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Abstract: Calcium is an abundant element with a wide variety of important roles within
cells. Calcium ions armter- andintra-cellular messengers that are inxed in numerous
signalling pathways. Fluctuating compartmspecificcalcium ionconcentrations can lead
to localised and even plamide oscillationsthat can regulate downstream events
Understanding thenechanisms that give rise to thesmemplex patters that vary both in
space and time can be challengiegen in cases for which individual components have
been identified Taking a systems biolog approach, mathematical and computational
techniques can bemployedto produce modslthat recapitulate exgimental observations
and capture our current understanding of the systebdseful models make novel
predictions that can be investigateaid falsified experimentally. This review brings
together recent work on the modelling of calcium signalling in plémis the scale of ion
channels through to plamtide responseto external stimuli. Somen silico results that
have informed later experiments are highlighted.

Keywords: mathematical radeling; calcium; Ca&* ion channels;systems biology;
symbiosis; tipgrowth; stomata; circadian rhythms; oscillatiogsiginal transduction

1. Introduction

Numerous stimuli lead te@hangesin calcium concentrationghat regulate plant responseso
obtaining insights intohow plants adapt to their environmeoften requires understandingthe
processes that govern calcium levels within and between compartiMeantsprocesses graowever,
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so complex that our understanding is hindered by a breakdown of intuition. Such complexity can arise
already with three or more variables for Aorear interactions, as are typicédr biological systems
Building simplifiedmathematicaimodels that capte the key characteristics of the system under study
is in such cases a fruitful approach for explaining and understanding the oldselnestbr.as well as
providing hypotheses for the underlying mechanisms.

In this contribution we review mathematical aswmputational approaches to calcismgnallingin
plants. We present a systems biology dissection of calsigmalling processes with some selected
examples that demonstrate how this approach has helped to unravel complex phenomena and guic
further expements. Whilst the review aims at being comprehensive it is not exhaustive and we
apologise to those authors whose work is not adequately represéntedmber of common
methodological techniques are sumrsadiand we provide key equations and Igime ppular
software packagedhe review concludes with an outlook of future challenges and application areas.

2. Calcium by Numbers
2.1. CalciumBiochemistry

Calcium is the fifth most abundant el enesnt b
an alkalineearth metal with an atomic number of 20d astandard atomimass 0#40.078 u Alkaline
earth metals all havgselectrons in their outer shell and thestativelylow ionisation energies lead to
the formation of doubly charged, fillezhdl cations Thefirst two ionization enerigs of calciumare
590 kJ/mol and, 145 kJ/molwhereas thé¢hird ionization energy isnuch higher a#,912 kJ/mol The
common form of calcium in solution teereforeCa* which hasan effective ionic diameter of & In
seawatelC&”" is the fifth most abundant dissolved ion by massround400 mg/L orl0 mM. The
Cd"* concentration of drinking water vasiérom about 1 to 13fg/L [1], correspondingo a range of
0.03t0 3.38mM.

The flexibility of C&* to form chemical bonds with different coordination numbers and geometries
gives it the ability to form interactions with membranes, small molecules and préteiasalysis of
small molecule and protein crystal structures shthat C&" generally bindsda oxygen and that the
preferred coordination numbers ranfjom 6 to §2]. In particular, C&" binds to phosphate groups to
form insoluble compounds thusnderinghigh cytosolic C&" concentrationgoxic to the cell This
impact of C&" on phosphate grqs is consistent with the observation Wflliamson [3] and
Tazawa et al. [4] who established thatytoplasmicstreamingwhich requiresATP, was dependent on
a very low C&' in the order of 0.JuM. If the concentration was elevated to M, cytoplasmic
streamingvas decreasenly 20% and wherC&* was increased to @M, the sreaming was inhibited
by more than80%. Similar observations can be expected for other Al€Pendent processeBhe
presence of Ca binding molecules as means ofreducing the concentration of free Cavould
therefore be of advantage to the cell.

Uniprot [5] lists over 400 proteins with agene ontologymolecular function of calcium ion binding
(GO:000550%in Arabidopsis thalianaand TAIR[6] lists 520 loci with 622 distinct gene models out
of a total of 31,845 genes, so in the order of 2% ofjérees arénvolved in C&* binding. Lowering of
the free cytosolic C&* through buffering/binding is assisted by specialized transporters, which can
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move G against a concentration gradient between compartmastdlustrated in Figure 1cells
maintain a steady state Ca@oncentration of about 10200 nMin contrast tolie C&" concentration

in the extracellular spacat about 110 mM, approximately thevalue seen in wateSuch a large
concentration difference allows for rapid signalling responses through the opening of specialised
calcium channels in the membranes separating compartments.

Figure 1. A schematic view of a plant cell showing some of the main calcium stores and
cellular compartments with their approximate free calcium ion concentrations. Calcium
channels are shown as blue arrows, pumps are shown as red arrows, whilst the grey double
arrow depicts diffusion through the nuclear pores.
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The release of Gafrom internal stores, such as the endoplasmic reticulum or the vacuole, gives
rise to transient elevations in £drom about 0.1uM to 1 uM. The characterists of such transients
vary andcan become oscillatory with periods framcondgo hours The locaisedfree cytosolic C&
concentration vaesin duration, amplitude, frequey and spatial distributigrandthese observations
led t o t'hsignatie®a hy p @t Whicls state thatsignal information is encoded by a
spatietemporal pattern of cytosolic €aconcentrationsChanges in the concentration of free cytosolic
C&* can be perceived by calcium binding proteins that can lead to the activation of different cellular
programmes.t has been suggested thétie need to reducehe toxic effects of high free Ga
concentrations drove the evolution @mponents that could thebe taken advantage of eslcium
signaling machineny8].

These factors have led ©a&" becomingone of the most important sigling ions n higher
eukaryotes and ubiquitous second messengeiplants[9] andanimals[10,11]. C&* can transduce
bothintercellular and intracellular signals and is involved in nearly all aspects of plant development as
well as participating in many regulatory processes.
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2.2. CalciumMaths

A frequentgoal of developingmathematical modslof processes involving calcium is &d our
understanithg of how calcium ion concentration changes are generated as a function of the individual
componentsA large class oftalcium signding modelsconsiss of systems of ordinary differential
equationdODESs) describing fluxebetween different compartmentgnoring spatial effects, which is
equivalent toassuming that the calcium concentrationis homogeneous inside each compartment
results inthe ODE

o B O+Q G @

which describesthe changeof the concentration with timevhere’@ys(¢) and’® @ represent the
sum of all fluxes out of and into the compartment respectii@dscribing the changes in different
compartmentsresults in a system of such equatidmssome cases it is useful to model explicitly the
time lapsebefore changes occur, such as in gene translation, and this can be accounted for using e
delay parameter, leading to a variant of the above approach known as delay differential equations
(DDEs). Spdial modelsare based on partial differential equations (PDESs)iaddde the additional
term, On2¢)
o Qoo 0+ @ + 0% (2)

which accounts for the diffusion of calcium the (now partial rather than totaderivative of the
calcium concentrationWithin this framework, relevant compartments need to be identified for the
process under study and the various fluxes between them need to be understood. Selected exampl
will be considered in the following sectis. Once the compartments, the machiresergthe resulting
fluxes have been identified, established numerical procedures can be employed to integrate the
differential equations an deliver the evolutionf the calcium concentration afldxes

This concentratiorbased approach is popular due to the availallemerical techniquesfor
integrating ODEdut it is also plausiblebased on the number of ions and their diffusibilityarge
compartments. & a [C&"] of 100nM a cell with a cytoplasmic volme o f *w@Wd centain
about10 00 i ons, a nuc woaldhawe arbun@0e0 iomd butlsthdl orgamelle of
1 & mwould only hold around 60 calcium ionsGiven these numbsrand the locality of calcium
signatureslow copy numbeeffects are likely to be relevant at physiologicaf‘Gaoncentrationsn
smaller compartmentgl?] as the number ofalcium ions involved decreasbslow the continuum
limit of ordinary differentialequationg13]. Monte Carlo techniques such@s | | espi e[@% al g
or variants thereof provide easy to use solution strategies for such descriptions that track particle
numbers based on discrete events.

It is thus fairly straightforward to write down a model of a system and to integrate thempsua
Using feedback mechanisms and/or time delays, oscillations are relatively easy to establish and with
the power of optingation techniques these can often readily be made to reproduce experimental data.
The challenge is therefore to suggest modeds $shy something interesting about the biology and to
maketestablepredictions.
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3. Models for the Calcium Machinery

The dynamical properties of €asignals depend in thérst instance on themachinery that
regulates CH fluxes betweerellular compartmentgseeFigure 9. The activation ofcalciumrelease
channels leads to an influx 6" while the subsequent restorationbafsal nortoxic calcium levels
and the replenishment @& storesrequirespumpsto transportcalcium againsthe concatration
gradient The Nernst equation,

. _ Oeoa o0
Q= E In5 ="~ 3)

Geion

can beused tadetermine the voltage across the membr&pgtermed equilibrium or reversefential,

that would maintairthe ion concentraticf Coutside@NdCinside in Steady stateHereR = 8.31 K'* mol' *

is the universal gas constaffitis theabsolutetemperature in Kelvinz is the valence of the iorz € 2

for C&") andF = 9.66 x 10 C mol' 'is the Faraday constartt T = 290K, a calcium concentration of

10 mM outside the cell and of 100 nM inside the cell, results in an equilibrium potential across the
plasma membrane @44 mV. Theelectrochemical driving force is given by the difference betvigen

and the membrane voltagg,and for a single channel, the ohmic currétis given by

®=QQ v, (4)
whereGc is the channel conductanderoton ATPase& generate aoltage ofabouti 150 mV across
plant plasma membranes, resulting in an electrochemical driving force¥onfGébout 300 mV.

