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Abstract

Bodies of plants are modularly organized. Development proceeds by adding new modules to open
endings with a potentia for branching. Each module is autonomous to some extent. Development relies on
the sdlf - organized patterns that emerge from the interactions of individua modules. Interadtionsinclude both
competition and cooperation, and severa types of positive and negative feedback loops are involved.
Development can be open to externd influences, thus enabling the plant to adjust itsform to the
environment, for example, to the spatia distribution of ecologica resources. This paper provides areview
on adaptive pladticity in plants.
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I ntroduction

Development of most organismsis not strictly prescribed by the genome. Asthe body is
deveoping, sdf-organizing processes arise from the interactions of cdlslocaly, and of tissues on alarger
scde. Probabilidtic effects can largely influence the position and differentiation of individud cells and
contacts between cells'. A problem that should be solved by most organismsis how to channed stochastic,
sdf-organizing processesinto one, coherent process that would produce a well - functioning individud. For
example, how to exclude sdlfish dements (c.f. Maynard Smith and Szathmary 1995)? How to reduce
developmenta noise (c.f Waddington 1957; Novoplansky 2002)? Coherence and rdliability of the
developmenta process is under strong natural selection.

In addition to interna uncertainties, externd effects may dso influence devel opment. Protection of
the embryo from the environment is an important task, and is solved in various ways by different species
(see Gilbert and Raunio 1997). On the other hand, the environment is not only a source of disturbance to
development, but can guide development as well. The end- product of devel opment hasto match to the
hebitat in which the organism lives. More precisdly, fitness of a genotype is afunction of the phenotype and
the environment. Therefore, pieces of information thet arrive from the environment can be utilized for
increasing fitness (Novoplansky et al. 1990a; Oborny 1994; DeWitt et al. 1998; Alpert and Simms 2002,
Givnish 2002).

An important keyword at the core of this problem is phenotypic pladticity. Phenotypic plagticity
occurs when the same genotype can be expressed in various phenotypes depending on the environment
(Bradshaw 1965; Via et al. 1995; Schlichting and Piglucci 1998). Pladticity of development has been
demongrated in a number of speciesfor alarge variety of traits (Diggle 2002; Grime and Mackey 2002;
Sachs 2002, Piersma and Drent 2003). Nevertheless, the selective consequences of pladticity are not
straightforward to assess. Beside the trivid advantage of adjusting the state of organism to the state of
environment, there are potentid costs and limitations to pladticity that diminish its adaptive advantage, or
may even select for non-pladtic (rigid) development (DeWitt et al. 1998; Diggle 2002; Givnish 2002,
Novoplansky 2002, Schlichting and Smith 2002). It isnot trivia to ask, to what extent is a particular
developmenta process controlled interndly, by the genetic system, and externdly, by the environment.

| review some characterigtic features of development in plants, and discuss the means of control
with specia emphasis on feedback processes. The paper introducesthe topic from the basics, with theaim
to make it understandable to nonbiologist readers. | have chosen plants for the discussion of this genera
topic, developmentd plasticity , because morphogenesisin green plants (outside of the seed) is areadily
observable process, and experimental manipulation is dso relatively easy. Consequently, thereisalarge
body of empiricd literature on the externd and interna control mechanisms.

Modular development

We gart by ashort introduction to some principles of development in plants (Gymnosperms and
Angiosperms). The plant body is essentidly modularly organized. The smdlest, e ementary unit of
congruction in the shoot system iscdled a‘ metamer’ (Figure 1). Metamers make branches, and branches

! Thistopic hasarich literature since the classi cal works of Thompson (1917), Turing (1952), Bonner (1963),
Meinhardt (1984), Sachs (1991) and Kaufmann (1995). A counter-example was offerd by Caenorhabditis elegans in
which the fate and position of each cell is pre-determined (Sulston et al. 1983), thus, self-organisation does not play a
significant role in morphogenesis.



