showed that architectural
characteristics may affect nutrient uptake. Barber and Silberbush (1984), using an uptake
simulation model, demonstrated that nutrient uptake rate is dependent on root radius, length
and density. Itoh and Barber (1983) improved the agreement between actual and predicted
results by including root hairs in the model. The above information indicates that root archi-
tecture may affect nutrient uptake from the rhizosphere. However, there is very little quanti-
tative knowledge on this effect and quantitative experimental data are vague. O Toole and
Bland (1987) found that cotton genotypes showing tolerance to water stress were charac-
terised by long lateral roots, whereas, Petrie et al. (1992) did not find any significant effect
of root architecture on water uptake from soil by mono- and di-cotyledonous species that
differed in root branching and density. Eghball and Maranville (1993), comparing N uptake
by two varieties of corn, showed that the one with longer and thinner roots was more effi-
cient in N uptake. The difficulties in obtaining such quantitative data are: i. monitoring and
measuring root parameters in vivo, ii. discriminating between root and shoot effects, and iii.
estimating relative impact of morphological and functional effects on nutrient uptake.
Changes in endogenous free polyamines (putrescine, spermidine and spermine) were found
to be in correlation with root formation (Friedman et al., 1982; Burtin et al., 1990). Recently
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it was found that application of an inhibitor of putrescine synthesis, DFMO (a-DL-di-
fluoromethylornithine), caused changes in phenotype development (Burtin et al., 1991) and
altered the architecture of excised root system of tobacco (Ben-Hayyim et al., 1993). Using
excised root simplifies the experimental system by avoiding shoot/root interaction; the bio-
chemical effect is exerted specifically on root architecture without affecting nutrient de-
mand and uptake characteristics of root unit, thus enabling one to quantify the effects of
architectural parameters on nutrient uptake. However, tobacco roots grow very slowly, and
so, successful application of the method to fast growing roots of another species, e.g., to-
mato, would improve the experimental system. There has been no study of the effect of
DFMO on either the nutrient uptake or the development of excised tomato roots.

OBJECTIVES

In the present study we tested the usefulness of DFMO as a means for studying the
effect of root architecture on nutrient uptake efficiency. The objective of the present re-
search was to develop an experimental system for evaluating and quantifying the effect of
the root architecture on nutrient uptake by tomato roots. The specific objectives were:

1. to study the effect of DFMO and N and P concentrations on growth and archi-
tecture of excised roots in a solution culture and an agar medium.
2. to quantify nutrient uptake by root unit with and without DFMO.

EXPERIMENTAL

The research included three steps: i. excised tomato roots were grown in continu-
ously shaken solution culture in Petri dishes with and without DFMO; ii. excised tomato
roots were grown in continuously shaken solution culture in Petri dishes with and without
DFMO combined with various N and P concentrations; iii. excised tomato roots were
grown in agar medium in Petri dishes, with and without DFMO and with two P quantities.
P was applied to the agar medium by two methods: i. even distribution of P throughout the
Petri dish; and ii. application of the same quantity of P to a spot, 8 cm away from the root.
Roots growth took place in a controlled growth chamber. Root growth was monitored with
a flat-bed scanner (HP IIIC) and analyzed with Delta-T software. Nutrient uptake was de-
termined using chemical analysis of the plant material. Nutrient depletion from the solu-
tion was estimated by chemical analysis of the initial and final solution. Statistical
analysis was carried out with JMP software of SAS.

RESULTS AND DISCUSSION

DFMO enhanced root elongation in solution cultures, relative to the control (Fig. 1).
Since the elongation followed exponential curve (the fitted lines in the figure) the ob-
served difference between treatments increased with time. DFMO also increased the
number of lateral root tips relative to the control (Fig. 1), indicating that the effect of
DFMO on the elongation was due to formation of more lateral roots. The effects of DFMO
on both root length and the number of root tips after 8 days of growth were found to be
significant at the 0.05 level according to Student’s t test.

Significant interaction (0.05 level) of DFMO and N concentration on root length and
number of root tips was obtained. The increase of root length promoted by DFMO appli-
cation to solution cultures was obtained at relatively low N concentration (7.5 mM)
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whereas no effect was found at higher N concentrations (Fig. 2). Similarly, an increased
number of root tips through DFMO addition was obtained at low N concentrations,
whereas an opposite effect was obtained at higher N concentrations (Fig. 2).

A significant interaction of DFMO with P concentration in their effect on root length
and number of root tips was also obtained. DFMO application increased root length and
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the number of root tips in solution culture containing a relatively low P concentration,
0.125 mM, whereas no effect was found at a higher P concentration, 1.25 mM (Fig. 3).
These effects of DFMO in combination with low P on root length and on the number of
tips were significants at the 0.05 level.

DFMO in combination with low P increased the ratio of root length to number of
tips relative to the control (data not shown), indicating that DFMO also affected root
architecture.

Root elongation (expressed as RGR, relative growth rate) was reduced by applica-
tion of the high P quantity evenly to the agar medium (Fig. 4), similarly to the results in
solution cultures. The opposite effect was obtained by concentrated application of the
same quantities of P to a single spot (Fig. 4). One can explain this phenomenon by hy-
pothesizing that root elongation as a function of P concentration follows a nonlinear curve
with a maximum at a P concentration below 1.25 mM. This is higher than the actual con-
centration of P near the root when the low level of P was concentrated at a spot far away
from it. This hypothesis was indeed supported by results of the analysis of the agar 7 days
after the spot application of P. Application of DFMO to the agar medium in combination
with the low P (spot treatment), increased root RGR, whereas no effect was obtained with
the higher P treatment, similarly to results presented above for solution culture.

So far, we have shown that DFMO can serve as a means to alter root growth and ar-
chitecture. However, its effect on nutrient uptake from solution culture and from a solid
medium is still an open question. In an attempt to answer this question, nitrogen and phos-
phorus uptakes were estimated from the depletion of the nutrients from the solution or by
direct analysis by tissue digestion. On the depletion method we found that DFMO had no
significant effect on N and P uptakes from solutions; a good correlation was obtained be-
tween root length and N and P uptakes, independently of the presence of DFMO (Figs. 5
and 6, respectively).
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Figure 4. The effect of DFMO in combination
with two P quantities and two methods of P ap-
plication on root RGR (the relative growth rate)
in an agar medium.

Figure 5. N uptake from 7.5 mM N solution as a
function of root length, with and without DFMO ap-

plication.

Figure 6. P uptake from 0.125 mM P solution as a
function of root length, with and without DFMO appli-

cation.

43



44 A. Bar-Tal et al.

0 CONTROL

¢ DFMO

- == N
o o O

3]

n L L

F, (nmole cm™” day ")

e o
o

Figure 7. N uptake rate per root unit length, Fn, as a
0 10 20 30 40 50 60 70 function of N concentration and as affected by DFMO
N Concentration (mM) application.