Channels and pumps can exist in an open or closed configuration, and plant survival depends or
maintaining the correct configurations at the right tthehe t er m fAgatingo i s
mechanism by which the channel/pump controls the transition between the open and closed states
Gating permits the maintenance tdrge concentrationdifferenceswith the exterior of the cellor
internal stores ding resting periods, and the concerted release of calcium during signalling events.
Channels can beassified as voltaggated, liganejated,mechanicallysensitive, stor@perated, light
or temperatur@ctivated, among others. This is a broad clasdibo, as the activation of channels
may require a complex regulation by multiple stimuli.

To obtain the macroscopic current density the individual conductance is multiplied by the fraction
of open channels, which is commonly given by a sempirical function with a steep nelinear
dependence on the activation variallee HodgkinHuxley activation functiorj15] is typically used
for voltagegated channels. The channel currégtis given by

€

9="Q 1+exp Ll Q v, (5)

Vaa

wheren is the number of identical and independent activation gétess thehalf-maximal activation
of voltage gated channednd K, is a constant in the scaling functioRor a liganegated channel a
Hill function [16] may be used and the channel current is

®=a Q o, (6)

wherelL is the ligand concentratiof is the ligand concentration producing half maximal response
and m is the Hill coefficient that, in principle, represents the number of binding dtesitive

0d +p @
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cooperativityis defined to occur whem exceeds one and negatie@operativitywhenm is less than
one. BothEquationg5) and(6) containthe steep notinear dependence mentioned earlier.

Figure 2. Schematic diagram dafifferent mechanismsf passive and activieansportCa’*
(blue dots)is transportedacross the membrane dowa electrochemicafradientby the
gated ion channel (blue arrow, left) adoglthe leak channel (grey arrow, rightith fuller
arrowheadpointing to theside with a lover C&" concentratior) Both theATP-dependent
pump (red arrow) and the C&-H* antiporter (green arrows)ransport C& against its
electrochemical gradient, which requires energy. The -A&pendent pump uses the
energy derived from ATP hydrolysis to ADP and inorganic phosphaje WRile the
calcium exchangaurses the free energy released fitbi movement ofl™ (green ats).
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Although the mathematical description of channel and pump activation is similar, their relation to
the electrochemical forc&c 1 v, is fundamentally different. lon transport through channels is driven
by the electrochemicalforce whereas pumps must overcome the potential difference by either
harnessing the energy released from ATP hydrolysis (ATPases) or by coupling the transport of one
ionic species down itelectrochemical potentiab drive the thermodynamically uphill transpaf
anotherspecies €xchangers). The free energy released from the conversion of ATP to ADP under
standard conditions (1 M ATP, 1 M ADP, 1 M phosphate, 5500 H=298 K) i s about
Cells operate far from these conditions with ATP/ADP rativen around 5 to 10 and mM phosphate
concentrations. The resulting free energy for
The free energy required to dri@f" against a concentration ratio of’i® zF(Ec 1 V) = 56.7 kJ/mol.

We begin wih simple flux models where the consideration of many channels leads teoamaiie
representation of activation functions, and then focus on kinetic models that probe the activation steps
of a single channel.
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3.1. Fluxes:Ligand andVoltageGatedCalcium Release Channels

The capacity for autoegulatio® a distinctive property of calciumamongst iong17]6 underlies
several models of Ghoscillations. Calcium release regulates further calcium release either directly by
the alciuminducedcalciumrelease (CICR) proceg48,19], or indirectly by activating pumg&0] or
other essential cation channels acting in parg2iep?].

One of the earliest mode]$8,19] of calciumsignallingin plants was motivated by the observation
that in the unicellular green alg&remosphaera viridisthe presence of Srwor caffeine induces
repetitive[Ca*] spiking in the cytosol. The model consists of a system of ODEs that describes calcium
fluxes between the cytosol, the exterior andraleterminatanternal storeSince the vacuole is the
largest calcium store ¢ould be seen as a natuchloice, but perhapscounteimtuitively, it is its size
thatexcludes itThe cle tothe store identityis given by the fact thait leastwo variablesarerequired
for selfsustainedepetitive spiking13,19,23]. Therefore,considering that théigh vacuolar calcium
levelsare unlikely tofluctuate significantly enough, the authors predict thatéhevantinternal store
is the small endoplasmic reticulugkER). Experimental evidence suggests the involvement aof
ryanodine receptor type of €achannel, which in animals is activated by*Gand thatSr" is required
for the initiation of calcium oscillationsTherefore, the model assumes tbabperative Srand C&"
binding activate the channd a Hill function (seeEquation(6)) representshis type of cooperative
activation in a phenomenological wasluxes result from the interplay between calcium release and
reuptake by Cd-ATPase pumps whose activifg proportional to cytosolic calciumwhile the
frequency and amplitude of calcium oscillations depends orSthelose.To be consistentvith
observation of calciun efflux from the ER even whe@&* and St are very low,Baueret al [18]
alsoinclude aleak term, or noigated channelThe model reproducethe generation of repetitive
calcium spiking, while making predictions about the nature of the channels and pumps and the identity
of the internal store

Focussing ora minimal mode[23], Baueret al [18] aimedto extract only thé&ey playersneeded
to reproduceCa" transients For example experimental evidence shows thtite addition ofSr*
inducesa transient hyperpoladtion of the plasmamembrane, whiclaccompanies cytosolic calcium
increase While hyperpolaation is attributed to the opening of a plasma membriiechannel
activated by calcium, the variation in the membrane potential doeseem to have a significant
influence oncalcium release. Therefore the model does not include thesgdom channelthe
perturbation of the calcium electtoemical driving forcewould tend to change the magnitude of the
fluxes, butthe interplay betweethe ligandgated calciunreleasechanneland pumpensures that the
final balance of fluxes is not digpted

In contrast, a similar potassium chanmelivated by calcium bindings a key element in a
model proposed by Granqvist al [22] and Charpentieet al [21]. A K* channel (DMI1[24]), a
calciumrelease channel and a ‘G&TPase are all essential transporters present in the nuclear
membrane during plant symbiosis Medicagotruncatula A crucial difference with the previous
model[1§] is that here the calciumelease channel i®ltagegated(seeEquation(5)), activatedby the
depolargation of the nuclear membranEhe proposed scenario contains all the minimal elements for
sustained membrane voltage oscillatif#5,26]. In particular, the different Ga and K* reverse
potentials guarantee the distance from equilibrilangd the calcium channel provides positive
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self-coupling. Calcium influx into the nucleus increases the membrane voltage, which increasingly
activates the chanréela related proposal that included a hyperpsddion activated calcium channel
could only reult in a single spik¢27]. Oscillationsof calcium concentratioropen and close DMI1
leading to a periodi&™ efflux, and theresultingchanges irthe membrane potential are crudial
guarantee sustaineaiclear C4" oscillations.

3.2 Gating inSteps

The modelglescribed abovil8,21,22] all accuratelyeproduce the shape of the calcium transjents
with the use ofphenomenologicahctivation functions.Kinetic mechanisticmodels of gatingor
permeation[28i 31] can be usedo bypass this longcknowledgedimitation [32]. With an explicit
representation of single iezhannel statessuch modelgpr opose a direct I i nk
structural identity,by relating gating steps or binding sites with conformational states with a clear
biophystal meaning.

Tidow el al. [20] studed a plasma membran&TPase inArabidopsis thatina SuchCa* pumps
are activated byalciumloaded calmodulin (C&CaM) and crystallographic studies uncovered two
autoinhibitorybinding sites, instead of one as was expected. linatnematical model of kinetic rate
equations that elucidates the physiological importance of this discovery, by relating the successive
relief of the threeautoinhibitory sites to the calcium concentratitirshows that the pump is inactive
below a basaC&" concentrationit gets ready for activation at that level, and rapidly increases its
activity above the basal level when the two binding sites are occUpiesthreestep process leads to
an abrupincrease of the pumping activity fargh calcium concentrationgnd assures the stability of
nontoxic basal levelsTherefore,the modeldemonstrates thahe different, experimentally found,
conformational states, are essential to regulate calciurents.

In another systepthe model of Pottosiet al [33] stars from the observation of regulated cation
currents from a slow vacuolar channeptedict the existence of distingating stepsThe vacuole is a
crucial orgaelle for plant homeostasisvhich regulates cytoplasmic ion concentration, although the
significancefor C&* releaseis still uncertain[34,35]. Among the vacuolar channdl3¢], the large
population of the noselective and highkgonductive slow vacuoldB7] (SV) channels wouldapidly
lead to unsustainable currents if its activity was not restridfgdile cytosolicCa* promotes the
opening of SV channelsacuolarcalcium is essential to dowregulate the activity of SV channels to
physiological levels

Pottosinet al [33] observe that the effect of €aon the current of a single open channel is
comparable to that of another divalent cation,’Mdlowever, C& has a much more pronounced
effect on the macroscopic current, suggesting the existence of two independent itelng
permeation[38] is reduced upon either Mgor C&" binding, while channel gating involves another
binding site that is most selective for®arhe authors see clarify how vacuolaCa" inhibits the
macroscopicSV current. They apply the patchamp technique to measure the currents from the
vacuoles of sugar beeBgta vulgarisL.) taproots, and observe biphasic dependence of the SV
current on the membrane potential.line with the flux models of the previous subsection, tligld
possibly be explained by various voltage dependencies of possible pumps and cation channels.
Following a different approach, the authors concentrate instead on the channels gating mechanisms
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They propose that SV channels pass through two different closed catitorsnbefore opening, and
use Boltzmann statistics to assign the probability of each state and their transitions. Charge parameter
indicate the steepness of the voltalgpendence for each transiti@inding of different numbers of
Cd" ions stabilizesthe closed conformations and shift® activation towards more positive voltages
An important result is that multiple ions bind to the first closed state, because multiple binding can
explain how SV channels can be strongly dewegulated within the ramgof physiological calcium
levels Additionally, the authorsdentify the transition to the open state as the-liatiéing step and
observe that vacuolar €adecelerates the channel activatiince deceleration means an increase in
the energybarrier for that transition, this implies that binding can significantly alter the structure of the
channels, which is an important dynamical dimension of gating often disregarded by the simplest
kinetic models.

