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Plants are unique as their development and morphogenesis are plastic throughout 
their lives. They continuously monitor diverse biotic and abiotic parameters of their 
environment and these sensory perceptions shape their organs and bodies. Although 
genes are critical, the final form and architecture of above-ground organs, and espe-
cially of root systems, are determined by their sensory activities associated with 
motoric responses (Friml 2003; Hodge 2009). Sensory plant biology and plant elec-
trophysiology were two lively disciplines until the late 1970s (Bünning 1959; Haupt 
and Feinleib 1979) but then, for somewhat obscure reasons, they showed no further 
development. In the last few years, however, there have been numerous advances in 
plant sciences. These necessitate not just a revival of plant electrophysiology and 
sensory biology, but also the introduction of plant neurobiology, which includes also 
plant sensory ecology (Baluška et al. 2006a; Brenner et al. 2006). First of all, and 
contrary to all “mechanistic” predictions based on the high turgor pressure of plant 
cells, endocytosis has been found to be an essential process of plant cells which 
impinges upon almost all aspects of plant life (Šamaj et al. 2005, 2006). Moreover, 
recent advances in plant molecular biology have identified, besides classic neu-
rotransmitters, also several proteins typical of animal neuronal systems, such as 
acetylcholine esterases, glutamate receptors, GABA receptors, and endocannabinoid 
signaling components, as well as indicating signaling roles for ATP, NO, and reac-
tive oxygen species (Baluška et al. 2006b). Plant action potentials have turned out to 
influence processes such as osmotic-force-based cell shapes, actin-cytoskeleton-
based cytoplasmic streaming, organ movements, wound responses, respiration and 
photosynthesis, as well as flowering (Dziubinska et al. 2003; Felle and Zimmermann 
2007; Davies 2004; Fromm and Lautner 2007). Last, but not least, there have been 
significant advances in ecological studies on plant–plant and plant–insect communi-
cations, as well as in behavioral studies on memory, planning, and learning phenom-
ena in plants (Trewavas 2005; Gális et al. 2009; Ripoll et al. 2009). Discovery of 
complex plant behavior (Baluška et al. 2006a; Hodge 2009; Karban 2008; Scott 
2008) implicates signal perception, processing, the integration of ambient signals 
(Brenner et al. 2006), and even cognition (Calvo Garzon 2007).

Recent advances in plant cell biology, molecular biology and ecology have 
resulted in the accumulation of a critical mass of data, which are not “digestible” 
within the framework of these, now classical, disciplines of plant sciences (Baluška 
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et al. 2006a, b; Brenner et al. 2006, 2007; Baluška and Mancuso 2009; Hodge 
2009). New approaches are required, characterized by systemlike analysis of infor-
mation acquisition, storage, processing, and the making of decisions.

Plants retrieve properties of their environment via sensory perceptions which are 
critical for their survival. Especially light and gravity, two physical factors per-
vading the universe, are essential in this respect. Plants actively experience the 
environment and can both store and retrieve memories (Gális et al. 2009; Ripoll 
et al. 2009 to drive an active life-style (for roots see Baluška et al. 2004; Hodge 
2009). Intriguingly, the translation of these physical forces into plant activities - 
typically differential growth responses - is based on the transcellular transport of 
auxin, which helps to bring about the final shape of the plant body (Friml 2003; 
Baluška et al. 2006b; Brenner et al. 2006).

Although the history of auxin can be traced back to the Darwin’s early experi-
ments with phototropism of coleoptiles, we still know almost nothing about its 
peculiar features. Let us examine the mystery of this unique molecule. Whereas 
auxin can probably be synthesized in each plant cell, it is tediously transported 
from cell to cell throughout the plant body (Friml 2003). Similarly puzzling is the 
well-known phenomenon that although the auxin molecule is sufficiently small to 
pass easily through plasmodesmatal channels, plant cells somehow manage to pre-
vent this direct cell-to-cell means of auxin transport (Mancuso et al. 2006). Rather, 
plants maintain an energetically costly system based on vesicle trafficking, closely 
resembling neuronal and immunological cell–cell communication, to drive trans-
cellular auxin transport (Baluška et al. 2003, 2005; Friml and Wiśniewska 2005). 
At least in the root apex, auxin is secreted via a synaptic neurotransmitter-like mode 
supported by phospholipase Dζ2 (Mancuso et al. 2007; Baluška et al. 2008). Thus, 
this unique information-bearing molecule is central to our understanding of sensory 
and communicative plants.

The next peculiarity is that when extracellular auxin hits the outside leaflet of 
the plasma membrane, it induces electric responses based on the ABP1 auxin-
binding protein (Felle et al. 1991; Steffens et al. 2001; Baluška et al. 2004). All this 
suggests that auxin, besides hormone- and morphogen-like (Dubrovsky et al. 2008) 
properties, possesses neurotransmitter-like faculties too. Since the cell-to-cell trans-
port of auxin translates sensory perception into adaptive motoric responses, being 
central for organ tropisms to light and gravity gradients, a plant neurobiology 
approach is needed to explain this great mystery of plants (Baluška et al. 2005, 
2006b, 2008; Baluška and Mancuso 2008).

Despite having a relatively simple body organization, plants need sophisticated 
sets of coordinative processes. Besides their root–shoot coordination, there is also 
need for coordination amongst radial tissues, especially within and between the 
cortex and stele. Action potentials run preferentially in the axial direction and they 
presumably integrate activities of root and shoot apices. Plants show modular and 
apparently decentralized organization of their bodies. Nevertheless, there are 
several critical situations requiring “centralized” decisions, such as the onset of 
flowering and the onset or breakage of dormancy. Although these decisions are 
based on information retrieved via numerous distant organs, they imply some central 
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“processor” which would reliably control the whole plant body. Importantly, any 
wrong decision would have detrimental consequences for the whole plant. Future 
studies focusing on these new aspects of plants will allow us to understand plants 
and their unexpected sensory, communicative, and social aspects.

Bonn, October 2008 František Baluška
Florence, October 2008  Stefano Mancuso
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       Auxin and the Communication 
Between Plant Cells       

     Peter   Nick       

  Abstract   Multicellularity allows to assign different functions to the individual 
cells. Cell fate could be defined by a stereotypic sequence of cell divisions or it 
might arise from intercellular communication between cells. Patterning in the 
totipotent plant cells results mainly from coordinative signals. Auxin is central 
in this respect, and this chapter ventures to give a survey on the role of auxin as 
a coordinative signal that regulates patterning of cell differentiation, cell division 
and cell expansion.  

  Abbreviations     2,4-D  :  2,4-Dichlorophenoxyacetic acid   ;   ARF  :  ADP-ribosylation 
factor   :   ARP  ;  Actin-related protein   :   BFA ;   Brefeldin A   :   GFP  ;  Green fluorescent protein   ; 
  IAA  :  Indole-3-acetic acid   ;   NAA  :  1-Naphthaleneacetic acid   ;   NPA  :  Naphthylphthalamic 
acid   ;   RFP  :  Red fluorescent protein   ;   TIBA  :  2,3,5-Triiodobenzoic acid       

  1 Introduction  

 The polar flux of auxin has been used for more than 375 million years to generate 
and regulate the pattern of vascular differentiation of parenchymatic cells and thus 
coordinates the organization of the telomes, the building block of cormophytic land 
plants. In addition to the patterning of vasculature, auxin mediates the coordinative 
signalling that controls phyllotaxis, the formation of new leaves according to an 
orderly, species-dependent pattern. The phyllotactic pattern is shaped by competition 
of young primordia for free auxin, such that the neighbourhood of an existing 
primordium will be depleted of auxin. Since auxin limits the formation of new primordia, 
this simple mechanism ensures elegantly that new structures will be laid down at a 
minimal distance from preexisting primordia. 

P. Nick (�)
 Botanisches Institut 1  ,  Kaiserstr. 2 ,  76128   Karlsruhe ,  Germany 
 e-mail: peter.nick@bio.uni-karlsruhe.de  

F. Baluška and S. Mancuso (eds.), Signaling in Plants, Signaling and Communication in Plants, 
DOI: 10.1007/978-3-540-89228-1_1, © Springer-Verlag Berlin Heidelberg 2009
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2 P. Nick

 Polar auxin transport can regulate the synchrony of cell divisions, with actin 
organization emerging as a central factor defining the pattern of cell division, probably 
by polarizing the flow of vesicles that deposit auxin-efflux carriers to the cell pole 
and thus determining the directionality of auxin efflux. Since the organization of 
actin, in turn, is regulated by auxin, a feedback loop is established that contains 
auxin-efflux carriers, intracellular auxin and actin filaments as central elements. 

 Regulated cell expansion represents the central adaptive response of the sessile 
plants to environmental challenges and is therefore highly responsive to stimuli, 
such as light or gravity. These adaptive responses involve a spatiotemporal pattern 
of cell expansion, which is most evident for tropistic curvature. Actually, auxin was 
originally identified as a signal that coordinates the pattern of cell expansion. 
The Cholodny−Went model explains tropism by a signal-induced redistribution of 
auxin fluxes across the stimulated organ. Although the Cholodny−Went model is 
repeatedly disputed mainly because of discrepancies between the observed response 
(a gradient of growth) and the amplitude of the induced gradient of auxin, it is 
shown that the model is still valid if the redistribution of auxin fluxes is complemented 
by parallel gradients of auxin responsiveness. 

 The chapter ends with a speculative consideration of why, during evolution, such 
a simple molecule as indole-3-acetic acid (IAA) has acquired such a central role for 
intercellular coordination. This is attributed to the molecular properties of auxin that 
determine its transport properties (multidirectional influx through an ion-trap mechanism, 
but unidirectional efflux through the localized activity of auxin-efflux carriers). 
On the intracellular level, this system is able to establish a clear cell polarity from 
even minute and noisy directional cues. On the level of tissues, this system is ideally 
suited to convey lateral inhibition between neighbouring cells. It was sufficient to 
put the localization of the efflux transporter under the control of auxin itself to reach 
a perfect reaction-diffusion system  in sensu   Turing (1952) . Such systems are able to 
generate clear outputs from even minute and noisy directional cues and provide a 
robust mechanism to generate patterns of cell differentiation, cell division and cell 
expansion under the special constraints of plant development, such as signal-dependent 
morphogenesis and the lack of specialized and localized sensing organs. 

 Plant morphogenesis is not based on fixed hierarchies − there is no such a thing 
as a “Great Chairman” that assigns differential developmental pathways to the 
individual cells. Plant cells rather “negotiate” on their individual developmental 
fates in a fairly “democratic” manner with hierarchies being created ad hoc by 
mutual interactions. It seems that auxin has evolved as a central tool for this “cellular 
democracy” characteristic for plant development.  

  2 Plant Development and Cell Communication  

 “Why do cells exist?” − with this question  Philip Lintilhac (1999)  starts his thoughtful 
essay on the conceptual framework of cellularity. Multicellularity initially probably 
evolved as a strategy to increase in size and thus escape the fate of being eaten. 



Auxin and the Communication Between Plant Cells 3

During growth, the volume of a cell (its “internum”  in sensu  Lintilhac) increases 
with the third power of the radius; its surface, though, increases only with the second 
power of the radius. When a cell grows, an increasing gap between consumption 
(by the “internum”) and subsistence (through the boundary with the “externum”) 
has to be bridged that will limit further expansion of the cell. Multicellularity 
allows an increase of the surface in relation to the volume − for the cell population 
 as an entity . This made it possible for the cell to become bigger, again for the cell 
population  as an entity . The selective advantage (not to be devoured by predators) 
paid off for each individual cell. However, the full potential of this achievement 
emerged only when the individual cells of the newborn organism began to assign 
different functions to individual members of the population. For the individual cell, 
differentiation represents a risky investment, because it implies that specific 
(Lintilhac coined the term “hypercellular”) tasks have to be upregulated at the cost 
of other “hypocellular” functions that are downregulated and therefore have to 
be compensated by corresponding hypercellular output from neighbouring cells. 
This culminates in a situation where the individual cells cannot survive outside the 
organismal context. 

 Differentiation therefore requires an intensive flow of information between indi-
vidual cells to maintain the subtle balance between hypercellular and hypocellular 
functions. Although in some systems the differentiation of individual cells seems to 
follow a predetermined internal programme, cell−cell communication is important 
at least in the initial phase, when this programme is defined and triggered. Plant 
cells with their principal totipotency and their comparatively diffuse differentiation 
have to be especially communicative. Owing to their developmental flexibility, the 
balance between hypercellular and hypocellular functions has to be reestablished 
continuously. It thus seems that cell differentiation in plants resembles more or less 
the ancestral situation of multicellularity. In addition, plant cells are immobile, such 
that temporal patterns of differentiation become manifest morphologically and are 
not obscured by cell migrations. 

 The primordial form of cell differentiation is developmental dichotomy as 
characteristically observed during the first formative cell division of zygotes or 
spores in many algae, mosses and ferns or during the first division of the angiosperm 
zygote. In the Volvocales, a monophyletic clade of the green algae, it is still 
possible to follow the evolutionary line from a cell population over cell colonies 
(consisting of equivalent members that are completely autonomous) to a true organism, 
where two cell types are coupled by hypocellular and hypercellular interactions. 
Genetic analysis of differentiation mutants in  Volvox carteri  has uncovered a transcription 
factor,  regA , repressing nuclear encoded genes of the chloroplast in mobile, somatic 
cells such that growth of these cells is suppressed, leading to a delayed cell cycle 
 (Kirk 2003) . In contrast, a group of four or five  late gonidia  factors suppress the 
motile phase in reproductive cells and thus promote their division. The activities of 
 regA  and  lag  differ as early as from the first division of the mature gonidium. 
This primary developmental dichotomy is under the control of two or three  gonidialess  
factors − mutations in those genes render the first division symmetric such that the 
resulting daughter organism lacks reproductive cells. In fact, the dichotomy of 
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the first gonidial division is a cornerstone of August Weismann’s concept of inheritance, 
where he defined the separation of the differentiating, but mortal  soma  from the 
non-differentiating, but immortal  germ line  as a primordial event of multicellular 
development  (Weismann 1894) . 

 Developmental dichotomy could be based on a gradient of developmental 
determinants within the progenitor cell that are then differentially partitioned to the 
daughter cells (formative cell division). According to this mechanism, the ultimate 
cause for differentiation would reside in cell lineage (Fig.  1a ). Alternatively, 
developmental dichotomy could arise from communication between initially equipotent 
daughter cells and therefore would be independent of cell lineage (Fig.  1b ).        

 As diverse as these two mechanisms might appear, it can be difficult to discriminate 
between them in nature since the commitment for a certain developmental pathway 
and the manifestation of this commitment as differentiation are not always clearly 
separated in time. However, the principal totipotency of plant cells is easier to reconcile 
with a model where differentiation is not defined a priori by a formative division 
(Fig.  1a ), but  a posteriori  by intercellular communication (Fig.  1b ). 

 The impact of intercellular communication on differentiation is heralded in the 
(prokaryotic, but plant-like) cyanobacteria during the differentiation of heterocysts. 
Heterocystsexpress (as hypercellular function) a nitrogenase that is able to release 
the constraints placed on cell division by the limited supply of bioavailable nitrogen. 

 Fig. 1    Mechanisms for the establishment of developmental differentiation. ( a ) Mosaic develop-
ment, where developmental fate is determined a priori and then assigned to individual daughter 
cells by a stereotypic sequence of formative cell divisions. ( b ) Regulative development, where 
developmental fate is not predetermined, but is defined a posteriori by communication between 
equipotent cells  
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This nitrogenase dates back to the earliest, anoxic phases of life on this planet and 
is therefore highly sensitive to oxygen; therefore, to safeguard nitrogenase activity, 
any photosynthetic activity has to be excluded from heterocysts. These cells are 
therefore hypocellular with respect to assimilation. The balance between nitrogen 
export and assimilate import has to be maintained although the total number of cells 
grows continuously. This balance is kept by iterative patterning, whereby preexisting 
heterocysts suppress the differentiation of new heterocysts in a range of around ten 
cells. When, in consequence of cell divisions, the distance between them exceeds 
this threshold, a new heterocyst will differentiate between them. By the analysis of 
patterning mutants in  Anabaena  the factor responsible for this lateral inhibition 
could be identified as the diffusible peptide patS  (Yoon and Golden 1998) . 
Differentiation (including the synthesis of patS) will begin in clusters of neighbouring 
cells; however, one of these cells will advance and then suppress further differentiation 
in its neighbours  (Yoon and Golden 2001) . This demonstrates that the differentiation 
of a heterocyst is not predetermined, but is progressively defined by signalling 
between neighbouring cells. 

 Developmental dichotomy in the complete absence of a predefined gradient has 
been impressively demonstrated for the somatic embryogenesis of embryogenic 
carrot cell suspensions. Here a single cell can be induced to produce an entire 
embryo that is indistinguishable from a sexually produced plant. Similar to zygotic 
development, the initial event is an asymmetric cell division giving rise to a highly 
vacuolated basal and a smaller apical cell endowed with a very dense cytoplasm 
 (McCabe et al. 1997) . Whereas the vacuolated cell will undergo programmed cell 
death, this apical cell will undergo embryogenesis. The vacuolated cell expressed a 
surface marker that was recognized by the monoclonal antibody JIM8 that had 
originally been raised as a marker of cell fate in root development. By use of 
ferromagnetic antibody conjugates it was possible to remove cells expressing the 
JIM8 marker from the suspension. These cultures lost their embryogenic potential. 
However, a filtrate from a culture containing JIM8-positive cells was able to restore 
the embryogenic potential of the JIM8-depleted culture. The JIM8 marker, a small 
soluble arabinogalactan protein secreted by the vacuolated cells, was therefore 
necessary and sufficient to confer an embryogenic fate to the densely vacuolated 
apical cells. Thus, the formative division is controlled by intercellular signalling. 

 Whereas intercellular signalling is relatively evident in these two examples, it 
might be more widespread. The classic experiment to dissect the role of cell lineage 
versus intercellular signalling in animal embryology is to transplant tissue to a 
different site of the embryo and to test whether the explant develops according to 
position (favouring a signalling mechanism) or according to its origin, as would be 
expected for differentiation based on cell lineage  (Spemann 1936) . This experiment 
has rarely been undertaken in plants, and so intercellular signalling might have been 
overlooked in many cases. For instance, the highly stereotypic cell lineage in the 
root meristem of  Arabidopsis thaliana  seemed to indicate that here cell fate is 
defined by cell lineage that could be traced back to early embryogenesis  (Scheres 
et al. 1994) . However, by very elegant laser ablation experiments  (Van den Berg et al. 
1995)  and the analysis of mutants with aberrant definition of tissue layers  (Nakajima 
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et al. 2001)  it could be shown that even in this case cell fate was defined by signals 
(such as the transcription factor shortroot) from adjacent cells. 

 Generally, the principal totipotency of plant cells is difficult to reconcile with a 
strong impact of cell lineage. Patterning in cells thus seems to result mainly from 
coordinative signals. However, as discussed in the next section, the impact of 
intercellular communication on development seems to reach beyond the realm 
of individual cells to the coordinative development of entire organs.  

  3  Auxin as a Pattern Generator in Cell 
Differentiation I: Vasculature  

 As consequence of their light dependency, plants increase their surface in an 
outward direction, which means that they have to cope with a considerable degree 
of mechanic load. As long as they were aquatic, this was no special challenge, 
because mechanical strains were counterbalanced by buoyancy, allowing for 
considerable size even on the basis of a fairly simple architecture. However, the 
transition towards terrestrial habitats increased the selection pressure towards 
the development of flexible and simultaneously robust mechanical lattices. Plant 
evolution responded to this selective pressure by generation of load-bearing 
elements, the so-called telomes  (Zimmermann 1965) . These modules are organized 
around a lignified vascular bundle surrounded by parenchymatic tissue and an 
epidermis to limit transpiration (Fig.  2a ). The telomes were originally dichotomously 
branched, but by asymmetric branching (“overtopping”) hierarchical branching 
systems emerged that were endowed with main and side axes. By planation and 

 Fig. 2    Modular structure of terrestrial plants. The building block of cormophytes are the telomes 
( a ), tubular elements organized around vasculature bundles that are surrounded by parenchymatic 
tissue and protected by an epidermis with stomata for the regulation of transpiration. By combina-
tion of the telomes in combination with simple modulations of their geometry ( b ) progressively 
complex hierarchical structures have been produced during the evolution of land plants  



Auxin and the Communication Between Plant Cells 7

subsequent fusion of the parenchymatic tissue (so-called webbing) the telomes 
developed into the first leaves (Fig.  2b ). This is still evident in the leaves of 
certain ferns and the primitive gymnosperm  Ginkgo biloba , where, interestingly, 
occasionally atavistic forms are observed that uncover the original dichotomous 
telome structure. By spherical fusion and reduction of individual telomes globular 
structures arose that later evolved into sporangiophores and flower organs. Eventually, 
webbing of non-planar telomes generated the vasculature that has since been used 
throughout cormophyte evolution. In summary, the whole architecture of land 
plants derives from the patterned organization of these versatile modules. In 
other words, if one wants to understand the morphogenesis of land plants, one 
needs in the first place to understand the patterning of vessels as a core element of 
these building blocks.        

 Vessel patterning is central for the success of grafting in horticulture  (Priestley 
and Swingle 1929)  and therefore shifted into the focus of botanical research many 
years ago. As long ago as the eighteenth century regenerative events in grafting 
were explained by a theory where two morphogenetic factors, a heavy “root sap” 
and a light “shoot sap”, moved towards the respective poles driven by gravity, 
accumulated there and triggered the formation of roots and shoots, respectively 
 (Du Monceau 1764) . In fact, the existence of such morphogenetic factors and 
their transport in the phloem was elegantly demonstrated by incision experiments 
 (Hanstein 1860) . By elaborate cutting and regeneration studies  Goebel (1908)  
arrived at the conclusion that an apicobasal flux of an unknown substance defines 
the regeneration of new shoot and root elements. If this flux is interrupted or 
inverted, locally restricted inversion of shoot-root polarity becomes manifest as a 
gradient in the formation of vasculature and the ability to regenerate adventitious 
shoots or roots, respectively. The factor that was produced by developing leaves 
and that was able to induce the differentiation of new vasculature from parenchymatic 
tissue located basipetally of the leaf was later shown to be the transportable auxin 
IAA  (Camus 1949) . This finding opened up the possibility to experimentally 
manipulate the spatial pattern of vascular bundles, an approach that was exploited 
by Tsvi Sachs in a series of ingenious experiments. He could demonstrate that 
“differentiated vascular tissue whose source of auxin has been removed attracts 
newly induced vascular strands. This attraction is expressed in the joining of the 
new strands to the pre-existing vascular tissue. Differentiated vascular tissue which 
is well supplied with auxin inhibits rather than attracts the formation of new vascular 
strands in its vicinity”  (Sachs 1968) . This basic experiment and numerous 
experimental derivatives culminated eventually in a canalization model of 
auxin-dependent patterning of vasculature: if, within an initially homogeneous 
distribution of auxin across the parenchymatic tissue, the polar flux of auxin is 
increased locally (for instance by blocking other drainage paths), the increase 
leads to accelerated differentiation of vessels at this site. Since those developing 
vessels can already transport more auxin per unit time, they will deplete the 
neighbouring areas of auxin. A few vessels will form and mutually compete for 
auxin. With time, the vessels differentiate progressively and, eventually, the pattern 
is stabilized by lignification  (Sachs 1981) . 
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 The cellular basis of this drainage model is the polarity of vascular cells that are 
aligned with the shoot−root axis. The vasculature of a leaf, however, does not reveal 
such an obvious polarity and it was therefore not clear whether the auxin canalization 
theory could be generalized to leaf veins as well. However, when transverse vascular 
strands were investigated, they were found to include adjacent vessels with opposite 
polarities that did not mature at the same time  (Sachs 1975) . Similar vessels without 
clear polarity could be induced experimentally when the location of the auxin 
source was changed repeatedly. Thus, the axis of a vessel seems to precede its 
polarity, and the differentiation of a network without clear directionality (as typical 
for dicotyledonous leaves) is thought to arise from non-synchronous auxin transport 
across the leaf blade. Since auxin transport has been observed to oscillate in intensity 
 (Hertel and Flory 1968) , the formation of an axial, but non-polar vessel could also 
originate from auxin movement in opposite directions at different times even 
through the same cells. 

 This model predicts that inhibition of polar auxin transport should impair the 
differentiation of leaf veins. This has been tested experimentally in  Arabidopsis  
leaves treated with 1-naphthylphthalamic acid (NPA), an inhibitor of auxin 
transport  (Mattsson et al. 1999) . When the concentration of the inhibitor was 
raised, the vasculature was progressively confined to the leaf margin, indicating that 
the central regions of the leaf were depleted of auxin. The canalization model is 
further supported by a series of mathematical models that can explain a variety of 
common venation pattern (for a recent review see  Roeland et al. 2007) . The molecular 
base of canalization is generally seen by alignment of auxin-efflux transporters, 
such as the PIN proteins, with the flux of auxin, such that these fluxes are amplified even 
further. In fact, PIN1 is polarized along the putative direction of auxin flow prior to 
the formation of vasculature during early leaf development  (Scarpella et al. 2006) . 

 A central element of the canalization model is the feedback of auxin flux on cell 
polarity. This implies that the cell responds to the flow rather than to the local 
concentration of auxin, which poses sophisticated challenges for modelling. 
Alternatively, PIN proteins could localize differentially to cell membranes depending 
on the local auxin concentration in the cell adjacent to this membrane as proposed 
for phyllotaxis  (Jönsson et al. 2006) . When this readout of local auxin concentration 
is combined with an auxin-dependent expression of the channel, it is possible to 
model channelling patterns that are consistent with those of the classical canalization 
model  (Roeland et al. 2007) . 

 Although the cellular details of auxin channelling remain to be elucidated, it is 
clear that this pattern generator is evolutionarily very ancient. Evidence for polar 
auxin transport can be found in algae and mosses (for a review see  Cooke et al. 2002)  
and polar auxin transport has been proposed to be responsible for vascular differen-
tiation in early land plants  (Stein 1993) . In recent conifers or dicotyledonous plants 
the vasculature follows straight lines, but forms characteristic whirlpools near buds, 
branches or wounds when the presumed axial flow of auxin is interrupted. Identical 
circular patterns also occur at the same positions in the secondary wood of the Upper 
Devonian fossil progymnosperm  Archaeopteris , thus providing the first clear fossil 
evidence of polar auxin flow  (Rothwell and Lev-Yadun 2005) . Thus, already 375 



Auxin and the Communication Between Plant Cells 9

million years ago ancient land plants used polar auxin flux as a tool to establish and 
maintain a contiguous vascular pattern throughout their telomic modules.  

  4  Auxin as a Pattern Generator in Cell 
Differentiation II: Phyllotaxis  

 In addition to the patterning of vasculature, auxin is a central player in the coordinative 
signalling that controls phyllotaxis, the formation of new leaves according to an 
orderly, species-dependent pattern. It has been known for a long time that the 
position of a prospective leaf primordium in the apical meristem is defined by 
inhibitory fields from the older primordia proximal to the meristem  (Schoute 1913) . 
This was demonstrated by isolation of the youngest primordium by tangential 
incisions that shifted the position of the subsequent primordia  (Snow and Snow 
1931) . At that time, this shift was interpreted in terms of a first available space 
model, where the additional space created by the incision would allow the incipient 
primordia to move to a position where they otherwise were excluded. However, this 
result is consistent with inhibitory fields emanating from the primordia. There has 
been a long debate on the nature of these inhibitory signals that were originally 
thought to be chemical agents, but were later interpreted to be of mechanical nature. 
Since a growing meristem is subjected to considerable tissue tension, the inhibition 
could be merely mechanical, because the preexisting primordia would induce 
stresses upon surrounding potential sites of primordium initiation. The expected 
stress−strain patterns can perfectly predict the position of prospective primordia 
(for a review see  Green 1980) . If the inhibition were mechanical, local release of 
tissue tension by beads coated with extensin should alter phyllotaxis. In fact, such 
beads could invert the phyllotactic pattern  (Fleming et al. 1997) . However, a closer 
look showed that the extensin-induced structures did not always develop into true 
leaves, but in some cases resembled mere agglomerations of tissue that did not 
express leaf markers such as photosynthetic proteins. True leaf development was 
only initiated when the extensin bead was placed in a site where according to the 
natural phyllotaxis a primordium would have been laid down. This meant that mere 
mechanical tension was not sufficient to explain phyllotaxis and this led to a 
rehabilitation of chemical signals as the cause of the inhibitory field emanating 
from preexisting primordia. Chemical inhibition was supported by studies in apices 
that had been freed from primordia by application of auxin-transport inhibitors 
 (Reinhardt et al. 2000) , an experimental system that allows study of the de novo 
generation of a pattern without the influence of preexisting structures. In this system, 
the coordinative signal was found to be auxin. However, against textbook knowledge, 
the preexisting primordia did not act as sources, but as sinks for auxin. Within the apical 
belt that is competent for the initiation of leaf primordia there is mutual competition 
for auxin as a limiting factor and this competition is biased in favour of certain sites 
(where, in consequence, a new primordium is initiated) by the preexisting primordia 
that attract auxin fluxes from the meristem  (Reinhardt et al. 2003) . 
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 The phyllotactic pattern could be explained by a mechanism where PIN1 that 
continuously cycles between an endocellular compartment and its site of activity at 
the plasma membrane acts as a sensor for intercellular auxin gradients  (Roeland 
et al. 2007) . When the endocytosis of PIN1 becomes suppressed by extracellular 
auxin (for instance through a membrane-bound or apoplastic auxin receptor; Fig. 
 3a ), auxin will be preferentially pumped upstream by an auxin gradient (Fig.  3b ). 
In fact, the endocytosis of PIN1 has been shown to be suppressed by exogenous 
auxins  (Paciorek et al. 2005)  providing the positive amplification loop required for 
the auxin-dependent inhibitory field.        

 Phyllotaxis and induction of vasculature are the two classic examples for 
auxin-dependent pattern formation. What can be generalized from these examples? 
Both patterns are highly robust against stochastic fluctuations of the input, they rely 

 Fig. 3    Model for the self-amplification of transcellular auxin gradients. Auxin-efflux carriers 
cycle between the plasma membrane (their site of action) and an intracellular pool. Endocytosis 
of these carriers is locally inhibited by apoplastic auxin and is dependent on actin-mediated vesicle 
traffic ( a ). The competition between the two flanks of the cell for a limited number of the intracellular 
carriers in combination with local suppression of carrier endocytosis will amplify initial fluctuations 
of apoplastic auxin concentration progressively into clear gradients in the concentration of apo-
plastic auxin ( b )  
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on lateral inhibition between the patterned elements, and they culminate in qualitative 
decisions that are probably brought about by autocatalytic feedback loops. 
Such mechanisms can be described by the mathematics of reaction-diffusion systems 
that was adapted to biology  (Turing 1952) , and has been quite successfully used to 
model various biological patterns such as foot−head patterning in  Hydra   (Gierer 
et al. 1972) , segmentation in  Drosophila   (Meinhard 1986)  and leaf venation 
 (Meinhard 1976) . In these reaction-diffusion systems, a locally constrained, 
self-amplifying feedback loop of an activator is linked to a far-ranging mutual 
inhibition  (Gierer and Meinhard 1972) . Auxin-dependent patterning seems to 
follow this model, but differs in one aspect: rather than employing an actual inhibitor 
as a positive entity, in auxin-dependent patterning lateral inhibition is brought about 
by mutual competition for the activator.  

  5 Auxin as a Pattern Generator in Cell Division  

 In addition to cell expansion, auxin can induce cell division, a fact that is widely 
employed for tissue culture and the generation of transgenic plants. Investigation of 
lateral-root formation in  Arabidopsis  suggested that auxin regulates cell division 
through a G-protein-dependent pathway  (Ullah et al. 2003 , for a review see  Chen 
2001) . This was dissected further in tobacco suspension cells, early auxin signalling 
was dissected further, using the artificial auxins 1-naphthaleneacetic acid (NAA) and 
2,4-dichlorophenoxyacetic acid (2,4-D). This study  (Campanoni and Nick 2005)  
demonstrated that these two auxin species affected cell division and cell elongation 
differentially. NAA stimulated cell elongation at concentrations that were much 
lower than those required to stimulate cell division. In contrast, 2,4-D promoted cell 
division but not cell elongation. Pertussis toxin, a blocker of heterotrimeric 
G-proteins, inhibited the stimulation of cell division by 2,4-D but did not affect cell 
elongation. Conversely, aluminium tetrafluoride, an activator of the G-proteins, 
could induce cell division at NAA concentrations that were otherwise not permissive 
for division and even in the absence of any exogenous auxin. These data suggest that 
the G-protein-dependent pathway responsible for the auxin response of cell division 
is triggered by a different receptor than the pathway mediating auxin-induced cell 
expansion. The two receptors appear to differ in their affinity for different auxin 
species, with 2,4-D preferentially binding to the auxin receptor responsible for division 
and NAA preferentially binding to the auxin receptor inducing cell growth. 

 This bifurcation of auxin signalling (Fig.  4 ) appears to imply a differential interaction 
with the cytoskeleton as suggested by a recent detailed study on the effect of auxin 
on root growth in  Arabidopsis thaliana   (Rahman et al. 2007) . When the contributions 
of cell division and cell elongation were assessed separately, the natural auxin 
IAAalong with NAA and the auxin-transport inhibitor 2,3,5-triiodobenzoic acid 
(TIBA)were observed to inhibit cell elongation while leaving filamentous actin 
basically unaltered. In contrast, 2,4-D and the polar transport inhibitor NP Ainhibited 
cell division and at the same time eliminated actin filaments.        
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 The root represents a very complex system consisting of different tissue layers 
that differ with respect to molecular machinery, auxin sensitivity and cytoskeletal 
organization. Moreover, the frequency of cycling cells, even in a rapidly growing 
root, is relatively modest, which makes it difficult to study the control exerted by 
intercellular auxin signalling on cell division on a quantitative level. However, a 
clear pattern of cell divisions is evident, with the cells of the quiescent centre acting 
as stem cells for the generation of proliferative tissues. As pointed out already, in 
the primary root of  Arabidopsis , where this phenomenon has been dissected most 
intensively, this pattern can be traced back to early embryogenesis, whereas it 
seems to be more flexible in meristems of the Graminea. Nevertheless, the pattern 
of cell division is already established when the root meristem becomes accessible 
to cell-biological inspection and it is very difficult, if not impossible, to manipulate 
these patterns in a fundamental manner. Thus, root meristems represent a beautiful 

 Fig. 4    Model for the bifurcation of auxin signalling in the regulation of cell division and cell 
elongation in tobacco cells according to  Campanoni and Nick (2005)  modified according to 
 Rahman et al. (2007) . The auxin receptor with high affinity for 1-naphthaleneacetic acid regulates 
cell elongation and is independent of G-protein activity and does not cause a disassembly of actin, 
whereas the auxin receptor with high affinity for 2,4-dichlorophenoxyacetic acid triggers a signal 
chain that involves the activity of a G-protein and triggers the disassembly of actin filaments. This 
signal chain is inhibited by pertussis toxin and is activated by aluminium tetrafluoride. Both pathways 
are mutually inhibitory  



Auxin and the Communication Between Plant Cells 13

system to study pattern perpetuation, but for the analysis of pattern induction simpler 
systems that are less determined might be more appropriate. Suspension lines of 
tobacco are such models to study the primordial stages of division patterning and, 
in general, cellular aspects of cell division. These lines usually proceed from uni-
cellular stages through a series of axial cell divisions towards cell files that are 
endowed with a clear axis and, in most cases, with a clear polarity. As will be 
explored in more detail below, these cell files are not a mere aggregation of autonomous, 
independent, cells, but display holistic properties such as an overall directionality 
and a pattern of cell division. In other words, these files are nothing other than a 
very reduced, but entire version of a multicellular “organism”. Owing to this 
extreme reduction in the level of complexity, it may be easier to study the intercellular 
negotiations of hypercellular and hypocellular functions rather than in a highly 
complex and differentiated meristem. Two tobacco cell lines have been studied in 
more detail with respect to cell−cell communication: 

 The cell line VBI-0  (Opatrný and Opatrná 1976 ;  Petrášek et al. 1998)  derives 
from stem pith parenchyma, i.e. the cells that can differentiate into vascular tissue 
in response to auxin flow. These cells have preserved the ability to generate the 
structured cell-wall thickenings characteristic for xylogenesis  (Nick et al. 2000) . In 
the same way as its parenchymatic ancestor cells, this cell line grows in files where 
fundamental characteristics of patterning, such as clear axis and polarity of cell 
division and growth, are manifest. The progression into the culture cycle, the duration 
of the lag phase, the rate of cell division and the length of the exponential phase 
 (Campanoni et al. 2003) , but also cell polarity and axiality  (Petrášek et al. 2002) , 
can be controlled by auxin. The cell files are formed from singular cells, such that 
positional information inherited from the mother tissue probably does not play a 
role. If there are patterns of competence within a cell file, they must originate de 
novo during the culture cycle. 

 The widely used cell line BY-2  (Nagata et al. 1992)  has generated a wealth of data 
on the role of phytohormones during the plant cell cycle. Compared with VBI-0, the 
temporal separation between cell division and cell expansion phases is less 
pronounced (probably as a consequence of the extremely high mitotic activity and 
short culture cycle). Moreover, the subsequent differentiation of these cells cannot 
be observed because they very rapidly lose viability if they are not subcultured 
directly after the logarithmic phase. However, BY-2 is transformed much more 
easily than VBI-0, such that a broad panel of different transgenic lines expressing 
fluorescently tagged marker proteins has become available. Moreover, although not 
as clearly manifest as in VBI-0, the basic features of patterning as well as file axis 
and polarity can be observed as well in this line. 

 During the work with these two cell lines, the cell divisions within the file were 
found to be partially synchronized, leading to a much higher frequency of cell files 
with even cell numbers than cell files with uneven cell numbers  (Campanoni et al. 
2003 ;  Maisch and Nick 2007) . The experimental data could be simulated using a 
mathematical model derived from non-linear dynamics, where elementary oscillators 
(cycling cells) were weakly coupled, and where the number of these oscillators was 
not conserved, but increased over time. The model predicted several non-intuitive 
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properties of the experimental system, among them that this coupling is unidirectional, 
i.e. that the coordinating signal was transported in a polar fashion. The coupling 
corresponds to a phase shift in the cell cycle, i.e. a dividing cell will cause its 
downstream neighbour to accelerate its cell cycle such that it will also initiate 
mitosis. The synchrony of cell divisions could be inhibited by low concentrations 
of the auxin-efflux inhibitor NPA. Although it has been known for a while that 
auxin is necessary for the progress of the cell cycle, and thus can be used to synchronize 
the cell cycle in plant cell cultures (for a review see  Stals and Inzé 2001) , this was 
the first time that auxin was shown to coordinate the divisions of adjacent cells. 
The modelling and the time courses of cell division showed that the noise in this 
system was considerable, with high variation in the cycling period over the cell 
population. Nevertheless, the division of adjacent cells was synchronized to such a 
degree that files with uneven cell numbers were rare compared with files with even 
numbers (Fig.  5a ). Frequency distributions over the cell number per file thus exhibited 
oscillatory behaviour with characteristic peaks at the even numbers.        

 Since auxin efflux carriers cycle between the plasma membrane and an endocytotic 
compartment, auxin signalling has been linked to the organization of actin (for a 
review see  Xu and Scheres 2005) . However, this presumed link has recently been 

 Fig. 5    Model for the regulation of cell division patterns in tobacco cell cultures by polar auxin 
transport.  a  Actin-dependent cycling of auxin-efflux carriers results in a polar distribution of the 
carrier and a polar flow of auxin through the cell file. Divisions of neighbouring cells are synchro-
nized by this flow such that even cell numbers become more frequent than uneven cell numbers. 
 b  Actin-related protein 3 as marker for actin-nucleation sites is distributed in a gradient in the 
polarized tip cells, but not in the other cells of the file. The gradient of actin nucleation should 
result in a gradient of actin-dependent traffic that in turn will generate a graded distribution of 
auxin-efflux carriers such that auxin flow is polarized along the file axis  
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questioned by experiments, where PIN1 and PIN2 maintained their polar localization, 
although actin filaments had been eliminated by 2,4-D or NPA  (Rahman et al. 2007) . 
For the phytotropins TIBAand 2-(1-pyrenoyl) benzoic acid, it was shown very 
recently that they induce actin bundling not only in plants, but also in mammalian and 
yeast cells, i.e. in cells that are not to be expected to utilize auxin as a signalling 
compound  (Dhonukshe et al. 2008) . This has been interpreted as supportive evidence 
for a role of actin filaments in polar auxin transport. However, it was mentioned in the 
same work that NPA failed to cause actin bundling in non-plant cells, suggesting that 
its mode of action must be different. 

 Irrespective of the suggested direct effect of TIBA and 2-(1-pyrenoyl) benzoic acid 
on microfilaments, actin organization has been found to be highly responsive to 
changes in the cellular content of auxins (which would explain the NPA effect, for 
instance). This finding is actually quite old. During the classical period of auxin 
research,  Sweeney and Thimann (1937)  proposed that auxin might induce coleoptile 
growth by stimulating cytoplasmic streaming that is indeed very prominent in the 
coleoptile epidermis. In a series of publications, the late Kenneth Thimann returned 
to this idea and showed that elimination of actin very efficiently blocked auxin-dependent 
growth and argued that microfilaments are necessary for cell growth  (Thimann et al. 
1992 ;  Thimann and Biradivolu 1994) . These findings contrasted with laser tweezer 
measurements, where the rigour of actin limiting cell expansion was shown to be 
released by auxin  (Grabski and Schindler 1996) . In the framework of this actin-rigour 
model, the elimination of actin would be expected to stimulate rather than inhibit 
auxin-dependent growth. On the other hand, at that time there was no alternative 
model that could explain how actin filaments would support cell growth. 

 To get insight into the role of actin in the control of cell growth, the phytochrome-
triggered cell elongation of maize coleoptiles was studied in more detail  (Waller and 
Nick 1997) , leading to a physiological definition of two microfilament populations 
that were functionally different. In cells that underwent rapid elongation, actin was 
organized into fine strands that became bundled in response to conditions that inhibited 
growth. This transition was rapid and preceded the changes in growth rate. Moreover, 
this response was confined to the epidermis, i.e. to the target tissue for the signal 
control of growth  (Kutschera et al. 1987) . Later, these two actin populations could be 
separated biochemically owing to differences in sedimentability  (Waller et al. 2002) . 
The fine actin filaments correlated with a cytosolic fraction of actin, whereas actin 
became trapped on the endomembrane system and was partitioned into the microsomal 
fraction in conditions that induced bundling. The transition between the two states of 
actin could be induced, in a dose-dependent manner, by light (perceived by 
phytochrome), by fluctuations of auxin content, or by the secretion inhibitor brefeldin 
A (BFA). The bundling of actin was accompanied by a shift of the dose-response of 
auxin-dependent cell elongation towards higher concentrations and thus to a reduced 
auxin sensitivity  in sensu strictu . This led to a model whereby auxin signalling caused 
a dissociation of actin bundles into finer filaments that were more efficient with 
respect to the polar transport of auxin-signalling/transport components. Thus, any 
modulation of cellular auxin content (such as that induced by phytotropins) is 
expected to repartition the ratio between bundled and detached actin filaments. 
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 This short excursion makes clear that although the organization of actin seems 
to play a role in the polarity of auxin fluxes, there is also a clear effect of auxin on 
the organization of actin filaments. This bidirectionality in the relation between 
actin and auxin has to be considered to avoid flaws in the interpretation of inhibitor 
effects. The feedback circuit between auxin and actin was addressed using pattern-
ing of cell division as a sensitive trait to monitor changes of polar auxin fluxes 
 (Maisch and Nick 2007) . If actin were part of an auxin-driven feedback loop, it 
should be possible to manipulate auxin-dependent patterning through manipulation 
of actin (Fig.  5a ). This prediction was tested using a transgenic BY-2 cell line stably 
expressing a fusion between the yellow fluorescent protein and the actin-binding 
domain of mouse talin  (Ketelaar et al. 2004) . In this cell line, the microfilaments 
were constitutively bundled, and the synchrony of cell division was impaired in 
such a way that the characteristic oscillations described above disappeared. When 
transportable auxin was added (auxin  per se  was not sufficient), both a normal 
organization of actin and the synchrony of cell division could be restored. This 
demonstrated that actin is not only responsive to changes in the cellular content of 
auxin, but that it also actively participates in the establishment of the polarity that 
drives auxin transport. 

 When actin organization is relevant for the synchrony of cell division (mediated 
by a polar transport of auxin), the factors that regulate the organization and polarity 
of actin filaments are highly relevant for patterning. A central player might be the 
actin-related protein (ARP) 2/3 complex, a modulator of the actin cytoskeleton shown 
by immunofluorescence to mark sites of actin nucleation in tobacco BY-2 cells 
 (Fišerová et al. 2006) . ARP2/3 caps the pointed end such that the actin filament 
grows in the direction of the barbed end. Tobacco Arp3 was cloned and fused to red 
fluorescent protein (RFP) as a marker for bona fide sites of actin nucleation (Maisch 
J, Fišerová J, Fischer L, Nick P, submitted). By biolistic transient transformation of 
tobacco cells it was possible, for the first time, to visualize ARP3 in living plant cells. 
With use of dual-fluorescence visualization of actin [by a green fluorescent protein 
(GFP) fusion of the actin-binding site of fimbrin] the RFP−ARP3 could be shown to 
decorate actin filaments in vivo. When actin filaments were transiently eliminated 
(either by treatment with cytochalasin D or by cold treatment) and then allowed to 
recover, RFP−ARP3 marked the sites from which the new filaments emanated. 

 With use of this marker, the behaviour of actin-nucleation sites could be 
followed through patterned cell division in comparison with AtPIN1::GFP-PIN1 as a 
marker for cell polarity. This uncovered a qualitative difference between the terminal 
(polarized) cells of a file and the (isodiametric) cells in the centre of a file (Fig.  5b ). 
The density of ARP3 was increased in the apex of terminal cells in a gradient 
opposed to the polarity monitored by PIN1 (which was concentrated at the opposite, 
proximal cross wall). Upon disintegration of the file into single cells, the graded dis-
tribution of ARP3 persisted, whereas PIN1 was redistributed uniformly over the plasma 
membrane of these cells. In contrast, the isodiametric cells in the file centre did not 
exhibit a graded distribution of the ARP3 signal, and the accumulation of PIN1 at the 
cross wall was much fainter than at the terminal cells, indicating that they are caused 
by residual amounts of PIN1 laid down by the (polar) progenitors of these cells. 
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 The relationship between actin, vesicle flow and polar auxin transport appears to 
be interwoven by a bifurcated signal chain: vesicle trafficking mediated by 
ADP-ribosylation factors (ARFs) is required for the polar localization of Rho-related 
GTPases in plants which control regulators of the ARP2/3 complex  (Frank et al. 
2004) . On the other hand, ARF-mediated vesicle trafficking also controls the localiza-
tion of PIN proteins which is known to rely on the activity of the serine-threonine 
kinase PINOID  (Friml et al. 2004)  and on the function of P-glycoproteins/multiple 
drug resistance proteins  (Noh et al. 2001) . When the function of these ARFs is 
impaired, in consequence of either treatment with the fungal toxin BFAor a mutation 
in one of the guanine nucleotide exchange factors that activate the ARFs, PIN1 
becomes mislocalized and is trapped in intracellular compartments  (Geldner et al. 
2001) . This cellular effect accounts for the phenotype of the corresponding  Arabidopsis  
mutant,  gnom , that suffers from a drastic loss of cell and organ polarity and, in consequence, 
is not able to establish an organized  Bauplan . Thus, ARF-dependent vesicle flow 
controls actin nucleation (through the activity of the ARP2/3 complex) and, in parallel, 
the localization of PIN proteins. However, the initial cue that controls the spatial 
pattern of ARF activity remains unknown. ARP3 maintained an intracellular gradient 
in the polar terminal cells of BY-2, whereas PIN1 was redistributed (Maisch J, 
Fišerová J, Fischer L, Nick P, submitted), indicating that actin nucleation might be 
upstream of the events that culminate in a polar distribution of PIN1. However, owing 
to the split signalling of the ARFs on the Rho-related GTPases and on the ARP2/3 
complex, ARP3 and PIN1 might as well be parallel downstream targets of unknown 
factors that are expressed in response to cell polarity. 

 Irrespective of these uncertainties in the molecular details, actin filaments have 
emerged as central players for the directional vesicle flow by which the polar localization 
of auxin-efflux carriers is established and perpetuated. The cycling of PIN1 is 
suppressed by exogenous auxin such that PIN1 remains longer in the plasma 
membrane  (Paciorek et al. 2005)  and is therefore able to pump auxin more efficiently 
into the apoplast. On the other hand, the localization of PIN1 depends on the activity of 
actomyosin and the organization of the actin tracks is in turn under the control 
of auxin. These interactions will therefore establish a feedback loop with auxin-efflux 
carriers, intracellular auxin and actin filaments as central elements (Fig.  3a ). 
This feedback loop is nothing other than a reaction-diffusion system  in sensu  Turing 
and might represent the cellular pacemaker of auxin-mediated pattern formation.  

  6 Auxin as a Pattern Generator in Cell Expansion  

 Once a plant cell has been born by cell division, it undergoes rapid expansion by 
uptake of water. This expansion is impressive: plant cells can increase in size by up 
to 4 orders of magnitude  (Cosgrove 1987) . Regulated cell expansion represents the 
central adaptive response of the sessile plants to environmental challenges and is 
therefore highly responsive to stimuli, such as light or gravity, and internal factors, 
including developmental signals and plant hormones. Whereas the mechanisms 
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driving and regulating cellular expansion have been investigated in great detail over 
several decades, relatively little attention has been paid to the coordinative aspects 
of cell expansion. However, historically it was exactly this coordination of cell 
expansion that led to the discovery of auxin. In their famous  The Power of Movement 

in Plants , the Darwins demonstrated for the phototropism of graminean seedlings 
that the direction of light is perceived in the very tip of the coleoptile, whereas the 
growth response to this directional stimulus occurs at the coleoptile base  (Drawin 
and Drawin 1880) . The signal transported from the tip to the base of the coleoptile 
must transmit not only information about the fact that the coleoptile tip has perceived 
light, but also information about the direction of the light stimulus. 

 Simultaneously, but independently,  Cholodny (1927) , for gravitropism, and  Went 
(1926) , for phototropism, discovered that this transmitted signal must be a hormone. 
By means of the famous  Avena  biotest this hormone was later found to be IAA  (Kögl 
et al. 1934 ;  Thimann 1935) . The Cholodny−Went model explains tropistic curvature 
by an alignment of auxin transport with the stimulation vector. The resulting gradient of 
auxin between the two flanks of the stimulated organ will then induce a growth 
differential that drives bending in the direction of the inductive stimulus. 

 Since its beginnings, the Cholodny−Wentmodel has been challenged by attempts 
to explain tropism independently of cell communication by mere summation of cell-
autonomous responses (Fig.  6a ). For instance, when light causes an inhibition of 
growth, a gradient of light should produce a gradient of growth that would not 
require the exchange of intercellular signals  (Blaauw 1915) . Alternatively, each cell 
could perceive the direction of the stimulus and produce a directionality on its own 
− without interaction with the other cells − and the individual cell polarities would 
then add up to the polarity of the entire organ  (Heilbronn 1917) . This debate stimulated 
an ingenious experiment by Johannes Buder, where the gradient of light across 
the tissue and the direction of light were opposite (Fig.  6b ). He irradiated the 
coleoptile from inside-out using a prototype of a light-pipe  (Buder 1920) . Under 
these conditions, the coleoptiles bent towards the lighted flank, i.e. according to the 
gradient of light and opposite to its direction. The outcome of this experiment 
demonstrated clearly that the direction of light is sensed in the coleoptile tip owing 
to extensive communication between the perceptive cells and strongly argues against 
cell-autonomous models of tropistic perception  (Nick and Furuya 1996) .        

 The transverse polarity built up in response to phototropic or gravitropic stimulation 
in the perceptive tissue subsequently redistributes the basipetal flow of auxin and thus 
transmits the directional information into the responsive tissue at the coleoptile base. 
This gradient of auxin flow is well established, starting from bioassays (for instance 
 Dolk 1936)  and ending up with tracer experiments using radioactively labelled auxin 
 (Goldsmith and Wilkins 1964 ;  Parker and Briggs 1990 ;  Iino 1991 ;  Godbolé et al. 
2000)  or direct measurements of free auxin across tropistically stimulated coleoptiles 
 (Philippar et al. 1999 ;  Gutjahr et al. 2005) . 

 The Cholodny−Went model has been under continuous debate (see also 
Trewavas 1992), mainly because there is a discrepancy in amplitude between the 
gradient of the growth rate and the gradient of auxin concentration. The difference 
in auxin content between the two flanks of a tropistically stimulated coleoptile is in the 
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range of about 1:2  (Goldsmith and Wilkins 1964 ;  Parker and Briggs 1990 ;  Gutjahr 
et al. 2005) , whereas growth is completely shifted from one flank to the other, i.e. 
the decrease in growth rate in one flank corresponds to the increase in growth rate 
in the other flank  (Digby and Firn 1976 ;  Iino and Briggs 1984 ;  Himmelspach and 
Nick 2001) . Elongation growth in coleoptiles increases more or less proportionally 
to the logarithm of auxin concentration  (Wang and Nick 1998) , such that the 
observed doubling of auxin concentration in the one flank would not succeed in 
causing the observed changes in growth rate. Moreover, when gravitropically 
stimulated hypocotyls  (Rorabaugh and Salisbury 1989)  or coleoptiles  (Edelmann 
2001 ;  Gutjahr et al. 2005)  were submersed in high concentrations of auxin, they 
showed positive gravitropism, i.e. they behaved as if they were roots. This is difficult 
to reconcile with a gradient of auxin as a unique cause for tropistic curvature. 

 Fig. 6    Patterns of cell expansion during tropistic curvature of graminean coleoptiles.  a  Models 
for the formation of a growth gradient. According to  Blaauw (1915) , phototropic curvature 
emerges from a summation of growth inhibitions in response to the local intensity of light without 
interaction between cells. According to  Heilbronn (1917) , individual cells perceive the direction 
of light and respond by an intracellular gradient of growth. In contrast to these models that are 
based on complete cell autonomy,  Buder (1920)  explains curvature by interactions between indi-
vidual cells across the coleoptile, and  Cholodny (1927)  and  Went (1926)  imply a lateral transport 
of a growth substance (“auxin”).  b  The experiment of  Buder (1920) , where the light direction and 
the light gradient across the organ are opposed. The bending is determined by the gradient, not by 
the direction of the light, contradicting the model postulated by  Heilbronn (1917) .  c  Extended 
Cholodny-Went model of gravitropism (according to  Gutjahr et al. 2005) . The lateral transport of 
auxin across the stimulated coleoptile is accompanied by a counterdirected gradient of jasmonate 
abundance and a gradient of auxin responsiveness across the tissue, with elevated responsiveness 
in the lower flank and reduced responsiveness in the upper flank  
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 With use of a classic biotest for auxin, the split-pea assay, in gravitropically 
stimulated rice coleoptiles, it could be demonstrated that, in parallel to the 
redistribution of auxin itself, a gradient of auxin responsiveness develops  (Gutjahr 
et al. 2005)  with elevated responsiveness at the lower flank and reduced responsiveness 
at the upper flank (Fig.  6c ). This gradient of responsiveness can account for the 
strong redistribution of growth even for relatively modest gradients of auxin. It can 
even explain the peculiar sign reversal of bending for incubation with high concen-
trations of auxin beyond the optimum − for such superoptimal concentrations, the 
elevated auxin responsiveness at the lower flank should result in an inhibition of 
growth that is less pronounced in the upper flank, where the responsiveness is 
lower. In parallel to the gradient of auxin, a counterdirected gradient of jasmonate 
developed with higher concentrations at the upper flank as compared with the lower 
flank. Jasmonate acts as a negative regulator for auxin responsiveness, because both 
signal pathways compete for signalling factors such as AXR1  (Schwechheimer 
et al. 2001) . Thus, the observed jasmonate gradient might well account for the 
observed gradient in auxin responsiveness across a gravitropically stimulated 
coleoptile. To test this assumption, the jasmonate gradient was either equalized by 
flooding the coleoptiles with exogenous methyl jasmonate or eliminated in 
consequence of a mutation that blocks jasmonate synthesis  (Gutjahr et al. 2005) . 
In both cases, the gravitropic response was delayed by about 1 h, but was eventually 
initiated and proceeded normally. This indicates that the jasmonate gradient, although 
not necessary for gravitropism, acts as a positive modulator. When auxin transport 
was inhibited by NPA, the jasmonate gradient nevertheless developed, suggesting 
that it is induced by gravitropic stimulation in parallel to and not in consequence of 
lateral auxin transport. 

 In summary, the Cholodny−Went model has to be extended by signal-triggered, 
modulative gradients of auxin responsiveness, but remains valid in its central statements. 
This means that tropistic responses, representing nothing other than a patterned 
distribution of cell expansion over the cross-section of the stimulated organ, can be 
explained in terms of auxin-dependent cell communication. 

 The analysis of auxin-dependent cell communication in cell division has identified 
a feedback loop between actin and auxin. This loop represents also a central element 
of patterned cell expansion. Actually, it was cell elongation in coleoptiles where the 
regulation of actin organization by auxin was discovered first  (Sweeney and 
Thimann 1937 ;  Thimann et al. 1992 ;  Thimann and Biradivolu 1994 ;  Waller and 
Nick 1997 ;  Wang and Nick 1998 ;  Holweg et al. 2004) . Treatment with BFA, a 
fungal inhibitor of vesicle budding, caused, despite the presence of auxin, a rapid 
bundling of microfilaments and shifted actin from the cytosolic fraction into the 
microsomal fraction  (Waller et al. 2002)  depending on the dose of auxin and of 
BFA. In parallel, BFA shifted the dose-response curve of auxin-dependent growth 
to higher concentrations. In other words, BFA decreased auxin sensitivity  in sensu 

strictu , consistent with an actin-dependent transport of auxin-signalling components 
such as auxin-efflux carriers. Again, a self-amplification loop emerges, consisting 
of auxin-dependent organization of actin filaments and actin-dependent transport of 
auxin-signalling components. 
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 A prediction from this model for the actin-auxin feedback loop would be that a 
bundling of actin should be followed by a reduction in the activity of polar auxin 
transport. This prediction is supported by the suppression of division synchrony 
in tobacco cell lines that overexpress mouse talin  (Maisch and Nick 2007) . However, 
to measure auxin transport directly, it would be necessary to administer radioac-
tively labelled auxin to one pole of the cell file and to quantify the radioactivity 
recovered in the opposite pole of the file. This is not possible in a cell culture that 
has to be cultivated as suspension in a liquid medium. This approach would be 
feasible, however, in the classical graminean coleoptile system, where auxin 
transport can be easily measured by following the distribution of radioactively 
labelled IAA fed to the coleoptile apex. Transgenic rice lines were generated that 
expressed various levels of the actin-binding protein talin (Nick P, Han MJ, An G, 
submitted). In those lines, as a consequence of talin overexpression, actin filaments 
were bundled to variable extent, and this bundling of actin filaments was accom-
panied by a corresponding reduction in the polar transport of auxin and gravitropic 
curvature (as a physiological marker that relies on the activity of auxin transport). 
When a normal configuration of actin was restored by addition of exogenous 
auxin, this restored auxin transport as well. This rescue was mediated by transportable 
auxin species, but not by 2,4-D, which lacks polar transport. With use of this 
approach, the causal relationship between actin configuration and polar auxin 
transport could be shown directly. 

 A further prediction of the actin−auxin feedback model is oscillations in transport 
activity, because auxin will, through the reorganization of actin, stimulate its own 
efflux such that the intracellular level of auxin will drop, which in turn will result 
in a bundled configuration of actin, such that auxin-efflux carriers will be sequestered, 
culminating in a reduced efflux such that auxin received from the adjacent cells will 
accumulate and trigger a new cycle. The frequency of these oscillations should 
depend on the dynamics of actin reorganization (around 20 min; Nick P, Han MJ, 
An G, submitted), and the speed of PIN cycling (in the range of 5–10 min;  Paciorek 
et al. 2005)  and is therefore expected to be in the range of 25–30 min. In fact, classic 
experiments on basipetal auxin transport in coleoptiles report such oscillations with 
a period of 25 min  (Hertel and Flory 1968) . 

 We therefore arrive at a model of a self-referring regulatory circuit between polar 
auxin transport and actin organization, where auxin promotes its own transport by 
shaping actin filaments. Thus, similar to the patterning of cell division, the actin-auxin 
oscillator seems also to be the pacemaker for the patterning of cell expansion.  

  7 Why Auxin - or Order Without a “Great Chairman”  

 Already in multicellular algae, a polar transport of auxin can be detected  (Dibb-Fuller 
and Morris 1992 ;  Cooke et al. 2002)  and seems to play a role in the establishment 
of polarity  (Basu et al. 2002) , indicating that the central role of auxin in cell 
communication is evolutionarily quite ancient and had already been developed prior 
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to the colonization of terrestrial habitats. Why has evolution selected such a simple 
molecule for such a central role in intercellular coordination? 

 Although we are far from providing a full answer to this question, it seems that the 
answer is related to plant-specific features in the organization of signalling and devel-
opment: In animal development, cell differentiation is typically controlled by precise 
and defined regulatory networks that are structured by predetermined hierarchies. 
In contrast, plant cells are endowed with a pronounced developmental flexibility that 
is maintained basically throughout the entire life span of a plant cell. Moreover, there 
are hardly any fixed hierarchies − plant development does not know of such a thing 
as a “Great Chairman” that assigns differential developmental pathways to the indi-
vidual cells. Plant cells rather “negotiate” their individual developmental fates in a 
fairly “democratic” manner with hierarchies being created ad hoc by mutual interac-
tions. It seems that auxin is a central tool in these “negotiations”, because it repre-
sents a versatile tool to establish ad hoc hierarchies on the background of the high 
degree of “cellular anarchy” and noise that is characteristic for plant development. 

 Why is plant development so “noisy”? The strong developmental noise seems to 
be the tribute paid to indeterminate morphogenesis. The manifestation of the  Bauplan  
in an individual plant depends strongly on the environmental conditions encountered 
during development. This developmental flexibility includes a rapid response of 
cell expansion, complemented by a somewhat slower addition of morphogenetic 
elements, such as cells, pluricellular structures and organs. This patterning process 
can integrate signals from the environment, and must therefore be both highly 
flexible and robust. More specifically, the patterning process has to cope with 
signals that can vary over several orders of magnitude for the strength of the control 
signal, and new elements have to be added such that the pattern formed by the 
preexisting elements is perpetuated and/or complemented. 

 Plant sensing occurs in a rather diffuse manner − there are no such things as 
eyes, ears or tongues; there are, instead, populations of relatively undifferentiated 
cells that sense environmental cues and signals. Nevertheless, plant sensing is surpris-
ingly sensitive. When this high sensitivity of signalling is reached without special-
ized sensory organs, the individual cells must already be endowed with very 
efficient mechanisms for signal amplification that are active already during the first 
steps of the transduction chain. This strong signal amplification will inevitably 
result in all-or-none outputs of individual cells. The efficient amplification of weak 
stimuli on the one hand, with the simultaneous necessity to discriminate between 
very strong stimuli of different amplitude, poses special challenges for plant signal-
ling. If all cells of a given organ were absolutely identical and homogeneous, even 
an extremely weak stimulation would yield a maximal response of the whole 
organ. It is clear that such a system would not have survived natural selection − the 
amplitude of the output must vary according to variable amplitudes of the input 
signal, because the plant has to respond appropriately to stimuli that vary in inten-
sity, even if these stimuli are strong. One way to reconcile the requirement for high 
sensitivity with the requirement for a graded, variable output would be to assign the 
two antagonistic tasks to different levels of organization: the high sensitivity to the 
individual cells that perceive the signal; the graded, variable output to the population 
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of cells (i.e. the tissue or organ) by an integration over the individual cell responses. 
But this works only when the sensory thresholds of individual cells differ over the 
population; in other words, when the individual cells are highly heterogeneous with 
respect to signal sensitivity and thresholds. 

 This heterogeneity was actually observed when photomorphogenesis was 
investigated on a cellular level for phytochrome-induced anthocyanin patterns in 
mustard cotyledons, a classic system of light-dependent plant patterning  (Mohr 
1972 ;  Nick et al. 1993)  or for microtubule reorientation in coleoptiles triggered by 
blue light or auxin depletion  (Nick 1992) . Even adjacent cells exhibited almost 
qualitative differences although they had received the same dose of the signal. 
However, when the frequency of responsive cells in a given situation was scored 
and plotted against the strength of the stimulus, a highly ordered function emerged. 
Thus, the realm of individual cells was reigned over by chaos; order emerged only 
on the level of the whole organ. This highly stochastic, all-or-none type response of 
individual cells becomes especially manifest for an early response to a saturating 
stimulus or as the final result of weak induction  (Nick et al. 1992) . It thus appears 
that early signalling events are highly stochastic, when assayed at the level of 
individual cells. These responses are not merely “noisy” because the flexible nature of 
plant cells can tolerate this. These “noisy” responses rather represent an innate 
system property of plant signalling. However, this “noisy” inputs poses especial 
challenges for any ordering principle. 

 It might be these challenges that have rendered IAA a central integrator and 
synchronizer of plant development. A molecule that is easily transported through the 
acidic environment of the apoplast, but that is readily trapped in the cytoplasm and then 
has to be actively exported is ideally suited to convey lateral inhibition between 
neighbouring cells. It was sufficient to put the localization of the efflux transporter 
(whatever its molecular nature may be) under the control of auxin itself to reach a 
perfect reaction-diffusion system  in sensu   Turing (1952) . On the intracellular level, 
this system is able to establish a clear cell polarity from even minute and noisy direc-
tional cues. On the level of tissues, this cell polarity will generate patterns in a manner 
that meets the special constraints of plant development, i.e. noisy inputs as a conse-
quence diffuse sensing and progressive addition of new elements to the pattern. Since the 
natural auxin IAA can enter the cell from any direction (because it can enter the cell 
even independently of import carriers such as AUX1), but will exit in a defined direc-
tion defined by the localized activity of the efflux carrier, it can collect the input from 
several neighbours and focus this input into a clear directional output. It is this property 
that makes auxin a versatile and robust integrator for cell−cell communication.      
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 Integrated Calcium Signaling in Plants       

     Narendra   Tuteja       

  Abstract   Calcium ion (Ca 2+ ) is the most important universal signal carrier used 
by living organisms, including plants, to convey information to many different 
cellular processes. The cytosolic free Ca 2+  concentration ([Ca 2+ ] 

cyt
 ) has been found 

to increase in response to many physiological stimuli, including stress. The Ca 2+  
spikes normally result from two opposing reactions, Ca 2+  influx through channels 
or Ca 2+  efflux through pumps. The removal of increased Ca 2+  from the cytosol to 
either the apoplast or intracellular organelles requires energized “active” transport. 
Ca 2+ -ATPases and Ca 2+ /H +  antiporters are the key proteins catalyzing this movement. 
The increased level of Ca 2+  is recognized by some Ca 2+  sensors or calcium-binding 
proteins, which can activate many calcium-dependent protein kinases. The regulation 
of gene expression by cellular Ca 2+  is also crucial for plant defense against various 
stresses. In this chapter several aspects of calcium signaling, such as Ca 2+  requirement, 
Ca 2+  transporters/pumps (Ca 2+ -ATPases, Ca 2+ /H +  antiporter), Ca 2+  signature, Ca 2+  
memory, and various Ca 2+ -binding proteins, are presented.    

  1 Introduction  

 The maintenance of intracellular ionic homeostasis is fundamental to the physio-
logical function of a living cell. The Ca 2+  is a versatile signal ion regulating many 
physiological processes, such as ionic balance, gene expression, metabolism of 
lipids, proteins, and carbohydrates, cell growth, cell division, cell development, and 
secretion  (Poovaiah and Reddy 1993 ;  Pardo et al. 1998 ;  Mahajan et al. 2006a ; 
 Tuteja and Mahajan 2007 ;  Tuteja 2007) . Many external stimuli, including light and 
various stress factors, can bring about changes in cellular Ca 2+  level, which can affect 
plant growth and development  (Sanders et al. 2002 ;  Rudd and Franklin-Tong 2001) . 
Ca 2+  serves as a second messenger and its concentration is delicately balanced by the 
presence of “Ca 2+  stores” such as vacuoles, endoplasmic reticulum (ER), mitochondria, 
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and cell wall. Recently,  Xiong et al. (2006)  demonstrated that the organelles sur-
rounded by a double membrane (e.g., mitochondria, chloroplasts, and nuclei) are 
also equipped to generate calcium signal on their own, which is delimited by a dou-
ble membrane. Ca 2+  ion represents an important signaling species and a convergence 
point of many disparate signaling pathways. A generic signal transduction pathway has 
the following steps: (1) perception of the signal by the membrane receptors, (2) 
generation of second messengers, (3) a cascade of protein phosphorylation/dephospho-
rylation events that may target transcription factors controlling a specific set of 
stress-regulated genes, and (4) stress tolerance, plant adaptation, and other pheno-
typic responses  (Tuteja and Mahajan 2007) . 

 In plants, Ca 2+  plays many essential roles. For example, it is an essential plant 
nutrient required for growth and development, especially of the root and the shoot 
tip, which are meristematic, where cell division occurs by mitosis. Ca 2+  helps in the 
formation of microtubules and microtubules in turn are essential for the anaphasic 
movement of chromosomes. Ca 2+  is an important divalent cation and is required for 
structural roles in the cell wall and membranes, where it exists as calcium pectate. 
Ca 2+  accumulates as calcium pectate in the cell wall and binds the cells together. It 
is also required as a countercation for inorganic and organic anions in the vacuole 
and as an intracellular messenger in the cytosol  (Mahajan and Tuteja 2005) . Ca 2+  is 
required for pollen tube growth and elongation  (Sanders et al. 2002) . Several genes 
are reported to be upregulated in response to calcium in plants. An analysis of 
transcriptome changes revealed 230 calcium-responsive genes, of which 162 were 
upregulated and 68 were downregulated  (Kaplan et al. 2006) . These include known 
early stress-responsive genes as well as genes of unknown function. Recently, a 
blue light receptor phototropin, which regulates growth and development of plants, 
has also been shown to be involved in calcium signaling in higher plants  (Harada 
and Shimazaki 2007) . The Ca 2+  signaling pathway can also regulates a K +  channel 
for low-K response in  Arabidopsis . Calcium is also reported to be an essential 
component of the sucrose-signaling pathway that leads to the induction of fructan 
synthesis  (Martinez-Noel et al. 2006) . Calcium signaling is also involved in the 
regulation of cell cycle progression in response to abiotic stress. In appreciation of 
the immense significance of Ca 2+  ions, this chapter is solely dedicated to the salient 
features associated with integrated calcium signaling. Various aspects regarding the 
Ca 2+  requirements of plant and signal-induced changes, Ca 2+  transporters/efflux 
pumps, Ca 2+ /H +  antiporters, Ca 2+  signatures, Ca 2+  memory, and Ca 2+  sensor and 
transducer proteins are briefly covered.  

  2  Ca 2+  Concentrations in Plant Cells 
and Signal-Induced Changes  

 Ca 2+  is also an essential plant macronutrient element which is taken up by roots 
from the soil and is delivered to the shoot via xylem. In general, the cytosolic 
Ca 2+ , typically kept at submicromolar levels in plant cells, is a well-established 
link for various signal transduction networks  (Poovaiah and Reddy 1993 ; 
 Bush 1995) . The cytosolic Ca 2+  ([Ca2+]

cyt
) concentration in plant cells is usually 
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maintained at 200 nM  (Bush 1995)  or in the range of 0.1–1  m M  (Poovaiah and 
Reddy 1993) . However, the [Ca2+]

cyt
 is far higher than this because of the high 

affinity for Ca 2+  of a range of Ca 2+ -binding proteins. With use of various techniques 
it has been shown that Ca 2+  concentrations in apoplasts range between 0.1–1.0 and 
1–3 mM in ER lumen and these levels can go up to 50 mM  (Sarwat and Tuteja 
2007) . Plastids and mitochondria contain millimolar levels of Ca 2+  but much less 
than ER. Ca 2+  concentrations within the vacuole range from 0.1 to 10 mM.   In sieve 
tubes, the Ca 2+  level is reported to be 20–100-fold higher than it is in typical plant 
cells  (Knoblauch et al. 2001) . Plants vary in their Ca 2+  requirements and the 
ability to extract Ca 2+  from complex soil environments. In particular, monocots 
require less Ca 2+  for optimal growth than do dicots (see  Tuteja and Mahajan 2007) . 

 The environmental and hormonal signals are known to induce changes in 
cytosolic Ca 2+   (Poovaiah and Reddy 1993) . Regulation of Ca 2+  level is important for 
the survival of the cell. The plant cell contains a number of vesicular compartments, 
which store Ca 2+  that can be released into the cytoplasm when required. Specific 
channels/pumps regulate the movement of Ca 2+  in and out of cells and organelles 
 (Mahajan et al. 2006a ;  Tuteja 2007) . While the source of Ca 2+  resulting in its 
increase in the cytosol after a signal has not been extensively studied, in general we 
know that Ca 2+  release can be primarily from an extracellular source (apoplastic 
space) as addition of ethylene glycol bis(2-aminoethyl ether)  N , N , N  ¢ , N  ¢ -tetraacetic 
acid or 1,2-bis( O -aminophenoxy)ethane- N , N , N  ¢ , N  ¢ -tetraacetic acid was shown in 
many cases to block calcium effects (Fig.  1 ). Ca 2+  release may also result from 
activation of PLC, leading to hydrolysis of phosphatidylinositol bisphosphate to 
inositol triphosphate (IP 

3
 ) and subsequent release of Ca 2+  from intracellular Ca 2+  

stores (Fig.  1 ). In plants, resting intracellular Ca 2+  concentration ([Ca 2+ ] 
i
 ) oscillates 

diurnally.  Tang et al. (2007)  reported that in  Arabidopsis thaliana , [Ca 2+ ] 
i
  oscilla-

tions are synchronized to extracellular Ca 2+  concentration oscillations largely 
through the Ca 2+ -sensing receptor CAS. CAS regulates concentrations of IP 

3
 , which 

in turn directs release of Ca 2+  from internal stores. Furthermore, calcium-binding 
proteins (calcium sensors) can provide an additional level of regulation in the 
calcium signaling. These sensor proteins recognize and decode the information 
provided in the calcium signatures and relay the information downstream to initiate 
a phosphorylation cascade, leading to the activation of the signal-induced genes, 
products of which can directly or indirectly provide the signal response (e.g., stress 
tolerance). The signal response could also be growth inhibition or cell death, which 
will depend upon what kinds of genes are upregulated or downregulated  (Mahajan 
et al. 2006a ;  Tuteja 2007)  (Fig.  1 ). Overall, the calcium-induced response could be 
a coordinated action of many genes.  

 Mechanical stimuli (wind and touch) and fungal elicitors have also been reported 
to induce rapid and transient increases in cytosolic Ca 2+   (Poovaiah and Reddy 
1993) . The source for the increase in cytosolic Ca 2+  by different signals may be 
different, for example, the source for cold signal is extracellular and that for wind 
signal is intracellular. In response to abscisic acid (ABA) an increase (37–80%) in 
cytosolic Ca 2+  in the opened stomatal guard cells has been observed. Light (phototropism) 
and gravity (geotropism) in maize coleoptiles have been shown to be responsible 
for increasing the cytosolic Ca 2+ . Gibberellic acid increases the cytosolic Ca 2+  of 
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barley aleurone protoplast threefold (50–150 mM), while ABA decreases the 
cytosolic Ca 2+  of barley aleurone protoplast (for all the above, see  Poovaiah and 
Reddy 1993) . Blue light is also known to increase cytosolic Ca 2+ . Recently,  Chena 
et al. (2008)  suggested that inositol polyphosphate 5-phosphatase-13, a key enzyme 
in the phosphatidylinositol metabolic pathway, antagonizes PHOT1-mediated effects 
on calcium signaling under blue light.  

  3 Calcium Transporters/Pumps  

 Active transport of Ca 2+  from the cytosol is a prerequisite for the restoration of low 
levels cytosolic calcium after the signaling event. Ca 2+ -ATPases and Ca 2+ /H +  
antiporters are the key proteins catalyzing this movement. By the removal of Ca 2+  
from the cytosol several important functions are performed by these proteins 
 (Hirschi 2001) . Some of the functions are as follows:

  Fig. 1    Generic pathway for calcium signaling .  The extracellular stress signal is first perceived by 
the membrane receptors and then activates a large and complex signaling cascade intracellularly 
including the generation of secondary signal molecules. High-salinity (Na + ) stress initiates the calcium 
signaling network. The signal first activates phospholipase C, which hydrolyzes phosphatidylinositol 
bisphosphate to generate inositol triphosphate and diacylglycerol, resulting in an increase in the 
level of Ca 2+  ions. This increase in Ca 2+  ion concentration is sensed by calcium sensors, which interact 
with and activate some protein kinases. The signal cascade results in the expression of multiple 
stress-responsive genes, the products of which can provide the phenotypic response of stress tolerance 
directly or indirectly. The stress response could also be a growth inhibition or cell death, which will 
depend upon how many and what kinds of genes are upregulated or downregulated. Overall, the 
stress response could be the coordinated action of many genes which may talk with each other       
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   1.    These proteins maintain a low cytosolic free Ca 2+  concentration ([Ca 2+ ] 
cyt

 ) in the 
resting or the unstimulated cell which is appropriate for the cytoplasmic 
metabolism.  

   2.    These proteins restore [Ca 2+ ] 
cyt

  levels to the resting normal levels following a 
[Ca 2+ ] 

cyt
  perturbation, thereby influencing the kinetics of the magnitude and 

subcellular location of [Ca 2+ ] 
cyt

  signals.  
   3.    These proteins replenish intracellular and extracellular Ca 2+  stores for subsequent 

[Ca 2+ ] 
cyt

  signals and permit the generation of localized [Ca 2+ ] 
cyt

  oscillations 
through their interplay with Ca 2+  channels  (Harper 2001) .  