Increasing the N concentration from 7.5 to 65 mM enhanced Fn, N uptake rate per
root length unit, from a shaken solution culture. This parameter was not affected by
DFMO application, under three N concentrations (Fig. 7). Since DFMO had no effect on
root radius, the results of uptake per root unit length or unit weight were similar.

Increasing P concentration from 0.125 to 1.25 mM enhanced Fp, P uptake rate per
root unit length, from a shaken solution culture. DFMO application had no significant ef-
fect on Fp, with two P concentrations (Fig. 8). Since DFMO had no effect on root radius,
the results of uptake per root unit length or root unit weight were similar.

The analyses of the roots were well correlated with the depletion measurements. The
analysis of P content in the roots showed that DFMO had no effect on P uptake by the
roots, and that P uptake from a 1.25 mM P solution was 9—10 times greater than from
0.125 mM P solution.

CONCLUSIONS

1. DFMO affected the development of excised tomato roots in solution cultures
and agar media.
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2. An interaction between DFMO and N and P concentrations was revealed.
DFMO in combination with high N and P concentrations did not affect root
growth.

3. DFMO did not affect the uptake rate of N and P per root unit length or weight of
excised tomato roots.

Therefore, excised roots of tomato, with and without DFMO, can be used as a tool
for studying the effect of root architecture on nutrient uptake from the soil.
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INTRODUCTION

The inhibitory effect exerted by the apical meristem of a growing root on the devel-
opment of lateral roots (LR) is a well known phenomenon (Bottger 1974, Wightman and
Thimann 1980). LR development consists of three distinct stages: initiation, emergence,
and elongation. The pattern of LR development and their distribution along the primary
root axis are thought to be controlled by gradients of inhibitory factors originating in the
root apex and promoting factors originating in the aerial organs (Wightman et al. 1980). It
has been suggested that the inhibitory factors are cytokinins (Torrey 1976, Van Staden et
al. 1988) and possibly abscisic acid (Bottger 1974, Torrey 1976) and the promoting factors
are auxins (Scott 1972).

The knowledge of the physiology of LR development in woody species charac-
terized by a strong tap root is limited (Young 1990). Many forest tree species are typical
tap root plants, in which much effort has been made to induce root branching in the early
developmental stages for practical purposes (Geisler and Ferree 1984, Deans et al. 1990,
Struve 1990). Previous studies on the control of LR development were performed primar-
ily with excised roots grown in culture (Golaz and Pilet 1987, Blakely et al. 1988). Re-
cently, there has been an increasing interest in root development in woody plants (Young
1990) but the knowledge of LR development in intact plants is still limited.

Atzmon et al. (1994) showed that in the case of the strong tap root system of pine
seedlings, numerous LR are formed but only a few of them, about 10-15%, continue to
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elongate while the others degenerate. The aim of the present study was to determine the
relationship between lateral root development and the distribution of endogenous indole-
3-acetic acid (IAA) and cytokinin-like substances along an intact tap root and after re-
moval of the tap root tip in Pinus pinea seedlings.

EXPERIMENTAL

Young pine (Pinus pinea L.) seedlings having fully expanded cotyledons and about 5
cm long tap root were transferred to an aerated nutrient solution culture (0.5 Hoagland nu-
trient solution) in 7.5-liter containers and were grown there for 4 weeks. The experiments
were done in a growth chamber under the following conditions: 16 h light and 25/20°C
light/dark. Photon flux density of 130 p Einstein m™s™' was measured at the cotyledon level.

Intact seedlings and seedlings whose tap root apex was removed at different periods
were examined. The tap root of all seedlings was divided into 4 morphological sections as
described in the figures, and each section was analyzed separately.

[AA was extracted and partially purified by a mini-column procedure developed by
Thompson et al. (1981). The extract was further purified by HPLC, and IAA was quanti-
fied by ELISA according to Sagee (1986). Cytokinin-like activity was determined by the
soy-bean callus bioassay (Van Staden 1976).

Figure 1. Levels of endogenous IAA in different sections of the intact tap root of Pinus pinea at time of decapita-
tion (0) and 1, 5 and 7 days following removal of the tap root apex.
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RESULTS AND DISCUSSION

In intact root system, the highest level of IAA was found in the section of LR initia-
tion (Il in Fig. 1). The lowest level of IAA was observed in the section where LR emerged
(ITT) while in sections [ and IV, IAA level was in between that of the above two sections.
These results indicate that the distribution of IAA along the tap root is not a simple gradi-
ent from the root base to the apex. It seems that the site and the stage of LR development
affect the transport and distribution of IAA. The present observations that [AA accumu-
lates in the zone where LR initiate are in accordance with the view that IAA plays an im-
portant role in root initiation and high concentration of the hormone is needed for the
process (Blakely et al. 1988; Rowntree and Morris 1979; Singh and Singh 1987).

Root decapitation resulted in a significant reduction in IAA level in the two lower
sections while in the upper sections, no significant changes were recorded. The results
suggest that the tap root apex also affects the distribution of IAA along the root system.
Initiation of LR in section I, following root decapitation, occurred despite the fact that no
dramatic increase in IAA was recorded. The reason for this might have been the signifi-
cant reduction in cytokinins-like activity in this section following the removal of the tap
root apex (see below).

The highest cytokinin-like activity in the intact root system was found in section I
(Fig. 2), which contained the tap root apex. The lowest cytokinin-like activity was ob-
served in section II, in which LR initiation occurred. Cytokinin-like activity increased as
LR continued to develop and the high activity detected in the upper section probably re-

Figure 2. Cytokinin-like activity in
different sections of the intact tap
root of Pinus pinea at time of de-
capitation (0) or | and 5 days fol-
lowing removal of the tap root apex.
The lower solid line indicates the
callus yield at 0 pl kinetin/ liter.
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sulted from the apex activity of newly formed LR in this section. This undoubtedly was
the reason why cytokinin-like activity in the upper section was not affected by the tap root
apex removal.

Removal of the tap root apex caused a dramatic decrease in cytokinin-like activity
in section I, which was accompanied by LR development (see also Atzmon et al., 1994).
The results suggest that low concentrations of cytokinins are favorable to the two first
stages of LR development. This is in agreement with other studies that show that rela-
tively high concentrations of cytokinins inhibited LR induction and emergence (Wight-
man et al., 1980).