The recent charactsation of complex channels in plants, such as cyulicleotide gatedhannels
(CNG) [39,40] will probably lead to the expansion tfe currentgating framework. CNG gated
channels are mainly activated by cyclic nucleotide ibgpdo four units, but they are alsweakly
dependent on the voltage, and the likely complex interaction between these multiple sources of
activationhas yet to be modelleModelling in animal systems is already explorirayv the binding of
one unit may nduce a conformational change whialters the affinity of subsequent bindings
proposing schemesuch as induced fit or allosteric contfdl], which further introduces a dynamical
character in the gating processes.

3.3. TheBasic Machinery Autonomous Regulatiasf Calcium Levelsn Organelles

The study of compartmentalized signals provides the ideal setting to identifigimalsignalling
toolkit in a closed system and also to show how the effe@a ofdividualsignallingcomponentust
be framed in tb context of the entire systerit.is also an area of basic importance in the field
of calcium signalling in plants: cenpartmentagiation of calcium signalling in different cellular
organelles can permit the independent control of spdifictions, such as gene transcription inside
the nucleug4243]. Autonomous aoclear calcium signalling istill controversiadue tothe limitations
of experimental techniqu¢g4i 47].

Following the discovery that an impermeable nucleu8Y$2 tobaccocells responds to various
abiotic stresses by andrease in calcium level48], Brige et al [49] soughtto identify the minimal
components required for the generation of autononmuear calcium transientsThey present
an ODE model describing fluxe between the nucleus and the nuclear enve{bi#® considered
as a calcium storgs0]. The model isbiologically based orevidence[48] that shows thatvarious
stimulid temperature pH variation or mechanical strésgvoke a singlecalcium transient rise
followed by a slow restoration of basal levedsd thatsuccessivestimulations lead to a train of
sustainedCa* peaks Furthermore, experiments conducted in parallel with the development of the
model showthat the nucleus is impermeableatoalciumbaih.

Whereas the increase in nuclear calcium concentration is assumed to result from the influx by
non-specific channels localized in the inner nuclear membrane, the restorabiasatdaldum levels
is unexplained at the staBuffers reduce the amourtf free C&", but thér typically fast association
and dissocition rates ar@ancompatible withthe slow kinetics of calciumdecreaseTherefore,the



Plants 2013 2 550

authors predicthe existence of yet unidentifiepumps that would drive Gaback into the NE
Furthermore punps enablearesponse to successive stimulirefilling the calcium $ore€d something
that buffers wuld not doln fact, a later work51] identified pumps in the inner nuclear membrane of
Medicago truncatulaproviding a confirmatio@ albeitin a different model pladt that the nucleus
has autonomous minimaignallingmachinery composed of pumps and channels

While themodelof Brige et al [49] consideredn impermeable nucleus, in other systems obderve
relations between cytosolic and nuclear oscillations are difficult to explgin an isolated
nucleus[51]. During legumesymbiosis, apparently synchronised perinuclear oscillations are observed
on both sides of the nuclear envelope. However, the tesolaf confocal imaging isnsufficientto
exclude a slight delay, and thus a possible cytosolic or nuclear origin of the perinuclear oscillations.
Althoughthe extento which thenuclearenvelope igpermeale to calcium isunclear{49,52i 56, if the
pores were permeablejt might be assumed thgiassive diffgion across the NE would eventually
synchronize calcium oscillationdowever he model developed by Capoetnal [51] showed that this
need not be the cgdtie large permeability of the individual por@ses not implya large permeability
of the entire nuclear envelope

Ccd" signallingis a result of complex, nonlinear interactions that cannot be properly understood by
the analysis of the separated componatise The authorsstart from the assumption that calcium
signallingoriginateson one side of the NE and propasspatial model whern@ner and outer nuclear
membranes areonnectedby pores that allow free passage ofCahey place calciumpermeable
channelclustes only at the cytosolic side of the nuclear membrane, to investigadssible cytosolic
origin of nuclear calcium oscillatns An adaptation of the firdiffusefire model[57,58] with linear
uptake[59] is chosen to study calcium diffasi over the surface of the nuclear membranes and across
the nuclear envelope. As theimensionsare vey small compared to thereaof a nuclear membrane
both channel clusters and pores are considasetiscrete sources of calcium and placaah&brmly
random locations in the inner and outer nuclear membranes.isThis appropriate framework to
capture the calcium spatial microdomains that are obselweaadg plant symbiosi§s0]; by the CICR
mechanism, Ca released by a channdiffuses to activatether channels in a sequence of release
events High C&* levels inhibit further releaseesulting in a refractory period that affects the period
of oscillations

Simulations [51] show hat even if calcium carreely diffuse acrossthe nuclear membranes,
oscillations cannot be transmitted across the EEn choosing a unusudly high pore density, the
fraction of the nuclear membrane surface occupied by pores is very smalesiddsan important
part of the calium released by ahannel ispumped backnto the NE before it reachethe nearest
pores. To conclude, if calcium release from the inner nuclear membrane is observed and it cannof
originatein the cytosolthe nucleus must have its oveignalling machinery. Therefore, this work
provides confirmation of the basic assumption in Brateal [49] but suggestthe needfor anasyet
unidentified source of coordinatiotetween cytosolic and nuclear calciwgnalling The authors
propose that the NE is thecus of that source.

Oscillationsgenerallyresult from a balance of positive andgativefeedback Due to the lack of
positive feedback in the model Bfige et al [49] repetitive spiking can only result from repetitive
stimuli. Whereas irCapoeret d. [51] self-sustained oscillationsan be achieved via CICR feedback
Despite this and other differences, both mo{é®51] assumed that the NE is the source of calcium
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and nuclear calcium is released near the interface with the outer nuclear merirbthretobacco
nuclei system studied bgrige et al [49], this scenario made autonomous nuclear oscillations look
improbablé® and required the explanation that pores are impermeable in the s@stdime contrary,
in Medicagosymbiosis, permeable nuclear pores provided a ready explanation for synchronised nuclear
and cytosolic oscillations of similar amplitiléhat was nevertheless questioned by modelling [51]

In relation tothe independencef nuclear calciunsignallingit should be mentioned thaiossible
nuclear invaginationsould target calcium to spdic locationswithin the nucleushereby enhancing
its autonomyModelling suchcomplex geometries requires suitabtenputationabpproaches that are
still pendingin plarts. Models in the field of animal studies offer interesting perspectives thatrembi
experimental confocal datan silico 3D reconstruction of the detailed morphologywimerical
multi-grid solversand mathematical approaches, efinite elenent method or otherf61i 64]. The
transfer and adaptation of these techniques to plants will shed light into domains inside compartments
thatremain obscure by models that can only deal with simple shapes

4. Calcium and Temperature

As the models in therpvious section demonstrated, calcium signalling requires, at the very least,
channels and pumps. Since thehaviour ofpumps differs from channeis thatpumpstransport ions
thermodynamically uphilinstead ofdownhill [19], temperature seems to be tesic variableso far
ignored in our presentation

Plants are threatened [85] but also contribute tf66] changs in climate Since they cannot move
as the weather changelsetability to respond to variations of temperature is critical fantgarvival
as the seasons pass or the day turns into f6BghtA change in calcium levels is one of the earliest
responses to colfb8i 70]. However, asmost biological processemre affected by temperaturdts
overall effect is neither intuitive n@pedfic andit is a challengego modelthe mechanisms behind
plant acclimationUltimately, the key question is not how temperature affects calcium levels byt what
if any, is the role of calcium in the plant adaptation to temperakui® important to ascertaimhether
the calcium response is upstream of the temperatgralling pathwayg71] and therefore, as it has
been considerefi72], the primary temperatwgensingevent[73]. So far definitive answers have
proved elusive, how&r modeling has uncoverd various effects of temperature that directly impact
on the calcium response.

4.1. TheSearch forPrimary TemperatureSensing Events

Plantsrespondo acold shockby a transient rise inytosolic calcium level§74], and to study the
mechanisms behind this reactidtieth proposed75 a onecompartment model of the fluxes across
the plasma membran&he main hypothesis is that the temperature sensor in patsalcium release
channelwhose activity increases afply with the cooling ratewhile the activation o C&*ATPase
explairs two experimental observations: serssition and desensgtition. Thus, sensigation, or an
increase of the calcium response to cooling at lower temperatures, is attribudddan [76]
exponential increase of the pump enzymatic actwity the absolutetemperature.To counteract the
inhibition of pump activity with cold and explathe attenuation of the calcium response with time of
exposure to colddesensigation is modelledby an increase of the number of activenms with
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calcium levels. This simplified model reproduces qualitatively well the experimental dapaytsog
(without confirming)the suggestion that tlialciumchannel is a primary thermal sensor

Plieth [79] uses a phenomenological temperatependent function to model how the calcium
channel is activated by coolingvhite et al [77] aim to explain the same experimental res[i§
without hypothesizing temperature gatifidne authorg77] implicate voltagegatedcalcium channels
in the response to coolingvith af ocus on the fAmaxi 0 cation por e
(Secale cerealé.) roots. This is a depoladtionactivated channel permeable to various cations, and
in particular to C&. The Eyring rate theon|78], [79] represents the movements of idnside the
channelsas a sequence of stochastic jumps actessperaturaependenthigh energy barriers
separating energetically favourable binding sité#ite et al [77] propose a perméan model
with three barriers and two binding sit@enown as3B29 [77,80i82], and combine it with a
gatingkinetics mode with empirically determined/oltagedependentransition rates. This allows
them to determine the calciuraleased byhe channelnd observe that is similar to thecytosolic
C&" influx observed aftea cdd shock These voltaggated channelsontribute to a perturbation of
the membrane potential elicited by rapid cooling, called a slow action potential (SAP)irStoce
the SAP opens voltaggated channels, cooling indirectly activatesiciumreleasechannels, thus
amplifying the initial thermodynamic effect of temperature.