congtruct branching systlemsin a hierarchical manner. Each shoot apex is a potentid point for further
development. Development is an iterative process: the same, finite bit of program is repeeated to add new
metamers (Harper 1985; Hallé 1986). This add- on nature of development implies that the developmentd
program is essentiadly open-ended. Empirica studies have suggested that the number of iterations can be
infinite in some species (Watkinson 1988, Gardner and Manged 1997). In others (for example, in annud
plants) iterations certainly terminate, but the number of iterations is not strictly defined; it can depend on the
environment (Schlichting and Smith 2002). A trivia consequence of iterative development isthat the
number of organsis not fixed. For example, the number of leaves of atree can vary with age and habitat
conditions. The first reason for this capability is that organogeness (formation of organs) is continuous, not
restricted to an embryonic stage. Secondly, organs or even larger parts of the body (metamers or
branches) are disposable: they can die without the degth of the whole organism. The body plan is not pre-
determined, but can flexibly change according to the actud interactions of the organiam with its
environment. These features are in sharp contrast with the development of non-modular (unitary)
organisms, such as vertebrates or arthropods (see Oborny mscr. for review).

Iterative development and flexible design make plants particularly suitable for studying phenotypic
plasticity. Experiments can use multiple units of the same genotype, and can examine whether these units
would express different phenotypes according to externa stimuli from the environment. Modules can be
separated and trested individualy. Moreover, spontaneous cloning is a frequent phenomenon among plants
(Klimes et al. 1997). In such clond species, researchers can gain genetically identica, physiologicaly
autonomous individuass (ramets) for the experiments. Thusit can be directly sudied how different
environments would induce different phenotypes, and how each of these phenotypesis selected locally by
its own environment or, being transplanted, by another type of environment.

Distributed control

Plants lack any centrd controller for morphogenesis or behavior. Thereis no centra nervous
system or any other morphologica structure which would be responsible for coordinating one part of the
body with another (c.f. Novoplansky 2002). Indeed, adaptation to the environment seemsto hinge on the
opposite of centraized control: interactions between individua, semiautonomous modules. Semiautonomy
means that a module on any leve of the hierarchy (metamer, branch, etc.) is partly independent from the
other modules, but the independence is not complete. (See a section about Integration below.)

Events of development (such as adding a new metamer to a growing tip) can proceed pardldly, at
multiple locations at the same time. Therefore, life history of a plant is not a single sequence of events, but
might rather be described as a set of pardld histories. For example, a branch can develop flowers when
another branch is dill in a developmentdly juvenile stage. A branch can scenesce and die while another one
isjust beginning to dart its growth.

L ocal mechanisms and integration

The domain in which a particular control mechanism can act is an interesting subject for research.
Radioactive labeling and other experimenta techniques have shown that the pattern of these domains
(Integrated Physiologica Units, Watson 1986) can be fairly sophigticated. A primary determinant isthe
pattern of vascular contacts, but states of the modules dso matter. State trangitions (for example, from
vegetdtive to reproductive) and environmenta influences can widen up or narrow down the range of
integration. For example, when a branch gets defoliated (e.g. due to herbivore attack), its previous
physiological connections to other branches may get re activated (Watson and Casper 1984; Marshdl and



Price 1997), thus, the IPU becomes wider. On the other hand, there are speciesin which smilar trestments
cannot charge the borderline between IPUs, i.e,, sectoridity is strict (Watson and Casper 1984).

An important conclusion from the experiments is that IPUs do not necessarily coincide with
developmental modules. Some modules can be strongly connected physiologicaly, while others may be
independent (c.f. Watson and Casper 1984; Marshdl and Price 1997; Figure 1). Thisholdsfor any leve
of the hierarchy from metamers up to systems of branches. The highest degree of module independenceis
achieved by clond plants, in which each module can develop a sdf-supporting shoot and root system, and
thus, the genetic individua (genet) can get fragmented into independent physiologica individuds (ramets). It
isremarkable that ramet formation can happen a any leve of the developmentd hierarchy from metamers
(asin Trifolium repens) through branches (asin Ranunculus repens) up to systems of branches (e.g. in
Robinia pseudo-acacia, where aramet is an entire tree).

Let us take the example of abranch that has just started its growth, and thus, conssts of asingle,
undeveloped metamer. Thisinitia branch is certainly not capable for self-maintenance, and relies on carbon
import from at least one other branch. Later when the carbon budget becomes positive, the branch can
become autonomous. For example, in Capsicum annuum, each adult branch has been found to be self -
supporting: maturing fruits received assimilate only from leaves on the same branch, and not through the
main gem (Steer and Pearson 1976, cited in Watson and Casper 1984). A considerable degree of
autonomy can develop even on the level of single metamers. For example, seedsripening on Pisum
arvense stems have been found to receive gpproximately 66% of their carbon supply from the leaves and
pod within their own metamer (Flinn and J.S. 1970, cited in Watson and Casper 1984).

