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ABSTRACT

Plants are necessarily complex systems that require
monitoring of multiple environmental signals and,
in response to those signals, coordination of differ-
entiation and development of an extensive array of
cell types at multiple locations. This coordination
must rely on integration of long-distance signals
that provide a means of communication among
different plant parts. We propose that the relatively
well-characterized classical phytohormones must
act with several other long-distance signals to
achieve this level of organization with dynamic yet
measured responses. This is supported by observa-
tions that classical phytohormones: (i) operate in
complex yet experimentally unresolved networks

involving cross-talk and feedback, (ii) are generally
multifunctional and nonspecific and hence must
rely on other long-distance cues or pre-set condi-
tions to achieve specificity and (iii) are likely to
mask roles of other long-distance signals in several
experimental contexts. We present evidence for
involvement of novel long-distance signals in three
developmental processes—branching, flowering
and nodulation, and discuss the possible identities of
novel signalling molecules.
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INTRODUCTION

Genes control the growth and differentiation of cells
in response to environmental conditions and to lo-
cal and systemic developmental states. The impor-
tance of this dynamic relationship in plants is
reflected in enormous phenotypic plasticity such
that plants of the same genotype grown under dif-
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ferent conditions can appear qualitatively different
(for example, see Beveridge and others 2003). To
control development, some information about the
developmental fate of cells is carried by the state of
gene expression in those cells, but a considerable
amount of information must also be received from
elsewhere. Long-distance signals in plants orches-
trate the regulation of development in response to
the environment and ensure that growth and dif-
ferentiation of individual plant parts is commensu-
rate with the activity of other plant parts. Long-
distance signals are a well-documented component
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of the regulation of most aspects of development
including light and stress responses, flowering,
branching, nodulation and root and shoot growth
and a multitude of other processes including nutri-
ent uptake and transport (for example, see Curie
and Briat 2003; Trewavas 2002a). This is consistent
with the observation that plants, like all biological
organisms, are complex systems, requiring feedback
regulation among their components (Kitano 2002).
Consequently, plant development is regulated by
complex networks of long-distance signals that in-
volve feed-forward (induction) and feedback (sup-
pression) of both the signals and the processes they
control.

The notion of networked control systems in
plants has been highlighted by Trewavas (see for
example, Trewavas 2002b), who emphasizes prob-
lems with attributing control of individual processes
to single regulatory substances. The concept of plant
hormones as primary limiting factors in develop-
ment and physiology has rested largely on experi-
ments with biosynthesis mutants and growth
regulator applications. There are clear-cut data in-
dicating, for example, that stem elongation corre-
lates with gibberellin content (GA;) (Ingram and
others 1986) or that stomatal aperture can be tightly
coupled to incoming xylem abscisic acid flux (ABA)
(see Dodd this issue). Trewavas, however, points
out that intact plants will have multiple inputs into
stem growth rate, including light, nutrient status,
and other hormones including auxin (Ross and
others this issue) and ethylene; likewise additional
factors can influence stomatal aperture, operating
via ABA, antagonistically to ABA, or independently
of ABA signalling (Dodd this issue). Consistent with
the operation of hormones within a complex net-
work, the control of plant processes by hormones is
generally relative rather than absolute, with the
control strength exerted by any single regulator
being modified by other influences existing at that
time.

Long-distance signals usually act in target cells
via local signalling cascades comprising receptor
complexes and several signal transduction proteins
(for example, Leyser and Deng 2000). These signal
transduction pathways have recently been recog-
nized as networks themselves with feedback and
cross-talk among the components and among dif-
ferent transduction pathways and phytohormones
(Leyser and Deng 2000 and references therein;
Trewavas 2002a). Genetic modification of this con-
trol process in target cells may result in altered
phenotypes. However, if the modification is in du-
plicated/redundant genes or in systems where
down-stream genes induce feedback regulation of

other genes in compensation, a clear mutant phe-
notype may not eventuate.