While in Plieth [75] temperature is an explicit variablether authors propose amdirect way to
access its influence by matching the simulated calcium profiles with the experimentally obséfved Ca
response to temperature. The parameter combination that corresponds to the best fit, implicitly
identifies the key process regulated bynperatureThis is the approach adopted by Besel [83].

The authors show that different proportions of ATPases to CAX' @a&hangers) result in different
calcium signatures that matetxperimentally obesrved responsdo various types of stress, lading
cold. Therefore, without establishing an explicit dependence between differamt sjfstems and
temperaturgthis suggests to look into the differeafflux systems when trying to understand the
response gplants to cold

Brige et al [49] follow a similar philosophy, focusingn the nucleuf BY-2 tobacco cells.
Evidence shows thatinder alkaline or neutral pH conditions, thaclear calcium concentration
increases with the temperature of the mediwile a cold shock results in a droprafclearcalcium
levels. By varying parameters, they show that thging calcium concentrationwith increasing
temperature is best reproduced by an increased inthe: authos suggest that the involved
channels may be analogous to the TRP channelsrntmammalian cells are the primary sensors of
temperaturg 84,85, although interestingly,recent evidencén Arabidopsis[86i 88] has implicated
plasma membraneyclic-nucleotide gated channels in tperception ofheat shocksOn the other
hand,a decrease of calcium concentratifosllowing a cold shockn alkaline conditionsappears to
result from an increase the buffering capaty of the nucleoplasm caused hyapidreduction of the
buffersdissociation constantlt seemsnatural to wonder ithis drop of nuclear calcium levelsould
lead to an increase of cytosolic calcium, as in the system considered by[PHetHowever, this
tobacco cell nucleus appears to bgermeable to calcium. Nevertheless, it would be interesting to
extend the moel of Plieth[75] to incorporate buffers and try to replicate a similar effect as in Brige
et al [49. In fact, Plieth[75] chose to neglect theresenceof buffers, arguing that they could only
smooth transitions, but ndaffect the influx-efflux balance.In contrast the following model by
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Liu et al [89] finds that changes in the buffering capacity do not influence the response to temperature.
However, the origin of this discrepanayth Brige et al [49] is unclear since theauthorg[89] use a
different mathematical model and refer to a different system.

4.2. TheMany Elusive Effectsf Temperature

Liu et al [89 combines experimental analysis and mathematrzalellingto investigate the role
of the vacuolar and cytosolic calcium pools in the generation of calciunataigs elicited by
temperature changes. Thegt up avery comprehensiveystem of ODE to study fluxes across the
membranes incorporatinga variety of tansporters: calcium channels, ATPases, symporters and
antiporters, a Cl channel, and K outward and inward rectifying channelhe influence of
temperature is felt at many levels, fratre kinetics of all transporterto the ADPATP ratio and
thereforethe ATRase pump activityf90]. At steady state with constant temperature the pools are
isolated, butwhen the temperaturehangesthe ions equilibrium potentiataries and the cytosol
exchange ions with the vacuoleThe ion flow affects the voltage of the membranes and thereby the
opening of the channel$he shape of the calcium signature is determined by GICIRe vacuolar
membrane, and by the transporfair ions from the cytosol to the vacuolaool The modécorrectly
predicts a rise in calcium concentration in response to temperature reduction, especially when the
reduction is sharp.

Results are mostly in agreement with PIigth], butthe model byLiu et al [89] is an example of
an integratre approachthat tries to capture most of the known important transportetsefiacts,
beingconsiderably more detailed and in that sense more realisgcdownside of this approach is the
vast number of parameters it demands; different combinations of parameters can produce similar
results, and moreover, in plant systems many values are unknowaka&mdfrom the more mature
field of animal studies

It is somewhat disappointing to begin this section with a m@&lthat suggests that the calcium
channeimay bethe temperature sensor and end with a m@##ldeveloped thirteen years later where
no single major sensor is proposed. This is a reflectidheoprobable reality that there are multiple
thermometers in plan{¥2] andsignalling pathways in plantshat havecomplex interrelation$§91].
Several sensing devices have been proposed to be upstream of the calcium rEgjans&yding
membrane flidity, protein conformation, cytoskeleton assembly status and enzymatic actBiites.
as Ruellancet al [71] note, the relation between sensors and signalling, or upstream and downstream
is not necessarily ondirectional. For instance, possibtemperature sensors such as membrane
fluidity [92] may trigger calcium release and then be in turn reinforced by calcium signalling.
Nevertheless, the search for the primary thermosensors continues, with recent ctutiest
shock perception[86,93] indicating thatcyclic nucleotide gated channetespond to changes in
membrane fluidity

5. Calcium and Symbiosis

Exposure of legume root hair cells to rhizoldarived nodulation (Nod) factors results in
significant physiological and morphological changfest allow these bacteria to infect the plant in a
controlled manneif42,94]. The rhizoba fix nitrogen for the plant within specially grown organs
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known as nodules and receive sugars from the plant in return. After detection of the Nod factors, but
before gene expression, a estlale calcium transient followed later by sustained oscillations (known
as C&" spiking) in the nucleus and perinuclear space is obséRigdre 3)[95]. Mutants exist which

are defective in the spiking response and also bloclbmsis gene expressipp4,96]. Furthermore, a
mutant corresponding to a €aand Calmodulirdependent kinase (CCaMK), also blocks gene
induction but retains the spikiff§7], and the activation of this kinase is both necessary and sufficient
for the indwtion of nodulation gene expressif®8]. Blocking C&" channels and pumps chemically
inhibits both the C& spiking[99] and gene expressigh0Q. All of this suggests that ais essential

for the regulation of nodulation. Interestinglynany of thesecomponents are shared withe
symbiosis pathway between plant and\rbuscular mychorrizae fungi. CCaMK is able to induce

the expression of different genes according to whether the plant detects Nod or Myc (Mychorrizal)
factors[101].

Figure 3. Schematic of the possible signalling components during symbf@aisium can

be released from theuclear envelopeNE) into either the cytoplasm or the nucleoplasm

via calcium release channels (blue). Calcium is actively removed from the volume back
into the NE through the action of calcium pumps (réher transporters, such as 4 K
channel, may be involved in voltage regulation (piflgssagef calcium ions between the
interior and exterior of the nucleus may be possthteugh the nuclear poresréy).
Spiking occurs within the nucleoplasm and in the nuclear associated cytoplasm. The
communication between different sides of the NE is discussgeation3.3.

Cytoplasm

Nucleoplasm

W

Key questions in this field are therefof&) how are the oscillations established avitht are the
molecularmechanisms of the core componern(®) what is therole of the nuclear membrane in
generatingperinuclearand nucleapscillations (3) how are the calcium oscillations decoded to affect
downstream developmental programmasd (4) is there a role for calcium in determining the
specificity of the Nodvs. Myc pathway?These final two questions are discussed in a more general
setting in the specificity sectidowards the endf this review.
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Different hypotheses have been put formvdo explain the generation of perinuclear calcium
oscillations.In Grangvistet al. [22] a threecomponent ODE systerfEquation (1)) located on the
inner nuclear membrarig presented containing a Cactivated K channe[27], a voltagegated C&"
channel and a G&ATPase[51] (Figure 3) described by equatiorsmilar to Equations(5) and (6),
which in its simplest form is able to capture thbservedglobal spiking behaviour. By including
calciumbuffering species (e.gproteins which bind calem), the authors aimed to explain several
experimental observations on the nature of the calcium signal that could actdeted fomithin
the buffer-free system. Firstly, that different spike shapes are observed when using different
experimental tealiques, secondly that the initial calcium spikes occur at a higher frequency than the
later spikes, and finally that the oscillations terminate. Furthermore, imaging data is of calcium bound
to a buffer and not the absolute value of the calcium concemtyato it is most useful to compare
experimental data to €abound to buffers within simulations.

By changing the buffer dissociation constant to known vdll@g the model could reproduce the
various observed spike shapes for the different buffers used experimentally. The period of high
frequency spiking observed initially could be explained by the presence of large quantities of unbound
buffer at the start. By Ippthesising that the perception of the symbiont signalling molecule causes an
increase in buffering capacity within the nucleus, possibly by the migration of calmodulin to the
nucleoplasm from the cytosol as is observed in animal sy$tdfs the model pedicted that a period
of rapid oscillations would occur if additional quantities of the signalling molecule were added during
existing oscillations. This was indeed observed, demonstrating that components beyond those identifiec
in previous genetic studies play an essential role in determining the calcium signal.

A more unconventional approach to calcium signallmgdelling was presented by Sciacca
et al [104 utilising a new methodology referred to as the Calculus of Wragmdpartments
(CWC) [105. At its heart the CWC model is a term rewrite sys{@&g, in which the biological
system is described byfermd and the evolution of the system is modelled by the application of a set
of firewrite rule. The form of the termand rules considered within the CWC allows the description
of membrane wrapped compartments, and can simulate the interaction of elements localised to
membranes and within the compartmental volumes. These elements can represent a diverse array (
biologicdly important substances, from proteins to simple signalling ions, whose interactions are
described through the use of the rewrite rules. An example term would Bé) Q% This
describes a single compartmenico®Q ¢ denotedy, with two dementswand@ on its surface
(perhaps representing membrane embedded proteins), four atémstbin the compartment and two
atoms ofioutside the compartment (representing individual molecules, enzymes or other biologically
relevant componentsithin the bulk). An example rule would be

o e 40 bl ¢ @
which represents the binding of molecdlby the membrane localised protéito form the complex
¢xoon the membrane, in the presence of any other membrane elemaetyolume elements. This
reaction has a rate constaRtwhich determines the probability of this rule being applied to the term
during the evolution of the system.