Let usconsider theimport of essential resources other than carbon. Water and minerd nutrients
have to be taken up from the soil. Basically, there are two options. The branch in our hypothetica example
would either rely on the existing vascular pathway of resource transport from the root through other
branches, or can develop its own root system by forming adventitious roots. The second can lead to full
autonomy for al resources, i.e., the above- mentioned case of clond growth. In the first case, the branch
would share aroot system with other branches. Experiments suggest that shoot- root connections can aso
be sectoria (Watson 1986; Vuorisalo and Hutchings 1996). In that case, the branch would not have
access to resources from the whole root system, only from apart of it (Figure 1).

The means of control

Development can be controlled by two types of substances: resources and hormones.

Resources (carbon, minera nutrients and water) act directly by limiting growth. Modules are
competing for these resources. Those modules in which consumption isrelatively faster create a
concentration gradient locally. This gradient isa potentid driving force for the transport. But this potentid is
not necessarily manifested. The pattern of vascular connections congtrains interactions between modules,
and it isthe rdlative states of the modules that finaly determines the direction and magnitude of transport
(see IPUs).

Hormones can modify the pattern of resource trangport on alonger time scale. For example, auxin
production by actively growing shoots determines the direction of vascular differentiation (pages 59-63in
Sachs 1991). Besides affecting the connections between modules, hormones can aso influence sate
trangtions in each module. For example, gibberdlins have been sggested initiate atrangition from
vegetative to reproductive shoot type in Hedera helix (pages 174-175in Sachs 1991).

Auxin seemsto play acentrd role in the transfer of information about one part of the plant to
another part (Sachs and Novoplansky 1997, Sachs 2002). The most remarkable exampleis apica
dominance. A developing shoot gpex releases auxin, which flows basipetaly, and inhibits lateral branching
(i.e. activation of lateral buds) in the neighboring metamers. The regulatory processis sophisticated:



distance from the roots (due to the action of cytokinins) and age of abud adso matters. Any declinein the
qudlity of the gpex, for ingtance, due to shading, would lead to a decrease in auxin production, and thus, to
release of the laterd buds from suppression (Sachs 1991). Thus, further growth in the shaded area can be
dowed down or even completely abandoned, and anew, laterd direction of growth can betried. This
behavior can be adaptively advantageous in awide range of patchy habitat types (Oborny 1994).

An important difference between resources and hormonesis that resources arrive from the externa
environment, and thus, once taken up, can only be depleted. In contrast, hormones are synthesized
internaly, so, thereis practicaly no theoretica limit on their availability. Hormona actions are finer- tuned
than the effects of resources: their concentrations are smaler by magnitudes, and even asmal changein
hormone concentration may cause large change in the phenotype. The effects can be targeted, and can be
specific to organs, tissues, or even cdl types (see examplesin Sachs 1991). In addition, hormones can act
before a change in the resource supply would occur, thus, the plant can utilize anticipatory sgnds (Sachs
2002). For example, aleaf primordium produces auxin, which causes vascular dements differentiate into
the direction of the primordium, where sufficient resource supply would be needed in the future, when the
leaf startsto grow (pages 59-63 in Sachs 1991).

Asafurther example for the adaptive significance of anticipation, Novoplansky et al. (1990a)
demonstrated that young Portulaca oleracea plants can sense neighboring plants from the change of light
quaity (R/FR retio), and can respond to thissigna by growing away from the direction of the neighbor.
Moreover, the response can occur before any significant shading, i.e., before any declinein the amount of
resource. Thus, the changein R/FR is aspecific, anticipatory signd, and the hormond system can tranamit
this to amorphogenetic process. Another example for a predictive signd is photoperiod, which can be
used for initiating anthesis before the season for pollination would arrive. Thisis advantageous, because
developing aflower takestime.