   4.    These proteins provide Ca 2+  in the ER for the secretory system to function.  
   5.    These proteins remove some divalent cations, such as Ni 2+ , Zn 2+ , Mg 2+ , and 

Mn 2+ , from the cytosol to prevent mineral toxicity  (Hirschi 2001) .     

  Hirschi (2001)  suggested that the Ca 2+ -ATPases, which have high affinity 
( K  

m
 =1–10  m M) but low capacity for Ca 2+  transport, are responsible for maintaining 

[Ca 2+ ] 
cyt

  homeostasis in the resting cells, whereas the Ca 2+ /H +  antiporters, which 
have lower affinities ( K  

m
 =10–15  m M) but high capacities for Ca 2+  transport, are 

likely to remove Ca 2+  from the cytosol during [Ca 2+ ] 
cyt

  signals and thereby modulate 
[Ca 2+ ] 

cyt
  perturbations. This hypothesis is supported by the fact that the Ca 2+ /H +  

antiporter, but not the vacuolar Ca 2+ -ATPase, resets [Ca 2+ ] 
cyt

  in yeast following 
hypertonic shock  (Denis and Cyert 2002) . 

  3.1 Ca 2+ -ATPases 

 Ca 2+ -ATPases are estimated to represent less than 0.1% of the membrane protein 
and are thus 30–100-fold less abundant than H + -ATPases in the plasma membrane 
(3%) and the endomembranes (5–10%). ATPase pumps are condemned to push 
Ca 2+  uphill for eternity into the ER or out of the cell. Plant Ca 2+ -ATPases belong to 
two major families: (1) the P-type ATPase IIA family and (2) the P-type ATPase 
IIB family  (Axelsen and Palmgren 2001) . 

  3.1.1 P-Type ATPase IIA Family 

 The nucleotide specificity of these pumps is broad (30–60% activity achieved with 
GTP and ITP). The pumps are inhibited by erythrosine B (IC 

50
   £ 1 m M) and Ca 2+  

affinity is estimated to be in the range of 0.4–12 m M. The first family. The P-type 
ATPase II A family lacks an N-terminal autoregulatory domain. Four members of 
this family have been identified in the  Arabidopsis  genome (termed “AtECAs 1–4” 
by  Axelsen and Palmgren (2001) . They are likely to be present in the plasma membrane, 
tonoplast ER, and the Golgi apparatus.  

  3.1.2 P-Type ATPase IIB Family 

 This second family is characterized by an autoinhibitory N-terminal domain that 
contains a binding site for Ca-calmodulin (CaM) and in addition a serine-residue 
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phosphorylation site. Their catalytic activity can be modulated by [Ca 2+ ] 
cyt

  either 
through activation upon binding CaM or by inhibition following phosphorylation 
by Ca 2+ -dependent protein kinases (CDPKs)  (Hwang et al. 2000) . Since CaM binding 
sites are generally quite diverse, each type IIB Ca 2+ -ATPase may have different 
affinity for CaM or may bind a different CaM isoform. Ten members of the type 
IIB Ca 2+ -ATPase family have been identified in the  Arabidopsis  genome and are 
termed “ACASs 1, 2, and 4” and “ALACAs 7–13”  (Axelsen and Palmgren (2001) . 
These Ca 2+ -ATPases reside on various cellular membranes, including the plasma 
membrane (AtACA8), the tonoplast (AtACA4), and the plastid inner membrane 
(AtACA1). The relative molecular mass of type IIB Ca 2+ -ATPase pumps has been 
estimated to be between 115,000 and 135,000Da  (Rasi-Caldogno et al. 1995) . 

 The abundance of Ca 2+ -ATPase isoforms suggests that individual isoforms are 
functionally distinct and may respond differentially to distinct cellular processes 
involving specific Ca 2+  signals. It also implys a requirement for CaM-independent 
and CaM-dependent regulation of Ca 2+ -ATPase activities in the modulation of 
[Ca 2t ] 

cyt
  perturbations during cell signaling. The expression of many Ca 2+ -ATPases 

is increased upon exposure to high salinity or high [Ca 2+ ] 
cyt

  and some Ca 2+ -ATPase 
genes are expressed only under stress conditions  (Garciadeblas et al. 2001) . This 
may reflect a role in maintaining [Ca 2+ ] 

cyt
  homeostasis or in reducing Na +  influx to 

the cytosol in saline environments.   

  3.2 Ca 2+ /H +  Antiporter 

 Calcium regulation of ion homeostasis by various ion pumps is depicted in Fig.  2 . 
Ca 2+ /H +  antiporters are efflux transporter and are different from Ca 2+ -ATPases in 
that they do not require ATP and they are not sensitive to vanadate.  CAX1  (calcium 
exchanger 1) was the first plant Ca 2+ /H +  antiporter which was cloned and function-
ally expressed  (Tuteja and Mahajan 2007) . The gene was identified by its ability to 
restore growth on a high Ca 2+  medium to a yeast mutant defective in vacuolar Ca 2+  
transport. The Ca 2+ /H +  antiporters present in the plasma membrane and tonoplast 
have been characterized biochemically  (Sanders et al. 2002) . These have a lower 
affinity for Ca 2+  than Ca 2+ -ATPases and may also transport Mg 2+ . Eleven genes 
encoding putative Ca 2+ /H +  antiporters ( AtCAX ) have been identified in the genome 
of  Arabidopsis thaliana   (Hirschi 2001) . The transporters AtCAX1, AtCAX2, and 
AtCAX4 are located at the tonoplast. The AtCAX1 antiporter exhibits both high 
affinity and high specificity for Ca 2+ , whereas the AtCAX2 transporter is a 
high-affinity, high-capacity H + /heavy metal cation antiporter. The  AtCAX genes  
have homologues in other plant species and their physiological roles have been inves-
tigated using transgenic plants  (Hirschi 2001) . Transgenic tobacco overexpressing 
 AtCAX1  exhibits Ca 2+ -deficiency disorders, which include tip burn, metal hypersen-
sitivity, and susceptibility to chilling, that can be reversed by increasing Ca 2+  sup-
ply. Increase of the Ca 2+  supply resulted in the expression of  AtCAX1  and  AtCAX3  
(but not  AtCAX2  or  AtCAX4 ) genes being increased  (Hirschi 2001) . Ca 2+ /H +  anti-
porters utilize the H +  gradient generated by the tonoplast V-type H +  pump and by a 
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  Fig. 2    Calcium and SOS pathway in regulation of ion homeostasis by various ion pumps. Under 
saline condition, the increase in the cytosolic Na +  level causes damage to several cellular 
processes. One of the major salt detoxifying mechanisms in the cell is the calcium-activated 
SOS3-SOS2 protein complex, which activates SOS1, a Na + /H +  antiporter on the plasma membrane 
responsible for extrusion of Na +  from the cell. At the same time the SOS3-SOS2 complex is also 
involved in inhibiting HKT1, low-affinity potassium transporter, which transports Na +  ion under 
high salt condition. Recently, another member of the SOS3 family, CBL10, has also been found 
to form a complex with SOS2. This complex is speculated to regulate both extrusion of Na +  ion 
(by regulating SOS1) and sequestration/compartmentalization of Na +  ion into the vacuole (activat-
ing the NHX-type transporter which pumps Na +  ion into the vacuole). SOS1 also interacts with 
RCD1 and imparts protection against reactive oxygen species and oxidative stress. SOS2 also 
works to activate H + -ATPases under salt stress and helps in reinstating ionic homeostasis. For 
details, refer to the text and  Mahajan et al. (2008)        

proton-pumping pyrophosphatase to sequester Ca 2+  in the vacuole  (Tuteja and 
Mahajan 2007) . In many plant cells the vacuole occupies more than 50% of the cell 
volume, and it is evident that  trans  tonoplast Ca 2+  transport makes a very significant 
contribution to the regulation of cytosolic Ca 2+  concentrations.    

  4 Ca 2+  Signature  

 It is now clear that transient increase in [Ca 2+ ] 
cyt

  is a universal response to stress and 
also critical for the production of a physiological response. Perturbation in cytosolic 
calcium levels (termed “[Ca 2+ ] 

cyt
  signature”) is unique and results in an appropriate 
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physiological response to a particular stimulus. The uniqueness is manifested in the 
subcellular location and/or the kinetics of the magnitude of the [Ca 2+ ] 

cyt
  perturbation 

(Rudd and Frankin-Tong 2001). The transient increase in [Ca 2+ ] 
cyt

  can be single 
(spike), double (biphasic), or multiple (oscillations). The perturbations generated 
may differ in their cellular location, role, and extent of propagation and in their 
amplitude during propagation. Several abiotic challenges result in an immediate, 
transient increase in [Ca 2+ ] 

cyt
  that is restored to basal levels within minutes. Such 

changes include mechanical perturbations and rapid cooling for brief periods, 
termed “cold shock.” The duration, periodicity, and amplitude of oscillations vary 
considerably, and their form is often dependent on the strength and combination of 
specific stimuli  (Allen et al. 1999) . Calcium signatures may also be tissue-specific. 
For example, within the root, the [Ca 2+ ] 

cyt
  perturbations induced by mechanical 

perturbation, salinity, osmotic stress, cold shock, or slow cooling differ markedly 
between cell types  (Moore et al. 2002) . 

 An increase in [Ca 2+ ] 
cyt

  is effected by Ca 2+  influx to the cytosol either from the 
apoplast, across the plasma membrane, or from the intracellular organelles. The Ca 2+  
influx is mediated by Ca 2+  permeable ion channels, and their type, cellular localiza-
tion, and abundance influences the spatial characteristics of [Ca 2+ ] 

cyt
  perturbations. 

Since the diffusion of Ca 2+  within the cytoplasm is low, and the buffering of Ca 2+  in 
the cytoplasm is high (0.1–1 mM)  (Trewavas 1999) , the opening of the Ca 2+  channel 
produces a local increase in [Ca 2+ ] 

cyt
  that dissipates rapidly after the channel has been 

closed. The subcellular localization of the Ca 2+  channel is therefore critical for the 
targeting of different cellular processes. Cytosolic calcium “waves” are produced 
within the cytoplasm by the successive recruitment of particular Ca 2+  channels to 
coordinate cellular responses. It was suggested that a local elevation of [Ca 2+ ] 

cyt
  might 

generate soluble second messengers, such as IP 
3
  or cADPR (cyclic ADP Ribose), that 

diffuse through the cytoplasm to activate a relay of spatially separated Ca 2+  channels 
 (Trewavas 1999) . This theory was supported by plant cells responding to salt stress 
 (Tuteja and Mahajan 2007) . In addition to these subcellular waves, “waves” of cells 
with high [Ca 2+ ] 

cyt
  may also propagate through the plant tissue. This can be induced in 

root tissues by mechanical stimulation or saline shock, in cotyledons by cold shock, 
and in leaves by chilling plant roots briefly. Electrical action potentials, osmotic per-
turbations, or chemical signals may trigger these waves. Although elevated [Ca 2+ ] 

cyt
  

is necessary for signal transduction, a prolonged increase in [Ca 2+ ] 
cyt

  is lethal. 
Sustained high [Ca 2+ ] 

cyt
  is implicated in apoptosis, both during the normal develop-

ment and in hypersensitive responses to pathogens  (Tuteja and Mahajan 2007) .  

  5 Ca 2+  Memory  

 There is considerable evidence that [Ca 2+ ] 
cyt

  signatures are modified by previous 
experience. A diminished [Ca 2+ ] 

cyt
  elevation upon repetitive stimulation by the 

same environmental challenge or a developmental cue is a common observation. 
All these suggested the existence of Ca 2+  memory in plant cells. The term 
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“memory” was put forward first by  Knight et al. (1996) . The attenuated response 
of [Ca 2+ ] 

cyt
  after repeated stimulation by various elicitors forms a part of cellular 

memory and the cells are able to retain the previous information. This memory 
is significant and helps the cells respond better to a particular stress without 
disturbing the delicate balance of Ca 2+  levels. Some examples to support this are 
as follows:

   1.    The magnitude of the [Ca 2+ ] 
cyt

  perturbation elicited by the wind-induced motion 
becomes progressively smaller upon repeated stimulation and a refractory period 
of several minutes is required before a full response is observed again. A second 
exposure to an elicitor does not influence [Ca 2+ ] 

cyt
  for several hours after its 

initial application  (Blume et al. 2000) .  
   2.    Plant cells challenged with H 

2
 O 

2
  fail to respond to H 

2
 O 

2
  for several hours  (Price 

et al. 1994) .  
   3.    There is also evidence that the [Ca 2+ ] 

cyt
  signatures elicited by one environmental 

challenge can be modified by prior exposure to a contrasting one. For example, the 
magnitude of the [Ca 2+ ] 

cyt
  perturbations in response to oxidative stress was reduced 

by prior exposure to hyperosmotic stress and the opposite was also found to be 
true. These observations also imply cross talk between the signaling cascades.      

  6 Calcium-Binding Proteins  

 In general, Ca 2+  binding triggers changes in protein shape and charge. Several 
reports indicate that Ca 2+  regulates the transcription of target genes by affecting 
changes in the phosphorylation status of specific transcription factors. ABA-induced 
expression of two genes in aurea mutants of tomato,  rd-29A , a desiccation-induced gene, 
and  kin2 , a cold-responsive gene, is also reported to be Ca 2+ -regulated. Analysis of 
transcriptome changes in response to increase in cytosolic Ca 2+  revealed that 
ABA response element related sequences also act as calcium-responsive  cis  
elements  (Kaplan et al. 2006) . It seems therefore that Ca 2+  can control many 
cellular processes in plant cells by interacting with various proteins and kinases, 
which results in the regulation of expression of various genes. Recently a novel 
family of transcription factors that bind CaM, named “CaM-binding transcription 
activators,” have been identified and indicated to be involved in stress-induced 
calcium-mediated gene expression in  Arabidopsis   (Bouché et al. 2002 ;  Yang 
and Poovaiah 2002) . 

 An increase level of the cytoplasmic Ca 2+  in response to signals is sensed 
by an array of Ca 2+  sensors, which are small Ca 2+ -binding proteins that change 
their conformation in a Ca 2+ -dependent manner. Specificity in the signaling 
pathway is provided by the uniqueness in calcium signatures and also by plethora 
of Ca 2+  sensors, which can decode the Ca 2+  perturbations quite precisely. Once 
Ca 2+  sensors have decoded the elevated [Ca 2+ ] 

cyt
 , Ca 2+  efflux into the cell exterior 

and/or the sequestration into cellular organelles such as vacuoles, ER, and 
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mitochondria to restores its level to that of the resting state. The EF-hand is the most 
frequent motif found in Ca 2+ -binding proteins. There are at least two types of Ca 2+ -bin-
ding proteins, one which contains EF-hand and other which does not contain EF-hand. 

  6.1 EF-Hand Containing Ca 2+ -Binding Proteins (Ca 2+  Sensors) 

 Most of the Ca 2+  sensors bind Ca 2+  using a helix-loop-helix motif termed the “EF 
hand” (named after the E and F regions of parvalbumin), which binds a single 
Ca 2+  ion with high affinity  (Tuteja and Mahajan 2007) . The Ca 2+  sensors utilize 
the side-chain oxygen atoms of the EF-hand motif for Ca 2+  coordination. In 1973 
 Kretsinger and Nockolds (1973)  first discovered the EF-hand structural motif in 
the crystal structure of parvalbumin. The properties of EF-hands are described 
below:

   1.    The EF-hand motifs are mostly found back-to-back in antipararallel pairs with 
 b -sheet-like hydrogen-bonding occurring between the loops of the coupled sites. 
These motifs help in the stabilization of the protein structure.  

   2.    The EF-hand is a highly conserved 29 amino acid motif consisting of an  a  helix 
E (residues 1–10), a loop (residue 10–21), which binds the Ca 2+  ion, and a second 
 a -helix F (residues 19–29).  

   3.    The Ca 2+  ion is coordinated by an oxygen atom or by a bridging water molecule 
of the side chains  (Tuteja and Mahajan 2007) .  

   4.    In most of the functional EF-hand motifs, the first amino acid is aspartate and 
the 12th is glutamate. Glutamate contributes both its side-chain oxygen atoms to 
the metal ion coordination.  

   5.    Most of the EF-hand proteins are characterized by the relatively high percentage 
of acidic residues.  

   6.    Several isoforms of an EF-hand protein may exist in a single organism.     

 The Ca 2+  binding affinities of the EF-hand protein vary substantially ( K  
d 
 =10 −4 –

10 −9 M) and depend on the amino acid sequence of the protein, especially with 
regard to the 12-residue consensus loop that provides all the acids that directly 
ligate to Ca 2+  ions. There are many EF-hand-containing calcium sensors in plants. 
The major families of Ca 2+  sensors include CaM, CaM-like proteins, CDPKs, and 
calcineurin B-like proteins (CBL). These are briefly described next. 

  6.1.1 Calmodulin 

 CaM (17 kDa) is a prototypical Ca 2+ -sensor protein that can control many 
important biological functions by binding to hundreds of target proteins. It is a 
highly conserved acidic protein with two globular domains, each containing two 
EF-hands, connected by a flexible  a -helical linker  (Luan et al. 2002) . CaM is 
found in the apoplast, the cytosol, the ER and the nucleus of plant cells. The 
specific biological functions of plant CaM are not well known.  Yoo et al. (2005)  
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isolated a complementary DNA (cDNA) encoding a CaM-binding transcription 
factor, MYB2, that regulates the expression of salt- and dehydration-responsive 
genes in  Arabidopsis . CaM works in a calcium-dependent or calcium-independ-
ent manner by binding to and regulating the activity of target proteins called 
“CaM-binding proteins.” Protein phosphatase PP7 is the first protein serine/
threonine phosphatase to be found to interact with CaM in plants. PP7 is 
reported to be involved in thermotolerance in  Arabidopsis   (Liu et al. 2007) . 
 Katou et al. (2007)  have shown that a CaM-binding mitogen-activated protein 
kinase phosphatase is induced by wounding and regulates the activities of 
stress-related mitogen-activated protein kinases in rice. Within the cytosol, the 
estimated CaM concentration is 5–40  m M  (Zielinski 1998 ; Rudd and Frankin-
Tong 2001). The role of CaM has been implicated in many physiological 
processes, such as those affected by light, gravity, mechanical stress, phytohor-
mones, pathogens, osmotic stress, heat shock, and chilling  (Zielinski 1998 ; 
Rudd and Frankin-Tong 2001). The structure of CaM revealed that all four 
EF-hands are saturated by Ca 2+  ions. CaM appears to be regulatory protein 
and induces large changes in interhelical angles as Ca 2+  is bound. The affinity 
of CaM for Ca 2+  is influenced by the presence of particular target proteins 
 (Zielinski 1998) . CaM can also regulate gene expression by binding to specific 
transcription factors  (Bouché et al. 2002) .  

  6.1.2 CaM-Like Proteins 

 Plants also possess CaM-like proteins, which differ from CaM in containing more 
than 148 amino acid residues and have between one and six EF-hand motifs. They 
possess limited homology to CaM (75% identity) with canonical CaM isoforms 
 (Luan et al. 2002) . In  Arabidopsis , they include CaBP-22, TCH2, TCH3, AtCP1, 
NADPH oxidases, and Ca 2+  binding protein phosphatases such as ABI 1 and ABI 2. 
These proteins have been implicated in cellular responses to diverse environmental, 
developmental, and pathological challenges.  

  6.1.3 Ca 2+ -Dependent Protein Kinases 

 Five different types of Ca 2+  regulated protein kinases have been reported in 
plants. These include (1) CDPKs independent of CaM, (2) CDPK-related protein 
kinases (CRKs), (3) CaM-dependent protein kinases (CaMKs), (4) Ca 2+ /CaM-
dependent protein kinases (CCaMK), and (5) SOS3/CBL interacting protein 
kinases (SIPKs/CIPKs).

   1.     CDPKs independent of CaM . There are at least 34 genes encoding CDPKs in 
the  Arabidopsis  genome  (Cheng et al. 2002)  and similar numbers in other plant 
species. These CDPKs are ubiquitous in plants and generally have four 
EF-hands at their C-terminus that bind Ca 2+  and activate the serine/threonine 
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kinase activity of the enzyme. These kinases require micromolar concentrations 
of Ca 2+  for their activity and have no requirement for CaM or lipids. They have 
a unique structure as the N-terminal protein kinase domain is fused with the 
C-terminal autoregulatory domain and a CaM-like domain, which has a Ca 2+ -
binding EF-hand or helix-loop-helix motif. The autoinhibitory domain of 
CDPKs is a 30 amino acid sequence, which acts as a pseudo-substrate  (Harper 
et al. 1994) . The N-terminal domain of CDPKs is variable and provides specifi-
city to different CDPK isoforms. These enzymes show several-fold stimulation 
with Ca 2+  and show autophosphorylation. The binding of Ca 2+  to some of 
CDPKs is modulated by lipids or phosphorylation  (Cheng et al. 2002) . Ca 2+  
binding to CDPK effects conformation of the kinase and relieves the inhibition 
caused by the autoinhibitory region. CDPKs are implicated in pollen develop-
ment, control of cell cycle, phytohormone signaling, light-regulated gene expres-
sion, gravitropism, thigmotropism, cold acclimation, salinity tolerance, 
drought tolerance, and responses to pathogens  (Xiong et al. 2002) .  

   2.     CRKs . CRKs are similar to CDPKs expect that the CaM-like region is poorly 
conserved with degenerate or truncated EF-hands that may not be able to bind 
Ca 2+ . There are at least seven CRKs in the  Arabidopsis  genome, and orthologues 
of these are present in many plant species. However, the regulation and function 
of these kinases are not known  (Harmon et al. 2001) .  

   3.     CaMKs . Several CaMKs have been cloned from  Arabidopsis  and other plants. 
Kinase activity of CaMKs is stimulated by CaM-dependent autophosphorylation 
and their catalytic activity is also modulated by CaM. They are highly expressed 
in rapidly growing cells and tissues of the root and flower  (Zhang and Lu 2003) . 
Recently,  Liu et al. (2008)  showed that CaM-binding protein kinase 3 is part of 
heat shock signal transduction in  Arabidopsis thaliana.   

   4.     CCaMKs . These are a group of Ca 2+ -dependent kinases which in addition to Ca 2+  
also require CaM for their activity. Thus, CaM besides acting directly could also exert 
its effect by binding to protein kinases and modulating their activity. A CCaMK 
was characterized from lily and other plant species  (Lu et al. 1996) . Sequence 
analysis revealed the presence of an N-terminal catalytic domain, a centrally 
located CaM-binding domain, and a C-terminal visinin-like domain containing 
only three EF-hands. Biochemical studies of CCaMK established that Ca 2+  and 
CaM stimulate CCaMK activity. In the absence of CaM, Ca 2+  promotes autophos-
phorylation of CCaMK. The phosphorylated form of CCaMK possesses more 
kinase activity than the nonphosphorylated form. Recently,  Jeong et al. (2007)  
reported a novel  Arabidopsis  CCaMK (AtCK) which is presumably involved in 
CaM-mediated signaling.  

   5.     SIPKs/CIPKs . CBL were found to interact specifically with a class of serine/
threonine protein kinases known as CIPKs  (Mahajan and Tuteja 2005 ;  Mahajan 
et al. 2006a,   2008) . Recently, a novel CIPK from pea was reported and was 
found to interact and phosphorylate the pea CBL  (Mahajan et al. 2006b) . Genetic 
analysis confirmed that SOS1-SOS3 function in a common pathway of salt 
tolerance. This pathway also emphasizes the significance of Ca 2+  signal in rein-
stating cellular ion homeostasis. The SOS pathway is depicted in Fig.  2 . 
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The increased level of cytosolic Ca 2+  caused by salt stress is sensed by a calcium 
sensor such as SOS3, which interacts with SOS2 protein kinase. This SOS3-
SOS2 protein kinase complex phosphorylates SOS1, a plasma membrane Na + /
H +  antiporter, resulting in efflux of excess Na +  ions  (Mahajan et al. 2008) . This 
complex interacts with and influences other salt-mediated pathways, resulting 
in ionic homeostasis. This complex inhibits HKT1 activity (a low-affinity Na +  
transporter), thus restricting Na +  entry into the cytosol. SOS2 also interacts and 
activates NHX (vacuolar Na + /H +  exchanger), resulting in sequestration of 
excess Na +  ions, further contributing to Na +  ion homeostasis. In a cell, phospho-
rylation events are often coupled with dephosphorylation events for the main-
tenance of homeostasis. SOS2 also interacts with ABI2. It is possible that ABI2 
may dephosphorylate the proteins that are phosphorylated by SOS2 in order to 
restore homeostasis after a stress condition. CAX1 (Ca 2+ /H +  antiporter) has 
been identified as an additional target of SOS2 activity reinstating cytosolic 
Ca 2+  homeostasis under salt stress (Fig.  2 ). Research has led to further elucida-
tion of this classic SOS pathway. SOS1 also has a role in detoxification of ROS 
as it interacts with RCD1 under salt and oxidative stress  (Katiyar-Agarwal et al. 
2006) . RCD1 is an important transcriptional regulator of oxidative stress 
responsive genes and has been shown to interact with the C-terminal tail of SOS1, 
thus clearly emphasizing the involvement of SOS1 in detoxification of reactive 
oxygen species and prevention of oxidative stress injury (Fig.  2 )  (Mahajan 
et al. 2008) .     

 In silico analysis as well as yeast two-hybrid interactions revealed the presence 
of 25 CIPK genes in the  Arabidopsis  genome and 30 CIPK genes in rice genome 
 (Kolukisaoglu et al. 2004) . In contrast to CBL, which are mainly concentrated 
on chromosomes 4 and 5, the 25 CIPK genes are dispersed among all five  Arabidopsis  
chromosomes. In  Arabidopsis  AtCIPK24 is homologous to SOS2. CIPKs do not 
harbor any decipherable localization signal or any target motif  (Kolukisaoglu et al. 
2004) ; therefore, the localization of CIPKs could exclusively be dependent on their 
respective interaction partner, which would thus serve a dual role as a calcium sensor 
and as an anchoring protein, regulating the localization and activity of the CIPK at 
different locations within the cell.  

  6.1.4 Calcineurin B-Like Proteins 

 These are a relatively new class of calcium sensors discovered in  Arabidopsis  origi-
nally, in the search for the genes imparting salt tolerance and maintaining cellular 
ion homeostasis  (Kudla et al. 1999 ;  Mahajan et al. 2008) . Molecular analysis of the 
salt overlay sensitive mutants opened a new chapter in relation to salt stress signal-
ing that led to the discovery of a pathway that transduces a salt-stress-induced Ca 2+  
signal to reinstate cellular ion homeostasis. The  SOS3  gene, which was identified 
by Jiang Zhu and colleagues, shares significant sequence homology with  CBL4  
from  Arabidopsis   (Mahajan et al. 2006a,   2008) . Currently ten CBL and 25 CBLK 
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genes have been reported from  Arabidopsis   (Mahajan et al. 2006a,   2008) . The 
CBL-CIPK network is also widely distributed among higher plants, but except for 
 Arabidopsis , the complexity and characterization of this pathway remains largely 
unrevealed. As different plants vary in their genome complexity, phenotype, species-
specific function or functional diversification can be expected. The essential role 
imparted by CBL-CIPK genes in stress tolerance necessitates their detailed charac-
terization from higher plants. In fact, there has been no report on experimental 
characterization of CBL from any higher plant except  Arabidopsis .  AtCBL3 , in 
particular has been largely overlooked even in  Arabidopsis . Recently, we have 
reported the cloning and characterization of a novel CIPK and its interacting part-
ner CBL from pea. Pea CIPK showed autophosphorylation and could phosphor-
ylate pea CBL. Both pea CBL and pea CIPK were found to be coordinately 
upregulated in response to various stresses such as cold and salinity but were not 
coordinately upregulated in response to dehydration stress  (Mahajan et al. 2006b) . 

 The localization of a Ca 2+ -sensor protein to a specific compartment of the plant 
cell plays an important role in decoding the spatially distinct Ca 2+  signatures. In silico 
analysis indicates that some structural features specify subcellular localization for 
these proteins. The CBL harboring the myristoylation sites, i.e., AtCBL1, AtCBL4, 
AtCBL5, and AtCBL9 have been localized predominantly at the plasma membrane 
 (Liu and Zhu 1998 ;  Kim et al. 2000) . Moreover, other CBL lacking this myristoylation 
motif may be primarily cytosolic. This pattern of localization of CBL and their 
interacting kinases allows specific decoding of Ca 2+  signatures, which are differentiated 
spatially within a given cell  (Mahajan et al. 2008) .   

  6.2 Without EF-Hand Ca 2+ -Binding Proteins 

 There are several proteins that bind Ca 2+  but do not contain EF-hand motifs. These 
include the phospholipase D (PLD), annexins, pistil-expressed Ca 2+ -binding protein 
(PCP), calreticulin (CRT), calnaxin, and forisomes. 

  6.2.1 Phospholipase D 

 The activity of PLD, which cleaves membrane phospholipids into a soluble head group 
and phosphatidic acid, is regulated by [Ca 2+ ] 

cyt
  through a Ca 2+ /phospholipids binding 

site termed the “C2 domain”  (Wang 2001) . PLD activity is implicated in cellular 
responses to ethylene and ABA,  a  amylase synthesis in aleurone cells, stomatal closure, 
pathogen responses, leaf senescence, and drought tolerance  (Wang 2001) . Plants pos-
sess several PLD isoforms that differ in their affinity for Ca 2+  and their modulation by 
phosphoinositides, free fatty acids, and lysolipids  (Wang 2001) . These biochemical 
modulators of PLD activity are the substrates or products of phospholipase C, which 
generates IP 

3
 , diacylglycerol, phospholipase A 

2
 , and diacylglycerol kinase, both of 

which (substrates or products) are regulated by CaM. It is suggested that [Ca 2+ ] 
cyt

  sig-
naling cascades might coordinate the activities of these diverse enzymes to effect 
specific responses to the environmental stimuli  (Ritchie et al. 2002) .  
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  6.2.2 Annexins 

 Annexins are a family of proteins in plants and animals that bind phospholipids in 
a Ca 2+ -dependent manner and contain four to eight repeats of approximately 70 
amino acids  (Clark and Roux 1995) . Annexins are encoded by 12 genes in verte-
brates and by eight in higher plants. These proteins are involved in organization and 
function of biological membranes. Although the exact function of plant annexin is not 
known, annexins are implicated in secretory processes and some have ATPase peroxidase 
activities. On the basis of existing literature and experimental evidence,  Górecka 
et al. (2007a)  have proposed that plant annexins may have a role in stress response. 
In fact, Górecka et al. (2007b) have shown that annexin At1 of  Arabidopsis thaliana  
(AnnAt1), which is one of eight proteins of this family in  Arabidopsis thaliana , plays 
important role in pH-mediated cellular response to environmental stimuli. The 
same group also suggested that the pH-sensitive ion channel activity of AnnAt1 might 
play a role in intracellular ion homeostasis.  

  6.2.3 Pistil-Expressed Ca 2+ -Binding Protein 

 A 19-kDa novel PCP expressed in anthers and pistil was isolated  (Furuyama and 
Dzelzkalns 1999) . PCP is a high-capacity (binds 20mol of Ca 2+  per mole of PCP), 
low-affinity Ca 2+ -binding protein. PCP has been implicated in pollen-pistil interac-
tions and pollen development.  

  6.2.4 Calreticulin 

 CRT is an abundant Ca 2+ -binding protein (Ca 2+  sensor) and was first detected in 
the ER of rabbit skeletal muscle  (Ostwald and MacLennan 1974) . CRT plays a 
crucial role in many cellular processes, including Ca 2+  storage and release, protein 
synthesis, and molecular chaperone activity. Besides its main location in the ER 
 (Opas et al. 1996) , CRT has been found to reside in the nuclear envelope  (Napier 
et al. 1995) , the spindle apparatus of the dividing cells  (Denecke et al. 1995) , the 
plasmodesmata in the root apex  (Baluska et al. 1999) , and on the cell surface 
 (Gardai et al. 2007) , indicating that CRT is essential for normal cell function. 
In plants it was first detected and isolated from spinach leaves  (Menegazzi et al. 1993) . 
Later, cDNA clones of CRT were isolated from  Arabidopsis   (Huang et al. 1993) , 
barley  (Chen et al. 1994) , maize  (Napier et al. 1995) , tobacco  (Denecke et al. 
1995) , pea  (Hassan et al. 1995) ,  Brassica rapa   (Lim et al. 1996) ,  Ricinus communis  
L.  (Coughlan et al. 1997) , and rice  (Li and Komatsu 2000) . Plant CRT shares the 
same structural domain features and basic functions identified for animal CRTs; 
therefore, the plant CRT might also be involved in regulation of Ca 2+  homeostasis 
and Ca 2+ -dependent signal pathways  (Wyatt et al. 2002) . Plant CRT is highly 
expressed during mitosis in tobacco  (Denecke et al. 1995) , embryogenesis of barley 
 (Chen et al. 1994) ,  Nicotiana plumbaginifolia   (Borisjuk et al. 1998) , and maize 
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 (Dresselhaus et al. 1996) , and in flower tissues, including pollen tubes as well as 
anthers  (Nardi et al. 2006) . Increasing evidence also indicates that this protein is 
involved in the plant response to a variety of stress-mediated stimuli. Recently, 
wheat CRT (TaCRT) was shown to be involved in the plant response to drought 
stress, indicating a potential in the transgenic improvements of plant water-stress 
 (Jia et al. 2008) .  

  6.2.5 Calnexin 

 Calnexin (CNX) is one of the important ubiquitous calcium-binding proteins, and 
was initially identified as an ER type I integral membrane protein  (Sarwat and 
Tuteja 2007) . It acts as a chaperone that share several functions, including Ca 2+  
binding, lectin-like activity, and recognition of misfolded proteins. CNX binds to 
monoglucosylated carbohydrate on newly synthesized glycoproteins. It consists of 
a large (50-kDa) N-terminal calcium-binding lumenal domain, a single transmem-
brane helix, and a short (90-residue), acidic cytoplasmic tail. CNX together with 
its teammates, such as ERp57 (a protein disulfide isomerase like protein resident in 
the ER), and CRT comprise the so-called CNX/CRT cycle which is responsible for the 
correct folding of newly synthesized proteins and glycoproteins before their trans-
location to the secretory pathway  (Sarwat and Tuteja 2007) .  Huang et al. (1993)  
isolated a cDNA encoding a CNX homologue CNX1p from  Arabidopsis   thaliana , 
a transmembrane protein of type I topology, and it showed 48% identity with dog 
CNX. Sequences encoding CNX homologues have also been cloned from maize 
 (Kwiatkowski et al. 1995) , soybean  (Goode et al. 1995) , and  Pisum sativum  
 (Ehtesham et al. 1999) .  Li et al. (1998)  demonstrated the possible role of CNX in 
folding and assembly of vacuolar H + -ATPase from oat seedlings along with 
another ER chaperone, BiP. Pea CNX was shown to be a constitutively expressed 
72.5-kDa phosphoprotein. The acidic domain of CNX at the N-terminus present in 
the ER lumen may be involved in Ca 2+  binding.  Arabidopsis thaliana  CNX lacks 
both of the acidic domains; hence, it is unlikely to be involved in low-affinity Ca 2+  
binding. Similarly, pea CNX also lacks the C-terminal acidic domain, but pos-
sesses a potential Ca 2+ -binding domain at the N-terminus  (Ehtesham et al. 1999) .  

  6.2.6 Forisomes 

 Forisomes are giant contractile motor protein bodies specific for the sieve tubes of 
Fabaceae plants (legume) and function as a gatekeeper in phloem sieve tubes. They 
are unique protein bodies which act as cellular stopcocks, by undergoing a Ca 2+ -
dependent and ATP-independent conformational switch in which they plug the 
sieve element  (Eckardt 2001 ;  Knoblauch et al. 2001) . In living cells, this reaction 
is probably controlled by Ca 2+  transporters in the cell membrane.  Knoblauch et al. 
(2003)  showed that an influx of calcium into legume sieve elements stimulates the 
rapid and reversible dispersal of crystalloid P-protein aggregates to occlude sieve 
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plate pores, which may be produced by wounding or pathogen-mediated mechanical 
injury. Overall, this helps the plant to stop hemorrhaging nutrients and to prevent 
entry of pathogens; because of this property the name “forisome” has been given to 
the proteins (Latin  foris  meaning “the wing of a gate,” Greek  soma  meaning 
“body”)  (Knoblauch et al. 2003) . Forisomes also control flux rates in the phloem 
of faboid legumes by reversibly plugging the sieve tubes. These proteins undergo 
an anisotropic shape transition (longitudinally expanded to contracted) in response 
to ion concentration changes (Ca 2+ , H + , etc.). Forisomes were mostly located close to 
sieve plates, and occasionally were observed drifting unrestrainedly along the sieve 
element, suggesting that they might be utilized as internal markers of flow direction. 
Recently, forisome protein aggregates received broader attention owing to their 
ability to convert chemical into mechanical energy. The  for1  gene is highly conserved 
among Fabaceae species and appears to be unique to this phylogenetic lineage since 
no orthologous genes have been found in other plants, including  Arabidopsis  and 
rice  (Noll et al. 2007) . It is hypothesized that forisome plugs are removed once the 
cytosolic calcium level has returned to the initial level in those sieve tubes  (Furch 
et al. 2007) .  Peters et al. (2007)  isolated tailed forisomes of the sword bean 
 Canavalia gladiata  and reported that Ca 2+  induced a sixfold volume increase 
within about 10–15 s; the reverse reaction following Ca 2+  depletion proceeded 
in a fraction of that time. They suggested that  Canavalia gladiata  provides a 
superior experimental system, which will prove indispensable in physiological, 
biophysical, ultrastructural, and molecular studies on the unique ATP-independent 
contractility of forisomes.    

  7 Conclusions  

 Evolution has adopted positively charged calcium as the primary signaling element 
of cells. Ca 2+  is one of the principal second messengers for functioning as a central 
node in the overall “signaling web” and plays an important role in providing stress 
tolerance to plants. Analysis of [Ca 2+ ] 

i
  dynamics has demonstrated its signaling role 

in plant cells in response to a wide array of environmental cues. In general, the 
stress leads to increased cytosolic Ca 2+ , which initiates the stress signal transduction 
pathways for the stress tolerance. Ca 2+  is the most tightly regulated ion within all 
membrane-bound organisms and binds to several proteins to effect changes in 
localization, association, and function. It is now clear that Ca 2+  signaling affects 
almost every aspect of the cellular metabolism of living organisms. In fact, an indirect 
increase in [Ca 2+ ] 

cyt
  in plant cells is mediated by the increase in intracellular con-

centrations of other second messengers such as cyclic GMP, cyclic AMP, and IP 
3
 , 

in response to stimuli. The elevation of Ca 2+  concentration in cytoplasm is found to 
be a key event in the plant cell for transduction of various signals to a biological 
effect. This suggests that Ca 2+  is a communication point in the cytoplasm for the 
cross talk between different signal transduction pathways and finally helps in the 
interchanging of the information. The Ca 2+  signaling involves many sensor proteins 
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that decode temporal and spatial changes in cellular Ca 2+  concentration. Cells 
usually invest much of their energy to effect changes in Ca 2+  concentration. 
Recently, in yeast it has been reported that there is cross talk between Ca 2+ -
calcineurin signaling, nutrient sensing, and regulation of the cell cycle  (Zhang and 
Rao 2008) . Overall, the involvement of Ca 2+  in various metabolic processes in plant 
might have general implications.      
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        MAPK Signaling       

     Miroslav   Ovečka    and    Irene K.   Lichtscheidl      

  Abstract   Plant adaptation to environmental and endogenous factors is based on 
the effective reaction to signals perceived by specialized plant sensing systems, 
and generation of relevant responses. Passing of perceived extracellular signals 
to response-generating effectors requires effective intracellular signal transduction 
pathways. Mitogen-activated protein kinase (MAPK) cascades are conserved 
transducers of extracellular signals operating in higher plants. They are involved 
in the regulation of diverse cellular processes occurring during the whole ontoge-
netic plant life and ranging from normal cell proliferation to stress-inducing 
plant-to-environment interactions. The complexity of plant MAPK signaling 
networks is described in the light of recent findings achieved in plant response to 
biotic factors, abiotic stress signals, and morphogenic events relevant to plant growth 
and development.    

  1 Introduction  

 Plant growth and development are under the continuous influence of different envi-
ronmental and endogenous factors during the whole period of ontogenesis that plants 
must effectively react to. Inability to avoid and prevent their negative influence gener-
ally leads to devastating effects on basic metabolism, transport processes, membranes, 
and cell structure. Such evolutionary force provoked the evolution of a number of 
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different response mechanisms that protect plants at the molecular, cellular, organ, 
plant, and population levels. Cellular responses induced by environmental stimuli are 
composed of a cascade of events, starting with perception and molecular recognition 
of the external stimulus, followed by generation of a signal and its transmittance via 
specific signaling pathways, and leading further to the activation of defined effectors 
responsible for the generation of appropriate molecular reactions  (Soropy and Munshi 
1998 ;  Møller and Chua 1999) . The results of these fast and specific reactions are 
defense, protection, or altered development of the plant. 

 One line of signal transduction mechanisms is modulated by protein phosphorylation 
and dephosphorylation that is controlled by protein kinases and protein phos-
phatases. This fast and effective signaling system fulfills all requirements needed 
to interconnect the sensing system with gene expression processes in coordina-
tion with the physiological status of the cell. One of the most conserved and best 
characterized protein kinase signaling pathways is mitogen-activated protein kinase 
(MAPK) cascade. Upon signal perception, it mediates the transmission of those 
signals that control numerous cellular processes, including cell division, differen-
tiation, and responses to environmental stresses. 

 The study of signaling in plants is a fast developing area of plant biology, supplying 
constantly new exciting data to the incomplete picture of MAPK-based signal 
transduction that we have so far. Comprehensive analysis of the state of the art is 
summarized in reviews published in the last few years  (Bögre et al. 2000 ;  Wrzaczek 
and Hirt 2001 ;  Tena et al. 2001 ;  Jonak et al. 2002 ;  Šamaj et al. 2004a,   b ;  Nakagami 
et al. 2005; Colcombet and Hirt 2008) . Our aim is to briefly summarize some recent 
achievements in the field of plant MAPK signaling that shed more light on stress-
related and morphological adaptations in plant development.  

  2 Principle of the MAPK Signaling Cascade  

 Activation of MAPKs is spatially and temporally performed in modules. MAPK 
modules are universal transducers of extracellular signals in all eukaryotic cells. 
The basic module of a MAPK pathway is composed of three functionally inter-
linked protein kinases (MAPK; MAPK kinase, MAPKK; and MAPKK kinase, 
MAPKKK). MAPKs have been categorized within a large family of serine/threonine 
protein kinases, depending on the amino acids that are phosphorylated during 
activation. The activation of MAPK requires phosphorylation of both threonine and 
tyrosine residues in a so-called T-X-Y activation loop in subdomain VIII of the 
catalytic kinase domain. The dual mode of activation is unique and phosphorylation 
of both tyrosine and threonine residues is required for the full activation of MAPKs. 
MAPK phosphorylation is catalyzed by a dual-specificity MAPKK. The MAPKKs 
are activated by phosphorylation of their threonine and serine residues by 
MAPKKKs  (Seger and Krebs 1995 ;  Robinson and Cobb 1997) . 

 After perception of a signal at the plasma membrane, the cytoplasmic phase of 
the signaling pathway includes transmittance, intensification, and targeting of the 
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signal. MAPKs can activate a number of proteins with regulatory function. The substrate 
specificity of the activated MAPK pathway as well as the existence of several syn-
ergistic and/or antagonistic MAPK pathways activated upon different external cues 
mediate effective cell responses. They are specific for signals from the activated 
MAPK pathway and may involve activation of transcription factors, cytoplasmic 
enzymes, and/or cytoskeletal proteins. Cells hence have efficient control of gene 
expression, metabolism, cytoskeletal structure, and dynamics, as well as of other cell 
components with regulatory functions  (Garrington and Johnson 1999 ;  Bögre et al. 
2000 ;  Jonak et al. 2002 ;  Nakagami et al. 2005) . 

 The mechanisms of the specificity in different cell types and in response to dif-
ferent stimuli are partially based on the proper localization and accessibility of 
MAPKs within the cell. A special class of interacting proteins (anchoring and scaf-
fold proteins) brings together specific kinases for selective activation, and they also 
control the subcellular localization of signaling complexes within the cell  (Garrington 
and Johnson 1999) . The scaffolding mechanism is responsible for the specificity of 
MAPK signaling by creating multienzyme complexes composed of several signal 
molecules in certain compartments. This physical grouping favors rapid passage of 
the signal through the cascade and prevents unwanted crosstalk  (Whitmarsh and 
Davis 1998) . In addition, the scaffold proteins can promote the pathway specificity 
by presenting preferred substrates in locally high concentration, and by discriminat-
ing between single pathways that share common signaling components  (Harris 
et al. 2001 ;  Nakagami et al. 2005) . 

 The termination of the MAPK activated period is an integral part of a signal 
transduction wave triggered by one stimulus. The inactivation of MAPKs is catalyzed 
by several types of protein phosphatases: serine/threonine-specific phospho-
protein phosphatases and metal-ion-dependent protein phosphatases, phosphotyrosine 
phosphatases, and dual-specificity phosphatases  (Farkas et al. 2007) . Such dephos-
phorylation of MAPKs is necessary for resetting the pathway to the basal level, 
when a new input can activate the pathway again. This feedback inhibition of the 
signaling cascade delineates the MAPK activation usually as a transient signal 
transduction process  (Luan 1998 ;  Brown et al. 1997) . Serine/threonine protein 
phosphatases reversibly dephosphorylate MAPKs at their serine and threonine residues. 
They are categorized in two groups: type 1 (PP-1) and type 2 (PP-2A, PP-2B, 
PP-2C), according to their substrate specificity, ion requirements, and sensitivity to 
inhibitors  (Soropy and Munshi 1998 ;  Cohen 1989) . 

 With the completion and analysis of the  Arabidopsis  genome, a more complex 
view of MAPK functioning, homology, and nomenclature in plants is possible 
 (Wrzaczek and Hirt 2001 ;  MAPK Group 2002; Hamel et al. 2006) . In addition, 
completion of the genome sequences for rice and poplar makes it possible to 
examine phylogenetic relationships of  Arabidopsis , poplar, and rice MAPK genes. 
On the basis of this project, 20  Arabidopsis  members, 21 poplar homologs, and 15 
rice homologs were found at the level of MAPKs. At the level of MAPKKs, the 
list contains ten  Arabidopsis  members, nine poplar homologs, and eight rice 
homologs  (Hamel et al. 2006 ;  Sterck et al. 2005 ;  Liu and Xue 2007 ;  Agrawal 
et al. 2003) .  
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  3 MAPK Activation by Pathogenic Attacks  

 For interaction of plants with pathogens, plant cell surface receptors play a pivotal 
role. Sensing of pathogens is based on the detection of pathogenic molecules, either 
so-called pathogen-associated molecular patterns (PAMPs) or microbe-associated 
molecular patterns  (Tena et al. 2001 ;  Nakagami et al. 2005) . This recognizing step 
is followed by the activation of a range of events leading to alteration of gene 
expression, where MAPK cascades function as a converging module  (Nühse et al. 
2000 ;  Asai et al. 2002 ;  Nurnberger et al. 2004) . 

 Considerable progress in functional studies of the MAPK involvement in plant 
pathogen response comes from studies with bacterial or yeast elicitors. An example 
is the activation of MAPKs in  Arabidopsis  after treatment with bacterial flagellin 
peptide. Identification of somatic embryogenesis receptor kinase (SERK) 3/brassinoster-
oid-associated kinase (BAK) 1, a member of the SERK family  (Russinova et al. 
2004 ;  Shiu and Bleecker 2001) , shed more light on the perception mechanism. 
 Arabidopsis  AtSERK3/BAK1 is required for early PAMP responses because it 
rapidly forms an elicitor-induced complex with the receptor for the bacterial flagellin 
peptide flg22, called “flagellin sensing 2” (FLS2). In mutated  At-SERK3/BAK1  
plants responses to flg22 are considerably reduced  (Heese et al. 2007) . Specific 
physical interaction of flg22 with the FLS2 protein has been demonstrated by 
immunoprecipitation with FLS2-specific antibodies and chemical cross-linking 
with a radiolabeled derivative of the flg22 in  Arabidopsis   (Chinchilla et al. 2006) . 
AtSERK3/BAK1 belongs to the family of receptor-like kinases, that contain, in 
addition to extracellular domains and transmembrane span regions, a cytoplasmic 
domain possessing conserved kinase motifs  (Shiu and Bleecker 2001 ;  Shiu et al. 
2004) . AtSERK3/BAK1 thus may interlink signal perception of PAMP with down-
stream signal transduction components. 

 Upon flg22 treatment, transient activation of AtMPK4, AtMPK6, and AtMPK3 
was observed. The transient expression system allowed for identification of upstream 
MAPKKs (AtMKK1, AtMKK4, and AtMKK5) and an upstream MAPKKK 
(AtMEKK1)  (Asai et al. 2002 ;  Nühse et al. 2000 ;  Mészáros et al. 2006) . The activation 
of this MAPK module is induced by the flagellin receptor FLS2, leucine-rich repeat 
receptor kinase. The downstream targets of activated AtMPK6 and AtMPK3 are 
WRKY transcription factors  (Asai et al. 2002) . Interestingly, in addition to signal-
ing functions based on the phosphorylation kinase activity, a structural role for 
MEKK1 in pathogenesis-associated signaling was suggested, which would be inde-
pendent of its protein kinase activity  (Suarez-Rodriguez et al. 2007) . MEKK1 is 
involved also in regulation of redox homeostasis in  Arabidopsis ; MEKK1-deficient 
plants accumulate reactive oxygen species (ROS) and are altered in hormone sign-
aling  (Nakagami et al. 2006) . 

 The role of the MKK3 pathway in pathogen defense has been documented using 
 Pseudomonas syringae   (Dóczi et al. 2007) . Gene expression analysis revealed a 
basal expression level in nonattacked plants. Upon infection by  Pseudomonas 

syringae  pv.  tomato  DC3000 the expression of MKK3 was strongly induced, which 
was not the case after application of abiotic stresses  (Dóczi et al. 2007) . 
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 Triggering of defense-induced MAPK signaling events has been described also 
in plant- Agrobacterium  interactions.  Agrobacterium -mediated T-DNA transfer 
induces the activation of the  Agrobacterium -induced MAPK MPK3 which directly 
acts on the transcription factor VIP1 and causes its relocation from the cytoplasm 
to the nucleus for the expression of defense genes  (Djamei et al. 2007) . In this case, 
however, the plant defense response seems to be overruled by agrobacteria for their 
own advantage: agrobacteria use VIP1 as a T-DNA shuttle to import their genes 
into the host nucleus. 

 All these data indicate the importance of MAPK signaling for the activation of 
plant defense responses against pathogenic bacteria and fungi  (Ramonell et al. 2005 ; 
 Zeidler et al. 2004 ;  Zipfel et al. 2004) . However, the evolutionary efforts of plants to 
develop effective defense mechanisms leading to plant innate immunity was accom-
panied by effective efforts of bacteria to avoid them. Pathogenic bacteria utilize 
distinct type III virulence effectors that can help them to manipulate host MAPK 
signaling cascades and to promote their own pathogenicity  (Shan et al. 2007) . Some 
of them, recently identified, such as AvrPto and AvrPtoB from  Pseudomonas syringae , 
are potent suppressors of MAPK activation. It was shown in  Arabidopsis  that AvrPto 
and AvrPtoB suppressed specifically MAPK activation and early defense signaling 
events by flg22 upstream of MAPKKK. Hence, the activation of involved MAPKs, 
MPK3 and MPK6, by flg22 was completely blocked  (He et al. 2006) .  

  4 Involvement of MAPKs in Abiotic Stress Responses  

 The general utilization of plant MAPK cascades as signal transduction pathways 
for various stresses  (Nakagami et al. 2005)  reveals the exciting phenomenon that 
some MAPK cascade components are activation-specific to particular stress factors, 
while others are “promiscuous.” An obvious example is the parallelism and cross-
talk of biotic and abiotic signaling pathways; MAPK modules can function as a 
bridge interconnecting upstream signaling steps with appropriate downstream 
effectors with high selectivity or flexibility. Accumulating data suggest that hormone 
and ROS signaling pathways play key roles in the crosstalk between biotic and 
abiotic stress signaling  (Apel and Hirt 2004 ;  Torres and Dangl 2005 ;  Fujita et al. 
2006) . MPK6, for instance, is involved in the production of ethylene  (Liu and 
Zhang 2004) , it is activated by oxidative stress  (Xiong and Yang 2003) , together 
with MPK3 it is activated in the ROS signaling pathway  (Rentel et al. 2004) , and a 
MPK4/MPK6 cascade has been shown to function during cold and salt stress sign-
aling  (Teige et al. 2004 ;  Ichimura et al. 2000) . 

 Temperature stress, such as low and high temperature, leads to direct inhibition of 
metabolic activity. For sensing of cold stress membrane rigidification may be suffi-
cient to increase Ca 2+  concentration in the cytosol, hence changing cytoskeleton stability 
and boosting the abscisic acid (ABA) and ROS production. Effective cold signaling, 
however, requires the activation of MAPK cascades  (Sangwan et al. 2002 ;  Zhu et al. 
2007 ;  Fujita et al. 2006) . MKK2 was shown to be activated by cold stress in 
 Arabidopsis thaliana  together with the downstream components MPK4 and MPK6; 
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MKK2 overexpression constitutively upregulated MPK4 and MPK6 activity, resulting 
in salt and freezing tolerance, while  mkk2  mutant plants were salt- and cold-
stress-hypersensitive  (Teige et al. 2004) . In addition to cold stress signaling, 
 temperature-responsive MAPKs are involved in the defense against heat stress. 
In alfalfa, a heat-shock-activated MAPK has been identified with the capacity to be activated 
at 37°C. At 25°C it is normally inactive, but interestingly it was activated when cells 
were transferred from 4 to 25°C. Stress-activated MAPK (SAMK), another alfalfa 
MAPK that is normally activated by cold  (Jonak et al. 1996) , was activated when cells 
were transferred from 37 to 25°C  (Sangwan et al. 2002 ;  Sangwan and Dhindsa 2002) . 
This clearly indicates that the relative temperature shift rather than the absolute 
temperature generates a signal for activation of the responsive pathway. 

 Plant responses to other abiotic stresses such as water stress, osmotic stress, or 
wounding are closely related to the signaling roles of plant hormones ABA and 
jasmonic acid (JA)  (Denekamp and Smeekens 2003) . T-DNA insertional mutation 
of the  Arabidopsis MKK9  gene gives no phenotype in control conditions; however, 
the mutant is salt- and mannitol-insensitive. Because germination of  mkk9  mutant 
plants is insensitive to low concentrations of ABA, it is apparent that MKK9 acts 
as a negative regulator of the abiotic stress response  (Alzwiy and Morris 2007) . 

 AtMPK1 and AtMPK2 are two MAPKs responding to mechanical injury. They 
are also activated by the stress signals ABA and H 

2
 O 

2
  in combination with wounding, 

while JA is able to activate them in the absence of wounding, and the induction of 
AtMPK1/AtMPK2 kinase activity by wounding and JA was not prevented in the 
JA-insensitive  coi1  mutant  (Ortiz-Masia et al. 2007) . 

 Activation of alfalfa stress-induced MAPK (SIMK) by moderate osmotic stress 
was documented  (Munnik et al. 1999) . Yeast two-hybrid screening identified an 
upstream MAPKK, SIMKK. SIMKK was shown to activate SIMK in response to 
salt stress  (Kiegerl et al. 2000) . Both SIMK and SAMK are also activated by 
wounding. SIMK activation by wounding was shown to be closely correlated with 
the wound-induced expression of MP2C, the  Medicago  type 2C protein phos-
phatase; MP2C directly inactivated SIMK after a period of activation, thus resetting 
the SIMK signaling pathway  (Meskiene et al. 2003) . It was clearly demonstrated 
that MP2C is a MAPK phosphatase that directly inactivates SIMK but not the 
wound-activated SAMK  (Meskiene et al. 1998,   2003) . Both SIMK and SAMK, 
however, can be activated by the constitutively active SIMKK in the absence of 
external stimuli  (Meskiene et al. 2003 ;  Kiegerl et al. 2000 ;  Cardinale et al. 2002) . 
Similarly,  Arabidopsis  serine/threonine phosphatase AP2C1, which is highly similar 
to alfalfa MP2C, inactivates the stress-responsive MAPKs MPK4 and MPK6. 
AP2C1 phosphatase influences the regulation of defense responses and levels of 
stress hormones in  Arabidopsis .  ap2c1  mutant plants exhibited elevated JA levels 
in response to wounding, while AP2C1-overexpressing plants were compromised 
in the synthesis of wound-induced ethylene and in the defense response to the 
pathogens. Further, it was proved that AP2C1/MPK4 and AP2C1/MPK6 are coupled 
in functional complexes when coexpressed in protoplasts. These data indicate 
specific and functional interactions of AP2C1 with MPK4 and MPK6  (Schweighofer 
et al. 2007) . 
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 Plants depend on water uptake. Nutrients from the rhizosphere are taken up by 
plant roots together with water in the form of solutes. However, essential ions can 
be limiting factors in nonphysiological concentrations, which triggers developmental 
changes and subsequent root adaptations. The question is which signaling mecha-
nisms mediate such adaptations. Unbalanced status of ions in the root environment 
can modulate the effectiveness of nutrient uptake by regulation of ion channels in 
the plant root cells. Ion channels are indispensable for nutrient uptake and for the 
balance of turgor pressure. Sensing and signaling of any changes in nutrient balance 
can involve production of “morphogenic” compounds such as ROS that have been 
shown to play a role in root responses to some nutrient deprivation, and the expression 
of several nutrient-responsive genes. 

 An additional field in the signaling of plant abiotic stresses has been opened owing 
to the problem of environmental pollution with excess of heavy metals. Transduction 
of metal-induced signals by MAPK pathways was clearly established; in  Medicago , 
copper or cadmium ions activated four distinct MAPKs. Among them, SIMK was 
very rapidly activated by copper. This activation was specifically mediated by the 
upstream kinase SIMKK  (Jonak et al. 2004) . Similar responses to copper ions have 
been demonstrated in rice, where three different MAPKs were activated, including 
OsMPK6, the ortholog of SIMK; both cadmium and copper induced MAPK activa-
tion in rice  (Yeh et al. 2003,   2007) . Pretreatment with hydroxyl radical scavengers 
abolished cadmium- and copper-induced MAPK activation, indicating that MAPK 
pathways involved in those heavy metal stresses operate through ROS-generating 
systems  (Yeh et al. 2007) . Rapid and transient activation of a protein kinase with a 
molecular mass of 58 kDa is induced by toxic concentrations of aluminum in cell 
suspension cultures of  Coffea arabica  L. A MAPK nature of the protein kinase was 
proved by immunolocalization of cell extracts with anti pTEpY antibodies recognizing 
specifically an active form of MAPK  (Arroyo-Serralta et al. 2005) . Rapid activation 
of a 48-kDa MAPK-like protein by aluminum application to the root apex was 
reported also in wheat  (Osawa and Matsumoto 2001) . A similar effect with the activation 
of a 40- and 42-kDa myelin basic protein kinase has been elicited by zinc in rice 
roots; kinase immunoblot analysis proved the specificity to MAPKs. Experiments 
with inhibitors showed the involvement of ROS and the independence from the phos-
phoinositide 3-kinase related cellular signaling system  (Lin et al. 2005) . 

 From these data it is apparent that MAPK activation is a specific reaction of root cells 
to perception of heavy metal stress signals from the environment, while ROS-generating 
and/or utilizing systems share the activation. This reinforces the scenario that activation 
of MAPKs by heavy metals is related to activation of oxidative stress components. Thus, 
ROS become interesting players within the complex plant signaling networks.  

  5 Morphogenetic Roles of MAPKs  

 Organization of the plant body is driven by the precise regulation of cell morphogenesis, 
the process that controls all basic plant development phases by determining the 
shape and the size of individual cells. Deterministic processes of plant “shaping” 
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are maintained at the cellular level through regulation of cell division and cell 
expansion  (Dolan and Roberts 1995 ;  Jürgens 1996) . Recent studies have revealed a 
potential involvement of MAPK cascades in the control of morphogenesis, 
particularly in cell division and pattern formation. Cytokinesis, the last stage of cell 
division, depends on the correct formation of the cell plate. This process is guided 
by the phragmoplast. Limiting factors during the phragmoplast lateral expansion 
are the correct turnover of phragmoplast microtubules (MTs), their disassembly in 
the middle, and their reuse for polymerization in growing leading edges. Functional 
analysis of MAPKs in alfalfa,  Arabidopsis , and tobacco revealed their role in the 
regulation of cytokinesis: 

 A tobacco MAPKKK, nucleus- and phragmoplast-localized protein kinase 1 
(NPK1)  (Banno et al. 1993) , displays cell-specific intracellular relocation in dividing 
cells, with specific accumulation at the equator layer of the phragmoplast during 
cytokinesis  (Nishihama and Machida 2001) . Overexpression of a kinase-negative 
mutant version of NPK1 induced the formation of multinucleate cells with incomplete 
cell plates. Hence, it has been shown that NPK1 regulates the lateral expansion of 
the cell plate and the phragmoplast  (Nishihama et al. 2001) , and that NPK1 is indis-
pensable for proper termination of the cell division process. The activity and the 
proper localization of NPK1 are regulated by phragmoplast-associated kinesin-like 
proteins NACK1 and NACK2 (NPK1-activating kinesins)  (Nishihama et al. 2002) . 

 NPK1 is an upstream MAPKKK member of the so called NACK-PQR pathway, 
a MAPK cascade consisting of NQK1/NtMEK1 (MAPKK) and NRK1/NTF6 
(MAPK)  (Nishihama et al. 2002 ;  Soyano et al. 2003 ;  Krysan et al. 2002) . Importantly, 
this MAPK cascade is rapidly inactivated by the depolymerization of phragmoplast 
MTs  (Soyano et al. 2003) . A significant interlinking role in this story has been found 
for cell-division-related MT-associated proteins (MAPs). One of them is MAP65, a 
65-kDa MAP with MT-bundling activity purified from tobacco BY-2 cells  (Jiang 
and Sonobe 1993) . Because phosphorylation of NtMAP65-1a by the MAPK NRK1 
was documented in tobacco  (Sasabe et al. 2006) , the MAP65 family became one of 
the key targets of activated MAPKs in cytokinesis  (Sasabe and Machida 2006) . 
When the NACK-PQR pathway is inactivated, MAP65 bundles MTs and thus stabilizes 
phragmoplast structures. Once the NACK-PQR pathway has been activated in the 
phragmoplast and MAP65 has been phosphorylated, its MT-bundling activity is 
suppressed. The resulting MT instability promotes their turnover and thus accelerates 
an expansion of the phragmoplast  (Sasabe and Machida 2006) . 

 The members of the ANP family of  Arabidopsis  MAPKKKs are another example 
for positive regulators of cell division  (Krysan et al. 2002)  with cytokinesis-dependent 
activation  (Bögre et al. 1999 ;  Calderini et al. 1998) . Furthermore, activation during 
cytokinesis and phragmoplast-specific localization were described for the MAPKs 
alfalfa MMK3 and tobacco NTF6  (Bögre et al. 1999 ;  Calderini et al. 1998) . 

 Tobacco NPK1 is a good example for the interlacing of plant responses to external 
and endogenous signals; in addition to its involvement in cytokinesis, its altered 
expression by silencing interfered with the functioning of some disease-resistance 
genes  (Jin et al. 2002) . The same is the case for the stress-induced MAPK SIMK 
of  Medicago  that is expressed in the root meristem. The majority of SIMK is localized 
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in the nucleus of root interphase cells  (Baluška et al. 2000) . With the progress of 
the cell cycle SIMK relocation occurs; after onset of mitosis SIMK escapes from 
the nucleus and associates with the spindle poles in early prometaphase. Interestingly, 
salt stress, known to trigger specifically the activity of SIMK, also induces such 
relocation to MT structures such as the preprophase band and the phragmoplast 
 (Baluška et al. 2000) . Tissue-specific and cell-cycle-dependent intracellular 
distribution of SIMK in root meristematic cells of  Medicago sativa  can be directly 
relevant to biological functions of SIMK in root development. For instance, SIMK 
was redistributed from nuclei to the cytoplasm during the root hair formation proc-
ess; it is accumulated within outgrowing bulges and at tips of emerging root hairs. 
During redistribution, SIMK is activated  (Šamaj et al. 2002) . The polar localization 
of SIMK in root hairs raises the question of its possible function as a molecular 
transducer in tip growth  (Šamaj et al. 2004a,   b) . 

 Recent developmental studies have shown an even broader involvement of 
MAPK signaling pathways in plant morphogenesis. The impact of this functional 
signaling segment in plant ontogeny was documented in stomata. Development of 
stomatal cell complexes is regulated at the genetic level, but is also deeply influ-
enced by environmental signals. After the MAPKKK gene  YODA  had been identi-
fied as the main player in the establishment of guard cell identity and pattern 
formation  (Bergmann et al. 2004) , a complete MAPK signaling cascade of these 
key regulators (YDA-MKK4/MKK5-MPK3/MPK6) was identified  (Wang et al. 
2007) . Identification of the pathway brought a complex view of how cell fate speci-
fication during stomatal development, and during asymmetric cell division in general, 
might be regulated by intercellular signaling. MAPK cascades can be involved in 
the restriction of asymmetric cell division frequency, in maintaining polarity, and in 
coordination of cell fate specification  (Wang et al. 2007) . MAPKKK YODA, for 
instance, is responsible for determination of cell fates in the basal linage during 
embryonic development. Loss-of-function mutation  yda  suppresses elongation of 
the zygote and the extraembryonic suspensor is not developed properly. The opposite 
effect has been caused by gain-of-function mutation when an overdeveloped suspensor 
suppresses embryonic development  (Lukowitz et al. 2004) . 

 The complex role of MPK6 in multiple developmental processes has been 
shown in parallel studies. Plants homozygous for null  MPK6  mutation displayed 
reduced male fertility and abnormal anther development. Additional abnormalities 
were observed during seed production:  mpk6  plants contained embryos abnormally 
grown out of their seed coats. MPK6 thus appears to be involved in the regulation 
of multiple aspects of plant development  (Bush and Krysan 2007) . 

 Involvement of MAPK cascades in molecular switching mechanisms during 
early embryonal development is suggested also from a recent study proving novel 
overlapping functions of MPK3 and MPK6 in the regulation of the ovule integument 
development. Genetic experiments provided strong evidence that the sterile phenotype 
in plants is due to the loss of function of MPK6 and the partial loss of function of 
MPK3  (Wang et al. 2008) . Overlapping expression patterns in the developing 
ovules support the expectation that MPK3 and MPK6 have overlapping functions 
in regulating ovule development. Because essential functions documented for both 
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MPK3 and MPK6 were observed in ovule integument development, but cell division 
in other parts of the double mutant plants was normal, the authors suggest that 
MPK3 and MPK6 might be involved in transducing cell-division-promoting signals 
either from embryo sac or from neighboring sporophytic cells  (Wang et al. 2008) . 

 Recent studies have demonstrated that both MPK3 and MPK6 have a broader 
influence on multiple developmental programs, such as embryo, stomata, inflorescence, 
and anther development  (Bush and Krysan 2007 ;  Wang et al. 2007) . In addition to 
facilitating developmental signals, these two kinases are known to participate also 
in different stress-responsive signaling pathways, such as in response to the bacterial 
elicitor flg22  (Asai et al. 2002) . This is another indication that MAPKs might be 
convergent points in pathways with different MAPKKKs and MAPKKs related to 
different signals. 

 Another crucial aspect in plant development is the regulation of polar auxin 
transport-based processes. Phenotypical analysis of  Arabidopsis thaliana bud1  
(bushy and dwarf1) mutant showed reduction in lateral root formation, simplification 
in venation patterns, temperature-dependent shortening of the hypocotyl, and a 
faster curvature reaction to changed gravitropic vector. Molecular genetic analysis 
determined the  bud1  background as a result of increased expression of  MKK7 . 
Assay with radiolabeled indole-3-acetic acid showed that the increased expression 
of MKK7 in  bud1  caused a deficiency in auxin transport, while antisense transgenic 
plants with repressed MKK7 expression enhanced auxin transport  (Dai et al. 2006) . 
Such comparative analyses proved that MKK7 in  Arabidopsis thaliana  has a negative 
relationship to polar auxin transport. 

 These few examples clearly indicate how interconnection of the developmental 
program with gene expression patterns can be modulated by signaling components. 
Control of both processes, gene expression pattern and its direct developmental 
outputs, has a high priority and thus finding versatile MAPK signaling networks 
within the ontogenetic program has logical justification.  

  6 Signaling of Hormones and Oxidative Stresses  

 Hormone signaling pathways are integral regulatory components of the plant devel-
opment program and interact extensively with others during plant growth, development, 
and adaptation to a plethora of biotic and abiotic stresses. Evidence for an ethylene-
activated MAPK signal transduction pathways has been experimentally proved; 
ethylene responses in plants are regulated by a MAPK module comprising the 
CTR1 protein, a negative regulator of ethylene responses, which has sequence 
similarity to the Raf family of MAPKKK  (Kieber et al. 1993 ;  Huang et al. 2003) . 
Upon treatment with aminocyclopropane-1-carboxylic acid (ACC), two  Medicago  
MAPKs, MMK3 and SIMK, were activated. ACC-induced activation of SIMK and 
MMK3 was specifically mediated by the upstream kinase SIMKK. In transgenic 
 Arabidopsis  plants overexpressing SIMKK, AtMPK6 activation was constitutive 
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and followed by ethylene-induced target gene expression  (Ouaked et al. 2003) . 
Thus, SIMKK has been established as a positive regulator of ethylene responses. 

 Investigations of MAPK signaling in mediation of auxin response, tested at the 
level of auxin-responsive gene expression, showed an interesting crosstalk between 
activation of auxin-regulated transcription and other MAPK-mediated signaling 
cascades. Expression of the constitutively active form of NPK1, the tobacco MAPKKK, 
specifically activates the MAPK pathway, but leads also to suppression of 
auxin-induced gene expression in transfected mesophyll leaf protoplasts  (Kovtun 
et al. 1998) . Similarly,  Arabidopsis  ANP1, an ortholog of tobacco NPK1, mediates 
H 

2
 O 

2
  signal transduction under oxidative stress by activation of two stress-related 

MAPKs, AtMPK3 and AtMPK6. In parallel, the same MAPKKK inhibits auxin 
response  (Kovtun et al. 2000) . 

 The ABA signaling network consists of the activation of AtMPK3  (Lu et al. 
2002)  or AtMPK6  (Liu et al. 2008)  depending on the nature of the stimulus. In addi-
tion, AtMPK6 can be activated through upstream MKK3 in the JA signaling network 
 (Takahashi et al. 2007) . MAPK signaling cascades are also targets of NO signals, as 
has been documented by MAPK activation after application of NO donors in 
 Arabidopsis   (Clarke et al. 2000)  and tobacco  (Kumar and Klessig 2000) . 

 ROS are linked to the activation of several stress-responsive MAPK pathways 
in plants  (Apel and Hirt 2004 ;  Kovtun et al. 2000 ;  Rentel et al. 2004 ;  Romeis 
et al. 1999 ;  Yuasa et al. 2001) . An important question in the effort to resolve a 
general scheme of ROS participation in signaling events is where ROS members are 
produced. In plant stress reactions to signals such as pathogenesis or wounding, 
the place defined for ROS generation was the apoplast  (Luan et al. 2002 ;  Overmyer 
et al. 2003) . Controversially, biotic or abiotic stress reactions provoked intracel-
lular ROS production in chloroplasts, peroxisomes, and mitochondria  (Datt et al. 
2003 ;  Yao et al. 2002) . Concerning stress reactions with apoplastic ROS accumu-
lation, NADPH oxidases are intensively studied. Impaired ROS production in the 
double mutant of  AtrbohD  and  AtrbohF ,  Arabidopsis  guard-cell-expressed NADPH 
oxidase catalytic subunit genes, prevents also ABA-induced cellular reactions. 
However, stomatal closing and activation of plasma membrane Ca 2+ -permeable 
channels are rescued by application of exogenous H 

2
 O 

2
   (Kwak et al. 2003) . The 

role of the AtrbohD and AtrbohF NADPH oxidase catalytic subunits was estab-
lished also in pathogen-induced ROS production in  Arabidopsis , because ROS 
production after infection was reduced in  atrbohD / atrbohF  double mutants  (Torres 
et al. 2002) . 

 The function of ROS-mediated plasma membrane Ca 2+  channel activation 
correlates with the localization of Ca 2+  influx. A single-channel examination 
revealed that hyperpolarization-activated Ca 2+  channels have significantly higher 
activity in some types of cells, such as in root hairs and in cells of the root 
elongation zone, than in mature cells  (Demidchik et al. 2007) . NADPH oxidase 
(RHD2/AtrbohC,  Arabidopsis  respiratory burst oxidase homolog), is an enzyme 
catalyzing ROS production in tip-growing plant cells such as root hairs. It has been 
proposed that activated RHD2/AtrbohC enzymes produce ROS, which in turn activate 
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the hyperpolarization-activated Ca 2+  channels in the tip. These channels are responsible 
for generating the tip-focused Ca 2+  influx  (Foreman et al. 2003) . A major role of 
polarized ROS production is therefore the maintenance of polarity in tip-growing 
cells through facilitating calcium influx that is involved in the modulation of the 
dynamic state of the actin cytoskeleton. 

 It was shown that  Arabidopsis  serine/threonine protein kinase OXI1 (oxidative 
stress inducible 1), belonging to the AGC family of protein kinases, is activated 
upon ROS treatment. In addition, OXI1 is required for activation of the downstream 
MAPKs, MPK3 and MPK6, in response to ROS  (Rentel et al. 2004) . Interestingly, 
OXI1 is also activated by phosphatidic acid (PA)  (Anthony et al. 2004) . 
Phospholipase D and PA have been implicated in H 

2
 O 

2
 -induced activation of MAPK 

cascades  (Zhang et al. 2003) . Available data indicate that phospholipase D pro-
duces PA after activation by developmental and environmental signals. PA activates 
NADPH oxidase that produces ROS and ROS activates certain protein kinases 
 (Zhang et al. 2005) . 

 Recent data have provided more direct evidence for ROS-dependent activation 
of different MAPK signaling pathways. Regulation of a variety of processes based 
on equilibrated ROS homeostasis in  A  rabidopsis thaliana  has been studied in 
respect to MEKK1-dependent signaling specificity. A complex experimental 
approach clearly indicates that MEKK1 mediates ROS-induced MPK4 signaling. 
Immunoprecipitation studies by in vitro kinase assays showed strong activation of 
MPK3, MPK4, and MPK6 by H 

2
 O 

2
  treatment in wild-type plants, while H 

2
 O 

2
 -

induced activation of MPK4 was lost in a  mekk1  mutant  (Nakagami et al. 2006) . A 
MAPKKK most closely related to  Arabidopsis  MEKK1 is oxidative stress-activated 
MAPKKK1 (OMTK1) in alfalfa. In activating tests for different stresses, OMTK1 
was activated by H 

2
 O 

2
 , while MMK3, another alfalfa MAPK, was specifically acti-

vated in the cell death process  (Nakagami et al. 2004) . 
 Correlation of interlaced activities of MAPKs with ROS has been shown for 

MEKK1; under the influence of different biotic and abiotic stress inputs, MEKK1 
is involved in the activation of MPK3, MPK4, and MPK6  (Asai et al. 2002 ;  Teige 
et al. 2004) . For the regulation of vegetative plant development, MEKK1 in addition 
plays an important role;  mekk1  mutant plants exhibit a dwarf phenotype leading to 
lethality after true leaves have been started. Moreover,  mekk1  mutant plants have 
shorter root hairs and fewer lateral roots than wild-type plants  (Nakagami et al. 
2006) . This is consistent with studies showing a great impact of ROS on root devel-
opment processes and a specific distribution of superoxide (O 

2
  .−

 ) and hydrogen 
peroxide (H 

2
 O 

2
 ) in the  Arabidopsis  root tip; the apoplast of the cell elongation zone 

contains increased amounts of O 
2
  .− , while the differentiation zone and the root hair 

formation zone are enriched in H 
2
 O 

2
 . Interestingly, when the concentrations of O 

2
  .−  

and H 
2
 O 

2
  individually were decreased, antagonistic effects on root elongation were 

observed  (Dunand et al. 2007) . 
 Another function of ROS can be found in salt stress reactions. When plants are 

stressed by high salt concentrations, primary aspects such as osmotic stress and ion 
imbalances are followed by a secondary oxidative stress caused by the generation 
of ROS. In line with general salt stress responses, increased plasma membrane 
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endocytosis and intracellular ROS production within endosomes were observed 
 (Leshem et al. 2007) . Production of ROS is also one of the major mechanisms of 
plant defense responses to pathogens  (Lamb and Dixon 1997)  and during plant-
microbe symbiotic interactions  (Santos et al. 2001 ;  Ramu et al. 2002 ;  Levine et al. 
1996 ;  Peleg-Grossman et al. 2007) . 

 Plant defense reactions against pathogens include rapid programmed cell death. 
Activation of the SIPK/Ntf4/WIPK pathway, a general cascade found in tobacco, 
induces cell death phenotypes with loss of membrane potential, electrolyte leakage, 
and rapid dehydration  (Liu et al. 2007) . An upstream kinase of the SIPK/Ntf4/
WIPK pathway is NtMEK2  (Ren et al. 2006 ;  Yang et al. 2001) . Studies using a 
constitutively active mutant of NtMEK2 provided more clear evidence for the role 
of SIPK, Ntf4, and WIPK in cell death, because activation of endogenous SIPK, 
Ntf4, and WIPK led to similar cell death in the absence of the pathogen  (Jin et al. 
2003 ;  Ren et al. 2006 ;  Yang et al. 2001 ;  Yoshioka et al. 2003) . Importantly, loss of 
membrane potential in plants with a constitutively active mutant form of NtMEK2 
was associated with the generation of ROS  (Liu et al. 2007) . SIPK/Ntf4/WIPK 
cascade has been shown to be activated rapidly in perception of most of the stresses 
tested so far (reviewed in  Mizoguchi et al. 1997 ;  Tena et al. 2001 ;  MAPK Group 
2002 ;  Nakagami et al. 2005 ;  Pedley and Martin 2005) .  

