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analysis ofArabidopsishas unraveled the

CrOSStalk In plant Ce” components involved in ethylene signal

. . transductiof~*2 The pathway defined by this
SI n al I n . Stru Ctu re an d approach is a system of MAP kinase cascades.
g g . The ethylene precursor 1-aminocyclo-
. . propane-1-carboxylic acid can phenocopy
fu n Ctl O n Of th e g e n etl C many effects of thginl allele identified in a
new glucose-insensitivArabidopsismutant
defective in various glucose-specific responses,
network such as cotyledon expansion and greening,
shoot development, floral transition and gene
- - ; expressiol. In addition, ethylene antagonizes
Thierry Genoud and Jean-Pierre Métraux the glucose signal in the wild type, and the
ethylene-insensitive mutants exhibit a glucose
hypersensitivit}’. Thus, the glucose pathway
and probably an ethylene-inhibited MAPK
cascade interact positively to activate a com-
mon branch of signal transduction leading to the
control of germination and cotyledon devel-
opment (Figs 1 and 2). However, modulation
of photosynthetic gene repression by sucrose,
or control of the ethylene triple-respoiisare
not subjected to this interference.

Cell signaling integrates independent stimuli using connections between
biochemical pathways. The sensory apparatus can be represented as a
network, and the connections between pathways are termed crosstalk. Here,
we describe several examples of crosstalk in plant biology. To formalize the
network of signal transduction we evaluated the relevance of mechanistic
models used in artificial intelligence. Although the perceptron model of neural
networking provides a good description of the process, we suggest that
Boolean networks should be used as a starting framework. The Boolean
network model allows genetic data to be integrated into the logical network of

connections deduced from DNA microarray data. Crosstalk between light signal transduction

and pathogenesis-related gene signaling

wing to their sedentary lifestyle, plantswound-peptide signal) and by jasmonic acighathway
Oave evolved plasticity in metabolism (Ref. 4). This inhibition presumably occurs atCrosstalk has been observed between red light

and morphology, which allowed the the level of an enzyme involved in jasmonicand PR-expression-signaling pathwdyghe
colonization of diverse environments. Toacid synthesis. However, in rice, the salicylicArabidopsislight-hypersensitivgsi2 mutant
accommodate their metabolism to the suracid-analog INA (2,6-dichloroisonicotinic acid) exhibits a light fluence-dependent amplification
rounding conditions, plant cells integrate dif-stimulates the expression of genes induced of salicylic acid-induced PR1a gene expres-
ferent environmental stimuli with internal jasmonic acid in a synergistic manheand sion (T. Genoueét al, unpublished; Figs 1-3).
signals through a parallel processing of inforfeciprocal treatment with jasmonic acid pro-To confirm observations that the light signal
mation. Signal transduction and amplificationduces a positive regulating effect on the saliregulates the sensitivity to salicylic acid, the
has been described in many cases of stimutiylic acid-induced pathway. lArabidopsis expression of PR genes was scored in mutants
sensing, such as hormone, heat, light, salt @n additional element (CPR6) can modulateontaining no detectable phytochrome A and
pathogen perception. So far, the sequences thfe expression of pathogenesis-related (PH proteins. In these plants, expression of PR
the biochemical steps, which are initiated aftegenes via the salicylic acid signal transductiogenes elicited by salicylic acid or benzo-
perception, have been represented by a pamathway, as well as thionin or defensin genegl,2,3)-thiadiazole-7-carbothioic ac&methyl

digm of independent cascade events. through the jasmonic acid pathviay ester (a salicylic acid-agonist) is strongly
However, experimental evidence has shown reduced and the resistanceReeudomonas

recently that interactions between signal trans=thylene and jasmonic acid pathways syringaepv. maculicola is significantly re-

duction pathways do exist. Direct connectiongrosstalk duced (T. Genouctt al, unpublished). A

between specific pathways furnish a rapid anth tobacco, a synergy has been observestreen has been set up with a mutagenized
efficient tuning mechanism for optimizing between ethylene and methyl jasmonate (Figsopulation ofpsi2 to find plants that are
non-cognitive behavior in response to varioud and 2) for the induction of two PR genes thablocked in the crosstalk between the phy-
combinations of stimuli. code for PR1b and osmotin tomato, upon tochrome pathway and PR induction. This