Mutant screens for altered response to known
phytohormones have revealed several genes critical
to normal plant development which preclude or
reduce the hormone response. Generally these
mutants show highly pleiotropic phenotypes. Some
of the most successful screens have yielded genes
acting in ethylene responses (for example, Cancel
and Larsen 2002). However, involvement of addi-
tional components in the signalling network can
yield mutants that lack a response to a particular
hormone but have a primary lesion in a different
part of the signalling network. For example, /kb in
pea was originally characterized as a GA response
mutant but was later found to have a lesion in the
brassinosteroid biosynthesis pathway, thereby
causing an indirect effect on GA response (Nomura
and others 1997). Such cross-talk in hormone re-
sponse would probably not have been revealed had
brassinosteroids not been discovered independently
of gibberellins. Defining mutants as either ““hor-
mone deficient” or “hormone response’”’ may
therefore be misleading in the case of the latter.

One of the central themes of this special issue is
the importance and prevalence of hormone cross-
talk and interactions in the regulation of plant de-
velopment, whether that be at the level of biosyn-
thesis and metabolism or of signal transduction. The
interaction of long-distance signals contributes to
the pleiotropic effects of plant hormones. Given that
relatively complicated networks of interacting
components, including classical plant hormones,
regulate plant development, it is likely that these
networks mask the involvement of additional, novel
long-distance signals.

PLEIOTROPIC REGULATORS MASK
SpEcIFiIc REGULATORS

The role of auxin in plant development is an ex-
cellent example of how the pleiotropic effects of one
hormone may mask the effects of another. Let us
suppose that auxin is a ‘““master regulator”’ (see also
Ross and others this issue), disseminating critical
information on the growth and status of the shoot
tip and young leaves, whereas the induction of in-
dividual developmental processes, such as flower-
ing, nodulation and branching, requires one or
more long-distance signals specific to that particular
process (Figure 1). Modulations in auxin levels
would override or regulate the action of these spe-
cific pathways. Indeed, auxin appears to be associ-
ated with nearly every developmental process
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(Leyser 2001), different signal transduction path-
ways mediate different effects of auxin (Vogler and
Kuhlemeier 2003) and other hormones and signals,
known and unknown, are involved in complex
networks with auxin (see also Vogler and Kuh-
lemeier 2003). Moreover, if auxin action over long-
distances requires modification by other compo-
nents in the signalling network, surely these com-
ponents must also act as long-distance signals in
order to achieve specificity in the message transfer
from one location to another? The step-wise anal-
ysis of branching and other developmental mutants
described below shows how grafting studies and
hormone analyses can identify roles for known
“master regulators” and demonstrate involvement
of specific, yet novel long-distance regulators.

CAsE StupiEs HIGHLIGHTING NOVEL
DEVELOPMENTAL SIGNALS

Branching

Studies on branching, flowering and nodulation
have provided evidence for specific roles of novel
long-distance signals in plant development. Shoot
branching is an enormously plastic component of
plant architecture (Beveridge and others 2003).
Environmental factors, especially light and soil nu-
trition, have dramatic effects on shoot architecture
and nearly all plants rapidly initiate new branches
from lateral buds if the main stem is damaged.
Branching therefore represents the product of ac-
tivity or inactivity of many shoot meristems at po-
sitions along every plant stem. Exogenous hormone

Nodulation Inhibitor
Branching Feedback Signal

Branching Inhibitor
I Nodulation Feedback Signal

Figure 1. Coordinate regulation of flowering,
branching and nodulation. A tiny subset of the
signals involved in plant development is shown
here including a ““master regulator”’, auxin, and
six presumably novel, but specific long-distance
signals. The central importance of the shoot tip
and young leaves is reflected by the influence
of auxin on many processes (including nodu-
lation and branching). The specific induction
and homeostatic regulation of these develop-
mental processes may in some cases occur in-
dependently of auxin, enabling more precise
information transfer within the plant.

studies, especially with auxin and cytokinin, but
also with ABA, ethylene and gibberellin, indicate
multiple responses of such meristems.