  7 Conclusions  

 In principle, the MAPK signaling cascade is a network of interacting proteins, inter-
connecting sensing components at the cell surface with the effectors in the cell interior 
by a sequence of phosphorylation steps. Plants are continuously faced with different 
extracellular cues, and thus signaling pathways must be able to integrate diverse 
signals and to keep high selectivity for co-ordinated cellular functions. Extracellular 
cues may produce stimulus- or tissue-specific responses by utilization of one particular 
MAPK module. On the other hand, some components of MAPK modules have the 
ability to bridge several unrelated pathways. Thus, the mechanism regulated by phos-
phorylation ensures spatial and temporal substrate specificity and increases the sensi-
tivity of the MAPK-based signal transduction. Determination of the molecular players 
and events occurring in cell signaling pathways is the key to our understanding of the 
principle of how plants cope with a changing environment. Although intensive effort 
will be needed to answer many principal questions in the future, the recent burst of new 
methodological approaches conveys hope. Techniques such as the determination of 
protein kinase activities, searching for protein kinase substrates, and mapping of phos-
phorylation sites in a large-scale dimension will make it possible to study plant signal-
ing processes from a systems biology point of view.      
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 Integrated Nod Factor Signaling in Plants       

     Sibylle   Hirsch    and    Giles   Oldroyd     

  Abstract   Many legumes enter symbiotic relationships with rhizobial bacteria to 
acquire the macronutrient nitrogen. Bacteria reduce nitrogen to ammonia, a form 
accessible for the plant, in plant-derived organs, called “nodules.” The symbiotic 
interaction is initiated by the release of the bacterial signal Nod factor into the 
rhizosphere and its recognition by plant roots. The perception of Nod factor in the 
plasma membrane induces a signaling pathway that uses calcium as a secondary mes-
senger. Genetic analysis in legume species such as  Medicago truncatula  and  Lotus 

japonicus  revealed many components which are essential for the Nod factor induced 
signaling pathway. We describe the structural specificity of Nod factor recognition 
and the genes involved in the activation and perception of calcium oscillations during 
Nod factor signaling. In addition, the processes that lead to the initiation of nodule 
organogenesis following Nod factor signaling are briefly discussed.    

  1 Introduction  

 One of the most important examples of a beneficial symbiosis in the biosphere is the 
symbiotic interaction between nitrogen-fixing soil bacteria and their plant hosts. 
Nitrogen fixation takes place in unique organs predominantly associated with roots, 
called “nodules.” The formation of nodules provides an oxygen-limited environment 
that is suitable for the activity of the oxygen-inhibited bacterial enzyme nitrogenase. 
Nitrogen-fixing bacteria convert atmospheric nitrogen into ammonia, which is absorbed 
by the plant to meet its nutritional needs. As nitrogen is usually lacking from many 
soils around the world, biological nitrogen fixation has a significant impact on global 
agriculture. Indeed, early agricultural systems invariantly used co-cultivation or rotation 
of a legume with a cereal crop to both enhance soil fertility and provide a balance of 
protein-rich and carbohydrate-rich foods (e.g., soybean/rice in Asia, bean/maize in the 
Americas, and lentil, chickpea/wheat, barley in Mesopotamia). 
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 Nitrogen-fixing root nodule symbioses occur in two major associations: the 
legume– Rhizobium  association and the actinorhiza– Frankia  association. The actinorhiza
– Frankia  symbiosis differs from the interaction of legumes with rhizobia in several mor-
phological and cytological aspects  (Pawlowski and Bisseling 1996) . However, both 
legume and actinorhizal symbioses are initiated by an exchange of signals, a process, 
that has been well studied for the legume– Rhizobium  interaction but is poorly under-
stood for the actinorhizal symbiosis. The legume– Rhizobium  association is initiated 
by the release of plant-made compounds known as flavonoids from the plant root into 
the rhizosphere and their recognition by rhizobia. Upon recognition of flavonoids, 
 nod  genes of rhizobia are induced and these produce lipochitooligosaccharide signal 
molecules called “Nod factors”  (Denarie et al. 1996 ;  Long 1996 ;  Spaink 2000) . 
Rhizobial infection of the host plant and formation of the nodule primordia depend 
on the appropriate recognition of Nod factor by the host legume. 

 Bacterial infection can occur by both intracellular and intercellular mechanisms. 
The intracellular mechanism is used in most root nodule symbioses and generally 
starts with the attachment of rhizobia to the root hairs of legumes. This results in the 
induction of root hair curling and in the entrapment of the bacteria within a curled 
root hair, a structure also known as an infection pocket. The bacteria induce the 
hydrolysis of the plant cell wall and this coupled with plasma membrane invagination 
forms a tubular structure, the infection thread. Bacteria enter the plant root through 
the infection threads which grow towards the root cortex. Concomitant with this 
infection process, Nod factor triggers the formation of the nodule primordia by inducing 
cell divisions in the root cortex. After the infection thread reaches the nodule primordia, 
rhizobia are released inside the plant cell and enclosed by a plant-derived membrane. 
Within this structure the rhizobial bacteria differentiate into bacteroids, and these 
coupled with the surrounding plant membrane are referred to as “symbiosomes,” the 
cellular structures capable of nitrogen fixation  (Newcomb 1981) . Intracellular invasion 
occurs in the majority of legume hosts and in the model legumes  Medicago truncatula  
and  Lotus japonicus . During intercellular infection, which is observed in many tropical 
legumes, the bacteria enter via cracks in the epidermis that can form where lateral or 
adventitious roots emerge  (Chandler et al. 1982 ;  Goormachtig et al. 2004 ;  James et al. 
1992) . Although the two infection processes differ in many ways, they both depend 
on Nod factor and its signal transduction pathway in the plant host  (Cullimore et al. 
2001 ;  D’Haeze et al. 2000 ;  Oldroyd 2001) . 

 Nod factor is a key player in the coordination of nodulation and therefore we 
will focus our attention on Nod factor, its perception, and the induction of the Nod 
factor signaling cascade in legumes.  

  2 Nod Factor Production in Bacteria  

 To establish a functional root nodule symbiosis, rhizobial bacteria have to recognize 
and respond to the presence of the legume host. This is realized by the chemical 
interplay of flavonoid compounds released from the legume root and bacterially 
derived Nod factor, a potent signal to the legume host. 
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  2.1 Flavonoids and nod Gene Induction 

 Flavonoids are plant secondary metabolites that are synthesized via the phenylpropa-
noid pathway. They are diverse molecules with a wide range of structures and function. 
For decades flavones and isoflavones, subclasses of flavonoids, have been known to 
play a role in nodulation  (Peters et al. 1986) . Approximately 30 flavonoids which act 
as inducers of  nod  genes in rhizobia have been isolated  (Begum et al. 2001 ;  Cooper 
2007 ;  Hungria et al. 1992 ;  Smit et al. 1992) .  nod  genes, which are predominantly 
required for Nod factor synthesis, are mediated by NodD transcriptional regulators. 
NodDs associate with promoter elements of  nod  genes to activate their transcription 
 (Fisher and Long 1993) . It has long been discussed whether flavonoids form a 
complex with NodD at the DNA, but no evidence for a direct interaction between the 
two molecules has yet been found. However, it has been observed that flavonoids 
stimulate an increase in DNA binding of NodD1 to  nod  gene promoters  (Peck et al. 
2006) . Recent work indicates the further importance of flavonoids for nodulation 
once the bacteria have entered the plant root and exogenous flavonoids are no longer 
available  (Subramanian et al. 2007) . In  M. truncatula  and soybean it has been shown 
that the suppression of endogenous flavonoid production abolishes nodulation 
 (Subramanian et al. 2006 ;  Wasson et al. 2006) . 

 Besides the induction of  nod  gene expression, flavonoids elicit strong chemotactic 
and growth responses to concentrate rhizobia at the root surface  (Rolfe 1988 ; 
 Stougaard 2000) . In addition, the activation of genes expressing type III secretion 
proteins and rhamnose-rich lipopolysaccharides requires flavonoids  (Kobayashi et al. 
2004) . Furthermore, flavonoids have been proposed to have a role much later in 
nodule development by regulating auxin transport during the initiation of the nodule 
primordium  (Wasson et al. 2006) . Thus, flavonoids may play multiple roles during 
the legume– Rhizobium  symbiosis with the induction of Nod factor signal production 
as a key function.  

  2.2 Nod Factor Synthesis, Structure, and Specificity 

 Nod factors are lipochitooligosaccharides comprising a backbone of  b -1–4-linked 
 N -acetyl- d -glucosamine residues with N-linked acyl groups attached to the nonreducing 
end (Fig.  1 ). Nod factors show a wide variation in their structure; they differ in the 
length of the backbone, the saturation of the fatty acid residue, and the number and 
types of substituent groups  (Denarie et al. 1996 ;  Spaink 2000) . The additional 
modifications to the basic molecule can include sulfuryl, methyl, mannosyl, carbamoyl, 
acetyl, fucosyl, and arabinosyl moieties. The structure of the Nod factor molecule 
varies between different rhizobial strains. This diversity in Nod factor structure is 
often the basis for the specificity of interaction between certain bacterial strains and 
legume species.        

 As outlined earlier, Nod factor production is a function of the rhizobial  nod  
genes. Each rhizobial strain has a characteristic array of  nod  genes. The  nodABC  
genes are required for the production of the Nod factor backbone (the N-acylated 
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chitin) (Fig.  1 ). It was shown that  nodABC  can be functionally exchanged between 
rhizobial strains  (Denarie et al. 1996) , indicating that those genes are not involved 
in defining the bacterial host range. For the  Medicago  symbiont,  Sinorhizobium 

meliloti ,  nodE ,  nodF ,  nodL ,  nodH ,  nodP , and  nodQ  are host-specific  nod  genes. 
 S. meliloti  Nod factor carries an  O -sulfate group at the reducing glucosamine residue, 
which is a combined function of  nodH ,  nodP , and  nodQ  (Fig.  1 )  (Roche et al. 1991 ; 
 Schwedock and Long 1990) .  S. meliloti  Nod factor can only induce nodulation in 
its  Medicago  hosts when this sulfate is present. The lack of the host-specific  nod  
genes can alter the host range of  S. meliloti   (Denarie et al. 1996) . For example, 
 nodH  mutants, which lack the  O -sulfate group, lose their ability to nodulate 
 Medicago sativa , but gain the activity on  Vicia sativa   (Faucher et al. 1989) . 

  S. meliloti nodE  and  nodF  regulate the attachment of the appropriate C 
16:2

  N -acyl 
group, while  nodL  is required for the  O -acetyl modification (Fig.  1 )  (Demont et al. 
1993 ;  Spaink et al. 1991) . Mutations in  nodE ,  nodF , and  nodL  lead to delayed and 
reduced nodulation in  S. meliloti  hosts  Medicago  spp., but still elicit morphological 
responses associated with nodulation  (Ardourel et al. 1994 ;  Debelle et al. 1986 ; 
 Swanson et al. 1987) .  nodF / nodL  double mutants showed a more severe phenotype: 
they were unable to penetrate into legume hosts and to form infection threads 
 (Ardourel et al. 1994) . However, these mutants were able to activate cortical cell 

 Fig. 1    Structure of Nod factor from  Sinorhizobium meliloti . The Nod factor backbone of  b -1–4-
linked  N -acetyl- d -glucosamine residues, which requires  nodABC , and its linked  N -acyl group is 
common for all rhizobial strains, while the number and types of substituent groups can vary. Nod 
factor from  S. meliloti  carries an  O -sulfate group at the reducing end which requires  nodHPQ . The 
appropriate attachment of the  N -acyl group is  nodEF -dependent and the attachment of the 
 O -acetyl group at the nonreducing end depends on  nodL   
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division, indicating that the Nod factor structural requirements are more stringent 
for bacteria1 entry than for the induction of the nodule primordium  (Ardourel et al. 
1994) . This work and work from other laboratories uncoupled bacterial infection 
from the activation of earlier Nod factor responses, suggesting that two specificities 
for Nod factor recognition might exist: low-stringency recognition that is necessary 
for earlier stages of the symbiosis and high-stringency recognition necessary for 
bacterial infection  (Firmin et al. 1993 ;  Geurts et al. 1997 ;  Oldroyd and Downie 
2004 ;  Spaink et al. 1991 ;  Walker and Downie 2000) .   

  3 Nod Factor Recognition in the Plant  

 Nod factor released from rhizobial bacteria is required to activate several plant 
processes associated with nodulation  (Downie and Walker 1999) . Genetic approaches 
have been used to identify genes involved in the induction of these plant responses. 

  3.1  Receptor-Like Kinases as Candidates for the Nod 

Factor Receptor 

 To identify receptors in legumes responsible for the perception of Nod factor, mutant 
screens have been performed. Legume mutants lacking all Nod factor induced 
plant responses were identified in  L. japonicus, M. truncatula , and  Pisum sativum . 
In  L. japonicus  two genes,  LjNFR1  and  LjNFR5 , were found to be essential for Nod 
factor perception (Fig.  2 )  (Madsen et al. 2003 ;  Radutoiu et al. 2003) . Both genes 
encode transmembrane receptor-like kinases with two to three extracellular lysine 
motifs (LysM) and an intracellular serine/threonine protein kinase domain. While 
LjNFR1 contains an apparently functional serine/threonine kinase domain  (Huse 
and Kuriyan 2002 ;  Schenk and Snaar-Jagalska 1999) ,  LjNFR5  encodes a kinase 
lacking the activation loop that usually regulates kinase activity  (Madsen et al. 
2003) . This leads to the hypothesis that LjNFR5 forms a receptor complex with 
LjNFR1 which contributes the kinase activation domain  (Radutoiu et al. 2003) . 
LysM motifs present in the extracellular domains of both receptor-like kinases have 
previously been identified to bind peptidoglycans  (Bateman and Bycroft 2000) . The 
binding occurs to the  N -acetylglucosamine- N -acetylmureine backbone, which is 
chemically similar to the Nod factor backbone  (Steen et al. 2003) ; but the direct 
binding of Nod factor to LjNFR1 and LjNFR5 LysM domains remains to be dem-
onstrated. However, recent work revealed that the specificity of Nod factor recogni-
tion is mediated by LjNFR1 and LjNFR5  (Radutoiu et al. 2007) . The expression of 
both receptor-like kinases from  L. japonicus  in  M. truncatula  and  Lotus filicaulis  
extends their host range to include the  L. japonicus  symbiont  Mesorhizobium loti . 
Furthermore, domain swaps and amino acid substitutions demonstrated the impor-
tance of the LysM domains, especially the LysM2 domain of LjNFR5 in Nod factor 
specificity  (Radutoiu et al. 2007) .        
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 Characterization of  M. truncatula  and  P. sativum  mutants has led to the identifica-
tion of the  LjNFR5  orthologues  MtNFP  and  PsSYM10 , respectively  (Amor et al. 
2003 ;  Arrighi et al. 2006 ;  Madsen et al. 2003 ;  Walker et al. 2000) . Loss-of-function 
mutations in  MtNFP  and  PsSYM10  caused the loss of all Nod factor inducible plant 
responses, similar to  Ljnfr5 . Several homologues of  LjNFR1  exist in  M. truncatula  
and mutations or RNA interference of two of these,  LYK3  and  LYK4 , show specific 
defects in  S. meliloti  infection, but not in the induction of earlier Nod factor 
responses  (Limpens et al. 2003 ;  Smit et al. 2007) . Further analysis of a weak  lyk3  
allele revealed that LYK3 is involved in the recognition of the  O -acetyl modification 
of the  S. meliloti  Nod factor (Fig.  1 ). This work provides evidence in  M. truncatula  
for the previously proposed two-receptor model that was based on genetic work in 
 S. meliloti   (Ardourel et al. 1994) :  MtNFP  provides low-stringency recognition for 
early Nod factor responses, while  LYK3  provides high-stringency recognition that is 
required to allow  S. meliloti  infection.  

 Fig. 2    Nod factor signaling in the legume- Rhizobium  symbiosis. Nod factor recognition requires 
two receptor-like kinases, LjNFR1 (LYK3?) and LjNFR5/NFP, consisting of extracellular LysM 
domains and an intracellular kinase domain. A second type of receptor-like kinase is involved in 
Nod factor signaling: DMI2/SymRK, which contains extracellular leucine-rich repeat motifs. 
Phospholipase C, phospholipase D, and a secondary messenger are proposed to link Nod factor 
recognition to calcium spiking in the nucleus. The activation of calcium spiking also depends on 
components of the nuclear pore complex, NUP85 and NUP133, and up to two potassium channels, 
DMI1/Castor, Pollux, on the nuclear membrane. The calcium signal is presumed to be decoded 
and transduced by CCaMK, NSP1, NSP2, and ERNs.  PLC  phospholipase C,  PLD  phospholipase 
D,  CCaMK  calcium/calmodulin-dependent protein kinase,  ENOD11  early nodulation gene  
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  3.2  The Role of Lectin Nucleotide Phosphohydrolase 

in Nod Factor Recognition 

 During the past few years much less attention had been paid to a possible alternative 
or additional candidate for Nod factor perception. In 1999 a lectin was isolated from 
roots of the legume  Dolichos biflorus   (Quinn and Etzler 1987)  that catalyzes the 
hydrolysis of phosphoanhydride bonds of nucleoside diphosphates and triphosphates 
 (Etzler et al. 1999) . It was therefore called “lectin nucleotide phosphohydrolase” (LNP). 
LNP binds to Nod factors and Nod factor binding induces its phosphohydrolase activity 
in vitro. An antiserum to LNP of  D. biflorus  and  Glycine max  inhibits root hair 
deformation and nodule formation, suggesting that this protein has a function in 
the legume– Rhizobium  symbiosis  (Day et al. 2000 ;  Etzler et al. 1999) . Moreover, the 
expression of an LNP gene in  G. max  is induced by rhizobia, while LNP overexpression 
enhances nodulation  (Day et al. 2000 ;  McAlvin and Stacey 2005) . Although these 
data highlight the relevance of LNP in nodulation, a role for LNP as a Nod factor 
receptor remains controversial.   

  4 The Role of Calcium in Nod Factor Signaling  

 The calcium ion is an important component in a diverse array of signaling pathways 
in plants. It is a ubiquitous intracellular secondary messenger that has been found 
to increase upon many physiological stimuli. Oscillations in calcium ion concentrations 
have been observed in stomatal guard cells  (McAinsh et al. 1995)  and have been 
shown to specifically regulate stomatal closure  (Allen et al. 2001) . Calcium ions 
also play a pivotal role in Nod factor signaling (Fig.  2 ). Application of Nod factor 
induces two separable calcium responses: a rapid influx of calcium ions and oscil-
lations in cytosolic calcium around the nucleus. 

 With use of ion-specific microelectrodes an influx of calcium ions into  M. sativa  
root hair cells could be shown after Nod factor addition  (Felle et al. 1999a,   b) . 
The calcium ion influx is followed by the efflux of chloride ions within a few seconds, 
leading to Nod factor induced membrane depolarization  (Felle et al. 1998) . 
To rebalance the membrane charge, cation channels are activated, allowing the 
efflux of potassium ions and the repolarization of the membrane  (Felle et al. 1998) . 
Calcium ion influx associated with the root hair tip has also been observed in 
 Phaseolus vulgaris ,  P. sativum , and  M. truncatula  root hair cells  (Cardenas et al. 
1999 ;  Shaw and Long 2003 ;  Walker et al. 2000) , suggesting that it is a common 
feature in the legume– Rhizobium  symbiosis. Calcium ion influx occurs within 1 min 
after the application of Nod factor at a minimum concentration of 1–10 nM 
 (Felle et al. 1998 ;  Shaw and Long 2003) . 

 In addition to the calcium flux response, Nod factor induces oscillations in 
cytosolic calcium ion concentrations associated with the nucleus, called “calcium 
spiking” (Fig.  2 ). This was first shown in  M. sativa  root hair cells using calcium-
sensitive reporter dyes  (Ehrhardt et al. 1996) . Since then calcium spiking has been 
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observed in  P. vulgaris, L. japonicus ,  M. truncatula , and  P. sativum  root hair cells 
following the addition of Nod factor  (Cardenas et al. 1999 ;  Harris et al. 2003 ;  Oldroyd 
et al. 2001 ;  Wais et al. 2000 ;  Walker et al. 2000) . A calcium spike always shows a 
characteristic shape: a sudden increase in calcium levels followed by a more gradual 
decline  (Meyer and Stryer 1988) . In contrast to the Nod factor induced calcium flux, 
calcium spiking starts with a lag of approximately 10 min after Nod factor addition. 
The reason for this lag between Nod factor addition and calcium spiking induction 
has yet to be explained. Interestingly, calcium spiking appears at a minimum Nod 
factor concentration of 1–10 pM, a roughly 1,000-fold lower concentration than that 
required for induction of the calcium flux  (Oldroyd et al. 2001 ;  Shaw and Long 
2003) . In addition, calcium spiking is activated by Nod-factor-like chitin oligomers 
without the activation of the calcium flux  (Walker et al. 2000) . These discoveries 
indicate that for the induction of calcium spiking a relatively low stringency of Nod 
factor perception is required, while a much higher concentration and specific 
Nod factor structures are needed to elicit the calcium flux. This correlates with previous 
work indicating a high stringency of Nod factor recognition required for bacterial 
infection, and a model has been proposed which suggests a role of the calcium flux 
in the activation of infection thread formation  (Miwa et al. 2006) . This model predicts 
that upon the first contact between the legume root and the rhizobia the perception of 
a low Nod factor concentration initiates calcium spiking and subsequently promotes 
the accumulation of bacteria inside the infection foci. Once rhizobia are trapped in the 
root hair curl, the Nod factors should accumulate to high concentrations and therefore 
activate calcium flux, which could then lead to the initiation of the infection thread. 
In contrast to the observed lag phase using calcium-sensitive dyes, in this model the 
calcium flux occurs later than the calcium spiking response. Indeed, it has been 
shown that root hair cells initially induced to spike were able to show a calcium ion 
influx when Nod factor levels were secondarily raised  (Shaw and Long 2003) . 

 Pharmacological and genetic research indicate a function for calcium spiking in 
the activation of early Nod factor induced responses such as gene expression 
 (Charron et al. 2004 ;  Wais et al. 2000 ;  Walker et al. 2000) . It has been widely 
suggested that the nature of the calcium oscillations encodes information to define 
the outcome of the downstream response  (Allen et al. 2001 ;  Evans et al. 2001 ; 
 Oldroyd and Downie 2006) .  

  5 Genes Involved in the Activation of Calcium Spiking  

 Calcium spiking plays a crucial role in the Nod factor induced signaling pathway; it 
probably acts as a secondary messenger to transduce the Nod factor signal. 
Mutant screens have revealed several components required for the Nod factor 
dependent activation of calcium spiking. In addition to the LysM receptor-like kinases 
(see Sect. 3.1), a leucine-rich repeat (LRR) receptor-like kinase  (Endre et al. 2002 ; 
 Stracke et al. 2002) , up to two putative cation channels  (Ane et al. 2004 ;  Edwards 
et al. 2007 ;  Imaizumi-Anraku et al. 2005 ;  Riely et al. 2007) , and two nucleoporins 
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 (Kanamori et al. 2006 ;  Saito et al. 2007)  are necessary for the induction of calcium 
spiking  (Wais et al. 2000) . Biochemical and pharmacological studies further indicate 
that multiple phospholipid signaling pathways are linked to Nod factor signaling 
 (Charron et al. 2004 ;  den Hartog et al. 2001 ;  Engstrom et al. 2002 ;  Sun et al. 2007) . 

  5.1 LRR Receptor-Like Kinase 

 In addition to the LysM receptor-like kinases, the Nod factor signal transduction 
pathway requires a second type of receptor-like kinase that contains three LRR 
motifs in the extracellular domain (Fig.  2 ). The importance of this LRR receptor-like 
kinase for nodulation has been characterized in  Sesbania rostrata  ( SrSymRK ), 
 M. sativa  ( MsNORK ),  P. sativum  ( PsSym19 ),  M. truncatula  ( DMI2 ), and  L. japonicus  
( LjSymRK )  (Capoen et al. 2005 ;  Endre et al. 2002 ;  Stracke et al. 2002) . In addition, 
the orthologues of this receptor-like kinase have been shown to be critical for nodulation 
in the actinorhizal plants  Casuarina glauca  ( CgSymRK ) and  Datisca glomerata  
( DgSymRK ), indicating genetic mechanisms shared between the two types of root 
nodule symbioses  (Gherbi et al. 2008 ;  Markmann et al. 2008) . This LRR receptor-
like kinase is essential for the activation of calcium spiking and early nodulin gene 
expression, but is not required for the activation of the calcium flux  (Catoira et al. 
2000 ;  Miwa et al. 2006 ;  Shaw and Long 2003 ;  Wais et al. 2000) . In contrast, the 
LysM receptor-like kinases are necessary for all Nod factor induced responses 
including the calcium flux, indicating a bifurcation in the Nod factor signaling 
pathway immediately downstream of the LysM receptor kinases, with one branch 
leading to calcium spiking and one branch leading to the calcium flux. In addition, 
partial suppression of  DMI2  and  SrSymRK  using RNA interference revealed a 
function for these genes at later stages of the symbiosis, during bacterial release 
and symbiosome formation  (Capoen et al. 2005 ;  Limpens et al. 2005) . Consistent 
with these observations, the receptor-like kinase is expressed in roots prior to 
infection and is induced in the preinfection zone of  M. truncatula  nodules  (Bersoult 
et al. 2005 ;  Limpens et al. 2005) .  

  5.2 The Role of Ion Channels in Nodulation Signaling 

 Calcium spiking is associated with the nucleus and it has been proposed that the 
nuclear envelope and the endoplasmic reticulum may act as the internal stores for 
this calcium response. A number of genes have been identified that are necessary 
for Nod factor induced calcium spiking and potentially function in regulating the 
release of calcium from these stores  (Miwa et al. 2006 ;  Shaw and Long 2003 ;  Wais 
et al. 2000) . In  L. japonicus  there are two highly homologous genes,  CASTOR  and 
 POLLUX , encoding for predicted integral membrane proteins  (Imaizumi-Anraku 
et al. 2005) . In  M. truncatula  and  P. sativum  only one such gene,  DMI1  and  SYM8,  
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respectively, was identified (Fig.  2 )  (Ane et al. 2004 ;  Edwards et al. 2007) .  DMI1  
and  SYM8  are orthologous and are more closely related to  POLLUX  than they are 
to  CASTOR . DMI1 has been reported to localize to the periphery of nuclei of root 
cells  (Riely et al. 2007) . DMI1, SYM8, CASTOR, and POLLUX show weak 
homology to MthK, a calcium-gated potassium channel from  Methanobacterium 

thermoautotrophicum   (Jiang et al. 2002) . Observations using  sym8  and a structural 
model of the SYM8 channel indicate that SYM8/DMI1 may form a cation channel 
(but not a calcium channel) which could be opened by the binding of a signaling 
ligand  (Edwards et al. 2007) . SYM8/DMI1 may allow cation flow across the 
nuclear membrane, thus changing the membrane polarization, and this could 
regulate the opening of an as yet unidentified calcium channel. The hypothesis that 
SYM8/DMI1 regulates calcium channels is supported by the discovery that DMI1 
interferes with calcium release from internal endoplasmic reticulum stores in yeast 
 (Peiter et al. 2007) .  

  5.3 Two Nucleoporins Required for Calcium Spiking 

 Two additional genes essential for Nod factor activation of calcium spiking have 
been identified in  L. japonicus ,  NUP133  and  NUP85 , and they both encode 
nucleoporins (Fig.  2 )  (Kanamori et al. 2006 ;  Saito et al. 2007) . Nucleoporins are 
components of the nuclear pore that consists of more than 30 proteins and function in 
the transport of large proteins and RNAs  (Suntharalingam and Wente 2003) . 
Nuclear pore complexes are additionally necessary for the appropriate localization 
of proteins to the inner nuclear membrane  (Suntharalingam and Wente 2003) . 
A NUP133-green fluorescent protein fusion localizes to the nuclear rim of root and 
root hair cells  (Kanamori et al. 2006) , indicating that NUP133 and NUP85 are 
members of a nuclear pore complex in legumes. Therefore, we might hypothesize 
that both nucleoporins are involved in the activation of calcium spiking by the 
possible transport and localization of calcium or other cation channels, such as 
SYM8/DMI1. However, further research will be required to clarify the role of 
NUP133 and NUP85 in early symbiotic signal transduction.  

  5.4 Phospholipase C and Phospholipase D 

 During the past few years a function for phospholipids in early Nod factor signaling 
has been discovered (Fig.  2 ). Phospholipase C, which is activated by heterotrimeric 
G-proteins, hydrolyzes plasma membrane phospholipid phosphatidylinositol 
4,5-bisphosphate into inositol 1,4,5-trisphosphate and diacylglycerol. Inositol 
1,4,5-trisphosphate, in turn, can lead to the release of calcium from intracellular 
stores, such as the endoplasmatic reticulum. Mastoparan, a tetradecapeptide, activates 
heterotrimeric G-proteins and so artificially induces effector enzymes downstream 



Integrated Nod Factor Signaling in Plants 81

of G-proteins. It has been shown that mastoparan treatment activates calcium spiking, 
nodulin gene expression, and root hair deformation, indicating a role of G-proteins 
in Nod factor signaling  (den Hartog et al. 2001 ;  Pingret et al. 1998 ;  Sun et al. 2007) . 
Nodulin gene expression triggered by mastoparan requires the calcium/calmodulin-
dependent protein kinase CCaMK (see Sect. 6.1), but does not require DMI1 and 
DMI2  (Charron et al. 2004 ;  Sun et al. 2007) . This suggests that mastoparan activates 
a component of the Nod factor signaling pathway downstream of DMI1/DMI2 and 
upstream of calcium spiking and CCaMK. Additionally, phospholipase C and 
phospholipase D were both found to be activated by Nod factor  (den Hartog et al. 
2001 ;  den Hartog et al. 2003)  and their requirement in signal transduction has 
been revealed by pharmacological studies. Root hair deformation and nodulin 
expression were inhibited by application of neomycin, an inhibitor of phospholipase C 
 (Charron et al. 2004 ;  den Hartog et al. 2001 ;  Pingret et al. 1998) . Cyclopiazonic acid 
and U-73122, inhibitors of type IIA calcium pumps and phospholipase C, abolish 
Nod factor induced calcium spiking  (Engstrom et al. 2002) .  n -Butanol and cyclopiazonic 
acid inhibit both nodulin gene expression and mastoparan-induced calcium spiking 
 (Charron et al. 2004 ;  Sun et al. 2007) . These pharmacological studies support the 
requirement of phospholipase C, phospholipase D, and calcium pumps as components 
in Nod factor-induced calcium signaling.   

  6 Genes Involved in the Perception of Calcium Spiking  

 Recent discoveries have deciphered components in the Nod factor signaling pathway 
which link Nod factor perception to the pivotal calcium spiking response. In addition, 
a number of components of the Nod factor signaling pathway have been defined that 
function in the perception and transduction of the calcium spiking signal. A calcium/
calmodulin-dependent protein kinase and at least three transcription factors are 
likely to link calcium to the activation of nodulation gene expression. 

  6.1  The Function of a Calcium/Calmodulin-Dependent 

Protein Kinase 

 A calcium/calmodulin-dependent protein kinase (CCaMK) required for the legume–
 Rhizobium  symbiosis has been identified in  M. truncatula  ( DMI3 ),  L. japonicus  
( LjCCaMK ), and  P. sativum  ( PsSYM9 )  (Levy et al. 2004 ;  Mitra et al. 2004) . Analogous 
to proteins that function upstream of calcium spiking, CCaMK is necessary for Nod 
factor induced gene expression, but is not necessary for the activation of calcium spiking 
 (Catoira et al. 2000 ;  Wais et al. 2000) . This indicates that CCaMK plays a role in 
signaling downstream of the calcium oscillations (Fig.  2 ). The CCaMK protein 
consists of a serine/threonine kinase domain, followed by a calmodulin binding 
domain and three calcium binding EF-hand domains. It belongs to a family of 
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plant-specific proteins, but its calmodulin binding domain is similar to the mammalian 
CaMKII which has the ability to decode calcium spiking  (De Koninck and Schulman 
1998) . In general, plant chimeric calcium/calmodulin dependent protein kinases are 
dually regulated: free calcium ions, which bind to the EF-hand domains, induce 
autophosphorylation and thereby enhance the binding of calcium complexed with 
calmodulin. The binding of calmodulin in turn promotes substrate phosphorylation 
 (Gleason et al. 2006 ;  Patil et al. 1995 ;  Ramachandiran et al. 1997 ;  Takezawa et al. 
1996) . An additional domain important for the function of CCaMK is the autoinhibitory 
domain which negatively regulates kinase activity. Specific removal of this domain 
leads to gene expression and spontaneous nodule formation in the absence of rhizobia 
or Nod factor  (Gleason et al. 2006) . A point mutation in the autophosphorylation site 
of  LjCCaMK  also resulted in spontaneous nodulation when expressed from its native 
promoter  (Tirichine et al. 2006) , implying that CCaMK is a central regulator for 
nodule organogenesis. A newly isolated protein, IPD3, has been shown to interact 
directly with  M. truncatula  CCaMK in yeast and in planta  (Messinese et al. 2007) . IPD3, 
which lacks homology to functionally characterized proteins, might act downstream 
of CCaMK in the Nod factor induced signaling pathway.  

  6.2  A Suite of Transcription Factors Transduce the Signal 

Downstream of CCaMK 

 NSP1 and NSP2 are two putative GRAS domain transcriptional regulators which 
function in Nod factor signaling downstream of calcium spiking  (Kalo et al. 2005 ; 
 Oldroyd and Long 2003 ;  Smit et al. 2005 ;  Wais et al. 2000) . Both GRAS domain 
proteins have been identified in  M. truncatula  and  L. japonicus  ( LjNSP1 ,  LjNSP2 ) 
 (Heckmann et al. 2006) . The GRAS family of putative transcriptional regulators is 
found throughout the plant kingdom and these proteins have diverse roles in plant 
development  (Bolle 2004) . Although NSP1 and NSP2 both encode GRAS family 
members they are not very similar (17% identity, 32% similarity), indicating different 
functions in the Nod factor signaling pathway.  M. truncatula nsp1  and  nsp2  show 
defects in the activation of the nodule primordium, bacterial infection, and Nod 
factor induced gene expression and show reduced root hair deformation  (Catoira 
et al. 2000 ;  Oldroyd and Long 2003) . The constitutive CCaMK construct did not 
autoactivate gene expression in the  nsp2  mutant, but showed partial activation in the 
 nsp1  mutant  (Gleason et al. 2006) . These observations place NSP1 and NSP2 
downstream of CCaMK and indicate that the calcium signal is transduced by 
CCaMK through the two GRAS domain regulators (Fig.  2 ). Recently, it has been 
shown that NSP1 and NSP2 homodimerize and heterodimerize with each other and 
that NSP1 associates with the promoter of the early nodulation gene  ENOD11  
(Hirsch et al., unpublished results). The fact that NSP2 also heterodimerizes with 
the kinase domain of CCaMK indicates a direct activation of the GRAS protein 
complex by CCaMK and links calcium spiking to the induction of nodulation gene 
expression through these transcription factors. 
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 Like NSP1 and NSP2, ERN1, an ethylene response factor (ERF) transcription 
factor, is required for nodulation and acts downstream of CCaMK  (Middleton et al. 
2007) . ERN1 and two close homologues, ERN2 and ERN3, have been identified to 
associate with the  ENOD11  promoter close to the NSP1 binding site (Fig.  2 ) 
 (Andriankaja et al. 2007) . Although this might indicate a direct heterodimerization 
between NSP1 and the ERN proteins, no such interaction has yet been described. 
While ERN1 and ERN2 function as transcriptional activators, ERN3 represses 
ERN1/ERN2-dependent transcriptional activation of  ENOD11   (Andriankaja et al. 
2007) . Another protein which negatively regulates  ENOD11  expression is NIN 
 (Marsh et al. 2007 ;  Schauser et al. 1999) .  NIN  encodes a protein with transmem-
brane domains, but also a putative DNA binding domain. NIN negatively regulates 
the spatial pattern of  ENOD11  expression 24 h after Nod factor treatment  (Marsh 
et al. 2007) . Despite this apparent negative regulation of early nodulation gene 
expression, genetic studies have revealed that NIN is a positive regulator of nodula-
tion and bacterial infection. Thus, NIN is likely to act in the activation of gene 
expression at later stages of nodule organogenesis.   

  7 The Arbuscular Mycorrhizal Symbiosis  

 More than 80% of terrestrial plants form beneficial symbioses with arbuscular 
mycorrhizal (AM) fungi. The AM symbiosis is thought to have evolved more than 
400 million years ago and is therefore one of the oldest symbioses entered into by 
plants. The AM fungi enhance the uptake of macronutrients such as organic nitrogen 
and phosphate through the plant root  (Harrison 1999 ;  Hodge et al. 2001) . 
Interestingly, nodulation and mycorrhizal signaling pathways share several common 
features, including the activation of calcium oscillations and the induction of a 
common set of signaling genes. At least seven genes that play a role in both types 
of symbioses have been identified so far. The LRR receptor-like kinase (Sect. 5.1) 
and the putative ion channels (Sect. 5.2) are dually involved in the activation of 
calcium spiking in nodulation and arbuscular mycorrhization  (Catoira et al. 2000 ; 
 Kosuta et al. 2008) . CCaMK and IPD3 (Sect. 6.1), which act downstream of calcium 
spiking, are also shared signaling components, while NSP1 and NSP2 (Sect. 6.2) 
are not  (Catoira et al. 2000 ;  Messinese et al. 2007) . The fact that root nodule and 
AM symbioses harbor conserved early-signaling genes supports the model that 
nodulation genes have been recruited from the more ancient AM symbiosis.  

  8 Cytokinin, a Positive Regulator of Nodulation  

 Hormones which possess a general role in plant organogenesis have also been 
shown to be important for nodule formation. Cytokinin, an adenine-derived signaling 
molecule, is a positive regulator of nodule organogenesis. The exogenous cytokinin 
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application to legume roots activates Nod-factor-like responses such as cortical 
cell division and early nodulin gene expression  (Cooper and Long 1994 ;  Fang 
and Hirsch 1998 ;  Mathesius et al. 2000) . With use of a cytokinin response gene 
from  Arabidopsis thaliana  cytokinin levels could be measured in transgenic 
 L. japonicus  root tissue during plant development and symbiotic interactions with 
rhizobia. The cytokinin response regulator was expressed in curled root hairs and 
nodule primordia after rhizobia inoculation  (Lohar et al. 2004) , indicating that 
cytokinins play a role in the legume– Rhizobium  symbiosis. In support of this, 
suppression of the cytokinin receptor by RNA interference led to cytokinin-insensitive 
roots, which showed a strong reduction in nodule formation in  M. truncatula  
 (Gonzalez-Rizzo et al. 2006)  .  A loss-of-function mutation in the cytokinin 
receptor gene of  L. japonicus ,  LHK1 , also dramatically reduced nodule formation 
 (Murray et al. 2007) .  lhk1  mutants showed a block in the activation of nodule 
primordia, but a hyperinfection phenotype with a large number of infection threads 
that lost directionality during their growth in the root cortex. Furthermore, a 
gain-of-function mutation in  LHK1  resulted in spontaneous nodule formation in 
the absence of rhizobia or Nod factor and hypersensitivity to exogenous cytokinin 
 (Tirichine et al. 2007) . These observations highlight the importance of cytokinins 
in nodule organogenesis, but also indicate that they are dispensable for bacterial 
infection in the epidermis.  

  9 Conclusions  

 Genetic and biochemical studies have defined many components of the Nod factor 
signaling pathway. It has become clear that calcium oscillations, one of the earliest 
measurable plant responses, play a central role in nodulation. Two receptor-like 
kinases with extracellular LysM domains and one receptor-like kinase with an 
extracellular LRR domain are essential for the activation of calcium oscillations. 
The necessity of three receptor-like kinases at the plasma membrane suggests that a 
phoshorylation cascade is involved in the initiation of Nod factor signaling. Two cation 
channel(s), nucleoporins, and phospholipase C/phospholipase D are also required 
for the induction of calcium spiking, but their exact functions remain to be defined. 
Although the requirement of calcium channels and calcium pumps for internal calcium 
stores is critical for calcium spiking, the proteins fulfilling these functions in Nod 
factor signaling have not yet been identified. A calcium/calmodulin-dependent protein 
kinase, CCaMK, which acts downstream of calcium oscillations is an obvious 
candidate for decoding the calcium signal. Its dual mode of calcium binding might 
enable the protein to decipher the information encoded in the amplitude and 
frequency of the calcium spikes. Recent advances indicate that the calcium signal is 
directly linked to nodulation gene expression through two GRAS domain proteins 
and a suite of ERF transcription factors acting downstream of CCaMK. Cytokinin 
is a key regulator of nodule organogenesis and changes in cytokinin levels are likely 
to be a target for Nod factor signaling.      
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     Physiological Roles of Cyclic Nucleotide 
Gated Channels in Plants       

     Tal   Sherman    and    Hillel   Fromm     

  Abstract   Plant cyclic nucleotide gated channels (CNGCs) are diverse in their 
temporal and spatial expression patters, their subcellular membrane localization, 
their involvement in signaling cascades, and their physiological roles. We describe the 
latest developments in understanding the functions of plant CNGCs based on their 
expression profiles and the phenotypic analysis of CNGC mutants, and engineered 
plants with ectopic expression of intact or mutant CNGCs. While this summary 
provides some clues to the functions of specific plant CNGCs, it emphasizes the 
lack of comprehension of the roles and modes of action of most plant CNGCs. 
Deciphering these is a great challenge to plant biologists.    

  1 Introduction  

 Cyclic nucleotide gated channels (CNGCs) were initially discovered in mammalian 
vertebrate photoreceptors  (Fesenko et al. 1985)  and olfactory epithelium  (Nakamura 
and Gold 1987) . The first plant CNGC was discovered by Schuurink et al. (1998) 
while screening the  Hordeum vulgare  aleurone complementary DNA expression 
library using an  Arabidopsis  calmodulin (CaM) conjugated to horseradish peroxidase 
as a probe. The basic structure of CNGCs is conserved amongst mammalians and 
plants (six transmembrane domains, pore between the fifth and sixth transmem-
brane domains, N- and C-terminal tails protruding into the cytoplasm). However, 
the CaM binding domain of the mammalian CNGC is located at the N-terminus, 
while that of plants is located at the C-terminus and coincides with the cyclic nucleotide 
binding domain (CNBD)  (Kohler et al. 1999 ;  Arazi et al. 2000) . 
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 Since the discovery of CNGCs in plants, a wealth of data regarding plant 
CNGCs has been accumulated. The  Arabidopsis  Genome Initiative revealed a family 
of 20 CNGCs  (Maser et al. 2001) , while other plant-genome projects, including 
rice, corn, cotton, grape, and moss, revealed many homologs of these proteins. 
Structural aspects of plant CNGCs were reviewed in the past. Hua et al. (2003) 
analyzed the special features of the channel’s pore selectivity filter and this was 
further reviewed by  Talke et al. (2003) . The CNBD was discussed in a review by 
 Kaplan et al. (2007) .  Maser et al. (2001)  classified the 20  Arabidopsis  CNGCs into 
groups I, II, III, IVA, and IVB. Group I includes CNGC1, CNGC3, CNGC10, 
CNGC11, CNGC12, and CNGC13. Group II includes CNGC5, CNGC6, CNGC7, 
CNGC8, and CNGC9. Group III includes CNGC14, CNGC15, CNGC16, CNGC17, 
and CNGC18. Group IVA includes CNGC19 and CNGC20.Group IVB includes 
CNGC2 and CNGC4. On the basis of amino acid sequences of the  Arabidopsis  
CNGCs, a phylogenetic tree was constructed  (Maser et al. 2001) . Similar phylogenetic 
trees were constructed on the basis of channel pore  (Talke et al. 2003)  and CNBD 
 (Kaplan et al. 2007)  sequences. Here we address the physiological roles of plant 
CNGCs by means of their expression patterns (reporter genes, microarray data, etc.) 
and phenotypic analysis of mutants and genetically engineered plants (knockout, 
knock down, and overexpression).  

  2 Expression Patterns of CNGCs  

 Clues to reveal the functions of the different CNGCs could be obtained by deter-
mining their temporal and spatial expression patters. Various approaches for ana-
lyzing the expression patterns of these channels were tested. Reporter gene fusions, 
transcript profiling, and immunodetection enabled researchers to localize CNGCs 
in specific organs and cell types. Another way to evaluate gene expression is using 
DNA microarrays and online databases (data-mining tools) that collect microarray 
data such as the  Arabidopsis  eFP Browser  (Winter et al. 2007) , SUBA  (Heazlewood 
et al. 2007) , and GENEVESTIGATOR  (Zimmermann et al. 2004) . Data sets based 
on expressed sequence tags such as MPSS  (Brenner et al. 2000)  can be used for this 
purpose as well  (Talke et al. 2003) . To learn about the expression pattern of all 20 
 Arabidopsis thaliana  CNGCs (AtCNGCs), we used the GENEVESTIGATOR 
analysis tool. Figures  1  and  2  show the output results from the Meta-Analyzer platform 
in which the input included all the above-mentioned genes. The expression profile 
was analyzed by development (Fig.  1 ) and anatomy (Fig.  2 ) using all 2,620 ATH1 
DNA chips available from this GENEVESTIGATOR version (similar results were 
obtained using GENEVESTIGATOR V3 with 3,110 DNA chips).   

 Looking at Fig.  1 , it is noticeable that most AtCNGCs are expressed between the 
“rosette” and “silique” stages, with an emphasis on “young rosette,” “young 
flower,” and “silique.” It is interesting that some of the genes grouped together by 
the expression profiles generated by GENEVESTIGATOR coincide with the groups 
of Maser’s phylogenetic tree  (Maser et al. 2001) . For example,  CNGC7  and  CNGC8 , 
both belonging to group II, show high expression in the “silique” stage. Group III’s 



Physiological Roles of Cyclic Nucleotide Gated Channels in Plants 93

 CNGC16  and  CNGC18  are also highly expressed in the “silique” stage. Another 
pair from group III is  CNGC14  and  CNGC17 , which are located on the same branch 
in this group and are both strongly expressed in the “young rosette” stage. Group I 
includes  CNGC1 ,  CNGC10 ,  CNGC13 ,  CNGC3 ,  CNGC11 , and  CNGC12 ; in Fig.  1 , 
all of them with the exception of  CNGC12 , have strong expression in the “young 
flower” stage.  CNGC2  and  CNGC4  that appear together in group IVB also have 
strong expression in the “young flower” stage. 

 A general overview of the anatomy-based analysis in Fig.  2  reveals four major 
hot spots: six hot spots in the “pollen” column, nine spots in the “cauline leaf” col-
umn, the same nine appear also in the “senescence leaf” column, and four genes get 
high scores in the “hypocotyl,” “xylem,” and “cork” columns. Comparison of the 
genes according to their phylogenetic groups with their anatomy expression profiles 
revealed them to be congruent.  CNGC7  and  CNGC8  are together with  CNGC16  and 
 CNGC18  in “pollen.”  CNGC1 ,  CNGC13 ,  CNGC3 ,  CNGC11 , and  CNGC12  are all 
together in “senesence leaf,” and, except for  CNGC13 , all of these genes get high 
values in “cauline leaf” as well. All of the above data can lead one to speculate on a 
possible connection between the phylogenetic relationship and function in the 
AtCNGC family. Since data regarding CNGC expression is available from various 
experimental approaches, we can now compare such published results with those 
obtained from the above-mentioned analysis by GENEVESTIGATOR. 

AtCNGC’s expression throughout development
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  Fig. 1    Gene expression profiling by development of all 20  Arabidopsis thaliana  cyclic nucleotide 
gated channels (AtCNGCs) using the GENEVESTIGATOR Meta-Analyzer tool. The results are 
given in heat map codes. A color legend is given at the  left . The symbols from  left  to  right  represent 
germinated seed, seedling, young rosette, developed rosette, bolting, young flower, developed 
flower, flowers and siliques, and siliques       
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 With use of the cell eFP Browser based on the SUBA database, all AtCNGCs 
were analyzed. All proteins were predicted to localize to the plasma membrane 
(PM) like their mammalian homologs, except for CNGC20, which was localized 
to the chloroplast (data not shown). NtCBP4 antibodies were used to detect the 
protein in the PM of tobacco leaves and roots from wild-type and NtCBP4 over-
expressing tobacco calli  (Arazi et al. 1999) . CNGC1, the  Arabidopsis  NtCBP4 
homolog, was immunodetected in the  Arabidopsis  microsomal membrane root 
fraction but not in membrane proteins from leaves of 3-week-old seedlings  (Ma 
et al. 2006) . AtCNGC3 was localized to the PM using the green fluorescent pro-
tein (GFP) reporter gene in onion epidermal cells and in  Arabidopsis  leaf proto-
plasts  (Gobert et al. 2006) . Transmission electron microscopy was used to detect 
immunogold-anti-CNGC10 along the PM of  Arabidopsis  leaf cells  (Borsics et al. 
2007) . In later work from the same group, GFP was used to localize AtCNGC5 
and AtCNGC10. Both proteins were visualized in the PM of  Arabidopsis  leaf 
protoplast  (Christopher et al. 2007) . Quantitative real-time PCR of leaves and 
roots revealed that AtCNGC5 is expressed equally in roots and leaves, while 
AtCNGC10 is preferably expressed in roots. This was verified at the protein level 
by immunoprecipitation of proteins from roots and leaves using anti-AtCNGC5 
and anti-AtCNGC10 antibodies. AtCNGC10 was visualized using transmission 
electron microscopy in sections of  Arabidopsis  root tip cells. The protein was 

0
 c

a
ll
u
s

1
 c

el
l 
su

sp
en

si
o
n

2
 s

ee
d
li
n
g
s

2
1
 c

o
ty

le
d
o
n
s

2
2
 h

y
p
o
co

ty
l

2
3
 r

a
d
ic

le

3
 i
n
fl
o
re

sc
en

ce
 

3
1
 f

lo
w

er

3
1
1
 c

a
rp

el

3
1
1
1
 o

v
a
ry

3
1
1
2
 s

ti
g
m

a

3
1
2
 p

et
a
l

3
1
3
 s

ep
a
l

3
1
4
 s

ta
m

en

3
1
4
1
 p

o
ll
en

3
1
5
 p

ed
ic

el

3
2
 s

il
iq

u
e

3
3
 s

ee
d

3
4
 s

te
m

3
5
 n

o
d
e

3
6
 s

h
o
o
t 

a
p
ex

3
7
 c

a
u
li
n
e 

le
a
f

4
 r

o
se

tt
e

4
1
 j
u
v
en

il
e 

le
a
f

4
2
 a

d
u
lt
 l
ea

f

4
3
 p

et
io

le

4
4
 s

en
es

ce
n
t 

le
a
f

4
5
 h

y
p
o
co

ty
l

4
5
1
 x

y
le

m

4
5
2
 c

o
rk

5
 r

o
o
ts

5
2
 l
a
te

ra
l 
ro

o
t

5
3
 r

o
o
t 

ti
p

5
4
 e

lo
n
g
a
ti
o
n
 z

o
n
e

5
5
 r

o
o
t 

h
a
ir
 z

o
n
e

5
6
 e

n
d
o
d
er

m
is

5
7
 e

n
d
o
d
er

m
is
+

co
rt

ex

5
8
 e

p
id

+
a
tr

ic
h
o
b
la

st
s

5
9
 l
a
te

ra
l 
ro

o
t 

ca
p

6
0
 s

te
le

Gene

CNGC14

CNGC19

CNGC17

CNGC5

CNGC12

CNGC1

CNGC3

CNGC11

CNGC13

CNGC20

CNGC4

CNGC6

CNGC2

CNGC7

CNGC18

CNGC8

CNGC16

CNGC10

CNGC9

CNGC15

AtCNGC’s expression in Arabidopsis organs

5
%

 >
 0

%
=

<

1
0
%

 >
 5

%
=

<

1
5
%

 >
 1

0
%

=
<

2
0
%

 >
 1

5
%

=
<

2
5
%

 >
 2

0
%

=
<

3
0
%

 >
 2

5
%

=
<

3
5
%

 >
 3

0
%

=
<

4
0
%

 >
 3

5
%

=
<

4
5
%

 >
 4

0
%

=
<

5
0
%

 >
 4

5
%

=
<

5
5
%

 >
 5

0
%

=
<

6
0
%

 >
 5

5
%

=
<

6
5
%

 >
 6

0
%

=
<

7
0
%

 >
 6

5
%

=
<

7
5
%

 >
 7

0
%

=
<

8
0
%

 >
 7

5
%

=
<

8
5
%

 >
 8

0
%

=
<

9
0
%

 >
 8

5
%

=
<

9
5
%

 >
 9

0
%

=
<

9
5
%

=
<

  Fig. 2    Gene expression profiling by anatomy of all AtCNGCs using the GENEVESTIGATOR 
Meta-Analyzer tool. The results are given in heat map codes. A color legend is given at the  left . 
The different plant organs are indicated in the  upper row  by numbers that also appear in the drawing 
on the  right        
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detected in the PM of root meristematic cells, root columella cells, and border tip 
cells  (Christopher et al. 2007) . 

 The  CNGC2  putative promoter was cloned upstream of the  GUS  reporter gene 
to learn about its expression profile during plant development  (Kohler et al. 2001) . 
GUS staining in cotyledons was strong, while stems showed weak staining. Leaf GUS 
expression was weak and became stronger when the plant began to flower; no 
GUS staining was detected in roots. GUS expression in flowers was noticeable 
from floral stage 15 according to  Smyth et al. (1990)  in sepals, petals, stamens, and 
in dehiscent siliques at the valve–replum junction. Northern blot analysis using 
RNA extracted from different organs of 6-week-old plants revealed expression in 
inflorescence, stem, and leaf, while no transcript was detected in roots. Northern 
blot analysis also identified accumulation of CNGC2 transcripts during the progres-
sion of leaf senescence. 

 CNGC2 was found to be important for plants growing in calcified environ-
ments  (Chan et al. 2003) . When grown in the presence of 20 mM CaCl 

2
  in growth 

medium or watered with 10 mM CaCl 
2
  in soil,  cngc2  vegetative and reproductive 

development were severely impaired. A recent follow-up DNA microarray-based 
analysis, evaluated gene expression in the wild type and  cngc2  in response to high 
Ca 2+  concentrations  (Chan et al. 2008) . These researchers found that the transcript 
profile of wild-type plants grown on high external Ca 2+  resembled the profile of 
 cngc2  plants grown on control medium. Pathogenesis-related genes PR5 
(At75040) and PR1 (At2g14610) were upregulated in the  cngc2  mutant grown on 
control media. This is in agreement with the evidence that the  cngc2  mutant con-
tains high salicylic acid (SA) levels  (Clough et al. 2000) . Another interesting 
gene upregulated in the same experiment was ACA13 (At3g22910), a PM Ca 2+  
ATPase. Since this gene was upregulated when wild-type plants were challenged 
with high levels of Na +  (Maathuis et al. 2003) , the authors believe this strengthens 
the hypothesis that  cngc2  has defects in sensing or maintaining Ca 2+  homeostasis. 
When looking at the transcript profile of genes downregulated in  cngc2  grown on 
high external Ca 2+ , another Ca 2+  transporter appears; CAX1 (At2g38170), a tono-
plast Ca 2+ /H +  antiporter. This gene was also downregulated in the  cngc2  mutant 
under control conditions. Knockout  cax1  plants exhibit multiple developmental 
defects, including reduction in root length and lateral root number, retardation in 
flowering time, shorter inflorescence length, and shorter and fewer secondary 
shots  (Cheng et al. 2003) . All of these  cax1  phenotypes led  Cheng et al. (2003)  
to suspect that auxin levels are altered in the  cax1  mutant, and indeed this was 
confirmed through a series of experiments including root elongation assay in the 
presence of auxin and  IAA28:GUS  expression analysis in the  cax1  background. 
Interestingly, two auxin-responsive genes (At1g29430 and At5g27780) were 
downregulated in the  cngc2  mutant in control conditions and their expression was 
further decreased by high Ca 2+ . In contrast, a protein kinase (Atg04500) whose 
transcript levels were increased twofold in control conditions was upregulated by 
high Ca 2+  concentrations. 

 The phylogenetically closest member of  AtCNGC2  is  AtCNGC4   (Maser et al. 
2001 ;  Kaplan et al. 2007) . Plants harboring a promoter::GUS fusion for this gene 
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were analyzed in a pathogenicity assay, inoculated with an avirulent  Xanthomonas  
strain. The results showed that GUS expression was upregulated 8–10 h after inocu-
lation and peaked at 24 h after inoculation. In contrast,  CNGC2  promoter::GUS 
lines that were used as a control in this experiment showed constitutive GUS 
expression in leaves, and this expression was downregulated in the inoculation site 
24 h after inoculation  (Balague et al. 2003) . 

 Promoter::GUS fusion was also employed to study  AtCNGC3  expression during 
development  (Gobert et al. 2006) . According to the GUS assay,  CNGC3  expression 
initiates in the seed prior to germination and is maintained in the root of the young 
seedling with low expression in cotyledons. GUS expression in roots is limited to 
the epidermis and cortex cells and no staining can be detected in the stellar regions. 
 Gobert et al. (2006)  noticed that there is a difference in the expression pattern 
between plants that were grown on agar plates compared with those that were 
grown in soil. Leaves of plants grown in soil showed significantly lower staining 
than leaves of plants grown on agar plates, indicating that expression of this gene 
is affected by environmental conditions. 

 A recent study of transporters in the  Arabidopsis  male gametophyte found 
several CNGCs ( CNGC7 ,  CNGC8 ,  CNGC16 , and  CNGC18 ) specifically or pref-
erentially expressed in pollen  (Bock et al. 2006) . Indeed, two new papers ascribe 
to AtCNGC18 a pivotal role in maintaining a Ca 2+  gradient in the tip of germinat-
ing pollen grains  (Chang et al. 2007 ;  Frietsch et al. 2007) . Chang et al. also con-
firmed that all four proteins are expressed in pollen. However, interestingly, 
through the of fusing the coding sequence of each CNGC to the yellow fluores-
cent protein under the  LAT52  promoter it was shown that CNGC7, CNGC8, and 
CNGC16 localized to inner membranes, whereas CNGC18 was the only protein 
to localize to the PM. This is the first report of CNGCs not localized to the PM. 
 Frietsch et al (2007)  used GFP fused to CNGC18 and found it localized to the PM 
as well. Using the  LAT52  promoter::GUS reporter within their  cngc18-1  T-DNA 
knockout line,  Frietsch et al. (2007)  were able to distinguish  cngc18-1  pollen 
from wild-type pollen. Using this tool, they showed that  cngc18-1  germinating 
pollen did not grow into the transmitting tract of wild-type pistils, linking male 
sterility to the CNGC knockout. Transgenic plants harboring the  CNGC18  
promoter:GUS construct showed GUS expression only in pollen throughout flo-
ral stages 12–14  (Frietsch et al. 2007) . 

 Interestingly, the data retrieved from the GENEVESTIGATOR query was not in 
full agreement with the data that have already been published. Although 
GENEVESTIGATOR made correct predictions about all four pollen-specific 
CNGCs, it failed to detect any considerable expression of  CNGC10  in the root. No 
significant score is visible for  CNGC3  root as well. Another surprise is the rela-
tively low expression of  CNGC1  in roots. Since  cngc1  phenotypes are attributed to 
metal ion uptake and root functions  (Sunkar et al. 2000 ;  Ma et al. 2006)  combined 
with the fact that  CNGC1  expression was detected in roots  (Ma et al. 2006) , it is 
puzzling that the highest score for this gene is in senescent and cauline leaves. All 
phenotypes and expression patterns are summarized in Table 1.  
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Table 1 CNGC-associated phenotypes and relevant expression profiles

Gene name Knock-out, knock-down, and over expression phenotypes Expression Reference

AtCNGC1 AtCNGC1 T-DNA knock-out seedlings were more tolerant to Pb2+ (1) and con-
tained less Ca2+ than WT (2). cncg1 showed reduced curvature in gravistim-
ulated roots, the elongation zone of these gravistimulated roots contained 
lower NO, and the growth rate of the primary root in this mutant was 
greater. The cngc1 roots caused greater acidification of the growing media 
than WT roots (2).

AtCNGC1 was immuno-
detected in roots only 

(1)(Sunkar et al., 2000)
(2)(Ma, 2006)
(3)(Arazi et al., 1999)

NtCBP4 Plants over-expressing NtCBP4 exhibited improved tolerance to Ni2+, which 
was associated with reduced Ni2+ accumulation, and hypersensitivity to 
Pb2+, associated with enhanced Pb2+ accumulation(3). Seedlings expressing 
the NtCBP4 truncated C-terminal protein lacking the CaMBD, showed 
improved tolerance to Pb2+ with attenuated accumulation of this metal(1)

NtCBP4 protein was immu-
nodetected in membrane 
fractions from leaves and 
roots (3)

AtCNGC2, 
DND1

The cngc2 mutant contains high level of SA, constitutive expression of patho-
genesis-related (PR) genes does not generate a HR response when chal-
lenged with Pseudomonas syringae, and keeps bacteria growth-rate lower 
compared to WT(1). cngc2 showed exclusive hypersensitivity to Ca2+ com-
pared to WT(2).  This mutant over-expresses a kinase while the expression 
of auxin-related genes is down-regulated(3). When challenged with bacterial 
LPS, the generation of NO is lower than in WT(3) when inoculated with P. 

carotovorum, external Ca2+ is required for initiating cell death in cngc2(4)

Northern blot analysis 
revealed expression in the 
inflorescence stem and 
leaf while no transcript 
was found in roots(5)

(1)(Clough et al., 2000)
(2)(Chan et al., 2003)
(3)(Chan et al., 2008)
(4)(Ahn, 2007)
(5)(Kohler et al., 2001)

AtCNGC3 cngc3 mutants had lower germination rates when grown on 100–140 mM NaCl. No 
significant reduction of cngc3 germination rates were noticeable when grown 
on isomolar concentrations of sorbitol and other salts. When grown on high 
levels of KCl or NaCl, cngc3 plants had no difference in Na+ content, but had 
50% lower K+ than WT(1). 

Seeds prior to germina-
tion, seedlings, root, root 
hairs, shoot and leaves. 
Determined using promoter: 
GUS fusion.

(1)(Gobert et al., 2006)

(continued)
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Gene name Knock-out, knock-down, and over expression phenotypes Expression reference

AtCNGC4, 
DND2

cngc4 is a lesion-mimic mutant. It contains high level of SA, constitutive 
expression of pathogenesis-related (PR) genes, does not generate a HR 
response when challenged with Pseudomonas Syringae and keeps bacteria 
growth rate lower compared to WT(1, 2).

GUS expression was detected 
in Arabidopsis leaves 
8–24 hours post inocula-
tion with an avirulent 
Xanthomonas(1)

(1)(Balague et al., 2003) 
(2)(Jurkowski et al., 2004) 
(3)(Rostoks et al., 2006) 

HvNEC1 Fast neutron-induced mutation in HvNEC1, the barley homolog of the 
AtCNGC4, results in  spontaneous lesion formation and constitutive 
expression of PR1 and β, 1-3 glucanase genes.(3) (mutants caused by EMS 
also have the same phenotype)

The expression of NEC1 was 
detected in 10- to 20-day-
old leaf tissue(3)

AtCNGC10 AtCNGC10 antisense construct led to 40% lower K+ levels, high starch accu-
mulation, bigger starch granules, a more frequent appearance of peroxi-
somes, reduced root growth and elongation, early flowering, and delayed 
bending in response to gravistimulation(1)

35S::AtCNGC10 construct was able to partially complement the Atakt1 mutant 
in K+ uptake(1)

CNGC10 was preferably 
expressed in roots when 
compared to leaves. 
Expression was analyzed 
at the RNA and protein 
levels (2)

(1)(Borsics et al., 2007) 
(2)(Christopher et al., 

2007) 

AtCNGC11/12 A 3 kb deletion generated a chimeric CNGC from AtCNGC11 and AtCNGC12 

resulting in a mutant showing altered defense responses, stunted growth, 
curly leaves and constitutive expression of PR genes.  

(Yoshioka et al., 2006)

AtCNGC18 cngc18 plants are male sterile. CNGC18 knock-out resulted in aberrant germi-
nating pollen tubes that failed to enter transmission tracks, resulting in no 
fertilization(1, 2). 

Transient over-expression of AtCNGC18 under the LAT52 promoter caused 
shorter and wider germination tubes resulting in depolarized tip growth in 
tobacco pollen grains.(1) 

Protein was detected in PM 
of pollen using YFP (1) and 
GFP (2). GUS staining was 
visible in pollen grains 
throughout floral stages 
12-14 (2) 

(1)(Chang et al., 2007) 
(2)(Frietsch et al., 2007) 

Table 1 (continued)
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  3  CNGCs, Where Ca 2+ , Hormones, Reactive 
Oxygen Species, and Nitric Oxide Meet  

 All known pathogenesis-related AtCNGC mutants accumulate high levels of SA. 
This includes the mutants  cngc2  and  cngc4  and the chimeric  cngc11/12 . While 
CNGC2 and CNGC4 are grouped together in group IVB, CNGC11 and CNGC12 
are from group I. Knockout lines of these last two genes do not have a pro-
nounced defense phenotype, leading to the conclusion that the  cngc11/12  chimera 
is the probable reason for the constitutive expression of pathogenesis-related 
genes in this mutant  (Yoshioka et al. 2006) . When challenged with the avirulent 
bacterium  Pseudomonas syringae ,  cngc2  mutants maintain lower bacteria growth 
rates thanks to the elevated expression of pathogenesis-related genes. Unlike the 
classic “gene for gene” resistance where the plant initiates a local programmed 
cell death at the infection site (also known as the hypersensitive response) and 
thus limits bacteria propagation,  cngc2  does not exhibit hypersensitive response 
and yet is more resistant to a wide range of pathogens when compared with wild-
type plants  (Yu et al. 1998) . When  cngc2  was inoculated with  Pectobacterium 

carotovoru  m  (previously known as  Erwinia carotovora ), the bacterial agent that 
causes soft rot disease on Korean cabbage ( Brassica rapa L . ssp.  pekinensis ), it 
managed to keep bacterial growth rates lower than in wild-type plants, with no 
hypersensitive response  (Ahn 2007) . From this observation and the fact that 
CNGC2 was shown to transport ions across the plasma membrane  (Leng et al. 
1999) , Ahn (2007) suggests that ion transport provided by CNGC2 is crucial for 
the progression of soft rot disease in  Arabidopsis . While hypersensitive response 
and reactive oxygen species (ROS) such as superoxide and H 

2
 O 

2
  were detected in 

the wild type after inoculation with  P. carotovorum ,  cngc2  did not accumulate 
any of these. Wild-type plants that were treated with catalase, ascorbic acid, and 
LaCl 

3
  when inoculated with  P. carotovorum  displayed reduced hypersensitive 

response and lower bacterial growth rates. This treatment did not affect  cngc2  
resistance. It was concluded that a functional CNGC2, Ca 2+  transport across the 
PM, and Ca 2+  elevation in the cytosol together with ROS accumulation are neces-
sary to trigger hypersensitive response and susceptibility to soft rot disease in 
 Arabidopsis . To assess the role of Ca 2+  in these processes, wild-type and mutant 
plants were treated with CaCl 

2
  or ethylene glycol bis(2-aminoethyl ether) 

 N , N , N  ¢ , N  ¢ -tetraacetic acid (EGTA) after inoculation with  P. carotovorum . While 
CaCl 

2
  hampered the resistance of  cngc2  mutants against the pathogen, EGTA 

conferred resistance to wild-type plants. With use of W-7 and chloropromazine, 
known CaM antagonists, it was shown that CaM is essential for the “defense no 
death” phenotype since resistance was broken once  cngc2  plants had been treated 
with the previously mentioned CaM antagonists. Another explanation for the 
ability of CaM antagonists to break the resistance of  cngc2  to  P. carotovorum  
might be the fact that these antagonists cause cytosolic Ca 2+  bursts  (Kaplan et al. 
2006) . It is therefore possible that these bursts trigger downstream effectors that 
eventually cause cell death. 
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 The involvement of Ca 2+  and ROS  (Grant et al. 2000)  as well as that of SA in 
response to pathogen attack are well documented  (Chen et al. 1993 ;  Draper 1997) . 
Since the  cngc2  mutant combines all of these (elevated levels of SA, lack of ROS 
upon infection, and Ca 2+  conductance ability) it is a natural candidate for study in 
order to understand the connection between all these factors. 

 As mentioned earlier,  cngc2  microarray data revealed downregulation of auxin-
responsive genes in this mutant. The CAX1 transporter, which also can cause 
auxin-related defects, was downregulated in this mutant as well  (Chan et al. 2008) . 
Unpublished work conducted in our laboratory based on the  cngc4  mutant pheno-
type suggests a role for this gene in auxin function as well. Upon reaching the 
bolting stage,  cngc4  plants grow several stems, while wild-type plants at this stage 
grow only one main stem. This apical dominance disruption led us to assume that 
auxin is involved in some way. Classic plant hormone interaction experiments con-
ducted in the 1930s, showed that application of auxin can imitate the action of a 
terminal bud and this led to the conclusion that auxin has a pivotal role in controlling 
apical dominance  (Thimann and Skoog 1933) . To assess the role of auxin in the 
“bushy”  cngc4  phenotype, plants were subjected to one of three treatments: decapi-
tation, decapitation and auxin application upon the stump, or no treatment at all 
(Fig.  3 ). Plant stems were counted 25–30 days after decapitation and the results 
were analyzed statistically. These experiments were repeated three times and the 
results were consistent. Statistical analysis showed a significant difference between 
the number of flowering branches of wild-type plants (2.6 branches) compared with 
 cngc4  mutants (5.647 branches) when they were not decapitated. A significant 
difference was also found between decapitated plants without auxin treatment (wild 
type 3.6 branches,  cngc4  5.125 branches), while no significant difference was 
found between plants that were decapitated and treated with auxin (wild type 2.384 
branches,  cngc4  2.424 branches). For all experiments 25–35 plants were used and 
the experiments were conducted three times. 

 The fact that  cngc4  mutants have phenotypes associated with defective auxin 
responses and that exogenous auxin can restore the apical dominance phenotype, 
as shown in (Fig.  3 ), may imply that CNGC4 somehow acts in auxin synthesis or 
auxin-conjugate hydrolysis. Among all documented AtCNGCs, only  cngc2  and 
 cngc4  show pleiotropic effects (excluding the CNGC11/12 chimera). Interestingly, 
among the 20 members of the  Arabidopsis  CNGC family, AtCNGC2 and 
AtCNGC4 are the closest in amino acid sequence, and are distinct from all other 
CNGCs  (Kaplan et al. 2007) . Since auxin-signaling mutants also show similar 
pleiotropic effects  (Lincoln et al. 1990 ;  Leyser et al. 1993 ; Gray and  Estelle 
2000) , these observations strengthen the hypothesis that CNGC4 function may be 
coupled to auxin, and accounts for the many aberrant phenotypes exhibited by 
this mutant. Considering all the above-mentioned data, it is tempting to speculate 
about some kind of SA–auxin antagonistic effect. Nevertheless, it is known that 
certain elements within defense-related promoters are activated by SA as well as 
by auxin  (Jupin and Chua 1996) , and it was shown that SA, auxin, and H 

2
 O 

2
  can 

induce the expression of the pathogenesis-related GST6 gene in  Arabidopsis  
 (Chen and Singh 1999) .  
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 Another molecule involved in SA signaling, ROS accumulation, hypersensitive 
response, and cell death is nitric oxide (NO). The involvement of NO in these proc-
esses is well documented  (Dangl 1998) . Interestingly, cyclic nucleotides are known 
to be secondary messengers in a NO signaling pathway. It was also found that 
pathogenesis-related gene activation by NO is mediated by SA. While NO treatment 
caused SA elevation, using transgenic NahG plants that cannot accumulate SA, 
pathogenesis-related gene induction was abolished  (Durner et al. 1998) . A more 
specific mode of action for NO was suggested by Zhang and colleagues (2003). 
They found that NO acts to extend hypersensitive response signaling from cell to cell 
and is not responsible directly for triggering the hypersensitive response. 

  Ali et al. (2007)  recently showed a more specific connection between NO, cyclic 
nucleotides, Ca 2+ , and Ca 2+ /CaM. Sodium nitroprusside (SNP) is a NO donor that 
has been reported to be able to reverse phenotypes of the NO-associated protein 

  Fig. 3     Atcngc4  mutants exhibit a “bushy” phenotype but positively respond to exogenous auxin. 
Panels  a – c  are for wild-type plants;  a  undecapitated, untreated plants,  b  decapitated plants,  c  a 
decapitated plant treated with 0.5% auxin lanolin paste. Notice how auxin treatment reduces 
branching in wild-type plants when compared with decapitated, untreated wild-type plants. Panels 
 d – f  are for  Atcngc4  mutants.  d  undecapitated, untreated plants, e   decapitated plants,  f  decapitated 
plants treated with 0.5% auxin lanolin paste. In this mutant’s case, massive branching is a clear 
phenotype suggesting loss of apical dominance. While decapitation does not increase the number 
of branches, auxin treatment reduces branching to wild-type levels       
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(AtNO1- previously known as AtNOS1) loss of function mutant  (Guo et al. 2003) . 
Ali et al. used SNP on  cngc2  mutants inoculated with two strains of avirulent patho-
gens,  Pseudomonas syringae  pv.  syringae  and  Pseudomonas syringae  pv.  tomato  
DC3000, containing the avirulence gene  avrRpt2 . Treatment with SNP followed by 
inoculation with the pathogens mentioned resulted in hypersensitive response symp-
toms in  cngc2  mutants, while inoculation with no SNP treatment or SNP treatment 
alone had no significant effect on hypersensitive response in  cngc2  or wild-type 
plants. NO generation by a pathogenic stimulus was monitored using a NO-specific 
fluorescent dye (DAF-2DA). Guard cells isolated from the wild type and  cngc2  were 
treated with lipopolysaccharide (LPS), a known elicitor of the plant immune system, 
and NO generation was evaluated under the microscope. LPS triggered NO produc-
tion in wild-type cells, while  cngc2  cells showed decreased NO production. 

 To be able to link Ca 2+  and Ca 2+ /CaM to LPS-derived NO production, Ali et al used 
the Ca 2+  chelator EGTA and the Ca 2+ -channel blockers Gd 3+  and the CaM antagonist 
W7 and its inactive structural analog W5. EGTA- and Gd 3+ -treated wild-type or  cngc2  
cells showed no detectable NO production. W7 treatment abolished NO production 
similarly to the Ca 2+  inhibitors. The NOS inhibitor L-NAME, its inactive isomer 
D-NAME, and TEA, (NAME = NG-nitro-L-Arg-methyl ester, L and D are the chemi-
cal conformations of this material, TEA = tetraethylammonium) a K + -channel blocker, 
were tested as well. TEA and D-NAME had no effect on NO production, while 
L-NAME was able to eliminate NO production. Using patch clamp recordings,  Ali et 
al. (2007)  were able to prove that a functional CNGC2 from wild-type guard cells can 
conduct an inward Ca 2+  current in a cyclic AMP dependent manner, whereas this cur-
rent cannot be detected in protoplasts from  cngc2  guard cells. 

 A model was proposed in which, in response to a pathogen challenge, upon 
elicitor binding to an unknown receptor, cyclic nucleotides are produced and 
upregulated in the cytosol by a nucleotide triphosphate cyclase or another unknown 
mechanism triggered by the receptor. These cyclic nucleotides then bind to the 
CNGC2 CNBD, opening the channel and thus allowing Ca 2+  to enter the cell. 
The spike in intracellular Ca 2+  results in Ca 2+ /CaM complexes that, among other 
things, activate the NO synthase. The generation of NO invokes a hypersensitive 
response and cell death in a Ca 2+ /CaM-dependent manner. In the absence of a 
functional CNGC2, the specific Ca 2+  transient elevation is missing, resulting in the 
absence of Ca 2+ /CaM complexes. Consequently, NO signaling is not initiated, 
leading to the absence of hypersensitive response and cell death in the affected 
cells. Combining the conclusions of  Ali et al. (2007)  and  Ahn (2007)  reinforces the 
necessity of Ca 2+  and Ca 2+ /CaM in the hypersensitive response.  

  4 Conclusions and Future Perspectives  

 In this review we discussed the diverse roles of plant CNGCs. The AtCNGC 
protein family consists of 20 members with a variable degree of homology 
between themselves. Even so, when knocked out, most AtCNGCs display a distinct 



Physiological Roles of Cyclic Nucleotide Gated Channels in Plants 103

phenotype, and compensation by the other family members is not visible. This is 
an intriguing phenomenon since functional redundancy in such a family is 
expected. AtCNGCs are expressed throughout plant development and fulfill a 
wide range of activities. It seems that phylogenetically close family members 
carry out the same or similar cellular functions. From group I, CNGC1, CNGC3, 
and CNGC10 are important in metal uptake from the environment into plant cells. 
Group II and group III contain CNGCs that are pollen-specific channels. From 
group IVB, CNGC2 and CNGC4 take part in a Ca 2+ -dependent signal transduc-
tion cascade involved in plant defense against biotic (a variety of bacteria) and 
abiotic (calcified environment for  cngc2 ;  Cheng et al. 2003)  stresses and heat 
stress for  cngc4  (Sherman and Fromm, unpublished data). These data and known 
channel structures from mammalian systems may lead one to ask whether the 
plant CNGCs work as heterodimers, which possibly consist of family members 
from the same phylogenetic group. The fact that the  dnd1/dnd1 ,  dnd2/dnd2  double 
mutant displayed an extreme  dnd  phenotype might strengthen this hypothesis 
 (Jurkowski et al. 2004) . Another question arising from these data is what differenti-
ates the channels in their functions? For example, if the pollen-specific Ca 2+  trans-
porter CNGC18 and the root-specific K +  transporter CNGC10 share 46% identity 
and 64% similarity, what are the functional residues underlying their specificities? 
Group IVA remains a mystery, as no papers have been published about members of 
this group. Interestingly, recent experimental data suggest that some plant CNGCs 
are localized to internal membranes rather than the PM. The only CNGC predicted 
to be localized to the chloroplast membrane is CNGC20 (cell eFP Browser predic-
tion, data not shown); however, this needs to be confirmed experimentally. 