Crosstalk connections between pathwaysyounding, both ethylene and jasmonic acighould eventually lead to the identification of
also called interferences or intersections, arare required for the induction of proteinaseatrans-signaling element.
widespread in plants, as illustrated by the folinhibitor gene% In the case oArabidopsis
lowing examples. ethylene and methyl jasmonate concomitantly?hytochrome signaling crosstalk with

induces the expression of a gene coding for asryptochrome signaling

Crosstalk in controlled defense responses  antifungal plant defensin PDF1.2 (Ref. 9),The proportion of blue, red and far-red light in
Leaves wounded by insects or by mechanicalhereas neither substance induces PR1. Incoming white light is interpreted by the sig-
damage induce the proteinase inhibitor proArabidopsis the growth responses controllednaling network in different ways. For exam-
duction both locally and systemicdllfFigs 1 by each hormone are independent. ple, blue light acts synergistically with red
and 2). Transduction of the wound-related sig- light in the activation of the phytochrome
nal involves the octadecanoid pathway, andthylene and glucose pathways crosstalk pathway, which controls processes such as
can be mimicked by treatment with jasmonicThe phytohormone, ethylene, affects manygotyledon unfolding and cell elongatfén
acicf. Salicylic acid is implicated in the per- developmental stages of plants, for instance Further experiments performed with
ception of pathogen attack in many plantell elongation, seed germination, fruit ripen-Arabidopsismutants deficient in one or sev-
specied and inhibits the activation of wound- ing and senescence, and is also implicated &ral photoreceptors have confirmed these
induced genes elicited by systemin (a systemigiotic®**and abiotic stress percepfioBenetic  physiological observations. The results suggest
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AND Trends in Plant Science
Trends in Plant Science . . .
Fig. 2. Representation of logical gates
Fig. 1. Schematic representations of some examples of crosstalks between plant signal trans-Input signals are represented by a and p,
duction pathways using Boolean symbols. The crosstalks between the salicylic acid|(SA) the resulting signal leaving the switch is
and jasmonic acid (JA) pathways are represented in intuitive formalism (a) and in a Boplean represented by R. Presence or absence af a
translation (b) as defined in Fig. 2. (c) Activation of defense-related geAeshitopsishy phenomenologically significant signal is|
the concomitant control of ethylene and methyl jasmonate (MeJA). (d) Crosstalk betjveen designated by 1 and 0, respectively.
ethylene and glucose signaling Arabidopsis (e) Crosstalk between light and patho- Abbreviations: NAND,: not-and; NOR,
genesis-related (PR) gene signaling. The AND gates combine signals synergetically whergasnot-or; XOR, exclusive-or; XNOR,
repressions are represented by a NOT gate connected to an AND gate. exclusive-not-or.

that the level of active phytochrome stronglyphotoreceptor phyA, phyB and cryl, it washy a phyA-associated kinase activity, indicating

modulates the activity of the cryl photore-shown that: that crosstalk probably occurs at the receptors
ceptot®, whereas the absence of cry1 does nat The blue-light-response mediated by crylevel (Fig. 4).
modify the activity of the phytochrome path- in blue light is modulated by phyB. From the various observations mentioned

way. However, this synergistic effect is con-» The effect of phyA and phyB on chloro- here, it is inferred that blue and far-red light
ditional”: in experiments where blue light is phyll accumulation in de-etiolated act antagonistically to modify signaling by
added to a red-light background, under short seedlings is modulated by cry1. phyB. In addition, UV-B and UV-A wave-
exposures of blue light, cryl activity requiress In far-red light, both phyB and cryl arelengths can replace the blue light required for
phyB. Whereas, under prolonged exposures of modulators of the accumulation of anthothe stimulation of chalcone synthase expres-
blue light, the effects of cryl and phyB are cyanin controlled by the phyA molectile sion, and a synergism occurs between these
independent for the control of hypocotyl elon-Recent results demonstrate that cry1 and phyV-pathways and the cry1 sigifaThese few
gation and cotyledon openitigUsing a com- photoreceptors interact in a two-hybrid systenexamples highlight the complexity of light
bination of specific mutants in the and that the cryl molecule is phosphorylatedignal processing in plants.
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Pathogen Far-red light Blue light
SA pthA
Qj 5 PSI2
PRla cryl-Modulated
other PRs (?) blue-light responses
I G-prot. I
cGMP Caz* and CaM
Fig. 3. Lesions inArabidopsisleaves <] o
caused by high fluence white light in a
light-hypersensitive mutantpsi2 (a),
scale bar= 1 mm, and by the bacterium
Pseudomonas syringaie a wild-type
plant (b), scale bar 2 mm. Both treat- b
ments lead to the activation of diseasg Chs
resistance and the corresponding defense e
genes. The signal transduction pathways
initiated by light stimulus and pathogen o] SUN1,6,7 — Suc
attack crosstalk synergetically for the Asl
subsequent induction of resistance.
Pc Trends in Plant Science