Mutants selected on the basis of altered branch-
ing phenotype allow focus on branching-specific
regulators. Genes such as RMSI, RMS2 and RMS5 in
pea, MAX1 and MAX3 in Arabidopsis, and DADI in
petunia all appear to regulate long-distance signals
that can inhibit branching (Morris and others 2001;
Turnbull and others 2002; Napoli 1996). In grafting
experiments, a whole wild-type rootstock (Figure 2)
and/or a few millimeters of wild-type interstock is
able to suppress branching of mutant scions that
would otherwise be highly branched. Further
grafting experiments in pea indicate that the signal
moves acropetally, but not basipetally in shoots
(Foo and others 2001). Cytokinin and auxin quan-
tification from xylem sap and shoots, respectively,
indicate that the signal is not a major cytokinin or
an auxin precursor and is therefore probably not a
known phytohormone (Figure 2) (Beveridge and
others 1997b; Morris and others 2001). Neverthe-
less, feedback regulation of these hormones is evi-
dent in the rms mutants, with several exhibiting
decreased xylem sap cytokinin content and often
increased shoot auxin content (reviewed by Beve-
ridge 2000). The branching signal that moves to the
shoot appears to be essential for applied auxin to
inhibit branching following decapitation. Decapi-
tated rms shoots have a reduced response to exo-
genous auxin but grafting to WT can restore this
response (Beveridge and others 2000). Grafting
provided the essential demonstration that the re-
duced auxin response was not due to a local lesion
in auxin signal transduction, but to a lesion in the
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Figure 2. Evidence that RMSI in pea regulates a novel
branching signal. Reciprocal graft combinations of rmsl
and WT plants are shown. Shoot indole-3-acetic acid
(IAA) levels and total root xylem sap cytokinin (CK)
concentrations are represented by the thickness of arrows,
whereas arrow direction represents direction of transport.
The WT self-graft is labelled to show a node, a branch, and
the node of flower initiation (FI). Data are mostly from
Beveridge and others 1997b; Foo and others 2001 who
provide evidence that the signal is an inhibitor. Photo-
period, 18 h. Data not available are shown as n.a.

synthesis, transport or metabolism of a long-dis-
tance signal that is part of the branching control
network.

Based again on branching mutant grafting, there
appears to be a second novel signal in this network,
capable of transmission from shoot to root, that
down-regulates root cytokinin export (Beveridge
and others 1997a). Branching mutant scions (rms3
and rms4) grafted to WT rootstocks cause a decrease
in root cytokinin export whereas WT scions can re-
store cytokinin export from mutant roots (Figure 3).
This effect of the scion does not appear to be due to
altered indole-3-acetic acid transport or level in
mutant shoots (Beveridge and others 1996, 2000).

Flowering

Molecular-genetic analyses of flowering in Arabid-
opsis, the species most thoroughly investigated for
this developmental process, indicate four distinct
floral signalling pathways: circadian clock/photo-
period response, vernalization response, autono-
mous and GA response (for example, Mouradov and
others 2002). Some genes have been shown to act
in more than one pathway and may be involved in
integration of responses to multiple environmental
stimuli including cold and photoperiod. None of
these genes is expressed exclusively in either the
shoot apical meristem or in leaves (Aukerman and
Amasino 1998) and, despite most of them being
cloned, none has provided an obvious clue on the

Scion: WT rms4 WT rms4

IAA: n.a. n.a. l

]

Stock: ms4 rms4

cK: 1 B 1 w 1

Figure 3. Evidence that a long-distance signal derived
in shoots regulates cytokinin export from roots in pea.
Reciprocal graft combinations of rms4 and WT plants are
shown and annotated, as described in Figure 2. Data are
mostly from Beveridge and others 1997a and Beveridge
2000. Photoperiod, 18 h. Data not available are shown as
n.a.