 In summary, in spite of plant CNGCs having been studied for many years, the 
information on their functions is at best fragmented and completely lacking for 
some. The analysis of CNGCs requires a massive effort and combination of differ-
ent approaches, including electrophysiology, genetics, cell and molecular biology, 
and physiology. Nevertheless, the diverse functions and expression profiles revealed 
so far attest for the important roles CNGCs play in plant development and in inter-
actions with their biotic and abiotic environment.      
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 Signaling in Vesicle Traffic: Protein-Lipid 
Interface in Regulation of Plant Endomembrane 
Dynamics       

     V.   Žárský    and    M.   Potocký             

  Abstract   The plant cell is characterized by a complex set of endomembrane com-
partments constituting the exocytic and endocytic trafficking pathways. Both the 
function and communication between these compartments are regulated by distinct 
families of proteins that direct membrane fission, targeting, and fusion. Many of 
these events are regulated by the cooperative actions of monomeric ARF, Rab, and 
Rho GTPases with their corresponding effector proteins and membrane (phospho)
lipids. Glycerophospholipids, namely phosphoinositides, play a multitude of roles 
in membrane traffic, by mediating protein recruitment to membranes, by defining 
organelle identity, or by directly affecting membrane dynamics. Here we summa-
rize recent advances in plant vesicular trafficking analysis with special emphasis 
on the interplay between membrane phospholipids and proteins in the creation and 
maintenance of specific endomembrane compartments.    

  1 Introduction  

 Cell division and cell expansion are the two basic processes of plant morphogenesis 
and development in the absence of cell migration. These processes rely on vectorial 
vesicle trafficking which is largely interconnected with the dynamics of the 
cytoskeleton. Small GTPases of the Ras superfamily and their effectors are important 
regulators orchestrating these processes also in plants. During the past few years, it 
has become clear that phospholipids have essential roles in the spatiotemporal regulation 
of plant membrane trafficking, in addition to their established roles in signal 
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transduction. They can act as constitutive signals that aid in defining organelle identity, 
and are short-lived recruiters and regulators of cytoskeletal and membrane dynamics. 
Recent studies have provided important clues as to how regulated activation of phos-
pholipid-metabolizing enzymes and recruitment of their binding proteins might 
cooperate in targeting distinct pools of phospholipids to different cell physiologi-
cal functions. That is why we focus in this short overview mainly on small GTPases 
together with phospholipid-modifying proteins, recognizing that a plethora of other 
proteins and protein complexes are important in complex realm of plant endomem-
brane system dynamics. 

 The field of signal transduction in vesicle trafficking in plants is so vast that, despite 
fragmentary knowledge of it, we have to divide it into two interrelated areas – “distal” 
mechanisms of signaling and integration of vesicle traffic on the physiological level and 
“proximal” cellular mechanisms of signaling in vesicle trafficking, which will be focus 
of this chapter. We summarize the main concepts and cover recent progress especially 
in respect to the interplay between membrane lipids and proteins in the creation and 
maintenance of specific endomembrane compartments and functional subdomains. 
We will start with an overview of the dynamics and participation of small GTPases 
(especially ADP-ribosylation factor, ARF; Rab; and ROP1) in vesicle formation, their 
transport, and their targeting and look how their regulators and effectors (in a broad 
sense including coat proteins and soluble  N -ethylmaleimide sensitive factor attach-
ment protein receptors, SNAREs) network with the membrane-modifying activities, 
especially lipid kinases, phosphatases, and phospholipases (especially phospholipase 
C, PLC, and phospholipase D, PLD). The interface between membrane proteins 
(especially GTPases) and membrane lipids (mainly glycerophospholipids) in plant 
vesicle trafficking is a major focus of this chapter, which is organized according to 
proteinaceous regulators, but as a conclusion we will see (based mostly on examples 
and knowledge from major non-plant-model cell types) that there is lot of reciprocity in 
the regulatory circuits of secretory pathways - regulators are often themselves regulated 
by products of “downstream” processes. Membrane proteins regulate membrane lipids 
and membrane lipids regulate membrane proteins. 

 In the end we will show that a big task for future research is to uncover how 
distal mechanisms of signal transduction in response to changes in internal or external 
plant environments collaborate with the proximal mechanisms regulating turnover 
of endomembranes on the cellular level. (For a recent general overview of 
the eukaryotic secretory pathway see  Cai et al. 2007  and for a general overview of the 
secretory pathway in plants see  Jürgens 2004 .) 

 In this volume major events where physiological signals feed directly into the 
secretory pathway (tropic responses) are well covered in specific chapters both for 
gravitropism (see “Signaling in Plant Gravitropism” by Patrick H. Masson et al., 
this volume) and for phototropism (see “Signaling in Phototropism” by R. Brandon 
Celaya et al., this volume) along with the special chapter on auxin (see “Auxin and 
the Communication Between Plant Cells” by Peter Nick, this volume). Also signaling 
in pathogen response is covered (see “Vesicle Trafficking in Plant Pathogen 
Defence” by Hans Thordal-Christensen, this volume) and actin dynamics as a 
crucial part of vesicle traffic in plant cells is covered by a specific chapter (see 
“Signaling to the Actin Cytoskeleton During Cell Morphogenesis and Patterning” 
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by Alison Sinclair et al., in this volume). That is also why we concentrate in this 
chapter on the “proximal” signals directly involved in endomembrane dynamics 
and from the more physiological perspective we will occasionally cover only 
selected examples. Owing to the scarcity of molecular data on mechanisms of plant 
vesicle traffic regulation, we have to refer to the mechanisms described in fungi and 
animals as they have turned out to be instructive in many areas of plant cell secre-
tory pathway analysis.  

  2  Ras-Related GTP Binding Proteins Function 
in the Eukaryotic Cell Morphogenesis Driven 
by Vectorial Membrane Containers/Vesicle Traffic  

 Ras-related GTPases function as a molecular switch. Binding of GTP to small GTPase 
proteins imposes conformational changes on those proteins – they are active in the 
GTP-bound conformation and inactive in the GDP-bound conformation. Low intrinsic 
GTPase activity of these proteins results in a rather long life time for their active GTP-
bound conformation. Only upon the intervention of a GTPase activating protein (GAP) 
is the  g -phosphate of the GTP molecule hydrolyzed, turning the GTPase off into the 
inactive, GDP-bound state. 

 Most small GTPases are modified posttranslationally at their C terminus by 
addition of hydrophobic prenyl (farnesylation or geranylgeranylation) or acyl 
(palmitoylation) moieties, so that they function as peripheral membrane proteins that 
cycle between membranes and cytoplasm. GDP dissociation inhibitors (GDIs) 
regulate this cycling by extracting GDP-bound GTPases from the target membranes 
for possible recycling through GDP/GTP exchange. This reactivation is catalyzed by 
guanine nucleotide exchange factors (GEFs; for a general review of plant small 
GTPases see  Molendijk et al. 2004) . The specificity of localization to particular 
membranes, and the ability for local activation/deactivation destine small GTPases to 
function as  organizers of specific membrane domains . They participate in the initiation 
and maintenance of targeted processes of cell morphogenesis and signaling within the 
eukaryotic cells  (Zerial and McBride 2001) . 

 Ras-related GTPases (sometimes called “GTP-binding proteins”) are divided into 
several well-defined families or subfamilies; for the purpose of vesicle traffic regula-
tion, small GTPases of the ARF, Rab, and ROP (Rho of plants) families are of main 
interest. Collectively they regulate secretory pathway, dynamics of cytoskeleton, cell 
wall synthesis, activity of membrane-bound enzymes and transporters (e.g., NADPH 
oxidases and ion channels), signal transduction pathways, and metabolic pathways. 

  2.1 ARF GTPases, Vesicle Coating, and Endosome Recycling 

 ARF GTPases are well-known organizers of vesicle formation domains (export 
sites) and “nucleators” of vesicle coat formation (for a recent review on plant ARFs 
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see  Gebbie et al. 2005 ;  Matheson et al. 2008) . ARFs are essential not only for vesicle 
coating but also for uncoating in all eukaryotic cells. There are also subfamilies of 
ARF-like proteins (ARLs) which play more diverse roles in different organisms 
and cell types. In animal cell biology ARF GTPases were among the first where 
regulatory links to membrane lipid metabolism were discovered – ARF1 directly 
interacts with PLD and stimulates its activity (for recent update see  Perez-Mansilla 
et al. 2006) . ARF proteins were also directly implicated in the regulation of phos-
phoinositide signaling: ARF6 colocalizes and directly activates phosphatidylinositol 
4-phosphate 5-kinase (PtdIns4P-5K) at the plasma membrane  (Honda et al. 1999) , 
and ARF6 and phosphatidylinositol 4,5-biphosphate [PtdIns(4,5)P2] colocalize on 
the plasma membrane and on endosomal structures. ARF6-organized PtdIns(4,5)P2 
turnover at the plasma membrane is apparently involved in regulated secretion 
(Brown et al. 2001). 

 An important pharmacological tool used to study the function of ARF GTPases 
is fungal toxin brefeldin A (BFA), which specifically inhibits activation of ARF by 
BFA-sensitive GEFs (note that in plants there are also BFA-insensitive GEFs – see 
further), leading in plants partly to Golgi apparatus (GA)–endoplasmic reticulum 
(ER) coalescence and in high BFA concentrations it induces “BFA compartments,” 
which consist of a mixture of endomembranes including endosomal compartments 
 (Ritzenthaler et al. 2002) . 

 The  Arabidopsis  genome potentially encodes 19 proteins with sequence 
similarities to ARFs and ARLs. Nine proteins, six of them highly similar, are 
possible ARFs. The functions of the six highly similar, putative ARFs in whole plant 
development were probed by suppressing their expression with antisense. Antisense 
plants were severely stunted because the cell production rate and the final cell size 
were both reduced  (Gebbie et al. 2005) . Changed time-to-flowering, apical 
dominance, and fertility may reflect alterations to hormonal and other signaling 
pathways with which ARFs may interact. No gross changes in targeting or compart-
mentalization were seen in antisense plants containing green fluorescent protein 
(GFP) targeted to the ER and the GA  (Gebbie et al. 2005) . These effects are less 
drastic than the effects on endomembranes and wall composition that are seen in 
short-term experiments with BFA and with dominant negative (DN) ARF mutants 
as both these treatments affect several ARF-dependent processes at once. Large 
redundancy is expected in plant ARF functions. 

 Recent evidence indicates that ARF1 carries out multiple roles in plant cells that 
may be independent of the established effector complex COPI  (Pimpl et al. 2003) . 
 Matheson et al. (2007)  followed the dynamics of a novel putative effector, the 
plant golgin GRIP-related ARF binding domain containing  Arabidopsis  protein 1 
(GDAP1) in vivo. They showed that ARF1 functions to recruit GDAP1 to membranes. 
In addition, although ARF1 appears to be central to the recruitment of both COPI 
components and the golgin, the authors observed different subcellular distribution 
of these ARF1 effectors – GDAP1 and COPI are both distributed on Golgi membranes; 
however, GDAP1 is also found on ARF1-labeled structures that lack coatomer, 
suggesting that the membrane environment, rather than ARF1 alone, influences the 
differential recruitment of ARF1 effectors. It seems that modulation of the cellular 
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functions of ARF1 in plant cells encompasses not only the intrinsic activities of the 
effectors, but also differential recruitment onto membranes that is spatially regulated 
 (Matheson et al. 2007) . 

 The same laboratory of Federica Brandizzi studied recently two members of the 
 Arabidopsis  ARF GTPase family, ARF1 and ARFB, which are membrane-anchored 
through the same N-terminal myristoyl group but to different target membranes – 
ARF1 is targeted to the Golgi and post-Golgi structures, whereas ARFB accumulates 
at the plasma membrane  (Matheson et al. 2008) . While the subcellular localization of 
ARFB appears to depend on multiple domains including the C-terminal half of the 
GTPase, the correct targeting of ARF1 is dependent on two domains: an N-terminal 
ARF1 domain that is necessary for the targeting of the GTPase to membranes and a 
core domain carrying a conserved MxxE motif that influences the relative distribution 
of ARF1 between the Golgi and post-Golgi compartments. The N-terminal ARF1 
domain alone was insufficient to maintain an interaction with membranes and correct 
targeting is a protein-specific property that depends on the status of the GTP switch. 
Finally, an ARF1–ARFB chimera containing only the first 18 amino acids from 
ARF1 was shown to compete with ARF1 membrane binding loci. Although this 
chimera exhibited GTPase activity in vitro, it was unable to recruit coatomer, a known 
ARF1 effector, onto Golgi membranes. These results suggest that the targeting of 
plant ARF GTPases to the correct membranes may not only depend on interactions 
with effectors, but also relies on distinct protein domains and further binding partners 
on the Golgi surface, including possibly membrane lipid environment. 

 The best characterized plant secretory pathway regulator is GEF for ARFs and 
was discovered as  Arabidopsis  embryo mutant  gnom/EMB30  by forward genetic 
screens  (Shevell et al. 1994 ;  Busch et al. 1996) . It soon became obvious that it is 
involved in the PIN auxin efflux carrier recycling and its localization helped to 
identify the first plant endosome  (Geldner et al. 2003 ; for details see “Signaling in 
Plant Gravitropism” by Patrick H. Masson et al., in this volume). 

 Circumstantial evidence suggests that intracellular membrane trafficking pathways 
diversified independently in the plant kingdom, but documented examples are rare. 
ARF-GEFs are essential for vesicular trafficking in all eukaryotic kingdoms, but of the 
eight ARF-GEF families, only the ancestral BIG and GBF types are found in plants. 
Whereas fungal and animal GBF proteins perform conserved functions at the GA, 
the  Arabidopsis thaliana  GBF protein GNOM is thought to act in only the process 
of recycling from endosomes.  Teh and Moore (2007)  and  Richter et al. (2007)  
showed that the related  Arabidopsis  GBF protein GNOM-LIKE1 (GNL1) has an 
ancestral function at the GA, but is also required for selective internalization from 
the plasma membrane in the presence of BFA. They identified  gnl1  mutants that 
accumulated biosynthetic and recycling ER markers in enlarged internal compartments. 
Notably, in the absence of functional GNL1, Golgi stacks were rendered sensitive to 
the ARF-GEF inhibitor BFA, which caused them to fuse with the ER. Furthermore, 
in BFA-treated  gnl1  roots, the internalization of a polar plasma-membrane marker, the 
auxin efflux carrier PIN2, was selectively inhibited. Thus, GNL1 is a BFA-resistant 
GBF protein that functions with a BFA-sensitive ARF-GEF both at the GA and in 
selective endocytosis, but not in recycling from endosomes. It seems that the 
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 evolution of endocytic trafficking in plants was accompanied by neofunctionaliza-
tion within the GBF family, whereas in other kingdoms it occurred independently by 
elaboration of additional ARF-GEF families (Teh and Moore 2007). 

  Jensen et al. (2000)  predicted  Arabidopsis  proteins which share an 80-residue zinc 
finger domain known from ARF GAPs. One of these is a 37-kDa protein, designated 
ZAC, which has a novel domain structure in which the N-terminal ARF GAP domain 
and a C-terminal C2 domain are separated by a region without homology to other 
known proteins. ZAC protein was immunodetected mainly in association with 
membranes and fractionated with Golgi and plasma membrane marker proteins. ZAC 
membrane association was confirmed in assays by a fusion between ZAC and the GFP 
and prompted an analysis of the in vitro phospholipid-binding ability of ZAC. 
Phospholipid dot-blot and liposome-binding assays indicated that fusion proteins 
containing the ZAC-C2 domain bind anionic phospholipids nonspecifically, with some 
variance in Ca 2+  and salt dependence. Similar assays demonstrated specific affinity of 
the ZAC N-terminal region (residues 1–174) for phosphatidylinositol 3-phosphate 
(PtdIns3P). Binding was dependent in part on an intact zinc finger motif, but proteins 
containing only the zinc finger domain (residues 1–105) did not bind PtdIns3P. 
Recombinant ZAC possessed GTPase-activating activity on  Arabidopsis  ARF 
proteins. These data identify a novel PtdIns3P-binding protein region and thereby 
provide evidence that this phosphoinositide is recognized as a signal in plants. 

 All the above-mentioned observations indicate that also plant ARFs will be 
interconnected with the membrane lipid environment and new observations in this 
area are to be expected.  

  2.2  Rab GTPases at the Crossroads of Vesicle 

Dynamics Regulation 

 Rab GTPases are recognized regulators right in the heart of vesicle/membrane 
trafficking pathways as they are involved in the definition of membrane subdomains 
 (Zerial and McBride 2001 ; see further) and all steps of vesicle formation, transport 
on the cytoskeleton (also via direct interaction with the cytoskeletal motors), and 
docking prior the SNARE-dependent fusion with the target membrane (for reviews 
of the function of non-plant Rab GTPases see  Deneka et al. 2003 ;  Novick et al. 
2006 ;  Grosshans et al. 2006) . Rab GTPases turned out to be crucial regulators of 
the endomembrane system also from the evolutionary perspective  (Gurkan et al. 
2007) . Expansion of Rab GTPases in eukaryotic evolution seems to be a major 
driving force in endomembrane specialization. Rab-regulated interaction networks 
seem to coordinate many different activities of the formation and fusion of 
membrane containers through their capacity to control the consecutive assembly of 
protein complexes that mediate endomembrane structure and dynamics. Specific 
Rab isoforms differ greatly in respect to effector interactions and specialized 
functions. An activated Rab GTPase functions as an organizer of a specific 
membrane domain by recruiting different effectors contributing to vesicle formation 
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and cargo loading to the native vesicle. By direct or indirect (via adaptor protein) 
interaction with specific actin or microtubular motors, Rab GTPases regulate vectorial 
transport of vesicles along the cytoskeletal elements. Vesicle tethering at the target 
membrane is an important mechanism of specificity of interaction control before 
SNARE complex formation. As a vesicle tether, long coiled-coil proteins and/or 
protein complexes are responsible for vesicle docking to the target membrane. 
Multiprotein tethering complexes act either as GEFs (e.g., HOPS) or as effectors 
(e.g., exocyst) for interacting Rab GTPase. The tethering process seems to be linked, 
at least in some cases, to the removal of vesicle SNARE and target membrane SNARE 
autoinhibition and fusogenic SNARE complex activation  (Deneka et al. 2003) . 

 In the realm of angiosperm plants, Rab GTPases expanded accordingly and 
contemporary understanding of their family structure is well analyzed in phyloge-
netic surveys identifying more than 50 family members  (Rutherford and Moore 
2002 ;  Vernoud et al. 2003) . As the plant Rab nomenclature is not settled, we will use 
names for Rab subfamilies as proposed by Pereira-Leal et al. (2001) and Vernoud 
et al. (2003) for  Arabidopsis  Rab GTPases and also sometimes pragmatically as they 
are used by other authors. Plant Rab involvement in endocytic pathways was nicely 
summarized by  (Nielsen 2006)  and an update on Rab and ARF functions in regulation 
of plant cells was also very recently provided by  (Nielsen et al. 2008) . 

 The RabA subfamily related to the Ypt3/Rab11/Rab25 subfamily of Rab 
GTPases has expanded greatly in  Arabidopsis  and is the largest plant subfamily, 
with 26 members in six provisional subclasses, RabA1 to RabA6  (Rutherford and 
Moore 2002 ;  Vernoud et al. 2003) . It is supposed to participate mainly in post-Golgi 
transport and endosome recycling regulation. The analysis of members of this 
subfamily was the first to point out the richness of different endosomal compartments 
in plants  (Ueda et al. 2004)  as two closely related RabA proteins from pea (called 
Pra2 and Pra3 in the study) turned out to localize to different endomembrane 
compartments when expressed heterologously in the BY-2 cell line  (Inaba et al. 
2002) . Recently the laboratory of Ian Moore provided evidence that RabA2 and 
RabA3 together are markers of endosomal/TGN subdomain (convergence of the 
early endocytic and secretory trafficking pathways in the TGN was proposed by 
 Dettmer et al. 2006) , which actively participates in the cell plate formation during 
plant cytokinesis.  Chow et al. (2008)  showed that the RabA2 and RabA3 subclasses 
define a novel post-Golgi membrane domain in  Arabidopsis  root tips. The RabA2/
RabA3 compartment was distinct from but often close to Golgi stacks and prevacuolar 
compartments and partly overlapped the trans-Golgi network (TGN) compartment 
marked by vacuolar H-ATPase (VHA)-a1 subunit. It was also sensitive to BFA and 
accumulated FM4-64 before prevacuolar compartments did. Mutations in RabA2a 
that were predicted to stabilize the GDP- or GTP-bound state shifted the location 
of the protein to the Golgi or plasma membrane, respectively. In mitosis, t-SNARE 
KNOLLE accumulated principally in the RabA2/RabA3 compartment. During 
cytokinesis, RabA2 and RabA3 proteins localized precisely to the growing margins 
of the cell plate, but VHA-a1, GNOM, and prevacuolar markers were excluded. 
Inducible expression of dominant-inhibitory mutants of RabA2a resulted in 
enlarged, polynucleate, meristematic cells with cell wall stubs. The RabA2/RabA3 
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compartment, therefore, is a TGN compartment that communicates with the plasma 
membrane and early endosomal system and contributes substantially to the cell 
plate  (Chow et al. 2008) . Despite the unique features of plant cytokinesis, mem-
brane traffic to the division plane exhibits surprising molecular similarity across 
eukaryotic kingdoms in its reliance on Ypt3/Rab11/RabA GTPases. 

 Detailed analysis of tomato RabA homologue involvement in later stages of the 
secretory pathway regulated by plasma membrane SNARE proteins SYP121 and 
SYP122 suggests that this particular RabA (Rab11a) regulates anterograde transport 
from the TGN to the plasma membrane and points to SYP122, rather than SYP121 
as a downstream pathway member. This implies the possibility that SYP121 and 
SYP122 drive independent secretory events in conjunction with specific Rab 
GTPases  (Rehman et al. 2008) . 

 Pollen tubes along with root hairs are the plant cells with the most effective 
secretory pathway supporting quick polar, tip-localized cell expansion (for reviews 
see  Samaj et al. 2006 ;  Cole and Fowler 2006) . It is therefore not surprising that the 
first Rab GTPases described in plants turned out to be highly expressed in pollen 
(RabB in maize;  Moore et al. 1997) . Also members of the RabA subfamily are 
prominently localized into the growing pollen tube tip  (de Graaf et al. 2005)  as well 
as the root hair tip  (Preuss et al. 2004) ; disturbance of their activity compromises 
polarized cell growth in both cell types. 

  Heo et al. (2005)  showed that rice Rab GAP has a positive influence on the TGN 
to the plasma membrane or vacuole transport regulated by RabA/Rab11 homologues, 
adding at least some data to the largely under-explored plant Rab-GAP proteins. 

 Recently we have identified in plants one of putative major effectors of both Rab 
and Rac/Rho GTPases in the final stage of the secretory pathway – tethering complex 
exocyst. It is an eight-subunit complex participating in vesicle tethering/docking at 
the target membrane compartment before membrane fusion affective SNARE 
complex might be formed  (Cai et al. 2007) . This complex was first described by the 
laboratory of Peter Novick  TerBush et al. 1996  as an effector of yeast Rab8-related 
GTPase Sec4. It turned out that in animals the Sec15 subunit of exocyst interacts 
with members of the RabA/Rab11 family  (Wu et al. 2005) . Over the time it became 
clear that Rho GTPases in their GTP-charged active conformation also interact with 
exocyst subunits, making this complex a hot spot of regulation of processes depend-
ent on GTPases  (Novick and Guo 2002) . While in yeast/animal exocyst active 
GTPases interact directly with exocyst subunits,  (Lavy et al. 2007)  showed recently 
that the  Arabidopsis  Sec3 subunit interacts with active ROP GTPases via adaptor 
protein ICR1. Mutant phenotypes of  Arabidopsis  exocyst-related mutants  (Cole et 
al. 2005 ;  Synek et al. 2006 ;  Hala et al. 2008)  along with the  icr1  mutant all show 
that exocyst-related processes are at the center of polar cell, meristem, tissue, and 
plant development and are linked also to polar auxin transport  (Synek et al. 2006 ; 
 Hala et al. 2008 ). 

 Recently the Exo70 and Sec3 subunits of exocyst were shown to interact directly 
with PtdIns(4,5)P2-rich domains at the plasma membrane via a strongly electro-
statically charged end  (He et al. 2007 ;  Liu et al. 2007; Zhang et al. 2008) . This 
observation provides a mechanism for how Exo70 might be inserted into the 
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 membrane before and independently of other exocyst subunits. Our comparative 
analysis of  Arabidopsis  EXO70 paralogues suggests that most of them have a puta-
tive lipid/PtdIns(4,5)P2 interacting domain on the C-terminus conserved. 

 RabB in angiosperms are related to Rab2 GTPases supposed to be involved in 
the ER to GA and intra-GA regulation in Opisthokonts. In tobacco pollen tubes, 
GFP-Rab2/RabB associates efficiently with Golgi bodies. Expression of DN-Rab2s 
substantially reduced the delivery of GFP-labeled Golgi-located cargo proteins to 
their target, while cytoplasmic/ER signals were enhanced, suggesting a role for 
NtRab/RabB in the early secretory pathway  (Cheung et al. 2002) . 

 RabD related to human Rab1 was shown to participate, as predicted from the 
homology, in the ER to GA transport  (Batoko et al. 2000) . In this study secretory 
GFP (secGFP) and transient expressions in  Agrobacterium -infiltrated leaves was 
systematically used for the first time to monitor the function of Rab GTPase in the 
plant secretory pathway. In this report, anecdotal observation of cessation of 
actin-dependent GA movement in cells with disturbed RabD function indicates that 
also some plant Rab GTPases might be involved in the regulation of cargo movement 
on the cytoskeleton. 

 Homologues of human Rab8 form the RabE group in plants and on the basis of 
homology they are expected to participate in the GA to plasma membrane transport 
in the final stages of exocytosis.  (Zheng et al 2005)  showed that the RabE1 DN 
mutant caused less intracellular secGFP accumulation than the DN mutant of 
RabD2. Moreover, whereas DN-RabD2 caused secGFP to accumulate exclusively 
in the ER, RabE1 caused secGFP to accumulate additionally in the GA and a 
prevacuolar compartment that could be labeled by FM4-64 and yellow fluorescent 
protein (YFP)-tagged  Arabidopsis  RabF2. These and other observations show that 
RabE acts downstream of the RabD subclass of GTPases in biosynthetic membrane 
traffic to the plasma membrane  (Zheng et al. 2005) . 

 Rab5 proteins are well-studied regulators of endocytic pathways in animals and 
fungi  (Zerial and McBride 2001) . Analysis of AtRabF2b (Ara7) in the same system 
of tobacco leaf epidermal cells showed that it acts on the vacuolar trafficking path-
way  (Sohn et al. 2003 ;  Kotzer et al. 2004 ;  Lee et al. 2004 ;  Ueda et al. 2004) . As 
human and yeast RabF homologues (Rab5) are implied mainly in the endosomal 
transports, this is an example of a plant Rab protein in which functional prediction 
based solely on homology would be false. It is obvious that in any single case it will 
be necessary to evaluate experimentally the functions of Rab GTPases as predictions 
based solely on homology to Opisthokontian proteins are of limited use. RabF1 and 
RabF2 were observed to localize to different subcompartments of multivesicular 
bodies/late endosome, supporting the notion of different functional specialization of 
these closely related proteins  (Ueda et al. 2004 ;  Haas et al. 2007) . 

 Rab5/RabF plant homologues are at the moment also best studied in respect 
to their GEF activator. Only one GEF, named VPS9a, can activate all Rab5 members 
to GTP-bound forms in vitro in spite of their diverged structures. In the  vps9a-1  
mutant, whose GEF activity is completely lost, embryogenesis was arrested at the 
torpedo stage  (Goh et al. 2007) . Comparison of two RabFs (ARA5 and ARA6-RabF1) 
showed that the two types of plant RabF are functionally distinct, despite the regulation 
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by the same activator, VPS9a  (Goh et al. 2007) . ARA6 was shown to be a very 
interesting plant-specific member of the RabF subfamily as it completely lacks the 
classic C´-terminal prenylation consensus sequence. Instead it harbors an extra stretch 
of amino acid residues containing myristoylation and palmitoylation sites at the 
N-terminus. ARA6 is tightly associated with membranes in an acylation-dependent 
manner  (Ueda et al. 2001) . 

  Takano et al. (2005)  found that  Arabidopsis  Bor1 is a boron exporter for xylem 
loading and is essential for efficient boron translocation from roots to shoots under 
boron limitation. BOR1-GFP is localized to the plasma membrane under boron 
limitation. Shortly after boron application, the protein was observed in a dotlike 
structures in the cytoplasm before degradation. Colocalization studies of the fusion 
protein with an endocytic tracer FM4-64 and an endosomal Rab-GTPase RabF/
Ara7 suggested that BOR1 is transferred from the plasma membrane via the 
endosomes to the vacuole for degradation. These results establish that endocytosis 
and degradation of BOR1 are regulated by boron availability, to avoid accumulation 
of toxic levels of boron in shoots under high-boron supply, while protecting the 
shoot from boron deficiency under boron limitation. 

 Vacuolar Rab7/RabG homologues have not been characterized in plants yet. 
However, an interesting observation was made in  Arabidopsis  plants lacking the 
putative effector in a mutant described as  vacuoleless1  ( vcl1 ) which blocks 
vacuole formation and alters the pattern of cell division orientation and cell 
elongation, resulting in embryo lethality  (Rojo et al. 2001) . It turned out that 
the mutant locus encodes the Vps16p homologue of subunit of the HOPS vacu-
olar vesicle tethering complex. VPS16-containing HOPS complex is functional 
also in plants and is involved in membrane tethering and fusion both at the 
prevacuolar compartment as well as at the tonoplast proper  (Rojo et al. 2003) . 
Other members of plant Rab GTPase family have been characterized poorly or 
not at all. As secretory pathway is so crucial to understand plant life, it is a 
tantalizing task challenging plant cell biologists to fill in the gaps in plant Rab 
protein studies. 

 There are examples where Rab GTPases or their regulators/effectors are induced 
in response to an external signal or stress treatment.  Moshkov et al. (2003)  
determined induction and repression of gene expression of small monomeric 
GTPases as an integral part of the plant ethylene response. Among the induced 
genes, Rabs were the most prominent. The gene expression of plant Rab GDIs 
 (Ueda et al. 1996 ;  Zarsky et al. 1997)  was shown to be induced by aluminum and 
pathogen attack stresses in  Arabidopsis  and rice  (Kim et al. 1999 ;  Ezaki et al. 
2000) . Plant Rab GTPases are expected to be involved in osmotic stress response 
as indicated by  Mazel et al. (2004) , showing that the overexpression of RabG3e 
(Rab7 homologue) confers salt and osmotic stress tolerance to transgenic plants. 

  Kang et al. (2001)  reported data suggesting an unprecedented (and unexpected) 
direct participation of plant Rab GTPase in the regulation of the enzyme involved in 
brassinosteroid (BR) biosynthesis and in light signal transduction. These surprising 
data await further analysis and interpretation. 
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 It is to be expected that plant Rab GTPases and their interactors also participate in 
the general cellular defense pathway as proposed for the secretory pathway by 
 Robatzek (2007)  and demonstrated recently for SNARE protein  (Kwon et al. 2008, 
see also Hans Thordal-Christensen, this volume) . 

 Analysis of the barley ( Hordeum vulgare ) HVA22 gene inducible by a variety of 
stress conditions (dehydration, salinity, extreme temperatures) led to the description 
of the first plant homologue of Yop1 – yet another Rab binding protein which binds 
Rabs as a dimer with the Yip1 protein  (Brands and Ho 2002) . The plant Yop1 
homologue seems to be a negative regulator of Rabs (similarly as Rab GDI) in 
plants. It is also induced by abscisic acid treatment of barley aleurone layers, which 
blocks GA-stimulated secretion. The yeast Yop1 protein interacts with Sey1, which 
has a homologue in  Arabidopsis  known as RHD3. The Arabidopsis  ROOT HAIR 

DEFECTIVE 3  ( RHD3 ) gene, whose mutation results in abnormal root hairs with 
accumulated vesicles, encodes a protein containing an unusual GTP-binding motif 
 (Wang et al. 1997) . It remains to be determined whether the interaction between 
HVA22/Yop1 and RHD3/Sey1 is conserved also in plants. 

 Recently a mechanism was discovered where Rho GTPase TC10 collaborates 
with Rab5 in stimulating PtdIns3P production in response to insulin in mammalian 
cells  (Lodhi et al. 2008) . As GLUT4 recruitment to the plasma membrane in 
response to insulin signal is sometimes used as a paradigm for PIN auxin efflux 
carrier regulation in plants, it might be useful to mention here how this signaling 
rely works. Insulin promotes the production of PtdIns3P at the plasma membrane 
by a process dependent on TC10 activation, and  Lodhi et al. (2008)  showed that 
insulin-stimulated PtdIns3P production requires the activation of Rab5, a small 
GTPase that plays a critical role in phosphoinositide synthesis and turnover. This 
activation occurs at the plasma membrane and is downstream of TC10. TC10 
stimulates Rab5 activity via the recruitment of GAPEX-5, a VPS9 domain-containing 
GEF that forms a complex with TC10. It should be expected that analogous rela-
tionships will also operate in the GTPases/membrane lipid interface in plant cells. 

 Unexpected involvement of the phosphoinositide 3-kinase (PtdIns3K) subunit in 
Rab activity regulation was observed recently in mammals. The p85 a  subunit of 
PtdIns3K was shown to have GAP activity toward Rab5 and Rab4 GTPases. 
Disrupted Rab GAP function of the p85 subunit of PtdIns3K results in cell 
transformation  (Chamberlain et al. 2008) . The essential role of p85 in the regulation 
of Rab function suggests a novel role for p85 in controlling receptor signaling and 
trafficking through its effects on Rab GTPases. Again, analogous regulatory short 
cuts between GTPases (especially those involved in the endocytosis) and phospholipid 
signaling proteins have to be expected also in plant cells. 

 The first example of GTPase involved in phosospholipid signaling in plants 
was described by  Kost et al. (1999)  in pollen tubes. ROP GTPase active at the 
very growing pollen tube tip interacts with PtdIns4P-5K and positively regulates 
its PtdIns(4,5)P2 producing activity contributing to positive feedback mecha-
nisms operating at the tip to sustain highly polarized and specific distribution of 
pollen tube constituents.  Preuss et al. (2006)  discovered that, the RabA4b 
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GTPase labels a novel, TGN compartment displaying a developmentally regu-
lated polar distribution in growing  Arabidopsis thaliana  root hair cells. GTP-
bound RabA4b selectively recruits the plant phosphatidylinositol 4-hydroxy 
kinase  b 1 (PtdIns-4K b 1), but not members of other PtdIns-4K families. PtdIns-
4K b 1 colocalizes with RabA4b on tip-localized membranes in growing root 
hairs, and mutant plants in which both the PtdIns-4K b 1 and -4K b 1 genes are 
disrupted display aberrant root hair morphologies. PtdIns-4K b 2 interacts with 
RabA4b through a novel homology domain, specific to eukaryotic type III b  
PtdIns-4Ks, and PtdIns-4K b 1also interacts with a Ca 2+  sensor, AtCBL1, through 
its N-terminus. It is proposed that RabA4b recruitment of PtdIns-4K b 1 results 
in Ca 2+ -dependent generation of phosphatidylinositol 4-phosphate (PtdIns4P) on 
this compartment, providing a link between Ca 2+  and PtdIns(4,5)P2-dependent 
signals during the polarized secretion of cell wall components in tip-growing 
root hair cells. 

 It is interesting that in fact late-acting Rab GTPases may be downstream effec-
tors of early Rab GTPases acting at the outset of secretory pathway. As exemplified 
by Rab/RabF function in the endocytosis, the Rab machinery can be viewed as a 
typical modular system, in which specific biochemical interactions between Rab 
effectors and regulators as well as other compartment-specific proteins create a 
spatial segregation. By regulating the assembly of a specific membrane domaine, 
Rab proteins contribute to the compartmental specificity, robustness, and dynamic 
properties of specific eukaryotic endomembrane compartments  (Zerial and 
McBride 2001) . 

 Peter Novick and Susan Ferro-Novick at Yale University discovered a new type 
of Rab signaling relay – recruitment of GEF for Rab GTPase active in the next step 
of vesicle transport by previous Rab GTPase  (Wang and Ferro-Novick 2002 ;  Ortiz 
et al. 2002) . It turned out that GEF for the yeast intra-Golgi Rab Ypt32 is the effector 
of “previous” Rab protein Ypt1 responsible for ER to GA vesicle traffic. Equally 
Ypt32 recruits the GEF for the “next” yeast exocytic Rab Sec4 known as Sec2 to 
secretory vesicles. Once on the vesicle, Sec2 activates Sec4, enabling the polarized 
transport of vesicles to the plasma membrane. How general this mechanism is and 
if it holds also for plant cells should be clear in a few years. 

 In endosome maturation, yet another process, related to the Rab cascades 
mentioned above, was observed and proposed to have more general validity for 
other endomembrane compartments. This process is called the “Rab conversion 
mechanism”  (Rink et al. 2005 ;  Deretic 2005) . Rab5 and Rab7 GTPases are key 
determinants of early and late endosomes in Opisthokonts, organizing effector 
proteins into specific membrane subdomains.  Rink et al. (2005)  found that the 
level of Rab5 dynamically fluctuates on individual early endosomes, linked by 
fusion and fission events into a network in time. Within it, degradative cargo 
concentrates in progressively fewer and larger endosomes that migrate from the 
cell periphery to the center where Rab5 is rapidly replaced with Rab7. The class 
C VPS/HOPS complex, an established GEF for Rab7, interacts with Rab5 and is 
required for Rab5-to-Rab7 conversion. These results reveal unexpected dynamics 
of Rab domains and suggest Rab conversion is the mechanism of cargo progression 
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between early and late endosomes, with potential implications in other secretory 
pathway transport steps. Improved coverage of specific endomembrane markers 
(both for protein as well as for membrane phospholipid composition) for plant 
cells is boosting greatly understanding of regulatory and kinetic relationships 
within the plant endomembrane system.  

  2.3  The ROP GTPase Family and Polarization Processes 

in the Plant Secretory Pathway 

 Phylogenetic analysis indicates that the plant ROP genes rapidly evolved prior to the 
emergence of the embryophyta, to become a group distinct from the Rac genes in 
other eukaryotes  (Brembu et al. 2006) . In embryophyta, ROP genes have undergone 
an expansion through gene duplications  (Winge et al. 2000 ;  Christensen et al. 2003 ; 
 Brembu et al. 2006) . 

 There are two major subfamilies within the ROP family, each with distinct structures, 
localization mechanisms, and (apparently) functions. Subfamily I (represented in 
 Arabidopsis  by ROP1-ROP8) contains the conventional C-terminal motif (present 
in the majority of nonplant Rho GTPases) for prenylation, while members of 
subfamily II (or type-II) ROPs (represented in  Arabidopsis  by ROP9-ROP11) are 
not prenylated, but rather palmitoylated at a cysteine-containing motif that appears 
to be a plant-specific innovation  (Ivanchenko et al. 2000 ;  Lavy et al. 2002 ;  Lavy 
and Yalovsky 2006) . 

 However, the type-I ROP6 GTPase (and possibly other type-I ROPs) is also 
transiently acylated by palmitic and stearic acid when in the active, GTP-bound 
conformation  (Sorek et al. 2007) . This modification stabilizes the membrane 
localization and induces partitioning into detergent resistant membrane domains 
(DRMs, also called lipid rafts;  Sorek et al. 2007) ; the type-I ROPs are uncovered 
also in the tobacco DRM proteome  (Morel et al. 2006) . The  tip1  mutant in 
 Arabidopsis , which acts early in the bulge and root hair formation pathway  (Parker 
et al. 2000) , has disrupted  S -acyltransferase activity  (Hemsley et al. 2005)  and thus 
might affect ROP palmitoylation and DRM partitioning. It is possible that activated 
type-I ROPs are recruited into and help organize DRM domains not only at the tip 
of elongating root hairs or pollen tubes, but also, e.g., during the cell plate formation 
at the end of angiosperm cytokinesis. 

 Recently the C ¢ -terminal polybasic region of human Rac1, which is well conserved 
also in plant ROPs, was proven to interact directly with the phosphatidic acid (PA) 
produced by PLD activity – Rac1 mutated in this C ¢-polybasic region is incapable of 
translocation to the plasma membrane  (Chae et al. 2008) . Moreover, these authors 
also showed that PA is capable of dissociating Rac1-GDI complex functioning in this 
context as a GDF. 

 Plant RhoGAPs (in  Arabidopsis , five genes) in contrast to RhoGAPs in other 
eukaryotes characterized to date are equipped with a Cdc42/Rac-interactive binding 
CRIB domain, which not only assists GAP–ROP binding, but is also involved in the 
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GAP activity itself  (Wu et al. 2000) . In pollen tubes, the domain of active ROP at 
the tip is limited by a Rho GAP localized subapical to the tip, where it appears to 
be regulated by interactions with a 14–3–3 protein  (Klahre et al. 2006) . 

 The first ROP GEF was identified as the  spike1  mutant of  Arabidopsis.  It is 
seedling-lethal and forms simple nonbranched trichomes  (Qiu et al. 2002) .  SPIKE1  
encodes a member of a CZH family of RhoGEFs  (Meller et al. 2005) . 

 A breakthrough in the understanding of ROP signaling regulation was the 
discovery of new class of Biconta-specific GEFs (encoded by 14 genes in  Arabidopsis ) 
that activate  ROP (Berken et al. 2005 ;  Gu et al. 2006) . These plant-specific ROP 
nucleotide exchanger (PRONE) family proteins were actually first described in 
tomato, based on recovery of one member (kinase partner protein, KPP) as an 
interactor with the cytoplasmic domain of the pollen-specific receptor-like kinases 
(RLKs) LePRK1 and LePRK2  (Kaothien et al. 2005) . Overexpression in pollen 
tubes of either KPP  (Kaothien et al. 2005)  or one of several  Arabidopsis  PRONE 
genes  (Gu et al. 2006)  causes depolarized growth. A most exciting possibility, implied 
by the KPP–PRK interaction, is that this interaction regulates GEF activity, perhaps by 
releasing it from the autoinhibitory domain at the PRONE family C-terminus 
 (Gu et al. 2006) . Furthermore, given that ROP has been recovered in a complex 
with another RLK (CLV1;  Trotochaud et al. 1999) , ROP GEF–RLK interactions 
could be a general mechanism to activate ROP signaling in multiple physiological 
and cellular contexts in plants. 

 ROP might stimulate PLC and PLD activities via PtdIns(4,5)P2 synthesis by 
direct activation of PtdIns4P-5K  (Kost et al. 1999) ; PtdIns4P-5K may be stimulated 
also by PA (reviewed in Oude  Weernink et al. 2007) . It is proposed that this reciprocal 
stimulation of PLD and PtdIns4P-5K is able to generate rapid feed-forward loops 
for localized and abrupt generation of PA and PtdIns(4,5)P2, which may then 
govern the recruitment and activation of proteins to a membrane domain to execute 
specific tasks (reviewed in Oude  Weernink et al. 2007) . The active de novo for-
mation of the cell wall (as at the tip of growing root hairs and pollen tubes, or cell 
plate) could represent such domains, as the plasma membrane in this region is 
PtdIns(4,5)P2-enriched  (Vincent et al. 2005 ;  Kost et al. 1999) . These processes in 
plant cells are able to build a specific plasma membrane domain based on reciprocal 
activation of PtdIns4P-5K, PLD/PA, and ROP GTPase activities. 

 We have already referred to the exocyst tethering complex in plants and 
mentioned that it interacts with active ROP GTPase via ICR1 protein which was 
recently implied in the endosome dynamics  (Robert et al. 2008) . In fact exocyst 
involvement is implied also in vesicle recycling via recycling endosome  (Jafar-Nejad 
et al. 2005)  and the membrane recycling process was shown to be a very effective 
vehicle for cell polarization. 

  Valdez-Taubas and Pelham (2003)  showed that localized exocytosis, coupled with 
endocytosis and recycling, can be a mechanism to maintain dynamic polarization of 
membrane proteins, if diffusion to an equilibrium distribution in the membrane is 
slow. Such domains of localized exocytosis/rapid recycling may be found in plant 
cells during cytokinesis, as well as at the tips of root hairs and pollen tubes  (Baluska 
et al. 2005 ;  Ovecka et al. 2005 ;  Dhonukshe et al. 2006) .   
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  3  Endosomes Function in Signal Transduction Via Internalized 
Activated Receptors: Signaling Endosomes in Plants  

 The concept of a signaling endosome was originally developed in the field of 
mammalian signal transduction from cell surface receptors as soon as it became 
clear that endocytosis is not a mere step to switch off and degrade the activated 
receptor. On the contrary, in many cases internalization of the receptor–ligand 
complex by endocytosis (receptor-mediated endocytosis) and coalescence of the 
endocytic vesicle harboring activated receptor with the endosome is absolutely 
required to relay the signal further  (Vieira et al. 1996 ;  Wunderlich et al. 2001) . 

 The first hint that a similar mechanism also acts in signal transduction in plants 
was provided by studies of brassinoid receptor in the laboratory of Sacco de Vries. 
In  Arabidopsis  brassinosteroid (BR), perception is mediated by two leucine-rich-repeat 
(LRR) RLKs, BRASSINOSTEROID INSENSITIVE1 (BRI1) and BRI1-ASSOCIATED 
RECEPTOR KINASE1 (BAK1). Coexpression of BRI1 and AtBAK1 results in a 
change of the steady-state distribution of both receptors because of accelerated 
endocytosis. Endocytic vesicles contain either BRI1 or AtBAK1 or both of them 
 (Russinova et al. 2004) . The final proof that the BRI1-dependent signal transduction 
pathway uses a signaling endosome was provided by  Geldner et al. (2007)  – increasing 
endosomal localization of BRI1 enhances activation of the pathway and upregulation 
of brassinoid-specific gene expression. Use of endosomes as signaling compartments 
is possibly a general phenomenon in eukaryotes. 

 BRI1 and BAK1 are members of the biggest angiosperm receptor kinase family 
(more than 200 different proteins in  Arabidopsis ), which is characterized by 
extracellular LRR motifs and the intracellular serine/threonine kinase domain. 
A member of this receptor family was also among the first shown to be involved in 
the interaction between plant cells and pathogens playing a key role in plant 
immunity – genetic analysis proved that the receptor recognizing bacterial flagellin 
(flg22) is encoded by the  Arabidopsis  locus LRR-RLK FLAGELLIN SENSING2 
(FLS2;  Gomez-Gomez and Boller 2000) . It is involved in perception of so-called 
microbe-associated molecular patterns. Transgenic lines that express a functional 
FLS2-GFP fusion driven by its native promoter revealed localization of the 
nonactivated receptor at the plasma membrane. Stimulation with the flagellin 
epitope flg22 induces its transfer into intracellular mobile vesicles/endosome, 
followed by degradation. FLS2 internalization depends on cytoskeleton and 
proteasome functions, and receptor activation  (Robatzek et al. 2006) . Internalization 
and FLS2-endosome formation was blocked by wortmannin (PtdIns3K inhibitor 
–PtdIns3P is an important endosomal membrane phospholipid) and not by BFA. 
Signaling of activated FLS2 was shown to be dependent on BAK1 LRR-receptor 
kinase without a link to the BR signaling pathway  (Chinchilla et al. 2007) . The 
importance of endosome signaling in plant cells is despite contemporary scarcity of 
our knowledge tremendous. What  von Zastrow and Sorkin (2007)  wrote about 
endocytosis/endosomes and signaling in animal cells is fully valid also for plants: 
“Endocytosis regulates many cellular signaling processes by controlling the number 
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of functional receptors available at the cell surface. Conversely, some signaling 
processes regulate the endocytic pathway. Furthermore, various cellular signaling events 
appear to occur on endosome membranes. The endocytic pathway, by providing 
a set of dynamic and biochemically specialized endomembrane structures that 
physically communicate with the plasma membrane, is increasingly viewed as a 
highly flexible scaffold for mediating precise spatiotemporal control and transport 
of diverse biological signals. General principles of endosome-based signaling are 
beginning to emerge but, in many cases, the physiological significance of signaling 
on the endocytic pathway remains poorly understood”. 

 For a detailed recent update on plant endosomes and endosome signaling, see 
recent reviews by  (Otegui and Spitzer 2008)  and  (Geldner and Robatzek 2008) .  

  4  Involvement of Plant Phospholipids in the Control 
of Membrane Dynamics  

  4.1  Phosphoinositide Kinases and Phosphatases as Regulators 

of Vesicle Trafficking 

 Phosphoinositides, phosphorylated derivatives of phosphatidylinositol, are essential 
in regulating nuclear processes, cytoskeletal dynamics, signaling, and membrane 
trafficking. 

 Glycerolipids (poly)phosphoinositides (PPIs) have been implicated in a plethora 
of processes, including membrane traffic, signal transduction, and cytoskeletal 
dynamics (recently reviewed by Krauss and Haucke 2007; Di Paolo and De Camilli 
2006). A variety of lipid kinases reversibly phosphorylate positions 3, 4, and 5 on 
the inositol ring, so combinatorial phosphorylation results with only these three 
modifications in seven phosphoinositide species. Different endomembrane com-
partments and even subdomains of the same compartments are characterized by a 
special composition of phospholipids – in fungal and animal cells PtdIns4P is typi-
cally overrepresented in Golgi and the TGN, PtdIns(4,5)P2 and phosphatidylinosi-
tol 3,4,5-triphosphate are located mainly on the plasma membrane and possibly 
enriched in raft-like structures. Early endosomes are enriched with PtdIns3P and 
phosphatidylinositol 3,4-bisphosphate, while phosphatidylinositol 3,5-biphos-
phate is present predominantly on late compartments of the endosomal pathway. 
The location of phosphatidylinositol 5-phosphate remains poorly characterized 
 (Di Paolo and De Camilli 2006) . Such compartment-specific composition of 
phosphoinositides serves as a spatial landmark active in the regulation (and being 
at the same time regulated) by a plethora of peripheral as well as integral membrane 
proteins (see further). 

 In plant cells, six out seven signaling PPIs were detected; importantly phosphati-
dylinositol 3,4,5-triphosphate, a prevalent signal in animal cells, is missing in 
plants. Most of the signaling plant PPIs were originally implicated in various stress 
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signaling pathways  (Meijer and Munnik 2003)  and their direct involvement in 
membrane trafficking is less documented. PtdIns(4,5)P2 is by far the most studied 
plant PPI and is well documented for actively growing (apical) membrane domains 
in pollen tubes and root hairs  (Kost et al. 1999 ;  Vincent et al. 2005 ;  van Leeuwen 
et al. 2007 ;  Kusano et al. 2008 ;  Stenzel et al. 2008) . Recently, several reports 
provided genetic evidence for indispensable role of PtdIns(4,5)P2 in cell polarity, 
strongly hinting at its involvement in vesicular traffic. PtdIns4P-5K isoform 3, a 
key enzyme producing PtdIns(4,5)P2, which is preferentially expressed in growing 
root hair cells, localized to the periphery of the apical region of root hairs, possibly 
associating with the plasma membrane and/or exocytotic vesicles. Loss-of-function 
mutants in PtdIns4P-5K isoform 3 are compromised in root hair formation, while 
overexpression led to multiple protruding sites on a single trichoblast, root hair 
deformation, and general loss of cell polarity. Moreover, transient heterologous 
expression of full-length PtdIns4P-5 kinase isoform 3 in tobacco pollen tubes 
increased plasma membrane association of a PtdIns(4,5)P2-specific reporter (PH 
domain from human PLC d  fused to GFP) in these tip-growing cells.  (Kusano et al. 
2008 ;  Stenzel et al. 2008) . 

 The spatial restriction and steady-state levels of specific PPIs are controlled 
primarily by the concerted action of phosphoinositide kinases and phosphatases, 
whose localization is tightly regulated. PPI distribution on distinct membranes 
helps ensure vectorial membrane traffic, which is critical to achieve transport of 
cargo from one compartment to another. PPI hydrolysis is due to both phospholipases 
and phosphatases, with fundamentally different physiological consequences. 
Cleavage by phospholipases gives rise to second messengers that propagate and 
amplify signaling (see further), whereas dephosphorylation controls steady-state 
levels of PPIs and turns off their signaling. For example, during endocytosis in 
animal cells, dephosphorylation removes PtdIns(4,5)P2 from internalized membranes, 
thus restricting the localization of PtdIns(4,5)P2 to the plasma membrane without 
coupling the endocytic reaction to the generation of signaling metabolites  (Cremona 
et al. 1999) . Orthologous PPI phosphatases are present in plant cells and one might 
speculate that they are also involved in vesicular traffic control. Recently, the 
root-hair-defective mutant  rhd4  was identified as a Sac1-type phosphatase specific 
for PtdIns4P  (Thole et al. 2008) . Apical growth of root hair cells in  Arabidopsis  is 
improperly controlled in  rhd4  mutant plants, resulting in root hairs that are shorter 
and randomly form bulges along their length. Interestingly, mammalian SAC1 was 
documented as critical for Golgi transport. SAC1 accumulates at the Golgi and 
downregulates anterograde trafficking by depleting Golgi PtdIns4P. When quiescent 
cells are stimulated by mitogens, SAC1 rapidly shuttles back to the ER, thus releasing 
the brake on Golgi secretion  (Blagoveshchenskaya et al. 2008) . Another candidate 
PPI phosphatase with function in trafficking is FRA3, a member of plant type-II 
5PTase family with the highest substrate affinity toward PtdIns(4,5)P2. FRA3 controls 
actin organization and secondary cell wall synthesis in fiber cells, which may be 
due to its role in vesicular transport  (Zhong et al. 2004) . 

 Recent genetic and pharmacological evidence also suggests the role of plant 
phosphoinositide 3-kinase (PtdIns-3K) in endocytosis.  Leshem et al. (2007)  reported 
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that activation of endocytosis as well as reactive oxygen species (ROS) production 
in endosomes by salt stress is fully PtdIns-3K dependent. After wortmannin treatment 
(inhibitor of both PtdIns-3K and PtdIns-4K) and more importantly in PtdIns-3K 
 Arabidopsis  knockout mutants, both endocytosis and ROS production are suppressed. 
This suppression is partially rescued by the addition of PtdIns3P. The same laboratory 
reported PtdIns-3K-dependent endocytosis and ROS production in the establishment 
of legume–rhizobia interaction (Peleg-Grossman et al. 2007). Inhibition of PtdIns-3K 
suppressed membrane endocytosis, subsequent ROS burst, and resulted in the inhibition 
of root hair curling and formation of infection threads. A pharmacological study 
using inhibitors and activators of signaling of lipid and GTPases also points to the 
link of PtdIns3P production concomitant with GTPase activation in  Vigna unguiculata  
root hair activation by Nod factors  (Kelly-Skupek and Irving 2006) .  

  4.2 Plant Phospholipases in Endomembrane Dynamics 

 The implication of PtdIns(4,5)P2 in regulation of the vesicle traffic raised questions 
regarding the possible involvement of plant PLC and PLD and products of their 
reactions in these processes. Interestingly, while the role of animal PLDs in vesicular 
transport is well documented  (Roth 2008) , direct involvement of mammalian PLC d  
(the isoform most similar to plant PLCs) is not clear. Metazoan PLD1 and PLD2 
and/or corresponding PA function to induce or facilitate negative curvature of 
membranes, act as an allosteric regulator of proteins important for membrane traffic 
(e.g., PtdIns4P-5K), serve as a binding site for proteins (such as the COPI complex, 
NSF, kinesin) and recruit them to membranes, and can serve as a precursor for 
production of diacylglycerol (DAG) for any of these processes. In addition, animal 
PLDs have recently been found to bind to dynamin and accelerate its GTPase 
activity  (Lee et al. 2006) . Fractions of both animal PLDs are located at the Golgi 
and are required for its structural integrity  (Freyberg et al. 2003) . PLD activity is 
required for the final stages of exocytosis  (Hughes et al. 2004)  and for phagocytosis 
 (Corrotte et al. 2006) . 

 In a similar fashion, PLDs may function in vesicular traffic in plants, as suggested 
by several lines of evidence. Our laboratory and others have found that PLD activity 
is required for polar expansion of pollen tubes  (Potocky et al. 2003 ;  Monteiro et al. 
2005)  and PLD inhibition decreases the number of secretory vesicles in the pollen 
tube tip (Potocky, Derksen and Zarsky, unpublished data). PLD inhibition caused 
rapid changes in the morphology of the GA in BY-2 cells, resulting in extended 
curved cisternae. Similarly to BFA, PLD inhibition elicited the release of the 
GTPase ARF1 from Golgi membranes; on the other hand, ER cisternae did not attach 
laterally to cisternae structures, and ER-Golgi fusion hybrids were not observed 
 (Langhans and Robinson 2007) . 

 Recently mammalian-like PLD has been described to regulate vesicle trafficking 
and is required for auxin response.  Arabidopsis  PLD z 2 and PA are required for the 
normal cycling of PIN2-containing vesicles as well as for function in auxin transport 
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and distribution  (Li and Xue 2007) . A recent observation from the laboratory of 
Frantisek Baluska and Stefano Mancuso indicates that auxin is also transported by 
vesicular secretion and that PLD z 2 drives trafficking of auxin for its polar transcellular 
transport in the transition zone of the root apex  (Mancuso et al. 2007) . Interestingly, 
PLD z 2 is also involved in the reaction of plants to inorganic phosphate starvation, 
specifically in hydrolyzing phosphatidylcholine and phosphatidylethanolamine to 
produce DAG for digalactosyldiacylglycerol synthesis and free inorganic phosphate 
 (Cruz-Ramirez et al. 2006) . PLD z 2 was recently shown to be localized predomi-
nantly on tonoplast  (Yamaryo et al. 2008) , thus raising the question of the exact 
mechanism of its action in recycling and secretion. Another mammalian-like PLD 
isoform in  Arabidopsis , PLD z 1, was localized to the clear zone of vesicles of root 
hairs and its inducible overexpression caused branching of root hairs, while PLD 
inhibition with 1-butanol resulted in loss of root hairs  (Ohashi et al. 2003) . 

 In contrast to animal cells, where PLC d  is involved in many signaling pathways 
but its direct implication in membrane transport is not clear, plant PLC specific for 
PtdIns(4,5)P2 may also fulfill this role, at least in apically growing cells. PLC activity 
was found to be crucial for polar growth in pollen tubes in  Petunia  and tobacco 
 (Dowd et al. 2006 ;  Helling et al. 2006) . PLC is localized laterally at the pollen tube 
tip plasma membrane in a pattern complementary to the distribution of PtdIns(4,5)
P2. Interestingly, the reaction product DAG visualized with the marker Cys1:YFP 
displayed an intracellular localization similar to that of PtdIns(4,5)P2. Inhibition of 
PLC activity led to ceased and partially depolarized pollen tube growth, caused 
PtdIns(4,5)P2 spreading at the apex, and abolished DAG membrane accumulation. 
Blocking endocytic membrane recycling affected the intracellular distribution of DAG 
but not of PtdIns(4,5)P2. Although pollen PLC may affect more phenomena in polar 
growing cells (e.g., organization of actin cytoskeleton;  Dowd et al. 2006) , it also 
maintains, together with endocytic membrane recycling, an apical domain enriched 
in PtdIns(4,5)P2 and DAG required for polar cell growth  (Helling et al. 2006) .  

  4.3  Phosphatidylinositol Transfer Proteins and Their Role 

in the Plant Secretory Pathway 

 Lipid transport between membranes of eukaryotic organisms represents an essential 
aspect of organelle biogenesis. Such transport must be strictly selective and direc-
tional to ensure a specific lipid composition of individual membranes. At least 
some of the mechanisms generating and maintaining a nonrandom distribution of 
lipids in cells are linked to the action of phosphatidylinositol transfer proteins 
(PITPs). Sec14p, the major yeast PITP, regulates an essential interface between 
lipid metabolism and protein transport from Golgi membranes to the cell surface 
 (Routt and Bankaitis 2004) . 

  Vincent et al. (2005)  demonstrated that AtSfh1p, a member of a large  Arabidopsis  
Sec14p-nodulin domain family, is a PITP that regulates a specific stage in root hair 
development. AtSfh1p localizes along the root hair plasma membrane and is 
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enriched in discrete plasma membrane domains and in the root hair tip cytoplasm, 
overlapping with the pattern of PtdIns(4,5)P2 in developing root hairs. Null mutant 
line  sfh1  caused loss of tip-directed PtdIns(4,5)P2, dispersal of secretory vesicles 
from the tip cytoplasm, loss of the tip F-actin network, and manifest disorganization 
of the root hair microtubule cytoskeleton., leading to compromised polarized root 
hair expansion. This raises the intriguing possibility that Sec14p-nodulin domain 
proteins define a family of polarized membrane growth regulators in plants. 

 In addition, another plant subfamily of Sec14 proteins also contains the Golgi 
dynamic (GOLD) motif that is homologous to the luminal portion of the p24 protein 
superfamily of secretory cargo receptors. As with the Sec14-nodulin proteins, the 
Sec14-GOLD proteins also hold promise of simultaneously regulating phosphoinsitide 
synthesis and organization.  Peterman et al. (2004)  described a Sec14-GOLD protein in 
 Arabidopsis  termed patellin1. This protein is recruited from the cytoplasm to the 
expanding and maturing cell plate, as shown by immunolocalization and biochemical 
fractionation. In vesicle-binding assays, patellin1 bound to specific phosphoinositides 
with a preference for phosphatidylinositol 5-phosphate, PtdIns(4,5)P2, and PtdIns3P.   

  5 Conclusions  

 Membrane lipids and membrane proteins (both peripheral and integral) inhabit the 
same cellular niches and it is not surprising that they coevolved to a great extent in many 
specific regulatory steps in eukaryotic cells. They form an intricate network of signals 
reciprocally regulating the specificity/identity of membrane domains/compartments, 
activation of vesicle traffic, polarization of the transport of membrane containers and 
addressing these to the right targets. While in animal and fungal cells there are quite 
extensive data from this interface (especially for GTPases and phospholipids), in plants 
this field should be one of the major foci of inquiry for contemporary cell biology. 

 From the physiological perspective, it is obvious that also within the plant cell 
secretory pathway there should be an intricate network of signaling involved in the 
 regulation of the homeostasis  of all membrane trafficking processes. Coordination 
of early and late events in the secretory pathway is crucial for the effective responses 
of vesicle traffic to external and internal signals. Here in plant field we are unfortu-
nately left mostly in darkness – this should also be in the future a hot spot for 
intensive experimental enquiry to achieve insight comparable to that in animals 
 (Sallese et al. 2006) . 

 As we stressed in Sect. 1, input from whole-plant physiological processes into 
the secretory pathways of plant cells is a largely unexplored area. There are only 
very few examples of physiological processes where there are some insights into 
causal links between them, e.g., whole-plant gravistimulation and secretory path-
way regulation. It is obvious that networks regulating the secretory pathway will 
include specific kinase/phosphatase phosphorylation/dephosphorylation processes. 
These three aspects of the signaling in plant vesicle traffic represent integrating 
perspectives – work on them will bring us closer to understanding the real dynamics 
of living plant cells.      
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       Signaling to the Actin Cytoskeleton During 
Cell Morphogenesis and Patterning       

     Alison   Sinclair      , Mike   Schenkel      , and Jaideep   Mathur     

  Abstract   The plant is a supracellular organism whose cells are locked in position 
through shared walls but maintain apoplastic and symplastic connectivity. Their 
fixed position places each cell into a unique niche within the organism. Consequently, 
every environmental cue is perceived slightly differently by each cell. The response 
of each plant cell varies accordingly. Thus, plant growth and development reflect 
a progression of accommodative arrangements reached between constituent cells. 
In recent years the actin cytoskeleton, through its direct involvement in subcellular 
compartmentation, organelle and vesicle trafficking, and structural reinforcement, 
has emerged as a key player during accommodative growth and development. Here, 
using salient actin-cytoskeleton-associated cellular phenotypes, we elaborate upon 
the molecular-cell biological machinery involved in organizing the actin cytoskel-
eton during cell shape development in plants.    

  1 Introduction  

 A series of division, expansion, differentiation, and cell death events are involved 
in the fabrication of a multicellular plant. These events occur within a genetically 
defined framework in response to environmental cues and result in the precise 
patterns that provide each plant species with a unique, recognizable identity. 
However, if the millions of cells that make up a plant are considered individually, 
it becomes apparent that each wall-encased plant cell occupies a unique niche with 
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respect to the environment. Owing to its fixed location within the plant, each cell 
perceives and responds to environmental cues in a manner slightly different from 
that of its neighbors. Further, each cell has only limited response options for con-
tributing to the genetically determined architectural master plan: it can divide to 
add more adjustable units (cells); it can expand in a polar fashion to fill out spaces; 
or it can die and thus vacate space to help reorganize the overall shape. In addition, as 
components of a supracellular organism, individual cells can differentiate into 
specialized forms for fulfilling specific functions. The creation of a precise form by 
numerous plant cells thus reflects an innate ability to accommodate cell structure 
and function to that of neighboring cells. How is this cooperation and coordination 
of developmental activities achieved by wall-locked plant cells? 

 A number of signaling cascades, including Ca 2+/ H + , reactive oxygen species (ROS), 
heterotrimeric G-proteins, phospholipases, phosphoinositides, mitogen-activated pro-
tein kinases, cyclic AMP, and GTPases, are recognized in plants  (Hirt 2000 ;  Hong-Bo 
et al. 2008 ;  Sumimoto 2008 ;  Shao et al. 2008 ;  Chen 2008 ; Cheung and Wu 2008 ;  Kost 
2008) . In recent years the actin cytoskeleton has emerged as a central responder to many 
of these signaling channels  (Brenner et al. 2006 ;  Nibau et al. 2006 ;  Kost 2008) . The 
actin cytoskeleton also constitutes the signaling hub through which numerous subcel-
lular activities are regulated. These include subcellular compartmentation, organelle and 
vesicle motility, as well as structural reinforcement in co-operation with microtubules. 
With each new study it becomes increasingly apparent that almost every actin-associ-
ated activity has an impact on cell growth and morphogenesis. Interestingly, seemingly 
different cues appear to produce similar responses from the actin cytoskeleton. 
Moreover, as we follow molecular cascades elicited in response to diverse signals, we 
become aware of the considerable gaps in our ability to directly link environmental cues 
to the far-downstream behavior of the actin cytoskeleton and the subsequent elicitation 
of a developmental response. While one can easily envision a kind of inverted pyramid 
of subcellular events whereby diverse cues get parsed into increasingly narrower 
response categories, the molecular-cell biological mechanisms behind this thinking 
applied to the actin cytoskeleton are only beginning to be understood. 

 As detailed and excellent reviews on different aspects of signaling to the actin 
cytoskeleton continue being published, here we have adopted a broad definition for 
the term “signaling.” The actin cytoskeleton has been placed at a hub: on one hand 
we explore the putative molecular-cell biological events that organize actin within 
the plant cell, and on the other we link information on actin organization to the 
morphogenesis and development of model cell types in different organisms and 
assorted mutants of  Arabidopsis thaliana .  

  2 Actin Organization in Plant Cells  

 Our understanding of signaling to the actin cytoskeleton first requires a characteriza-
tion of the typical actin cytoskeleton organization in plants. The actin gene family in 
plants is diverse and built up of multiple isoforms with unique patterns of regulation 
 (Meagher et al. 2000) . The actin cytoskeleton, comprising actin monomers (G-actin) 
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and polymerized filamentous actin (F-actin) can change rapidly through cue-mediated 
depolymerization and repolymerization cycles. In living cells, F-actin strands twist 
around each other to produce helical arrangements of microfilaments possessing an 
approximate diameter of 7 nm. Immunocytochemical methods have informed us a lot 
about the actin organization in different cell types in plants  (Vitha et al. 2000 ;  Staiger 
and Schliwa 1987) . More recent advances in live imaging of F-actin arrays have 
greatly shaped our present views on the dynamic actin cytoskeleton, notably, the intro-
duction of fluorescent phalloidin into plant cells through micro injection  (Schmit and 
Lambert 1990) , microabrasion  (Ramachandran et al. 2000) , or after enzymatic diges-
tion and freeze shattering  (Wasteneys et al. 1997)  has been pursued successfully. 
Synthetic fluorescent fusion proteins created using the filamentous actin binding 
domain of the Talin gene (Kost et al. 1998) and the actin binding domain 2 of the 
Fimbrin 1 gene  (Sheahan et al. 2004 ;  Wang et al. 2008)  are the most used live probes 
for visualizing F-actin arrays in plants. G-actin pools in plant cells appear predomi-
nantly cytosolic and show up as diffuse fluorescence. Three morphologically distin-
guishable, but readily interchangeable states characterize the polymerized actin. These 
are seen as very fine meshworks comprising actin filaments, thick F-actin bundles, and 
loose F-actin strands  (Staiger et al. 2000 ;  Mathur et al. 1999 ;  Wang et al. 2008) . Since 
at the light-microscopy level it is not possible to resolve individual filaments of actin, 
the states probably reflect different levels of actin bundling. Actin patches as described 
for yeasts  (Young et al. 2004)  have not been observed in plant cells; however, brightly 
fluorescent regional aggregates of F-actin can be clearly observed in a variety of plant 
cells. Whether these represent true actin patches comprising interwoven actin fila-
ments or reflect subcellular compartmentation is still an open question. Actin cages 
around large organelles have been described  (Kandasamy and Meagher 1999) . In addi-
tion to the above, short-lived arrays of actin filaments that contribute to the preprophase 
band and to stages of phragmoplast formation have been observed in dividing cells 
 (Kakimoto and Shibaoka 1987 ;  Sano et al. 2005) . 

 Occasionally, 3–5-µm-long, brightly fluorescent bundles of F-actin might be 
encountered in cells that are experiencing subcellular stress or have been physically 
injured. All arrays are readily convertible to each other and reflect the dynamic 
nature of the actin cytoskeleton. 

  2.1  Different Actin Regulators Organize 

the Actin Cytoskeleton 

 A large number of actin genes and actin-interacting proteins have been identified and 
cloned from plants  (Staiger et al. 2000 ;  Meagher and Fechheimer 2003 ;  Ketelaar 
et al. 2004 ;  Staiger and Blanchoin 2006 ;  Grunt et al. 2008) . Since many actin 
interactors are conserved between eukaryotes, in vitro studies have been very instructive 
in ascribing roles for different proteins involved in actin cytoskeleton organization 
 (Ayscough 1998) . The direct visualization of actin arrays in plant cells through fluorescent 
imaging  (Miller et al. 1996 ;  Kost et al. 1998 ;  Mathur et al. 1999 ;  Blancaflor, 2000 ; 
 Kovar et al. 2000b ;  Chen et al. 2002)  has reinforced many of the in vitro observations. 
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As expected, cells expressing fluorescent protein fused to actin monomer interacting 
proteins such as profilin  (Kovar et al. 2000a)  exhibit a diffuse fluorescence 
 (Ramachandran et al. 2000 ;  Fu et al. 2002) . However, overexpression of fluores-
cent protein fusions with different actin depolymerizing factors, also actin monomer 
interacting proteins, labels filamentous actin  (Dong et al. 2001 ;  Chen et al. 2002) . 
Labeling experiments have confirmed that the proteins fimbrin  (Kovar et al. 2000b)  
and villin  (Klahre et al. 2000 ;  Tominaga et al. 2000)  bind to and bundle F-actin at 
different strengths. The ARP2/3 complex, an efficient enhancer of actin polym-
erization, is known to initiate side branches on actin filaments, creating a dendritic 
actin network  (Mullins et al. 1998 ;  Amann and Pollard 2001) . Though immunological 
detection of ARP3 (one of the large subunits of the ARP2/3 complex) has been carried 
out  (Van Gestel et al. 2003) , and despite the demonstrated presence of its seven subunits 
 (Mathur 2005a ;  Szymanski 2005) , the complex has not been isolated from plants 
thus far. Inferences on ARP2/3 complex activity in relation to the actin cytoskeleton 
in plants are thus largely based on observations made in heterologous systems and 
actin organization observed in arp2/3 mutants. 

 More than 20 formins are recognized in plants, and as profilin-binding 
poly( l -proline)-containing proteins these have important roles in cytoskeletal 
organization  (Cheung and Wu 2004 ;  Deeks et al. 2005 ;  Michelot et al. 2005 ; 
 Ingouff et al. 2005) . A major regulator of actin nucleation and polymerization 
through its control of the pool of unpolymerized ATP-actin is the adenyl cyclase 
associated protein (AtCAP1;  Chaudhry et al. 2007 ;  Deeks et al. 2007) . A gelsolin-
related actin binding protein PrABP80 has been identified in poppy pollen tubes 
 (Huang et al. 2004) . Biochemical assays indicate that the protein can nucleate 
actin polymerization from monomers, block the assembly of profilin-actin 
complex onto actin filament ends, enhance profilin-mediated actin depolymerization, 
and also sever actin filaments  (Huang et al. 2004) . 

 Since the number of proteins that can interact and affect actin organization 
continues to increase, clearly the key to actin’s pivotal role as a subcellular 
responder lies in the way it is organized through the combinatorial and cumulative 
activities of its various regulatory proteins.  

  2.2 Local Ionic Interactions Modulate Actin Regulators 

 The plant cell functions by maintaining a basal level of ionic homeostasis. Any 
extrinsic or intrinsic cues that perturb this homeostasis are dealt with by the release 
or sequestration of relevant ionic species (Foreman et al. 2003;  Shabala et al. 2006) . 
This provides the cell with a fine-tuned mechanism for sensing environmental cues 
as well as responding to them. Since proteins affecting actin nucleation, polymeri-
zation, and subsequent organizational activities respond rapidly to alterations in their 
ionic environment  (Day et al. 2002) , they are direct mediators in the stimulus per-
ception-response elicitation machinery. Many actin-regulating proteins are them-
selves regulated by ionic conditions in their environment  (Bretscher and Weber 
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1980 ;  Matsudaira and Burgess 1982 ;  Harris and Weeds 1983 ;  Kovar et al. 2000a ; 
 Huang et al. 2003 ;  Drøbak et al. 2004 ;  Gu et al. 2004 ;  Jones et al. 2007) . The best 
studied ionic pools playing a role in signaling to actin include Ca 2+   (Hetherington 
and Brownlee 2004 ;  Bothwell and Ng 2005) , NADPH oxidases  (Navazio et al. 
2000 ;  Kwak et al. 2003 ;  Foreman et al. 2003)  and ROS, such as hydrogen peroxide 
(H 

2
 O 

2
 ), superoxide anion (O 2−) , hydroxyl ions (OH) and nitric oxide (NO)  (Miller 

et al. 2008 ;  Mori and Schroeder 2004) . Low, basal levels of cytosolic free calcium 
([Ca 2+ ] 

cyt
 ) are sustained by Ca 2+ -ATPases, and through the activity of a Ca 2+ /H +  anti-

porter that removes Ca 2+  from the cytosol. Elevation of [Ca 2+ ] 
cyt

  during signaling 
occurs through the opening of different classes of plasma membrane, vacuolar 
membrane, or endoplasmic reticulum localized Ca 2+ -permeable ion channels. 
Whereas Ca 2+ -and H + -mediated signaling in plants is usually achieved through stor-
age and release mechanisms, ROS signaling is usually controlled through rapid 
production and scavenging. 

 A major approach adopted for linking subcellular ionic distribution to actin 
organization and cell growth characteristics has been to observe and quantify ionic 
gradients and site-specific localizations  (Felle and Hepler 1997) . This approach has 
been successfully applied to single-celled, tip-growing cells such as pollen tubes 
 (Cárdenas et al. 2008 ;  Kroeger et al. 2008)  and root hairs  (Carol and Dolan 2006 ; 
 Monshausen et al. 2007) . In  Arabidopsis , ROS stimulate the entry of Ca 2+  into the 
cell through a calcium plasma membrane hyperpolarization-activated Ca 2+  channel 
 (Foreman et al. 2003) . Recently,  Takeda et al. (2008)  have elucidated an elegant 
mechanism involving local positive feedback, where ROS derived through an 
RHD2 NADPH oxidase stimulates a Ca 2+  influx into the cytoplasm. Though the 
targeted actin regulators were not identified in this study, the regulatory loop is 
clearly involved in cell shape determination of root hair cells. Similar interdependent 
local loops between ROS and Ca 2+  gradients have been uncovered during polarized 
growth of  Fucus serratus  zygotes  (Coelho et al. 2008) . 

 Details pertaining to integrated calcium-mediated signaling (see “Integrated 
Calcium Signaling in Plants” by Narendra Tuteja, this volume), the role of apoplastic and 
cell-wall mediation in signaling events (see “Signaling and Cell Walls” by  E welina 
 R odakowska et al., this volume), and signaling during plant-pathogen interactions 
utilizing localized ROS production (see “Signaling via Plant Peroxidases” by Claude 
Penel and Christophe Dunand, this volume) are not further elaborated upon here.  

  2.3  Rho-like GTPases of Plants: Master Switches 

Responding to Environmental Cues 

 In tracing back many of the ionic alterations brought about in response to environ-
mental cues, a conserved set of proteins constantly comes up. Rho-like GTPases of 
plants (ROPs) localize to the cell membrane  (Bischoff et al. 2000 ;  Molendijk et al. 
2001 ;  Cheung et al. 2003)  and are involved in multiple signal transduction events in 
plants. In  Arabidopsis , 11 ROPs have been described and extensive reviews have 
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been published on signaling mediated by ROPs and their regulators  (Zheng and 
Yang 2000 ;  Gu et al. 2004 ;  Xu and Scheres 2005 ;  Nibau et al. 2006 ;  Kost 2008) . 
Direct links between ROP activity and Ca2 +  spiking  (Li et al. 1999 ;  Jones et al. 
2002) , and ROP mediation in localized ROS activation  (Jones et al. 2007)  have been 
demonstrated. ROP-mediated signaling is also one of the best elucidated chains of 
molecular links directed to the actin cytoskeleton in plants  (Fu et al. 2005 ;  Fig.    1  ).  