Fig. 4.Connections and crosstalks within the phyA signaling network. The signal transgduc-
tion induced by activation of phytochrome A is not fully linear, but divides into at least fwo
subpathway8*. The first events might implicate a trimeric G-protein (Ref. 33). Later, the
pathway divides in two branches, one regulated by calcium and calmodulin and the |other
involving cGMP (Ref. 34). Activation of phyA-controlled genes, such as chalcone synthase
(Ch9, only requires mobilization of the cGMP-controlled pathway, whereas the activation
of genes coding for photosystem Il components [such as chloragyinding protein
(CAB)] is controlled by the calcium-modulated branch. A third group of genes [corresp
ing to components of phytosystem |, such as plastocyB@)j is inducible by an adequate
combination of both pathway activities, and a fourth [asparagine synthaseAG$i& (s
repressed by the same combination. A negative reciprocal crossregulation has been
between the cGMP pathway and the calcium patffwalis regulation is timely controlled
and only manifested in the presence of high amounts of signaling intermediates. The level of
cGMP is also subjected to a desensitization process, which is potentially regulated by a neg-
ative feedback loop of the cGMP-activated pathway. The activity of the phytochrome A
pathway is regulated near the photoreceptor by the PSI2 gfotabiuction of thePR1a

Crosstalk between sucrose and light signal
transduction pathways

In contrast with nitrate reductase or chalcon¢
synthas#, the phyA-activated genes involved
in photosynthesis, such &A\B, RBCSand
PLASTOCYANINPC), are repressed by glu-
cose or sucro$e? (Fig. 4).PC expression is
upregulated by the phyA pathway (activated
by far-red light) and repressed by sucrose,
whereas hypocotyl elongation is reduced by
both factors. The antagonistic and the positive
activity of sucrose on the phyA pathway can
be blocked irArabidopsis sumutant$®. This

bnd-

found

D

uncoupling identifies transduction elements o

the sucrose pathway, which are responsible for

the interaction with the phyA-controlled light
signal transduction pathway (SUN protéihs

gene through salicylic acid signaling is probably modulated by the phytochrome s

mutantpsi2 under high light intensitiés The phyA receptor can phosphorylate the bluge
light receptor and therefore modulate the blue-light percefti®ucrose inhibits light-

gnal
because an elevated expressioRRfyenes is found in the phytochrome A and B signaling

responsive genes via a pathway involving SUN protifhe broken lines represent

of X ) .
pathways that are only active above a certain level of signal.

Such interactions presuppose the existence
common elements integrating the signa
converging from both pathways, either addi-
tively (for the inhibition of hypocotyl elon-
gation) or substractively (for the activatiolR®  Such a system would integrate internal as well Phytochrome A and B signaling pathways.
andCABgenes). It remains to be determinedas environmental signals to modulate the Blue-light receptor pathway.
whether SUN proteins are such elements, or #ctivity of the various metabolite biosynthesiss Circadian clock.
they simply interact with these elements.  pathway. » Sucrose and gibberellin pathways.

A major challenge will be to functionally
Crosstalk between amino acids Crosstalk in the control of flowering chamcterize these interactions and the corre-
and purine metabolism In Arabidopsis flowering induction is spondingelements forming such a complex
The various amino acid metabolisms are intereontrolled by a complex system of signalingnetwork.
connected, and can be linked up to the puringathways acting in partial redundancy, the
metabolisr¥. Indeed, Arabidopsis plants  signals of which are downstream-integrated bgignaling network: a neural network?
treated with a histidine biosynthesis inhibitora group of proteins, such as LFY andFrom aset of linear and separated signal trans-
overexpress genes related to not only histidin&P1, which further cooperate additively to con-duction pathways, the model describing per-
biosynthesis but also to aromatic amino acidger floral meristem identity (reviewed in Refs ception and information processing is now
to lysine synthesis and, curiously, to purine26-28). Multiple opportunities for crosstalk shifting towards a network-structured para-
synthesi¥. In addition, a reduction in glu- must occur in this system becaus80 genes dign?. As a much higher level of complexity is
tamine synthetase activity is observed. As in theave been found to influence the transitiorobserved, new models are emerging to account
case of other eukaryotgsa general control sys- from vegetative to reproductive stdyeFor for the properties of living cells. In line with
tem might coordinate metabolite biosynthesisexample, the time of flowering is influenced by:the mechanistic representations adapted from
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in a single output (R). In signal transduction,
Table 1. Examples of Boolean gates and logical integration the value O corresponds to no signal or a low
signal and the value 1 indicates that a phe-
nomenological significant signal is passing