Scion: WT dne WT dne

Stock: WT WT dne dne

Figure 4. Evidence that DNE in pea regulates a long-
distance signal required to delay flowering. Reciprocal
graft combinations of dne and WT plants are shown and
annotated, as described in Figure 2. The delay in flower-
ing in dne scions grafted to WT rootstocks is about 3.5
nodes, or 125% that of dne self-grafts. WT scions grafted to
dne rootstocks initiate flowers at the node of flower ini-
tiation (FI), but do not develop flowers until several nodes
later (FD). Data are mostly from Murfet 1971 and King
and Murfet 1985. Photoperiod, 8 h.

biochemical identities of long-distance flowering
signal(s). Moreover, until recently (Turnbull and
others 2002), grafting studies have not been avail-
able in Arabidopsis in order to elucidate which of
these genes may regulate long distance signals.
Nevertheless, it is well established via studies in
tobacco, Sinapis and pea that long-distance signals
play an important role in the ontogenetic timing of
flowering and the response to photoperiod (for ex-
ample, Lang 1977; Murfet 1971; Havelange and
others 2000). In tobacco and Sinapis, inductive light
treatments supplied to individual leaves induce
flowering in the shoot tip; grafts among different
pea genotypes are discussed below. The INDETER-
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MINATE 1 gene (IDI) of maize may regulate a long-
distance signal because it controls the transition to
flowering at the shoot apical meristem while ex-
pressed specifically in immature leaf tissue (Colas-
anti and others 1998).

Although flowering in potato is not influenced by
photoperiod, a photoperiod-dependent pathway
and a gibberellin-dependent pathway have been
proposed for potato tuber formation (Martinez-
Garcia and others 2002a). Interspecific grafts be-
tween tobacco and potato indicate that the signal
produced in leaves of florally induced tobacco spe-
cies is similar to or the same as the signal that in-
duces tuberization in potato (Jackson 1999). When
the Arabidopsis flowering gene AtCO (CONSTANS;
for example, Suarez-Lopez and others 2001) is
overexpressed in potato, it impairs tuberization
under SD conditions (Martinez-Garcia and others
2002b) indicating that CO may act on a common
pathway for these species. Moreover, grafting of
AtCO overexpressing potato lines and WT plants
revealed that AtCO exerts its inhibitory effect on
tuberization by acting in leaves and not directly at
the site of tuberization (Martinez-Garcia and others
2002b). Functional homology of CO may also occur
in the short-day plants, rice and Pharbitis (Samach
and Gover 2001). A rice CO homolog corresponds to
the QTL Hdl which is responsible for the difference
in photoperiod sensitivity between rice cultivars
(Yano and others 2000) and the Pharbitis CO ho-
molog PnCO is able to complement the late-flower-
ing Arabidopsis co mutant (Liu and others 2001).

Flowering mutants at more than ten loci in pea
have been used to elucidate roles of long-distance
signals in flowering control in that species (for re-
cent review, see Beveridge and others 2003).
Grafting and photoperiod-response experiments
have provided evidence for two distinct long-dis-
tance signals, an inhibitor acting in a photoperiod
response pathway and a floral stimulus acting in a
flower-specific (autonomous) pathway. For exam-
ple, rootstocks of photoperiod-responsive WT seed-

Figure 5. Evidence that GI in pea regulates a long-distance
signal required to promote flowering. Reciprocal graft com-
binations of gi and WT plants are shown and annotated as
described in Figure 2. Data are mostly from Beveridge and
others 1996. Photoperiod, 24 h (8 h natural daylight fol-
lowed by 16 h incandescent light only).

lings cause a delay in flower initiation in day-
neutral mutant (dne) scions and dne rootstocks cause
early flowering in WT scions (Figure 4) (Murfet
1971; King and Murfet 1985). In contrast, WT
rootstocks accelerate flower initiation of very late-
flowering photoperiod responsive gigas (gi) scions,
although gi rootstocks have little effect on the
flowering node of WT or dne scions (Figure 5;
Beveridge and Murfet 1996).

Because of the different approaches used to
characterize the mutants, parallels between Arabid-
opsis and pea are difficult to draw, particularly when
comparing the photoperiod pathways in which a
putative inhibitor is involved in pea but an activator
in Arabidopsis (Weller and others 1997). Despite the
lack of experiments directly testing for long-distance
signalling in the vernalization response in Arabid-
opsis, and the observation that several genes acting
in the vernalization response pathway are expressed
in tissues in addition to the shoot apex (for example,
FLC; Michaels and Amasino 1999), the most com-
mon hypothesis is that vernalization in that species
acts only in the apex. In contrast, while grafting
studies with vernalized and control pea seedlings
show a vernalization response that is specific to
shoots (Beveridge and others 1996), there is an
additional vernalization response mediated by a
graft-transmissible signal, perhaps that controlled by
the photoperiod response pathway (Reid and Mur-
fet 1975). Similar experiments should be conducted
in Arabidopsis, either by grafting (Turnbull and
others 2002) or by transgenic approaches with tis-
sue-specific promoters.