 Specific ROPs and their regulators (RICs, ROP-GEFs/ROP-GDI) have an effect 
on the actin cytoskeleton but these proteins, high up in the response hierarchy of 

  Fig. 1    A generalized depiction of events involved in signaling to the actin cytoskeleton in plants. 
The leaf epidermal pavement cells drawn here are considered to represent all cell types since the vast 
majority of actin organizations and actin-mediated processes can be observed in them. Moreover, 
whereas many different signal cascades might operate in different plant cells, presently pavement 
cells provide one of the best characterized systems for dissecting signals to the actin cytoskeleton 
 (Fu et al. 2005) . An inverted pyramid of events suggests the gradual parsing of signals through the 
molecular apparatus to produce an impact on the actin cytoskeleton. Diverse environmental cues 
perceived at the cell boundary (cell wall and plasma membrane) initiate feedback loops of Rho-like 
GTPases of plants (ROP)-GTPases and ionic activity, which subsequently affect several proteins that 
bind directly to actin (such as actin monomer interacting, nucleating, bundling, and severing pro-
teins) and bring about changes in its organization. Local actin organization has implications for 
subcellular motility, exocytosis-endocytosis, cytomembrane organization, and structural reinforce-
ment. The cumulative results of these activities lead to cell differentiation, morphogenesis, and 
functional diversification during plant development.  Solid lines  and  arrows  depict experimentally 
demonstrated links between protein complexes, whereas  broken lines  imply putative interactions         
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the plant cell, do not cause their effects through direct binding to actin. Their effects 
impact multiple proteins and processes, influencing both the microtubule and the 
actin cytoskeleton  (Fu et al. 2005) . From a phenotype-based viewpoint an interfer-
ence with ROPs and associated machinery does not produce cell forms that can be 
solely linked to actin defects (e.g., root hair phenotypes depicted in  Fig.    2  ). 

  Fig. 2    Salient cellular phenotypes in model cell types of  Arabidopsis thaliana . The  left side  
shows cell morphology displayed by wild-type plants, while the phenotypes drawn in  bold lines  
are exhibited by different mutants. In general, cells with an aberrant actin cytoskeleton are smaller 
in size. Phenotypes displayed by ROPs and their regulators do not strictly follow the pattern 
obtained by an interference with the actin cytoskeleton only. These phenotypes suggest a strong 
disturbance in the microtubule cytoskeleton too and could reflect actin-microtubule interactivity 
during cell shape development       
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However, neither are the ROP-associated phenotypes indicative of microtubule 
cytoskeletal defects only. Live imaging of the actin and microtubule cytoskeletons 
in  Arabidopsis  plants possessing aberrant activity of different ROPs and their regu-
lators (e.g., ROP-GDI) suggests that they exhibit both actin and microtubule defects 
(Mathur, unpublished data).   

  3  Developmental Consequences of Different 
Actin Organizations  

 Whereas it has been possible to draw correlations between a small region of growth 
and its ionic environment, such as the one provided by tip-growing cells  (Gu et al. 
2005 ;  Ovecka et al. 2008 ;  Kroeger et al. 2008) , establishing similar correlations has 
been difficult for diffuse-growing cells that make up the bulk of higher plants. The very 
nature of diffuse growth involves widespread, possibly transient signaling events that 
preclude precise localization of ionic concentrations and gradients. Therefore, a 
reverse approach has been adopted for understanding molecular mechanisms involved 
in unraveling the signaling to and the roles of actin in diffuse-growing cells. This 
approach  (Mathur et al. 1999 ;  Szymanski et al. 1999 ;  Fu et al. 2002)  has largely been 
based on visualizing defects in actin organization in particular cell types and then 
tracing them to a molecular lesion involved in creating similar aberrant cellular activity. 
In this approach, the use of inhibitors such as cytochalasin D, latrunculin, phalloidin, 
and jasplakinolide has been very helpful in uncovering specific actin-associated 
cellular phenotypes  (Mathur et al. 1999 ;  Baluska et al. 2001 ;  Collings et al. 2006 ; 
 Foissner and Wasteneys 2007)  and hinting at possible processes involved. The actin 
defective phenotype based approach, when combined with live imaging, has been 
successful in uncovering new protein classes and complexes involved in mediating 
signals to the actin cytoskeleton  (Mathur et al. 1999,   2003a,   b) . 

 The occurrence of the actin organizations discussed above has been demonstrated 
in different model cell types in plants (representative images in publications: root 
hair –  Ryan et al. 2001 ; pollen tube –  Lovy-Wheeler et al. 2005 ; hypocotyl cells 
– Mathur et al. 2003b ; pavement cells –  Fu et al. 2002,   2005 ; trichomes –  Mathur et al. 
1999) . Section  3.1  associates actin cytoskeleton organization to a developmental 
consequence in different cell types. 

  3.1 Actin Patch Indicative of Cell Polarization 

 Polar growth is an established facet of plant development. However, the analysis of 
early events leading to the establishment of polarity in the asymmetric environment 
inhabited by land plants is a difficult task. Observations on the early develop-
ment of fucoid zygotes have been informative in highlighting a role for the actin 
cytoskeleton during polarity establishment in a nearly apolar cell  (Kropf et al. 
1989 ;  Bisgrove 2007) . Upon release from the mother frond, and following their 
fertilization, spherical fucoid zygotes rely on several vectorial inputs such as 
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blue light, gravity, electrical-ionic impulses, and temperature and osmotic 
gradients for subsequent development  (Brownlee and Bouget 1998) . A distinct 
actin patch has been associated with zygote polarization and creation of the 
rhizoidal pole  (Kropf et al. 1989) . A cortical localization of the actin modulator 
ARP2/3 appears to be intimately involved in actin patch formation  (Hable and 
Kropf 2005) . Actin depolymerizing substances disrupt cell polarization and 
subsequent development  (Hable et al. 2003) . In later stages of zonation of the 
zygote, asymmetric localization of ARP2 and actin results in distinct actin 
arrays  (Hable and Kropf 2005) .  

  3.2 Actin Organization Indicative of Focused Growth 

 Pollen tubes and root hairs have been the most extensively studied tip-growing cells 
and numerous publications have described the actin cytoskeleton in these cells and 
reviewed the implications of the polar F-actin observed in them  (Geitmann and 
Emons 2000 ;  Ryan et al. 2001 ;  Ringli et al. 2005 ;  Geitmann 2006) . In recent years 
the moss  Physcomitrella patens  has emerged as an equally informative model system 
for understanding polarized tip growth. 

 In  Physcomitrella , single apical cells of moss filaments undergo polarized tip 
growth by perceiving and aligning themselves to gravity and light inputs  (Cove 
2005) . Several recent studies point to specialized roles for actin dynamics in 
modulating these events, prompting the hypothesis that the ARP2/3 complex is 
pivotal in translating environmental cues by acting as a downstream target for 
signals regulating polar tip growth  (Perroud and Quatrano 2006) . Subsequently, 
there has been a strong focus on evaluating the roles of both the ARP2/3 complex 
and its upstream regulators Scar/WAVE complexes in polar growth of the apical 
cell of  P. patens  filament cells. When the arpc4 subunit of the ARP2/3 complex is 
deleted, the resulting null mutant is viable. However, while tissue morphogenesis 
in the mutant proceeds normally from filamentous growth to leafy shoot formation, 
it displays inefficient perception of polarized white light and a marked reduction 
in apical cell growth  (Perroud and Quatrano 2006) . Additionally, RNA interference 
lines knocking down expression of another ARP2/3 member, ARPC1, result in a similar, 
albeit more severe, phenotype as displayed by the arpc4 mutant. Overexpression 
of the respective ARP2/3 members (ARPC4, ARPC1) rescues the mutant 
phenotypes. Moreover, insertion of a yellow fluorescent protein–ARPC4 localizes 
ARPC4 exclusively to the site of polarized extension in the apical cell tip  (Perroud 
and Quatrano 2006) . Moreover, the deletion of BRK1, an upstream regulator of the 
ARP2/3 complex  (Frank and Smith 2002) , results in a mutant that though viable 
and responsive to polarized white light shows significant reduction in apical cell 
growth  (Perroud and Quatrano 2008) . BRK1 also localizes to the apical tip. A role 
for BRK1 in ARP2/3recruitment is supported as the BRK1 mutant of phys-
comitrella is unable to localize both ARPC4 and AGP (a cell wall proteoglycan) to 
the apical cell tip  (Perroud and Quatrano 2008) .  
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  3.3 Actin Organization Indicative of Diffuse Growth 

 The majority of plant cells grow by diffuse growth. Different model cell types have 
been informative about the actin-associated molecular–cellular machinery involved in 
spreading growth occurring over large regions of the cell. These include trichomes 
(epidermal hair) that grow outward from the aerial epidermis, interconnected jigsaw 
puzzle shaped pavement cells, and axially elongating epidermal cells of the hypocotyl, 
cotyledon, and leaf petiole. Each of these epidermal cell types offers a different 
surface to the environment and their growth responses differ accordingly. 

 In  Arabidopsis , trichomes are single-celled and display a rapid expansion 
phase in the later stage of their development  (Mathur 2006b) . As the trichome 
cell grows out of the epidermal plane, unencumbered by growth of neighboring 
cells, a large portion of it is exposed directly to the environment. In contrast, 
both pavement and hypocotyl/petiole cells achieve accommodative growth by 
maintaining connectivity with their neighbors. All three epidermal cell types 
exhibit long F-actin cables that stretch from end to end, as well as a fine cortical 
F-actin mesh. In addition, in both trichomes and pavement cells, areas of inden-
tion (valleys) display bundled or aggregated F-actin. In general, the presence of 
bundled F-actin is plant cells has come to be associated with regions of low 
expansion, whereas the presence of a fine cortical F-actin meshwork suggests 
regions of increased expansion. 

  3.3.1 Diffuse Growth in Trichomes 

 The use of actin inhibitors resulted in random shape alterations in  Arabidopsis  tri-
chomes  (Mathur et al. 1999 ;  Szymanski et al. 1999) . The drug-induced trichome 
distortion is phenocopied by mutations in several  Arabidopsis  genes. Molecular 
characterization of these genes has identified the ARP2/3 complex, an efficient 
modulator of actin polymerization that initiates the formation of a fine dendritic 
F-actin mesh (reviewed in  Mathur 2005a,   b ;  Szymanski 2005 ;  Hussey et al. 2006) , 
and its upstream regulators, starting from ROPs, ROP-GEFs such as SPIKE1  (Qiu 
et al. 2002 ;  Basu et al. 2008 ;  Zhang et al. 2008) , and including different SCAR/
WAVE, HSPC300-like/BRICK proteins  (Frank and Smith 2002 ;  Frank et al. 2004 ; 
 Zhang et al. 2005 ;  Basu et al. 2005 ;  Le et al. 2006 ;  Djakovic et al. 2006) , NAP125-
like and PIR121-like proteins (reviewed by  Szymanski 2005 ;  Smith and Oppenheimer 
2005) . An elegant interaction map of SCAR genes and their interactions with 
ARP2/3 proteins obtained through mutant studies, yeast two-hybrid, and bimolecu-
lar fluorescence complementation proteins experiments has been presented  (Uhrig 
et al. 2007) . In addition to the ROP-SPIKE-SCAR/WAVE-ARP2/3 pathway men-
tioned above, several other signaling pathways to the actin cytoskeleton might be 
activated through the involvement of novel ROP-GEFs, termed “plant-specific ROP 
nucleotide exchanger (PRONE), which are exclusively active towards members of 
the ROP subfamily  (Berken et al 2005) .  
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  3.3.2 Interdigitating Growth of Pavement Cells 

 The final “jigsaw puzzle” shape of epidermal pavement cells arises from multiple local 
projections (lobes) of a polygonal initial. During expansion, the lobes of one pavement 
cell fit into the indentions of its neighbors to produce an epidermal surface with an 
interdigitating pattern.  Fu et al. (2005)  revealed a ROP-GTPase signaling network 
underlying the creation of these lobes and indentions by pavement cells. Local activa-
tion of a ROP (AtROP2) activates ROP-interactive CRIB-motif-containing protein 4 
(RIC4) to enhance actin dynamics and promote localized growth. However, ROP2 
activity leads to the inactivation of another target, RIC1, that localizes to cortical 
microtubules and promotes their ordering into parallel arrays. RIC1-dependent micro-
tubule organization not only inhibits cell outgrowth locally but also suppresses ROP2 
activation in the indention zone. Thus, while the ROP2–RIC4 interaction promotes cell 
outgrowth, the ROP2–RIC1 interaction restrains outgrowth. Such coordinated activity 
in epidermal cells creates the interdigitations between adjacent pavement cells.  

  3.3.3 Accommodative Growth of Cylindrical Cells 

 The growth of cells of the seedling hypocotyl and petioles relies on efficient 
actin-based communication between cell ends for producing elongation along the 
longitudinal axis  (Baluska et al. 2003) . These cells have a diffuse F-actin mesh but 
display cytoplasmic aggregation at the cell ends. Mutants in different subunits of 
the ARP2/3 complex, hypocotyl, and petiole cells often display increased F-actin 
aggregation at their ends and consequently lose cell-cell connectivity  (Mathur et al. 
2003a,   b) . The reduced actin polymerization activity in elongating cylindrical cells 
observed in the arp2/3 mutants has implications for cell-cell communication and 
polar transport of growth regulators. It thus offers a novel system to understand the 
initiation and maintenance of multicellularity in higher plants.    

  4 The Diverse Roles of the Actin Cytoskeleton in Plants  

 An appraisal of cellular phenotypes associated with different actin cytoskeleton 
organizations, the nature of actin regulatory proteins that can create the organizations, 
and the diversity of environmental cues that trigger subcellular activity suggests that 
actin can be involved in many different kinds of roles inside the plant cell. Some of 
these roles are discussed in Sect. 4.1. 

  4.1 Actin as a Barrier 

 The regional accumulation of actin correlates with increased aggregation and decreased 
motility of small organelles such as Golgi bodies, peroxisomes, and mitochondria 
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 (Mathur et al. 2003a,   b) . Upon extrapolation, the observations could suggest that 
F-actin acts as an intracellular barrier for subcellular trafficking of vesicles. The 
notion was tested by looking for areas of actin aggregation versus those with fine 
cortical actin meshwork in different cell types  (Mathur et al. 2003a) . Regions with 
actin aggregation invariably displayed lesser growth as compared with regions with 
a fine meshwork of F-actin  (Mathur et al. 2003a ;  Fu et al. 2005) . According to the 
“actin barrier” concept, a fine F-actin meshwork resulting from increased actin 
dynamics mediated by the ARP2/3 complex and formins would allow and perhaps 
even aid the rapid motility of organelles and exocytotic vesicles  (Mathur 2004) . 
This leads to a promotion of local growth. In contrast, a dense web comprising 
F-actin aggregates and bundles in an intracellular locality might hinder organelle 
motility and vesicular trafficking and could thereby display a lower rate of regional 
growth. The idea of F-actin behaving as a flexible barrier is appealing when con-
sidering the phenotypes described above for pavement and hypocotyl cells impaired 
in their actin organization. The role of cortical F-actin as a “fence” has also been 
suggested through three-dimensional electron-tomographic reconstructions of the 
membrane cytoskeleton in normal rat kidney fibroblast cells  (Morone et al. 2006) .  

  4.2 Actin as a Propulsive Force 

 Asymmetric actin polymerization mediated through the ARP2/3 complex has been 
implicated in the rocketing motility of enteropathogenic organisms such as  Listeria 

monocytogenes  and  Shigella  species, as well as vesicles and organelles such as 
endosomes, phagosomes  (Higgs and Pollard 2001 ;  Gouin et al. 2005) , and 
mitochondria  (Boldogh et al. 2001) . The polymerization of actin is also believed to 
act as the driving force at the leading edge of motile animal cells  (Goley and Welch 
2006) . In plants, direct evidence for actin polymerization acting as a propulsive 
force for subcellular structures or as a protrusive force for cell membranes has not 
been observed. However, given the role of actin in vesicle movement during auxin 
efflux and translocation  (Dhonukshe et al. 2007) , the rapid movement of endocytic 
vesicles  (Voigt et al. 2005) , and cytoplasmic streaming, the possibility of actin 
polymerization mediated force generation within the plant cell cannot be totally 
ruled out  (Mathur 2005b) .  

  4.3 Actin as an Interactive Support System 

 The actin cytoskeleton interacts with microtubules. During root elongation in 
 Arabidopsis  the hypersensitivity to cytoskeletal antagonists has been used to 
demonstrate microtubule-microfilament cross-talk  (Blancaflor 2000 ;  Collings et al. 
2006) . One of the molecular mechanisms controlling these interactions has been 
traced to the antagonistic activities of ROP-RIC proteins  (Fu et al. 2005)  and 
elegantly described for the morphogenesis of pavement cells of  Arabidopsis . 
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Interestingly, observations in trichome cells suggest that F-actin aggregates 
coincide with regional clusters of cytoplasmic microtubules  (Saedler et al. 2004) . 
The observation suggests that microtubules, with their own set of interactors and 
regulators, might act to confine F-actin-based regional expansion in a cell  (Mathur 
2004,   2006a) . The role of F-actin in sculpting the cortical microtubule cytoskeleton 
has also been suggested  (Schwab et al. 2003) .  

  4.4 Actin as a Track 

 Observations on different organelles in plant cells have shown that their motility is 
actin-based  (Ovecka et al. 2008)  and involves interactions with myosin motors 
 (Samaj et al. 2000 ;  Reisen and Hanson 2007 ;  Sparkes et al. 2008) . In this situation, 
actin filaments act as subcellular tracks for the motor molecules. How cargo specifi-
city and the choice of a specific actin track is decided by the different myosins in plant 
cells still remains an enigma. There also remains the question of interactivity and 
switching between myosin motors and microtubule-based motors such as kinesins.   

  5 Conclusions  

 While reviews on the minutiae of signaling to the actin cytoskeleton will continue 
being published, one of the long-term goals of the field is to uncover the mechanisms 
whereby this global perceiver of, and responder to, myriad environmental cues is able 
to create local influences within a cell. As described in this chapter, the key to actin’s 
responsiveness lies in its interactivity with numerous regulatory proteins as well as 
with other components and compartments of cell. Signaling to actin thus becomes an 
exercise in attempting to understand and sum up everything that goes on inside a liv-
ing cell. Realistically, we are far from the goal, but given the tremendous scope of 
actin interactions, the increased availability of novel mutants in model plant species, 
and the emergence of new tools and techniques for live imaging  (Dhanoa et al. 2006) , 
the prospects of unraveling the tangled web around actin looks very promising.      
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   Signaling via Plant Peroxidases       

     Claude   Penel    and    Christophe   Dunand     

    Abstract   Plant peroxidases are versatile enzymes. They are known to use hydrogen 
peroxide (H 

2
 O 

2
 ) as an electron acceptor during the oxidation or the cross-linking of 

various molecules. However, in certain conditions, they can also generate reactive 
oxygen species (ROS), namely, superoxide (O 

2
  −. ), H 

2
 O 

2
 , or hydroxyl radical ( . OH). 

Most of them are localized in cell walls, where they play a central role in ROS 
metabolism, since O 

2
  −.  and H 

2
 O 

2
  may be both their substrates and their products, 

depending on the chemical environment. Their participation in the oxidative burst 
taking place in the apoplast has been shown in several situations, including defense 
against pathogens, abiotic stresses, wound healing, and cell death. It is now widely 
accepted that ROS have important signaling functions. Peroxidases can be considered 
as being at the crossroads between two different signal transduction systems in 
plant cells. First, they generate and interconvert the different ROS, thus modulating 
their signaling function in many physiological processes. Second, they are Ca 2+ -
dependent enzymes, whose activity could be regulated by this second messenger.    

  1 Introduction  

  1.1 Reactive Oxygen Species 

 Molecular oxygen normally acts as a terminal electron acceptor in cellular respiration 
and is fully reduced; however, in the course of several metabolic processes, it is only 
partially reduced. This partial reduction is unavoidable. It yields harmful by-products, 
the reactive oxygen species (ROS), that are scavenged by many enzymatic systems. 
The three main ROS are superoxide radical (O 

2
  −. ), hydrogen peroxide (H 

2
 O 

2
 ), and 

hydroxyl radical ( . OH). Singlet oxygen ( 1 O 
2
 ) is another important ROS formed in 
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chloroplasts. O 
2
  −.  and H 

2
 O 

2
  are produced by the one- and two-electron reduction of 

O 
2
 , respectively.  . OH results from the one-electron reduction of H 

2
 O 

2
 . The two redox 

couples H 
2
 O 

2
 /H 

2
 O and, above all,  . OH/H 

2
 O are characterized by high redox potentials, 

meaning that they have a strong oxidizing capacity and are very reactive. Consequently, 
H 

2
 O 

2
  and  . OH have very short life spans. In living tissues, the fate of O 

2
  −.  is to be 

dismutated into H 
2
 O 

2
  and O 

2
 , either spontaneously or by superoxide dismutase 

(SOD). Since living organisms have to cope with the presence of these toxic chemical 
species, they have developed many scavenging mechanisms. An increase in the 
concentration of ROS is perceived by cells and results in the induction of processes 
for lowering their concentration. This was most likely a first step in the function of 
ROS as signaling agents: the perception of their accumulation by cells resulted in the 
induction of ROS scavenging enzymes  (Shao et al. 2008) . 

 However, ROS are not only metabolic by-products. O 
2
  −.  and H 

2
 O 

2
  are purposely 

formed in plants by many different enzymes.  . OH too is produced by a dedicated 
mechanism. Plant enzymes responsible for ROS generation are listed in Table  1 . SOD 
also plays an important role in ROS metabolism, since it catalyzes the conversion of 
O 

2
  −.  into H 

2
 O 

2
   (Kliebenstein et al. 1998) .      

  1.2 Plant Peroxidases 

 Peroxidases are oxidoreductases using H 
2
 O 

2
  as an electron acceptor. The electrons 

used for reducing H 
2
 O 

2
  to water are taken from various donors. Peroxidase classifica-

tion is based on the identity of the donor. Fifteen different types of peroxidases are 
listed in the enzyme nomenclature of the International Union of Biochemistry and 
Molecular Biology (EC 1.11.1.1 to EC 1.11.1.16). These enzymes are necessary for 
all living organisms to cope with ambient oxygen. At the origin, their role was only 
to scavenge H 

2
 O 

2
 , a ROS harmful to cells. Plants contain five types of peroxidases: 

catalases (EC 1.11.1.6), peroxidases (EC 1.11.1.7), glutathione peroxidases (EC 
1.11.1.9), ascorbate peroxidases (EC 1.11.1.11), and peroxiredoxins (EC 1.11.1.15). 

 Table 1    Plant enzymes able to form O 
2
  −. , H 

2
 O 

2
 , and  . OH  

 Enzymes  Cellular compartment  Substrates  References 

 Formation of O 
2
  −.  

 NADPH oxidases  Plasmalemma/apoplast  NADPH/O 
2
    Doke and Miura (1995)  

 Class III peroxidases  Apoplast  Auxin/O 
2
    Smith et al. (1988)  

 Formation of H 
2
 O 

2
  

 Diamine oxidases  Apoplast  Spermidine/O 
2
    Angelini and Federico (1989)  

 Oxalate oxidases  Apoplast  Oxalate/O 
2
    Berna and Bernier (1999)  

 Class III peroxidases  Apoplast  NAD(P)H/O 
2
    Elstner and Heupel (1976)  

 Glycolate oxidase  Peroxisome  Glycolate/O 
2
    

 Formation of  .  OH 
 Class III peroxidases  Apoplast  NADPH/O 

2
 /

H 
2
 O 

2
  

  Liszkay et al. (2003)  
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Catalases are peroxidases that use H 
2
 O 

2
  as both a hydrogen acceptor and a hydrogen 

donor, yielding H 
2
 O and O 

2
  as products. Their role is to scavenge H 

2
 O 

2
  in peroxi-

somes, mitochondria, and cytosol  (Scandalios 1974) . Glutathione and ascorbate 
peroxidases, as well as peroxiredoxins, also have as a only function the destruction of 
H 

2
 O 

2
  in different cell compartments. The last category, peroxidases, also called class 

III  (Welinder 1992) , secreted, or guaiacol peroxidases, have more diversified func-
tions. They are hemoproteins, with ferriprotoporphyrin IX as coenzyme, like ascor-
bate peroxidases (class I), fungal lignin peroxidases (class II), and catalases. 

 Class III peroxidases (hereafter peroxidases) are glycoproteins synthesized in 
the endoplasmic reticulum and transported via the Golgi apparatus either towards 
the apoplast or to vacuoles. The peroxidase proteins are encoded by multigene 
families. They comprise around 350 amino acids, all have a signal peptide, and 
some conserved amino acid motifs, especially in the region of interaction with the 
heme  (Passardi et al. 2004) . They all contain eight conserved cysteines and one or 
several glycosylation sites.  Arabidopsis thaliana  has 73 genes encoding a peroxidase 
 (Tognolli et al. 2002)  and  Oryza sativa  has 138  (Passardi et al. 2004) . 

 Peroxidases are mainly localized in the cell wall and the apoplast and in vacuoles. 
They are certainly among the most studied plant proteins. This is probably due to 
the simplicity of the biochemical assays to reveal their enzymatic activity either in 
vivo or in vitro. The first studies on plant peroxidases were published during the 
first years of the twentieth century  (Bach and Chodat 1903)  and since then interest 
in these enzymes has never faded. Another aspect of plant peroxidases is their use 
in many important biotechnological techniques in medicine, biology, and chemistry 
 (Azevedo et al. 2003) . Their functions in plants have always been a subject of 
controversy. It is now known that all the peroxidase-encoding genes are expressed 
 (Valério et al. 2004) . One particular gene,  AtPrx42 , is expressed constitutively in all 
organs throughout the life of the plant. The expression of the other genes is either 
developmentally controlled or regulated by internal or external factors. It is well 
known that the peroxidase spectrum obtained by an electrophoretic separation may 
be modified by all kinds of physical or chemical changes to the plant environment 
 (Gaspar et al. 1982) . The isoperoxidase pattern is also extremely sensitive to devel-
opmental stages and differentiation  (Key and Basile 1987) . The same observations 
are also made at the transcriptional level  (Valério et al. 2004) . The overall expression 
pattern of the peroxidase multigene family is therefore extremely complex. One of 
the central issues concerning peroxidases is to determine whether or not they are 
interchangeable for achieving a particular function in plants or if each individual 
enzyme has its own specialized function. At a first glance, it can be hypothesized 
that since they all have the same coenzyme and the same protein organization, their 
catalytic characteristics should be very similar. However, there are some experimental 
indications showing that there are significative catalytic differences among the 
peroxidases of the same plant. This was shown, for example, with  Arabidopsis  
peroxidases. Using 14 recombinant enzymes produced by insect cells infected with 
baculovirus,  Tognolli et al. (2000)  showed that their hydrogen donor specificity and their 
optimum pH were quite different. This study dealt with the peroxidase activity, namely, 
the oxidation of a donor molecule into a colored product in the presence of H 

2
 O 

2
 . 
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This reaction is due to a multistep mechanism. In the presence of physiological con-
centrations of H 

2
 O 

2
 , the native peroxidase (oxidation state +3) follows the classic 

peroxidase cycle in which it binds H 
2
 O 

2
  and forms compound I (+5). It returns to 

the native state via compound II (+4) thanks to a hydrogen donor which provides 
the necessary electrons (Fig.  1 , pathway 1). It is generally assumed that it is this 
activity which is exerted by peroxidases  in planta . Actually, this is the case when 
peroxidases oxidatively cross-link cell wall constituents such as pectins, xyloglucans, 
extensin, and other structural proteins  (Fry 1986) , polymerize lignin and suberin 
 (Quiroga et al. 2000) , or mediate the biochemical modification of secondary 
metabolites in vacuoles. However, in addition to the peroxidase cycle described 
above, peroxidases can either react with superoxide or be reduced by molecules 
such as NADPH or indole-3-acetic acid into ferroperoxidase and bind molecular 
oxygen as does hemoglobin  (Rodriguez-Lopez et al. 1997) . In the two cases, the 
resulting complex, oxyferroperoxidase (+6), may yield  . OH in the presence of H 

2
 O 

2
  

(Fig.  1 , pathway 3).  . OH plays a role in cell wall loosening  (Liszkay et al. 2003) . 
Oxyferroperoxidase may also be involved in H 

2
 O 

2
  generation (Fig.  1 , pathway 2), 

leading to oxidative burst  (Bolwell et al. 1995) . Many works have been devoted to 
the ability of peroxidases to produce O 

2
  −. , H 

2
 O 

2
 , or  . OH  (Halliwell 1977;   Pedreño 

et al. 1995) . The main requirement for such a production is the simultaneous presence 
of O 

2
  and a suitable reductant promoting the formation of oxyferroperoxidase. This 

peroxidase-mediated reaction was observed in isolated cell wall  (Elstner and 
Heupel 1976)  and at the surface of plant cells  (Vianello and Macri 1991) . The reducing 
molecules used to show in vitro the ROS-generating ability of peroxidases are 
NAD(P)H  (Elstner and Heupel 1976 ;  Mäder et al. 1980 ;  Vianello and Macri 1991) , 
cysteine  (Pichorner et al. 1992) , and indole-3-acetic acid  (Smith et al. 1988 ; 
 Kawano 2003) , but there are most likely other, yet unidentified, compounds 
involved in vivo in the peroxidase-mediated ROS formation  (Davies et al. 2006) . 
It appears therefore that plant peroxidases are versatile enzymes, able to react with 
the main ROS, but also to produce all of them. They are key players in the metabolism 
of these chemical species in vivo.          

 Fig. 1    The three possible catalytic pathways of peroxidases. Only the main substrates and prod-
ucts are shown.  1  peroxidase cycle,  2  formation of H 

2
 O 

2
  from a reducing molecule and O 

2
 , 

 3  formation of  . OH.  NADPH  any suitable reducing molecule,  DH  electron/hydrogen donor,  D  
 o 
  
x
  

oxidized DH,  D-D  polymerized DH  
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  2 ROS Signaling  

 Increasing evidence indicates that ROS have signaling roles in plant. It can be speculated 
that, at the origin, ROS were only by-products of the aerobic metabolisms that must 
be efficiently removed to avoid cellular damage. Scavenging enzymes appeared and 
regulatory mechanisms were selected to relate ROS accumulation to the induction 
of these enzymes. Progressively, the regulatory mechanisms were used for other 
purposes and ROS became produced by dedicated enzyme systems. Many recent 
reviews have described these systems and the physiological processes they control 
 (Xiong et al. 2002 ;  Apel and Hirt 2004 ;  Gechev et al. 2006 ;  Pitzschke et al. 2006 ; 
 Stone and Yang 2006 ;  Veal et al. 2007 ;  Miller et al. 2008) . The increase in ROS 
concentration, called “oxidative burst” in some cases, triggers many responses 
 (Vranová et al. 2002) . At the molecular level, ROS provoke oxidative damages to 
proteins, nucleic acids, and lipids. Their interaction with proteins having a regulatory 
role is of particular importance. They mediate redox regulation through the reversible 
oxidation of essential cysteine residues to form disulfide bonds  (Jones et al. 2004) . 
The resulting conformational change activates the protein  (Federoff 2006) , leading 
to the modulation of gene expression. It seems that some transcription factors, 
such as heat shock transcription factors, could act as direct sensors of the presence 
of ROS  (Miller and Mittler 2006) . In addition, different ROS have distinct effects 
on gene transcription  (Gadjev et al. 2006) . H 

2
 O 

2
  may also induce mitogen-activated 

protein kinase cascades and Ca 2+  fluxes through plasma membrane  (Mori and 
Schroeder 2004 ;  Gechev and Hille 2005) . Salicylic acid  (Durrant and Dong 2004) , 
nitric oxide  (Delledonne et al. 1998) , and ethylene  (Love et al. 2005)  are messengers 
that interact with ROS in the control of many physiological processes. 

 ROS, especially H 
2
 O 

2
 , have been shown to play a role as signaling agents in 

response to various kinds of biotic and abiotic stresses, including pathogen attack 
 (Bestwick et al. 1998 ;  Bolwell et al. 1998 ;  Asselbergh et al. 2007 ;  Choi et al. 2007) , 
nutrient deprivation  (Shin and Schachtman 2004) , soil and air pollution  (Ortega-Villasante 
et al. 2007) , low temperatures  (Cheng et al. 2007) , and water deficit  (Zhu et al. 
2007) . They play a role in wound healing  (Angelini et al. 2008)  and in symbiotic 
interactions  (Jamet et al. 2007) . They are also involved in programmed cell death 
 (Gechev and Hille 2005 ;  De Pinto et al. 2006) , stomatal closure  (Mori et al. 2001 ; 
 Zhang et al. 2001) , and elongation growth and development  (Joo et al. 2001 ; 
 Foreman et al. 2003 ;  Gapper and Dolan 2006) . They may have a role in the signaling 
mechanisms of several hormones  (Kwak et al. 2006) .  

  3  Peroxidases as ROS Producers During 
Physiological Processes  

 Peroxidases are generally viewed as enzymes executing tasks downstream of dif-
ferent signaling pathways. They are considered as simple workers performing tasks 
controlled by upstream mechanisms. The tasks they have to achieve are supposed 
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to be only related to the modification of cell wall architecture, auxin catabolism, or 
the chemical transformation of secondary metabolites. However, their involvement 
in ROS formation and interconversion and their sophisticated redox properties suggest 
that they could play a more complex role in cell functioning, especially in the apoplast. 
Some examples of mechanisms in which peroxidases could play a signaling role are 
presented in the following sections. 

  3.1 Responses to Stresses 

 The responsiveness of plant peroxidases to biotic and abiotic stresses has been 
known for a long time. Numerous reports have described the changes in peroxidase 
activity following exposition to pathogens, pollutants, or physical stresses  (Gaspar 
et al. 1982) . The advent of molecular techniques allowed the analyses to be refined 
and show that the regulation often occurs at the transcriptional level. On the other 
hand, increasing evidence showed that all these detrimental events have in common 
that they trigger an oxidative stress, which is due to an imbalance between genera-
tion and elimination of ROS  (Scandalios 2002) . This oxidative stress induces the 
activation or downregulation of genes encoding ROS-scavenging enzymes, but also 
transcription factors and other proteins. It may also lead to cell death. The role of 
ROS as a secondary messenger between stresses and the responses of the plant cell 
is now obvious. 

 As indicated above, the fact that peroxidases are able to produce O 
2
  −.  and H 

2
 O 

2
  

in the presence of O 
2
  and a suitable reductant has been known for many decades. 

The demonstration of the involvement of these enzymes in the generation of ROS 
in vivo during oxidative burst is more recent.  Bolwell et al. (1995)  observed that 
cells of French bean exposed to an elicitor from  Colletotrichum lindemuthianum  
exhibit a rapid increase of oxygen uptake rapidly followed by H 

2
 O 

2
  accumulation. 

An essential factor in this H 
2
 O 

2
  production appears to be the alkalinization of the 

apoplast. A cell-wall-bound peroxidase isolated from French bean cells seemed to 
be responsible for the production of H 

2
 O 

2
 . This hypothesis was confirmed by further 

works using French bean cells  (Bolwell et al. 1998)  and  Arabidopsis  cells  (Davies 
et al. 2006) . While apoplastic alkalinization is sufficient in French bean to observe 
peroxidase-dependent generation of H 

2
 O 

2
 , a secretory component is required 

in  Arabidopsis . In both cases, the identity of the strong reductant remains elusive. 
The involvement of peroxidases in ROS formation has been suspected in many 
other experimental systems: hypersensitive reaction of lettuce cells to  Pseudomonas 

syringae   (Bestwick et al. 1997) , application of nonpurified cellulase on grape 
leaves  (Papadakis and Roubelakis-Angelakis 1999) , incompatible interaction of 
tobacco suspension cells inoculated with  Phytophthora nicotianae   (Able et al. 
2000) , defense of cotton against bacterial blight  (Delannoy et al. 2003) , infection 
of tomato leaves by  Botrytis cinerea   (Patykowski and Urbanek 2003) , and many 
others. In all these cases, peroxidases are responsible for the accumulation of H 

2
 O 

2
 , 

alone or in cooperation with plasmalemma NADPH oxidases  (Papadakis and 
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Roubelakis-Angelakis 1999) . The H 
2
 O 

2
  generated by peroxidases may also induce 

its further accumulation by activating NADPH oxidase and lead to the hypersensitive 
response and cell death  (Davies et al. 2006) . The formation of H 

2
 O 

2
  by peroxidases 

in response to pathogen invasion was recently confirmed in a work on pepper leaves 
infected with  Xanthomonas campestris   (Choi et al. 2007) . The expression of a 
particular peroxidase gene,  CaPO2 , is induced by the bacteria.  CaPO2 -silenced 
plants are highly susceptible to  X. campestris  infection, do not accumulate H 

2
 O 

2
 , 

and do not exhibit hypersensitive cell death. In contrast, the overexpression of 
 CaPO2  in  Arabidopsis  confers enhanced disease resistance, together with H 

2
 O 

2
  

accumulation, pathogenesis-related protein synthesis, and cell death. 
 There are several pieces of evidences indicating that specific peroxidase genes 

are upregulated when plant cells are challenged with pathogens or elicitors and that 
the encoded peroxidases are involved in the production of ROS, mainly H 

2
 O 

2
 . 

This occurs in the apoplast, but apoplastic H 
2
 O 

2
  may easily migrate into the cell, 

through aquaporins, which may help the signaling function of H 
2
 O 

2
  by facilitating 

its diffusion across the plasmalemma  (Dynowski et al. 2008) . Apoplastic H 
2
 O 

2
  

produced by peroxidase exerts its signaling function by activating gene expression 
and eventually triggering hypersensitive reaction and cell death. It can also be used 
locally by other peroxidases to stiffen cell wall by cross-linking polymers and 
structural proteins  (Bruce and West 1989 ;  Moerschbacher et al. 1990 ;  Brisson et al. 
1994 ;  Ribeiro et al. 2006 ;  Asselbergh et al. 2007) . The formation of cell wall 
appositions (papillae) is another defense strategy used by plants which is dependent 
on the presence of H 

2
 O 

2
 . These appositions are structures formed with callose, 

pectin, lignin, and proteins between the plasma membrane and the cell wall allowing 
the penetration of bacteria or fungi to be blocked. In French bean mesophyll 
infected with  Xanthomonas campestris , a particular peroxidase is associated with 
these structures and could be responsible for the formation of H 

2
 O 

2
  and/or for the 

polymerization of the material forming papillae  (Brown et al. 1998) . These appositions 
are also associated with H 

2
 O 

2
  accumulation in other experimental systems 

 (Hückelhoven et al. 1999 ;  An et al. 2006) . 
 Physical and chemical factors are the source of various stresses. Salt, drought, 

heat, cold, and chemical pollution are accompanied by the formation of ROS which 
induce a secondary, oxidative, stress and may act as secondary messengers involved 
in the response of the plant  (Wang et al. 2003) . ROS formation is often attributed 
to proteins named “respiratory burst oxidase homolog”  (Torres and Dangl 2005) , 
but, as in the case of biotic stresses, peroxidases can also be a H 

2
 O 

2
  or an O 

2
  −.  

producer. In this context, numerous reports have been published on the impact of 
various abiotic stresses on the level of peroxidase activity and on the number 
of peroxidase isoforms  (Penel et al. 1992) . The expression of peroxidase-encoding 
genes is also modified in a complex way  (Kim et al. 2007) . Peroxidases belong to 
the proteins that allow plants to withstand adverse conditions. The expression of 
these proteins is upregulated by specific transcription factors  (Hu et al. 2008) , 
leading to an enhanced resistance to stresses. In the maize root apical zone, six 
proteins are upregulated following water stress. These proteins, oxalate oxidase, 
SOD, and two peroxidases, are all involved in ROS production  (Zhu et al. 2007) . 
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Peroxidase induction also leads to lignification  (Lee et al. 2007) .  Kim et al. (2008)  
have shown that the overexpression of a particular peroxidase gene results in 
increased H 

2
 O 

2
  production and enhances stress tolerance. This peroxidase gene, 

 swpa4 , is naturally upregulated in sweet potato in response to several different 
environmental stresses. Transgenic tobacco expressing  swpa4  is more tolerant to 
many biotic or abiotic stresses and contains more H 

2
 O 

2
  and a higher level of 

pathogenesis-related proteins. These observations provide another example of the 
implication of a peroxidases in a signal transduction pathway.  

  3.2 Growth 

 Overexpressing a peroxidase gene can induce a stimulation of growth. This is the case 
when a horseradish peroxidase is expressed in hybrid aspen  (Kawaoka et al. 2003)  or 
when an  Arabidopsis  peroxidase is overexpressed  (Passardi et al. 2006) . ROS and 
growth are closely related. In roots, the distribution of H 

2
 O 

2
  and O 

2
  −.  is different 

according to the zone considered (meristematic, elongating cells, differentiating cells) 
and this could be related to the function of ROS  (Dunand et al. 2007) . H 

2
 O 

2
  is found 

in the apoplast of differentiating root cells and, to a lesser extent, in the elongating 
cells  (Córdoba-Pedregosa et al. 2003)  and O 

2
  −.  is found mainly in the elongating cells 

 (Dunand et al. 2007) . This shows that ROS accumulate in the apoplast not only when 
cells are challenged with external stresses, but also in their regular functioning. 
Decreasing ROS concentration in the apoplast reduces tissue elongation  (Rodríguez 
et al. 2004) . The presence of H 

2
 O 

2
  and O 

2
  −.  in the apoplast most likely promotes cell 

elongation through the peroxidase-mediated production of  . OH, which cleaves 
various cell wall polymers  (Liszkay et al. 2003) . The positive effect of peroxidases 
on growth observed in some transgenic plants could be explained by their role in 
generating  . OH, by a contribution to the accumulation of H 

2
 O 

2
 , or both.  

  3.3 Stomatal Closure 

 Stomatal closure induced by abscisic acid is dependent on the formation H 
2
 O 

2
  which 

induces Ca 2+ -channel opening, leading to an increase of cytosolic Ca 2+  concentration 
 (Pei et al. 2000) . The role of H 

2
 O 

2
  as an intermediate in this mechanism has been 

confirmed and its generation was ascribed to plasma membrane NADPH oxidase 
 (Wang and Song 2008) . However, it has been shown that the uptake of O 

2
  by guard 

cell protoplasts may be due to peroxidases in the presence of a reductant such as 
NAD(P)H  (Pantoja and Willmer 1988) . A direct involvement of peroxidases was 
suggested by  Mori et al. (2001) . They showed that salicylic acid induces stomatal 
closure and the formation of O 

2
  −.  and that these two related effects are suppressed by 

the peroxidase inhibitor salicylhydroxamic acid. In this case too, peroxidase could 
be responsible for H 

2
 O 

2
  generation in parallel with NADPH oxidase.  
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  3.4 Nodulation and Mycorrhization 

 ROS are involved in the establishment of both root nodules  (Santos et al. 2001 ; 
 D’Haeze et al. 2003)  and mycorrhiza  (Baptista et al. 2007) . In the latter case, three 
peaks of H 

2
 O 

2
  production were detected in the roots of  Castanea sativa  following 

contact with  Pisolithus tinctorius  mycelia. The first one coincides with SOD induction 
and catalase downregulation. The enzyme responsible for H 

2
 O 

2
  formation has not 

been identified, but since there are three distinct peaks, different enzyme systems 
could be involved. It should be noted that a thorough study of gene expression in 
rice root during mycorrhization showed that the greatest upregulation concerned a 
peroxidase-encoding gene  (Guimil et al. 2005) . H 

2
 O 

2
  is necessary for nodulation. 

 Medicago sativa  overexpressing a catalase-encoding gene does not form normal 
infection threads when infected with  Sinorhizobium meliloti   (Jamet et al. 2007) . 
The involvement of a peroxidase was shown in pea nodulation with  Rhizobium 

leguminosarum . Inhibition of peroxidases with salicylhydroxamic acid prevents the 
insolubilization of a matrix glycoprotein associated with the lumen of the infection 
threads  (Wisniewski et al. 2000) . The H 

2
 O 

2
  necessary for this reaction seems to be 

produced by a diamine oxidase. In the case of  Sesbania rostrata  nodulation, a 
peroxidase gene is transiently upregulated during nodulation process  (Den Herder 
et al. 2007) . This induction is dependent on a bacterial nodulation factor and is 
modulated by H 

2
 O 

2
 . As a root nodule extensin colocalizes with the peroxidase, it 

is assumed that the former is cross-linked by the latter.  

  3.5 Other Processes 

 Angiosperm stigmas exhibit a strong peroxidase activity when they are ready to 
receive pollen  (Dupuis and Dumas 1990) . ROS, especially H 

2
 O 

2
 , are also massively 

generated in stigma papillae and their levels decrease when pollen grains adhere 
 (McInnis et al. 2006a) . The concomitant presence of H 

2
 O 

2
  and peroxidases in stigma 

cells may be explained in two ways. Either peroxidases are involved in the generation 
of H 

2
 O 

2
 , or they use it to perform an unknown task  (McInnis et al. 2006b) . 

 Wound healing is another physiological process known to be associated with 
peroxidases and ROS. Peroxidases are responsible for the synthesis of lignin and 
suberin necessary for healing. This synthesis is H 

2
 O 

2
 -dependent. NADPH oxidase 

 (Razem and Bernards 2003)  and polyamine oxidase  (Angelini et al. 2008)  have 
been proposed as sources of H 

2
 O 

2
  in two different experimental systems. There is 

no indication of the involvement of peroxidase in this process. 
 Finally, seed germination is usually accelerated by the presence of exogenously 

supplied H 
2
 O 

2
   (Ogawa and Iwabuchi 2001) . Peroxidase activity increases in seeds at 

the beginning of germination and this increase is promoted by the addition of H 
2
 O 

2
  

to the germination medium  (Sarath et al. 2007) . It is not known whether endogenous 
H 

2
 O 

2
  is also involved in the germination process. In  Arabidopsis  seeds, there is an 

accumulation of O 
2
  −.  and peroxidase at the micropylar endosperm, where the embryo 
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radicle emerges. O 
2
  −.  does not appear in seeds treated with the peroxidase inhibitor 

salicylhydroxamic acid. It is also absent in seeds of a transgenic  Arabidopsis  that 
does not produce a peroxidase normally present in seeds. This mutant exhibits a 
delay in endosperm rupture (Dunand and Penel, unpublished data).   

  4 Conclusion  

 As already noted, a signaling function may be attributed to class III peroxidases 
because of their ability to produce or, eventually, destroy ROS in response to various 
external or internal stimuli. In fact, the putative H 

2
 O 

2
 -scavenging role of apoplastic 

peroxidases has not been demonstrated. It would require the existence of a biochemical 
cycle regenerating an electron donor necessary for reducing H 

2
 O 

2
 , as is the case of 

ascorbate for ascorbate peroxidase  (Asada 1997) . It has also been suggested that 
extracellular peroxidases could work as catalases if H 

2
 O 

2
  is present in high concen-

tration  (Mika et al. 2004) , but this catalase-like activity seems to be weak 
 (Hernández-Ruiz et al. 2001) . In constrast, ROS generation by peroxidases is well 
established. It requires the presence of a reductant with suitable characteristics. 
Dihydroxyfumaric acid, indole-3-acetic acid, NADD(P)H, and sulfhydryl-containing 
molecules have been shown to meet these characteristics and allow peroxidases to 
produce H 

2
 O 

2
  in vitro. The issue of the identity of the natural reductant(s) allowing 

peroxidases to generate O 
2
  −.  or H 

2
 O 

2
  in the apoplast is central to understanding the 

role of these enzymes in oxidative burst. The reducing molecule(s) should be 
secreted to come in contact with the peroxidases already present in the cell wall. 
According to the work of  Davies et al. (2006)  on the production of ROS by 
 Arabidopsis  cell suspension cultures in response to an elicitor from  Fusarium 

oxysporum , this secretory component is sensitive to monensin and  N -ethylmaleimide 
and insensitive to brefeldin A, suggesting the involvement of post-Golgi vesicles. 

 Peroxidases possess complex biochemical properties. In vivo, their action may 
be regulated at several levels. First, a plant contains a large range of different 
peroxidase proteins. These enzymes probably have different catalytic properties 
owing to differences in the amino acid sequences interacting with the prosthetic 
group and the substrate access channel  (Veitch 2004) . It seems that only some 
peroxidases are able to generate ROS  (Blee et al. 2001 ;  Kim et al. 2008) . In addition 
to the functional variability, each peroxidase-encoding gene has its own regulatory 
mechanism of expression, owing to a great heterogeneity of the  cis -acting sequences 
 (Valério et al. 2004) . The presence of a particular apoplastic enzyme at the proper 
site and the right time to perform its function depends on four processes: gene 
transcription, protein synthesis, secretion, and targeting to the site of action. 
Examples of control of peroxidase gene expression were given in the preceding 
sections. The spatial control of peroxidase secretion has been observed, for example, 
the accumulation of peroxidases at the site of microbe invasion  (Bestwick et al. 1997) , 
but the mechanism has not yet been elucidated. It is known that some peroxidases exhibit 
a strong affinity for the Ca 2+ -mediated conformation of pectin  (Carpin et al. 2001) . 
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This could provide a mechanism to attract peroxidases to particular sites of the 
cell wall, where they could produce ROS  (Delannoy et al. 2003) . In addition, the 
chemical environment prevailing in the apoplast is likely to orientate peroxidases 
towards ROS production or H 

2
 O 

2
 -mediated oxidation or polymerization. 

 Four apoplastic enzymes can generate H 
2
 O 

2
  (Table  1 ), making it difficult to 

uncover the identity of the enzyme(s) responsible for ROS generation in a given 
physiological process. Inhibitors such as sodium azide and salicylhydroxamic acid 
for peroxidases and diphenyleneiodonium for NADPH oxidases are commonly 
used to identify the ROS-producing enzme. Unfortunately these inhibitors have 
side effects  (Frahry and Schopfer 1998 ;  Ros Barceló 1998)  and do not give unques-
tionable results. The powerful tools offered by reverse genetics have now been used 
to unambiguously identify peroxidases as ROS-producing enzymes in different 
systems  (Choi et al. 2007 ;  Kim et al. 2008) . 

 Besides their role as ROS-producing enzymes, peroxidases are also related to the 
cellular signaling network through Ca 2+  ions, because they are Ca 2+ -containing 
proteins  (Shiro et al. 1986) , whose activity may be enhanced by this cation  (Converso 
and Fernández 1996) . In addition, it was recently shown that an extracellular peroxidase 
isolated from the  Euphorbia  latex has an affinity for calmodulin and is strongly 
activated by the simultaneous presence of calmodulin and Ca 2+   (Mura et al. 2005) . 
Calmodulin, a Ca 2+ -dependent regulatory protein found mainly in cytoplasm, is also 

 Fig. 2    Possible involvement of apoplastic peroxidases in the reactive oxygen species and Ca 2+  
signaling network. Apoplastic Ca 2+  concentration could be necessary for peroxidase activation. In 
the presence of O 

2
  and a suitable reductant ( R ), peroxidases generate H 

2
 O 

2
  (and possibly O 

2
  −. ). 

This H 
2
 O 

2
  can diffuse into the cell and modulate gene expression, open Ca 2+  channels, activate 

NADPH oxidases, or be used by other peroxidases for polymerization or cross-linking reactions. 
 . OH can also be produced from H 

2
 O 

2
  and reduced peroxidases  
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present in the apoplast, where it exerts important functions  (Chen et al. 2008) . 
In  Vicia faba  guard cells, extracellular calmodulin stimulates the formation of apoplastic 
H 

2
 O 

2
  and the increase of cytosolic Ca 2+  concentration, leading to stomatal closure 

 (Chen et al. 2008) . It is also known that H 
2
 O 

2
  induces Ca 2+ -channel aperture and the 

accumulation of Ca 2+  in the cell. More generally, ROS and Ca 2+  are often involved 
as messengers in the same physiological process  (Rentel and Knight 2004 ;  Hu et al. 
2007) . Brought together, these observations allow us to hypothesize that, in some 
cases, apoplastic peroxidases activated by Ca 2+ /calmodulin could produce H 

2
 O 

2
 , 

triggering a cascade of events in the symplast. Figure  2  recapitulates the current 
knowledge concerning the possible participation of apoplastic peroxidases in ROS 
and Ca 2+  signaling networks. Future work will allow us to determine their exact role.             
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  Abstract   Cell walls are dynamic entities providing the link between cellular 
and organismal features of the plant. Being external to protoplasts, they provide 
not only the transportation pathways for signaling molecules, but also constitute 
a rich source of such molecules. Moreover, their spatial placement also makes 
them a specific “zone of the first contact” with the surrounding environment. 
Here, we provide a brief overview of the functions the walls play in plant signaling. 
We describe the physicochemical properties of the walls and discuss their impact 
on the type of signaling molecules transported via the apoplast, and the types of 
extracellular domains of receptor molecules. The role of the walls in the formation 
and maintenance of the structural and functional continuum between cell walls, the 
plasma membrane, and the cytoskeleton is then considered, especially with respect 
to mechanosensing, transduction of mechanical signals, and monitoring of cell wall 
integrity. Finally, a range of signaling molecules and their activities are reviewed.    

  1 Introduction  

 The contemporary view of the plant cell wall is not only that of a structural element 
and a physical barrier between the cell and its immediate surroundings, but also that 
of a physiologically active and dynamic cellular compartment. This responsive and 
adaptive subcellular region constitutes a pathway for and a source of signaling 
molecules, enabling communication with its own protoplast, surrounding environment, 
and other cells. Cell walls not only form a part of a cell wall–plasma membrane–
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cytoskeleton (WMC) continuum, integrating the cells structurally and functionally, 
but also form part of a supracellular structure – the apoplast  (Wojtaszek 2000) . 
Through provision of mechanical strength, walls define cell shapes and thus plant 
overall morphology. On the other hand, walls have to be plastic and dynamic 
enough to enable smooth execution of developmental programs and responses to 
changes in the environment. Although changes in cell wall composition are usually 
tightly controlled by the protoplast, they also have some reciprocal functions as the 
state of wall chemical and mechanical properties constitutes a source of information 
affecting cell fate. Thus, it seems that plant cell walls also have a role in integration 
of and participating in complex signaling pathways. Owing to the space limitations 
of this volume, only some aspects will be covered here. The reader is directed to 
several excellent reviews which have been published in recent years  (Kohorn 2000 ; 
 Brownlee 2002 ;  Pilling and Höfte 2003 ;  Fleming 2005) .  

  2 Chemical and Structural Features of the Walls  

 Although the apoplast represents approximately 5% of the total plant volume, the 
properties of the constituting walls affect strongly its transport abilities, limiting the range 
of molecules able to move with respect to their size, charge, and relative hydrophilic-
ity  (Brett and Waldron 1996) . Moreover, local and domain-like differentiation of 
the chemical composition of the walls seems to be crucial for the dynamic genera-
tion of specific signaling molecules at the right place and at the right time. 

  2.1 Cell Walls as Molecular Sieves and pH-Stats 

 The structure of the walls is currently presented as a set of several intertwining 
networks forming a composite material with remarkable mechanical and physiological 
properties. For the most part plant walls are built from polysaccharides, supple-
mented with proteins and phenolic compounds, mainly lignins. Typical walls of a 
higher-plant species are built from three major classes of polysaccharides: cellulose, 
hemicellulose, and pectins  (Popper 2008) . It is believed that the pectic network is the 
major determinant of the pore size, creating effectively a kind of molecular sieve. 
This is mainly due to the formation of pectic Ca 2+  bridges and rhamnogalacturonan 
II–boron bridges. These pores have been estimated to be on the order of 3–5 nm in 
diameter  (Fleischer et al. 1999) , which for proteins translates into the 10–50-kDa 
limit. Thus, ions, sucrose, peptides, and small organic compounds, such as phytohor-
mones and amino acids, can diffuse through the wall. Additionally, it is assumed that 
owing to the presence of a high proportion of uronic acids in pectins, the walls bear 
a net negative charge. The pH of the walls is usually in the range 4.5–6.5 and 
depends on the species  (Canny 1995) . The net charge invokes electrostatic interactions 
with mobile molecules, affecting also the speed of their movement.  
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  2.2 Water Content and Distribution 

 Although in general cell walls are reasonably well hydrated, with water content reaching 
70%, the distribution of water molecules is not even throughout them. The cellulose–
hemicellulose network forms a relatively “water-free” area, enabling the creation of 
strong hydrophobic interactions within and between the components of the network 
leading to, e.g., the paracrystalline structure of cellulose microfibrils. Water is dis-
tracted from this network by the pectic matrix, which, in effect, leads to the formation 
of a mosaic pattern of water distribution with “water-rich” pectic channels.  

  2.3 Apoplastic Domains of Receptor Molecules 

 Physical or chemical stimuli, either crossing the walls or transported through them, 
finally arrive at the protoplast surface. Here, they are either directly transmitted, e.g., 
via the WMC continuum, or perceived by receptors that transduce those signals to 
the cellular interior. Plant receptor-like kinases (RLKs) play fundamental roles in 
this process. RLKs form a large gene family in  Arabidopsis thaliana  with more than 
610 members, among which 417 are characterized by the full receptor configuration, 
i.e., the presence of a ligand-binding ectodomain, a transmembrane domain, and a 
cytoplasmic kinase domain. The kinase domain usually phosphorylates serine and 
threonine residues, although some RLKs can also phosphorylate tyrosine residues. 
The extracellular domains of RLKs are quite divergent and can be classified into 
more than 21 structural classes. This diversity suggests the involvement of RLKs in 
the perception of a wide range of signals. However, as yet the biological function is 
known for less than half of the RLK classes  (Shiu and Bleecker 2001) . 

  2.3.1 Leucine-Rich Repeat 

 In the  Arabidopsis  genome, leucine-rich repeat (LRR) RLKs are coded by approxi-
mately 216 genes, constituting the largest group within RLK family. LRRs mostly 
mediate protein–protein interaction and are also involved in ligand binding. Sequence 
analysis suggested the existence of at least seven different domain organizations 
with variation in the number and the structure of the repeats. It is believed that a 
repetitive structure may be beneficial in processes in which the rapid generation of 
new variants is required, such as in plant disease resistance  (Kobe and Kajava 2001) .  

  2.3.2 Carbohydrate-Binding Motifs 

 Domains specialized for carbohydrate binding (Lysin motif, L-lectin, C-lectin, or 
PAN-AP subfamily of APPLE domain) could be found in many RLKs and together 
they represent the second largest class of external receptor RLK domains. The ability to 
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bind wall components makes this group an ideal candidate for monitoring cell wall 
integrity and plant defense responses. For example, L-lectins are involved in recognition 
of pathogen glycans  (Senchou et al. 2004) , while the LysM receptor recognizes rhizo-
bial Nod factors  (Madsen et al. 2003) . Domains such as thaumatin and chitinase-related 
domains are implicated in binding of the components of fungal cell walls.  

  2.3.3 Wall-Binding Motifs 

 Several RLK domains contain motifs which suggest their putative involvement in 
creating physical linkages between the protoplast and the cell wall. These include 
wall-associated kinases (WAKs;  Kohorn 2001) , containing epidermal growth factor 
repeats, and proline-rich extensin-like receptor kinases  (Haffani et al. 2006) . 
The  Arabidopsis  WAKs are encoded by five genes, while the proline-rich extensin-like 
receptor kinases are encoded by 15 genes. Biochemical and immunological analyses 
showed that external WAK domains bind directly to pectins  (Decreux and Messiaen 
2005 ;  Decreaux et al. 2006) . It is suggested that this physical linkage is necessary 
for the WAK function as a regulator of cell expansion  (Reise et al. 2003) .   

  2.4 Plasmodesmata as Wall Communication Channels 

 Plasmodesmata cross the walls and connect cytoplasms of neighboring cells, allow-
ing for cell-to-cell transport of various solutes, among them proteins and RNA 
 (Heinlein and Epel 2004) . Such trafficking plays a critical role in intercellular sig-
naling, enabling coordination of differentiation and development of cells located in 
various symplastically isolated domains, e.g., epidermis. Maintenance of symplastic 
continuity is under strict spatial and temporal control  (Rinne and van der Schoot 
1998 ;  Gisel et al. 1999) . Plasmodesmata are very dynamic structures that transiently 
oscillate between closed, open, and dilated states  (Zambryski and Crawford 2000) . 
Regulation of the plasmodesmata state is tightly interrelated with the functioning 
of the WMC continuum. Interactions between callose, callose synthases, and plant-
specific myosin of class VIII, F-actin, and membranes of the endoplasmic reticulum 
occur particularly at plasmodesmata and pit fields  (Baluška et al. 2003 ;  Golomb 
et al. 2008) . Plasmodesmal transport is affected by the state of actin as stabilization 
of filaments inhibits the flow rate through plasmodesmata, whereas disruption of 
filaments increases it  (Ding et al. 1996) . The composition of cell walls in 
plasmodesmata-rich areas is highly specific. Owing to an increase of callose and 
nonesterified pectins content, hemicellulose and cellulose content is reduced 
 (Turner et al. 1994 ;  Roy et al. 1997) . Callose can be deposited on both sides of the 
tunnel, and also inside during dormancy  (Radford et al. 1998) . There is evidence 
 (Levy et al. 2007)  that callose-degrading  b -1,3-glucanases are associated with 
plasmodesmata and can function in their gating.   
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  3  Supracellular Determinants of Cell Wall 
Signaling to the Protoplast  

  3.1 Cell Walls and Mechanosensing 

 Plants have developed adaptive strategies allowing them to survive in harsh envi-
ronments, maintaining proper osmotic conditions and withstanding gravitational 
force. Turgidity and growth of plant cells depend on the tight interactions between 
the protoplast’s turgor pressure and the mechanical properties of the wall  (Cosgrove 
2005) . In the terms of mechanics, plant protoplast functions like a hydrostat, exerting 
a circumferential tensile force and a radial compressive force within the plasma 
membrane, and pressing against the surrounding cell wall. The wall–protoplast 
interactions are particularly important for mechanical stabilization of the cells 
subjected to rapidly changing environmental conditions, especially during the plas-
molytic cycle  (Lang-Pauluzzi and Gunning 2000) . The forces generated at the cell 
wall–plasma membrane interface are transduced onto the cytoskeleton, making the 
plant cell a tensegral system  (Ingber 2003) . The physical forces generated in such 
a system are sufficient to overcome gravitational force and allow for plant growth 
and proper water distribution over the whole plant body  (Niklas 1992) . 

 In suspension-cultured cells the mechanical stimuli are not transduced to neigh-
boring cells, whereas in plants changes in wall mechanics and/or turgor pressure of 
individual cells affect the shape of adjacent cells, and, in consequence, their func-
tioning. The plant tissue organization is a result of coordinated alignment of the 
planes of cell divisions. In contrast, growth of calluses is usually disordered. 
Application of an external mechanical force could restore coordinated cell divisions 
within the callus. This suggests that (1) plant protoplasts are able to recognize vec-
torial information provided by physical forces and (2) tissue organization  in planta  
is the result of a proper mechanical environment  (Lintilhac and Vesecky 1984 ; 
 Lynch and Lintilhac 1997) . It is assumed that in axial plant organs such “tensile 
skin” is provided by the outer walls of epidermal cells  (Kutschera 2008) . These 
walls are significantly thicker (up to 10 times), and more resistant to mechanical 
stress than the walls of other cells. In effect they form a rigid cylinder inside which 
other cells are tightly packed. This creates an additional supracellular pressure 
allowing the inner cells of the organ to sense and adjust to the immediate mechanical 
environment as well as to transduce mechanical signals throughout the organ 
 (Kutschera 1995,   2008) . Such supracellular features enable plants to function also 
as very sensitive detectors of mechanical stimuli. Even subtle, short touch can 
induce not only mechanisms of signal transduction, but also immediate wall remod-
eling as evidenced by an induced expression of the TCH4 gene coding for xyloglucan 
endotransglycosidase  (Braam and Davies 1990 ;  Braam 2005) . 

 Plant growth and form are optimized to meet the biomechanical properties of 
cell walls  (Green 1999) . It is assumed that a protoplast’s turgor is a growth propeller, 
whereas growth directionality is determined by differentiated mechanics of various 
wall domains surrounding the protoplast, and the coordinated cooperation of the 
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actin and tubulin cytoskeleton  (Panteris and Galatis 2005) . Localized, mechanically 
weak wall domains are created through either directional deposition of additional 
polymers into surrounding wall domains or localized release of loosening proteins, 
such as expansins. Expansins are highly specific proteins that reversibly break 
hydrogen bonds between cellulose microfibrils and hemicelluloses (reviewed by 
 McQueen-Mason and Rochange 1999 ;  Sampedro and Cosgrove 2005) . Their action 
provides a driving mechanism for both intrusive growth of differentiating xylem 
cells  (Im et al. 2000) , and formation of root hairs  (Baluška et al. 2000)  or leaf pri-
mordia  (Fleming et al. 1997) . 

 The biochemical composition of cell walls is an important determinant of their 
function in mechanosignaling. In  Arabidopsis , the cell wall polysaccharide compo-
sition is a key feature of particular cell types and tissues  (Somerville et al. 2004) , 
and depends on the growth and developmental stage  (Knox et al. 1990) . For example, 
pectin distribution is not random, as homogalacturonan is preferentially located in 
the middle lamella, and rhamnogalacturonan II is located close to the plasma 
membrane  (Williams et al. 1996) . The pattern of cellular growth can be dependent 
on changes in wall composition  (Suzuki et al. 1990)  or spatial wall organization 
 (DeWitt et al. 1999) . Changes in mechanical properties of the walls can also affect 
the functioning of the whole cell, especially the organization of the actin cytoskel-
eton. Selective disruption of wall polysaccharides or covalent interactions between 
wall components causes changes in the architecture and dynamics of the actin 
cytoskeleton, and leads to disturbances of the mechanical stability of the whole cell 
 (Wojtaszek et al. 2007) . As such alterations are not isotropic, the plausible explanation 
points to differential composition and organization of polysaccharides in various wall 
domains. Another factor to be considered is the formation and maintenance of tightly 
controlled connections between the cell wall and the protoplast.  Chrysanthemum  
suspension cells subjected to an external mechanical force react by elongating 
perpendicularly to the vector of the force applied, and this process depends on the 
proper structure of the WMC continuum  (Zhou et al. 2007) . Another interesting 
experimental model involves cellular reactions to osmotic conditions as, e.g., 
hypertonicity introduces tension into the WMC continuum. This immediately induces 
signaling pathways, and the involvement of mechanosensitive stretch-activated 
Ca 2+  ion channels  (Hayashi et al. 2006)  and phospholipid signaling  (Zonia and 
Munnik 2004)  has already been demonstrated.  

  3.2 Monitoring of Cell Wall Integrity 

 Maintenance of cell wall integrity or regulation of modifications of the wall’s 
composition or assembly to coordinate growth and development requires the generation 
and perception of signals providing information on the state of the wall. Studies of 
transgenic lines or mutants impaired in the synthesis of wall components demon-
strated clearly that defects in the wall structure/properties activate specific compensatory 
reactions of the protoplast. In poplar, repression of lignin biosynthesis led to the 
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accumulation of cellulose  (Hu et al. 1999) . On the other hand,  Arabidopsis  plants 
defective in cellulose synthesis, owing to either mutations in cellulose synthase 
(CesA) genes or chemical inhibitor treatment, display changes in wall polysaccharide 
composition and/or ectopic lignin deposition (reviewed by  Hématy and Höfte 2008) . 
In  Saccharomyces cerevisiae  complex signaling pathways were identified that are 
involved in the monitoring of cell wall integrity during growth and development, and 
in responses to wall stressors, such as elevated temperature, osmotic conditions, and 
pathogen attack. The yeast cell wall integrity pathway comprises a family of protein 
cell surface sensors (Wsc1–3, Mid2, Mtl1) with periplasmic ectodomain. These 
detect and transmit signals to a small G-protein, Rho1, and further to effectors, such 
as the protein kinase C-mediated mitogen-activated protein kinase pathway, respon-
sible for the amplification of the signal from Rho1. The yeast cell wall integrity 
pathway is linked to other signaling pathways, e.g. regulating the actin cytoskeleton 
architecture, and in this way correlating cellular processes such as cell wall biosyn-
thesis and cell polarization (reviewed by  Gustin et al. 1998 ;  Heinisch et al. 1999 ; 
 Levin 2005) . In contrast, wall integrity sensing mechanisms in plants are poorly 
understood. A plasma membrane RLK,  THESEUS , has been identified in  A. thaliana  
that could be a player in sensing wall integrity and activation of the signaling pathway 
only in response to cellulose deficiency. Mutation in the  THE  locus attenuated the 
compensatory effect in some CesA mutants without changing the cellulose content, 
while its overexpression induced lignin accumulation and phenotypical changes 
 (Hématy et al. 2007) . On the other hand, some data indicate that monitoring of wall 
integrity might be tightly coupled to osmosensing  (Marshall and Dumbroff 1999 ; 
 Nakagawa and Sakurai 2001) .  

  3.3 WMC Continuum: Potential Linkers 

 The existence of the WMC continuum in plants, analogous to that found in animals, 
has been proposed relatively recently  (Wyatt and Carpita 1993) . WMC functions, 
and especially interactions between its component macromolecules, have an 
immediate bearing on the mechanosensing abilities of plant cells. Many potential 
proteinaceous linkers have been proposed, but as yet direct and fully convincing 
evidence has been provided for none of them. This topic has been recently covered 
elsewhere  (Wojtaszek 2000 ;  Baluška et al. 2003) , allowing us to limit ourselves to 
several remarks here. 

 As extracellular domains of WAKs are embedded in a pectin matrix (see Sect. 
2.3.3), these proteins are thought to function as signal transmitters from the wall to 
cytoplasm. Their cytoplasmic active serine/threonine kinase domain physically 
interacts with KAPP – a type 2C protein phosphorylase  (Anderson et al. 2001) . 
Despite this suggested role, there is still lack of direct evidence for their participation 
in signal transduction.  Arabidopsis  mutants with decreased level of WAKs 
messenger RNA displayed a dwarf phenotype that could be rescued by treatment 
with gibberellins, indicating some link with the gibberellin signaling pathway in 
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regulation of cell expansion. Some interesting explanations for dwarfism in WAK 
mutants come from the analysis of  Arabidopsis wak2  mutants. These plants are also 
impaired in the activity of vacuolar invertase involved in the regulation of solute 
concentration in cells. A tempting suggestion is that WAK2 senses the state of cell 
expansion and modulates accordingly invertase activity to adjust cell turgor  (Kohorn 
et al. 2006) . 

 Many exocellular proteins are anchored to the plasma membrane by the glyco-
sylphosphatidylinositol (GPI) moiety and these could also be strong candidates to 
transmit signals within the WMC continuum. Most probably the signaling potential 
of these proteins arises from the possibility of the GPI anchor cleavage that could 
generate both extracellular and intracellular signal molecules  (Borner et al. 2003) . 
Among GPI-anchored proteins, putative signaling function has been already 
ascribed to arabinogalactan proteins (AGPs). AGPs are involved in cell division, 
expansion, and differentiation, root development, somatic embryogenesis, pollen 
tube growth, and programmed cell death (reviewed by  Majewska-Sawka and 
Nothnagel 2000 ;  Seifert and Roberts 2007) . Other feasible linkers within the WMC 
continuum are formins  (Deeks et al. 2002)  and lectin receptor kinases  (Gouget et al. 
2006) . The association of mechanosensory (stretch-activated) calcium-selective ion 
channels with AGPs and WAKs  (Gens et al. 2000)  suggests other possible ways of 
sensing and transducing mechanical signals within the WMC continuum.  

  3.4  Interplay Between Chemistry and Mechanics During Plant 

Wall Invading Pathogen Interactions 

 Wounding by herbivores and pathogen penetration evokes rapid local defense 
reactions and longer-term systemic changes. As the walls constitute the physical 
barrier and the zone of first contact with pathogens, the invader recognition at cell 
walls and the activation of wall-located defense mechanisms are crucial for plant 
survival. In the early response, mechanical resistance to penetration is a key mechanism 
preventing further invasion and spreading of disease. One of the most important 
elements of penetration resistance is the formation of physical and chemical protective 
barriers, cell wall appositions (CWA) called “papillae”  (Schmelzer 2002) . Attempted 
penetration of the plant wall by a pathogen evokes rapid translocation of subcellular 
components to the infection site. This is achieved via actin cytoskeleton and 
endomembrane system reorganization, accumulation of endoplasmic reticulum and 
Golgi stacks just below the infection site, followed by actin-dependent polarized 
secretion of wall components (reviewed by  Hardham et al. 2007) . Interestingly, identical 
events accompany mechanical stimulation of epidermal cells, suggesting that at the 
cellular level some basal defense reactions could have evolved from plant mechano-
sensory responses  (Hardham et al. 2008) . In addition, extensive synthesis of callose 
is induced by activation of plasma-membrane-located callose synthase complexes 
accumulated in the membrane microdomain of the CWA region  (Bhat et al. 2005) . 

 For better understanding of the penetration resistance, it is usually assumed that 
the plasma membrane of invaded cells contains some receptors able to recognize 
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chemical signals, and to activate further signaling pathway(s) inducing CWA formation. 
It seems that RLKs could play a crucial role here. Those participating in defense 
responses are collectively called “pattern-recognition receptors,” and their ligands, 
which include, e.g., bacterial flagellin, fungal chitin, and oomycete INF1, are termed 
“pathogen-associated molecular patterns”  (Jones and Dangl 2006) . The most studied 
receptor in  Arabidopsis  is AtFLS2 (FLAGELLINSENSING 2) – a LRR-RLK-
recognizing bacterial flg22  (Felix et al. 1999 ;  Chinchilla et al. 2006)  Although the 
role of these proteins in binding of bacterial flagellin is known, other elements of the 
activated signaling pathway remain elusive. Somatic embryogenesis receptor kinase 
3/brassinosteroid-associated kinase 1 is a LRR RLK that forms complexes with 
flg22-activated AtFLS2 in  Arabidopsis   (Heese et al. 2007) . This RLK was previously 
shown to function in brassinolide signaling through brassinosteroid 1 receptor  (Nam 
and Li 2002) . This suggests that immune and hormone signaling pathways are somehow 
linked, but this intriguing hypothesis has to be proved. 

 In animal systems, transduction of mechanical stimuli from the extracellular matrix 
to the cytoskeleton involves integrins. Extracellular ligands that activate integrins 
possess a characteristic RGD (Arg-Gly-Asp) motif. Although genes coding for 
integrins were not found in the  Arabidopsis  genome, proteins containing  b -integrin-
like domains were identified immunologically in many plant species (reviewed by 
 Baluška et al. 2003) . The existence of high-affinity binding sites for RGD-containing 
peptides  (Canut et al. 1998) , as well as responses to such peptides  (Schindler et al. 
1989 ;  Barthou et al. 1999) , was demonstrated. Exogenous application of RGD-
containing peptides evokes the loss of cell wall-plasma membrane connections in 
plasmolyzed onion cells  (Canut et al. 1998)  or  Pelvetia  zygotes  (Henry et al. 1996) . 
These observations suggest that plants contain RGD-binding proteins which although 
structurally different could be functionally similar to animal integrins. Their involve-
ment in defense responses was first suggested by the demonstration of interference of 
RGD peptides with accumulation of phytoalexin in pea epicotyls responding to fungal 
elicitors  (Kiba et al. 1998) . Disruption of cell wall-plasma membrane connections during 
pathogen attack by RGD peptides may lead to reduction of wall-associated reactions 
and, in consequence, to increased plant susceptibility  (Mellersh and Heath 2001) . 
Interestingly, an  Arabidopsis  plasma membrane protein able to bind RGD-containing 
peptides, such as the protein secreted by the oomycete (IPI-O;  Senchou et al. 2004) , 
was identified as a lectin-like receptor kinase  (Gouget et al. 2006) .   

  4 Cell Walls as a Source of Signaling Molecules  

  4.1 Oligosaccharide-Containing Molecules 

 Mechanical damage or activity of glycohydrolases, either residing in or arriving at 
plant walls, might yield oligosaccharide fragments. It is commonly accepted that 
such fragments can have biological activity, evoking various responses of plant cells. 
Oligosaccharins have been defined as oligosaccharides that at very low concentration 
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affect physiological functioning of plants by acting as signal molecules in the cell 
wall  (Darvill et al. 1992 ;  Aldington and Fry 1993) . Although initially identified as 
elicitors of defense responses, they were later found to influence normal growth and 
development. The latter issue has recently been thoroughly reviewed elsewhere 
 (Fleming 2005) ; therefore, here we will concentrate on the role of oligosaccharide 
fragments in plant interactions with other organisms. 

 Oligogalacturonides (OGAs) are linear stretches of about two to 20  a -1,4-linked 
units of galacturonic acid. They originate from the pectin matrix where they are 
released from homogalacturonan of the primary cell walls, usually by enzymatic 
degradation by endopolygalacturonases. OGAs act as very powerful elicitors of plant 
defense reactions to pathogen attack, activating locally wall fortification, generation 
of reactive oxygen species (ROS), and accumulation of phytoalexins and protease 
inhibitors  (Côté and Hahn 1994 ;  Creelman and Mullet 1997) . Although OGAs are not 
mobile in plants, they also activate more general defense responses (reviewed by 
 Ridley et al. 2001) . However, OGA perception and the accompanying signaling path-
ways are still poorly understood. An interesting feature of OGAs is that degree of 
polymerization (DP) seems to be crucial for determination of their biological activity. 
For example, only OGAs with DP = 10–15 induce a transient increase of cytosolic 
free Ca 2+   (Mathieu et al. 1998 ;  Moscatiello et al. 2006) . Data from in vitro studies 
indicate plausible involvement of a putative protein kinase cascade signaling network 
 (Farmer et al. 1991) . Because of the differentiated, DP-dependent potency of OGAs, 
it is postulated that plant cells could possess multiple OGA-perceiving receptor-like 
molecules with different affinities. In addition, the possibility exists that OGAs might 
by bound by some wall components  (Mathieu et al. 1998) . 