The relative importance of resources and hormonesin plant development has been debated in the
literature. 1n one of the semind paperson plant modularity, Harper (1985) emphasized the importance of
resource depletion in controlling development. Similarly, Wilson (1988) suggested that the distribution of
resources (source-Snk relations between modules) would provide a sufficient explanation for plant
development. In contrast, Sachs (2002) lists three basic phenomena which support the importance of
hormones. (1) Early development in juvenile individuas can proceed in awel-baanced way (mantaining a
proper shoot:root retio) even in the absence of some relevant resources: light or nutrients. Water is
necessary, but it does not have to be applied through the roots. (2) Treatments by hormones have been
demondtrated to show sgnificant effects on morphogenesis, e.g., on the differentiation of vascular channels.
(3) There are cases when a plant part is a sink for resources but a source for hormones. The most extreme
example is a bacterium-induced tumor, which consumes substrates from other parts of the plants, and is
known to release hormones. Locd, exogenous application of auxin and cytokinin in a proper ratio could
produce the same, overdominant growth and teratological development (Sachs 2002).

Another, less extreme example for point (3) is gpica dominance that is ubiquitousin plants. An
interesting, clearly hormonaly controlled processis arelease from gpica dominance by aR/FR sgndl.
Pants can even be ‘ cheated’ by applying asmall quantity of light when it has the proper qudity. For
example, Deregibus et al. (1985) placed light-emitting diodes into closed grasdand swards. The diodes
emitted asmall amount of red light, increasing the R/FR ratio. As a consequence, tussocks in the closed
grasdand started to branch increasingly, asif the plants were growing in an open area, without any
competitor. This response was based on a pecific mechanism for signd perception and transduction, thet
islinked to the hormonal system (Schlichting and Smith 2002), and not on the small amount of additional
light. Novoplansky and colleagues have demonstrated that even a decrease in the amount of light can
induce a high- light growth form when the decrease occurs specificaly in the FR spectra range, increesing
the R/FR ratio (Novoplansky et a. 1990a,b; Novoplansky 1991).



These results underline the importance of hormonesin the control of plant development. Control by
resources certainly does not suffice when formation of the optimal branching structure implies resource
movement againgt concentration gradients, i.e. when resource-rich branches should get richer.

Feedback loops

Wefind both positive and negative feedback |oops in the control of plant development. A smple
example for apogtive feedback loop is the above- mentioned effect of auxin in abranch. If abranch grows
faster, then it releases more auxin. Auxin suppresses the development of other branches, thus, this
particular branch would gain competitive advantage. Getting more resour ces would result in faster growth,
and thus, the loop gets closed.

Negative feedback can be exemplified by the correative growth of root and shoot systems. It has
been demonstrated by numerous studies that the growing plant tissues require afairly stableratio of
carbon:nitrogen supply. Therefore, biomass of the assimilating shoot (thet is a source of carbon) and of the
root (that is a source of nitrogen) has to be well balanced. The plant solves thistask by a negative
feedback. The shoot releases auxin, and presumably other signal molecules, which enhance root initigtion.
At the same time, the root produces cytokinins, which stimulate the development of shoots. Thus we have
two negative feedback loops linked: each systemn (shoot and root) inhibits its own development by giving
advantage to its competitor.

Naturally, negative feedback tends to equalize initid differences between organs to make the
system converge to a stable ate (e.g. optimal shoot:root ratio), while positive feedback leads to runaway
growth. A typical example for the second is offered by split-shoot experiments (Sachs and Novoplansky
1997). Semind shoot is removed from ayoung (4 days old) Pisum sativum seedling to simulate growth
of the two buds that are in the axils of the cotyledon. The two buds are nearly equd, but there may be a
amdl difference in sze by chance. Thisinitid difference is enhanced during development, and growth gets
concentrated in one of the branches. The difference between branches increases with time, and in mogt
plants, the subordinate branch stops growing within ten days. It is very interesting to experiment with this
system to explore how externd stimuli (shading, physica damage, etc.) might change the dominance
relations between branches (see Sachs and Novoplansky 1997). A natura role of this positive feedback is
to dlocate limitig resources into the growth of the stronger branch. More vigorous growth (and thus, more
release of auxin) usudly indicates better conditionsin theloca environment. Thus, the plant can
preferentidly grow toward better sites (Sachs and Novoplansky 1997). The degree of dominance of the
dronger branch isatrait thet is open to evolutionary optimization: too strong dominance can be
disadvantageous in those environmentsin which the good (hight light) patches are smal or ephemerous,
because being in agood site is not a guarantee for staying in agood site, and atoo strong positive
feedback may make reversds costly or impossible (c.f. Oborny et al. 2001). Thistopic, the optima
degree of dominance in various environments, would certainly need more attention from modeers.