Unlike the flower-specific promotion pathway in
pea, the photoperiod response pathway regulates
many developmental processes (Beveridge and
others 2003). In Arabidopsis, the photoperiod re-
sponse system is associated with the circadian sys-
tem, known to regulate many genes (Harmer and
others 2000). This led Beveridge and others (2003)
to hypothesize that the photoperiod response
pathway in pea does not simply regulate a single
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long-distance signal, but is associated with the cir-
cadian system which may control multiple long-
distance signals specific to particular developmental
processes.

Several hypotheses and candidate molecules have
been proposed for the biochemical nature of long-
distance signals controlling flowering (for example,
Bernier and others 1993). Whereas gibberellins may
play a major role in flowering for species such as
Arabidopsis, Lolium temulentum (King and others
2001, 2003; King and Evans 2003) or for tuber de-
velopment in potato (Fernie and Willmitzer 2001;
Martinez-Garcia and others 2002a), it may not do so
for species such as maize or pea where the delay in
flowering in GA-deficient mutants is only slight,
and attributable to indirect effects (Colasanti and
Sundaresan 2000; Murfet and Reid 1993). More-
over, exogenous GA can actually cause a delay in
flowering in pea, rather than a promotion (Beve-
ridge and Murfet 1996). Similarly, mutant rms
plants indicate that root-derived cytokinins may not
influence flowering in pea. Mutant rms lines can
differ up to 40-fold in xylem sap cytokinin con-
centration and yet flower at a similar node to WT
(Beveridge and others 1997a, b). Schmiilling (2002)
also argues that root-derived cytokinins may not be
critical regulators of shoot branching, but may play
an important role in regulating shoot responses to
nutrients. Bernier and others (1993) suggests that
flowering is controlled by a complex network in-
volving interplay of several phytohormones, and
assimilates. Assimilate partitioning is altered in dif-
ferent pea and sweet pea mutants (Kelly and Davies
1988; Beveridge and others 1992), and some late-
flowering Arabidopsis mutants can be rescued by
culture on sucrose media (Araki and Komeda 1993),
but the evidence remains correlative at this stage.

Nodulation

Nodulation involves the formation of a new organ
through the induction of centers of new cell division
that develop into meristems and subsequent organs.
Nodulation provides a unique developmental sys-
tem as the inducer, target cell type and important
parts of the receptor signal cascade are known
(Endre and others 2002; Stracke and others 2002),
and knock-out mutants can be rescued by growth
on an alternative nitrogen source such as nitrate
(Carroll and others 1985). Significantly, nodule
meristem initiation is induced by rhizobia by elici-
tation of a new type of phyto-regulatory compound,
namely, a lipo-oligosaccharide (Dénarié and others
1996). These N-acetyl-glucosamine oligomers, with
lipid, acetyl, fucose and/or sulfate moieties attached,

induce cell division as well as membrane associated
responses (Oldroyd 2001).

In branching, flowering and nodulation, one has
to presume that meristems and pluripotent stem
cells, such as pericycle and cambium, must maintain
control of their proliferating status. Concurrently
meristem-derived cells must be able to leave the cell
cycle and differentiate to appropriate organs. Al-
though phytohormone gradients may provide po-
sitional information on the type of proliferation,
other mechanisms appear to modulate continued
meristem development. In the case of nodulation,
discussed below, these additional mechanisms are
related to a process termed ‘‘autoregulation of no-
dulation”” (AON) and involve receptor kinases and
presumably ligand peptides.

Loss-of-function mutants in AON have extensive
nodulation (super- or hypernodulation) over large
portions of the root system instead of restricted
crown nodulation (Searle and others 2003; Men
and others 2003; Gresshoff 2003 and references
therein). Although phytohormones are directly
implied in the induction and regulation of nodule
ontogenesis, it has been impossible to "cross-feed"
or complement nodulation-deficient mutants
through additions of known phytohormones.