In describing nuclealocalised calcium signalling, Sciacea al. [104] use a sing membrane to
describe the inner nuclear membrane and have calcium move between the nuclear envelope and th
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nucleoplasm byntroducingrewrite rules that describe theleaseof calciumions, denotedCain the
rewrite rulesthrough calcium channel©Chin the open stat€;hin the closed statggnd the uptake
of calcium back into the nuclear envelope by &4'@d Pase,

50

25066 68O ~ 10 8" QR5066C - ©)
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Channel opening results in an instantanemdeoplasmic Cd increase at a 2.5% level of the®Ca
in the nuclear envelope, while the calcium uptake is described by a Hill function rate (see Edation

To cause channels to open, the authors consider the binding of an external signallingemaetechl
transduces the signal from the symbiont to the nucleus,

YEOX — Y 5O - (10)

By considering this (as yet unidentified) signalling molecule, they show how a decaying quantity of
the signalling molecule results in a calcium trace Wihreasingpike frequency. Rather than attempt
to directly compare the modgkenerated trace to the experimental traces, they focus on the information
content of the spikegl07,108. In this way, they show that the model captures the nuclear calcium
dynamics in statistical terms.

Both Grangvistet al. [22] and Sciaccaet al [104 attempt to explain the observation of the
variation in spiking frequencies observed experimentally: the initial spiking has a higher frequency
than that observed lateBciaccaet al [104 suggests that the €achannels ar@penedby binding
some signal molecule, generated when receptors on the root hair cell exterior bind Myc factor. This
signal molecule is degraded over time, resulting in a reduced likelihood of chaeméhg thereby
leading to a reduced spiking frequency. Grangtistl [22] instead explain the high frequency spiking
by the initial presence of unbound buffers, that eventually saturate resulting in a stable, lower
frequency, oscillation. They hypothss that the binding of Nod factor results in an increase in buffer
capacity within the nucleus. The direct interaction between Nod/Myc factor reception and channel
gating may not be consistent with current biological mo{2’, however the CWC approadias
great scope for assistance in explaining the symbiosis processes. The method is extremely versatile
within the same mathematical framework, the authors have been able to study the spatial interactior
between the Mychorrizal hyphaadathe plant roof109, a technique that could be extended to the
interaction of rhizobia and the plant within infection thread growth/formation, for example. Within the
sphere of calcium modelling, it is simple to add additional rules to incorporate different gating models
(the calcium channel is yet to be identified and characterised experimentally) and buffering affects.
Beyond modellingthe symbiotic calcium signallinghe approach could be valuable in describing
multi-compartment interactions in whole cell signallangd intercellular processes.

Work on symbiosis signalling has so far concentrated on the temporal behaviour of the calcium
signal. Howeverthe spatial nature of the system can have important implications on the signals
generated63]. The signal within tb nucleus is spatially inhomogened@$§], and it is important to
understand how the decoding protein perceives, and is affected by, the Wignalstudying the
spatial dynamics of the symbiosis signalliagd] (described irSection3.3) has so far beelimited to
the dynamics on the membrane
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6. Calcium and Polar Growth

The anisotropic cell expansion seen iolgp, or tip, growth plays an important role in plant
development. Root hairs and pollen tubes have both served as model systems for dissecting t
mechanisms underlying polar growtfhe role of modelling in elucidating the mechanisms underlying
pollen tube growth has recently been revieweHlnoeger and Geitmanfi10111]. Calcium has long
been identified as playing a role in tip grojiii2 as have oscillations in pH and ROS. Interestingly,
both the C& concentration at the tip and the growth rate osci[la1& 117, suggesting a mechanistic
connection between the two.

Kroegeret al [118] developed a theoretical growth model to addressrtie of calcium in the
observed oscillatory growth pattern of pollen tubes. Their work is of particular interest in that it links
calcium patterns generated by a biochemical reaction diffusion mechanism to a dynamic biomechanical
model for pollen tube gmwth. In order for cells to grow and maintain their structural integrity, wall
expansion requires the addition of new wall material and the mechanical deformation of the wall
(growing cellwalls are typically about 0iD.5 pm thick). These processes arengbementary and in
order tomaintainwall integrity it is likely theyalternate during growth. Cell wall material is added by
secretion and synthesis at the cell membrane and mechanical deformation of the wall is achieved as
consequence of stresses exérby the internal turgor pressure of the,deijure 4A Cell elongation
was modded as a viscous pressure dmivlow with a stressstrain relationship and a continuity
equation for pressure govengi the proces§l19,120]. For incompressible fluids ¢ise relationships
resultinDarg 6 s | aw,

, 0
0=-_—1n (11

and a constraint for the pressure profile,
n= rl (12

which togetheareknown as the TayloiSaffman relationd-ere,0 is the velocity of the viscous fluid,
n is the pressure) is the permeability of the infiltrated mediumis the viscosity of the injected fluid,
[ the surface tension of the fluid interface dnd the interface curvature.

Experimental observations of a rigidity gradient due to megbktarification alonghe cell wall
weredescribed by an effective elastic constant of the cell wall. The elastic constant is the product of
Youngds modulus and the cell wa | | The élastcity ofehe s |
cell wall is coupled to the calciugoncentration at the cell wall; reduction of calcium softens the cell
wall by preventing the gelation of pectim order to monitor the change of calcium concentrations
over spae and time, Kroegest al [118] used a reaction diffusion equation witldiéfusion constant
of 2 0 2s in the cytosol and a diffusion constait0.03¢ s in the cell wall Stretchactivated
channelswithin the membranes are accounted for udimg Einstein relationshifor the diffusion
constant. Using this relationship, thaylor-Saffman equations and the conductance of a staetorated
calcium channel, allowethe authors to estimatee number of active calcium channels at theatid
conclude there wergpproximately 1@t any given timeCell wall thickness changes meemodelled as
being proportional to the cytosolic calcium concentration, following experiniertbserved spatial
correlations between high calcium concentrations and vesicle fusiondedegeret al [118] predict
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that endocytosis acts asstabilisng factorfor the oscillationsEndocytosis itself requires a calcium
dependenceiithin their modelas a means of preventing the cell wall from becoming too rigid and to
soften the cell wall when the growth rate is very small. They hypothesise thatoh eoléocytosis in

tip growth is to remove calcium from the apical cell wéilliys preventing cell wall stiffening and
allowing the cell to maintain sufficient plasticity for anisotropic growth. The model correctly captures
the oscillatory behavig of pollen tube growth, cell wall thickness and calcium concentrations. As
expected fronthe inverse relationship between growth velocity and the effective elastic constant of the
cell wall, the maxima ofvall thickness and growth rate not coincidd they oscillde with a phase

delay relative to one anothdfurthermore, the model predicts a phase delay between the cytosolic
calcium concentration and the growth rate of abouf.150ch adelay is qualitatively consistent with
experiments but the quantitative vale is at odds withthe 30i 40° obsered by Holdaway and
Hepler[121]. The authors then used their model to study the effect of external calcium concentrations
and calcium influxon pollen tube growth rates. They found a linear relationship between the pkrio

the oscillations and the external calcium concentration. In Kraetger[122] this study was extended

by replacing Darcyos | [a28] inworderhio atcountkfdr avallt shessese q u
Lockhartoés equati on c owmalprheelagy amd dalbiumedgnanaids framntteir f o
previous study118] was used to evaluate the role of turgor changes in pollen tube growth. Using this
approach, Kroegest al [122] found that calcium lags behind the growth rate with a phase difference
of 50°, consistent with experimental values. This lategigr[122] thus nicely captures the core ideas

of their arlier work[118] but add a substantial refinemetitat results ira better description of pollen

tube growth. Further experiments will be negde test and validate the current model before refining

it further. Next steps may include the extension to 3D and the investigation of different channel
gating mechanisms.

Liu et al [124] also studied pollen tube growth but their focus was on the emainte of
intracellular ion gradients and the relationship to oscillatory dynamics. Whereas at the tip, calcium,
growth, etc. all oscillate, the pollen tube shank appears to be in steady state. In particular, the authors
sought to address how stable cytlasayradients are established, how the system deals with
perturbations, and the role of oscillations in forming ion gradients. To address these points, a simple
two-compartment model consisting of a tip region and the shank was constructed. The conpartment
are assumed to be homogenous and have the ability to exchasds idififusion and cytoplasmic
streaming. Furthermore, both the tip and shank region include transporters for the potassium, calcium
protons and chlorineFigure 4B Guided by experimentabbservations they built a number of
assumptions into their model: that calcium enters the pollen tube at the tip and there are different
abundances of proton ATPases in the tip and shank réggoounted for by changing the parameters
in the H-ATPase pmp). ODEs (Section 2.2) for the top and the shaarle used to describe the
temporal evolution of the ion concentrations in the model. This model can reproduce oscillations
between 3.8 and 48M in the tip regionand also shows oscillations in the shaegionbut with an
amplitudesix orders of magnitudewer (7x10°uM) , t hus mai ntaining a #fs
Likewise the pHvalueoscillates at the tip but is stable in the sharhe authors find that oscillations
at the tip are not importanfor establishing ion gradients, as would be expected from basic
electrophysiological considerations.
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Figure 4. Models for the role of calcium in tip growth. Modal aims to capture the
viscoelastics of tip growth by considering a fluid growing under pressto another fluid.
Calcium is hypothesized to have an effect on the exocytosis rate. Blaoestigates the
establishment of calcium gradients between compartments and the role of oscillations.
Both the tip and shank region include transportershferpotassium, calcium, protons and
chlorine Gradients do not require oscillations for their establishment or maintenance.
Model C studiestherole of calcium on actin and ROP1. This model included a number of
hypotheses that were evaluated both comprtatiy and experimentally to put forward a
validated network for the feedback between the various components of their model.
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This fixed compartment volume model is then extended using a paweiormalism (with all
exponents set to 1) to account for growth as a function of the ion concentrationfrtmgion
oscillationsto lead to growth oscillations. Two further ordinary differential equations are added to
account for volume changes at the &apd shank. To address the question of whether growth
oscillations lead to ion oscillations, a sinusoidal growth rate was imposed. Two hypotheses are put
forward from the model that could account for a feedback from growth onto the ion concentrations
firstly, the transition of tip membrane into shank membyamel secondly a change in the transport
kinetics as a function of growth. This work nicely demonstrates how simple models (in terms of
spatietemporal dynamics) can lead to some interesting finditngd g§o beyond recapitulating
experimental observations. It would be interesting to try to reduce this model further to distil out the
Guided by experimental observations they built a number of assumgtoascomponents in the
system and then to build theodel up to investigate the contribution from each new addition in
more detail.
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The moded of Kroegeret al.[116,120] use stretckactivated channelsyhereaghe mechanism for
calcium release ihiu et al [124] is voltageactivated In a model put forard byYan et al [125,
increases in apicaalcium influx are attributed tothe ROP1 (RHO related GTPase) activation of the
RIC3 pathway The focus of this research was to understand the role of calcium in linking ROP1 and
actin.One of the first models for the interaction between calcium and the cytoskeleton was put forward
by Goodwinand Trainor [126]. They modeledhte dynamics of calcium in the cortical cytoplasm of
plant cellsusing mechanochemical field theofjhear model resilted ina system of two nciinear
PDEs. This system was solved numericll®7 and investigated further in terms of oscillations by
Briere, C. and B.C. Goodwifil2g and subjected to stability analydi$29. The authors observe
periodic, aperiodic andhaotic behavior in their models. This was perhaps the first successful attempt
to take elements ofthe spatietemporal organization of the ceadls well diffusion andmechanical
effectsinto account