Timelags

Most feedback processes are not immediate. Manifestation of a phenotypic change may require
time. Physologica changes are usudly faster than morphologica ones (Bradshaw 1965).

Time delay can be especialy important when its scaleis Smilar to or coarser than the scae of
environmentd fluctuations. In this case, date of the environment a the time of induction may consderably
differ from the state of the environment at the time of sdection. Thus, the mutud information between the
inducing and selecting environment maybe too low for promoting the evolution of pladticity & al (Oborny
1994). Jablonkaet a. (1995) have shown in aMarkovian mode that the optimal degree of inducibility



increases as the time lag decreases. The degree of inducibility was measured by the prabability thet an
environmenta change would cause a corresponding phenotypic change. This result was confirmed by
Padillaand Adolph (1996) with the important addition that spatid movement in a patchy environment can
have the same effect as tempora fluctuation. (See dso Oborny 1994 about spatial and tempord
predictability of the environment.)

An extreme example for along timelag is organ preformation in buds. In some species, for
examplein Podophyllum peltatum, ashoot can be induced to develop reproductive ver sus vegetative
budsin year t. So, the presence or absence of inflorescence is determined in yeer t. But it isonly year t+1
when the bud is used by the plant to grow. Year t+1 can differ from year t in the availability of pallinators,
abundance of resources, and many other factors that influence the optimal number of reproductive
modules. Nevertheless, the decision cannot be reversed (Geber et al. 1997).

An additiond problemis called ‘ ontogeretic contingency’ (Watson et al. 1995). The same
environmenta signd that arrives a a shoot of Podophyllum peltatum can have a different effect depending
on the state of that particular shoot. State of a shoot a timet isaresult of pest, historica events (at t-1,
efc.). Therefore, developmenta history is an important determinant in any actua developmental move (see
aso Diggle 2002). Of coursg, if there is no direct transfer of information from the past (e.g. t-2 influencing t
directly), than this can till be approached by afirst-order Markovian model, regarding the state of the
plant a time t as acumulative result of its past higtory. | think that the most important emphasisin these
papersis not on the effects of history, but on the need to consider the state-dependence of changes.

External versus internal - Does it make a differ ence?

Some researchers have suggested to group together dl the influences that may affect the
development of aparticular organ, tissue, or cdll as‘environmentd’ influence (Givnish 2002; Sachs 2002;
Schlichting and Smith 2002). They suggest to differentiate between an ‘externd environment’ (i.e.
everything outsde of the plant individua) and an ‘interna environment’ (i.e. everything within the plant
individua but outside of the organ, tissue or cdll that isin the actud focus). Givnish ligts the following
examplesfor ‘internd environment': “postiond information based on horrmone levels or cdllular contact, or
the indirect effects of other cdls or tissues on abiotic factors such as oxygen tension or redffar red (R:FR)
ratio” (page 214 in Givnish 2002). As Sachs wrote, “the growth of the plant itself changes the environment
of itsindividua organs, an obvious example being the shading of lower leaves and branches’ (page 244 in
Sachs 2002).

Figure 1 provides a summary about externa and interna control in this sense. The figure shows a
smple, hypothetica plant that conssts of some metamers. Let us focus on a single metamer. This metamer
can export and import resources and hormones from and to other parts of the plant (arrow [a]). This
represents the interna control of its development. At the same time, the metamer can be shaded by other
branches of the same plant [b] or of other plant individuas [c]. Shading dso controls its devel opment, but
[b] and [c] are certainly externd. They work by other mechanismsthan [d]. In the case of [a], the carrier of
information is aresource or ahormone. At [b] and [c], the carrier of information islight.

It isinteresting to ask to what extent a plant might differentiate between [b] and [c]. Different
species have different compostion of photosynthetic pigments. So the species of the shading branch would
be likely to matter. But individud distinctions within the same species do not have any empirical support. In
case of root systems, there have been interesting indications for self / non-sdf recognition in some
experiments (Schenk et al. 1999), but the mechanism is unknown, and certainly more evidence is needed.