Nodule autoregulation is controlled by a complex
root-shoot-root regulatory circuit involving initially
Rhizobium-induced cell division clusters in the root
that send an unknown signal to the leaf, which in
turn responds with another unknown signal (shoot
derived inhibitor) that blocks further proliferation of
nodule meristems (Gresshoff 1993). Thus, ontoge-
netically advanced meristems (possibly with some
type of autonomy) escape the inhibition of nodula-
tion leading to the characteristic crown nodulation
pattern, while younger, non-autonomous meri-
stems become arrested. Grafting has demonstrated
that supernodulation mutants of several legumes
lack this putative leaf signal (Delves and others 1986,
1992; Jiang and Gresshoff 2002). Biochemical
analyses of root and leaf tissue from supernodulating
mutants revealed significant changes in cytokinin
profile compared with wild type plants, but these
changes may not be due to transported signals but to
responses in specific tissues (Caba and others 2000).
Nevertheless, the emerging model of nodule devel-
opment in legumes has roles for almost all known
signalling molecules in plants (see Ferguson and
Mathesius this issue) with the roles for as-yet-uni-
dentified signals remaining a real possibility.

Recently it was discovered that the supernodu-
lation genes of soybean and Lotus japonicus encode a
receptor kinase named NARK, for nodule autoreg-
ulation receptor kinase in soybean, and HAR1, for
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hypernodulation and aberrant root in Lotus japoni-
cus, that is closely related to CLAVATA1 in Arabid-
opsis (CLV1) (Searle and others 2003; Nishimura
and others 2002). A mutated supernodulation gene
of garden pea, sym29, turns out to be the same as
those in soybean and Lotus japonicus (Krusell and
others 2002). Alleles at the sym29 locus define, like
the soybean and Lotus mutant alleles, the impor-
tance of the protein kinase domain with most mis-
sense mutations being located within the ATP
binding region or the catalytic site. Non-sense mu-
tations in the autoregulation gene, leading pre-
sumably to the truncation of the protein, have
severe phenotypes.

An analysis of the function of the Arabidopsis
CLAVATA complex provides clues as to how the
nodule autoregulation receptor kinase might be
involved in long-distance signalling. CLV1 controls
cell fate at a short distance in the shoot apical
meristem of Arabidopsis, including the proliferation
of cells, and consequently the transition of the
vegetative to floral meristem (Clark 2001; Fletcher
2002). The CLAVATA1 protein interacts with sev-
eral proteins, including CLAVATA?2, to regulate cell
divisions in meristems (Trotochaud and others
2000). CLV1-CLV2 dimers form the receptor site for
a peptide ligand (CLAVATA3) that is transported
through several cell layers within the apical meri-
stem of Arabidopsis (Fletcher 2002). Cells that have
slowed their cell cycle appear to produce the pep-
tide, which then is perceived by progenitor cells,
which slow in turn.

The sequence similarity of CLV and NARK genes
could have arisen by ancestral gene duplication,
followed by specialization which involved a switch
in tissue specificity (GmNARK is weakly expressed in
the apical meristem but strongly expressed in leaf
and root) and a refinement of signal output. Con-
sequently, GmNARK, in contrast to the classical
Arabidopsis CLV1 model, plays a role in long-dis-
tance signalling (Searle and others 2003; Gresshoff
2003). Nevertheless, the basic biological function,
namely the arrest of proliferating cells, remains the
same. Loss-of-function mutants of GmNARK possess
structurally normal shoot apical meristems sug-
gesting that GmNARK and GmCLVI1A do not cross
complement.

The nature of the specificity of these related
protein complexes is not understood. However, the
discovery of an autoregulation gene closely related
to an apical meristem regulation gene suggests
functional similarities of the recognition and re-
sponse pathways. Furthermore, the function of
CLV3 indicates that the nodulation system is likely
to contain peptide signals.