of signals found in plant signal processing 2

Type of gate  Example Ref.  through the pathway.
Such a Boolean network model can serve
AND See Fig. 1 as a starting point for a functional description
of the network activity. If the signal level is
OR CAB gene induction by red or far-red light. 37 determining, there is the possibility for further
investigation of the quantitative ‘rule’ of signal
NAND Switch controlling down-regulation of genes involved in vegetative 28 integration associated with the element by a
develqpm_ent_ ir_1 th(_e shc_)ot apical_meris_,tem or i_nactiv_ation of a separate examination. Using a similar proce-
flowering inhibitor in this organ: input information might represent dure, every element of the network could be

signals controlling the activity of a flowering inhibitor concomitantly

(such as LFY and AP signals). characterized by a particular algorithm or rule.

In the future, assembling these algorithms
XOR Activity of red and far-red light in combination to control 3g Or rules together in a neural network should

cell elongation. lead to a useful simulation of the cell signal
transduction apparatus.

“The gate types are described in Fig. 2.
Conclusion
An isomorphism between signaling and
research into artificial intelligence, thealso possible. For example, a phosphatagoolean networks appears to be emerging.
cell apparatus involved in internal or externahctivity might be modulated by two indepen-This provides a logical framework that allows
signal interpretation can be considered dent kinases. These two kinases could phos-materialistic description of the flow of infor-
molecular network. In this more realistic phorylate the enzyme at different sites, botimation in cells. It implies that Boolean
(global) description, the structure of themodifications leading to a cumulative andswitches have a molecular identity, presum-
signaling network resembles a type of neurgbossibly non-linear effect on the phosphatasably as proteins that are susceptible to various
network called a perceptrén activity. This implies that a signal-integratingmodifications from convergent signals. More
A perceptron is a group of interacting algo-protein molecule can be considered a smatletailed information on pathways and cross-
rithms (neurons) divided into at least three layeomputing network. talk are needed to fill the gaps in our knowl-
ers: an input layer where the information is The ability to ‘memorize’ sets of conditions edge concerning signal processing. Molecular
entered, an output layer where information iss a typical property of neural-like netwotk®.  characterization of the individual elements of
read after processing by the network, and aim plants, the maintenance of circadian rhythnthe processing apparatus is a current challenge.

intermediate layer linking output and inputin darkness is an example of ‘memdty’ Therefore, future work should focus on an
neurons. Information enters the network in the extensive characterization of the elements
form of sigmoidal or gaussian signals, whichStructure of signaling networks: the involved in given signaling pathways and
are processed by the algorithm-containin@oolean network those linking these pathways in networks. The

neurons to generate new sigmoidal or gaussiddverall, signaling networks are structured likeuse of DNA microarrays to associate signal-
signals that will be treated by the next neuroneeural networks. However, the use of such emg networks with gene expression, and
in the ‘cascade’. In such networks, fluctuatingnodel to identify the molecular componentsgenetic approaches based on transgenic plants
information is divided into a set of arbitrary of a signal transduction network would restrictcontaining sets of reporter genes, should help
components, which is transported and modiadvances in research because informatiofin this task. It might be possible to represent
fied by the algorithms through a complex parprocessing in neural networks is diffuselysignal networks and crosstaiging models that
allel processing. localized. Thus, for use with a genetic andpossess good predictive power.

In the case of a biochemical network, theeonsequently, reductionistic approach, a sim-
signal flowing through two molecular neuronspler model is needed. A Boolean representakcknowledgements
can be represented as a pulse of cytoplasntion of signaling networks allows for a We thank Ted Farmer and Cris Kuhlemeier
calcium or a change in the concentration ofeductive and rational representation fronfor suggestions concerning the manuscript,
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molecular ‘neuron’ might be, for example, atain predictive power gained. Indeed, interferinghe concepts of artificial intelligence. Support
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