For contral [&], plants can have heritable genetic variation, so, [a] can be subject to evolution.
Controls[b] and [c] cannot be influenced by evolutionary processes directly. [c] is completely inaccessible
to the genome. [b] is accessible, but only in an indirect way: the genome codes information about the



architecture of the plant, and architecture influences the probability that a branch would shade another
branch (cf. Bel 1984). So, it is not the mechanism of control but the result of control that can be under
sdection.

The notion of ‘internd environment’ is very important, because underlines the dynamic and
responsve nature of plant development, including the plant’s responses to its own state. However, | think
that the idea needs some more clarification. It is obvious that al the somatic cells of the plant individud
share the same genome (disregarding somatic mutations). Therefore, the reaction norm that determines a
responseis coded in dl cdls, tissues, organs, etc. , dthough it is not necessarily manifested in dl parts of
the plant. Fitness of a genotype (atype of reaction norm) depends on the performance of the whole plant
individud in its environment. Therefore, the evolutionary unit is the genetic individua (genet). Survivd and
reproduction of asingle branch is relevant only to the extent a which it increases or decreases fitness of the
whole plant individud.

Therefore, in an evolutionary sense, it isonly the *externd environment’ that can be consdered as
environment. In the sense of proxima, physiologica mechanisms | agree that it can be helpful to use the
concept of ‘interna environment'.

Summary

Deveopment is not smply unfolding a prescribed program. Thereisalot of communication
between parts of the organism, and the environment can aso influence the developmenta process. We
speak about developmenta plagticity when the organism has a geneticadly inherited rule (a norm of reaction)
which determines how an environmenta influence would be trandated into a phenotypic change.

A plant individud conssts of hierarchicadly nested modules (from metamers through branches up to
systems of branches). We may envisage a plant as a collection of modules that are naturally in competition
for resources, but are potentialy capable for cooperation. The actua form of aplant isaresult of these
competition / cooperation processes. An example for strong competitive ability of a branch was mentioned
when | described the postive feedback in branch development mediated by auxin. An example for
cooperation is the case of mutua exchange of resources between roots and shoots, and a negative
feedback in the regulation of their relative growth. Both competition and cooperation can increese fitness of
theindividua, depending on the form that is optimd in a particular environment. Those control mechanisms
that bring the form closer to the optimum would be sdectively favored during evolution.

In non-modular (unitary) organisms, functiond integrity of the organism is an important criterion
during development, because a part of an organism (e.g. one leg of a spider) cannot live done. In moduar
organisms, such as plants, functiond integrity is not obligetory. For example, in dond plants, the individud
can get fragmented into autonomous, salf-supporting functiond units (ramets). The degree and spatid
pattern of integration varies between species, according to some morphologica condraints (vascular
organization), and more importantly, according to the environment(s) to which the species has adapted.
IPUs represent the domains in which loca control mechanisms can work.

Development of aplant largely relies on locd (distributed) control mechanisms. Globa control is
not supported by this modular structure, athough the borderlines of 1PUs can dilatate to some extent in
response to herbivory or other damage. The purpose of control isto coordinate these pardlely proceeding
events, continuoudy adjusting the plant form to the environment.

The environment has atwofold role in any case of adaptive plagticity: on one hand, it induces a
phenotype; on the other hand it sdlects for or againgt that phenotype. Fitness relies on the correlation
between the inducing and selecting environment, i.e., on the reigbility of environmenta cues. A time (or
gpace) lag between induction and selection can serioudy limit the adaptive vaue of pladticity, ar may even
favor rigid development.



Uncertainty about the environment can be reduced by investing more energy into information
acquistion (see DeWitt et al. 1998) within the habitat or, if possible, by changing the habitat. If uncertainty
cannot be reduced, than the developmentd process has to cope with it. In this case, optimizing the ratio of
externd to internal control on development is a grest challenge to any organism. Too much externd control
can disrupt development and/or can cause a mismatch between phenotype and environment.
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Figure

Figure L Typesof control mechanismsin a hypothetica plant: [g] interna control, [b] externd
control by the same individua, [c] externa control by another individua (denoted by gray). The dotted

region represents an Integrated Physiologicd Unit.
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