The results of this study demonstrate that the ratio between stimulators (IAA) and
inhibitors (cytokinins) are an important factor in the control of LR development in pine
seedlings. The highest IAA/cytokinin ratio in intact seedlings was observed in section II,
where LR initiation occurred, whereas the lowest ratio was observed in section I where no
LR appeared. Removal of the tap root apex significantly lowered the cytokinin activity in
section I, thus creating a favorable IAA/cytokinin ratio which stimulated LR initiation in
this section, which normally does not produce LR.
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Studies of Musa root systems have generally focused on the high value export des-
sert bananas. However, a much broader study is required to support the genetic improve-
ment of plantains and cooking bananas. Detailed time course studies of root system
development were carried out on 12 genotypes from six diverse Musa groups. The per-
formance of tissue culture derived plants was compared with that of suckers taken from
field grown plants. Genotypes were assessed during establishment of tissue culture plan-
tlets in the nursery (at 2, 4 and 6 weeks old) and in the field (at 12 and 16 weeks old) (Ta-
ble 1), and compared to the vegetative growth of suckers in the field (at 6, 8, 12 and 16
weeks). Tetraploid plantain hybrids (TMPx 16584, TMPx 548-9 and TMPx 5511-2)
were compared with their maternal triploid plantain landrace genotypes (Obino I’Ewai)
and their paternal diploid banana genotypes (Pisang Lilin and Calcutta 4). These were also
compared with cooking banana cultivars (Cardaba and Fougamou), a cooking banana hy-
brid (FHIA3), dessert bananas (Valery and Yangambi Km 5) and a plantain landrace (Ag-
bagba). Significant correlations (p<0.05) across all genotypes were observed between
above ground parameters and root parameters, irrespective of type of planting material or
age (Table 2). Associations between leaf area, plant height, circumference at soil level and
dry weight of the roots were significant over nearly all the age groups. There were no sig-

Table 1. Total length of the primary and secondary cord roots (cm), across all genotypes,
for in vitro derived seedlings, in vitro derived field established plants and
sword suckers at different weeks after planting

Nursery seedlings Field established Sword suckers

Weeks after planting

Genotype 2 4 6 12 16 20 6 8 12 16
Agbagba 54 98 222 923 2234 3015 739 857 2642 5438
Obino I’Ewai 65 98 168 2054 3077 N7 664 731 1519 2841
548-9 64 104 329 2293 4061 5948 177 417 693 3193
1658-4 26 100 140 474 2382 4015 227 999 2499 3819
Calcutta 4 49 218 312 2674 3638 8034 33 105 890 1963
Pisang Lilin 106 315 220 306 1471 1333 351 837 1517 2230
FHIA 3 49 171 2717 1543 3068 4100 1217 506 2955 4788
Cardaba 110 161 337 1593 3028 3552 301 854 1546 3373
Fougamou 77 161 224 1148 1518 2153 641 429 1551 4511
Valery 60 125 274 2470 2069 3623 533 1109 1924 3042
Yangambi Km5 37 134 265 2009 5877 7751 47 481 1407 2673
5511-2 35 99 127

cv 3343 2489 1812 17.6 2525 2886 77.03 59.03 4569  41.55
LSD 0.05 29 53 60 616 1071 1930 NS NS 1093 2058
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Table 2. Significant correlations (p<0.05) between above ground and root growth parameters
for in vitro derived seedlings and field established plants at different weeks after planting

Nursery (in vitro derived) Field (in vitro derived)
2 week 4 week 6 week 12 weeks 16 weeks 20 weeks
Corr Prob Corr Prob Corr Prob Corr Prob Corr Prob Corr Prob
Height of plant /dry weight of 0.606 0.035 0.726 0.007 0.877 0.000 0.894 0.000 0.861 0.000
roots
Number of primary cord roots 0.683 0.019
Total length of primary cord 0.833 0.001 0.743 0.008 0.821 0.002 0.696 0.016
roots
Average length of primary 0.676 0.014 0.689 0.017 0.875 0.000
cord roots
Length of primary and 0.820 0.002 0.816 0.002 0.685 0.018
secondary cord roots
Number of leaves /dry weight 0.684 0.013 0.898 0.000 0.828 0.001 0.851 0.001
roots
Number of primary cord roots 0.790 0.002 0.666 0.017 0.781 0.004 0.750 0.007
Total length of primary cord 0.856 0.000 0.750 0.004 0.815 0.002 0.894 0.000 0.837 0.001
roots
Average length of primary 0.701 0.015 0.774 0.004
cord roots
Length of primary and 0.863 0.000 0.870 0.000 0.834 0.001

secondary cord roots

nificant phenotypic correlations between root parameters of the two types of plant mate-
rial at 6, 12 and 16 weeks old. This may suggest that different mechanisms affect root de-
velopment, which may be controlled by different regulatory genetic systems, according to
the type of propagule. The use of this type of data to formulate an ideotype, which will di-
rect future breeding strategies at IITA, will be discussed.

ARRANGEMENT OF MICROTUBULES, BUT NOT
MICROFILAMENTS, INDICATES DETERMINATION
OF CAMBIAL DERIVATIVES

Nigel Chaffey,"? John Barnett,' and Peter Barlow’

'Department of Botany, School of Plant Sciences, University of Reading, Whiteknights,
Reading RG6 6AS, United Kingdom. ’IACR, Long Ashton Research Station,
Department of Agricultural Sciences, University of Bristol, Long Ashton, Bristol BS18
9AF, United Kingdom.

The vascular cambium is the sheath of meristematic cells that lies between, and
gives rise to, secondary phloem and secondary xylem (the whole comprising the secon-
dary vascular system—SVS—of the plant). The cambium is composed of axially-elon-
gated fusiform cells and cuboid ray cells. Phloem and xylem tissues are each composed of
several cell types—axially-elongated fibres, parenchyma, vessel and sieve tube elements,
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and radially-elongated ray cells—any, or all, of which may influence quality or quantity of
the wood produced.

During its active phase, in spring and summer, cambium not only maintains itself,
but also produces derivatives which subsequently differentiate as xylem (towards the in-
side) or phloem (towards the outside). Important questions relating to these activities are:
What determines whether a cell (i) perpetuates the meristematic state or (ii) differenti-
ates? What determines whether, for example, a xylem derivative is to give rise to a fibre
cell or a vessel element? We have attempted to answer these questions by examining the
microtubule (MT) and microfilament (MF) components of the cytoskeleton within cells of
the SVS of taproots of Aesculus hippocastanum L. (horse-chestnut) seedlings. Indirect im-
munofluorescence microscopy (IIF) using monoclonal antibodies against a-tubulin and F-
actin on 6 um sections, as well as transmission electron microscopy (TEM) of 60 nm
sections, have been used (Chaffey et al., 1996, 1997a).

Cambial cells per se are practically impossible to identify in hardwood species. Instead,
the cambial zone is usually referred to; it consists of the cambial initials plus their derivatives
at early stages of differentiation to secondary vascular tissue. Fusiform cells are readily-dis-
tinguished from ray cells, the latter forming obvious rays which traverse secondary xylem,
cambial zone and secondary phloem. Radial files of axially-elongated cells are also apparent,
running from the cambial zone into the secondary xylem and comprised of cells at progres-
sively more advanced stages of differentiation which have been derived by periclinal divi-
sions of cambial cells. As seen by TEM, cambial cells contain a prominent single nucleus and
vacuome, numerous plastids, mitochondria and active dictyosomes in a ribosome-rich cyto-
plasm, and thin cell walls, particularly the tangential wall, pierced by plasmodesmata.