The mathematicalmodel of Yan et al [125 simulatesthe observedthanges in ROP1 activity
caused by factin disruption anduggests a&le for calcium in the negative feedback regulation of the
ROP1activity, Figure 4C The authors propose two different models to account for this feedbaek.
modeb predid that either calcium promotion of-&ctin depolymegation or calcium activation of
ROP1 inactivators such as RopGAP is sufficient for the generation of oscillating ROP1 athigity.
formulated the models as delayed differential equations with the detagicterizing the lag between
ROP1 activity and calcium accumulation. The authors find that this delay is important for the
establishment of oscillations and that a delay of 8 s was able to reproduce experimental observation:
with a period of 8Gs. Bothmodels are able to fit the data. They therefore investigated differences in
the model behaviour for perturbations to the system, thereby suggesting experiments to validate their
assumptions and predictions. They conclude thatthkh provides positive febdck regulation of
ROP1 and that this feedback is key for oscillagidrhis assigns a critical role to apical calcium in the
feedback for ROP1 activity and lesatb predictions for elevated calcium concentrations that the
authors followed up on by pertung calcium levels. Consistent with their model they find that higher
calcium levels lead to ROP1 depletion at the tip, whereas decreasing calcium maintains high ROP1
levels, but in both cases no ROP1 oscillations occur.

7. Calcium and Stomata

Stomata aremicroscopicpores found in the plant epidermis through which plants control gas
exchange with their environment. The stomatal complex comprises the pore, a pair of guard cells that
surround the pore and, in some species, subsidiary cells that separggattiecells from the
epidermal cellsA sketch of the stomatal complex is given in Fighihowing selected organelles and
ion transportersStomatal opening and closing is the result of one or more biotic and/or abiotic factors,
for example, C@concentation and the drought hormone, abscisic acid (ABA). These stimuli affect
the plantwhich in turn regulates the stomatal aperture by changing the guard cell volume by osmosis.
When the volume of the guard cells increases the stomate, dpereby increasing the gas flux into
and out of the plant. Themcoming CO, is consumed by photosynthesis but at the expengesioly
water vapour. The stomate closes when the guard cell volume decreases. The stomatal pore width
therefore exerts a largefluence on the rates of photosynthesis and transpiration.
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Figure 5. Sketch of a stomate showing a pair of guard cells containing the vacuole and the
ER. Channelpumpsare indicated by the lines, with the arrows showing the ion transport
direction. Exchagers are drawn with double arrows.
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The review of Kimet al [13( and the references therein reveal that the signalling pathways in
guard cells are complex and are mediated by several mechanisms including ion channel regulation
lons, such as K CI' and C&”, play pivotal roles in these signalling networkdodelling ion fluxes
and their rates of changes leads to systems of differential equations of varying conaglebdascribed
in Section2.2 Bayesiangraphical modelsand Boolean network$131] provide alternatives to ODE
models, and are particularly useful at identifyingfaptima network from a panoply of potential
networks.In silico models of the networks and/or the ion flux regulation that leads to stomatal aperture
changes can be used tomplement wellab experiments, or possibly identify fruitful avenues for
further study.

A Booleanbased network method was used byetal.[132 to investigate the signal transduction
network of ABA, which causes stomatal closure and inhibits operiihg. authors based their
investigation on a small set of inference rules that merge two closely related processes, representing
activation and/or inhibition, into a single process. Repeated application of the rules to the set of
121 experimentally identgd processes yielded a signalling network incorporating enzymes,
secondary messengers, signalling proteins and membrane transporters. In the network there wer
multiple redundant paths that link ABA to stomatal closure. Path analysis of the networkotioes n
capture cooperativity between signals and so the authors employed a dynamic model characterised b
the on/off state of a node. Although this approach lacks the temporal dimension associated with
reaction rates, it does provide insights when the indaliguocesses have been identified but some or
all of the quantitative kinetic parameters are unknown. To overcome the absence of kinetic data in the
model the relative timing of each process and its initial state are chosen randomly. By an appropriate
choice of the timestepping algorithm and a large number of simulations (10,000) the dynamic response
was elucidated and the probability of stomatal closure was calculated and compared to-tyygewild



Plants 2013 2 562

response. One or more nodes were then systematically sditfi (therebymimicking genetic
knockouts) to gauge the sensitivity of the network. The link between ABA and stomatal closure was
completely severed in the model by the simultaneous disruption of four network nodes: actin
reorganisation, cytosolic pHhérease, malate breakdown and membrane depolarisation. Disruption
of cytosolic C&" increase predicts slower than wilgbe closure, whereas a disruption to the
Ca*-ATPase node leads to a faster than wjioe response. To test the cytosolic pH predictj the

authors compared their results to experiments where the pH is clamped using the weak acid butyrate
This was expected to disrupt stomatal closure because cytosolic pH acts as a messenger during tr
process. Experimental results and prediction®wensistent,e., increasing butyrate led to decreased
ABA sensitivity. Further experimentsere suggestebdased orthe predicted network. The predictions
suggest several novel interactioe$ated toABA responsiveness. In summary, the method provides a
flexible framework which can be generalised and applied to other processes where quantitative
information is absent or incompldte33.

The network analysis of Let al [132 incorporated over 40 identified components in the
ABA -signalling network of gard cells. The earlier theoretical work of Verestal.[134] examined
the action of ABA but limited the scope to calcium signalling. Based on experimental observations, the
authors proposed a model that included the endoplasmic inositol-tdph&splatesensitive
(IPs-sensitive) channel and &aATPase pump, together with the cyclic AbiBosesensitive
(cADPR-sensitive) channel and the X" antiporter in the tonoplast. The reaction kinetics were
modelled by a set of ODEs which were simplifiedtbyating some of the differential equations as
stationary. Kinetic parameters were obtained from the literature where availahleA®BR-gated
calcium releas§l35, and the remainder from simulations. The resulting model simulated oscillations
in the cytoplasmic C& concentration for a range of ABA concentrations (0.01 apd1)l provided
both channels were included. The model predictions showed good agreement with published
experimental results f&Zommelina communand for the two chosen ABA concegtions.

The increasingly extensive kinetic characterisation of the processes involved in guard cell aperture
changes was brought together into the OnGuard model byetlidls[136. The modeintegratedhe
cytosolicfree C&" concentration together witpH, other ions, osmolite metabolism, membrane
transporters, and a wealth of published kinetic and channel gating parameters into a system tha
represented ¥icia fabastomate.

The model considered the apoplast, the cytosol and the vacuole as threeameseparated
compartments where the apoplast was assumed to have infinite volume due to the use of experiments
results from epidermal peelsh& complexity of the cytosolic calcium buffering was dealt with by
treating the process asflack boxo with a single calcium bufferThe model included a total of
25 membrandransporters: 11 on the plasma membrane and 14 on the tonoplast. Qfahggerters
both membranes had €achannelsand C&"-ATPase pumpsthe tonoplast also had a CA¥pe
C&*/H* antiporer and ten of the other channels were kinetically sensitive t €a, the H-ATPase
on the plasma membrane. The ion flux through a channel was described as a function of severa
variables, including the membrane potential, channel open plibband the channel conductance,
and the equation easily catered for voltaged ligandgated channel control mechanisms. The
majority of the kinetic parameters for the model were taken from published experimental results for
Vicia guard cells howeverwhere values were unavailable published results from other species, e.g.
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Arabidopsis were used. The stomatal aperture was introduced by equations that independently and
linearly relate the aperture to turgor pressure and guard cell volume. A sepasdieneigu the guard

cell volume was derived in terms of the turgor pressure and concentration of osmotically active
solutes. These equations provided a basis for an iterative method that linked the compartmental anc
membrane kinetics to guard cell volunfeanges and hence stomatal aperture.

The model was used to compute open and closed stomatal reference states given a set of solut
concentrations and membrane voltages. The open state was found by setting the initial conditions tc
values typically found imn open stomata and the closed state was found by substantially reducing the
currents of the primary pumps at the tonoplast and plasma membrane. These reference states provide
configurations with which to test the parameter sensitivity of the model. Bdelmas substantially
less sensitive to changes in the transport activity parameters than to variations in the densities of
transporters directly affected by unbound®Cand pH in the cytosol. To mimic environmental
scenarios, the model was interrogatedto the effects of changes to external solute concentrations.
Published experimentally observed responses were captured by both reference states.