 Lipochitooligosaccharides (LCO) are synthesized by soil bacteria collectively 
known as rhizobia. These highly decorated oligomers of  N -acetyl- d -glucosamine 
(Nod factors) were shown to participate in the establishment of symbiotic interac-
tions between legumes and nitrogen-fixing rhizobia  (Lerouge et al. 1990) . Sensed by 
plant roots, Nod factors act as activators of morphogenetic events culminating in the 
formation of symbiotic nodules  (Truchet et al. 1991) . Nod-induced processes are 
accompanied by changes in cytoskeleton organization, and plasma membrane and 
cell wall properties  (Timmers et al. 1999) . In response to Nod factors, plants activate 
nodulin genes, among them those coding for proline-rich cell wall proteins and per-
oxidases (reviewed by  D´Haeze and Holsters 2002) . The core structure of Nod fac-
tors resembles short chitin fragments. Pure chitooligosaccharides can induce various 
defense responses in plants  (Felix et al. 1993 ;  Baier et al. 1999) . Among LCO-
induced pathogenesis-related (PR) genes, a significant group is chitinases, mostly 
apoplastic, that hydrolyze  b -1,4- N -acetyl- d -glucosamine polymers and oligomers. 
These were shown to directly regulate the lifespan and specific biological activity 
of Nod factors  (Staehelin et al. 1994a,   b) . Such interplay between LCO-type signals 
and chitinases seems to be functional also during developmental processes. In the 
carrot line  temperature sensitive 11  ( ts11 ) in which somatic embryogenesis is 
arrested at nonpermissive temperatures, an addition of Nod factor or supplementa-
tion of medium with carrot EP3 chitinase breaks the developmental arrest  
(De Jong et al. 1992,   1993) . Moreover, carrot somatic embryogenesis is regulated 
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by endogenous  N -acetylglucosamine- or glucosamine-containing signals released by 
chitinases from oligosaccharide side chains of AGPs  (van Hengel et al. 2001) .  

  4.2 Plant Peptides 

 Owing to physicochemical and structural features of cell walls, it was long thought 
that in plants only small lipophilic compounds, such as auxins, cytokinins, gib-
berellins, abscisic acids, ethylene, brasinosteroids, and jasmonates, can function as 
regulatory molecules. The occurrence of peptide ligands was thought to be limited 
to animals. However, biochemical, molecular, and functional genomics research in 
recent years revealed clearly that there are a lot of different peptides in plants with 
extremely high informative potential, because of their diversity in length, sequence, 
charge, structure, and modification. This topic has recently been covered by many 
excellent reviews  (Bisseling 1999 ;  Matsubayashi 2003 ;  Xia 2005 ;  Matsubayashi 
and Sakagami 2006 ;  Farrokhi et al. 2008)  and thus we will concentrate on a few 
selected points. 

 Several signaling peptides have been quite well characterized, and their involve-
ment in either the regulation of growth and development or plant defense reactions 
has been clearly demonstrated. However, recent genomic and bioinformatic approaches 
in  Arabidopsis  indicated that the presently assumed diversity of secreted plant 
peptides might in fact be much broader  (Lease and Walker 2006) . This notion is 
corroborated by the observation that the majority of hormone peptides are released 
from much bigger precursors via regulatory protein cleavage by respective 
proteases. This might suggest that the number of peptide hormones in plants might 
still be underestimated. 

 Most peptide hormones exert their signaling action extracellularly. This requires 
firstly the coordinated activity of the whole machinery for protein sorting and transport 
to allow for protein secretion outside the protoplast. On the other hand, this also 
requires secretion and precise localization of at least two other components of the 
signaling system, i.e., an appropriate receptor and a protease that generates peptide 
signal. These stages of peptide signaling introduce, however, several possibilities of 
regulatory action, making the system very sensitive and responsive to various additional 
cues. Two peptide signaling systems will be used to illustrate the issue. It should 
also be noted, however, that as yet none of the peptide signaling systems characterized 
is known in its full complexity. 

 The identity of the cells in the shoot apical meristem (SAM) is determined among 
other factors by the activity of CLAVATA system. Three  CLV  genes have been char-
acterized. CLV1 belongs to the LRR class of RLKs  (Clark et al. 1997) . CLV2 is 
similar to CLV1, but lacks the kinase domain and is thought to form functional het-
erodimers  (Jeong et al. 1999) . On the other hand,  CLV3  encodes a 96-amino acid 
peptide  (Fletcher et al. 1999) , a member of a large family of CLAVATA3/
ENDOSPERM SURROUNDING REGION (CLE)-related peptides  (Jun et al. 
2008) . Although a functional CLV3 peptide is 78 amino acids long, it is postulated 
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that proteolysis of CLV3 in the apoplast leads to release of an active dodecapeptide 
containing two hydroxyprolines, derived from a conserved motif characteristic for 
the whole CLE family  (Kondo et al. 2006) . The protease processing CLV3 is still not 
known. CLV3 is secreted to the apoplast by cells of the L1 and L2 layers of the 
SAM, but acts as a ligand for CLV1/CLV2 complexes located in the L3 layer to 
activate a signaling cascade leading to cell division inhibition in the SAM  (Clark 
2001) . CLV3 binds directly the CLV1 ectodomain  (Ogawa et al. 2008) , but recent 
data indicate also that CLV3 might be sensed independently by another RLK system 
composed of CLV2 and a receptor kinase CORYNE  (Müller et al. 2008) . 

 Peptide hormones are also required for the regulation of stomatal development 
 (Bergmann and Sack 2007) . Current model points to an apoplastic serine protease 
of the subtilase family - STOMATAL DENSITY AND DISTRIBUTION 1 (SDD1; 
 Berger and Altmann 2000)  as a local generator of unknown positional signal detected 
by the LRR-receptor-like protein TOO MANY MOUTHS (TMM;  Nadeau and 
Sack 2002) . The recently identified secretory peptide EPIDERMAL PATTERNING 
FACTOR 1 probably acts upstream of TMM, but independently of SDD1  (Hara et al. 
2007) . As TMM lacks an intracellular kinase domain, it is suggested that it exerts 
its activity via interactions with lectin receptor kinases, most probably of the 
ERECTA family  (Shpak et al. 2005) . Mutations in genes encoding these proteins 
result in disturbed number and patterning of stomata.  

  4.3 Hydrogen Peroxide 

 The signaling function of ROS can be achieved in two different, but partially over-
lapping, ways  (Van Breusegem et al. 2008) . First, it was demonstrated in animal 
models that ROS could form complexes with respective proteinaceous receptors, 
predominantly located in the membranes, which leads to the subsequent activation 
of the signaling pathway  (DeYulia et al. 2005) . Second, it is assumed that ROS 
could change the functioning of the cell by chemically modifying biological 
macromolecules without leading to their destruction  (Neill et al. 2002,   2003) . 

 Hydrogen peroxide (H 
2
 O 

2
 ) is the most stable ROS. It is electrically neutral, is not a 

radical, and thus is very mobile and can penetrate cell membranes  (Wojtaszek 1997 ; 
 Neill et al. 2002) . Interestingly, recent data suggest the existence of specialized aquapo-
rins channeling H 

2
 O 

2
  actively through the membranes  (Bienert et al. 2007) . The signaling 

power of H 
2
 O 

2
  has been elegantly demonstrated for plant defense responses against 

avirulent pathogens where its accumulation at sites distant to attempted infections mediated 
a reiterative signal network underlying systemic as well as local resistance responses 
 (Alvarez et al. 1998) . Although O 

2
  .–  is mainly produced in many cases of defense 

responses, its quick dismutation leads to the accumulation of H 
2
 O 

2
 , which can then 

diffuse inside the walls and reach neighboring cells  (Wojtaszek 1997) . Interestingly, 
however, it is superoxide radical which has been identified as a signaling molecule 
responsible in  Dictyostelium   discoideum  for initiation of the transition from unicellular 
growth to the formation of multicellular aggregates  (Bloomfield and Pears 2003) . 
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 A very interesting phenomenon is the existence of various sources of H 
2
 O 

2
  

which are switched on and off depending on the physiological context  (Bolwell and 
Wojtaszek 1997) . In the exocellular compartments, ROS are thought to be gener-
ated either by membrane NADPH oxidases  (Foreman et al. 2003)  or by apoplastic 
enzymes, such as peroxidases  (Bindschedler et al. 2006) . These can be activated 
separately or in parallel, depending on the species, and, e.g., its strategy to react to 
pathogens. It has also been noted that in response to various stresses (biotic vs. 
abiotic) ROS generation could be either apoplastic or intracellular, e.g., from 
NADPH oxidase internalized in endosomes  (Leshem et al. 2007) .  

  4.4 Nitric Oxide 

 In contrast to animal cells, the sources of nitric oxide (NO) in plants are very 
diverse  (Wendehenne et al. 2001) . As the exocellular compartments are considered, 
both enzymatic and nonenzymatic mechanisms are operating here, and it is usually 
thought that plants function in “an open system” with respect to NO  (Yamasaki 
2005) . In the apoplast, a putative nonenzymatic pathway generates NO via reduction 
of nitrite in an acidic environment  (Bethke et al. 2004) . NO can also arrive directly 
at the walls from the soil where it can be produced by soil bacteria  (Stöhr and 
Ullrich 2002) . Finally, there are a few membrane enzymes which release NO into 
the apoplast. NO can be synthesized by nitrite:NO reductase, closely associated 
with plasma-membrane-bound nitrate reductase, which may also release NO to the 
apoplast. Together with cytosolic nitrate reductase, nitrite:NO reductase is one of 
the most important NO sources in plant roots. It should also be remembered that 
owing to the chemical nature of NO, this small hydrophobic molecule when generated 
in the cytoplasm can easily penetrate through membranes, thus also reaching the 
apoplast. 

 NO is an important signaling molecule in plants. It is involved in the control of 
various physiological processes, such as gravity responses, growth or flowering, 
regulation of stomatal aperture, xylem formation, stress response and adaptation, 
and also in defense responses. NO-activated signaling pathways, by analogy with 
animal systems, involve a number of secondary messengers, such as cyclic guanosine 
monophosphate, cyclic ADP-ribose, or Ca 2+  (reviewed by  Neill et al. 2003,   2008 ; 
 Arasimowicz and Floryszak-Wieczorek 2007) . In this pathway in animals, NO 
reacts with ferrous ion of the heme group in a soluble guanylate cyclase. This binding 
triggers conformational changes in the soluble guanylate cyclase resulting in 300-
fold increase in the enzymatic activity  (Denninger and Marletta 1999) . There is a 
great probability that the same process is taking place in plants as application of NO 
donors causes a dramatic increase of the cyclic guanosine monophosphate level in 
tobacco  (Durner et al. 1998) . 

 NO can also evoke cellular responses by structural modification of proteins via 
direct addition of either an NO molecule or an NO-derived molecule to peptide amino 
acids. The most common are cysteine S-nitrosylation  (Hess et al. 2005)  and tyrosine 
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nitration  (Monteiro 2002) . It is now well established in animal systems that NO is part 
of a universal redox-based signaling mechanism and S-nitrosylation could be 
regarded as an important posttranslational modification, fulfilling roles similar to 
phosphorylation. Knowledge of plant proteins regulated by S-nitrosylation or tyrosine 
nitration is actually just emerging  (Lindermayr et al. 2005) , and only a few examples 
have been definitely demonstrated. These include S-nitrosylation of glyceraldehyde 
3-phosphate dehydrogenase  (Lindermayr et al. 2005) , methionine adenosyltrans-
ferase  (Lindermayr et al. 2006) , and metacaspase  (Belenghi et al. 2007) , and perox-
iredoxin II E-stimulated tyrosine nitration  (Romero-Puertas et al. 2007) . 

 Many physiological processes and defense reactions seem to be regulated by NO, 
although the exact mechanisms of the actions of NO in most of the cases are barely 
known. NO burst was observed during differentiation of xylem cells  (Gabaldón et al. 
2005) . One of the potential NO targets seem to be wall-resident peroxidase partici-
pating in the lignification of secondary cell walls  (Ferrer and Ros Barcelo 1999) . NO 
also affects cellulose metabolism in tomato. The cellulose content increased in 
response to picomolar concentrations of NO, while nanomolar concentrations had 
the opposite effect. Those data may suggest that NO is also involved in the regula-
tion of primary wall synthesis (Correa-Arangunde et al. 2008). 

 Treatment of potato leaflets with NO, resulting in the enhanced synthesis and 
accumulation of callose, demonstrated its involvement in the wound healing 
response  (París et al. 2007) . NO also plays a significant role in plant defense 
responses  (Delledonne et al. 1998) . Interestingly, increased NO generation during 
plant-pathogen interactions might not be a plant-specific phenomenon. Recently, it 
was demonstrated that in response to cellobiose, originating from plant walls, 
pathogenic  Streptomyces  species can initiate NO burst releasing NO to the plant 
apoplast  (Johnson et al. 2008) . Finally, NO seems to play a crucial role during 
hypersensitive response, including programmed cell death. During programmed 
cell death a tightly regulated interplay between NO and various ROS species is 
observed. Usually, like in soybean, both NO and other ROS are required to initiate 
programmed cell death  (Delledonne et al. 2001) . In some cases, also independent 
action of NO causes programmed cell death (Clarke et al. 2000). The timing of the 
NO burst seems to be a critical point in the induction of programmed cell death. 
Oxidative burst activates a burst of NO generation, while constant ROS production 
does not affect NO synthesis  (de Pinto et al. 2006) .       
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       Ionic Loops and Rebounds: 
Oxygen-Deprivation Signaling in Plants       
     Chalivendra C.   Subbaiah      

  Abstract   In flooded soils, oxygen is a serious limiting factor for plant growth and 
survival. However, as evident from their evolutionary diversification and ecological 
success, plants have acquired the ability to sense and adapt to oxygen deficits. 
Here, I attempt a synthesis of recent developments in oxygen-signaling research, in 
particular, the role of transient ionic (calcium) and redox (reactive oxygen species) 
changes in the perception of oxygen deprivation by plant cells. An emerging theme 
from this analysis is that the oxygen-signaling network comprises both positive 
and negative feedback loops that augment or moderate these cellular pertur-
bations encoding the stress. Further, plant tolerance to oxygen deprivation seems 
to depend on the ability of cells to regulate these signaling circuits and rapidly 
attain homeostasis.    

  1 Introduction  

 Life evolved on the earth under strongly reducing conditions until the appearance 
of photoautotrophs and the release of oxygen via photolysis of water about two 
billion years ago  (Papagiannis 1984) . An immediate challenge posed by the nas-
cent oxygenation of the earth to the then-existing organisms was that they needed 
to evolve antioxidant pathways and survive the strongly oxidizing environment. As 
the oxygen level rose, the ancient microbes were also under a massive but positive 
selection pressure to radically modify their metabolism. In particular, the acquisition of 
oxidative phosphorylation as a far more efficient (and switchable) alternative for 
fermentative pathways by the pioneering aerobes allowed a rapid explosion and 
elaboration of eukaryotic life in the Pre-Cambian period. The aerobic life style also 
entailed acquiring oxygen-sensitive switches that can modulate the expression of key 
metabolic genes appropriately, as oxygen levels fluctuated. 
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 Green plants continue to be the major contributors of oxygen, which is as 
much as 21% of the present Earth’s atmosphere. At the same time, being sessile, 
plants are exposed to hypoxia (partial lack of oxygen) or even anoxia (total lack 
of oxygen) when they are flooded. Plants also experience oxygen-deprivation 
stress during their normal growth and development owing to poor diffusion of 
oxygen in tissues with closely packed cells. However, even terrestrially acclimated 
plant species can survive more than a few hours of submergence, indicating that 
plants possess exquisite oxygen-sensing mechanisms as well as robust response 
pathways. In addition to cell-autonomous signaling cascades (e.g., steps leading 
to the induction of glycolytic-fermentative pathway genes), multicellular plants 
possess mechanisms to perceive and mount coordinated responses to remote 
hypoxic stress signals (e.g., aerenchyma induction in aerial tissues following 
submergence of only roots;  Mühlenbock et al. 2007) . Adaptation to falling 
oxygen levels in the short term involves rapid but transient gene expression 
changes driving immediate metabolic adjustments (e.g., minimizing energy 
consumption while optimizing conservation, a switch from tricarboxylic acid 
cycle-oxidative phosphorylation to glycolytic-fermentative pathways or activating 
ionic and redox homeostasis pathways). Tolerance to chronic submergence 
requires, in addition, long-lasting alterations in gene expression culminating 
in anatomical and developmental modifications (e.g., growth retardation or 
“quiescence,” self-pruning, formation of aerenchyma and adventitious roots) 
that would allow reestablishment of near-normal metabolism. Developmental 
programs of seeds, fruits, and tubers (other metabolically intensive and bulky 
tissues as well) are cued to the hypoxia prevailing in their inner cell layers to 
ensure successful perennation (Porterfield et al. 1999; Rolletscheck et al. 2002). 
Judicious activation of cell death pathways is also a part of the plant survival 
arsenal under energy crisis  (Subbaiah et al. 2000 ;  Gunawardena et al. 2001 ; 
 Mühlenbock et al. 2007) . 

 In addition to species-specific differences, responses to oxygen deficit vary even 
within a species, according to the magnitude (hypoxia versus anoxia), duration, and 
location (cell, tissue, or organ) of the stress  (Okimoto et al. 1980 ;  Subbaiah et al. 
2000 ;  Pang et al. 2006 ; reviewed in  Geigenberger 2003 ;  Bailey-Serres and Chang 
2005 ;  Bailey-Serres and Voesenek 2008) . We are only beginning to understand how 
these stress variations are configured as well as how the multitude of response pat-
terns are orchestrated by plants. Perturbations in a variety of signaling molecules, 
including ions, metabolites, macromolecular complexes, and hormones, have been 
observed following oxygen deprivation in plant cells, indicating combinations and 
permutations of these signals may encode diverse manifestations of oxygen deficit. 
Further, the diversity of signals reflects the intricate physiological ramifications of 
what is generally perceived as “predominantly an energy stress.” The potential 
involvement of a wide gamut of signaling pathways may also mean a certain level 
of network robustness that ensures an adaptive response. On the other hand, the 
paucity of naturally occurring (or laboratory-derived) mutants that are impaired in 
oxygen signaling implies that the core pathway may be less redundant and (obviously) 
essential for survival.  
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  2 Intracellular Signaling of Oxygen Deprivation  

 In addition to tissue-dependent or stress-intensity-dependent responses, plant cells 
seem to respond distinctly to internal or local oxygen deficits as against systemic 
signals of hypoxia or anoxia. It is not completely clear how plant cells encode and 
decode these two sources of stress. Recently there has been considerable progress 
in elucidating the role of second messengers, in particular, Ca 2+  and reactive oxygen 
species (ROS), in perceiving oxygen deprivation within plant cells (reviewed in 
 Bailey-Serres and Chang 2005 ;  Subbaiah and Sachs 2007) . The key questions still 
to be answered are how these ionic or redox perturbations are initiated, intercepted, 
and translated into gene expression changes. The following is a still-emerging sce-
nario of how plant cells perceive oxygen deficits. 

  2.1  Is the Mitochondrion the Site of Oxygen Sensing 

in Plant Cells? 

 Since mitochondria are the primary consumers of oxygen, variations in oxygen 
availability are presumably sensed first in these organelles, leading to a retro-
grade regulation of nuclear genes  (Subbaiah et al. 1994a) . Inhibitors of the 
mitochondrial electron transport chain (mtETC) can trigger hypoxia-responsive 
genes under normoxia  (Nie and Hill 1997 ;  Yu et al. 2001 ;  Subbaiah et al. 2006 ; 
Umbach AL, Zarkovic J, Yu J, Ruckle ME, McIntosh L, Hock JJ, Bingham, 
Subbaiah CC, White SJ, George RM, Rhoads DM, unpublished data), indicating 
that hypoxia-induced changes in the electron carriers or even the electron flux 
can act as the primary signal of oxygen deprivation in plant cells. In fact, a func-
tional respiratory electron transport chain is required for the induction of 
hypoxic genes, as evidenced by genetic and transgenic analyses in well-charac-
terized nonplant model systems  (Kwast et al. 1999 ;  Taylor et al. 1999 ;  Guzy et 
al. 2005) . In turn, hypoxia-induced alterations in gene expression are directed to 
fine-tune mitochondrial and cellular functions in response to changing cellular 
energy capacity and demands. For example, transcripts and proteins for tricarbo-
xylic acid cycle enzymes or components of the mtETC are downregulated fol-
lowing oxygen deprivation and rapidly recovered upon reoxygenation. Prolonged 
anoxia leads to the induction of genes involved in cell lysis and death  (Chang et 
al. 2000 ;  Tsuji et al. 2000 ;  Millar et al. 2004 ;  Branco-Price et al. 2005 ;  Gonzali 
et al. 2005 ;  Huang et al. 2005 ;  Ahsan et al. 2007) , presumably triggered by 
events in mitochondria  (Arpagaus et al. 2002 ;  Virolainen et al. 2002) . An attrac-
tive hypothesis supported by phylogenetic and experimental evidence is that the 
endosymbiotically originated mitochondria, similar to their pathogenic bacterial 
progenitors, determine the fate of their host cells.  Frade and Michaelidis (1997)  
proposed that the eukaryotic programmed cell death is a consequence of acquir-
ing aerobic metabolism via the endosymbiotic process and is regulated by cel-
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lular ATP levels. Several key enzymes of the cell death machinery, such as 
paracaspases and metacaspases belonging to the caspase-like protease superfamily, 
have homologs in  Alphaproteobacteria  (the prokaryotic ancestors of mitochondria), 
but not in Archaea, progenitors of present-day eukaryotes  (Koonin and Aravind 
2002) . Thus, the centrality of the mitochondrion in sensing oxygen and the 
retrograde regulation of the cell fate by this organelle appear to be rooted in its 
prokaryotic lineage. 

 How is oxygen sensed in mitochondria? Except in some bacteria (see below), 
there is no evidence, so far, for the direct sensing of oxygen by a receptor-like 
protein in plants or other eukaryotes. In  Escherichia coli  and mammalian cells, 
proteins with Per–Arnt–Sim (PAS) domains (also known as the LOV domain for 
light, oxygen, voltage sensing) [e.g.,  E. coli  Aer protein or hypoxia-induced fac-
tor (HIF) in mammals] are bona fide oxygen sensors (as indicated by genetic 
analysis) and link cellular energy status with oxygen-dependent gene expression 
(reviewed in  Taylor and Zhulin 1999 ;  Taylor 2007) . These proteins do not bind 
oxygen but detect changes in redox status, proton motive force, or simply elec-
tron flux in the electron transport chain and interpret these perturbations as altera-
tions in the energy/oxygen status  (Taylor 2007) . Nevertheless, PAS-domain 
proteins containing heme (e.g., FixL of  Bradyrhizobium japanicum , NifL of 
 Azotobacter vinelandii , DOS of  Mycobacterium tuberculosis ) bind oxygen and 
thus directly sense its availability (reviewed in  Gilles-Gonzalez and Gonzalez 
2005) . This information is encoded as the differential autophosphorylation of an 
attached histidine kinase. Via a phospho-relay mechanism characteristic to all 
two-component signal transduction systems, these sensor proteins then activate 
a downstream transcription factor and thereby regulate hypoxic gene expression 
 (Gong et al. 1998) . In addition to a variety of PAS domains, other heme-based 
oxygen-sensing domains have been discovered recently in bacteria (e.g., the 
SCHIC domain of  Rhodobacter sphaeroides ;  Moskvin et al. 2007) . Many of these 
domains are phylogenetically conserved and, in some cases, recruited to carry out 
a different function  (Taylor and Zhulin 1999 ;  Moskvin et al. 2007) . For example, 
the PAS-domain-containing proteins are well represented also in plants, some of 
which are key photoreceptors. In the  Arabidopsis  genome, there are 20 annotated 
genes that encode proteins with one or more PAS domains. Many of them belong 
to phytochrome or phototropin families, while others are functionally uncharac-
terized. An interesting possibility is that one or more of them could be located in 
mitochondria and function as an oxygen sensor, although it is not essential for a 
protein to be present inside the organelle to sense hypoxia signals generated in 
the mitochondrion. For example, HIF, the global regulator of hypoxic gene 
expression in mammalian cells, is extramitochondrial in its distribution and 
shuttles between the cytosol and the nucleus  (Taylor and Zhulin 1999 ; 
 Berchner-Pfannschmidt et al. 2008) . Nonetheless, hypoxic stabilization and nuclear 
localization of HIF is mediated by ROS signals generated in mitochondria  (Guzy 
et al. 2005) . As discussed later, mobile signals are also initiated in mitochondria 
of plant cells upon oxygen deprivation and they are critical for oxygen-responsive 
gene expression.  
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  2.2  Cytosolic Calcium Perturbations Are Essential for Anoxic 

Gene Induction As Well As Postsubmergence Survival 

 In maize cultured cells, oxygen deprivation triggers an immediate and reversible 
rise in cytosolic Ca 2+   (Subbaiah et al. 1994a,   1998) . These changes localize around 
mitochondria  (Subbaiah et al. 1998)  and are abolished by a putative mitochondrial 
Ca 2+  channel blocker, ruthenium red (RR). RR also represses the induction of 
anoxia-responsive genes, alcohol dehydrogenase 1 ( adh1 ;  Subbaiah et al. 1994b, 
  1998) , and sucrose synthase ( sh1 ) in maize seedlings and cultured cells. Maize 
seedlings treated with RR are more sensitive to anoxic stress than  adh1  mutants, 
indicating that RR inhibited ionic fluxes act on the upstream events leading to gene 
expression changes  (Subbaiah et al. 1994b) . Ca 2+  addition antagonizes RR effects, 
further supporting the inference that the ionic changes probably initiated in mito-
chondria signal anoxic responses in maize  (Subbaiah et al. 1994a,   b,   1998) . 
Cytosolic Ca 2+  changes are also an essential component of hypoxia signaling in 
 Arabidop  sis   (Sedbrook et al. 1996 ;  Chung and Ferl 1999)  and have been implicated 
in the perception of oxygen deprivation in rice, barley, and arrowhead, as well 
 (Nakazono et al. 2000 ;  Tsuji et al. 2000 ;  Tamura et al. 2001 ;  Baxter-Burrell et al. 
2002 ;  Nie et al. 2006) . While indicating that the pathway is conserved among 
plants, these studies also hint at the species- and organ-specific differences in Ca 2+  
signatures as well as stores contributing to these changes. The full complexity of 
Ca 2+  signaling in oxygen perception still remains to be explored.  

  2.3  Oxygen-Deprivation-Induced Cytosolic Ca 2+  Signals 

Originate in Mitochondria 

 Corroborative evidence for the role of mitochondria as an origin of the cytosolic 
Ca 2+  signal came from the measurement of mitochondrial Ca 2+  dynamics in 
response to anoxia  (Subbaiah et al. 1998) . In maize cells, mitochondria release Ca 2+  
immediately after the cessation of oxygen supply. A treatment with methomyl, an 
uncoupler that triggers mitochondrial Ca 2+  release, induces the  adh1  gene in 
normoxic CMS-T maize seedlings  (Kuzmin et al. 2004) . There is growing evidence 
for the critical role of ionic changes originating in mitochondria in eliciting anoxic 
gene expression changes in other species as well. An anoxia-responsive hemo-
globin gene ( Hb1 ) is induced in barley aleurone cells by pharmacological disruption 
of mitochondrial ATP synthesis or the mtETC under aerated conditions  (Nie and 
Hill 1997)  and the same inhibitors are known to induce Ca 2+  release from mitochondria 
in normoxic cells  (Subbaiah et al. 1998) . Anoxic induction of barley  Hb1  and  Adh1  
is inhibited by RR in a calcium-dependent manner (Nie et al. 2006) and  Adh1  and 
 Pdc1 :  pyruvate decarboxylase1  are regulated likewise in rice  (Nakazono et al. 
2000 ;  Tsuji et al. 2000) . The anoxic suppression of rice AOX1a messenger RNA in 
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a Ca 2+  -dependent manner (i.e., a reversal of suppression by the Ca 2+  channel 
blocker RR and the prevention of RR action in the presence of Ca 2+ ;  Tsuji et al. 
2000) , also underscores the link between mitochondrial Ca 2+  dynamics, electron 
transport, and altered nuclear gene expression under oxygen deprivation.  

  2.4  ROS Induction May Be the Trigger for Mitochondrial Ca 2+  

Efflux in Oxygen-Deprived Plant Cells 

 How is mitochondrial Ca 2+  efflux initiated in oxygen-starved plant cells? In maize, 
mitochondria release their matrix calcium within 10 min of oxygen deprivation 
–well before membrane depolarization sets in (which occurs only after 30 min of 
uninterrupted anoxia). It follows that the Ca 2+  efflux during early anoxia is regulated 
and not mediated by a passive leakage of the ion  (Subbaiah et al. 1998) . H + /Ca 2+  
antiport is implicated in mediating anoxic mitochondrial Ca 2+  release, on the basis 
of the cytosolic pH changes that are known to accompany oxygen deprivation 
 (Gibbs and Greenway 2003) . However, mitochondrial matrix pH may be unaffected 
by anoxia as reported in  Artemia  embryos  (Kwast and Hand 1996)  and, further, the 
vacuole appears to be the major proton sink in oxygen-deprived plant cells 
 (Carystinos et al. 1995 ;  Gibbs and Greenway 2003) . Recent studies indicate that 
oxygen deprivation may trigger a rapid burst of ROS in mitochondria  (Branco-Price 
et al. 2006 ;  Subbaiah et al. 2006) . A surge in mitochondrial ROS is essential for the 
hypoxia-mediated mitochondrial Ca 2+  release and cytosolic Ca 2+  increase in rat 
myocytes  (Waypa et al. 2002) . Although these details are yet to be worked out in 
plant mitochondria, the plot regarding the role of ROS in oxygen sensing in plants 
is thickening. 

 An oxidative burst under limiting oxygen levels may sound paradoxical but the 
induction of ROS is now recognized as an early event and an essential component 
of oxygen-deprivation signaling in many species. In yeast and mammalian cells, 
ROS are generated in mitochondria and released into the cytosol when electrons are 
backed up in the mtETC under oxygen deprivation. A buildup of ROS in the cytosol 
is required for hypoxia-responsive gene expression  (Dirmeier et al. 2002 ;  Guzy 
et al. 2005) . In mammalian cells, complex III of the mtETC is the primary site of 
ROS generation under hypoxia and RNA interference suppression of the complex 
III assembly abrogates the ROS burst as well as hypoxic gene induction  (Waypa et al. 
2002 ;  Guzy et al. 2005) . 

  2.4.1  Role of Alternative Oxidase and Mitochondrial ROS in Oxygen 
Sensing in Plant Cells 

 The mtETC is a source of ROS and can potentially act as a site of oxygen sensing 
in plant cells as well. In fact, inhibitors of the mtETC are known to induce both 
ROS and hypoxic genes  (Maxwell et al. 1999 ;  Yao et al. 2002 ;  Nie and Hill 1997 ; 
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 Subbaiah et al. 2006 , unpublished data). However, in nature, i.e., in the absence of 
respiratory poisons, the oxygen-signaling network is responsive to even mild alterations 
in oxygen availability. Hypoxic genes are induced at much higher concentrations 
than the  K  

m
 (O 

2
 ) of cytochrome oxidase  (Paul and Ferl 1991 ;  Bucher et al. 1994) , 

indicating a low-affinity system could be a more likely sensor. Plant mitochondria 
have the alternative oxidase (AOX), an additional but non-proton-pumping terminal 
oxidase that directly oxidizes ubiquinol and reduces oxygen. This energy dissipation 
pathway is used by plants to prevent the generation of semiubiquinone radical (i.e., 
via partial oxidation of ubiquinol) and consequent generation of ROS when complex 
III or complex IV is not fully functional (reviewed in  Rhoads et al. 2006) . However, 
even under a mild decrease in oxygen concentration, AOX is likely to be inhibited, 
owing to its much lower affinity for oxygen ( K  

m
  = 10–25 µM;  Ribas-Carbo et al. 

1994)  than that of cyclooxygenase ( K  
m
  = 140 nM;  Millar et al. 1994) . In fact, AOX 

activity is completely abolished under prolonged hypoxia  (Szal et al. 2003) . An 
inhibition of AOX activity, a built-in antioxidant pathway of the mtETC, can 
instantly raise mitochondrial ROS levels  (Popov 2003) . The induction of ROS, in 
turn, may initiate mitochondrial Ca 2+  efflux into the cytosol  (Waypa et al. 2002)  and 
ultimately trigger gene expression changes in the nucleus. 

 The above proposal was tested in  Arabidopsis  suspension-cultured cells 
using a pharmacological approach  (Subbaiah et al. 2006 , unpublished data). 
Two commonly used AOX activity inhibitors, salicyl hydroxamic acid and 
 n -propyl gallate, induced messenger RNA accumulation as well as the activity 
of ADH, a hypoxia-inducible gene, under ambient oxygen levels. These inhibi-
tors or hypoxia also induced AOX1a message, a commonly observed response 
to increased ROS levels. In fact, AOX inhibitors caused a rapid induction of 
mitochondrial ROS levels in treated cells, indicating that an inhibition of AOX 
activity leads to an increase in ROS and the consequent induction of the ADH 
gene under hypoxia. RR inhibited the induction of ADH by AOX inhibitors, 
suggesting that ADH induction by ROS is promoted by mitochondrial Ca 2+  
release. However, RR did not affect AOX1a message levels, indicating that 
AOX induction is primarily a direct response to increased ROS levels and does 
not involve Ca 2+  fluxes (Subbaiah CC, Shah N, Rhoads DM, unpublished data). 
The pattern of AOX expression under oxygen deprivation merits a little elabo-
ration. The gene is induced under mild and short-term hypoxia  (Klok et al. 
2002 ;  Subbaiah et al. 2006)  but is inhibited both at transcript and at protein 
levels by prolonged hypoxia or anoxia  (Szal N et al. 2003 ;  Liu et al. 2005 ; 
(Subbaiah CC, Shah N, Rhoads DM, unpublished data). This pattern is consist-
ent with the ROS-mitigating action of AOX as well as its high  K  

m
  for oxygen, 

since the protein becomes ineffectual as the mitochondrial oxygen concentra-
tion decreases to low micromolar levels with no immediate prospect of restora-
tion to normoxia. In addition, the repression of AOX expression under 
prolonged or severe oxygen deprivation seems to be directed and not part of a 
general decrease in transcriptional and translational activities that occurs under 
severe energy deficit. In rice seedlings, RR restores the levels of AOX message 
under prolonged submergence, while Ca 2+  addition prevents RR action, indicating 
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that the anoxia-induced Ca 2+  perturbations negatively regulate AOX expression 
under prolonged oxygen deprivation  (Tsuji et al. 2000) . In turn, AOX inhibition and 
ROS induction seem to influence mitochondrial Ca 2+  dynamics in a feedback loop, 
thus enhancing Ca 2+  and ROS release from mitochondria into the cytosol.  

  2.4.2  Hypoxic ROS Burst at the Plasma Membrane and Potential 
Cross-Talk with Mitochondrial Signals 

 The participation of ROS in hypoxia signaling in plant cells was first documented 
in the Bailey-Serres laboratory, while characterizing an  Arabidopsis  insertional 
mutant that shows constitutive ADH activity (i.e., high ADH activity even under 
normoxia;  Baxter-Burrell et al. 2002) . The inactivated gene encodes ROPGAP4, 
a negative regulator of the Rho-like GTPases of plants (ROP) signaling pathway. 
ROP is known to interact with a NADPH oxidase (NOX; encoded by  rboh  genes) 
localized on the plasma membrane and trigger ROS production  (Wong et al. 
2007) . Pharmacological treatments and ROS measurements indicated that ADH 
expression is proportional to ROS levels in the wild type and  ropgap4  mutant 
seedlings. Further, ROPGAP4 induction under prolonged hypoxia and its 
action as an attenuator of ROS production (via its inhibition of ROP) prevent 
unregulated oxidative stress and tissue death  (Baxter-Burrell et al. 2002) . 
The participation of NOX proteins in hypoxia signaling is also suggested by the 
hypoxia-inducibility of genes encoding them  (Bailey-Serres and Chang 2005) . 
Hypoxia or anoxia is the predominant abiotic stress that induces the gene family. 
Out of ten genes that encode NOX proteins in  Arabidopsis , eight are expressed in 
roots (plant parts most likely to experience oxygen deprivation in nature, either 
by submergence or by soil compaction) and five are induced by oxygen depriva-
tion (reviewed in  Sagi and Fluhr 2006) . Further, the induction of  rhob  genes 
appears to be regulated by an autocatalytic feedforward loop, i.e., the induction 
of a transcription factor, Zat12, by an initial rise in ROS and consequent tran-
scriptional activation of  rhob  genes  (Davletova et al. 2005)  which may lead to a 
continued induction of ROS. Plant NOX proteins bind Ca 2+  and are dependent on 
stimulus-mediated elevation of cytosolic Ca 2+  for activation (Sagi and Fluhr 2001; 
 Ogasawara et al. 2008) . In turn, ROS catalyzed by NOX proteins can activate Ca 2+  
influx via nonselective cation channels  (Demidchik and Maathuis 2007)  and thus 
in a positive feedback loop  (Kadota et al. 2004 ;  Ogasawara et al. 2008 ;  Takeda 
et al. 2008 ; reviewed in  Sagi and Fluhr 2006)  can enhance both ionic and redox 
signals at the plasma membrane. 

 A key question is how the ROP or NOX is initially activated under oxygen dep-
rivation. One possible scenario calls for the interaction of mitochondrially origi-
nated signals with the molecular players at the plasma membrane. NOX is activated 
upon its binding to ROP in a Ca 2+ -dependent manner  (Wong et al. 2007) . Even the 
hypoxic induction of ROP seems to involve cytosolic Ca 2+  elevation  (Baxter-Burrell 
et al. 2002) , indicating that a release of the ion from mitochondria may trigger the 
events at the plasma membrane.  
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  2.4.3  Blast from the Past?: Why Oxidative Stress Is an Inducer 
of Anaerobic Genes 

 It is now clear that plants, along with other eukaryotes, use ROS as second mes-
sengers in hypoxia perception. Paradoxically, most aerobes (including prokaryotes) 
also show the induction of hypoxic genes in response to other sources of oxidative 
stress even under fully oxygenated conditions  (Desikan et al. 2001 ;  Abercrombie 
et al. 2008 ;  Chang et al. 2006 ; Pouysségur and  Mechta-Grigoriou 2006) . External 
oxidants, such as ozone, can directly act on components of the mitochondrial electron 
transport chain (mtETC) (e.g., cytochrome  c  oxidase) and induce ROS generation 
in mitochondria  (Tiwari et al. 2002 ;  Ederli et al. 2006) . It is also possible that this 
response is a relic of the adaptive process by early aerobic organisms to highly 
fluctuating oxygen concentrations. Under hypoxia, ROS are generated owing to the 
partial reduction or incomplete oxidation of the ETC. Cells seem to perceive even 
nonhypoxic sources of oxidative stress as impending hypoxia and induce anaerobic 
genes (particularly, those encoding glycolytic-fermentative pathway enzymes) as a 
preemptive measure.  

  2.4.4  Ionic and Redox Homeostasis Under Oxygen Deprivation: 
A Role for Calcium 

 An imminent danger to cellular integrity under energy-deprived conditions is unregu-
lated ion fluxes, particularly of Ca 2+  and protons. In addition to mediating adaptive 
gene expression responses, oxygen-deprivation-induced cytosolic Ca 2+  changes are 
critical to bring about ionic homeostasis  (Subbaiah and Sachs 2003) . Recent work 
suggests that Ca 2+  changes under oxygen deprivation can potentially impact the redox 
homeostasis as well. As discussed in Sect. 2.4.2, cytosolic Ca 2+  changes seem to be 
important in initiating ROS production particularly at the plasma membrane. At the 
same time, a continued cytosolic Ca 2+  elevation may serve as a negative-feedback 
mechanism to modulate the duration and the intensity of oxidative burst at the plasma 
membrane. Such a feedback mechanism is proposed on the basis of the inhibitory 
effect of high Ca 2+  levels on the interaction between NOX and ROP proteins  (Wong 
et al. 2007) . In addition, the H 

2
 O 

2
 -scavenging enzyme catalase is shown to bind and 

be regulated by the ubiquitous calcium-binding protein, calmodulin  (Yang and 
Poovaiah 2002) . Further, the Ca 2+ -dependent downregulation of AOX under prolonged 
hypoxia  (Tsuji et al. 2000)  may also act as a switch for the induction of other antioxidant 
systems in mitochondria or elsewhere that can function under falling oxygen levels.    

  3 Conclusions  

 Oxygen is an ancient signal molecule that prompted the evolution of many bio-
chemical pathways and gene-regulatory switches prevalent in present-day organ-
isms, including plants. In the past decade there have been significant advances in 
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our understanding of ionic, metabolic, and molecular components of plant oxygen 
sensing. However, the information is sketchy and a unified picture is still emerging. 
The mitochondrion appears to be the site where primary (ionic and redox) signals 
of oxygen deprivation are generated and, thus, central to oxygen sensing.      
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      Signaling in Plant Gravitropism       

    Patrick H. Masson,      John   Stanga,       Carolyn   Neal      , Laura   Vaughn       
Katherine   Baldwin      , and Gengxiang   Jia     

  Abstract   Most plant organs use gravity as a guide for growth. Gravity sensing 
occurs mainly in specialized cells, named “statocytes,” through the sedimentation 
of starch-filled plastids (amyloplasts). This movement triggers a pathway that leads 
to lateral auxin transport across the stimulated organ, responsible for curvature at 
the elongation zone. In this review, we discuss our current understanding of the 
molecular mechanisms that mediate gravity sensing and signal transduction in 
the statocytes of higher-plant organs. We also briefly describe the machinery that 
governs the transport of auxin across and along the stimulated organ, and refer to 
“Auxin and the Communication Between Plant Cells” by Peter Nick (this volume) 
for a discussion of the mechanisms that mediate cellular responses to auxin. We end 
this chapter by placing gravitropism within the larger context of complex behav-
ioral plant growth responses to combinations of directional cues that are pervasive 
within a plant’s environment.    

  1 Introduction  

 Gravitropism, which defines the ability of many plant and fungal organs to direct 
growth at a defined angle from the gravity vector (named “gravity set point angle”), 
is an important growth response that modulates the morphogenesis of these organ-
isms. A long history of research in this field has shown that most plant organs use 
gravity as a guide for growth (reviewed in  Boonsirichai et al. 2002) . However, each 
organ interprets this directional cue in its own way, which also varies depending on 
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the organ’s developmental stage and physiological status. In germinating seedlings, 
gravitropism dictates upward shoot growth and downward root orientation, thereby 
allowing these organs to quickly reach environments that allow them to fulfill their 
primary functions: photosynthesis, gas exchange, and reproduction for shoots; 
water and nutrient uptake and anchorage for roots. As the plant grows, secondary 
organs are initiated and grow along a vector that reflects their own interpretation of 
the gravity vector. Lateral branches of shoots and roots tend to grow at a defined 
angle from the gravity vector, distinct from the vertical or horizontal orientations. 
Leaves will display an angle from gravity that may vary depending on the time of 
day, the environmental conditions, and the age of the plant. At the extreme range of 
the spectrum, specialized lateral roots of mangrove plants ( Rhizophora mangle ), 
called “pneumatophores,” display a negative gravitropic response (upward vertical 
growth) that brings them above the muddy surface of intertidal swamps, allowing 
them to aerate the root system. Conversely, the upward growth habit of peanut flow-
ers is reverted upon fertilization, which triggers the downward outgrowth of a 
specialized organ at the basis of the fertilized ovule, the gynophore. The growth of 
this organ drives the developing fruits into the ground, a process that is needed for 
proper fruit development and maturation. Also, many plants develop specialized 
stems named “stolons” that tend to grow horizontally outward, either above or 
below the soil surface, producing new clones at their tip. This process permits a 
rapid colonization of the surroundings. 

 These disparate examples of plant organs with distinct gravity-guided growth 
habits testify to the existence of organ-specific developmental programs that dictate 
the direction of growth relative to gravity in accordance with the distinct functional 
constraints associated with these organs  (Firn and Digby 1997) . Overall, these 
responses combine with other responses to environmental cues such as light, touch, 
gradients in humidity, oxygen, ions, chemicals, and temperature to give a plant its 
final form, which is adapted to the characteristics of its surroundings, and contrib-
utes to its fitness within the environment  (Galen et al. 2004) . 

 To develop a gravitropic response, plant organs have to sense changes in their 
orientation within the gravity field and transduce the corresponding physical infor-
mation into a physiological or biochemical signal. As discussed later, this physio-
logical signal seems to be found in the form of a lateral gradient of auxin across the 
stimulated organ, which dictates differential cellular elongation on opposite flanks 
of the corresponding elongation zone, responsible for tip curvature (reviewed in 
 Trewavas 1992 ; Fig.  1 ).  

 In this chapter, we review the molecular mechanisms that modulate the gravit-
ropic response of higher-plant organs with special emphasis on the early phases of 
gravity sensing and signal transduction. We briefly describe the molecular mecha-
nisms that mediate the polar transport of auxin in a gravity-dependent manner and 
discuss possible interactions between gravitropism and the tropic responses to other 
environmental stimuli. We would like to refer the reader to “Auxin and the 
Communication Between Plant Cells” by Peter Nick (this volume) for a more thorough 
discussion of mechanisms that mediate the polar transport of, and specific cellular 
responses to, auxin.  
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  2  Gravity Sensing Occurs Mainly Within Specialized 
Cells of Roots and Shoots  

  2.1  Are Sedimenting Amyloplasts Responsible for Gravity 

Susception? 

 Higher-plant organs capable of gravitropism contain specialized cells with starch-
filled plastids that sediment upon plant reorientation within the gravity field. The 
starch-statolith hypothesis, proposed at the beginning of the twentieth century, 
postulates that amyloplast sedimentation might be the primary mechanism for 
gravity sensing in plants  (Haberlandt 1900 ;  Nemec 1900) . In roots, the primary site 
for gravity sensing is located at the center of the cap, within the upper tiers of columella 
cells  (Blancaflor et al. 1998) . These cells are highly polarized, with a peripheral 
endoplasmic reticulum (ER) that lines the bottom and sides of the cell and a nucleus 
at the top. Except for a highly dynamic network of actin microfilaments, the rest of 
the cytoplasm is largely deprived of organelles, allowing amyloplasts to sediment 
toward the new bottom upon reorientation within the gravity field. In above-ground 
organs, the statocytes, which also contain sedimentable amyloplasts, form the 
endodermis or bundle-sheath parenchyma that surrounds the vasculature (reviewed 
in  Sack 1991 ;  Boonsirichai et al. 2002 ;  Blancaflor and Masson 2003) . 

  Fig. 1    Polar auxin transport and gravitropism in a young dicot seedling.  a  In a vertically oriented 
seedling, auxin, which is mainly synthesized in the shoot apex, is transported basipetally toward 
the root. There, auxin is transported acropetally toward the tip, where it accumulates in a region 
that overlaps with the quiescent center and upper cap. In that region, auxin is redistributed sym-
metrically to peripheral tissues (lateral cap), then transported basipetally through lateral cap and 
epidermal cells toward the elongation zone, where it functions as an inhibitor of cell elongation. 
 b  Upon gravistimulation, auxin is transported laterally toward the bottom flank of the hypocotyl, 
where it inhibits cell elongation, promoting an upward curvature. In roots, gravistimulation pro-
motes a lateral transport of auxin downward across the cap. The corresponding lateral auxin gradi-
ent is then transported basipetally toward the elongation zone, where it promotes downward tip 
curvature.  c  At the end of the gravitropic response, the tips of both hypocotyl and root have reo-
riented into a vertical position, and the transport of auxin has resumed according to its pregravis-
timulation pattern. In these panels, the direction of auxin transport is indicated by  arrows  whose 
thicknesses illustrate the amounts of auxin transported in the corresponding streams       

a b c
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 Various ablation studies have confirmed the important contribution of the colu-
mella cells in roots and of the endodermis in hypocotyls and inflorescence stems 
for gravity sensing and signal transduction. In roots, these experiments consisted of 
analyzing the gravitropic sensitivity and curvature response of ablated organs miss-
ing specific cell types owing to treatment with a laser beam  (Blancaflor et al. 1998) , 
heavy-ion microbeams  (Tanaka et al. 2002) , or targeted expression of a protein 
synthesis inhibitor (diphtheria toxin A;  Tsugeki and Fedoroff 1999) . Treated roots 
missing the central columella cells of the cap displayed dramatic alterations in their 
ability to sense a gravity stimulus, whereas roots that lost the lateral cap cells were 
unable to transmit the signal from the site of perception to the site of response. 

 Physical ablation of the statocytes in above-ground organs is less feasible considering 
their embedded location and extent within these organs. However, genetic screens 
allowed the identification of radial patterning mutants that lack a normal endodermis, 
including the  Arabidopsis sgr1/scr  and  sgr7/shr  mutants  (Fukaki et al. 1998) . In these 
mutants, hypocotyls and inflorescence stems display altered gravitropism, whereas 
root gravitropism remains normal  (Fukaki et al. 1998) . Similarly, the agravitropic 
phenotype displayed by the stems of  Shidare-asagao (weeping ) mutant of morning 
glory ( Pharbitis nil ) is due to a mutation in an ortholog of  Arabidopsis SCR   (Kitazawa 
et al. 2005) . Together, these observations are consistent with a role for the endodermal 
cells in the sensation or transduction of gravity signals by above-ground organs. 

 That amyloplast sedimentation within the statocytes might contribute to gravity 
sensing, as originally proposed by  Haberlandt (1900)  and  Nemec (1900) , is 
supported by a number of experimental results. For instance, early centrifugation 
studies identified the root tip, including the cap, as the main site for gravity sensing 
in roots, although they also suggested the existence of a secondary site within the 
distal elongation zone  (Haberlandt 1908 ;  Poff and Martin 1989) . Furthermore, 
starch-deficient mutants have been shown to display altered gravitropism, although 
the remnant response has been the source of substantial controversy  (Caspar and 
Pickard 1989 ;  Kiss et al. 1999) . Importantly, acquisition of gravisensitivity by 
embryonic roots of germinating flax seeds was shown to coincide with the develop-
ment of mature amyloplasts within the cap statocytes  (Ma and Hasenstein 2006) . 

 A number of  Arabidopsis thaliana  mutants with defects in shoot gravitropism 
display characteristics compatible with the starch-statolith hypothesis. Before describing 
these mutants, we should first mention that the statocytes of hypocotyls and stems 
(endodermal cells) differ from those of roots in that they contain large vacuoles that 
appose all organelles, including the amyloplasts, onto the cellular cortex. In contrast, 
only small vacuoles can be found in the root columella cells, which do not restrict 
the movement of amyloplasts within the cytoplasm. In the shoot statocytes, amyloplast 
sedimentation has to occur within transvacuolar strands  (Saito et al. 2005) . 

 Interestingly, several mutants with altered shoot gravitropism are defective in 
vacuolar biogenesis or function. The  sgr2 ,  sgr3, sgr4/zig , and  grv2  mutants of 
 Arabidopsis  appear to affect vacuolar membrane trafficking, resulting in abnormal 
vacuolar structures in the endodermis and several other cell types  (Kato et al. 2002 ; 
 Yano et al. 2003) . The  SGR2  gene encodes a phospholipase-like protein that localizes 
to the vacuole and some smaller organelles that remain uncharacterized, whereas  ZIG  
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encodes a soluble  N -ethylmaleimide-sensitive factor attachment protein receptor 
(SNARE) protein involved in vesicular trafficking to the vacuole  (Kato et al. 2002 ; 
 Morita et al. 2002) .  SGR3  encodes a syntaxin that localizes to the prevacuolar and 
vacuolar compartments  (Yano et al. 2003) .  GRV2/KAM2  encodes a J-domain protein 
that is peripherally associated with membranes of the endosome, shares similarities 
with the RME-8 protein of  Caenorhabditis elegans  previously implicated in endocy-
tosis, and is required for proper formation of the endosomes that traffic proteins to the 
vacuoles  (Silady et al. 2004,   2007 ;  Tamura et al. 2007) . Importantly, all four muta-
tions affect the ability of amyloplasts to sediment to the bottom of the endodermal 
statocytes upon gravistimulation and result in altered shoot gravitropism. Altogether, 
these exciting results suggest that vacuole biogenesis and/or integrity are necessary 
for normal graviperception through amyloplast sedimentation. 

 Another important test of the starch-statolith hypothesis involves the guided 
displacement of amyloplasts within the statocytes, using magnetophoresis. Because 
starch has diamagnetic properties, high-gradient magnetic fields (HGMFs) exert a 
ponderomotive force on them. Therefore,  Kuznetsov and Hasenstein (1996)  built a 
device that allowed them to apply HGMFs in close proximity of plant organs. As 
expected, these HGMFs promoted both the magnetophoretic displacement of amy-
loplasts within the statocytes of flax and  Arabidopsis  root tips, and a lateral curva-
ture in a direction predicted by this displacement. Neither displacement nor tip 
curvature could be observed in a starchless mutant of  Arabidopsis , suggesting that 
the HGMFs regulate tip curvature through their ponderomotive effect on starch-
filled amyloplasts within the statocytes  (Kuznetsov and Hasenstein 1996) . 

 Similar applications of HGMFs in proximity of hypocotyls and inflorescence 
stems resulted in both a localized displacement of the amyloplasts within the stato-
cytes and a curvature at the site of stimulation as long as the field was applied 
within the elongation zone  (Weise et al. 2000) . When applied to wild-type or dark-
grown  lazy-2  mutant hypocotyls of tomato, these HGMFs promoted a curvature in 
the direction opposite to that of amyloplast displacement. However, when applied 
to red-light-treated  lazy-2  hypocotyls, they promoted a curvature in the direction of 
amyloplast displacement. Because  lazy-2  hypocotyls display negative gravitropism 
in darkness and positive gravitropism upon exposure to red light, the results of these 
magnetrophoretic experiments support the contention that amyloplast displacement 
within the statocytes of higher-plant organs is sufficient to trigger a physiological 
signal that leads to a curvature response  (Kuznetsov and Hasenstein 1997 ; 
 Hasenstein and Kuznetsov 1999) .  

  2.2  Could Alternative Mechanisms Also Contribute 

to Gravity Sensing? 

 Despite the volley of evidence supporting the starch-statolith hypothesis, several 
observations suggest another mechanism of gravity perception may also exist. 
Quite relevant to this contention is the observation that starch-deficient mutants still 
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display a remnant gravitropic response despite lacking starch in their statocytes and 
showing no evidence of amyloplast sedimentation upon gravistimulation  (Caspar 
and Pickard 1989) . In the absence of amyloplast sedimentation, how could these 
mutants perceive gravity? Could an alternative gravity-sensing mechanism function 
in these mutants, and possibly the wild type as well? 

 To answer these fascinating questions, it seems appropriate to remind the reader 
of early centrifugation experiments suggesting a contribution of the distal elongation 
zone to gravity perception in roots  (Haberlandt 1908 ; see above). Similarly, 
root-cap ablation experiments suggested the existence of a secondary site of gravity 
perception, away from the cap, because gravistimulated decapped roots resumed a 
gravitropic curvature (1) after return to the vertical if the cap of an unstimulated 
root was applied back to their tip  (Keeble et al. 1929)  and (2) if auxin was applied 
to the severed tip of horizontally positioned roots  (Geiger-Huber and Huber 1945 ; 
 Pilet 1953) . Unfortunately, taken individually, these experiments suffer from 
potential side effects associated with diverse mechanostimuli that accompany these 
harsh treatments. 

 Recent studies have been designed to overcome the difficulties and potential 
artifacts associated with the earlier cap-ablation investigations discussed above. 
These new investigations seem to support the existence of an alternative mechanism 
of gravity sensing in the distal elongation zone of roots. Amongst these, work 
initiated in the Evans laboratory at Ohio State University relies on a customized 
system, the ROTATO, to provide a constant gravistimulus to responding seedlings. 
This device carries a motorized rotating stage that holds the responding seedling 
and is controlled by real-time, high-resolution image analysis software that is designed 
to maintain any predetermined segment of a graviresponding root tip at a defined angle 
from the vertical. When a subapical region of the root tip, such as the distal 
elongation zone, is chosen as a stationary target for ROTATO, the feedback device 
keeps on rotating the stage to maintain the distal elongation zone at a predefined 
angle from the vertical. Surprisingly, when this experiment was carried out, the 
device had to continue rotating the stage even after the cap had reached a vertical 
orientation  (Wolverton et al. 2002b) . Such continued rotation would not be expected 
if the root cap were the only gravity-sensing organ in roots because a cap-derived 
gravitropic signal should have been interrupted as soon as the cap reached a vertical 
orientation. This surprising result suggests that cells within the distal elongation 
zone might also contribute to gravity sensing in roots, although to a lesser extent 
than the root cap  (Wolverton et al. 2002b) . 

 The existence of a secondary site of gravity perception in the root distal elongation 
zone is consistent with the distinct physiological properties of its cells, and the fact 
that its contribution to early phases of gravitropism appears independent of an 
auxin gradient generated across the cap (reviewed in  Evans and Ishikawa 1997) . 
It may also help explain some unexpected results that have recently been reported 
in the literature. For instance, it has been demonstrated that decapped roots of maize 
will respond to gravistimulation if exposed to inhibitors of actin polymerization or 
myosin activity. This observation is consistent with the existence of a mechanism 
for gravity sensing outside the cap  (Mancuso et al. 2006) . Similarly, utilization of 
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a novel computer-vision platform allowed detection of a bidirectional movement of 
the root gravitropic curvature during the initial 2–3h of a gravitropic response. 
The acropetal component of the movement is not expected if one considers the root 
cap as the only site of gravity sensing in roots  (Miller et al. 2007) . 

 If a secondary site of gravity sensing exists in the root distal elongation zone, the 
perception mechanism must differ from that described by the starch-statolith 
model. Indeed, cells in this region do not contain sedimenting amyloplasts; therefore, 
other hitherto uncharacterized organelles may serve as statoliths within those 
cells, or the whole protoplast may serve as a gravity susceptor. Interestingly, the 
gravitational-pressure model, which originated from studies on gravistimulus-induced 
changes in the polarity of cytoplasmic streaming in large  Chara  internodal cells, 
postulates that plant cells perceive gravity by sensing the weight of the protoplast 
on its cell wall. Differential tension between the upper and lower sides of the cell 
would activate receptors at the plasma membrane, possibly mechanosensitive ion 
channels, which in turn would trigger a transduction pathway that ultimately leads 
to a response  (Staves 1997) . While this system seems to apply to the large internodal 
cells of  Chara , it remains debatable whether it can also function in the smaller cells 
of higher plants. Yet, rice roots decreased their rate of gravitropic curvature when 
exposed to media of increasing density, a behavior that is consistent with the 
gravitational-pressure model, and cannot be easily reconciled with the starch-statolith 
hypothesis  (Staves et al. 1997) .   

  3 Gravity Signal Transduction in the Statocytes  

  3.1 What Is the Gravity Receptor? 

 Even though experimental evidence supports a role for amyloplast sedimentation 
in gravity sensing within the statocytes, the molecular mechanisms that convert the 
corresponding information into a physiological process remain poorly understood. 
Several models have been proposed to explain this process. First, the highly polarized 
structure of the root statocytes, with amyloplasts that sediment on top of the 
peripheral ER, led to the suggestion that changes in the distribution of forces 
exerted by sedimenting amyloplasts on resisting structures such as the ER or the 
actin cytoskeleton might promote the opening of mechanosensitive ion channels in 
ER or plasma membranes, triggering gravity signal transduction within the stato-
cytes  (Sievers et al. 1984,   1989 ;  Volkmann and Baluska 1999 ;  Yoder et al. 2001) . 
Unfortunately, these models seem oversimplified because connections between 
amyloplasts and the ER may not be needed for full gravitropism  (Wendt et al. 
1987)  and because disruption of the actin cytoskeleton network with pharmaco-
logical agents enhances gravitropism in roots, hypocotyls, and inflorescence 
stems, rather than inhibiting it  (Yamamoto and Kiss 2002 ;  Hou et al. 2003,   2004) . 
The latter observation is important because it suggests that the actin cytoskeleton 
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is an important modulator of gravity sensing in the statocytes, where it may serve 
as a negative regulator of the process, possibly ensuring a fast termination of the 
curvature response as soon as the columella has reached its gravity set point angle 
 (Hou et al. 2004) . 

 A possible involvement of mechanosensitive, Ca 2+ -selective, ion channels in 
gravity signal transduction has been suggested by a number of investigators 
 (Sievers et al. 1984,   1989 ;  Pickard and Ding 1993 ;  Volkmann and Baluska 1999 ; 
 Yoder et al. 2001) , and several lines of experimental evidence have supported this 
contention. For instance, pharmacological agents that interfere with the activity of 
such channels, of calmodulin (a Ca 2+ -dependent regulatory protein) or of Ca 2+ -
ATPases, all inhibit gravitropism, as do Ca 2+  chelators (reviewed in  Sinclair and 
Trewavas 1997 ;  Fasano et al. 2002 ;  Monshausen et al. 2008) . Also, the levels of 
calmodulin are high in the root tip  (Allan and Trewavas 1985 ;  Stinemetz et al. 
1987) , where they correlate with the organ’s responsiveness to gravity  (Stinemetz et al. 
1987) , and increase upon gravistimulation  (Sinclair et al. 1996) . Gravistimulation 
may also change the abundance of calmodulin protein across monocot pulvini 
because calmodulin messenger RNA is recruited into polysomes on the lower side 
upon gravistimulation  (Heilmann et al. 2001) . 

 A possible involvement of Ca 2+  in gravity signal transduction is also consistent 
with recent observations that suggest a role for inositol 1,4,5-trisphosphate (InsP 

3
 ) 

in this process. Indeed, this compound has been implicated in triggering Ca 2+  
release from intracellular stores in plant cells as it does in animals  (Wang 2004) . 
The pulvini of monocots constitute an interesting model for the study of gravitro-
pism because they provide large amounts of easily dissectible material for bio-
chemical and cell-biological analyses of the response. Taking advantage of these 
interesting properties, Imara Perera and her collaborators at North Carolina State 
University were able to observe fluctuations in InsP 

3
  levels between upper and 

lower flanks of pulvini within the first few minutes of gravistimulation. These fluc-
tuations were followed by a sustained increase on the lower flank accompanied by 
an increase in phosphatidylinositol phosphate kinase activity  (Perera et al. 1998, 
  1999,   2001) . Similar increases in InsP 

3
  levels were also observed in  Arabidopsis 

thaliana  inflorescence stems within 15min of gravistimulation, supporting the uni-
versality of this response. When InsP 

3
  levels were altered by transgenic expression 

of a human inositol polyphosphate 5-phosphatase enzyme,  Arabidopsis  inflores-
cence stems displayed dramatic alterations in their ability to respond to gravistimu-
lation  (Perera et al. 2006) . 

 Altogether, these results are consistent with an involvement of Ca 2+  as a 
second messenger in the transduction of gravity signals in plant organs; there-
fore, one should be able to observe changes in cytosolic Ca 2+  levels within the 
statocytes upon gravistimulation. Despite previous unsuccessful attempts at 
identifying such Ca 2+  fluctuations  (Sedbrook et al. 1996 ;  Legue et al. 1997 ; 
 Fasano et al. 2002) , recent experiments have demonstrated a small biphasic Ca 2+  
transient following gravistimulation of  Arabidopsis thaliana  seedlings, using the 
transgenic aequorin Ca 2+  reporter system  (Plieth and Trewavas 2002 ;  Toyota et al. 2008) . 
This Ca 2+  response seems to originate from the hypocotyls and petioles, although 
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its cellular source has not been established  (Toyota et al. 2008) . The first peak 
lasts a few seconds after the onset of gravistimulation, and is reminiscent of 
responses to mechanostimulation, whereas the second peak is more sustained, 
and lasts for a period proportional to the strength of the stimulus (angle of 
reorientation within the gravity field)  (Plieth and Trewavas 2002) . Importantly, 
pharmacological studies have pointed to an involvement of both mechanosensitive 
ion channels and intracellular-store channels in these responses  (Toyota et al. 
2008) . Unfortunately, the aequorin-based luminescence responses observed in 
these studies were very small, implying that the corresponding Ca 2+  responses 
may have been restricted to only a few cells, or may have been highly localized 
within the graviresponding cells. Furthermore, the absence of a signal within the 
roots cannot be interpreted as reflecting a true absence of Ca 2+  response in that 
organ considering the sensitivity of the Ca 2+  detection system used in these studies. 
In fact, it is worthwhile noting that the high levels of calmodulin found in the 
root-cap statocytes would allow the perception of even small changes in cytosolic 
Ca 2+  levels within those cells  (Sinclair et al. 1996) . 

 While the studies discussed above suggest the involvement of Ca 2+  as a second 
messenger in gravitropic signaling, the mechanosensitive channels predicted to be 
responsible for such responses have not been identified. Unfortunately, many of the 
mechanosensitive ion channels identified in animals and yeast do not have clear 
orthologs in plants. However, plant orthologs to bacterial small-conductance mech-
anosensitive ion channels (MscS) have been identified  (Haswell and Meyerowitz 
2006) . Initial studies on two of the ten MscL-like ( MSL ) channel genes of 
 Arabidopsis  ( MSL2  and  MSL3 ) suggest that the corresponding proteins may also 
function as mechanosensitive ion channels in plants. These channels localize within 
the inner envelope of plastids, and they regulate plastid size, shape, and possibly 
division  (Haswell and Meyerowitz 2006) . Importantly, some of the other members 
of the  Arabidopsis MSL  gene family are predicted to associate with the plasma 
membrane, and are being investigated for potential roles in mechano- and gravi-
sensing  (Haswell and Meyerowitz 2006) . 

 In addition to the MSL proteins, another Ca 2+  channel has recently been 
identified in  Arabidopsis  and proposed to function in mechanotransduction. 
The  Arabidopsis  plasma-membrane-associated MCA1 protein was shown to 
rescue a  mid1  mutant of yeast, which lacks a Ca 2+ -permeable stretch-activated 
channel.  MCA1  overexpression in  Arabidopsis  also resulted in increased 
cytosolic Ca 2+  responses to mechanostimulation, and knockout mutant roots 
displayed an altered ability to respond to mechanostimulation  (Nakagawa et al. 2007) . 
Hence, several families of membrane-associated proteins have now been identified 
as potential stretch-activated channels in plants, and future work should investigate 
a possible role for these proteins in gravity signal transduction. 

 The reader should be alerted here to the fact that gravity sensing does not neces-
sarily require the involvement of mechanosensitive ion channels as receptors of 
amyloplast sedimentation within the statocytes. Indeed, a ligand-receptor model of 
gravity signal transduction has recently been proposed to explain gravity sensing in 
 Chara  rhizoids  (Limbach et al. 2005) . In this single-cell gravitropic system, the 
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statoliths (BaSO 
4
 -filled vacuoles) have to sediment on specific subapical areas of 

the plasma membrane in order for that cell to develop a curvature  (Braun 2002) . 
Experiments involving short-term exposure to the microgravity environment cre-
ated by parabolic flights have suggested that a simple contact between the statoliths 
and the sensitive membrane, rather than pressure, might be sufficient for gravisens-
ing in this system  (Limbach et al. 2005) . The authors concluded that a membrane-
associated receptor present at the subapical region of the rhizoid may be able to 
interact with a ligand carried at the surface of the sedimenting statoliths. Interaction 
would trigger a pathway that leads to the curvature observed in this system. It is 
possible that a similar ligand-receptor interaction model is also functional in the 
statocytes of higher plants. In this case, the ligand (or receptor) would have to be 
carried at the surface of sedimenting amyloplasts, whereas the receptor (or ligand) 
would be carried by sensitive membranes the plastids sediment upon, such as those 
of the ER that lines the root statocytes. Ligand-receptor interaction would trigger a 
pathway that could also involve Ca 2+ , InsP 

3
 , and/or pH as second messengers, even-

tually leading to the cellular polarization needed to redirect auxin transport downward. 
The recent identification of outer-envelope, plastid-associated proteins as gravity 
signal transducers in  Arabidopsis thaliana  may allow us to test this interesting new 
model in the future (see Sect. 4.1).  

  3.2  pH Changes May Also Contribute to Gravity Signal 

Transduction 

 Another inorganic ion that may participate in gravity signal transduction within the 
statocytes is H + . Experiments in which researchers traced the pH of the statocytes of 
maize pulvini and  Arabidopsis  roots during a graviresponse detected substantial alkali-
nization of the cytoplasm within seconds of a stimulus  (Scott and Allen 1999 ;  Fasano 
et al. 2001 ;  Johannes et al. 2001 ;  Boonsirichai et al. 2003 ;  Hou et al. 2004 ;  Young et al. 
2006) . In maize pulvini, gravity-induced alkalinization of the statocytes occurred only 
in a region of the cells where amyloplasts sediment, and it did not occur in the surround-
ing parenchyma cells  (Johannes et al. 2001) . In  Arabidopsis  root statocytes, the charac-
teristics of the gravity-induced cytoplasmic pH fluctuations differed depending on the 
source of the data. Although  Scott and Allen (1999)  reported distinct kinetics of cyto-
plasmic alkalinization between upper and lower statocytes in layer 2 of the  Arabidopsis  
root-cap columella, and an acidification of tier 3 cells.  Fasano et al. (2001)  observed a 
similar cytoplasmic alkalinization of all statocytes in these two tiers, which peaked after 
1–2min of gravistimulation, and returned back to the baseline within 8–12min. These 
fast pH responses to gravistimulation were substantially attenuated in a starch-deficient 
mutant, and they were accompanied by an acidification of the apoplast, suggesting the 
involvement of plasma-membrane or vacuolar H +  transporters  (Fasano et al. 2001 ;  Li et 
al. 2005) . Importantly, interfering with these pH responses by inducing the release of 
preloaded caged protons in the root statocytes  (Fasano et al. 2001)  or by treatment with 
agents that alkalinize the apoplast  (Scott and Allen 1999)  delayed the gravitropic 
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response. Also, treating  Arabidopsis  seedlings with agents that destabilize actin micro-
filaments resulted in a sustained pH increase of root statocytes upon short periods of 
gravistimulation, along with expanded gravicurvature  (Hou et al. 2004) . Conversely, 
treating seedlings with agents that acidify the apoplast under conditions that do not 
interfere with root growth rate enhanced the gravitropic response  (Scott and Allen 
1999) . Together, these data support a role for cytosolic pH in gravity signal transduction 
in both root and pulvinus statocytes, possibly via the facilitation of auxin transport 
through the statocytes  (Fasano et al. 2002 ;  Monshausen and Sievers 2002 ;  Monshausen 
et al. 2008) . Consistent with this model,  Arabidopsis  mutants with altered expression 
of a proton pyrophosphatase (AVP1) display altered auxin transport associated with 
modified expression and localization of the PIN1 auxin efflux facilitator  (Li et al. 
2005) .  

  3.3  Gravistimulation Promotes the Formation of a Lateral Auxin 

Gradient Across Stimulated Organs 

 The Cholodny-Went theory proposes that gravistimulation promotes the formation of a 
lateral gradient of auxin across the stimulated organ, leading to differential cell elon-
gation on opposite flanks, responsible for tip curvature  (Cholodny 1928 ;  Went 1928 ; 
Fig.  1 ). In roots, the lateral gradient of auxin has to be transmitted from the cap to the 
elongation zone, where a curvature response develops. In shoot organs, the gradient 
forms right at the site of tip curvature. Several lines of experimental evidence support 
this long-held model of gravitropism. First, mutations that affect auxin synthesis, 
transport, or response have been shown to affect gravitropism (reviewed in  Muday 
and Rahman 2008) . Second, physiological experiments following the fate of exoge-
nously supplied radioactive auxin demonstrated its lateral transport toward the bottom 
flank of gravistimulated shoots  (Parker and Briggs 1990)  or roots  (Young et al. 1990) , 
and showed that this redistribution precedes the development of a gravitropic curva-
ture  (Parker and Briggs 1990) . Third, lateral gradients in free auxin concentration 
were detected across gravistimulated pulvini, coleoptiles, and gynophores, whose 
polarities were compatible with the direction of curvature response  (Kaufman et al. 
1995 ;  Moctezuma and Feldman 1999 ;  Philippar et al. 1999 ;  Long et al. 2002) . 
Similarly, the recent use of reporter constructs carrying an auxin-responsive promoter 
that drives the expression of a reporter gene (encoding either  b -glucuronidase or the 
green fluorescent protein) in transgenic plants allowed indirect detection of lateral 
auxin gradients across gravistimulated roots, hypocotyls, or inflorescence stems, with 
accumulation at the bottom flank  (Li et al. 1991 ;  Rashotte et al. 2001 ;  Friml et al. 
2002 ;  Boonsirichai et al. 2003 ;  Ottenschlager et al. 2003 ;  Hou et al. 2004 ;  Nadella 
et al. 2006 ;  Young et al. 2006 ;  Lewis et al. 2007 ;  Harrison and Masson 2008a) . 

 To better understand how this lateral auxin gradient is established upon 
gravistimulation, let us first describe the molecular mechanisms that modulate 
polar auxin transport in plants.  
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  3.4  Auxin Influx and Efflux Carrier Complexes Mediate Polar 

Auxin Transport 

 As discussed in “Auxin and the Communication Between Plant Cells” by Peter 
Nick (this volume), auxin, which is mainly synthesized in young shoot tissues, uses 
a cell-to-cell transport system that functions in the tip to base direction in shoots. 
When auxin reaches the root, it is transported through the central cylinder into the 
root tip, where it adds to an uncharacterized pool of locally synthesized auxin, 
forming an auxin-maximum center that overlaps with the quiescent center and top 
layers of the root-cap columella (reviewed in  Wolverton et al. 2002a ;  Muday and 
Rahman 2008) . There, auxin is redistributed laterally to peripheral tissues, then trans-
ported basipetally through lateral-cap and epidermal cell files toward the elongation 
zone, where it inhibits cell elongation. 

 Individual auxin-transporting cells express a combination of plasma-mem-
brane-associated auxin influx and efflux carriers. Cytoplasmic auxin, found mainly 
in the ionic form, cannot easily cross the membrane. On the other hand, a substantial 
fraction of the auxin present in the acidic environment of the apoplast is found in 
the protonated form and can diffuse through the plasma membrane. Hence, apoplastic 
auxin is taken up by transporting cells both by diffusion through the plasma membrane 
and via transmembranous auxin influx carriers that belong mainly to the AUX1 
family of auxin/H  +  symporters  (Swarup et al. 2004) . 

 To exit the cell, auxin requires the intervention of auxin efflux carrier complexes 
that contain PIN proteins and members of the multidrug-resistant 
(MDR)/P-glycoprotein (PGP) family of ATP-binding cassette transporters 
 (Blakeslee et al. 2007) . The PIN and PGP proteins seem to be parts of independent 
auxin transport complexes that may also interact in a tissue-specific manner 
 (Blakeslee et al. 2007) . Importantly, the polar localization of PIN proteins at the 
plasma membrane of transporting cells predicts the direction of auxin flow 
(reviewed in  Muday and Rahman 2008) . 

 Considering the molecular basis of polar auxin transport, how could gravistimulation 
promote a lateral transport of auxin across a plant organ, leading to its accumulation 
at the bottom flank, as suggested by Cholodny and Went 80 years ago?  

  3.5  The Arabidopsis PIN3 Auxin Efflux Facilitator May Be an 

Important Modulator of Lateral Auxin Transport Across 

Gravistimulated Plant Organs 

 A member of the  Arabidopsis PIN  gene family,  PIN3 , appears to be a key player in 
gravity signal transduction within both root and shoot statocytes. In roots,  PIN3  is 
expressed in cells of the pericycle and within the top two cell layers of the columella 
- precisely those that contribute most to gravity sensing in that organ (see Sect. 2.1; 
 (Blancaflor et al. 1998) ). In above-ground organs,  PIN3  is expressed in the 
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endodermal cells of stems and hypocotyls where its protein localizes mainly at the 
inner lateral plasma membrane, with some association with the basal membrane in 
some cells  (Friml et al. 2002) . 

 In the columella cells of the cap, PIN3 localization is highly dynamic, and varies 
depending on the root’s orientation within the gravity field. In vertically oriented 
roots, PIN3 is localized symmetrically on all sides of the root-cap statocytes; how-
ever, upon root reorientation within the gravity field, PIN3 quickly relocalizes, 
accumulating in the new lower membrane within 2min  (Friml et al. 2002) . This 
rapid relocalization of an efflux facilitator should lead to a preferential transport of 
auxin toward the bottom flank of the cap, creating a lateral auxin gradient across 
the gravistimulated root  (Friml et al. 2002) . Consistent with a key role for PIN3 in 
gravitropism,  pin3  mutant seedlings display altered root and hypocotyl gravitro-
pism, even though gravity-induced PIN3 relocalization has not yet been docu-
mented in gravistimulated hypocotyl or stem statocytes  (Friml et al. 2002 ;  Harrison 
and Masson 2008a) . 

 It is interesting to note here that the second messengers associated with early 
phases of gravity signal transduction (intermediates and products of the phosphati-
dylinositol pathway, Ca 2+ , pH; see Sects. 3.1, 3.2) have been implicated in the 
control of vesicular trafficking in both animal and plant systems  (Stevenson et al. 
2000 ;  Reddy 2001 ;  Wenk and De Camilli 2004 ;  Li et al. 2005) ; therefore, at least 
some of them may be involved, directly or indirectly, in controlling the localization 
of PIN3 within the statocytes.  