The cortical MT cytoskeleton of cambial cells, as seen by IIF, is reticulate with no
preferred orientation to the constituent MTs. This reticulate array exists in both ray and
fusiform cells. However, a helical array is found in differentiating axial phloem deriva-
tives. A similar difference in MT orientation is observed on the xylem side of the cambial
zone within putative fibre cells. TEM of these same cell-types reveals images of the MTs
which accord with the two distinct arrays identified by IIF. TEM also reveals images of
the MF cytoskeleton associated with vascular differentiation. MF bundles are oriented ap-
proximately axially within fusiform cambial cells. This orientation is retained in develop-
ing axial phloem cells and xylem fibres, despite their MT cytoskeleton having undergone
rearrangement to a helical array (Chaffey et al. 1997b).

CONCLUSIONS

1. Correlative IIF and TEM offer a powerful method for investigating the dynam-
ics of the cortical MT cytoskeleton during cell differentiation in situ.

2. A reticulate arrangement of cortical MTs is present in both ray and fusiform

cells of the cambial zone of Aesculus hippocastanum taproots.

. Helical MT arrays are found in developing axial phloem cells and xylem fibres.

4. MT rearrangement, from reticulate to helical, indicates determination of cambial
derivatives to the vascular developmental pathway. MFs in these cells, by con-
trast, continually display an axial orientation. Factors which determine the ulti-
mate fate of an individual cambial derivative remain to be elucidated.

W
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INTRODUCTORY GENERAL CONSIDERATIONS

It happened that the first discovered and identified phytohormone, indolyl-3-acetic
acid (IAA), was early shown to promote or favour adventitious rooting (Thimann and
Went, 1934). Later identified natural auxins and synthetic compounds of this category had
the same effects (Jackson, 1986). With the years, the rooting property of auxins appeared
to be specific to this class of growth regulators since no such clear-cut effect could be ap-
parently obtained by exogenous application of other known phytohormones. Some of
them, such as cytokinins and gibberellins, for instance, were even classified as rooting in-
hibitors (Jackson, 1986; Davis et al., 1988; Davis and Haissig, 1994), although there were
papers indicating the necessity of cytokinins for rooting (Letham, 1978) and others show-
ing rooting effects of gibberellins under certain circumstances (Gaspar et al., 1977). On
the basis of the effects of exogenous application of auxins, a series of wrong concepts as
to their roles had arisen: that auxin is the major triggering agent in rooting, that the appli-
cation of exogenous auxin is needed to augment the endogenous bulk of auxin, that root-
ing necessitates the maintenance of a “high” amount of endogenous auxin for a certain
(unprecise) time, etc. Because there are inductive/adaptative enzymes to regulate the exo-
genously fed hormones (this is well known for auxins and cytokinins) and because appli-
cation of a hormone may induce modifications in the metabolism of other hormones, such
simplistic conclusions may not be drawn. Another associated error was to consider rooting
as a single developmental process.

One of the main achievements in the studies of adventitious root formation in the
last years has been the recognition of successive interdependent physiological phases

Biology of Root Formation and Development, edited by Altman and Waisel. 55
Plenum Press, New York, 1997.
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(Mitsuhashi-Kato et al., 1978; Jarvis et al., 1983; Moncousin et al., 1988; Blakesley,
1994). These were generally called induction, initiation and expression (Gaspar et al.,
1992, 1994), although some other terminologies can be used (De Klerk et al., 1995). A
consensus tacitly emerged to define the rooting inductive phase as the time period cover-
ing the necessary biochemical events preceding the initiation of the cell divisions which
lead to the formation of root primordia (Jarvis, 1986; Moncousin, 1991). Another defini-
tion or a practical way to estimate its duration, is the minimum time required for the pres-
ence of the external rooting signal for competent cells (Hand, 1994). Competence itself is
defined as a cell reactivity state allowing response to a specific stimulus that finally leads
to a specific developmental pathway. Induced cuttings which do not require any more the
rooting signals, are also said to be determined, even if other environmental factors are re-
quired for the completion of the successive developmental phases (Mohnen, 1994).

The inductive rooting period sometimes appears to be very short, being achieved in
less than 24 hours from the time of application of the external auxin (Moncousin et al.,
1988; Hausman et al., 1994). It has also appeared that auxin application was made on cut-
tings which had begun their inductive phase earlier, for instance in shoots at the end of an
in vitro multiplication cycle where the initial cytokinin/auxin ratio had been progressively
reversed and has served as an inductive treatment. Such established facts now explain ear-
lier discrepancies about results of analyses of endogenous compounds.

Taking into account these considerations, a role or several roles for each of the phy-
tohormone types in one or several phases of the rooting process is to be anticipated. The
present paper discusses the indissociable involvement of endogenous auxin(s), poly-
amine(s) and peroxidase(s) in the rooting inductive phase.

IAA LEVEL AND PEROXIDASE CHANGES IN THE INDUCTIVE
PHASE OF ADVENTITIOUS ROOTING

Because the different physiological phases had not been determined in many rooting
experimental systems, the variations in JAA levels measured in the cuttings before and in
the course of the rooting process were quite discrepant (Gaspar and Hofinger, 1988;
Blakesley et al., 1991). It appeared in recent years that, whatever the cutting types, eleva-
tion of the endogenous level of free IAA always occurs in the inductive phase of rooting
(Fig. 1). The early occurrence of the peak (in some cases, in less than 24 hours) and its
transient character, may explain why it has been missed by some authors.

~ Peroxidase activity
LGN

_ Time Figure 1. Generally occurring changes of peroxi-
dase activity and of endogenous free IAA level
along successive inductive, intiative, and expres-

ROOTING PHASES sive rooting phases.

Inductive Initiative Expressive
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shoots during their inductive phase in the presence
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either by riboflavine (0.3 mM; ®) or by PCIB (0.1
mM; A). The respective rooting percentages are in-
dicated.
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This early IAA peaking in the inductive phase has been causally related to rooting:

* it is not observed in non-rooting cuttings (Hausman et al., 1995a);

* it is measurable only in the rooting zone (Hausman et al., 1995a);

* treatments, such as with riboflavine, which inhibit rooting, hinder IAA peaking
(Fig. 2);

* PCIB, a competitor of IAA for auxin-receptors or auxin binding proteins
(Marumo, 1986), when applied at inductive phase, inhibits rooting without hin-
dering IAA peaking (Fig. 2).