The absence of a diurnal cycle in the OnGuard mid®é€l] was addressed in the follewp work of
Chenet al [137]. The daynight transition was effected by introducing a hyperbolic dependence on
light to the turnover rates of the primary membrane transportefsATRases, C&-ATPases,
H*-PPasejnd the rates of sucrose and malate synthetis the lattertwo set to zero during the 12 h
dark period. The 12 h light period was simulated by linearly increasinkgtiteparameter from zero
to a maximum and then back to zefbe diurnal cycle of membrane voltages, stomatal turgor, volume
and aperture produced by the modsjreed well with observations. Predicted total vacuolar and
cytosolic [C&'] showed the vacuolar concentration increasing during the day and the cytosolic
concentration peaking sharply during the first few hours of darkness (as did the cyftesdi@="]).

The model predicted voltage and cytosdtiee [C&'] oscillations during the i3t h day to night
transition thatvere noted to bbroadly consistent wh previous observations. T&andouprediction
however is the diurnal variation in the resting cytosdiiee [C&"], in particular the significant
daytime increase despite the enhanced export of* @@m the cytosol during this time. This
counterintiitive prediction was explained as a result of plasma membrane hyperpolarisdticim
limits the kinetics of the G&ATPase and CGa channels located there. This mechanism provided an
explanation without the requirement for a feedback loop, as sugdsstedddet al [138, although

the authors point out that one does not preclude the dtiséould also be noted that the investigation
of Dodd et al [138 was experimental and only Arabidopsis whereas OnGudaB0] is kinetically
characterised by multiple species.

Using a variety of methods the authors of the works described above are able to prise out novel
predictions. The work of Let al [1327 utilises a Booleammetwork approach to synthesise the ABA
signalling néwork from a set of known process and then successfully tests one of the predictions
experimentally. This approach however is criticised by Céteal [137] due to the availability of
kinetic parametersalbeit drawn from several species and cell typgsusing a kinetis-based model
Veresovet al [134 were able to quantitatively predict experimentally observed calcium oscillations.
The results of Veresoet al [134] are included in the review by McAinsnd Pittman[139 who
provide a list of the Catransport pathways and also refer to the work adtlal [132]. The OnGuard
system of Hillset al [136] brings together the increasingly comprehensive knowledge of the guard cell
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and generates reference states that accurately represent an open and a closed storaagt.[CBign
introduce a diurnal cycle to the OnGuard system to model the effect of thagiycycle on the
stomate. Their work not only successfully capturepeermental observations but also facilitates
novel predictions.

8. Calcium and theCircadian Clock

Thediurnal cycle has a significant effect on calcium behaVi®@r,14Q. Living systems internally
measureand react tdhe diurnal cycle by means of thigcadian clock, a genetic network tlagulates
the rhythms in biological processes throughout the organidra. unravding of gene regulatory
networks and mechanisms underlying the circadian clock in plants has benefitted significantly from
contributons from mathematical modielg [141,142. A main goal of this research has been focused
on understanding the entraining and robustness of these networks and has led to some importar
insights as well as new genes and suggested further experifhdfts That calcium base levels
oscillate with a circadian period had been reported but until recently the feedback mechanisms had no
been elabated on.Not only the circadian oscillator but also light signalling is known to influence
oscillations in cytosolicfree calcium concentration and the phase of this oscillation changes in
response to photoperiod. Using reverse engineering and control theory, Daifchalu[144]
investigated whether this dual regulation might be determining the phase of the osciitatesishe
external coincidence hypothesis, which states thatresulting phasearises from thecoincidence
between th@hase of the oscillator and that of the external light and dark.cycle

Theissueof missing or poorly defined parameters is vkelbwn to most systems biologists, as are
ways of dealing with thidt is commonto proceed with parameters from other experimeriten with
different organisms under different conditiosach as in the OnGuardodel[136 described above,
or to optimize he parameters to fit the available data and then use further experiments as validation to
iteratively improve the model and its parameters. Other approaches include simplifying the description
of the system to find an analogous description that is stélqadte but that requires fewer parameters,
suchasapproximating masaction kinetics by Boolean networks. These approaches are still typically
based on what we think the underlying gene network is or approximations thereof. Given the amount
of data and tl nonlinearities of the modglparameter inference can quickly become a computationally
daunting task. This is even more pronounced for methods that attempt to take the underdeterminec
nature and uncertainty of the parametets atcount, such aBayesian inference and Markov Chain
Monte Carlo variants.

Another interesting way of tacklinthe issueof unknown parametens the approach used most
successfully by Dalchaat al [144] in which the authors essentially move from the exploration of
paraneter space for a given model to sampling a model space of lineamtiax@nt models with
delay parameters (the delays correspond to interactions between the inputs). Rather than aiming &
fine-tuning a mechanistic model to existing data, this apprdmcbwn as systems identification or
genetic programming) seeks to describe the available data with a small set of linear differential
equations. The advantages of using small linear systems are massive in terms of the ease of paramet
estimation, allowindarge sets of modgto be evaluated rapidly. This combined with model validation
with data unseen by the fitting process allowstf@ model space to be explored and good models
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selected. Dalchaet al [144] used this approach to derive mathematicadle®from bioluminescence
data for oscillating cytosolic calcium with light and themoteractivity of the clock control gene,
CCAL, as input.

By using secalled hdden variables in the modilis possible taccount for further complexities in
the conmections between variablege., to unknown, uncharacterized or Rowdeled pathways.
Hidden variables arise in the model when the number of measured outputs is less than the number @
equations describing the systeine,, some of the outputs are not ebged. Adding hidden variables
gives more complexity to the system but this needs to be justified by increasing good fits to the data.
Informationbased criteria exist for guiding this model extension process and reducing the risk of
overfitting [14514€. Optimal models were found to hawee hidden variable in this example. By
simulating effects of mutations in CCA1 and the hidden variable and comparingothes®ations
from CCAL and photoreceptor mutations, the authors were able to draw inferegeesng possible
biological meanings of the hidden variable. The model demonstrated that oscillagoasontrolled
by both rapid light signals and circadian inputs. This resuléincoherent feedforward loop for the
control of cytosolidC&] by light. The relative importance of both nodes in this feedforward loop was
estimated byfrequency domain analysiBdgde plots) The hypothesis that rapid light input is
associated with correct circadian timing was tested by subjecting over 3.5 thousandicrhythm
transcripts from published microarray data to a Bode analysis. Over one thousand of these resulted ir
good models The authors suggest that for the remaining transcripts their Igystemsare not
complex enough to capture tbbservedlynamicbehavia.

Dalchauet al [144 thus took an interesting approach in this work by using a control theory
framework that may be of wider use mmodelingcalcium dependent processes with sparse data. A
valuable lesson can be learnt from the success of this approach. Whilst ustogdéowinear
equations to describe biological systems clearly departs from our understanding of what is taking place
mechanisically, the approach was nevertheless a sensible approximation given the amount of data
available[147. Modding systems at the mechanistic level is often desirable as the parameters of the
model often map directly onto biological quantities, such asergmations or binding constants that
can be perturbed. However, given the typical amount of data to fit the models, the parameters are ofter
very poorly defined and/or multiple consistent solutions exist. The idea of focusing on predictions
rather than pameterd148 could therefoe be extended to focus on predictions rather than models or
parameters. Indeedavithin the Bayesian framework if these are uncertain they should be integrated
out. It would be interesting to contrast this exploration of lingae invariant systems with an
analogous approach based on sampling function space during regress@matoyed in Gaussian
Processefl49 and Bayesian approaches for handling parameter undgrtainnderstand better the
constraints on model and paneter space imposed by typical biological data.

9. Calcium and Systemic Responses

Electropotentials are generated in response to a range of biotic and abiotic stimuli and are a mean:
of rapid communication eliciting responses far from the original stismdlhe two main forms that
have been modelled are action potentials (APs) and variation potentials[{8Hs)The generation
of an electropotential is associated with the passive fluxes of the ionic speéiesCtaand
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K* [150,151]. An initial influx of C&" triggers a Cl efflux through voltagelependent anion channels,
which results in a rapid depolsation of the membranésee Figure6), which is known as an
electropotential. This depolarisation further activates outwardhénnels that areesponsible for a

slow repolarisation phase. APs and VPs are responses to different stimuli. An action potential is
triggered by a nowlamaging stimulus (e.gcold, pH changes, salt stress), andpr®pagated

by voltagedependent GA channels, whereas variation potential is generated in response to
damaging stimuli (e.gwounding, chewing insects) and psopagatedy mechanosensitivEl52 or
ligand-gated[153 Ca&* channels.

Figure 6. Schematic of an action potential, showing the variation of the memboitage,

Vn, at a singldocation as a function dfme. A stimulus of various magnitudes applied at
the time indicated by the arrow triggers a response that is dependent on theideaghit
the stimulus. A small stimulu@urple) results in a small membrane depolarisation that
rapidly returns to the resting potentialef; dashed). A large stimulysed)is sufficient to
trigger Cl channels that result in a large membrane depolamiséthe action potential).
The initial depolarising stimulus must be greater than some threshold val@edicated

by the grey line) to trigger the 'Cthannels and cause the development of the action
potential. The action potential is an all or nothresponse, any suptlareshold stimuli

will result in the same action potential response.

“h
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Sukhovet al [154] proposed a model for AP development. The model incorporates the transport of
ionic species (H C&*, CI' and K) across the plasmalemmiacluding five carriers (inward and
outward K channels, Cl channels, FATPase, 2F/CI' symporter) as well as cytoplasmic and
apoplastic buffers on the basis of the model by Gradnedral [155156. Additionally the model
includes a FYK* antiporter, aC&* channel and a G&ATPase. The aim of the model was to
demonstrate the important influence ¢f ¢h the generation of APs. They suggest that tH& iB#ux
inhibits the export of Hat the same time as activating thé €hannels. Initially, changesf the
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membrane potential due to electrical stimulation and gradual cooling are modelled and compared to
experimental data to validate their model. By decreasing the activity of ‘t#'Plase, the authors

show that the amplitude of the AP is reduced, iankde portion of inactivated pumps is in excess of
50% the AP does not develop at all, demonstrating that AP development requi@®&be activity.