  3.6  In Roots, the Gravity-Induced Lateral Auxin Gradient Has 

To Be Transmitted to the Elongation Zone for a Curvature 

Response To Develop 

 In shoots, the lateral gradient of auxin generated upon gravistimulation is directly 
responsible for the curvature response at that site of the organ, as discussed in Sect. 
2.1. In roots, however, a lateral gradient generated across the cap has to be trans-
ported to the elongation zone in order to promote tip curvature. This transport 
occurs through the basipetal auxin transport stream (reviewed in  Muday and 
Rahman 2008) . As discussed in Sect. 3.4, auxin transport requires both auxin influx 
and efflux carrier complexes. The basipetal transport of auxin in roots is mediated 
by the AUX1 influx carrier, which functions as an auxin/H +  symporter, and the 
PIN2 auxin efflux facilitator.  AUX1  is expressed in the lateral-cap and epidermal 
cells of the root tip where its protein localizes uniformly at the plasma membrane 
 (Swarup et al. 2001) . AUX1 is also expressed in the protophloem cells of the root 
central cylinder, where its basal localization contributes to the acropetal auxin flow 
toward the tip  (Swarup et al. 2001) .  PIN2 , on the other hand, is expressed in the 
lateral-cap and epidermal cells of the root elongation zone where it is essentially 
located in the basal-side plasma membrane, directing basipetal auxin transport 
 (Müller et al. 1998) . It is also expressed in the cortical cells of the root tip, where 
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its apical localization suggests a contribution to auxin recycling toward the tip 
 (Friml 2003) . As expected, mutations in both  AUX1  and  PIN2  eliminate the gravitropic 
response  (Bennett et al. 1996 ;  Chen et al. 1998 ;  Luschnig et al. 1998 ;  Müller et al. 
1998 ;  Utsuno et al. 1998) . Furthermore, the agravitropic phenotype of  aux1  mutants 
can be rescued by constructs that express wild-type  AUX1  specifically in the lateral 
cap and apical four to five epidermal cells of the root elongation zone, indicating 
that its contribution to the basipetal auxin transport stream is sufficient for its role 
in root gravitropism  (Swarup et al. 2005) . 

 The MDR4 ATP-binding cassette transporter also contributes to the basipetal 
auxin transport stream in  Arabidopsis  root tips. Its expression expands basally 
farther from the tip than that of PIN2, suggesting that this MDR transporter may 
take over the basipetal flow of auxin in basal regions of the root tip where PIN2 has 
ceased to function. In agreement with this model,  mdr4  mutant roots display an 
accelerated gravitropic curvature relative to the wild type, accompanied by an 
increased ability to develop a lateral auxin gradient upon gravistimulation. It was 
hypothesized that decreased basipetal auxin transport on the basal side of the elon-
gation zone allows for auxin accumulation at the distal elongation zone, where the 
curvature response occurs  (Lewis et al. 2007) . This interpretation is in line with 
similar explanations of the accelerated gravitropic and phototropic responses 
displayed by  mdr1  single and  mdr1 pgp19  double mutant hypocotyls. Indeed, the 
 MDR1  and  PGP19  genes contribute to basipetal auxin transport in hypocotyls and 
inflorescence stems, along with PIN1, and the corresponding mutations result in 
decreased basipetal auxin transport, thereby increasing the potential for gravity- or 
light-induced lateral auxin transport in these organs  (Noh et al. 2003) .  

  3.7  Auxin-Induced Changes in the Cycling and Stability of 

Auxin Transporters May Also Contribute to the Formation of 

a Lateral Auxin Gradient Across the Gravistimulated Root 

 In this chapter, the discussion has, so far, focused mainly on how gravity susception 
through amyloplast sedimentation within the statocytes is transduced into the 
formation of a lateral auxin gradient across the stimulated organ, leading to tip 
curvature. Yet, recent studies of auxin transport in roots suggest that the process 
may be more complex. Indeed, auxin influx and efflux carriers are continuously 
cycled between the plasma membrane and intracellular compartments, and PIN2 is 
no exception (see “Auxin and the Communication Between Plant Cells” by Peter 
Nick, this volume). Importantly, some of the endocytosed PIN2 protein is ubiquiti-
nated and targeted for degradation by the proteasome in an auxin-sensitive manner: 
increased auxin levels stabilize PIN2 at the plasma membrane  (Abas et al. 2006) . 
Hence, in gravistimulated root tips, the initial lateral auxin gradient that is gener-
ated across the cap, then transmitted to the distal elongation zone, has the potential 
of affecting both the process of cellular elongation and the association of PIN2 with 
the basal membrane of transporting lateral-cap and epidermal cells. The increased levels 
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of auxin found at the lower flank of gravistimulated roots allow for higher PIN2 
levels within the plasma membrane at the basal side of the transporting cells, 
whereas lower auxin levels at the upper flank result in increased PIN2 internalization 
and degradation by the proteasome  (Abas et al. 2006) . This differential abundance 
of plasma-membrane-associated PIN2 protein between upper and lower flanks of 
gravistimulated roots is likely to enhance the steepness of the auxin gradient across 
the stimulated distal elongation zone. Furthermore, the lower levels of auxin reaching 
the upper flank of the elongation zone should result in accelerated cell elongation, 
a process that was actually observed in the distal elongation zone through careful 
kinematic studies of graviresponding  Arabidopsis  roots  (Ishikawa and Evans 1997 ; 
 Chavarria-Krauser 2006) . Because this region of the  Arabidopsis  root also serves 
as a secondary site for gravity sensing, it will be interesting to investigate the 
possibility that PIN2 internalization and degradation might also be directly controlled 
by gravity sensing, explaining the remnant gravitropic response displayed by  pgm  
mutant roots in the absence of amyloplast sedimentation within the statocytes 
 (Wolverton et al. 2002b) .   

  4 How Can We Uncover New Gravity Signal Transducers?  

  4.1  Genetics to the Rescue: Genes That Contribute to Gravity 

Signal Transduction in the Statocytes 

 Genetics has helped in the identification and initial characterization of proteins that 
contribute to gravity signal transduction within the statocytes. Mutations in the 
 ARG1/RHG  and  ARL2  loci of  Arabidopsis thaliana  were shown to result in specific 
defects in root and hypocotyl gravitropism without significant alterations in root-
growth responses to phytohormones and polar auxin transport inhibitors, starch 
accumulation in the statocytes, or phototropic response  (Fukaki et al. 1997 ; 
 Sedbrook et al. 1999 ;  Boonsirichai et al. 2003 ;  Guan et al. 2003 ;  Harrison and 
Masson 2008a) . Both genes were shown to encode paralogous proteins that contain 
a J domain at their N terminus, a hydrophobic region and a C-terminal coiled-coil 
domain that shares similarity with coiled coils found in a number of microtubule- 
and microfilament-associated proteins  (Sedbrook et al. 1999 ;  Guan et al. 2003) . 
The J domain present in both proteins suggests they function as molecular chaperones, 
in association with HSP70-like proteins, to modulate the folding, targeting, or 
macromolecular assembly of specific gravity signal transducer(s) within the statocytes 
 (Boonsirichai et al. 2003 ;  Young et al. 2003) . While  ARG1  is expressed ubiquitously 
in plants, expression of wild-type ARG1 in the statocytes of  arg1–2  mutant roots is 
sufficient to restore wild-type root gravitropism, whereas its expression in the 
endodermis under the control of the  SCR  promoter allows specific rescue of 
hypocotyl gravitropism; hence, the functional domain of  ARG1  expression for 
gravitropism is the statocyte, suggesting a role for this protein in early phases of 
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gravity signal transduction  (Boonsirichai et al. 2003) .  ARL2 , on the other hand, is 
expressed specifically in the statocytes, confirming its role in gravity signal trans-
duction  (Harrison and Masson 2008a) . 

 A combination of biochemical and cell-biological experiments revealed that 
both ARG1 and ARL2 are peripheral membrane proteins that associate with both 
the plasma membrane and components of the vesicular trafficking pathway 
 (Boonsirichai et al. 2003 ;  Harrison and Masson 2008a) . Interestingly, both proteins 
are needed for gravity-induced PIN3 relocalization to the lower membrane of the 
statocytes and for the establishment of a lateral auxin gradient across the root cap 
upon gravistimulation  (Harrison and Masson 2008a) . Taken together, these data 
strongly suggest that ARG1 and ARL2 modulate the cycling of PIN3 and other 
membrane-associated proteins between the plasma membrane and intracellular 
organelles within the statocytes. This hypothesis is in agreement with genetic studies 
that indicate that  ARG1  and  ARL2  function in the same genetic pathway as  PIN3  in 
roots  (Harrison and Masson 2008a,   b) . 

 As mentioned above, mutations in  ARG1  and  ARL2  affect all physiological 
outputs of gravity signal transduction in the root statocytes, including cytoplasmic 
alkalinization, (atleast for ARG1) PIN3 relocalization, and the lateral transport of 
auxin to the bottom flank of a stimulated organ. However, a mutation in one of two 
genes that encode adenosine kinase ( ADK1 ), which was shown to specifically affect 
root gravitropism by interfering with PIN3 expression in the statocytes, its relocali-
zation in response to gravistimulation, and the lateral transport of auxin across 
gravistimulated root caps, did not affect the gravity-induced cytoplasmic alkaliniza-
tion of the statocytes  (Young et al. 2006) . These interesting results could indicate 
that the gravity signal transduction pathway within the statocytes is linear, with the 
cytoplasmic alkalinization step preceding that of PIN3 relocalization. Alternatively, 
the pathway could be branched, with cytoplasmic alkalinization forming an ADK1-
independent branch, whereas PIN3 relocalization would form the ADK1-dependent 
branch. Both branches would converge to promote the lateral transport of auxin 
across the gravistimulated cap  (Young et al. 2006 ;  Harrison et al. 2008) . It will be 
necessary to elucidate the mode of ADK1 action in gravitropism to resolve the 
linear or branched nature of the gravity signal transduction pathway in roots. 

 While  ARG1 ,  ARL2 , and  PIN3  appear to function in the same genetic pathway 
in roots,  ARG1  (or  ARL2 ) and  PGM  (gene encoding phosphoglucomutase, an 
enzyme involved in starch biosynthesis) do not: the corresponding double mutants 
( arg1–2 pgm  and  arl2–3 pgm ) display strongly enhanced gravitropic defects 
relative to single mutants  (Guan et al. 2003) . This observation suggested that new 
early gravity signal transducers could be isolated through genetic screens for 
enhancers of the gravitropic defect associated with  arg1–2 . Such a screen was 
carried out, and allowed the identification of  modifier of arg1 1–1  ( mar1–1)  and 
 mar2–1 . While  mar1–1  displays a slight alteration in root gravitropism in a wild-type 
ARG1 background,  mar2–1  shows a wild-type gravitropism in such a background. 
However, both mutations completely obliterate the gravitropic response of either 
 arg1–2  or  arl2–3  mutant roots or hypocotyls. Hence, both  mar1–1  and  mar2–1  
function as true genetic enhancers of  arg1–2  and  arl2–3 . Molecular cloning 
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revealed mutations in two genes that encode components of the plastidic outer 
membrane protein import complex. Amazingly, these two mutations do not affect 
starch accumulation in the plastids, nor do they alter amyloplast sedimentation in the 
root cap statocytes (Stanga J, Boonsirichai K, Sedbrook J, Oregui M, and Masson PH,  
in preparation). These data suggest a role for this complex in gravity signal transduction, 
either directly through interactions between a cytoplasmic domain of the complex 
and another transducer in the statocytes whose location or activity might be modulated 
by  ARG1/ARL2 , or indirectly by targeting the insertion within the plastidic outer 
membrane of (a) protein(s) that might serve as a signal transducer (Stanga J et al., in 
preparation). Work is in progress to test these alternative hypotheses. 

 While roots constitute a good model for a genetic investigation of gravity signal 
transduction in plants, the inflorescence stem of  Arabidopsis  is also ideally suited 
for that purpose because it is possible to separate in time the initial events of gravity 
signal transduction from the ensuing events of lateral auxin transport and curvature 
response in this system. Indeed, early studies of inflorescence stem gravitropism in 
this plant demonstrated that a gravistimulus provided in the cold cannot promote 
the development of a lateral auxin gradient or a gravitropic curvature if the plant is 
maintained in the cold. However, a stem that is gravistimulated in the cold, then 
repositioned vertically before being transferred back to room temperature, can 
“remember” the stimulus in the cold, and develop an appropriate curvature response 
as long as the waiting period following stimulation is sufficiently short (less than 1h) 
 (Fukaki et al. 1996 ;  Wyatt et al. 2002 ;  Nadella et al. 2006) . 

 A clever genetic screen was designed to identify genes involved in early phases 
of gravity sensing or signal transduction, taking advantage of the temporal separation 
that exists between the phases of (1) gravity sensing and signal transduction in the 
cold and (2) auxin transport and curvature response at room temperature. 
Conditional mutations were isolated, which affect the ability of inflorescence stems 
stimulated in the cold to develop a tip curvature upon return to root temperature, 
while not altering the ability of mutant stems to respond like the wild type to a 
normal gravistimulus provided at room temperature  (Wyatt et al. 2002 ;  Nadella 
et al. 2006) . Three classes of  gravity persistence signal  ( gps ) mutants were isolated 
in this screen: (1) class 1 mutants, such as  gps1 , show no stem bending in response 
to cold stimulation (“no-response” mutants); (2) class 2 mutants, such as  gps2 , have 
stems that bend in the wrong direction in response to a stimulus provided in the 
cold (“wrong-way” mutants); and (3) class 3 mutants, such as  gps3 , develop an 
exaggerated stem curvature response to a cold stimulus after return to root temperature 
(“overachiever” mutants)  (Wyatt et al. 2002) . Because auxin transport is inhibited 
in the cold  (Nadella et al. 2006) , and the Gps phenotypes are conditional upon the 
stimulus being provided in the cold, it was concluded that these mutants likely 
affect early stages of gravity sensing or signal transduction, rather than the later 
phases of lateral auxin transport or curvature response  (Nadella et al. 2006) . 

 Initial results in the molecular cloning and characterization of the  GPS  genes 
support the contention that these genes might function in early phases of gravity 
sensing or signal transduction. Indeed,  GPS1  encodes a P450-type enzyme that may 
contribute to flavonoid metabolism (Withers  JW and Wyatt GE, unpublished data). 
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Because flavonoids are important regulators of auxin transport  (Buer and Muday 
2004) , it seems likely that GPS1 modulates the transport of auxin in gravirespond-
ing  Arabidopsis  seedlings.  GPS2  encodes a putative synaptobrevin/vesicle-associ-
ated membrane protein vesicle SNARE that may regulate the transport of PIN auxin 
efflux facilitators or other regulatory molecules in cells of the inflorescence stem 
(McCallister J and Wyatt, SE unpublished results). Finally,  GPS3  encodes a puta-
tive transcription factor with a B3 DNA-binding domain similar to that of auxin 
response factors. However,  GPS3  lacks the C-terminal dimerization domain found 
in auxin response factor proteins (Nadella V, and Wyatt, SE unpublished data). 

 In addition to the  GPS  genes discussed above, the  shoot gravitropic response 5 , 
 shoot gravitropic response 6 , and  shoot gravitropic response 9  ( sgr5 ,  sgr6 , and 
 sgr9 ) mutants have also been proposed to affect genes that function in the early 
phases of gravity signal transduction. Indeed, these mutations affect stem gravitro-
pism without altering amyloplast sedimentation in the stem statocytes  (Morita et al. 
2006) . While the function of  SGR6  remains unknown because the protein it encodes 
shares sequence similarity only with proteins of unknown function (Yano D et al., 
unpublished results),  SGR5  encodes a C2H2 zinc-finger-type transcription factor 
that is mainly expressed in the endodermis. Specific expression of wild-type  SGR5  
in the endodermis of  sgr5–1  mutant plants rescues stem gravitropism to wild-type 
levels, supporting a role for  SGR5  in gravity signal transduction within the stem 
statocytes  (Morita et al. 2006) . 

 Mutations in  SGR9 , a locus that encodes a ring finger-type protein associated 
with the plastids, strongly enhance the gravitropic defect of  sgr5 , and alter the ability 
of mutant plastids to sediment in the statocytes. However, a preliminary report 
suggests that the gravitropic defect associated with  sgr5 sgr9  mutant stems can be 
partially rescued by drugs that inhibit the polymerization of actin. This rescue is 
accompanied by a restoration of amyloplast sedimentation in the stem statocytes. 
Hence, it appears likely that the plastid-associated SGR9 protein contributes to 
gravity susception by disrupting the polymerization of actin in the vicinity of 
amyloplasts, which facilitates their sedimentation within the statocytes (Tasaka 
M, Nakamura M, and Morita M (2008). Action dynamics involved in gravity per-
ception in Arabidopsis inflorescence stem. Abstract, paper Number F11-0007-08 
37th COSPAR Scientific Assembly 2008, Montreal, Canada).  

  4.2  Approaches Borrowed from Systems Biology Also Provide 

Clues to the Molecular Mechanisms That Govern 

Gravitropism 

 While genetics has been invaluable in our study of plant gravitropism, it has also 
been plagued by difficulties associated with functional redundancy and pleiotropy. 
To overcome such difficulties, researchers have tried to rely on alternative strategies 
derived from systems biology to identify new molecular mechanisms associated 
with gravitropism. Completion of sequencing of the  Arabidopsis  genome has 
allowed the development of global approaches to investigate genome-wide 
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gene-expression changes that occur quickly after the onset of a gravistimulus. 
The first attempt at identifying global gene-expression changes in response to gravistimulation 
relied on an 8,300-gene microarray to identify some of the  Arabidopsis  genes 
whose expression in entire seedlings varies in response to gravistimulation. In this 
pioneering work, 1.7% of the genes analyzed changed in expression within 30min 
of gravistimulation, 39% of which were also responsive to gentle mechanostimulation. 
The promoters of many of these gravity-responsive genes contained a conserved 
motif that may function as a  cis -acting regulatory element for expression responses 
to gravistimulation  (Moseyko et al. 2002) . 

 In this study, the transcripts were extracted from entire seedlings, with no 
attempt at separating organs that display opposite gravitropic responses such as 
roots and hypocotyls. Furthermore, only one third of the  Arabidopsis  genes were 
sampled for expression changes. To work around these difficulties, the Winter-
Sederoff group at North Carolina State University chose to study global transcriptional 
responses to gravistimulation of  Arabidopsis  root tips, using the whole-genome 
Affymetrix ATH1 microarray (22,744 genes;  Kimbrough et al. 2004) . They developed 
a time-course study of transcriptional responses during the first hour of gravistimulation, 
and included a mechanostimulated control in their experiment (root tips from seedlings 
that had been gently rocked back and forth for 5s, before being returned to their 
original position). Using this careful approach, Kimbrough and his collaborators 
showed that a vast majority of the differentially expressed genes (96%, or 1,665 
genes) respond transcriptionally to both gravitstimulation and gentle mechanostimulation. 
Only five of the differentially expressed genes found in this study were also found 
in the study of  Moseyko et al. (2002) , probably reflecting the differences in 
experimental conditions and tissues analyzed. 

 Of the differentially expressed root-tip genes identified by  Kimbrough et al. 
(2004) , only 65 showed evidence of upregulation specifically in response to gravis-
timulation, including five that were upregulated by a factor of 3 or more within only 
2min of gravistimulation, and whose expression remained high after 30min of 
response  (Kimbrough et al. 2004) . Importantly, when three of these fast gravire-
sponding genes were tested for gravity-induced expression changes in mutant root 
tips, none showed a response in  arg1–2  and  arl2–3  mutant root tips, whereas one 
retained some inducibility in  adk1–1  root tips. This interesting result is consistent 
with a key role for  ARG1  and  ARL2  in early phases of gravity signal transduction 
 (Yester et al. 2006) . It also supports the contention that  ADK1  is an important gravity 
signal transducer for some, but not all, root-tip responses to gravistimulation, as 
discussed in Sect. 4.1. 

 Because most signal transduction pathways include steps that involve the 
posttranslational modification of proteins, transcription-profiling studies are not 
likely to reveal all aspects of an organ’s molecular responses to gravistimulation. 
Such studies should be coupled to large-scale investigations of protein levels, localization, 
stability, and/or modification in response to gravistimulation. A pioneering study 
by Sakamoto et al. (1993) used two-dimensional gel electrophoresis to demonstrate 
that gravistimulation promotes an increase in abundance of some proteins within 
24h of gravistimulation, and a change in the phosphorylation status of other 
proteins. In a separate study, Kaufman and coworkers identified two soluble and 



228 P.H. Masson et al.

two membrane-associated phosphoproteins that are differentially expressed between 
the lower versus the upper flanks of gravistimulated pulvini  (Chang and Kaufman 
2000 ;  Chang et al. 2003) . 

 Unfortunately, these initial studies did not attempt to identify the gravity-respon-
sive proteins. Taking advantage of new technological developments in mass spec-
trometry and its utilization in protein identification  (Li and Assmann 2000) , 
Motoshi Kamada and his collaborators at the Aerospace Exploration Agency, in 
Tsukuba, Japan, identified 16 proteins, including some cytoskeleton-associated 
proteins and others related to the Ca 2+  signaling pathway, as being differentially 
represented in  Arabidopsis thaliana  root tips upon 0.5–3h of gravistimulation, a 
time that was sufficient to allow both gravity sensing and signal transduction as 
well as initial curvature response. Other proteins were also shown to change their 
molecular weight upon gravistimulation, suggesting posttranslational modification 
 (Kamada et al. 2005) . 

 In an attempt to focus more on early phases of gravity signal transduction, 
 Young et al. (2006)  and  Murthy et al. (2008)  analyzed changes in protein profiles 
of  Arabidopsis  root tips upon 12min of gravistimulation. Fifty-seven protein spots 
were shown by two-dimensional gel electrophoresis to change in staining intensity 
after 12min of gravistimulation relative to an unstimulated control, and the corre-
sponding proteins were identified by mass spectrometry. Fifty-three of these 
proteins were shown to respond specifically to gravistimulation, whereas the 
remaining four responded to both gravistimulation and a gentle mechanostimulus 
control. Interestingly, three of the graviresponding proteins were enzymes involved 
in the AdoMet methyl-donor cycle, including adenosine kinase, whose role in root 
gravitropism was subsequently investigated using reverse genetic strategies (see 
Sect. 4.1)  (Young et al. 2006) . 

 Six of the differentially represented protein spots identified by  Murthy et al. 
(2008)  were also included in the group of 16 differentially represented proteins 
identified by  Kamada et al. (2005) , demonstrating reproducibility of this molecular 
response. However, only one of the 57 differentially represented protein spots was 
found to derive from a gene shown to be transcriptionally regulated by gravistimulation 
 (Kimbrough et al. 2004) . This surprising result suggests that posttranscriptional 
regulatory processes may play important roles in gravity signal transduction. It should, 
however, be cautioned that these global transcript- and protein-profiling experiments 
were carried out under different conditions, possibly explaining the different results 
between them. 

 Taken together, these data, along with those of experiments that focused on 
analyzing differential protein representation/modification in  Arabidopsis  cell 
cultures subjected to either hypergravity or clinorotation  (Wang et al. 2006 ; 
 Barjaktarovic et al. 2007) , provide fertile ground for further investigations on gravity 
sensing and signal transduction. They also provide a large population of molecular 
markers that should be very useful in our attempts to elucidate the branched pathways 
that lead to gravity signal transduction and the corresponding curvature response, 
as nicely illustrated in the analysis of ADK1’s contribution to gravity signal 
transduction (see Sect. 4.1)  (Young et al. 2006) . Interestingly, the initial proteomic 
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and expression profiling studies described above identified various metabolic pathways 
as being responsive to gravistimulation. Therefore, it will be important to carry out 
a comprehensive metabolomic screen in future investigations of plant gravitropism. 
Indeed, such strategies should lead to the identification of potentially important 
new signaling molecules in the gravitropic response pathways.   

  5  Do Other Phytohormones Contribute to Gravitropic 
Signaling?  

 Most plant hormones, including ethylene, cytokinins, brassinosteroids, abscisic 
acid, gibberellins, salicylic acid, and jasmonic acid, have been implicated in the 
modulation of gravitropism, mainly through indirect effects on auxin transport and/
or response, as discussed in “Auxin and the Communication Between Plant Cells” 
by Peter Nick in this volume  (Philosoph-Hadas et al. 2005 ;  Muday and Rahman 
2008) . However, one of them, cytokinin, has been proposed to contribute more 
directly to the gravitropic signal that is transmitted from the root cap to the elongation 
zones upon gravistimulation  (Aloni et al. 2004) . Roni Aloni and his collaborators 
at Tel Aviv University used a cytokinin-sensitive  ARR5-GUS  reporter to investigate 
gravity-dependent changes in cytokinin levels within  Arabidopsis  root tips. They found 
a fast asymmetrical induction of reporter expression within lateral-cap cells at the bottom 
side of gravistimulated roots. They also showed that application of cytokinin to one 
side of the elongation zone of vertical roots results in tip curvature toward the side 
of application. On the basis of these results, they concluded that gravistimulation 
might promote a lateral transport of cytokinin across the cap, generating a lateral 
gradient that, upon transmission to the elongation zone, could be responsible for the 
initial phases of gravitropic curvature. 

 One limitation of this model is that it currently lacks genetic support. Indeed, 
cytokinin-deficient mutants have not shown substantial alterations in their ability to 
develop a root gravitropic response  (Aloni et al. 2004) . It is also important to note 
that the expression of one of the genes that contribute to cytokinin biosynthesis in 
the root tip,  isopentenyl transferase 5  ( IPT5 ), is sensitive to auxin  (Miyawaki et al. 
2004) . Therefore, it is possible that the activation of  ARR5-GUS  expression on the 
bottom flank of gravistimulated caps might simply occur as a consequence of 
gravity-induced auxin accumulation at the bottom flank of the cap. Even though 
gravistimulation promoted earlier asymmetrical activation of  ARR5-GUS  expression 
at the bottom flank of the cap relative to  DR5-GUS  expression  (Aloni et al. 2004) , 
the timing of expression of these two reporters is not a conclusive way of determining 
which signal (auxin or cytokinin) appears first at the tip upon gravistimulation 
because both responses are at the end of their respective pathways, and possible 
lags in these pathways have not been investigated. Future work aimed at defining 
the effect on root gravitropism of mutations that affect cytokinin synthesis and 
response, and a careful investigation of cytokinin transport across the tip, would be 
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needed before the contribution of cytokinin signaling to gravity signal transduction 
in roots can be ascertained.  

  6 Conclusion and Future Perspectives  

 In this chapter, we have reviewed some of the molecular mechanisms that govern 
gravity signal transduction in plants. Our understanding of the events that allow 
plant statocytes to transduce the information derived from amyloplast sedimentation into 
a physiological signal that dictates directional changes in auxin transport remains 
limited. However, recent studies have suggested a critical role for the machinery 
that modulates the activity of plasma-membrane-associated auxin transporters, and/
or their cycling between plasma membrane and intracellular compartments. We 
also do not understand how similar signals (changes in orientation within the 
gravity field) are interpreted differently by plant organs, or by the same organ at 
different developmental times or under distinct environmental conditions. 

 In addition to the extreme behaviors displayed by the specialized organs 
described in Sect. 1, amazing interactions between distinct signal transduction 
pathways that lead to tropic responses have been uncovered. For instance, touch 
stimulation has been shown to inhibit root gravitropism, a process that is believed 
to condition obstacle avoidance  (Massa and Gilroy 2003) . This touch-induced inhi-
bition of gravitropism occurs even though distinct cells sense the gravity and touch 
stimuli (columella and lateral-cap cells, respectively), and it involves a decrease in 
root gravitropic sensitivity, suggesting that a signal is transmitted from the lateral 
cap to the statocytes  (Massa and Gilroy 2003) . Preliminary evidence supports a role 
for intercellular Ca 2+  signaling in this process  (Monshausen et al. 2008) . Because 
Ca 2+  seems to modulate early phases of both gravity and touch transduction, it 
seems necessary for the columella cells to distinguish between the Ca 2+  signatures 
associated with touch and gravity signaling, a discriminatory process that remains 
poorly characterized. 

 Similarly, both light and water gradients can promote tropic responses (photot-
ropism, as discussed in “Signaling in Phototropism” by Brandon Celaya et al., this 
volume, and hydrotropism, respectively), while modulating gravitropism  (Lu and 
Feldman 1997 ;  Correll and Kiss 2002 ;  Takahashi et al. 2002 ;  Kiss et al. 2003 ; 
 Takahashi et al. 2003 ;  Cassab 2008 ;  Mullen and Kiss 2008) . In the case of hydrot-
ropism, the modulation of gravitropism seems to once again involve a desensitiza-
tion of the root statocytes to gravistimulation  (Takahashi et al. 2003) . Deciphering 
the molecular mechanisms that allow cross-talk between these pathways should 
constitute a research priority in the future. 

 Altogether, it will also be critical to establish the mechanisms that allow plant 
organs to develop complex growth behaviors in response to combinations of direc-
tional stimuli such as gravity, touch, light, gradients in humidity, ions, chemicals, 
oxygen, and temperature. The task seems daunting in view of the perceived com-
plexity of the partially elucidated pathways that govern simple tropic responses to 
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gravity, light, touch, and water gradients. Yet, powerful new tools derived from 
systems biology, including genetic, genomic, proteomic, metabolomic, cell-biological, 
and biochemical approaches, should lead the way toward exciting new discoveries 
in our understanding of these complex behavioral plant-growth responses to their 
environment. Only then will it become possible to engineer plants that are better 
adapted to defined ecological niches, allowing increased production of plant parts 
usable in agriculture, human or animal consumption, or for biomass production for 
conversion into biofuels.      
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 Signaling in Phototropism       
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  Abstract   Land plants cope with the same environmental challenges as animals 
but have the added complication of being fixed to the ground. Thus, adaptability 
to variable environmental circumstances is essential to plant survival and fitness. 
A consequence of this condition is the necessity of plants to possess sophisticated 
sensors to adjust to changes. Plants take the input from their myriad of physiological 
sensors and respond physiologically. Among these responses are the tropisms, or 
directional growth responses that are oriented relative to a directional stimulus. 
Phototropism is among one of the best-studied tropic responses where plant tissues 
perceive and grow directionally upon perception of a directional light stimulus 
- positively, or towards the light source, in the case of shoots and negatively, or 
away from the light source, in the case of roots. From a historical perspective, 
the phototropic phenomenon has been known for hundreds of years (Whippo and 
Hangarter in  Plant Cell  18:1110–1119, 2006). Yet, only in the past few decades has 
the phenomenon been carefully studied to the extent that the basis of this response 
has become clearer. While recent analyses have yielded detailed biochemical mecha-
nisms for some of the phototropic receptors, a great deal remains unknown. In this 
review of phototropism in plants, the focus is on the growth of our understanding 
of phototropism from the simple observations of plant growth, to the initial physi-
ological experiments, to the most recent detailed molecular mechanisms. With the 
advances in genetic and molecular tools we are now in a position to understand 
the nature of phototropic signaling and its regulation in great detail. Over the past 
few years we have come to learn much about the complex interplay of molecules, 
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including the photoreceptors, accessory proteins, transcription factors, and effector 
molecules necessary to perceive the light cues, modulate signaling, activate gene 
transcription, and elicit physiological change. While some of these players are 
known, undoubtedly a role for many others will emerge in future studies and such 
advances will provide new avenues of research.    

  1 Phototropim: A “Simple” Physiological Response  

 A detailed historical perspective of phototropism has recently been published 
and is an excellent resource for further reading  (Whippo and Hangarter 2006) , 
as is a more classical perspective from the field  (Sachs 1887) . Here we shall 
summarize several of the key experimental results that have shaped the field 
as we see it today. 

 Early physiological analysis of phototropism was largely phenomenological 
with explanations varying from loss of water on the illuminated side of the seedling 
to “natural magic” explanations suggesting the seedlings were “rejoicing” in the 
presence of sunlight to the effects of the so-called vital force  (Whippo and 
Hangarter 2006) . It was not until the late 1870s and early 1880s that experiments 
performed by Julius von Wiesner  (von Wiesner 1878 ;  Sachs 1887) , followed by 
Charles and Francis Darwin  (Darwin 1880) , gave some inkling as to how phototro-
pism might occur. Original observations in  Avena sativa  coleoptiles, later recon-
firmed, suggested the phototropic response occurred in distinct, fluence (a unit of 
light intensity per unit area; e.g., micromoles meter –2) responsive phases  (Thimann 
1960 ;  Zimmerman and Briggs 1963 a, b). The first positive curvature occurs at low 
fluence levels and is proportionate to the amount of light to its peak curvature. After 
this point the responsiveness declines within a region where very little response is 
seen called the “neutral zone.” With extended exposure to light, the seedling again 
appears responsive as it enters into the second positive curvature. It is the second 
positive curvature to which much of the attention has been devoted experimentally. 
As developments in the field progressed, the use of  Arabidopsis thaliana  for these 
physiological experiments grew, taking advantage of the vast genetic resources 
available.  Arabidopsis  seedlings were shown to have much the same response pattern 
for first and second positive phototropism as well as a zone of indifference  (Janoudi 
and Poff 1990) . Eventually, loss-of-function mutant screens were undertaken and 
began to identify strains that showed aberrant phototropic responsiveness  (Khurana 
and Poff 1989) . These initial studies provided the foundation that led to the identi-
fication and cloning of the genetic locus associated with a photoreceptor responsible 
for phototropic responsiveness initially called  NON-PHOTOTROPIC HYPOCOTYL 

1  ( NPH1 )  (Liscum and Briggs 1995) , eventually renamed  PHOTOTROPIN 1  
( PHOT1 )  (Briggs et al. 2001) . Subsequently, a complementary DNA coding for a 
similar gene was identified originally called  NPH1-like 1  ( NPL1 )  (Jarillo et al. 
1998) . This gene was further characterized for phototropin-mediated phenotypes 
 (Jarillo et al. 2001 ;  Kagawa et al. 2001)  and was eventually renamed  PHOTOTROPIN 



Signaling in Phototropism 241

2  ( PHOT2 )  (Briggs et al. 2001) . It is these photoreceptors that represent the starting 
point for the phototropic signal progression.  

  2  Point of Reception: The Phototropins and Other 
Photoreceptors  

 The phototropins represent a class of blue-light photoreceptors that play a key role 
in the phototropic response, though their involvement in a number of other processes 
has been described and will be considered further here. A great deal of emphasis 
has been placed on understanding how phototropin protein structure changes in 
response to blue-light absorption. In this context, the advances in our understanding 
of phototropin structure will be considered, as well as recent developments that 
illuminate the nature of how phototropin relocalization may represent a key first 
step in signal transduction. 

  2.1 The Many Aspects of LOV: LOV Domain Characteristics 

 Phototropins represent a class of blue-light-sensing proteins that contain two Per-
Arnt-Sim (PAS) domains, as well as a serine/threonine kinase domain. The PAS 
domains in phot1 and phot2 are members of a smaller family with sensitivity to 
light, oxygen, and voltage (LOV). These domains have been studied in phototropins 
across a number of plant species  (Kasahara et al. 2002)  and have been shown to 
have high identity and similar spectrometric properties  (Christie et al. 1999) . 
The blue-light-sensing core of the LOV domains establishes a linkage between a 
canonical cysteine domain (GXN C RFLQ) and flavin mononucleotide (FMN) 
 (Christie et al. 1998) . Structurally, the LOV domains consist of four  b -sheets and 
three  a -helices. One of these  a -helices, denoted  a  ¢ A, appears to be a small 
“connector helix” that contains the key cysteine residue and, together with three of 
the  b -sheets (C, D, and E), makes contact with the FMN  (Crosson and Moffat 
2001) . Substitution of this critical cysteine residue with alanine has been shown to 
have substantial effects on the photophysical properties  (Salomon et al. 2000 ; 
 Swartz et al. 2001 ;  Christie et al. 2002 ;  Corchnoy et al. 2003 ;  Guo et al. 2005)  of 
the protein as well as physiological consequences for phototropin-mediated phenotypes 
 (Christie et al. 2002 ;  Cho et al. 2007) . Moreover, results from such studies indicated 
a predominant role for the LOV2 domain over the LOV1 domain for both phot1 and 
phot2. An initial photochemical study of the LOV domains had shown that LOV2 
has a quantum efficiency that is 10 times that of the LOV1 domain  (Salomon et al. 
2000) . This difference has led to the assertion that the heightened sensitivity of the 
LOV2 domain explains the effects of the cysteine mutation within this domain 
 (Christie et al. 2002) . 
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 The role of the LOV1 domain remained largely unclear until very recently. 
Initial experiments studying the dimerization qualities of the LOV domains of phot1a 
from  Avena sativa  through gel chromatography indicated a capacity of LOV1 but 
not of LOV2 to form dimers  (Salomon 2004) . Biophysical evidence of the dimerization 
capability of the LOV domains has come to light  (Nakasako et al. 2004) . This result 
is not entirely unexpected given that phototropin molecules in  Arabidopsis  
(Reymond et al. 1992a, b;  Cho et al. 2007)  as well as other species (Reymond et al. 
1992a, b) can cross-phosphorylate one another. There is some evidence that LOV2, 
under certain restrictive conditions of concentration and in the context of an addi-
tional phototropin peptide backbone, is also capable of dimerization  (Eitoku et al. 
2005) . The limited LOV2 dimerization activity will be reconsidered during discussion 
of the linker region between the LOV domains and the protein kinase domain. 
A recent crystal structure analysis of the LOV1 domains from  Arabidopsis  phot1 
and phot2 has demonstrated a dimerization event of these domains characterized by 
hydrophobic interactions of the A  a -helix with several of the  b -sheets, bonding 
between several  b -sheets through van der Waals forces, and hydrogen bonding and 
a disulfide bridge with the Cys261 residues  (Nakasako et al. 2008) . It is worth noting 
that while LOV domains in  Neurospora  white-collar proteins (wc-1 and wc-2) 
have been shown to homodimerize as well as heterodimerize  (Ballario et al. 
1998) , this has not proven to be the case in phototropin from the alga  Chlamydomanas  
 (Fedorov et al. 2003)  owing in part to a lack of the key disulfide bridge forming 
cysteine  (Nakasako et al. 2008) . This may suggest the utility and thus retainment of 
phototropin dimerization may vary from species to species, though  Chlamydomanas  
phototropin can rescue phototropin deficiency in  Arabidopsis   (Onodera et al. 
2005) . Interestingly though, not all phototropins appear to have LOV domains with 
the capacity for dimerization, a case particularly evident between phot1 and phot2 
from  Arabidopsis   (Nakasako et al. 2004) . This may represent a key difference in the 
signaling patterns of these two receptors. Altogether, these results suggest a 
dynamic and unique role for each of the LOV domains of phototropin. In some 
cases, LOV1 appears to function not only as an attenuator of phototropin activity 
but also as a site for dimerization, while the more photsensitive LOV2 appears to 
regulate phototropin activation after sensing blue light. Both domains are potential 
sites for protein-protein interactions.  

  2.2  A Circle of Light: The Photocycle of the Phototropin 

LOV Domains 

 LOV domains of phototropin undergo a multistep photocycle  (Christie et al. 1999 ; 
 Salomon et al. 2000 ;  Corchnoy et al. 2003 ;  Fedorov et al. 2003 ;  Iwata et al. 2003 ; 
Neiß and  Saalfrank 2003 ;  Guo et al. 2005 ;  Sato et al. 2005 ;  Christie et al. 2007 ; 
 Matsuoka et al. 2007)  that eventually triggers dramatic changes in the quaternary 
structure of the protein  (Swartz et al. 2002 ;  Harper et al. 2003,   2004 ;  Iwata et al. 
2003 ;  Nakasako et al. 2004) . This cycle occurs via a number of intermediate steps 
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and has been greatly sorted out through a number of studies combining mutants and 
biophysics. The changes in the protein structure subsequent to blue-light exposure 
and concomitant with the activation of the serine/threonine kinase are referred to as 
the “phototropin switch”  (Crosson and Moffat 2002 ;  Harper et al. 2003) . The initial 
study  (Swartz et al. 2001)  of the LOV domain photocyle described three distinct 
phases [denoted as LOV  X   

 n 
  where  X  indicates the state with dark (D), light-activated 

(L), signaling (S), and transition (T) and  n  denotes the absorption maximum for 
each state]: (1) in the ground state (LOV D  

447
 ), FMN remains noncovalently linked 

to the phototropin protein; (2) in the excited state (LOV L  
660

 ), very rapidly (within 
30 ns) after blue-light exposure, spectroscopic studies suggest the presence of a 
flavin triplet state  (Swartz et al. 2001) ; (3) finally, the formation of the cysteinyl 
adduct with the flavin C(4a) results in the presumed signaling form designated 
LOV S  

390
 . The cysteinyl adduct then decays back (approximately 60 s) into the 

LOV D  
447

  state  (Salomon et al. 2000 ;  Swartz et al. 2001 ;  Kasahara et al. 2002) . The 
initial steps of this process have been studied in great detail utilizing different LOV 
domains from both plant and algal phototropins. 

 The first proposed mechanism, based on the LOV2 domain from the fern 
 Adiantum , suggested light leads to an alteration of the ground-state electron con-
figuration within the isoalloxazine ring of FMN  (Crosson and Moffat 2001) . It was 
later found that  Adiantum  LOV2 showed a small 8° rotation of the FMN and only 

movement among the side chains of the residues within the FMN binding pocket 

and not in the protein backbone  (Crosson and Moffat 2002) . This alteration leads 

to a partial negative charge on N5, leading to the formation of a thiol anion which 

proceeds as a nucleophile and attacks C(4a), forming the cystienyl adduct. This 

mechanism was eventually further refined  (Neiß and Saalfrank 2003 ;  Dittrich et al. 

2005 ;  Sato et al. 2005 ;  Matsuoka et al. 2007)  to describe the mechanism in greater 

detail. Of particular interest has been the identification of the thiol species present 

and ascertaining the subsequent molecular steps. Early quantum calculations 

favored a radical combination of the excited flavin semiquinone and the thiol radi-

cal prior to intersystem crossing and recombination to form the adduct  (Neiß and 

Saalfrank 2003) . Subsequently, a mechanism was proposed  (Fedorov et al. 2003)  

which, in contrast to others  (Crosson and Moffat 2001 ;  Swartz et al. 2001) , 

suggested that C(4a) remains neutral during adduct formation and that instead a 

partial positive charge from C(5a) facilitates the negative charge on N5. This charge 

attracts the acidic hydrogen of the cysteine group, leaving the sulfur at a net nega-

tive charge. Because of the neutrality of C(4a), N5 pull will leave a partial positive 

charge facilitating combination with the sulfur. Still unclear was the thiol species 

participating in the adduct formation. Low-temperature infrared spectroscopy, used 

to distinguish between protonated and nonprotonated thiol groups, revealed a 

protonated sulfur group  (Iwata et al. 2002,   2003) . This finding has led to the 

hypothesis that the mechanism involves a protonated thiol radical  (Matsuoka et al. 

2007) . While the mechanism has become clearer, other studies have begun focusing 

on the surrounding residues of the apoprotein and their role(s) in the photoreaction 

 (Nozaki et al. 2004 ;  Christie et al. 2007 ;  Jones et al. 2007 ;  Yamamoto et al. 2008) . 

These findings have contributed to understanding how the decay of the active 
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LOV S  
390

  form is affected by mutation of surrounding residues  (Christie et al. 2007 ; 
 Yamamoto et al. 2008) , as well as through base-catalyzed breakdown  (Alexandre 
et al. 2007) , and how adduct formation is transmitted to rest of the protein  (Nozaki 
et al. 2004 ;  Jones et al. 2007) . It is this transmission of the light signal to the rest 
of the protein and its consequences for phototropin activity that we consider next.  

  2.3 On the Hinge of Signaling: The Contributions of the J a  Helix 

 After photoactivation of the LOV domains, the events leading to phototropin activation 
had been unclear. Yet, the events following the formation of LOV S  

390
  must transmit 

changes to the rest of the protein to achieve a signaling state - they must switch on 
phototropin. Evidence of how the formation of LOV S  

390
  led to changes in the 

protein conformation came to light upon the description of an  a -helix connecting 
the serine/threonine kinase with the LOV domains  (Harper et al. 2003) . This work 
along with subsequent findings  (Harper et al. 2004)  have shown that numerous 
changes in the conformation of the phototropin protein follow blue-light absorption. 
The molecular consequences of the J a  helix are becoming apparent through 
recently obtained biophysical results. Through utilization of ultrafast transient 
gating and transient lens florescence measurement techniques, several insights 
regarding the LOV2 domain’s interaction with the linker peptide (including the J a  
helix) have been obtained. The first of these studies showed that a small but detectable 
difference in the diffusion constants between the LOV2 and the LOV2-linker 
peptides  (Eitoku et al. 2005) . This suggested that upon blue-light absorption 
LOV2 D  

447
  proceeds to the adduct LOV2 S  

390
  state, but before decay to the ground 

state, a transition state (LOV2 T  
390

 ) is formed where the linker region is destabilized 
prior to signaling. As mentioned previously, LOV2 is typically monomeric in solu-
tion  (Salomon et al. 2004) , though recent studies suggest a dimerization is possible 
and is greatly facilitated by the presence of the linker region  (Nakasako et al. 2004 ; 
 Nakasone et al. 2006) . It seems then that LOV2 undergoes a substantial change in 
its interaction with the J a  helix that it has been postulated to be repressed in the 
dark  (Matsuoka and Tokutomi 2005) . Subsequent studies have proposed a multistep 
transition state for the LOV2 S  

390
  adduct involving a precursor state where the hinge 

helix is diassociated (lose non-ionic contact with) from LOV2 (referred to as 
LOV2 T  

390
  pre ) on a millisecond time scale followed by an unfolding of the helix to a 

presignaling state (LOV2 T  
390

 ) on the millisecond time scale  (Nakasone et al. 2007) . 
These findings have been supported energetically by a thermodynamic analysis of 
these intermediate states  (Eitoku et al. 2007) . As the underlying mechanism 
becomes clearer and clearer, other studies have focused on the identification of resi-
dues that are key in processing the LOV domain adduct formation to the C-terminal 
protein kinase domain to initiate signaling  (Jones et al. 2007) . While these findings 
point to investigation of the interaction of the kinase domain with LOV2, experi-
ments to assess the functional roles of these residues have yet to be undertaken 
largely owing to the insolubility of full-length phototropin  (Christie et al. 1998) .  
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  2.4 It Takes LOV and Kinase: Activation of Phosphorylation 

 Following the events of the “phototropin switch,” the serine/threonine kinase in the 
C-terminal protein is activated. The phototropin kinase shares similarity with 
cyclic-AMP-dependent protein kinase A, cyclic-GMP-dependent protein kinase G, 
and phospholipids-dependent protein kinase C (AGC) group VIII kinases and phos-
phorylation motifs similar to protein kinase A targets  (Salomon et al. 2003) . Many 
of the aspects of phototropin kinase highlighted here have been nicely reviewed 
recently  (Tokutomi et al. 2008) . While, the kinase activation has been studied 
extensively, native substrates have yet to be identified other than the phototropins 
themselves. The phototropin protein kinase activity, like for other members of the 
AGC group, requires a crucial aspartate residue for phosphotransfer  (Hanks and 
Hunter 1995) . Loss of this residue negates autophosphorylation in phototropin 
expressed in insect cells  (Christie et al. 2002) , as well as phototropic responsiveness 
in lines solely expressing this mutated phototropin ( phot1-7 )  (Cho et al. 2007) . 
The autophosphorylation sites in oat  (Salomon et al. 2003)  and  Arabidopsis  (Inoue 
et al. 2008a, b; Sullivan et al. 2008) phot1 have been identified and their functional 
roles addressed physiologically, at least in part  (Salomon et al. 2003 ; Inoue et al. 
2008a, b; Sullivan et al. 2008). Despite the work done to find substrates of the 
phototropin kinases, no other bona fide targets have been found. A recent study has 
shown that the phot2 kinase is able to phosphorylate casein, even in the absence of 
the crucial “phototropin switch” J a  helix described previously. Although the 
implications of this finding remain unclear, it is possible that phototropin structural 
changes and kinase activity may be distinct  (Matsuoka and Tokutomi 2005) . 
Studies of the oat phototropin autophosphorylaton sites indicated that individual 
sites may become phosphorylated under increasing fluence levels  (Salomon et al. 
2003) . The authors suggest this finding may indicate a role of accessory proteins or 
the effects of phototropin localization.  

  2.5  Signaling on the Run?: Implications of Phototropin 

Subcellular Movements 

 To this point the discussion has largely reflected the intramolecular changes within 
the phototropins. However, a growing field of inquiry is reflected in recent studies 
of phototropin localization and its potential physiological implications. These studies 
have largely revolved around experiments examining localization of an  Arabidopsis  
phot1 protein tagged with a green fluorescent protein (GFP) reporter  (Sakamoto 
and Briggs 2002)  under a number of conditions  (Sakamoto and Briggs 2002 ;  Wan 
et al. 2007) . The phot1 protein was first observed biochemically as an approximately 
120 kDa protein in many plant species that shifted in its mobility upon blue-light 
treatment, suggesting a posttranslational modification  (Gallagher et al. 1988 ; 
 Reymond et al. 1992a,   b ;  Palmer et al. 1993a,   b ;  Short et al. 1993)  that was later 
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shown to reflect autophosphorylation  (Knieb et al. 2005) . In addition, it had previously 
been shown that the phot1 protein was cofractionated with plasma membrane 
proteins  (Short et al. 1993) . Studies with the phot1-GFP fusion protein confirmed 
that phot1 localizes to the plasma membrane in etiolated seedlings  (Sakamoto and 
Briggs 2002) . Interestingly though, following blue-light exposure, phot1 appeared 
to relocalize from the plasma membrane into the cytosol. These findings were 
subsequently followed up on in an attempt to understand the nature of this relocali-
zation biochemically  (Knieb et al. 2004) . Recent work utilizing a tagged phot2 
transgene has shed some light on this phenomenon. The phot2-GFP protein also 
appears to undergo relocalization into the cytosol upon blue-light exposure  (Kong 
et al. 2006) . The authors of this work further ascertained that it is the C-terminal 
kinase domain that is crucial for the plasma membrane localization though the 
kinase activity, per se, appears not to be essential  (Kong et al. 2006) . With respect 
to phot1, the C-terminal-associated localization has also been confirmed biochemically 
in lines lacking the N-terminal LOV1 domain but that contain the rest of the protein 
(Thomson et al. 2008). This subcellular relocalization was addressed in greater 
detail biochemically  (Knieb et al. 2004)  and in subsequent studies utilizing the 
phot1-GFP transgenic line  (Wan et al. 2007) . There are many possible explanations 
for this relocalization and its functional consequences. One possibility is that 
phototropin protein activity is downregulated through relocalization following 
blue-light exposure. This is supported by the finding that a C-terminal portion of 
phot2 represses phototropic responsiveness, though this appears to require a 
functional kinase  (Kong et al. 2007) . It is also possible that the relocalization may 
be a key step in activation of phototropic signaling as has been seen in the case of 
the brassinolide receptor BRI1  (Geldner et al. 2007) , perhaps through a mechanism 
somewhat similar to the “signaling endosome” described in animal systems  (Sorkin 
and Von Zastrow 2002)  and hypothesized in plants  (Raikhel and Hicks 2007) . 
In any case, the study of phototropin movement may well lead to further insights 
into the initial steps of phototropin signaling.   

  3  Other Points of Light: Additional Photoreceptors 
and Phototropism  

 As described previously, the physiological action spectrum of phototropism 
indicated that blue light had the strongest effect in eliciting the response. 
The absorption spectrum of phototropin matches nicely the action spectrum for 
phototropism; however, because the blue-light-sensing cryptochromes also are 
active at these wavelengths, the involvement of phototropin in phototropism has 
been scrutinized  (Ahmad et al. 1998 ;  Lascève et al. 1999) . Early studies suggested 
cryptochrome mutants were defective in their first positive response, implying a 
crucial sensing role  (Ahmad et al. 1998) . A more detailed physiological analysis of 
both first and second positive phototropic responses showed that single mutants of 
 CRYPTOCHROME 1  and  CRYPTOCHROME 2  show only a small diminishment in 
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the magnitude of their response for the first or the second positive response, with 
no alteration in fluence responsiveness  (Lascève et al. 1999) . In contrast, the  cry1-304 

cry2-1  double mutant had impaired second positive responsiveness, which implied 
a downstream role for the cryptochrome in phototropin signaling  (Lascève et al. 
1999 ;  Whippo and Hangarter 2003) . Yet the aforementioned finding must eventually 
be reconciled with recent work that suggests cryptochromes reduce levels of phot1 
protein  (Kang et al. 2008) . This latter finding is consistent with the knowledge that 
crys and phots have distinct roles in the inhibition of hypocotyl growth in response 
to blue light  (Cosgrove 1981) . 

 Physiological studies of phototropism utilizing red-light treatments in combination 
with blue light, as well as phytochrome mutants, also clearly indicated a role for the 
red-light-sensing phytochromes in the first positive  (Blaauw-Jansen 1959 ; 
 Zimmerman and Briggs 1963 a, b;  Blaauw and Blaauw-Jansen 1964 ;  Chon and 
Briggs 1966 ;  Iino et al. 1984 ;  Parker et al. 1989)  and the second positive  (Iino 1990 ; 
 Harper et al. 2000 ;  Stowe-Evans et al. 2001 ;  Whippo and Hangarter 2004)  phototropic 
responses in the shoots as well as an influence on root phototropism  (Kiss et al. 
2001 ;  Ruppel et al. 2001 ;  Correll et al. 2003) . The influence of phytochrome on the 
first positive phototropic response leads to a dramatic amplification of the response 
 (Konjevic et al. 1989 ;  Parks et al. 1996 ;  Janoudi et al. 1997) , similar to what has 
been seen in the second positive response  (Stowe-Evans et al. 2001 ;  Whippo and 
Hangarter 2004) . The amplification of the phototropic response by the phyto-
chromes clearly implicates cross-talk in these signaling pathways. It was thus 
intriguing to find that phototropin can interact with phytochrome kinase substrate 
protein 1 (PKS1)  (Lariquet et al. 2006) , and that  pks  mutants show reduction in 
phototropic responsiveness  (Lariguet et al. 2006 ;  Boccalandro et al. 2007) .  

  4  Other Phototropin Functions: Phototropins Do More 
Than Phototropism  

 To this point the focus of this chapter has largely been on the role that phototropins 
play in the phototropic response. Although it is clearly important to phototropism, 
a number of other physiological responses have been linked to the phototropins and 
a number of key studies have demonstrated the utility of these proteins in a number 
of processes (well reviewed in  Christie 2007) . Here we shall summarize these findings 
in the context of putative new players in the phototropin signaling pathway and 
their potential role in signal response. 

 The opening and closing of the pores on the leaf, called “stomata,” is crucial for 
gas-exchange processes leading to photosynthesis and is affected by both light and 
hormones  (Zeiger 1983 ;  Assmann 1993 ;  Kinoshita et al. 2001 ;  Schroeder et al. 
2001) . Control of the guard cell aperture is regulated largely through the flow of 
potassium ions regulated by the action of an H + -ATPase. Until recently, it was 
unclear as to how the blue-light induction of stomatal opening and the phototropins 
were linked to this proton pump. A link was established once a 14-3-3 protein that 
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interacts with the proton pump was also found to interact with phosphorylated 
phototropin  (Kinoshita et al. 2003) . The importance of this interaction was resolved 
utilizing the  phot1 phot2  double mutant, which was shown to lack proton pumping 
 (Ueno et al. 2005) . Since the function of the 14-3-3 protein is thought largely to be 
one of a facilitator of protein-protein interaction, it remains unclear as to whether 
there are other components needed for stomatal responsiveness that are triggered 
by blue light and the phototropins. Recently a protein from  Vicia faba , which 
was identified through a yeast-two-hybrid screen, was shown to interact with the 
N-terminal domain of phototropin  (Emi et al. 2005) . This protein, referred to 
as Vf-PHOT1a INTERACTING PROTEIN (VfPIP), appears to be a dynein light 
chain like protein. Interestingly there are no heavy dynein chain proteins in the 
 Arabidopsis  genome  (Lawrence et al. 2001)  and given their requirement for 
recruitment of dynein based protein movement  (King 2000) , the role of VfPIP is unclear. 

 While ionic influences on cell growth in plants are known, it is worth noting 
that blue light absorbed by phototropins can elicit a rapid increase in Ca 2+  
concentration in the cytosol  (Harada et al. 2003 ;  Stoelzle et al. 2003) . While 
this may point to a possible secondary step in phototropin signaling, and recent 
evidence suggests this may still be the case  (Chen et al. 2008) , negligible 
changes in phototropic responsiveness upon chelation of Ca 2+  may point to 
another role for calcium  (Folta et al. 2003) . Rapid ion changes in response to 
blue light have been linked to the phototropins  (Babourina et al. 2002) . This 
response, at least in the case of proton extrusion, appears to require an active 
phototropin kinase (Inoue et al. 2008a, b). Continued investigation in this field 
may indicate multiple pathways for this ionic influence. 

 Chloroplast movement is an adaptive response to changes in light conditions 
hypothesized to maximize light harvesting for photosynthesis under low to moderate 
light intensities, while also protecting chloroplasts from bleaching and photodamage 
under high light conditions  (Wada et al. 2003) . This dual functionality results in 
two separate phases: chloroplast accumulation and chloroplast avoidance, which 
appear to employ phot1 and phot2, respectively, likely as a consequence of their 
light sensitivities  (Sakai et al. 2001) . A number of interesting loci have been 
described that appear to be associated with phototropin-dependent chloroplast 
movements. One locus,  CHLOROPLAST UNUSUAL POSITIONING 1  ( CHUP1 ), 
appears to encode a protein involved in both the accumulation and avoidance 
responses since mutations in  CHUP1  impair both responses  (Oikawa et al. 2003) . 
The CHUP1 protein is chloroplast-localized and interacts with F-actin  (Oikawa 
et al. 2003) . Mutations in another locus,  J-DOMAIN PROTEIN REQUIRED FOR 

CHLOROPLAST ACCUMULATION RESPONSE 1  ( JAC1 ), lack proper chloroplast 
accumulation responses but have a normal avoidance response  (Suetsugu et al. 
2005) . Interestingly the JAC1 protein contains an auxilin-clathrin uncoating domain 
 (Suetsugu et al. 2005) . It remains to be shown how these proteins and others (such 
as those encoded by the  PLASTID MOVEMENT IMPAIRED  ( PMI ) genes  (DeBlasio 
et al. 2005 ;  Luesse et al. 2006)  function with respect to phototropins. Further studies 
will hopefully clarify whether these proteins receive cues directly or indirectly from 
phototropins, and what is nature of these processes. 
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 Recently, the roles of phototropins in a number of other contexts throughout the 
stages of plant development have been explored. Among these are the leaf movement 
(separate from those associated with circadian rhythms;  Engelmann 1992)  and leaf 
flattening phenotypes. In the  phot1  mutant background, it has been observed that 
7-day-old seedlings show a reduced petiole angle to the horizontal (Inoue et al. 
2008a, b). This reduction along with deficiencies in leaf flattening suggest 
phototropins (and their interactors) play a role in the light capturing efficiency and 
thus overall growth efficiency (Inoue et al. 2008a, b). A study of the drought tolerance 
between phototropin mutants and those expressing a functional copy indicated a 
reduction in biomass for the mutants  (Galen et al. 2004) . These findings show the 
overall consequences for the plant as a whole based on the activity of phototropin 
in both the root and the aerial tissues.  

  5 Phototropin-Interacting Proteins: NPH3 and RPT2  

 Several loci involved in phototropism, in addition to PHOT1 and PHOT2, have 
been identified through loss-of-function genetic screens  (Khurana and Poff 1989 ; 
 Khurana et al. 1989 ;  Liscum and Briggs 1995 ;  Liscum and Briggs 1996) . Two such 
mutants were strain JK218  (Khurana and Poff 1989)  and  non-phototropic hypocotyl 

3  ( nph3 )  (Liscum and Briggs 1995) . Subsequent genetic analysis demonstrated that 
these mutants are alleles of the same locus, now simply designated  NPH3  
 (Motchoulski and Liscum 1999) . An independent screen identified three additional 
mutants  root phototropism 1 ,  root phototropism 2 , and  root phototropism 3  ( rpt1 , 
 rpt2 ,  rpt3 )  (Okada and Shimura 1992) . (While the names of the aforementioned 
mutants may imply organ-specific function of the encoded proteins, in fact photot-
ropism is altered in all mutants in both hypocotyl and root.)  rpt1  was shown to be 
allelic to  PHOT1 , and  rpt3  allelic to  NPH3 , while  rpt2  mapped to a previously 
undescribed gene  (Sakai et al. 2000) . Further analysis identified RPT2 as a member 
of a family of 31 proteins in  Arabidopsis  that includes NPH3  (Liscum and Reed 
2002) . On the basis of these findings, additional members of this protein family 
have been designated NRL1-NRL29, for NPH3/RPT2-LIKE. At present little has 
been reported relative to the potential functions of other NRL family members 
 (Cheng et al. 2007) . It should be noted that in rice, a homolog of  NPH3  called 
 COLEOPTILE PHOTOTROPISM 1 (CPT1)  has been identified and many of the 
same physiological defects are observed in the  nph3  and  cpt1  mutants, suggesting 
conservation of function throughout the plant kingdom  (Haga et al. 2005) . 

 While both NPH3 and RPT2 function in phototropism  (Inada et al. 2004)  impor-
tant differences exist between their functions. Firstly,  nph3  mutants show com-
plete loss of phototropism, while  rpt2  mutants have diminished response at high 
fluence rates but normal responsiveness at low fluence rates  (Sakai et al. 2000 ; 
 Inada et al. 2004) . These diverged phenotypes are likely explained by the findings 
that  NPH3  appears to be constitutively expressed, whereas  RPT2  is expressed 
highly only after light exposure  (Sakai et al. 2000) . The N-terminal region of 
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RPT2 appears to interact with phot1 LOV domains  (Inada et al. 2004) , as opposed 
to NPH3, which utilizes its C-terminal region as the phot1-interacting domain 
 (Motchoulski and Liscum 1999) . Lastly, RPT2 and NPH3 seem to have different 
effects on other phototropin-mediated phenotypes  (Inada et al. 2004) . In addition, 
the posttranslational status of RPT2 appears to lack the dynamic changes that 
NPH3 exhibits  (Motchoulski and Liscum 1999 ;  Pedmale and Liscum 2007) . 
Recently a number of insights into the posttranslational state of NPH3 have 
revealed key posttranslational changes related to phototropic response. NPH3 has 
not only been shown to be a bona fide phosphoprotein, but these phosphoryla-
tion events are key to the phototropic response. The transition of NPH3 from 
the phosphorylated, inactive dark state to the dephosphorylated, active light state 
is required for phototropic response  (Pedmale and Liscum 2007) . This study uti-
lized pharmacological tools such as phosphatase inhibitors to show a repression of 
phototropic responsiveness in  Arabidopsis  seedlings. Another recent study found a 
number of putative phosphorylation sites for NPH3, though single mutations of 
these serines to alanine appear to have no effect on phototropic response 
 (Tsuchidamayama et al. 2008) . Given the narrow scope of mutants assessed in 
this study though, it is difficult to ascertain the role of phosphorylation in photot-
ropism from these findings. What remains clear is that the link between light-
induced biochemical changes in NPH3 and phototropic responsiveness will be a 
continuing topic for further investigation. It also seems clear that while NPH3 and 
RPT2 may be similar in structure, their regulation and functions are at least in 
part diverged. 

 While the study of NPH3, RPT2, and the other NRL members has offered 
some new partners in the phototropin-mediated signaling, many questions still 
persist. Previously mentioned studies clearly indicate a posttranslational modifi-
cation of NPH3, though there is clear dispute as to its function  (Pedmale and 
Liscum 2007 ;  Tsuchidamayama et al. 2008) . Further, it remains to be determined 
what residues are key for the interaction of the C-terminal of NPH3 and the LOV 
domains of phot1 as well as how light affects these forms. While the interaction 
of phototropin and NPH3 and RPT2 is evident, the lack of biochemical activity 
for these genes leaves the issue of functionality for NPH3 and RPT2. One 
possibility is that these proteins act as a scaffold  (Faux and Scott 1996 ;  Pawson 
and Scott 1997 ;  Tsunoda et al. 1998)  for a larger complex and, here the functionality 
of the BTB/POZ domain  (Albagli et al. 1995)  must be further elucidated particularly 
given the tantalizing prospect of interaction with cullin3 (CUL3) and participation 
of ubiquitin-mediated, posttranslational effects. This point warrants further 
consideration as a wealth of examples in a number of systems  (Furukawa et al. 
2003 ;  Geyer et al. 2003 ;  Krek 2003 ;  Pintard et al. 2003 ;  Xu et al. 2003 ;  Pintard 
et al. 2004 ;  van den Heuvel 2004 ;  Wilkins et al. 2004 ;  Perez-Torrado et al. 2006) , 
including  Arabidopsis   (Wang et al. 2004) , have shown that BTB-CUL3 interactions 
can play a crucial role in regulation through recruitment of the ubiquitylation 
machinery. This leaves the pertinent question of the substrate for ubiquitylation 
for BTB NPH3 -CUL3.  
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  6 The Role of Auxin  

 To this point we have focused on those factors that are physically or genetically linked 
to phototropin at the beginning of the signaling pathway. We now turn the emphasis 
towards the downstream events, particularly those related to response to auxin. 

 As early as 1880,  Charles Darwin (1880)  had suspected that a growth-influencing 
substance might be responsible for the physiological changes leading to phototropism. 
More than 100 years later, we now know the identity of this substance and a great 
deal about the influences it has on gene expression and growth. An exhaustive 
discussion or review of the history of auxin is beyond the scope of this chapter, but 
several key events related to phototropism are worth noting.  Darwin (1880)  noticed 
that covering the shoot tip of the seedling seemed to influence the curvature 
response, suggesting the location of the growth-influencing substance. Following 
Darwin’s studies, a number of investigators began the search for this elusive 
substance. Eventually, three key experiments utilizing  Avena  coleoptiles proved 
critical in identifying the  Wuchsstoff  (growth substance). 

 The first experiments performed by Boysen-Jensen around 1913 showed that a 
barrier, in this case a mica plate, blocking movement of the crucial substance across 
the coleoptile could also block the phototropic curvature  (Boysen-Jensen 1910, 
  1913) . This was followed by experiments by  Paal (1917–1919) , who showed that 
the growth substance was asymmetrically distributed by decapitating a coleoptile 
and repositioning the cap such that a “phototropic” response could be obtained in 
the absence of light. Finally, the independent experiments of  Cholodny (1927)  and 
 (Went 1926,   1928)  determined that (1) auxin is moving laterally across the coleop-
tile tip, (2) the effects of asymmetric hormone distribution affect the longitudinal 
growth, and (3) in the case of shoot phototropism, growth on the side away from 
the light (shaded side) results in phototropic curvature. These proposals formed the 
basis of the Cholodny-Went hypothesis [152] that has guided much of the tropic 
research over the past 70 years. 

 Prior to summarizing the most recent findings on the perception and action of 
auxin and associated gene expression, it is noteworthy to highlight some of the 
developments with respect to the mechanism of auxin movement, which, of course, 
had been the basis for many of the experiments that culminated in the Cholodny-Went 
hypothesis. First and foremost has been the discovery of genes, by both forward and 
reverse genetic approaches, encoding facilitators of auxin transport such as the 
 PIN-FORMED  ( PIN ) family  (Galweiler et al. 1998) . Mutations in PIN1 and PIN3 
have clear phenotypic affects on phototropism  (Galweiler et al. 1998 ; Friml et al. 
2002). Proper localization of PIN proteins appears to be essential for tropic respon-
siveness (Blakeslee et al. 2004). Moreover, the PIN proteins appear to influence tropic 
responses in combination with another class of auxin transport facilitators, the 
MULTIDRUG RESISTANCE (MDR) proteins  (Noh et al. 2001) . Mutants of  mdr  
result in mislocalized PIN1 protein, resulting in enhanced tropisms  (Noh et al. 
2003) . The continuing study of the MDR/P-glycoprotein proteins as auxin trans-
porters will continue to shape our understanding of how hormone movement can 
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directly affect tropisms. It is to the downstream effects of this auxin movement and 
the accompanying changes in gene expression that we turn next. 

 In the time since identification of the hormone auxin and the development of the 
Cholodny-Went hypothesis, it is only recently that the molecular evidence has 
begun to unravel regarding how this hormone goes about eliciting physiological 
changes. A number of genes have been described that are induced in the presence 
of auxin  (Abel and Theologis 1996) . However, identification of a mutant defective 
in both gravitropism and phototropism, called  non-phototropic hypocotyl 4 (nph4)  
 (Liscum and Briggs 1995) , and subsequent cloning of the gene affected provided 
the first link between auxin-regulated gene expression and tropic responsiveness 
 (Harper et al. 2000) . NPH4 was found to be a member of a family an auxin respon-
sive transcription factors, in this case AUXIN RESPONSE FACTOR 7 (ARF7) 
 (Harper et al. 2000) . Interestingly,  nph4/arf7  mutants exhibit conditional pheno-
types  (Harper et al. 2000) , and these phenotypes have helped elucidate some of the 
cross-talk between phototropins and phytochrome, and also how light affects the 
flow of auxin  (Stowe-Evans et al. 1998,   2001) . 

 The movement of auxin was hypothesized to have numerous effects on plant 
physiological processes and considerable efforts to identify mutants that were 
resistant to its effects were undertaken to delineate what genes played a regulatory 
role for this hormone. One such screen identified two mutants, called  massugu  
(Japanese for “straight”),  msg1  and  msg2 , that bore a phenotypic resemblance to 
 nph4  mutants in its tropic responses  (Watahiki and Yamamoto 1997) . In fact,  msg1  
was found to be an allele of  NPH4 , though  msg2  represented a different comple-
mentation group  (Stowe-Evans et al. 1998) . It was observed that  msg2  demon-
strated a number of auxin-related defects in its physiology though they were 
genetically distinct from those of other auxin-resistant mutants, suggesting a differ-
ent role for these mutants in the pathway  (Watahiki and Yamamoto 1997) . When 
cloned,  MSG2  was found to represent the  IAA19  gene, with the  msg2  mutations 
representing a gain-of-function allele  (Tatematsu et al. 2004) .  IAA19  is a member 
of a family of genes, designated the  AUX/IAA  genes, whose transcription are rap-
idly induced in response to auxin  (Guilfoyle 1998 ;  Reed 2001 ;  Liscum and Reed 
2002) . While an in-depth discussion of the biochemical nature of the proteins 
encoded by these genes is beyond the scope of this review, it is worthwhile to note 
that the Aux/IAA proteins function as dominant repressors of ARF protein func-
tion, and that all of the  msg2  alleles that were identified occurred within a highly 
conserved domain (domain II) among the Aux/IAA family. The QVVGWPPVRSYRK 
sequence within domain II of Aux/IAA proteins, and in particular the GWPPV 
sequence, appears to have a key role in the persistence of these proteins, and muta-
tions in this domain result in the physiological aberrations associated with auxin 
resistance  (Gray et al. 2001 ;  Kepinski and Leyser 2002) . 

 Our understanding of how Aux/IAA proteins regulate ARF function in a 
dynamic nature with respect to various auxin concentrations encountered within a 
plant has been dramatically enhanced by the recent discovery of a class of auxin 
receptor proteins. The first of these proteins identified is TRANSPORT INHIBITOR 
RESPONSE 1 (TIR1), which when mutated yields a weak auxin resistance phenotype 
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 (Ruegger et al. 1998) . Functionally TIR1 (and other members of its family) has 
been shown to be a component in an E3 ubiqutin-ligase complex consisting of an 
F-box protein (TIR1), cullin1, and  Arabidopsis  SKP1 (ASK1) that triggers protein 
destruction via the action of the 26S proteasome  (Dharmasiri et al. 2005 ;  Kepinski 
and Leyser 2005) . These characterizations have shown the receptor to target 
domain II of the Aux/IAA family members - the so-called degron. While this type 
of ubiquitin-mediated destruction is typically triggered by a posttranslational modi-
fication, this appears not to be the case here. It is auxin itself that facilitates this 
interaction and acts as the “molecular glue” between the SCF TIR1  and domain II of 
the Aux/IAA protein  (Tan et al. 2007) . This provides a molecular paradigm for how 
auxin can actually induce transcription of a suite of genes, which act to repress 
auxin signaling while in high enough concentrations participating in a complex 
whose purpose it is to degrade these proteins. 

 In practice, data from a study comparing transcript levels between the shaded 
and lit sides of seedlings treated with blue light or the top and bottom sides of 
gravistimulated seedlings led to transcriptional changes that were accompanied 
by modest auxin movement  (Esmon et al. 2006) . Thus, a certain suite of genes at 
the onset of tropic stimulation, all of which possessed auxin responsive elements 
(AuxRE) in their promoters, are expressed to induce physiological changes. 
This expression, mediated by the interaction of  Aux/IA  A  (in the case of gravitropism 
and phototropism, IAA19) and ARF (in this case  NPH4 / ARF7 ), is modulated 
through the destruction of the IAA protein by the 26S proteasome. Among the 
genes found to have these tropic-stimulus-induced  (Wen et al. 1995)  differences 
in expression are  SAUR  and  GH3 , which perhaps not surprisingly have been 
documented as auxin-stimulated  (Hagen et al. 1984 ;  McClure and Guilfoyle 
1987)  as well as expansins ( EXP1  and  EXP8 ), which have long been implicated 
 (McQueen-Mason et al. 1992)  as enzymes involved in auxin-regulated cell 
elongation  (Rayle and Purves 1967 ;  Evans and Rayle 1970 ;  Rayle and Cleland 
1970 ;  Rayle and Cleland 1992) . 

 It is worth noting that although auxin clearly has a key role in the establishment 
of tropic responsiveness, there have been recent implications that suggest a link 
between auxin and brassinolide may also affect tropic responsiveness  (Whippo and 
Hangarter 2005 ;  Nakamoto et al. 2006) . This may represent a coming phase of 
study - the consideration of additional hormones, their related transcriptional 
networks, and the associated cross-talk on the regulation of phototropism.  

  7 Summary  

 We have described some of the numerous aspects of phototropin signaling in plants, 
elaborating on the players discovered and characterized thus far. We have an under-
standing of the photoreceptor, key accessory proteins, and even the movement of 
associated hormones and their effects on gene expression. Phototropin signaling 
has come from general observations of plant physiology towards a clearer picture 
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of the molecular aspects of phototropin activation. Still, there are many issues that 
require further investigation. A black box still hangs over the intermediate steps 
from phototropin activation to the events surrounding auxin movement and the 
associated transcriptional responses - there are still many aspects that have yet to 
be addressed, and many questions still need answering.      
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       Signaling in the Circadian Clock       

     Eleni   Boikoglou    and    Seth J.   Davis     

  Abstract   The plant circadian clock in is an internal-timing mechanism that 
provides adaption to daily environmental changes. Successive changes in light and 
temperature are able to reset the oscillator. The most prominent signal studied is 
light; temperature is a signal that is less well characterized. A complex network 
consisting of interconnected loops was revealed in  Arabidopsis thaliana  on the 
basis of genetic data of a light-dark entrained oscillator. The basic loop gener-
ates the 24-h rhythmicity of the oscillating mechanism, whereas the morning and 
evening loops are fine-tuned rhythmicity in a temporal-specific manner. Here, 
we review the current understanding of the  A. thaliana  circadian clockwork with 
regards to the signaling of the input pathways to the oscillator, and from there, to 
downstream processes that converge on evolvability of the oscillator.    

  1 Introduction  

 Most organisms experience dramatic changes in light and temperature on a daily and 
seasonal timescale. Seasonal changes in photoperiod and temperature affect many 
physiological processes during the life cycle. However, the most regular changes occur 
under daily diurnal conditions, generating a linked light and dark cycle, and a warm 
and cool cycle  (Barak et al. 2000) . Specifically, during the light period, temperatures 
are generally warmer, whereas during the dark period, temperatures are generally 
cooler. These concerted changes take place essentially every day during the 24 h rota-
tion of Earth around its axis. To anticipate these rhythmic changes, many organisms 
have evolved an internal-timing mechanism, called a “circadian clock,” from the Latin 
 circa  and  dian , meaning “about a day.” The circadian clock generates rhythms used in 
anticipation of the ever-changing light and temperature environment. 
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 Circadian rhythms are manifest from cyanobacteria to mammals to plants. The 
first report of diurnal rhythmicity was made in the fourth century BC, when 
Androsthenes described that tamarind plants open and close their leaves periodi-
cally in course of 24 h  (Bretzl 1903) . However, the first experiments to directly test 
for circadian rhythms were recorded in 1729 by a French astronomer, de Mairan, 
who observed that the leaf movements of the plant  Mimosa pudica  were rhythmic 
in the absence of a changing environment. He thus conclusively demonstrated that 
an internal mechanism was involved  (de Mairan 1729) . In the early 1930s, 
Buenning and Stern studied leaf movements in bean plants and realized that expo-
sure to brief dim red light was able to synchronize the circadian clock. When these 
experiments were performed in constant darkness, they observed that the period of 
leaf movement was not 24 h, but extended to a periodicity of 25.5 h. Therefore, the 
plants were not obliged to follow a 24-h period, and were free running  (Buenning 
1931) . The persistence in the absence of environmental cues is thus considered one 
of the key defining hallmarks of circadian rhythms. 

 Genetic studies in the mid-twentieth century were performed in the fruit fly 
 Drosophila melanogaster  by one of the two intellectual founders of circadian 
rhythms, Colin Pittendrigh. The result of those studies led to the proposal that the 
circadian clock is a mechanism that measures the duration of light, which is termed 
“photoperiod”  (Pittendrigh and Minis 1964) . To explain the photoperiodic phenom-
ena, two different models were introduced called the “external-coincidence model” 
and the “internal-coincidence model” (Fig.  1 ). There are two basic differences 
between the two models. The internal-coincidence model proposes that two or 
more oscillators are involved that may be coupled to inductive signals such as dawn 
or dusk. This suggests that while the photoperiod changes, the phase relationship 
also changes. In contrast, the external-coincidence model proposes that there is one 
oscillator and that the external inductive signal has a differential effect that varies 
with the steady state of the oscillator  (Pittendrigh and Minis 1964) . To date, these 
two models are still robustly debated in the scientific community.        

 Every circadian organism has its own endogenous period that may deviate from 
24 h. As one example, the mean periodicity in beans was found to be 25.5 h 
 (Buenning 1931) . The only way for organisms to faithfully have rhythms of exactly 
24 h is for them to be synchronized every day to the changes of the external envi-
ronment. Studies in plants have shown that when the internal and the external 
period match, enhanced fitness is conferred  (Michael et al. 2003b ;  Dodd et al. 
2005) . To match these two periods, a synchronization process that is also called 
“entrainment” is obviously an absolute requirement. The main cues for this are 
changes in light and temperature. 