This demonstration of the involvement of free IAA in the rooting inductive phase
does not exclude the participation of other auxins such as [AA-aspartate (Blakesley, 1994)
and serotonin (Gatineau et al., 1997).

The study of peroxidase activity and isoperoxidases, first as possible enzymes medi-
ating IAA catabolism and second as markers of the successive rooting phases, allowed the
establishment of a general time-course of activity with a typical minimum at rooting in-
ductive phase, and a typical maximum at initiative phase (Moncousin, 1991; Gaspar et al.,
1992, 1994). Figure | shows two curves: the levels of soluble peroxidase activity and en-
dogenous free IAA, which occur in the course of the ongoing successive inductive, initia-
tive, and expressive phases of rooting, as generally measured in a variety of cuttings
(Gaspar et al., 1992, 1994). These two curves appear to be approximately the reverse of
one another.

The close relations between the peroxidase peak at initiative phase and rooting has
been reviewed (Gaspar et al., 1992). The peroxidase minimum at the rooting induction
phase has been determined more recently (Moncousin et al., 1988; Hausman et al.,
1995b). Its direct relationship with rooting has still to be established.

POLYAMINE CHANGES AT ROOTING INDUCTIVE PHASE

In addition, many studies hypothesized a role for polyamines in the rooting process
(Friedman et al., 1982, 1985; Jarvis et al., 1983; Tiburcio et al., 1989; Torrigiani et al.,
1989, 1993; Biondi et al., 1990; Altamura, 1994) but very few dealt with precise rooting
phases where polyamines were really involved. A series of works on rooting of poplar
shoots in vitro showed an early typical elevation of putrescine, close to the IAA peak, at
the 67 h close to termination of the inductive phase (Fig. 3). Spermidine and spermine
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did not change significantly. Other arguments that causally implicated putrescine in the
rooting inductive phase of poplar include:

« the transient elevation did not occur in non-rooting cuttings (Hausman et al., 1994);

o it was measurable only in the basal rooting zone (Hausman et al., 1994);

* inhibitors of putrescine biosynthesis, such as DFMO and DFMA (a-difluoromethy-

lornithine and a-difluoromethylarginine, respectively), applied prior to or at the be-

ginning of inductive phase, inhibited rooting (Hausman et al., 1994);

an inhibitor of putrescine conversion into spermidine and spermine (cyclohexy-

lamine, an inhibitor of spermidine synthase), which promoted the accumulation of

endogenous putrescine, favoured rooting, in the absence of exogenously supplied

auxin (Hausman et al., 1995a);

« exogenously applied putrescine, prior to or at the beginning of inductive phase,
provoked rooting (Hausman et al., 1995a).

Additional results point to a major role played by putrescine catabolism through its
A'-pyrroline-GABA (y-aminobutyric acid) pathway (Hausman et al., 1994, 1995a). In-
deed, treatment of poplar cuttings with AG (aminoguanidine, an inhibitor of diamine oxi-
dase, DAO, which converts putrescine to GABA) inhibited rooting (Hausman et al. 1994,
1995a). Similar arguments (Kevers et al., 1997) suggest an involvement of putrescine and
its catabolic pathway to GABA, in the rooting inductive phase of walnut shoot cuttings,
where endogenous IAA and peroxidase had been also implicated (Ripetti et al., 1994;
Heloir et al., 1996).

POSSIBLE INTERRELATIONSHIPS AMONG TAA, PEROXIDASES,
AND PUTRESCINE

Because the activity of the so-called IAA-oxidase system has been found to vary in
parallel to peroxidase activity, at least at the rooting initiation phase (Gaspar et al., 1992,
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1994), it has been tempting to consider the variation of the auxin level as the result of a
peroxidase-mediated auxin catabolism. All peroxidases indeed, but some of them with a
greater efficiency, can catalyze auxin catabolism (Gaspar et al., 1982). Alternatively, it
can be hypothesized that prior changes in IAA levels have modulated peroxidase activity.
IAA is known to control the activity of (other ?) peroxidases involved in lignification
(Ros Barcelo and Munoz, 1992), an obligatory process in root formation, namely
through the differentiation of xylem cells. Other factors involved at different steps of
root formation, such as phenolics (Curir et al., 1989; Berthon et al., 1993), cytokinins
(Vidal et al., 1994), and ethylene (Moncousin et al., 1989), are also known to influence
peroxidase activity. Investigations of the changes of the isoperoxidase spectrum during
rooting has not solved the problem of the relationships between IAA and peroxidase, the
main difficulty being due to the polyfunctionality of the isoperoxidases (Pedreno et al.,
1995). Figures 2 and 3 show that the transient increases of free IAA and free putrescine
at rooting inductive phase occur at about the same time. In the same plant material, under
the same conditions, a peroxidase increase precedes the typical minimum of the rooting
inductive phase at the 6th h (Fig. 4A).

Exogenous application of putrescine or of CHA, in the absence of auxin, promotes
rooting (see above) and provokes a peroxidase peak (Fig. 4B and C). It might be tempting
to suggest that putrescine controls the IAA level, mediated by some peroxidase(s), but the
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Figure 4. Changes in peroxidase activity of poplar shoots. (A) in the presence of NAA as rooting auxin (RM =
rooting medium) or in the absence of NAA (NRM = non rooting medium); (B) in the absence of auxin but in the
presence of putrescine 10*M (NRM + put); (C) in the absence of auxin but in the presence of CHA 107'M
(NRM + CHA).
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Figure 5. Changes in free putrescine (@), spermidine
(M) and spermine (A) in poplar shoots during their in-
ductive phase in the presence of NAA alone (RM), or
supplied with riboflavine 0.3 mM (RM + riboflavine).

reverse is also true. Rooting inhibition by riboflavine (see above) corresponds with a hin-
drance of the characteristic elevation of the IAA peak at the inductive phase, but also of
the temporary putrescine increase (Fig. 5). The transient rise and decline of [AA and pu-
trescine thus seem closely related. It might be hypothesised that IAA and putrescine which
are known to control cell division cycles (Del Duca and Serafini-Fracassini, 1993), and
are required to initiate cell divisions at the end of the rooting inductive phase, rise simulta-
neously. However, the considerable peroxidase variation that occurs in the same time pe-
riod may indicate an eventual role of peroxidase in the relationship between IAA and
putrescine.