Isolation of Novel Signalling Molecules

Having generated genetic and/or physiological evi-
dence for existence of novel long-distance signals,
the next challenge is to isolate these compounds.
Technical limitations may have been one reason
why more long-distance signals have not been
identified to date, but such hurdles have diminished
recently with dramatic advances in sensitivity and
throughput of chemical analyses, especially by
tandem mass spectrometry. Metabolomic and pro-
teomic approaches taking advantage of inducible
gene expression and comparisons of different gen-
otypes will be valuable as will testing of specific
bioactivity of candidate molecules by bioassays.
Similarly, localized induction systems and/or graft-
ing studies will be essential for demonstrating roles
for long-distance signals. Inventories of components
of xylem sap and phloem sap, being suites of mobile
molecules within major plant transport pathways,
can provide new resources for discovery of novel
signalling molecules.

What Other Phytohormone-Like Signals
Could There Be?

Polypeptides such as insulin have long been estab-
lished as signalling molecules in animals, but have
only recently been discovered in plants (reviewed
by Ryan and others 2002; Lindsey and others 2002;
see also Hoffmann-Benning and others 2002). An
18 amino acid polypeptide factor that can initiate
signal transduction to regulate the synthesis of de-
fensive proteins in plant tissues has been isolated by
Pearce and others (1991) and named ‘‘systemin.”
This molecule moves through the phloem and, like
animal peptides, acts at low or sub-nanomolar
concentrations. Another group of peptide com-
pounds, the phytosulfokines, were discovered fol-
lowing analysis of the proliferation-induction
properties of the medium of a high-density aspara-
gus cell suspension culture (Matsubayashi and
Sakagami 1996). These compounds are found in
several species and have effects relating to cell di-
vision and development. The role of signalling
peptides CLAVATA3 and ENOD40 are briefly dis-
cussed above and by Ferguson and Mathesius (this
issue). It is interesting to note that the phytosulfo-
kine receptor is also a protein kinase related to
CLAVATA1l and GmNARK (Matsubasyashi and
others 2002; see discussion in Gresshoff 2003). The
function of plant peptides as phytohormone-like
signals in parallel with the role of peptides in ani-
mals is yet to be fully established. Moreover, we are
yet to determine the number of signalling peptides
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in plants, the generality of function across species
and specificity within species.

Grafting has been used to show that RNA si-
lencing can induce movement of systemic signals
that transmit the silencing state throughout the
plant (for example, Mlotshwa and others 2002). The
movement of endogenous plant mRNA has also
been shown to regulate plant development (Ruiz-
Medrano and others 1999; Xoconostle-Cazares and
others 1999; see Jorgensen 2002). Such evidence of
RNA movement led Jorgensen to suggest that per-
haps such small RNAs may selectively regulate de-
velopmental processes such as flowering.

Rolland and others (2002) review evidence for
the emerging theory that sugars have important
hormone-like functions in plants. Unlike the major
plant hormones that are usually in the nano-molar
range, sugar levels are usually in the millimolar
range. Nevertheless, sugars are mobile, moving es-
sentially from source to sink. Recent genetic evi-
dence indicates they interact with signalling
pathways for several of the major hormones. For
example, GLUCOSE-INSENSITIVE (GIN1) and AB-
SCISIC ACID DEFICIENT2 (ABA2) are allelic genes
that encode a dehydrogenase/reductase enzyme
involved in ABA biosynthesis (Cheng and others
2002). This theory is still under discussion and ge-
netic and other analyses are required to determine if
aspects of growth and development such as flow-
ering, branching and nodulation are regulated by
sugars acting as long-distance signals.

In addition to macromolecule long-distance sig-
nals that may serve hormone-like functions, it is
possible that other phytohormones derived from
products in the terpenoid pathway (GAs, brassino-
steroids and ABA), or adenine or tryptophan me-
tabolism (cytokinin and auxin) might be discovered.
Other forms of information transfer that occur at a
more physical level, such as hydraulic, mechanical,
oxidative and electrical signals, should not be
overlooked as they, too, form part of the complex
signalling network. The future for our understand-
ing of long-distance signalling in plants therefore
lies partly in recognizing that plants are complex
networks involving feedback and cross-talk among
pleiotropic and specific regulators and a multitude
of signal transduction pathways, some complex, and
others comparatively simple.
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