 During the day-night cycle, dramatic changes in temperature occur over the 24-h 
day, with the light period thus coinciding with warmer temperatures and the dark 
period with cooler temperatures. The onset and offset of light is the main synchro-
nization cue of the circadian clock. For some organisms, a dedicated photoreceptor 
mediates entrainment  (Emery et al. 1998,   2000 ;  Stanewsky et al. 1998) . In contrast 
to a variety of organisms that detect only one wavelength of light, or do not 
differentiate between different light intensities, plants can detect variations in light 
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intensity, and wavelength, and set their physiology according to these changes 
 (Fankhauser and Staiger 2002 ;  Nagy and Schafer 2002) . All these changes have a 
variable effect on oscillator activity  (Somers et al. 1998 ;  Yanovsky et al. 2001) . The 
mechanistic effect of temperature on the circadian clock of several organisms has 
started to emerge  (Diernfellner et al. 2005 ;  Boothroyd et al. 2007 ;  Busza et al. 
2007) ; however, in what way temperature sets the plant circadian clock is not as 
well known as it is for light. However, changes in both signals, light and temperature, 

 Fig. 1    Two models for the mechanism of photoperiodic timing. In the external-coincidence 
model, a physiological response is triggered when light perception coincides with a circadian-
regulated gene that has exceeded a required threshold of expression. In the illustrations shown 
here, under long days ( LD ), light is perceived both at dawn and at dusk of the expression phase, 
whereas under short days ( SD ), threshold expression is restricted to the dark. The  bar  indicates 
the threshold, the  light  and  darker boxes  indicate the periods of light and darkness, respectively, 
and the  black curve  represents a circadian-regulated factor that is activated only in the presence of 
the threshold light phase. In the internal-coincidence model, the effect of light is simply to entrain 
two distinct circadian oscillators. It is illustrated that long days causes similar entrainment of two 
rhythms. This coincident expression could generate two regulatory molecules that require each 
other’s activity for physiological function. Under short days, the entrainment of these two rhythms 
is phased apart. This could restrict the simultaneous expression of two factors, thus inhibiting their 
co-action.  (Adapted from Davis 2002)   
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are able to synchronize the core oscillator and thereby set the proper timing of gene 
expression, and temporal regulation of many output rhythms  (Millar 2004) . These 
different outputs oscillate with the same 24-h period, but they occur at different 
phases (Fig.  2 ). For example, when two oscillations have a phase difference of 
180°, they are in antiphase. Light-dark and thermal signals thus converge on the 

clock to generate intrinsic phases of gene expression in manners not fully 

understood.        

 Fig. 2    Definition of circadian parameters.  a  A circadian rhythm with indicated parameters. 

Numbers indicate times (hours).  b  Example of period change. Note that the distance from peak to 

peak changes.  c  Example of phase change. Note that the distance from peak to peak does not 

change.  d  Example of amplitude change. Note the maxima to minima difference.  e  Two examples 

of lack of precision. A low-amplitude effect can generate precision changes. Wavering periodicity 

also results in a lack of precision.  CT  circadian time,  LD  light-dark cycles,  LL  constant light,  ZT 

Zeitgeber  time. (Adapted from  Hanano et al. 2006)   
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 The period of the entrained rhythms should remain the same for a range of 
mean temperatures. Unlike other processes which are affected by temperature 
increases or decreases, circadian rhythms are temperature-compensated. This tem-
perature compensation, which is another defining hallmark of circadian rhythms, 
is a buffering mechanism of the circadian clock against long-term temperature 
variations  (Edwards et al. 2005,   2006 ;  Gould et al. 2006 ;  Salathia et al. 2006) . 
If the period of the clock is not temperature-compensated, then in two successive 
days, for example, a warm one followed by a cool one, the oscillator would be 
differentially and incorrectly entrained. The clock on the warm day would run 
faster and, therefore, would have a shorter period, whereas on the cool day it 
would run slower and, therefore, would have a longer period. Then the oscillator 
would be inappropriately at a different state between the two successive dawns. 
Therefore, the adaptive significance of the temperature-compensated period is that 
the clock has a preserved phase relationship to the environment, and thereby sets 
all processes in good time. 

 The generated circadian rhythms have a characteristic waveform, described by 
peaks and troughs. These rhythms are defined by three key parameters named in the 
chronobiology community as “period,” “phase,” and “amplitude”  (Barak et al. 
2000)  (Fig.  2 ). Amplitude is the half magnitude of the circadian oscillation from 
peak to trough. Period is the time an oscillation needs to perform a complete cycle 
with the end point of one cycle as the beginning of the next cycle, and it is approxi-
mately 24 h. Phase is a time relative to a reference time point, usually a peak 
reference point taken after the last onset of light. Moreover, a recently added fourth 
parameter is precision robustness of the rhythms, considered as an atypical parameter; 
it is measured by relative amplitude error (RAE)  (Doyle et al. 2002 ;  McWatters 
et al. 2007) . RAE is defined as the ratio of the measured, or observed, amplitude 
error in relation to the most probable, or expected, amplitude error. This means that 
RAE is a measure of how well the actual data fit to the cosine curve generated by 
the least-squares method. Of all four parameters, period is the most studied example 
from plants  (Alabadi et al. 2001 ;  Locke et al. 2006 ;  Zeilinger et al. 2006 ; 
 Ding et al. 2007a) . 

 The basis of the circadian clock in most organisms studied consists of a negative 
transcriptional/translational feedback loop. This loop has a positive and a negative 
part. The positive part of the loop induces the expression of the negative, and in turn, 
the negative part suppresses expression of the positive. To be a component of the 
feedback loop, certain requirements should be fulfilled. First, morning- and evening-
expressed components, and their products, should oscillate in a circadian manner. 
Additionally, constitutive expression or loss of expression of a core clock component 
might cause arrhythmic behaviors  (Aronson et al. 1994 ;  Wang and Tobin 1998 ; 
 Barak et al. 2000) , although this is not always the case  (Green and Tobin 1999 ; 
 Barak et al. 2000) . Notably, in the plant-circadian system, mutations in any of the 
core-oscillator genes results in a short-period rhythmic phenotype, whereas constitu-
tive expression of some of any of these genes can result in arrhythmic phenotypes 
 (Wang and Tobin 1998 ;  Strayer et al. 2000) . Obviously, any changes in the level of 
a core clock component can, thereby, set the various outputs.  
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  2 Genetic Framework for the  Arabidopsis thaliana  Oscillator  

  2.1  The Core Oscillator Machinery and Fine-Tuning 

of Rhythmicity 

  2.1.1 The Core Oscillator Machinery 

 A way to understand the circadian clock is by monitoring the several outputs that 
the oscillator controls. The most studied molecular output of the plant-circadian 
clock is the transcript accumulation of chlorophyll  a /b-binding protein 2 (CAB2). 
CAB2 is an essential protein of the photosynthetic machinery whose transcript is 
expressed around mid-morning. The generation of transgenic  Arabidopsis thaliana  
plants expressing the luciferase gene fused to the  CAB2  promoter contributed 
greatly to improving our knowledge of the circadian-clock function  (Millar et al. 
1995) . The luciferase gene serves as a “reporter” in that it encodes a protein that 
produces bioluminescence as a result of the expression of the regulating promoter. 
When a circadian-regulated promoter is used, the resulting bioluminescence of 
transgenic plants is rhythmic  (Millar et al. 1992) . This technology is suited for 
precise measurements of the marker, and it is suited for high-throughput detection 
of clock outputs. Forward-genetic screens of mutagenized  CAB2::LUC  transgenic 
plants led to the identification of many circadian genes, and consequently to the 
current understanding of the circadian rhythms  (Millar et al. 1995) . 

  (Alabadi et al. 2001)  proposed back in 2001 the basic framework of the  A. thaliana  
clock. They presented a model that comprised three genes, two closely related 
Mybtranscription factors  Circadian Clock-Associated 1  ( CCA1 ) and  Late elongated 

Hypocotyl  ( LHY ),and a pioneer protein called  Timing of CAB expression 1  ( TOC1 ) 
work in a loop  (Alabadi et al. 2001) . An alternative hypothesis at that time was 
presented where the five pseudo-response regulator (PRR) genes drive each other’s 
expression in a bucket-brigade time model  (Makino et al. 2000,   2002) . These models 
were not mutually exclusive, and a combined version of these hypotheses is shown 
in Fig.  3 . Key to the development of the above-mentioned model of Alabadi et al. 
was the study of lines that had constitutive expression of  CCA1  or  LHY , and here 
arrhythmicity of rhythms was detected  (Schaffer et al. 1998 ;  Wang and Tobin 
1998) . These overexpression lines also display a reduction in  TOC1  transcript accu-
mulation supporting redundancy of  CCA1  and  LHY  in the repression of  TOC1 . 
Reduced function at  TOC1  resulted in short periodicity of rhythms and attenuation 
further also resulted in low  CCA1  and  LHY  transcript accumulation (Alabadi et al. 
2001) . This supports a positive genetic role for  TOC1  in induction of  CCA1  
and LHY . From there, null mutants of any of these three genes exhibit a short-period 
phenotype  (Millar et al. 1995 ;  Alabadi et al. 2002 ;  Mizoguchi et al. 2002) . Single 
loss of function  cca1 and  lhy  mutants exhibit similar phenotypes under all condi-
tions tested, and the  cca1 lhy  double mutant is more extreme in period phenotypes, 
supporting the notion of redundancy between these sequence-related factors 
 (Alabadi et al. 2002 ;  Mizoguchi et al. 2002) .        
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 Under a 24-h diurnal cycle,  CCA1  and  LHY  are maximally expressed at early 
morning. Their encoding proteins repress  TOC1  transcription by direct binding to 
the evening element present in the  TOC1  promoter  (Alabadi et al. 2001) . This bind-
ing directs chromatin reorganization at the  TOC1  promoter and this is the causal 
basis for transcriptional repression  (Perales and Mas 2007) . Interestingly, in con-
trast to other circadian-model organisms, where the repressive elements form het-
erodimers to suppress the positive elements of the clock  (Darlington et al. 1998 ; 
 Gekakis et al. 1998) , in  A. thaliana , CCA1 and LHY can bind individually on the 
 TOC1  promoter  (Yu et al. 2006) . By suppressing  TOC1  expression, the morning 
Myb factors indirectly reduce their own expression over time, since TOC1 eventu-
ally promotes expression and low TOC1 levels lead to low CCA1/LHY levels 
 (Alabadi et al. 2001) . When CCA1/LHY protein levels reduce to release repression, 
 TOC1  messenger RNA (mRNA) levels progressively increase. Eventually, TOC1 
protein levels peak levels in the evening. Since TOC1 is an activator of  CCA1/LHY , 
an increase of TOC1 levels subsequently causes an increase in  CCA1/LHY  levels. 
When TOC1 protein levels reduce, with a mechanism that will be described later, 
during the night phase, TOC1 reaches its minimum level. In this way, the loop 

 Fig. 3    Historical feedback models of the  Arabidopsis thaliana  oscillator.  a  A hybrid version of 
the CCA1/LHY-TOC1 feedback model, which includes the pseudo-response regulator feedback 
loop.  b  One possible multiple-feedback model. Each  arrow  is predicted from the gene expressions 
in respective mutants and overexpressers. The strengths of genetic interaction are not indicated. 
An  arrow  indicates that a given gene positively regulates its target. A  stopped arrow  indicates 
negative regulation of the target. (Adapted from  Hanano and Davis 2005)   
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closes and a new cycle begins  (Alabadi et al. 2001) . This finalizes what has been 
referred to in the literature as the single-loop model  (Locke et al. 2005 ;  Zeilinger 
et al. 2006)  (Fig.  3 ). However, there are several phenotypes that cannot be explained 
by the single-loop model  (Hanano and Davis 2005) . First, all three single mutants 
display a short-period phenotype, and not an arrhythmic phenotype, as is expected 
for a core-clock gene working in a close oscillator  (Locke et al. 2005) . Further, the 
triple mutant  cca1 lhy toc1 was found to be partially rhythmic for a cycle after both 
light-dark and temperature entrainment  (Ding et al. 2007a ;  Niwa et al. 2007) . 
Moreover, overexpressing  TOC1  is protein does not affect the mean levels of 
 CCA1/LHY  expression  (Makino et al. 2002) . Collectively, the CCA1/LHY-TOC1 
loop readily explains most, but not all, aspects of the experimentally defined circa-
dian behavior in  A. thaliana . 

 Experimental validation with computational methods by two research groups 
suggested that the plant circadian clock comprises at least three interconnected 
feedback loops  (Locke et al. 2005,   2006 ;  Zeilinger et al. 2006) . The main loop, 
described above, is responsible for generating rhythms during the 24-h day-night 
cycle, whereas the two additional loops are specialized for morning- or evening-
specific fine-tuning, respectively. The morning loop comprises  CCA1/LHY ,  PRR9 , 
and  PRR7 .  PRR7  and  PRR9  are genes that encode polypeptides that are related in 
sequence to TOC1, and these are members of the five  PRR  genes  (Makino et al. 
2000 ;  Matsushika et al. 2000) . It was shown that CCA1 and LHY can also bind to 
promoter elements within  PRR9  and  PRR7   (Farre et al. 2005) . Interestingly, the two 
Myb transcription factors have opposite effects on the different members of the 
 PRR  family. In contrast to the above-described repression on  TOC1 , CCA1/LHY 
genetically function to activate  PRR9  and  PRR7   (Farre et al. 2005) . Conversely, 
 PRR9  and  PRR7  genetically function to repress  LHY/CCA1   (Farre et al. 2005 ; 
 Salome and McClung 2005) . In addition to the morning loop, a specialized evening 
loop also exists. This loop comprises the interaction of TOC1 and a “Y” factor 
whose phenotype is largely explained by GIGANTEA (GI)  (Locke et al. 2005) . 
Several studies showed that GI is involved in light input to the circadian clock 
 (Martin-Tryon et al. 2007) . Furthermore, GI shows an acute light induction, as 
predicted by simulation studies  (Locke et al. 2005) . This acute peak, and the circa-
dian peak of GI, might explain the biphasic expression of  TOC1 , since it was shown 
mathematically that these two genes form a loop. Specifically, it was predicted that 
 GI  activates  TOC1 , and  TOC1  represses  GI   (Locke et al. 2005) . Additionally, it was 
mathematically predicted that an “X” factor is required for  CCA1/LHY  induction at 
dawn  (Locke et al. 2006 ;  Zeilinger et al. 2006) . This factor remains hypothetical to 
date. The above mathematical models have been termed by the Millar group the 
“three-loop model” and by the Doyle group the “four-loop model”  (Locke et al. 
2006 ;  Zeilinger et al. 2006)  (Fig.  3 ). The general concepts of these hypothetical 
models have largely been confirmed  (Ding et al. 2007a ;  Ito et al. 2007 ;  Niwa 
et al. 2007) . 

 It was mentioned earlier that TOC1 is not the only positive element of the core 
oscillator. This suggests that another gene(s) might be responsible for the direct 
activation of CCA1/LHY (Fig.  2 ). In this respect, other evening-expressed genes, 
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such as  LUX  and  ELF4 , have been implicated as part of the oscillator  (Doyle et al. 
2002 ;  Hazen et al. 2005 ;  Kikis et al. 2005 ;  Onai and Ishiura 2005 ;  Kolmos and 
Davis 2007a ;  McWatters et al. 2007 ;  Kolmos et al. 2008) . It was shown that in  elf4-1  
mutant the expression of  CCA1/LHY  and  TOC1  was retained for a cycle and then 
turned to arrhythmic, in constant light conditions, suggesting that ELF4 is required 
to sustain rhythmicity in the CCA1/LHY-TOC1 loop  (Doyle et al. 2002) . ELF4 was 
shown to be required for red-light-mediated induction of  CCA1/LHY   (Kikis et al. 
2005) . Moreover,  CCA1/LHY  and  ELF4  genetically interact reciprocally, where 
 CCA1/LHY  suppress  ELF4   (Kikis et al. 2005) . ELF4 overexpression studies have 
further supported the idea that ELF4 activates CCA1/LHY and represses TOC1 
 (McWatters et al. 2007) . A second gene that could fit as the X factor in the three-
loop/four-loop model, although this has not been tested in the mathematical mod-
els, is  LUX . Specifically, it was shown that  LUX  genetically suppresses  TOC1 , and 
activates  CCA1  and  LHY   (Hazen et al. 2005) . Further, CCA1 and LHY bind to the 
evening element of the  LUX  promoter and this correlates with suppression of LUX 
transcript accumulation in a manner similar to  TOC1  repression  (Hazen et al. 2005 ; 
 Onai and Ishiura 2005) .  LUX  can thus be considered as a core-clock component 
since it satisfies many of the properties of the circadian clock.  

  2.1.2 Tuning the Oscillator 

 Recently, a cytosolic signaling molecule, cyclic adenosine diphosphate ribose 
(cADPR), was incorporated within the circadian clock  (Dodd et al. 2007) . It was 
shown that inhibition of cADPR synthesis affects the circadian period. In turn, 
cADPR is an output of the clock, since its accumulation is circadian-regulated. 
Thus, small-molecule signaling is intrinsic to the oscillator. Moreover, microarray 
studies have shown that several core-clock and clock-controlled genes are regulated 
by the cADPR-derived signal. The only unaffected gene was  TOC1 . Furthermore, 
cADPR is a modulator of the oscillations of calcium  (Dodd et al. 2007) . 
Interestingly, modelingof the tertiary structure of TOC1 suggested that the 
C-terminal of TOC1 can serve as a metal binding site and particularly for Ca 2+  
 (Kolmos et al. 2008) . This would implicate cytosolic Ca 2+  changes as an input to 
the oscillator and TOC1 as the decoder of the calcium signaling. That hypothesis 
remains to be tested. 

 Additional to the metabolic network control, different hormones modulate the 
circadian-clock parameters. Since hormones are trafficking molecules throughout 
the plant, an exciting hypothesis would be that synchronization of circadian clocks 
in different tissues is mediated by an array of hormones. Evidence was provided for 
the reciprocal regulation between the circadian clock and hormones  (Hanano et al. 
2006 ;  Salome et al. 2006 ;  Covington and Harmer 2007) . In a survey report, it was 
shown that abscisic acid and brassinosteroids affect periodicity, whereas cytokinin 
severely affects the phase of the clock  (Hanano et al. 2006) . The effect of auxin on 
the clock was similar to that of the molecular phenotype of  elf3  and  elf4 , suggestingthat 
auxin could be involved in the gating mechanism of the light signaling 
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 (Hanano et al. 2006) . Interestingly, several steps of the auxin signaling are 
circadian-controlled as was found by genome-wide transcriptional profiling 
 (Covington and Harmer 2007) . The best studied hormonal input to the clock was 
cytokinin. This molecule was shown to activate a response regulator 4 (ARR4), 
which represses the dark conversion of inactive to active PHYB  (Hanano et al. 
2006) . Furthermore, mutations in the cytokinin responders in the ARR family 
contribute to the clock periodicity  (Salome et al. 2006) . Cytokinin can thus be considered 
part of the mechanism that connects hormone- and light-signaling pathways to the 
circadian clock. 

 Posttranslational control of the circadian clocks appears to be a highly conserved 
feature among different species.  A. thaliana  is not an exception to this. Under diurnal 
conditions, the three core-clock proteins undergo cycles of posttranslational modifi-
cations. CCA1 was the first protein for which posttranslational control was identi-
fied. In yeast-two-hybrid experiments, Casein Kinase II subunit β (CKB3) was 
identified. This factor is the third regulatory subunit of Casein Kinase II (CKII) in 
 A. thaliana , and thus works as a kinase that phosphorylates an interacting CCA1 
 (Sugano et al. 1998) . In vitro studies showed that not only CKB3, but also all subu-
nits of CKII interact with CCA1. This is intriguing as CCA1 has 21 putative CKII 
phosphorylation sites  (Daniel et al. 2004) . In addition, it was shown that overexpres-
sion of  CBK3  alters the period of  CCA1  and  LHY  transcriptaccumulation, as it also 
does for a number of output genes; no amplitude changes were observed  (Sugano et 
al. 1999) . Further, the CKB4 subunit is itself subjected to circadian regulation 
 (Perales et al. 2006) . Clearly, the consequence of CCA1 phosphorylation by CKII is 
to maintain the normal functioning of the clock  (Daniel et al. 2004) . Moreover, it 
was found that in plant extracts CKII-mediated phosphorylation of CCA1 is required 
for the formation of DNA-protein complexes, but also for the formation of CCA1 
homodimer  (Sugano et al. 1998 ;  Daniel et al. 2004) . Although phosphorylation of 
transcription factors is necessary to target their degradation, and various such exam-
ples exist in other model species, this hypothesis remain to be tested for CCA1. 

 Owing to the high degree of amino acid similarity between CCA1 and LHY, it 
was tested and shown that CKII also interacts with LHY in vitro  (Sugano et al. 
1999) . However, it was shown in an in vitro protein-degradation assays that LHY 
protein turnover is controlled by proteasome in a light-independent manner, and 
specifically that De-Etiolated 1 (DET1) acts to inhibit proteolytic turnover of LHY 
protein  (Song and Carre 2005) . Furthermore, LHY translatability is also diurnally 
controlled  (Kim et al. 2003a) . Together it is clear that numerous posttranslation 
control elements exist for the morning Myb-like clock proteins. 

 The third core-clock protein, TOC1, was also found to be under posttranslational 
control. It was shown that it can interact with the clock-regulating protein Zeitlupe 
(ZTL). ZTL targets TOC1 for degradation through the proteasome pathway in dark-
ness  (Mas et al. 2003a) . Later it was shown that ZTL assembles an Skp/Cullin/F-
box (SCF) complex in vivo  (Han et al. 2004 ;  Kevei et al. 2006) . SCF is a ubiquitin 
ligase complex that recruits specific substrates, and usually itself, for ubiquitination 
and subsequent proteolysis by the 26S proteasome  (Vierstra 2003) . In this way, 
ZTL has been proposed to dictate the protein levels of TOC1 dependent on the 



Signaling in the Circadian Clock 271

light-dark signals present around dusk  (Kim et al. 2007) . It has further been pro-
posed that the evening protein GI works to stabilize ZTL in a complex activated by 
blue light, which leads to destruction of TOC1  (Kim et al. 2007) . Recently, it was 
shown that in addition to TOC1, ZTL mediates the degradation of another member 
of the PRR protein, PRR5  (Kiba et al. 2007) . Taken together, it appears that post-
translational control of core-clock proteins sculpts the driven rhythms in response 
to altering environmental conditions.   

  2.2 Slave Oscillators 

 Slave-oscillator components posses two molecular properties  (Barak et al. 2000) . 
First, when they are constitutively expressed, they repress accumulation of their 
own endogenous transcript and thereby regulate their own expression through a 
negative-feedback loop. This relates to similar regulation of  trans -target transcripts. 
Second, the slave oscillator is downstream of the core oscillator and its rhythm is 
highly dependent on the core oscillator. One example of a slave oscillator is the 
MYB factor early phytochrome-responsive 1 (EPR1). EPR1 regulates its own 
expression and other downstream genes, such as  CAB2 , but not the parameters of 
core-oscillator genes  (Kuno et al. 2003) . Therefore, slave oscillators work as inter-
mediates between the core oscillator and the output pathway, perhaps contributing 
to proper phase maintenance. 

 A classic example of a slave-oscillator gene is  Cold and Circadian Regulated 2  
( CCR2 ), also named  At GRP7 for  A. thaliana  Glycine-Rich Protein 7. In  A. thaliana , 
CCR2 is an RNA-binding protein whose transcriptional expression is induced by 
cold temperatures. Under cold conditions, CCR2 appears to involved in the regulation 
of abscisic acid signaling  (Cao et al. 2006) . It is abundant in the nucleus and the 
cytoplasm of guard cells, where it affects stomatal opening and closing in response 
to cold stress  (Kim et al. 2008) . Furthermore, it is considered as part of a slave 
oscillator since it regulates its own expression by binding to its own RNA  (Staiger 
et al. 2003a) . This binding might be responsible for producing an early stop codon 
in its endogenous transcript, preventing in this way its translation into a functional 
CCR2 protein  (Staiger et al. 2003a) . Additionally, it was found that CCR2 suppresses 
the rhythmic expression of the related RNA binding protein AtGRP8, also known 
as CCR1  (Heintzen et al. 1997) . Importantly, when CCR2 is overexpressed, 
core-clock genes are normally expressed. So, CCR2 represents a slave that obtains 
timing information from the core oscillator, retains the rhythmicity through its 
negative feedback, and then transduces this rhythmicity, to thereby regulate a subset 
of clock-controlled transcripts.  CCR2  transcription is regulated by the clock in a 
circadian manner, with peak time 8–12 h after onset of illumination, whereas CCR2 
protein oscillates with a delay of 4 h after the respective mRNA peak expression 
 (Heintzen et al. 1997) .  CCR2  transcription serves as an ideal tool to probe the 
oscillator function owing to the robust rhythmicity under a wide range of conditions, 
and its temperature regulation.   
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  3 Entrainment  

 The circadian oscillator generates rhythmic outputs by using timing information given 
by the external environment, such as light and temperature onset. The process through 
which the oscillator synchronizes to the environment is called “entrainment”  (Barak 
et al. 2000 ;  Salome and McClung 2004) . A characteristic of an entrained oscillator is 
that it must have a stable phase regarding to the entrainment cycle (Merrow et al. 2006). 
This can be tested in cycles with length different from 24 h for which the amount of 
light versus dark or warm versus cold is the same. This type of entrainment is called 
“symmetrical T cycles.” When the phase of an output occurs at the same time regard-
less the cycle length indicates a driven rhythm (Merrow 2006). This strongly suggests 
that the light is able to mask entrained rhythms, meaning that light can affect rhythms 
without entraining the underlying oscillator. Therefore, masking could be due to strong 
stimulus intensity or a weak oscillator  (Merrow et al. 2006  ) . 

 One can appreciate the importance of entrainment when flying over many time 
zones. It takes several days in the new time zone for the human circadian clock to gradu-
ally reset itself to the local environmental signals  (Waterhouse et al. 2007) . Therefore, 
one can study entrainment by applying such experiments to plants grown in controlled 
conditions. For this, a phase shift between the old and the new entrainment protocol is 
required. Plants with a functionally entrained oscillator would gradually reset them-
selves to the new entrainment protocol, and thereby attain a phase angle, then the phase 
of the rhythms would show a stable shift equal to the difference of the onset of the two 
signals. This would indicate that these rhythms are entrained to the new environment. 
Moreover, by synchronizing plants to two synchronous, but phase-shifted, entrainment 
protocols, one could determine a preference for one of the two protocols. 

 Even pulses of entrainment cues could also trigger a phase shift to the oscillator. 
Depending on the state of the components of the oscillator, differential response at 
different time points throughout a circadian cycle can be observed. For example, in 
the plant circadian clock, a light pulse during subjective day would not trigger any 
phase shift to the clock. However, pulses of light during the dark period could either 
cause phase delays or advances depending on whether the pulse was given at early 
or late subjective night, respectively  (Covington et al. 2001) . This suggests that 
light input is gated by the oscillator, suggesting that the oscillator regulates its own 
resetting. The advantage of gating is that, in this way, resetting of the oscillator by 
inappropriate signals, such as clouds during daytime or flashes of moonlight during 
night, can be prevented. Plotting of phase delays/advances against circadian time 
give rise to a phase response curve  (Michael et al. 2003a) . This type of experiment 
reveals the entrainment-sensitive period of the circadian-gated cycle. 

  3.1 Light Regulation of the Circadian Clock 

 At the molecular level, light is perceived by photoreceptors  (Somers et al. 1998 ; 
 Franklin and Whitelam 2004) . To be a photoreceptor, several criteria must be 
fulfilled. Mutants lacking such a protein should have aberrant phenotypes compared 
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with wild-type plants in light-regulated processes, such as hypocotyl elongation, 
flowering time, and circadian rhythms. Additionally, a photoreceptor protein should 
bind to a chromophore, and that chromophore must undergo certain photochemistry 
under specific fluence and wavelengths of light. Plants can detect a broad range of 
wavelengths of the visible-light spectrum. For this, an array of photoreceptors are 
present within plants  (Fankhauser and Staiger 2002 ;  Chen et al. 2004) . 

 To exploit the available light, a suite of photoreceptors in plants are used to monitor 
changes in light duration, quantity, and quality  (Murtas and Millar 2000 ;  Franklin 
and Whitelam 2004 ;  Salome and McClung 2004 ;  Kolmos and Davis 2007b) . 
Depending on the quality of the light detected, photoreceptors are subdivided into 
structural and functional classes. Red/far-red light is perceived by phytochromes. 
Five phytochromes have been identified so far, and named PHYA–E  (Devlin and 
Kay 2001) . From these, PHYA is rapidly degraded upon light illumination, but all the 
other phytochromes are light-stable  (Hennig et al. 1999) . Phytochromes exist in two 
interconvertible forms, Pr and Pfr. Upon absorption of red light, Pr is converted to Pfr, 
the biologically active form, and moves to the nucleus, while upon absorption of far-red 
light and in darkness, the active form converts to the inactive form  (Elich and Chory 1994 ; 
 Quail et al. 1995) . These form conversions are the result of conformational changes of 
the attached linear tetrapyrrole chromophore, the molecule where light is absorbed. 
The changes in conformation upon light absorption trigger the phytochrome-mediated 
light signalingin plants  (Kim et al. 2002) . The exact signal transduction path of 
phytochromes to the circadian clock has not been clarified yet. Still, it is clear that 
phytochromes are components of light input to the oscillator  (Somers et al. 1998) . 

 Blue light is mainly absorbed by cryptochromes (CRY1–2), and phototropins 
(PHOT1–2)  (Kang et al. 2008) . No data to date link phototropins to clock input. 
Cryptochromes show structural similarities to microbial photolyases, enzymes 
involved in blue-light-dependent DNA repair. Cryptochromes bind a flavine ade-
nine dinucleotide chromophore, and this allows absorption of blue light, which 
initiates signaling  (Lin and Todo 2005) . Interestingly, cryptochromes not only 
mediate blue light, but they are also required for phytochrome-mediated signaling 
to the clock  (Devlin and Kay 2000) ; thus, photoreceptor cross-talk exists. In plants, 
cryptochromes do not appear to be part of the core oscillator, a situation in contrast 
to animals  (Siepka et al. 2007 ;  Tamanini et al. 2007) . Cryptochromes are compo-
nents of light input to the clock, as mutations in cryptochrome genes lead to 
light-dependent-period defects  (Yanovsky et al. 2001) . Complex genetic interactions 
between the various photoreceptors exist, with either a synergistic or an antagonistic 
effect. Additionally, physical interactions between CRY1 and PHYA, and CRY2 
and PHYB were shown  (Ahmad et al. 1998 ;  Mas et al. 2000) . These interactions 
confirmed the role of PHYA in the blue-light entrainment pathway (Somers et al. 1998). 
However, the double  cry1 cry2  and the quadruple  phyA phyB cry1 cry2 mutant 
retain entrainable rhythmicity, suggesting that other photoreceptors mediate light 
input to the clock  (Yanovsky et al. 2000) . Inversely, the expression pattern of all 
phytochromes and cryptochromes was found to be circadian-regulated  (Bognar 
et al. 1999 ;  Hall et al. 2001 ;  Toth et al. 2001 ;  Hall et al. 2002) . Collectively, 
photoreceptors affect the period length of the clock in a fluence-dependent manner, 
but they themselves are circadian-regulated. Photoreceptors are thus both inputs 
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and outputs of the clock  (Somers et al. 1998) . Apparently, recruitment of the appro-
priate photoreceptor in different light environments enables advantageous resetting 
of the clock in uncertain spectral-quality environments. 

 Intermediate light signaling genes are involved in the input pathway. ELF3 plays 
such a key role in the phototransduction pathway to the clock. Under continuous 
light,  elf3  mutants become rapidly arrhythmic, but in constant darkness remain 
rhythmic  (Hicks et al. 1996 ;  Covington et al. 2001) . Additionally, overexpression 
of ELF3 results in a long-period phenotype under constant light, but this line has 
no effect on the period in constant darkness  (Covington et al. 2001) . These pheno-
types suggest that ELF3 functions in light input, by gating light during subjective 
night  (McWatters et al. 2000) . Moreover, yeast-two-hybrid and in vitro pull-down 
assays showed that ELF3 interacts with PHYB, therefore linking ELF3 to the phy-
tochrome signal transduction  (Liu et al. 2001) . All these observations suggest a role 
of ELF3 to mediate light input to the circadian clock. 

 Another component of the light signaling pathway to the clock is Far-red 
elongated hypocotyl 3 (fhy3)  (Allen et al. 2006) .  fhy3  mutants displayed arrhythmic 
 CAB2 expression similar to that of  elf3 , but only in response to continuous red light. 
Furthermore, it disrupted the expression of all the circadian genes tested, including 
 CCR2 ,  CCA1 , and  LHY . During darkness all genes were robustly rhythmic. This 
phenotype was also described for the  elf3  mutant. Collectively, fhy3 has a gating 
role in phytochrome-mediated signal to the circadian clock during the subjective 
day. Recently fhy3 has been shown to function as a transcription factor  (Lin et al. 
2007) . As such, this finding moves us towards a functional description of a gating 
mechanism and the role of transcriptional induction of target genes by the clock in 
a light-dependent fashion. 

  TIME FOR COFFEE  ( TIC ) is another gene that functions as a potential 
photoentrainmentintermediate working close to the oscillator  (Hall et al. 2003 ; 
 Ding et al. 2007b) . Interestingly, TIC and ELF3 function at different phases of the 
circadian cycle, with TIC being required at dawn and ELF3 at dusk  (Hall et al. 
2003) . Therefore, it was foreseen that the  elf3 tic  double mutants would have a 
completely arrhythmic phenotype  (Hall et al. 2003) . Surprisingly, and in contrast to 
ELF3, neither  TIC ’s mRNA nor its protein is circadian-expressed.  Ding et al. 
(2007b)  have shown that TIC affects the clock by promoting transcriptional induction 
of  LHY , rather than  CCA1 . This is the further evidence of an uncoupling function 
of  CCA1  and  LHY , otherwise redundant transcription factors  (Ding et al. 2007b) . 
How  TIC  mediates light input has not yet been resolved. 

  Sensitivity to red light reduced  ( SRR1 ) is a gene of the PHYB signaling pathway 
that also acts independently of PHYB  (Staiger et al. 2003b) . Its effect on the circa-
dian clock was confirmed by the short-period phenotype of the  srr1  mutant, and the 
dampened amplitude phenotype of several circadian-clock and clock-regulated 
genes. Although ELF3 and SRR1 are involved in the PHYB signaling, they have 
genetically separate roles. SRR1 is required for circadian oscillations, whereas 
ELF3 is required specifically for light input to the clock. The exact function of 
SRR1 in the PHYB-mediated light signaling is not yet known. 

 Other clock components are also involved in light transmission to the clock. 
Specifically, mutations in PRR7 and PRR9 lengthen the period of  CCR2  under 
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constant light, whereas the  CCR2  period is unaffected in constant darkness  (Farre 
et al. 2005) . The evening gene  GI  is light-induced  (Locke et al. 2005) . Genes such 
as  CCA1 ,  LHY , and  PRR9  have been found to mediate red and also blue light to the 
clock. Furthermore, the GI protein stabilizes ZTL protein accumulation  (Kim et al. 
2007) . ZTL is a putative blue-light photoreceptor that regulates its own protein 
expression in a circadian manner  (Kim et al. 2003b) . This ZTL-dependent degrada-
tion of TOC1 in darkness is probably indirectly mediated by the stabilization of 
ZTL by GI under blue light  (Kim et al. 2007) . Collectively, a number of genes and 
physiological roles in light input to the clock have been discovered. The next great 
task will be to uncover how the encoded proteins direct entrainment in response to 
altering light conditions.  

  3.2 Temperature Regulation of the Circadian Clock 

 Over 24 h, plants experience not only a light-dark cycle, but also a warm-cool 
cycle, where warm coincides in time with light and cool with darkness. Although 
light is the major factor responsible for the resetting of the circadian oscillator, 
temperature oscillations can also reset the oscillator  (Barak et al. 2000 ;  McClung 
2006)  Temperature can affect the oscillator differentially. Entrainment occurs after 
changes in ambient temperatures and not by extreme stress temperatures, such as 
chilling or heat shock. In experiments performed with ambient temperature cycles, 
the existence of two oscillators with differential response to the environmental 
entrainment cues was reported, since two genes showed preference for either light-
dark or temperature entrainment  (Michael et al. 2003a) . However, knowledge of 
temperature perception and oscillator resetting is fairly poor. 

 Two members of the  PRR  family in  Arabidopsis ,  PRR7  and  PRR9 , have been 
implicated as targets for temperature entrainment. It was reported that the  prr7 prr9  
double mutant when subjected to temperature cycles under constant light failed to 
be entrained  (Salome and McClung 2005) ; however, when similar experiments were 
performed where the double mutant plants were entrained to temperature cycles, but 
in constant darkness, expression of  CCA1  and  LHY  was rhythmic. This suggests that 
additional gene(s) other than  PRR7  and  PRR9  are involved in maintaining residual 
rhythmicity in temperature cycles in the absence of light. To conclude, temperature 
cycles can entrain the oscillator, and  PRR7  and  PRR9  are two components that are 
required for the response to a temperature-entrained oscillator. 

 Temperature cycles can entrain the circadian oscillator, but the circadian oscillator 
is temperature-compensated, being buffered from mean temperature differences. 
Temperature-compensation studies in other model organisms - e.g.,  Drosophila  and 
 Neurospora  - have shownthat clock components identified under light-dark entrainment 
also play a role in temperature compensation, and surprisingly, also in temperature 
entrainment  (Diernfellner et al. 2005 ;  Glaser and Stanewsky 2005) . One could thus 
expect that some of the genetic components involved in temperature compensation 
of  A. thaliana  would also be involved in temperature entrainment of the circadian 
clock. An example in  A. thaliana  is the gene  GI , which according to circadian 
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modeling is part of a three-loop light-entrained oscillator  (Locke et al. 2006 ; 
 Zeilinger et al. 2006) . Additionally,  GI  plays a role in temperature compensation in 
the circadian clock, especially, in higher and lower mean temperatures  (Gould et al. 
2006) . Whether  GI  is part of thermal entrainment has not yet been established. 

 Another gene involved in the temperature compensation of the circadian clock is 
 FLC   (Edwards et al. 2006) . Specifically, FLC is a transcription factor that maintains 
the same period over moderate temperature ranges, although the period is altered at 
27°C  (Edwards et al. 2005,   2006) . Additionally, a dose-dependent effect of  FLC  on 

the circadian period after light-dark entrainment was shown  (Salathia et al. 2006) . 

The classic role of  FLC  is in repression of flowering time  (Michaels and Amasino 

1999) . High levels of  FLC  suppress expression of downstream flowering-integrator 

genes  (Searle et al. 2006) . After extended low temperatures,  FLC  is downregulated, 

so the downstream positive regulators are activated and flowering is promoted 

 (Bastow et al. 2004 ;  Mylne et al. 2006) . This pathway is also part of the periodicity 

effect of  FLC  on the clock  (Salathia et al. 2006) . Interestingly, as prolonged exposure 

to chilling conditions that occur during winter suppresses FLC, which leads to floral 

induction, this lowering of FLC also results in the speeding up of clock periodicity 

 (Salathia et al. 2006) . The relationship between  FLC  and the clock appears to involve 

the target gene  LUX   (Edwards et al. 2006) . How FLC regulates LUX is unknown. 

 In addition to low temperatures, changes in mean ambient temperatures affect 

flowering. It was shown that at either 16 or 23°C photoreceptor genes such as 

PHYB, PHYD, PHYE, CRY1, and CRY2 display a differential flowering  (Blazquez 

et al. 2003 ;  Halliday et al. 2003) . The differential control of flowering at various 

temperatures by these genes, and especially the exaggerated phenotype of CRY2, 

prompt us to think that photoreceptors could also be involved in temperature perception, 

as well as in light perception. It is intriguing that this light and temperature connection 

could extend to the entrainment of the clock. It is currently untested if photoreceptor 

mutants in  A. thaliana  have temperature-dependent clock phenotypes. 

 Temperature signaling and resetting of the oscillator could be rather complicated 

to resolve because many biochemical reactions are temperature sensitive. Normally, 

increases of 10°C will double the speed of metabolic reactions  (McClung 2006) . 

At very high temperatures, biochemical reactions are affected by heat shock proteins 

that are activated at these stressful temperatures  (Rensing and Monnerjahn 1996) . 

At low temperatures, plant growth and development is influenced, through direct 

inhibition of metabolism, and/or indirect induction of other stress responses  (Strand 

et al. 1999 ;  Stitt and Hurry 2002) . The biophysical nature of a thermal reset of the 

oscillator can thus not be predicted.   

  4 Output  

 The findings of the first microarray experiments regarding the circadian clock were 

published in 2000, where it was shown that approximately 10% of the  A. thaliana  

genome is under circadian control  (Harmer et al. 2000 ;  Davis and Millar 2001) . 
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Systems establishment of the role of transcription factors within the oscillator has 
revealed that these factors are overrepresented as cycling components  (Edwards et al. 
2006 ;  Hanano and Davis 2007 ;  Hanano et al. 2008) .  Furthermore, Michael et al. 
(2008)  have shown that the number of diurnally regulated genes is up to 90%, in at 
least one of the conditions tested; thus, the rhythmic habitat of plants can control 
essentially every biological process. As an overt developmental example, mutants 
within a core-clock gene display hypocotyl and flowering-time defects, directly 
implicating the circadian clock in the control of these two processes  (Hicks et al. 
1996 ;  Schaffer et al. 1998 ;  Wang and Tobin 1998 ;  Mizoguchi et al. 2002) . 
Hypocotyl elongation was studied extensively under different photoperiod, light-
fluence, and quality regimes  (Dowson-Day and Millar 1999 ;  El-Din El-Assal et al. 
2001 ;  Maloof et al. 2001 ;  Borevitz et al. 2002 ;  Doyle et al. 2002 ;  Balasubramanian 
et al. 2006 ;  Nozue et al. 2007 ;  Filiault et al. 2008) . Regarding hypocotyl growth, 
several clock and clock-regulated genes have opposite effects when plants are 
grown under red light  (Ito et al. 2007) . Regarding the effect of  CCA1 / LHY – TOC1  
on flowering time and hypocotyl growth, it was shown that CCA1/LHY regulate 
hypocotyl growth, whereas flowering time is regulated by TOC1 in a CCA1/LHY-
dependent way  (Mas et al. 2003b ;  Ding et al. 2007a ;  Niwa et al. 2007) . 

 The shade-avoidance syndrome is a clock-regulated process. The clock gates the 
rapid shade avoidance response, and this is mediated by TOC1  (Salter et al. 2003) . 
It was previously shown that TOC1 interacts with the PIF3 like 1 (PIL1) gene 
 (Makino et al. 2002) , a gene that is rapidly induced under low red/far-red light 
 (Salter et al. 2003) . PIL1 upregulation and characterization of other early response 
transcripts of the light and hormonal pathways have also been described  (Devlin et al. 
2003) . Interestingly, the  pil1  mutant is rhythmically altered in promoting and 
repressing the shade-avoidance response in a circadian-regulated fashion  (Salter 
et al. 2003) . Collectively, a number of genes that coordinate these physiological 
avoidance outputs serve as markers that can be used to answer various genetic and 
physiological questions.  

  5 Natural Variation  

 In nature,  A. thaliana  grows in a wide range of environments, distributed over the 
Northern Hemisphere at latitudes from the tropics to the arctic circle, and at 
altitudes from sea level up to 3,500 m  (Loudet et al. 2002 ;  Koornneef et al. 2004) . 
To date, more than 600 accessions have been collected from various places around 
the world. Each accession is presumed to be adapted to the local environment 
rendering the best plant performance. This adaptation is reflected by selection upon 
genetic variation. Relevant to the clock, this genetic variation can be strongly 
selected by rhythmic environmental factors, such as light and temperature. This 
selection thus generates a useful genetic resource via natural resources. Often, 
genetic variation of multiple genes controls continuous traits. Continuous traits are 
of a quantitative nature, and this is why they also called “quantitative traits.” Quantitative 
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traits are under the control of several loci called “quantitative trait loci” (QTL). So, 
by scoring differences in quantitative traits, one can map allelic variation  (Alonso-
Blanco et al. 2005 ;  Alonso-Blanco et al. 2006) . Here, QTLs of light and tempera-
ture regulation of the clock will be explored. 

 In addition to natural accessions, for QTL analysis in  A. thaliana , “immortal” 
mapping populations, such as recombinant inbred lines (RILs), can be used. RILs 
are generated by the cross of two accessions that originate from ecologically 
distinct environments  (Koornneef et al. 2004 ;  Alonso-Blanco et al. 2005) . Several 
rounds of self-fertilization generations will produce lines that are essentially a 
homozygote mosaic of the two parents for 98% the genome. RILs can be used in 
replicate experiments under various environments to map QTL for several traits 
 (Koornneef et al. 2004) . In this case, the direct comparison of map positions 
(genetic location) of genes encoding for these different traits is allowed. To fine-map 
the detected QTL, near-isogenic lines are used. Near-isogenic lines are generated 
by repeated backcrosses, resulting in introgressions of part of the genome of one 
parent into the gene pool of the second parent. At the moment, various RILs have 
been generated and are publicly available for natural-variation studies  (Alonso-Blanco 
et al. 2005,   2006) . 

 Assessment of natural variation and subsequent QTL analysis facilitates the 
unraveling of the genetics of quantitative traits, such as hypocotyl length, clock 
parameters, and flowering time  (Alonso-Blanco et al. 1998 ;  Swarup et al. 1999 ; 
 Maloof et al. 2001 ;  Fankhauser and Staiger 2002 ;  Edwards et al. 2005 ; 
 Balasubramanian et al. 2006) . The analysis of variation in flowering time in natu-
rally late flowering accessions and RILs was used particularly to identifyrepressors 
of the floral transition. Most of the phenotypic variation in flowering time resulted 
from natural variation of various loci, such as  FLC ,  FRI ,  PHYC ,  CRY2 ,  HUA , and 
 FLM   (Johanson et al. 2000 ;  El-Din El-Assal et al. 2001 ;  Doyle et al. 2005 ;  Shindo 
et al. 2005 ;  Werner et al. 2005 ;  Balasubramanian et al. 2006) . Existing RILs can 
thus be exploited to uncover individual genes that coordinate particular processes 
being investigated. 

 Several QTL studies have been performed on a number of accessions and RILs 
for control of clock parameters.  Swarup et al. (1999)  were the first to map in 
 A. thaliana  allelic variation responsible for circadian-period variation, by measuring 
rhythmic leaf movement under constant light and temperature in a RIL set after 
light-dark entrainment. This was extended using various rhythmic outputs, including 
assaying leaf movement or luciferase expression as a reporter for clock-controlled 
genes  (Swarup et al. 1999 ;  Michael et al. 2003b ;  Edwards et al. 2005 ;  Darrah et al. 
2006) . The most informative RIL population has been the one generated by the 
cross of Cvi to L er  (CvL). CvL RILs transformed with  CAB2::LUC  have identified 
a first chromosome QTL for the circadian phase of plants entrained in short-day 
photoperiods  (Darrah et al. 2006) . Although  GI  is localized in that area, from this 
analysis it appears that  GI  was not the candidate for the QTL of this phase, suggest-
ing another, yet unidentified, locus is responsible for this phenotype. However, 
period QTL of leaf movement of 48 CvL lines for temperature compensation at 12, 
22, and 27°C also implicate  GI  as a temperature-responsive gene, and thus as a 
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candidate gene for temperature compensation at 27°C  (Edwards et al. 2005) . From 

these two studies, it can be concluded that at least two different QTL exist in the first 

chromosome, from 15 to 40 cM  (Edwards et al. 2005 ;  Darrah et al. 2006) . Additional 

natural-variation work has implicated  FLC  polymorphisms as a candidate QTL 

 (Swarup et al. 1999 ;  Edwards et al. 2005) , and the allelic status at  FLC  does modulate 

periodicity. Still, most periodicity QTL in  A. thaliana  have not been molecularly 

identified, and such efforts will be a major focus for future natural-variation studies.  

  6 Final Thoughts  

 Future directions for the plant circadian community will lead towards an integrative 

model, where entrainment inputs of light, temperature, and humidity will be taken 

into consideration. Questions to be answered include whether the environmental 

information provided by changes in light and temperature converges to one oscillator 

or to many different oscillators that are coupled with phases. And if so, under which 

circumstances do such behaviors occur. Determination of whether there are times 

of the day when one input is stronger than the other will generate a physiological 

description of sensitivity phases, and mutant characterization to isolate the genetic 

influences of these sensitive moments can thus be conducted. Further characterization 

of temperature entrainment is required. Up to now, a thermoreceptor has not been 

identified. It is not known how temperature changes are signaled to the oscillator, 

or if there is any differential response of the oscillator to changes in cooler 

compared with changes in warmer temperatures. From these mechanistic studies 

one can move towards the analysis of the evolution of clock genes as the  A. thaliana  

species migrates along lines of latitude. This genetic architecture will hopefully 

reveal the fitness benefit of the clock as it evolves.      
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     Vesicle Trafficking in Plant Pathogen Defence       

     Hans   Thordal-Christensen     

  Abstract   Recent progress in our understanding of plant mechanisms has revealed 
important roles of vesicle trafficking in the cellular processes of pathogen defence. 
While most of the existing knowledge regarding the mechanistic details related 
to vesicle trafficking originates from non-plant systems, it is evident that most 
of these processes are also conserved in plants. Meanwhile, we are beginning to 
understand the general mechanisms of how plants and pathogens communicate 
and fight, and the present review summarises a collection of recent observations 
demonstrating how vesicle trafficking processes are linked to individual steps of 
this interaction. In this way, there is evidence showing that vesicle trafficking is 
involved both in regulating and in executing these defences. The vesicle-traffick-
ing-related proteins documented to be associated with defence include syntaxins, 
soluble  N -ethylmaleimide-sensitive factor attachment protein, vesicle-associ-
ated membrane protein dynamin, Rab GTPase, and a guanine nucleotide exchange 
factor of an ADP-ribosylation factor GTPase.    

  1 Introduction  

 Pathogens cause significant stress to plants and when untreated they can result in 
heavy crop losses; therefore, plant researchers have for decades had a major focus 
on understanding the mechanisms underlying the innate protection of plants 
against pathogens. We now understand that plants activate different types of 
defence when attacked by pathogens. These defences include secretion of antimi-
crobial proteins, many of them termed “pathogenesis-related (PR) proteins”  (van 
Loon et al. 2006) ; synthesis of antimicrobial secondary metabolites, so-called 
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phytoalexins  (Dixon 2001) ; cell wall fortification  (Hardham et al. 2007)  and the 
“hypersensitive response” (HR), i.e. host cells undergoing programmed cell death 
 (Hofius et al. 2007) . 

 Plants can sense the presence of pathogens, and thereby activate defences in a 
coordinated manner. A number of plant plasma membrane located receptor-like 
kinases are able to detect pathogen molecules that are strictly needed for the sur-
vival of the microbes. Detection of these “pathogen-associated molecular patterns” 
(PAMPs) results in activation of basal defence in the plant  (Zipfel 2008) . This leads 
to various levels of protection, depending on the plant/pathogen combination. Basal 
defence in plants resembles innate immunity in animals. Pathogens counteract 
basal defence by introducing effector molecules into the plant cell. These effectors 
can interfere with the signalling process leading to basal defence  (Espinosa and 
Alfano 2004) . For a few biotrophic pathogens that require living host cells for their 
growth, inventories with many diverging effector protein candidates have been col-
lected  (Catanzariti et al. 2007 ;  Jiang et al. 2008 ;  Wei et al. 2007)  suggesting that 
effectors have a broad range of targets in the plant. Plants may subsequently be able 
to detect effectors, or the result of effector activities, via classic resistance genes. 
This recognition process activates HR, an efficient defence against biotrophic 
pathogens  (Jones and Dangl 2006 ;  de Wit 2007) . 

 Many signalling genes involved in controlling how defences are regulated in 
response to the recognition processes have been identified. Of particular impor-
tance is the  NPR1  gene encoding a protein that plays a central role in salicylic acid 
signalling  (Durrant and Dong 2004) . Upon increase in the salicylic acid level in the 
cell, NPR1 enters the nucleus, where it facilitates induction of defence genes. 
Additional defence signalling components contribute to defence activation together 
with NPR1. For extensive reviews, see  Hammond-Kosack and Parker (2003)  and 
 Glazebrook (2005) . 

 Pathogen defence taken as a whole is highly crucial to the plant, and a large 
proportion of the plant mechanisms are dedicated to protection against pathogens. 
This is reflected in the observation that a remarkable proportion of the genes in the 
plant genome are regulated very rapidly when the plant recognises an invader. As 
much as 20% (approximately 4,500 genes) of the  Arabidopsis  genome has altered 
regulation in response to bacteria  (Bartsch et al. 2006 ;  Thilmony et al. 2006 ; 
 Truman et al. 2006) . About half of these genes are upregulated, presumably for 
defence purposes. The other half, which are downregulated long before symptoms 
appear, are dominated by primary metabolism genes. This rapid downregulation 
has received less attention, but may serve to alleviate cellular damage caused by the 
invading pathogen. Most of the upregulation of genes occurs as the end result of 
very complex signalling processes. However, a significant number of these genes 
are upregulated owing to their involvement in the signalling processes. 

 When 20% of the plant genes respond to pathogen attack, it is inevitable that 
cellular vesicle trafficking is involved. Vesicle traffic is highly complex, and the 
emerging picture is that each vesicle trafficking highway, from compartment A to 
compartment B, utilises a large suite of proteins. The different vesicle trafficking 
highways are characterised by different versions of the same proteins. This large 



Vesicle Trafficking in Plant Pathogen Defence 289

suite of proteins includes numerous members of various GTPase classes. Initially, 
vesicles are formed by endocytosis regulated by compartment and destination-
specific ADP-ribosylation factor (Arf) GTPases and their associated guanine nucle-
otide exchange factors (GEFs) and GTPase-activating proteins  (D’Souza-Schorey 
and Chavrier 2006) . A second class of GTPases, the dynamins, is responsible for 
pinching off the endocytotic vesicle from the membrane  (Bonner and Skop 2008) . 
Endocytotic vesicles initially carry coat proteins, such as clathrin, which play spe-
cific roles, e.g. in cargo recognition  (Edeling et al. 2006) . In electron micrographs, 
the presence of a vesicle coat is indicative of endocytosis. A third class of GTPases, 
the Rho proteins, is involved in actin reorganisation and the recruitment of vesicles 
to actin filaments, along which they are mobilised  (Hehnly and Stamnes 2007) . By 
the help of a fourth class of GTPases, the Rabs and their associated GEFs, GTPase-
activating proteins and effectors, the vesicles find their way to the correct target 
compartment  (Schwartz et al. 2007) . By an unknown mechanism, Rab proteins are 
involved in mediating the formation of soluble  N -ethylmaleimide-sensitive factor 
attachment protein receptor (SNARE) complexes  (Graham et al. 2008) . SNARE 

 Fig. 1    Examples of vesicle trafficking in plant−pathogen interactions.  Rings surrounded by spots  signify 
coated endocytotic vesicles. Other rings signify exocytotic vesicles. Statements in  brackets  indicate the 
type of experimental evidence provided. See the text for detailed descriptions and references  
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proteins (syntaxin; soluble  N -ethylmaleimide-sensitive factor attachment protein, 
SNAP; and vesicle-associated membrane protein,VAMP) are central players in the 
final step in vesicle trafficking  (Lipka et al. 2007) . Specific syntaxins, located on 
the target membrane, form complexes with specific VAMPs on the vesicles. These 
complexes involve four SNARE domain helices originating from three proteins. In 
addition to the target membrane syntaxin and the vesicle-bound VAMP, each pro-
viding one SNARE domain, a soluble SNAP provides two SNARE domains. There 
are multiple members of each of the SNARE proteins  (Sanderfoot et al. 2000)  
which correspond to each other, and this specificity is involved in guiding the vesi-
cles to the correct target membrane. The formation of the SNARE complex subse-
quently establishes a close contact between the two membranes, eventually leading 
them to merge (Fig.  1 ).         

  2 Endocytosis in PAMP Signalling  

 An early step in plant defence signalling is PAMP recognition by receptor-like 
kinases. Studies of metazoan plasma membrane receptor kinases have demon-
strated important roles of endocytosis in controlling downstream signalling. 
Receptors can be endocytosed to transmit the signal after ligand binding, and 
they can be endocytosed to lysosomal degradation to arrest the signalling  (Le 
Borgne 2006 ;  Kirisits et al. 2007) . For instance, the mammalian innate immunity 
receptor, Toll-like receptor 4, that recognises bacterial lipopolysaccharides 
needs to be endocytosed to stimulate a certain type of response  (Kagan et al. 
2008) . Endocytotic vesicles carrying internalised receptors are taken up by late 
endosomes that thereby form multivesicular bodies. This emerging compartment 
subsequently fuses with lysosomes in which the activated receptors are 
degraded  (Kirisits et al. 2007) . 

 In plants, the best described PAMP-mediated basal defence, analogous to meta-
zoan innate immunity, is activated by flagellin  (Zipfel 2008) . The flagellin receptor 
FLS2 is a leucine-rich repeat receptor kinase, sharing characteristics with metazoan 
Toll-like receptors  (Zipfel 2008) . Flagellin treatment of plants expressing a green 
fluorescent protein-FLS2 fusion protein induces removal of FLS2 from the plasma 
membrane to an intracellular compartment. Sensitivity of this removal to wortman-
nin confirms that this takes place via an endocytotic process  (Robatzek et al. 2006) . 
An indication that ligand-induced endocytosis is required for FLS2 signalling 
comes from studies of a mutant version of green fluorescent protein−FLS2. This 
mutant protein is plasma-membrane-located and binds flagellin. However, it does 
not support downstream signalling and it is not internalised after flagellin binding 
 (Robatzek et al. 2006) . 

 Another recent example of defence signalling that depends on endocytosis is 
found in tobacco BY-2 cells treated with the pathogen elicitor cryptogein  (Leborgne-
Castel et al. 2008) . This protein stimulates uptake of the plasma membrane dye 
FM4-64 and formation of clathrin-coated pits on the tobacco plasma membrane. As 
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a downstream response, an NADPH oxidase rbohD-mediated oxidative burst was 
recorded. Verification of these results was obtained by applying the endocytosis 
inhibitor tyrphostin A23. This inhibitor selectively targets clathrin-dependent 
endocytosis, as it inhibits tyrosine phosphorylation required for cargo loading of 
clathrin-coated vesicles.  

  3 SNAREs in Penetration Resistance  

 Basal defence is manifested in different ways and has distinct appearances. 
“Penetration resistance” is a type of basal defence mounted against fungal patho-
gens that penetrate directly through plant cell walls. This has primarily been studied 
using powdery mildew fungi. Once inside the plant cell, these fungi develop a 
specialised structure, the haustorium, with the purpose of taking up nutrients from 
the host. The penetration resistance involves formation of a cell wall fortification at 
the site of attack. There is early evidence in the literature, obtained by electron 
microscopy, suggesting that exocytosis plays a role in this form of basal defence. 
At the local area of the secondary cell wall, called the “papilla”,  Zeyen and Bushnell 
(1979)  showed images of vesicles merging with the plasma membrane, indicative 
of exocytosis. This evidence generated in barley stood alone for 24 years until Paul 
Schultze-Lefert’s, Shauna Somerville’s and my laboratories characterised the barley 
 ror2  and  Arabidopsis pen1  mutants. The  PEN1  gene from  Arabidopsis  and its 
orthologue  ROR2  in barley were shown to be important for penetration resistance 
 (Collins et al. 2003) . Plants with mutant alleles of these genes are more easily 
penetrated by the barley powdery mildew fungus.  PEN1  and  ROR2  encode the 
plasma membrane syntaxin SYP121, supporting the idea that exocytosis plays a 
role in penetration resistance. 

 It remains unknown what the exact role of SYP121 in penetration resistance 
is. It has not been possible to observe qualitative differences between the papillae 
 (Assaad et al. 2004 , unpublished results), the cytoskeletal response or the 
endoplasmic reticulum response  (Takemoto et al. 2006)  of the wild type and 
 pen1–1 . However,  Assaad et al. (2004)  demonstrated that a mutation in  PEN1  
causes a 2-h delay in the formation of papillae in response to the powdery 
mildew fungal attack. Such a delay will be important in the timing of the papilla 
formation relative to the progress of the fungal penetration hypha, and should 
be detrimental for the defence of the plant. This observation, confirmed by 
 Kwon et al. (2008) , suggests that SYP121 is involved in the regulation of the 
papilla formation, rather than controlling exocytosis of one or more papilla 
components. Both studies observed the delay by assaying the callose component of 
the papilla. The particular  Arabidopsis  callose synthase responsible for making 
the papilla callose has been identified  (Jacobs et al. 2003 ;  Nishimura et al. 2003) . 
SYP121 potentially could serve a SNARE function to carry this callose synthase 
to the plasma membrane and allow it to focally accumulate at the site of 
attack, but no localisation studies are available for this enzyme. Interestingly, 
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callose only plays a marginal role in penetration resistance  (Jacobs et al. 2003) . 
Therefore, whether or not SYP121 is directly involved in focal accumulation of 
the callose synthase cannot alone explain the severe loss of penetration resistance 
in the  pen1  mutants. This suggests that SYP121 plays a regulatory role 
through which it can control simultaneous build-in of several components into 
the papillae. 

 The SNARE partners of SYP121 have been identified. After a number of barley 
SNAP candidates had been tested, silencing barley SNAP34 was found to result in 
breakdown of penetration resistance, suggesting this protein forms SNARE complex 
with ROR2  (Collins et al. 2003) . SNAP34−ROR2 interaction was confirmed by 
yeast two-hybrid analysis. The significance of HvSNAP34 in penetration was 
rediscovered in a shotgun approach where barley genes, upregulated after attack by 
the powdery mildew fungus, were silenced using RNA interference  (Douchkov 
et al. 2005) . Recently, the orthologous SNAP33 in  Arabidopsis  was also identified 
on the basis of its upregulation after pathogen attack  (Kwon et al. 2008) . The corresponding 
vesicle-associated SNAREs (VAMP721 and VAMP722) were identified via a 
systematic screen for ternary complex formation between SYP121, SNAP33 and a 
collection of VAMPs  (Kwon et al. 2008) . 

 A recent paper addressed the interaction between Rab-GTPase and the syntaxins 
SYP121 and SYP122. On the basis of functional analyses in tobacco protoplasts 
expressing dominant negative mutant proteins of the two syntaxins and of Rab11, 
 Rehman et al. (2008)  were able to show that inhibiting both SYP121 and Rab11 had 
an additive effect on reducing secretion of a marker protein. Meanwhile, inhibiting both 
SYP122 and Rab11 had the same effect on reducing secretion as inhibiting SYP122 
and Rab11 individually. This suggests that Rab11 functions together with SYP122 
and in a pathway different from that of SYP121. 

 Interestingly, during the manifestation of penetration resistance, multivesicular 
bodies have been observed. They form in the vicinity of the site at which penetra-
tion is attempted. Subsequently, they can either merge with the central vacuole or 
merge with the plasma membrane beneath the papilla and deliver the internal vesi-
cle inside the papilla structure as exosomes  (An et al. 2006) . This observation may 
suggest that the papillae conferring penetration resistance are in part cellular waste 
fields where redundant material is thrown at the invading enemy.  

  4 Cellular Polarisation and Penetration Resistance  

 When a pathogen attempts to penetrate through a plant cell wall, cell polarity is 
triggered. The cytoskeleton is reoriented and the actin filaments become directed 
towards the site of attack  (Kobayashi et al. 1997 ;  Opalski et al. 2005 ;  Shimada 
et al. 2006 ;  Takemoto et al. 2006) . This reorientation of the actin filament is 
required for penetration resistance. Inhibition of actin polymerisation by the use of 
cytochalasins increased the penetration rate by several fungi  (Kobayashi et al. 1997 ; 
 Mellersh et al. 2002 ;  Miklis et al. 2007 ;  Shimada et al. 2006 ;  Yun et al. 2003) . 
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This requirement for actin polymerisation in penetration resistance was confirmed 
molecularly by transiently overexpressing an actin-depolymerising factor in single 
barley epidermal cells attacked by powdery mildew spores  (Miklis et al. 2007) . 
Labelling of the actin filaments demonstrated that the cytochalasin indeed interfered 
with the rearrangement of the actin filaments  (Kobayashi et al. 1997) . 

 The Rho−GTPases are involved in the control of actin reorganisation  (Hehnly 
and Stamnes 2007) . This is reflected in the effect barley Rho proteins have on 
penetration resistance. The group of Ralph Hückelhoven has made single cell 
transient and stable transgenic alterations in gene expression of several Rac 
proteins that belong to the Rho-GTPases. They demonstrated that Rac activity 
suppresses actin reorganisation, and as a consequence also suppresses penetration 
resistance  (Eichmann and Huckelhoven 2008 ;  Opalski et al. 2005 ;  Schultheiss et al. 
2002,   2003,   2005,   2008) .  

  5 SNAREs in Exocytosis of Defence Components  

 While the role of SYP121 in penetration resistance has not been fully established, 
the syntaxin required for PR-protein exocytosis has been identified. Production of 
extracellular proteins, which can be washed out of the intercellular space of leaves, 
has for many years been accepted as a major defence response  (van Loon et al. 
2006) . The most commonly used defence response marker, PR-1, is an example of 
such a secreted protein. The molecular players of the secretory pathway, which 
brings these defence response proteins out of the cell, are now emerging. Expression 
of many of the genes encoding defence-related extracellular proteins is under con-
trol of NPR1, a central defence signalling component  (Durrant and Dong 2004) . 
Furthermore,  Wang et al. (2005)  found that expression of a number of secretory 
pathway genes is also dependent on NPR1. Knocking out some of these genes 
hampered the secretion of PR-1 and disease resistance  (Wang et al. 2005) .  Kalde et 
al. (2007)  identified the syntaxin AtSYP132 to be phosphorylated in response to 
pathogen elicitor treatment, and subsequently demonstrated it to be required for 
PR-1 secretion. These authors also studied tobacco and observed that suppressing 
 NbSYP132 , using RNA interference, caused the PR-1 protein to accumulate 
intracellularly rather than extracellularly. Notably, suppressing the penetration-
resistance-related  SYP121  did not affect secretion of this protein.  

  6 Is Vesicle Trafficking Involved in Effector Secretion?  

 An emerging and fascinating area in plant-pathogen interaction studies concerns 
the pathogen’s secretion of effectors to control processes in the plant cell. After 
successful penetration by powdery mildew and rust fungi and by oomycetes, these 
pathogens establish haustoria inside the plant cell. As haustoria grow, they stimulate 
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the plant cell to generate a membrane that will surround this pathogen structure. 
Notably, these biotrophic pathogens avoid killing the plant cell during this drastic 
invasion. The nature of the extrahaustorial membrane is unknown. It is possible that 
the haustorium establishes itself in an existing plant cell compartment. However, it 
is inevitable that the formation of this membrane involves vesicle traffic. Similar 
“symbiotic” situations exist in animals and humans, where intracellular pathogens 
live in cells of the host. A fascinating example is the  Legionella  bacteria that live 
inside human cells. These bacteria secrete a protein that mimics human Rab1-
interacting proteins and thereby stimulate the growth of a compartment that 
becomes a niche for the bacteria  (Ingmundson et al. 2007 ;  Machner and Isberg 
2007) . Interestingly, Rab homologues have been found associated with the plant-
derived peribacteroid membrane in  Legume  root nodules  (Cheon et al. 1993 ; 
 Schiene et al. 2004 ;  Wienkoop and Saalbach 2003) . 

 The haustoria secrete large numbers of effector proteins destined for the plant 
cytoplasm. N-terminal signal peptides ensure that these proteins cross the pathogen 
plasma membrane, and are brought to the extrahaustorial matrix  (Catanzariti 
et al. 2007 ;  Jiang et al. 2008 ;  Kemen et al. 2005 ;  Whisson et al. 2007) . However, 
most of the effector proteins will end up in the plant cell, and therefore also need 
to cross the plant-derived extrahaustorial membrane. The process for how this 
takes place has not been fully established. A large class of oomycetes effector 
proteins have an RxLR and a dEER motif in the N-terminal of the mature 
sequence  (Jiang et al. 2008) . It has been documented that these motifs are 
required for the transfer of one of these proteins across the extrahaustorial 
membrane  (Whisson et al. 2007) . The mechanism by which this takes place 
remains unknown; however, there is ultrastructural evidence in the literature 
suggesting that endocytosis might be a mechanism by which effector proteins 
are transferred across the extrahaustorial membrane. Studies of rust haustoria 
have revealed signs of coated vesicles on the plant cytoplasm side of the extrahaus-
torial membrane, indicative of endocytosis. Furthermore, immunolabelling 
confirmed the presence of clathrin, a vesicle coat protein, at these sites  (Stark-Urnau and 
Mendgen 1995) .  

  7 Vesicle Trafficking Targeted by Pathogen Virulence Effector  

 The significance of vesicle trafficking in defence is underpinned by the discovery 
that this process is targeted by a bacterial effector. In an attempt to find host targets 
for the  Pseudomonas syringae  pv.  tomato  type III secretion system effector, HopM1, 
a yeast two-hybrid screen was made on  Arabidopsis   (Nomura et al. 2006) . The target 
protein AtMIN7 was identified. This protein, which is required for full defence in the 
wild type, is a GEF of an Arf-GTPase. AtMIN7−Arf GEF is destabilised in the presence 
of HopM1, and it is apparently localised to the Golgi-apparatus. The effect of 
HopM1 can be mimicked by brefeldin A, an inhibitor of exocytosis, suggesting 
that AtMIN7 plays a role in secretion of defence components.  
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  8 Vesicle Trafficking in the HR  

 Evidence for involvement of vesicle traffic in the execution of HR comes from the 
discovery of a GTPase involved in this process. The  Arabidopsis  mutant  edr3  is 
more predisposed to develop HR lesions in response to fungal pathogens owing to 
a mutation in a dynamin-GTPase gene. While a knockout mutation in this dynamin 
gene causes no obvious defence-associated phenotype, the recessive  edr3  mutation 
causes an amino acid substitution in the GTP-hydrolysing active site  (Tang et al. 
2006) . This is predicted to arrest the release of endocytotic vesicles. EDR3 has been 
localised to mitochondria and is known to play a central function in programmed 
cell death. Even though the EDR3-mediated process is not fully understood, the 
result points to an HR-related role of vesicle traffic from mitochondria.  

  9 SNAREs Are Negative Regulators of Defence  

 As described already, SYP121 is essential for penetration resistance; however, the 
closely related  Arabidopsis  SYP122 cannot be found to play a role in penetration 
resistance, neither when studied as single mutant nor when studied as a double 
mutant  syp121 syp122   (Zhang et al. 2007) . On the other hand, these two syntaxins, 
as well as the SNARE proteins that complex with them, appear to be required to 
avoid overstimulation of a number of defences, different from penetration resist-
ance. This is best documented in the syntaxin double mutant  syp121 syp122 . This 
line has a severe lesion-mimic phenotype, reflecting constitutive expression of a 
broad set of defences, including those controlled by the salicylic acid signalling 
pathway  (Assaad et al. 2004 ;  Zhang et al. 2007,   2008) . Three hundred and sixty five 
genes are upregulated at least twofold in  syp121 syp122  relative to the wild type, 
and most of these genes are also upregulated during expression of pathogen 
defence. Furthermore, the lesion-mimic phenotype can be rescued by knocking out 
ten different genes encoding positive defence signalling proteins, as discussed 
below  (Zhang et al. 2007,   2008) . The severe phenotype of  syp121 syp122  indicates 
a shared function of these two syntaxins as negative regulators of defence. The 
single mutant  syp121 , unlike  syp122 , has a significant, albeit mild expression of 
defence relative to  syp121 syp122   (Zhang et al. 2007) . This shows that SYP121 is 
the principal negative regulator, as its role in this phenotype can only be partially 
replaced by that of SYP122.  Heese et al. (2001)  described a similar lesion-mimic 
phenotype of a  snap33  knockout line. To document that SNAP33 is also a negative 
regulator of defence, we have introduced mutant alleles of genes in the salicylic 
acid signalling pathway. We found that these double mutants of positive defence 
signalling mutants and  snap33  are rescued, confirming that defence expression is 
essential for the lesion-mimic phenotype (Z. Zhang and H. Thordal-Christensen, 
unpublished results). Furthermore,  Kwon et al. (2008)  were unable to obtain a 
 vamp721 vamp722  double mutant in  Arabidopsis , and they observed that RNA 
interference lines targeting both  VAMP721  and  VAMP722  had a lesion-mimic 
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phenotype similar to that of  syp121 syp122 . This suggests that VAMP721 and 
VAMP722 also are negative regulators of defence. 

 It remains unsolved how this set of SNARE proteins can be required for penetra-
tion resistance and at the same time be negative regulators of other defences. 
However, the fact that SYP122 only has the negative defence regulator role may 
indicate that these two phenotypes result from separate functions of these SNARE 
proteins. The negative defence regulator function may be related to observed 
syntaxin phosphorylation. In  Arabidopsis , SYP121 and SYP122 are phosphor-
ylated on an N-terminal serine residue in response to the PAMP flg22  (Benschop 
et al. 2007 ;  Nühse et al. 2003) . The same is true for the closely related tobacco 
syntaxin NtSYP121 during resistance-gene-mediated resistance  (Heese et al. 
2005) . It is uncertain what role phosphorylation of syntaxin plays in PAMP-induced 
defence. However, one model could be that phosphorylation serves to alleviate 
negative regulatory functions of unphosphorylated versions of these proteins; 
therefore, phosphorylation would activate defence. From studies of the  syp121 

syp122  double mutant we have indications that these syntaxins are involved in 
PAMP signalling. There is significant overlap between genes upregulated in response 
to PAMP treatment and the 365 genes constitutively upregulated in  syp121 syp122  
 (Zhang et al. 2008) . Furthermore, introducing mutant alleles of the genes  EDS1 , 
 PAD4 ,  NDR1 ,  SGT1b  and  RAR1  partially rescues the lesion-mimic phenotype of 
 syp121 syp122   (Zhang et al. 2008) . These five genes are known to be required for 
resistance-gene-mediated defence, which is stimulated after activation of PAMP 
signalling  (Glazebrook 2005 ;  Jones and Dangl 2006) .  

  10  SNARE Mutants Unravel Pathogen Defence Signalling 
Mechanisms  

 Studies of the broad activation of defences in  syp121 syp122  have contributed to 
our understanding of the complex defence signalling processes. Traditionally, 
defence signalling has been studied in the most obvious manner − in response to 
pathogens. This direct activation of defence is restricted by the defence-eliciting 
compounds presented by the pathogen in use, limiting, e.g., studies of interaction 
between separate signalling processes. Finding mutants that are hampered in their 
defence responses also suffers from such limitations, and at the same time requires 
that disease development and/or defence response can be quantified. Even though 
these methods have been successful, and led to discovery of a significant number 
of defence signalling components during the last 15 years, they certainly have not 
saturated the discovery of defence signalling components. 

 The use of lesion-mimic lines offers an alternative to pathogen inoculations in 
defence signalling studies  (Lorrain et al. 2003) . The rescuing effects of mutations 
in positive defence signalling genes are visible to the naked eye and can be docu-
mented using a regular digital camera. This has tremendous advantages over tedious 
analyses of transcript and protein expression patterns, pathogen growth, etc. Therefore, 
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we have used the lesion-mimic phenotype of  syp121 syp122  to isolate 240 partially 
rescued mutants. In addition to the two syntaxin gene mutations, these triple 
mutants carry mutations in  SUPPRESSOR OF SYNTAXIN-RELATED DEATH  
( SSD ) genes, which are defence signalling genes  (Zhang et al. 2008) . Many of the 
 SSD  genes are well-known defence signalling genes, e.g.  SID2  and  PAD4 , whereas 
others have not previously been associated with defence signalling. So far we have 
characterised 12  SSD  genes, two of which are novel.  

  11 SNAREs Dedicated to Environmental Stress  

  Arabidopsis  has 24 syntaxins, three SNAPs and 14 VAMPs  (Sanderfoot et al. 
2000) , and an interesting question relates to what extent these are dedicated to 
specific roles or clusters of roles. We have reason to believe that SYP121 and 
SYP122 define a set of syntaxins that is restricted to environmental stress responses. 
This is implied by the observed roles of these proteins as required for penetration 
resistance, their roles as negative regulators of other defences and their phosphor-
ylation in response to pathogen signals (see earlier). Furthermore, SYP121 has been 
implicated in stomatal closure in response to drought stress  (Leyman et al. 1999) . 
This function is suggested to be due to this syntaxin influencing a calcium channel 
responding to abscisic acid  (Sokolovski et al. 2008) . Interestingly, we have discov-
ered that the  syp121 syp122  plant is also oversensitive to salt stress. This is seen as 
stunted growth and poor root hair development (A. Feechan, D. Godfrey and 
H. Thordal-Christensen, unpublished results). 

 What allows us to suggest that SYP121 and SYP122 are dedicated to environ-
mental stress responses is the fact that we can almost completely rescue the 
lesion-mimic phenotype of  syp121 syp122  by mutating a collection of genes 
required for the downstream defence signalling  (Zhang et al. 2008) . This strongly 
suggests that these two syntaxins are not involved in growth and development of 
unstressed plants.  

  12 Conclusion  

 There was a period in the history of plant science when unravelling the function 
of pathogen defence associated genes and proteins was attempted without a great 
deal of reference to cellular compartments and the communication between them 
via vesicle trafficking. However, the recent discovery of the roles of these proc-
esses in defence has opened an additional dimension in our understanding of how 
plants combat pathogens. Eukaryotic organisms have an overwhelmingly complex 
machinery dedicated to the many cellular highways of vesicle traffic, and there is 
evidence to suggest that parts of this protein machinery are set aside for managing 
processes related to external stress handling. It will be interesting to see whether 
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in fact entire highways are specialised in stress-related mechanisms. If this is the 
case, it can be envisaged that modifying these, aiming to obtain improved patho-
gen defence, will have less negative pleiotropic effects on plant development and 
growth in general.      
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