Putrescine degradation through its A'-pyrroline pathway (Fig. 6) is accompanied by
the formation of H,0,. Might this H,0, serve some (iso)peroxidases for some of their
roles? The following hypotheses can therefore be formulated as to roles for peroxidases in
the interplay between IAA and polyamines:

a. putrescine might indirectly inactivate some peroxidase(s) involved in auxin ca-
tabolism by providing H,0, through its catabolism, thus favouring an increase in
the level of endogenous IAA;

b. an increase in putrescine level might alternatively enhance peroxidase activity
and hence bring about a decrease in IAA level; a possible putrescine control of
peroxidase activity via the GABA shunt and the Shemin pathway must not be
excluded. Indeed a GABA shunt of tricarboxylic acid cycle, from glutamate
(Shelp et al., 1995) or from polyamines (Bisbis et al., 1997) to succinate, as
illustrated in Figure 7, has been shown to be operative under certain stress con-
ditions, and succinate is a precursor for the biosynthesis of tetrapyrrole-contain-
ing compounds such as peroxidase via the Shemin pathway (Castelfranco and
Beale, 1983). Rooting might by some way be considered as a response to stress
(injury due to cutting plus imposed hormonal imbalance in favour of auxin).
GABA alone, in the absence of auxin, is indeed able to promote rooting to some
extent in poplar shoots (unpublished data).
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Finally, it becomes evident that many transduction pathways may not be initiated
without the participation of the membrane-wall associated peroxidases (and NAD(P)H
oxidase) and the generation of active oxygen species. Among the latter, H,O, has been
proposed to be involved directly in the regulation of gene expression (Mehdy, 1994). Ex-
periments will be designed to check these hypotheses.
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INTRODUCTION

The polyamines (PAs) such as putrescine (PUT) spermidine (SPD) and spermine
(SPM) are involved in numerous processes associated with plant growth by affecting cell
division (Bagni et al., 1982) and cell development (Slocum et al., 1984). In explants,
treated with auxin, polyamines show increase concentration especially before root emer-
gence (Desai and Mehta, 1984; Friedeman et al., 1982), but the relationship between
auxin-induced root formation, polyamine content, polyamine synthesis inhibitors and eth-
ylene is yet unclear (Biondi et al., 1990). It is generally accepted that auxin has a central
role in the initiation of adventitious roots (Davis et al., 1988) and many studies have at-
tempted to correlate peroxidase enzyme activity with rooting, the inductive phase being
achieved through lowering peroxidase activity (Gaspar et al., 1985). Although for most
species, exogenous treatment with PAs does not affect rooting (Biondi et al., 1990), in
some species, PAs increase rooting, such as: olive (Rugini and Wang, 1986), azalea (Mirk-
ovic, 1993), hazelnut (Rey et al., 1994) poplar (Hausman et al.. 1995). In olive exogenous
PUT increases root percentage, promotes earlier rooting and increases the number of
roots/explant both when combined with auxin or following treatment with Agrobacterium
rhizogenes (Rugini, 1992). It has been shown that following exogenous treatment with
H,0,, a product of PA’s catabolism, such as PUT, increases rooting percentage and pro-
motes earlier rooting. It was suggested that the role of PAs in rooting by the H,0O, was to
increase the peroxidase activity (Rugini et al., 1991) and to see whether they could be
used as an early marker for rooting ability. By using olive, which possesses endogenous
suboptimal levels of PAs, this work attempts to clarify the role of PAs in the induction of
rooting.

Biology of Root Formation and Development, edited by Altman and Waisel.
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MATERIALS AND METHODS
Source of Plant Material

Cuttings for in Vivo Experiments. Cuttings were obtained from subapical twigs with
4 leaves, collected from 8-year-old plants of cv Frangivento. Fifty cuttings, subdivided in
5 blocks, were used for each treatment. Cuttings were immediately dipped in auxin by
placing two centimeters of their basal end for 10 sec in a solution containing 2000 ppm
IBA in alcohol/water (1:1 w/v). Treatment with H,O, at 3.5% volume or in 1 mM ac-
queous solution of Putrescine-HCI was carried out with the same way for 30 sec and 30
min respectively at 0, 2 and 5 days. The cuttings were placed in perlite and maintained at
23 + 1°C constant temperature on a bench covered with glassfibre slab.

Explants for in Vitro Experiments. Explants used were derived from olive shoots, cv
Moraiolo, which had been maintained for 4 years by subculture every 35 days on OM
(Rugini, 1984) plus 18 uM zeatin riboside, 3% sucrose and 0.7% agar. All cultures were
maintained under a 16 h photoperiod at 40 umol m™s™' provided by cool-white fluorescent
lamps at 23 + 1°C. Bourgin and Nitsch (1967) medium with macroelements reduced to
half, supplemented with 2% sucrose, 0.7% agar and 3.2 uM NAA, at pH 5.8 was used as a
rooting medium. All media were autoclaved at 121°C for 20 min. The following sub-
stances, PUT, SPD, DFMO, DFMA, DCHA were added to the rooting medium at 1 mM
concentration. Gibberellic acid at 57, 142 and 285 pM, and AG at 10 uM concentration
were also used. Each treatment of the rooting test involved 30 uninodal olive microcut-
tings placed singly in test a tube (200 x 16 mm) containing 5 ml of medium.

Peroxidase Activity Determination

At the beginning of the rooting experiment 1 gram of uninodal explants, from basal
shoots, were taken off the rooting medium with or without PUT, at 0, 6, 31, 48 and 72 h in
the dark and under 16 h photoperiod. The explants were homogenized in a cooled mortar
and pestle using 4 ml of 0.1 M citrate-phospate buffer (pH 5.0) containing 2 mM ditiotrei-
tol (DTT) and 1% (w/v) polyvinylpyrrolidone. The homogenate was centrifugated at
15,000 g for 20 min and the supernatant was dialized and used as an enzyme extract for
peroxidase activity, using guaiacol as a hydrogen donor. Peroxidase activity was measured
at 470 nm using a spectrophotometer at 30°C. The assay medium contained 40 mM guaia-
col (in citrate-phospate buffer pH 5.0), 5 mM H,0O, (in citrate-phosphate buffer, pH 5.0)
and 100 ul of extract. The protein content was determined by the Coomassie staining
method described by Bradford (1976), using BSA as standard.

Polyamine Analysis

The PAs were analyzed in: 1) One cm apical rapid growing shoots of olive, chestnut
and walnut, 2) one cm of basal end of cuttings from easy-to-root genotype (Frangivento)
and difficult-to-root genotype (unknown genotype), 3) whole explants placed to root under
16 h photoperiod and in dark conditions, both treated with PUT and untreated ones (as
control). Cuttings and whole explants were analyzed at 0, 1, 2 and 5 days. The samples
were homogenized in PCA (percloric acid) and distinguished in free PAs (aliquots of the
PCA supernatant), conjugated PAs (of the same hydrolyzed supernatant) and bound PAs
(of the hydrolyzed pellet); they were then dansylated (Palavan and Galston, 1982), sepa-
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rated by thin layer chromatography in chloroform:triethylamine (5:1) and detected using a
spectrofluorimeter.

Determination of Root Elongation and Histological Observation

The explants from rooting medium with or without PUT were transferred immedi-
ately after root apex protrusion to the same medium with or without PUT. Every two days,
over 15 days, the elongation of the roots was measured by marking the glass with a pen. A
sample of ten explants at 7, 10 and 15 days, were removed from the medium and vacuum
infiltrated for 10 min with FAA (formalin acetic acid). They were then dehydrated with
ethanol at increasing concentrations. Sections (less than 10 pum thick) were cut using a ro-
tary microtome (Microm HM 340 E). Cut paraffin sections were passed through a xylol
series, stained with safranin-fast green combination and mounted in Canada balsam before
being examined under a light microscope.

RESULTS

Effect of Scalar Treatment with PUT and H,0, in Cuttings

The roots started to appear at the basal end of cuttings after one month. Both H,0, and
PUT did not affect rooting when supplied at the Sth day, while both promoted early rooting
and increased the final rooting percentage when applied when the cuttings were prepared (0
day); H,0, affected rooting also on the 2nd day (Fig. 1). In addition, PUT alone, without
auxin, increased rooting compared to the untreated material (data not shown).

Effect of PUT, SPD, and PA Inhibitors on in Vitro Explants

PUT had the same effect observed in cuttings while SPD caused basal necrosis in
explant tissues in contact with the medium in 75% of the explants; however the roots
emerged despite the necrosis and the final rooting percentage was no different from the
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Figure 1. Rooting percentage of olive cuttings all treated at time of preparation with IBA in hydroalcholic solu-
tion, followed by treatment with PUT and H,0, at time cuttings were made (0), at 2nd and 5th day. Triangles indi-
cate the differences by X” test of homogeneity at P = 0.05 with the corresponding control (C) mean.
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control. The necrosis was reduced to 10% by inhibiting PUT catabolism with AG, which
doubled the endogenous conjugated of PUT at the first day or to a lesser extent, at 60%,
by inhibiting the convertion of PUT to SPD when DCHA was added to rooting medium.
The necrosis was completely eliminated by adding AG and DCHA at the same time (data
not shown). The AG, applied singly or combined with PUT, increased rooting percent-
age, but this increase was not seen following addition of DCHA even in the presence of
PUT (Fig. 2). However, in those rare experiments in which PUT, did not increase rooting,
AG alone did not affect rooting unless added with PUT (data not shown). The inhibitors
of PUT synthesis, DFMO and DFMA, both applied to the rooting medium, inhibited
rooting; an effect which could be reversed partially by both the addition to the medium
of PUT or by dipping the basal explants in H,0, before placing them on the rooting me-
dium (Fig. 2).

Effect of GA, and PUT on Rooting and on Peroxidase Activity in Explants. GA,, at 57
uM added to rooting medium completely inhibited rooting. However, when it was added
together with PUT, rooting occurred although at a lower percentage (Fig. 3). Explants de-
rived from shoots grown on proliferation medium with 142 and 285 uM of GA, respec-
tively showed decreased rooting ability (17% and 30%) unless PUT was added (data not
shown). The peroxidase activity in the explants under a 16 h photoperiod (in which PUT
increased rooting) was higher in PUT-treated explants than untreated ones from the 31st

Figure 2. Effect of PUT, H,0, and some inhibitors of synthesis and catabolism of PAs on rooting in in vitro olive
explants.
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Figure 3. Effect of PUT and GA, added to rooting medium on rooting olive explants.

hour onwards (about 120%) (Fig 4). On the contrary, in explants placed in the dark (in
which PUT does not increase rooting) the trend was similar but the activity was slighly
higher in untreated explants (data not shown).

Effect of PUT on Root Elongation and Histological Observation. During 15 days of
observations, the diamine did not increase root elongation in explants initially placed in
auxin medium or in explants placed in auxin plus PUT medium. On the contrary, the ex-
plants initially treated with PUT showed shorter roots compared with those initiated in
auxin only, but those transferred to a medium with auxin only showed more roots/explant
(Tab. 1). The histological analysis showed a precocious formation of initials in explants
treated with PUT. At 7 days only 33.3% of the untreated explants had formed initials,
while 70% of the PUT-treated ones showed well developed root primordia.

Figure 4. Total peroxidase activity in olive
uninodal explants on rooting medium with
or without PUT in 16 h light photoperiod.
Data are means from an experiment run in
triplicate representative of four independent
experiments. SD did not exceed 5% of the
means.
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Table 1. Root length and number of roots/explant in in vitro
olive explants detected after]Sth day from root protrusion
in fresh NAA or NAA + PUT media

Media Roots
Initial - Elongation Length (mm)  n°x explant
NAA - NAA 19.2a% 2.00a
NAA - NAA + PUT 19.0a 2.33a
NAA + PUT - NAA 15.2b 2.90b
NAA + PUT —  NAA+PUT 15.1b 2.12a

* Mean separation by Duncan’s test (P = 0.05)

Endogenous PA Variation during Early Rooting Stage

The total PA content in field grown shoots of olive was about half the content (172
nmol/g.FW) of PAs compared to chestnut and walnut (346 and 367 nmol/g.FW respec-
tively). The content of PUT, SPD and SPM was more or less the same. Both, one centime-
ter basal end of the cuttings and in vitro whole explants, showed similar PA form (free,
conjugated or bound) variation within 5 days of observation. However in those which
would not root (difficult to root genotype, explants placed under 16 h photoperiod, un-
treated with PUT) showed, on the 2nd day and sometimes also on the 1st day, a signifi-
cantly higher accumulation of bound PAs compared to those which would root easier
(easy to root genotype, explants in darkness and explants treated with PUT) (Fig. 5).

DISCUSSION

Contrary to the observations with other species, in olive, exogenous treatment with
PUT increases rooting percentage, promotes early rooting and increases root number. This
is due mainly to the low endogenous content of PAs, both in field grown shoots, as dem-
onstrated here and, as previously observed in in vitro shoots at the end of the proliferation
phase (Rugini et al., 1993) if compared with species which do not respond to exogenous
PUT. In this work 5 experiments were aimed to demonstrate the role of PAs in the early
stage of rooting, by means of H,0,; other exsperiments demonstrated that PAs can be con-
sidered even as a marker of rooting: 1) H,O, promotes earlier rooting and increases root-
ing percentage in a manner analogous to PUT. Since H,0, treatment affects rooting both at
preparation time and at the 2nd day, while PUT is only as affective at the time the cuttings
are taken (Fig. 1), this indicates that the cells, to differentiate into roots, require H,O, at an
early stage. The H,0,, from exogenous PUT treatment at the 2nd day, might become avail-
able too late, because it seems that H,0, does not come directly from PUT degradation
rather from other PAs. In fact, the inhibition of PUT catabolism with AG does not reduce
rooting when added alone or in combination with PUT, but on the contrary increases it.
This increase was avoided by the inhibition of conversion of PUT to SPD by DCHA, indi-
cating that the increase of rooting caused by exogenous application of PUT was mainly
dependent on the conversion of PUT to SPD. This is in contrast with poplar, in which AG
inhibited rooting while DCHA promoted it (Hausman et al., 1995). 2) Like PUT, H,0, can
partially remove the inhibition of rooting by the two inhibitors of PUT biosynthesis,
DFMA and DFMO. 3) The increase of peroxidase activity in explants treated with exoge-
nous PUT can be due to the H,0,, produced from PA degradation, H,O, being a substrate
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Figure 5. Bound PAs at 2nd day detected
in: A) two cm basal cuttings in easy-to-root
and difficult-to-root genotypes; B) in in vi-
tro whole olive explants placed in 16 h light
photoperiod (L), which resulted difficult-to-
root and in the dark (D) which resulted
easy-to-root; and C) total bound PAs de-
tected in whole explants at 0,-1 and 2 day in
rooting medium, with PUT (C) (high root-
ing %) and without PUT (low rooting %).

for peroxidases. This effect may contribute to the decrease of auxins in the cells which
seem essential for rooting induction (Gaspar et al., 1985). This increase was observed only
in the 16 h photoperiod, where exogenous application of PUT affected rooting. While, in
the dark, where PUT does not affect rooting, it was similar or higher in PUT untreated ex-
plants. 4) PUT can avoid the inhibition of rooting caused by the treatment with GA,which
allows the increase of auxins by protecting them from degradation. PUT re-established
rooting both when GA; was added to the rooting and to the proliferation medium. Supply-
ing shoots, during the proliferation phase with GA, at a concentration greater than 57 uM,
may allow for accumulation in the cells. In fact, relatively low concentrations in the pro-
liferation medium results useful because it reduces the lag phase of the shoots and conse-
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quently speeds up shoot growth without subsequently affecting rooting. 5) Finally, since
PUT does not speed up root cell division (Tab. 1), the exogenously applied PUT acts in the
very early stages of rooting phase; so the early root protrusion in PUT-treated explants ob-
served was not due to a higher rate of cell division but to the earlier root initial formation,
as the histological observation also demonstrated.

The other successful aim of this work was to consider PAs as a precocious marker of
rooting. All of the three experiments aimed to compare the PA variation between explants
placed in conditions ranging from easy-to-root to difficult-to-root (such as: 16 h photope-
riod vs dark, with vs without PUT treatment and difficult-to-root vs easy-to-root geno-
types) behaved in the same manner. All experiments showed an accumulation of PAs in
bound form, within the 1st and 2nd day, only in explants which will root with difficult or
will not root at all.

In conclusion, this work confirmed our previous observations that exogenous PUT
and H,0, treatments increased rooting percentage, root number/cutting or explant and pro-
moted earlier rooting in both olive cuttings and in vitro explants. These marked effects are
due to the low endogenous PA content compared to other species, such as walnut and
chestnut, which are not affected by PA treatment; this suggests that olive could be used as
a model plant in the study of the role of PAs. PUT does not affect root elongation at a con-
centration able to increase rooting, indicating that the earlier protrusion of root apicies ex-
clusively depends on the early primordia formation. PUT affects rooting only if applied at
an early stage, probably in the induction phase mainly through H,O, from SPD or SPM
catabolism by increasing peroxidase activity. Finally, determination of bound PA content
could permit the identification of explants which will not root even at a very early stage
by observing the accumulation of bound PAs.
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INTRODUCTION

Studies conducted on the plant model Arabidopsis thaliana demonstrate that primary
and lateral root meristem formation are controlled by different factors including the
number, nature and environment of the original cells as well as hormonal and genetic con-
trols (Aeschbacher et al., 1994, Celenza et al., 1995). The primary root meristem derives
from one cell of the embryo and the hypophysis whereas the lateral root meristem rises
from pericycle cells of primary root system. Adventitious root formation (ARF) is a mul-
tistep developmental process in which competent cells are induced to form a root mer-
istem (Mohnen, 1994). Thus, it can be hypothesized that adventitious root meristem
(ARM) formation has its own characteristics. This specificity could reside in 1) the induc-
tion process since ARM can be formed from differenciated cells of variable origins (Chri-
qui, 1985) and 2) the ARM organization process which depends on the cellular
neighbouring of the pre-meristematic cells.

An in vitro plant model using mature cotyledon fragments cultured without phyto-
hormone was developed in our laboratory to study ARF in walnut (Jay-Allemand et al.,
1991). The first part of the work was to describe morphological and histological changes
going on during this process leading always toward ARF after 4-5 days of culture. It was
shown that induction occurred within the 2 first days of culture giving rise to an unorgan-
ized cell cluster with meristematic characteristics (Gutmann et al., 1996). These observa-
tions were in good accordance with those of Nougarede and Rondet (1983) in dwarf pea
epicotyls. Then, the whole or only part of these pre-meristematic cells are committed to
form an ARM (Gutmann et al., 1996). The work presented here emphasizes on the bio-
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chemical events involved in ARF induction and ARM formation in walnut cotyledons: in-
dolic compounds, B-glucosidase activities and naphtoquinones were studied knowing their
potential involvement in rhizogenesis (Blakesley et al., 1994, Ashford and McCully, 1973,
Jay-Allemand et al., 1995).

EXPERIMENTAL

Plant Material

Series of cotyledon fragments were isolated from mature walnuts (Juglans regia L.)
collected on the variety Lara in September 1995. These fragments were cultured in vitro
on a hormone-free gelified medium in order to induce ARF (Jay-Allemand et al., 1991).
Most of the analyses were conducted on the root initiation zone (RIZ) defined as a zone of
2 mm below the petiole tip.

Histological Studies

Cotyledon fragments were sampled before in vitro introduction and at 0, 96 and 144
h of culture. They were fixed for 2 h in a 2,5% glutaraldehyde solution in 0,1M phosphate
buffer pH 7,5. After several washes in buffer solution, samples were dehydrated in a
graded ethanol series (50, 70 and 96%) and embedded in glycol methacrylate. Semithin
sections of 2 um were stained with toluidine blue O.

Triiodo-Benzoic Acid (TIBA) Treatments

For dose-response experiments a series of cotyledon fragments was cultured in me-
dium containing 0, 5.107%, 107, 10 or 5.10° M TIBA. After 24 h of culture, samples were
transferred into a new culture medium without TIBA. Rooting rates were expressed as the
percent of rooted fragments after 15 days of culture. To evaluate TIBA effects on endo-
genous IAA and IAAsp contents, cotyledon fragments were cultured in medium without or
with 5.10° M TIBA and collected to be analysed after 0, 6, 12 and 18 of culture.

Indole-3-Acetic Acid (IAA) and Indole-3-Acetylaspartic Acid (IAAsp)
Quantitation

Indolic compounds were extracted with col