They further show that Ghinteracts with the HATPase as suggested, but that this interaction is not
required for AP development.

In Sukhovet al [157], the authors extend their previous work to study the propagation of APs
through a plant tissue, presenting the first detailed model of AP propagation in plants. Cells from the
previous paper were connectiegiether to form a grid, allowing electrical conductivity and diffusion
of apoplast ions between nearest neighbours. The development of an AP is a slow process in plants s
the HodgkinHuxley equation for the membrane potential is replaced by a stationafyl58159.

The difference between the current and the stationary membrane potential during simulations is
assumed to be small for the conductivities used, which results in significant computational savings.
The model is able to capture the quantimtetails of experimental AP propagation when examining
behaviour of the membrane potenti8lukhovet al [157] go on to test the effects of cédl-cell
conductivity and the activity of the 'HATPase on signal propagation, finding that increasing
cell-to-cell conductivity and decreasing the membrane potential threstwiet$§ponding to decreased
activity of the H-ATPase) accelerates AP propagation. Interestingly, it is seen that properties that
result in good AP propagation are generally bad for AR gdion.

The only VP model to date was presented in Suldieal [160], which extended the autlsdr A P
work. The authors consider a ligagdted C&" channel that is triggered by the binding of some
fwoundingsubstance that diffuses from the wounding sithrough the plant xylem. The model was
able to simulate VP propagation and showed qualitative agreement with experiments. The decaying
ligand concentration away from the site within the model results in a decreasing VP as has been
observed[161]. They denonstrate that the fluxes of 'Hand Cl! have an important effect on the
characteristics of the VP; Hnactivation leads to a longer lasting depaiion phase, while the VP
impulses are caused by'Glhannel activation. However it was difficult tharacterise these effects
independently of the Gachannel behaviour.

The models of AP generation and propagation by Sukbiowal [154,157,1627 focus their
investigatios on the proposed inhibition of a'th\TPase by the Gainflux. Conceptually we migh
expect reducing the efflux of positively charged ions from the cell would be beneficial to creating the
membrane depolarisation seen in an AP, and reactivation of the pumps would aid in repolarisation, as
is observed. The result that complete inhibitddrthe H pumps for the duration of the AP reduces the
amplitude (or kills generation altogether) is unexpected, showing that the development of an AP is a
more complex process than previously thought.

The behaviour of the HATPase, along with the ceib-cell conductivity, was seen to have an
important effect on propagation, due to its influence on the membrane potential threshold for
propagationSukhovet al [157] demonstrated that those cells that are optimised for AP propagation,
such as phloem sievedements, struggle to generate APs. Thidarp the observatiofil5( that AP
generation is likely to occur elsewhere and move into the phloem, where it can be propagated to reaclt
the signal target. In all their models (AP and VP), the authors neglest ®&* sources that may be
important, such as vacuoles or the endoplasmic reticulum. It was $h6@rhat internal stores were
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the main source of Gh release during AP generation. Furthermore, both the tonoplast and
plasmalemma membranes undergoitation, suggesting that these other ionic stores could have a
significant impact on generation of plant APs.

10. Calcium and Specificity

The specificity question is recurrent in the field of calcisignallingresearch: how can the same
simple messengef t h at i snot cchngem inforanatibnyaboat Ithe etimalidtg elicit an
appropriate response? Notwithstanding other possible elements acting in parallel akiggatiag
pathway, an appealing hypothesis is that the spatiporal propertie®f the C&* signal encode
information about the particular stimulus and determine theifgpeelicited responsg139164).
Whereas in animal systems this hypothesis has found wide experimental sepperimental
evidence remains scargeplants, andt is still not known ifchanges ircalciumion concentrations
plantsact asmorethanjust essential chemical switeB[165166. Modelling can uncover the factors
behind a particular calcium signatudgstinguishingthose that depend on the stimubrr those that
are celispecific. On the decoding side, it can also suggest biological reasons for a given signature.
key prerequisite of untangling the specificity question is the knowledge of the signal.

10.1. InferringCalcium Signatureffom CalciumTime Series

High noise levels, cell movements and experimental artefacts such as fluorescence bleaching hinde
the accurate detection of the characteristics of th& €lgnal. Typical methods such as Fourier
analysis or wavelets typically struggle with osh noisy signals. To reduce these limitations
preprocessing techniques are often employed. However, the applied data transformations may lead t
the loss of relevant information. Granqvedtal [167,168 use Bayesian inferen¢g@69 and express
data unertainties in terms of probabilities. Bayesian spectral andly33 begins by the formulation
of a model of the observed data parameterised by the angular frequency and the amplitude. A prior
distribution is assigned to the amplitude, and by integradinge r i t and using Ba
probable frequency can be inferred by analysing the full posterior distribution. Nested sd@ifiljng
is used for selection between alternative models, being especially useful in the presence of multiple
frequencie. The method is applied to calcium spiking observeadicagotruncatularoot cells
during plantmicrobe interactions.

Even acknowledging the many uncontrollable factors that perturb the gathering of calcium data, it is
important not to assume that rama effects are necessarily behind any less regular appearance of
calcium time series. Deterministic chaos can easily be mistaken for] h@Beas chaotic systems are
highly sensitive to initial conditions. Kosuga al [173] resort to a variety of mathematical methibdssts
for determinism[174], indicators of nonlinearity and the calculation of Lyapunov exporjéitgd to
distinguish noise from chaos in cells undergoing eithigic- and Nod- factorinduced calcium
oscillatiors. Showing that in most cases the exponents are positive for both symbiosis, they suggest
that calcium spiking may be chaofit76. The chaotic nature of these signals may have implications
for specificity. InterestinglyBuschmanret al [25] notethatthe influence of an independent calcium
oscillator on voltagggated membrane transport can create irregular (even chaefiaviour of
membrane voltage, andeé model of Granqvistt al [22,167] has a chaotic regime, although not in
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biologically relevantparts of parameter space. Given the discrete nature of individual signalling
components, we can expect that for low concentrations, the ODE based approach will cease to becom
a good approximation and stochastic simulation methods will become better. Sdided such
seemingly random discrete events are coordinated to produce global scale oscillations and wave:
remains a challenging question at the heart of calagigmalling. The use of new calcium reporfers
higher resolution microscopy and advanoeadelling techniques are bringing us closer to addressing
such problemand determining what signtide decaling-proteins are challenged with

10.2. Different Stimuli Alterthe Functioningof Transportersand Buffers

The calcium signature igrimarily shagd by the influx and efflux systems. If stimudlter
the functioning of the transporters then information about stimuli may be encoded in the
calcium signature.

In Baueret al [18] the information abat the stimuli is conveyed by @&* oscillation frejuency
that increases with the Sdose that opens the calcigpemmeable channels, at the samedtithat the
amplitude decreases. Likewise, Bri@e al. [49] used the fact that different stimuli are associated with
different shapes of calcium transients, to guess how variations in pH or temperapatect the key
processes of the model, such as the influx rat

Boseet al [83] adapt the model of Bauet al [18,23] to capture the influence on the cytosolic
C&* signature of two kinds of efflux system&TPasepumpswith high affinity but low capacity, and
CAX (calcium exchangersyith low affinity but high capacity. They show that varyiagtivities of
ATPaseand C&'/H" exchangers generate different?Caytosolic signaturesn a short time scale
While the exchanger merely shifts the location of the first’ @aak, theATPasepump changes in
addiion the speed with which tH@&* concentration dropd.ike Brige et al [49], they fit the model
to experimental dataf responses to various stimuli. Using realistic initial conditions, they demonstrate
that the model can adequately reproduce résponse to cold, osmotic stress, touch an@®,H
treatments by changing the proportionsAdiPasa and exchangers. Most importantly, the madegl
results are in agreement with the expected physiological changes under stress.

This indirect influence of thestimuli on C&* transients showshat the calcium signature is
mediated by the particular conditions of the system. As long as it is possible to experimentally measure
those conditions, it should be possiblertier the shape of the calcium signatureundd by changing
levels ofspecificstimuli. But regardless dfiow they are stimulated, different cetlanhave different
types of transportersresumablythis would imply thatthe same stimulimight induce different
calcium patterns Moreover, cells caalso differwithin the same systemaising questions about the
meaning of the calcium signature when calcium levels are measured at different sehldédferent
pointsin the systemin particular,Boseet al [83] suggest that the experimentally observed presence
of a second peak after an anoxia treatment may result from the heterogeneous oxygen profiles of the
cells that exist even in the unstimulated plawjch are unlikely to coincide with the presence of
different decoding elementl.would be interesting to knowhe extent to whichihe results of this
modelcanexplain previouobservations in other contexts: for instariCegle et al [177] investigate
cells belonging to different tissues exposed to vargitesseand report distinct signatures
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10.3. TheExperimentally Recorded Signatuvkay Be Very Differentfrom theRelevant @e

Plant calciumsignalling occurswithin and betweettiving, dynamicplant cells, oftenresulting in
noisy singlecell data [178. The reportedcalcium signatures, therefore,commonly based on
measurements averaged over several cells. However,atlisgaging maymiss subtleties and
differences inthe local patterrs that decoding proteins are challenged withis important to know
how a local specific calcium respee propagates over a long distaremed how much information
about the local response is retained at the global lI&eebegin to address these questidBsse
et al [83] average the calcium kities over a population of many cells with a normal distribution of
the pumps and exchangeshjowingas expected that the integrated calcium signature has a lower
amplitude and broader oscillations than the individual éekimilar comparison was condect by
Doddet al [140 who used lowtemperaturénduced C& signals to investigate whether the circadian
clock modulates C&-based signalling pathways. Low temperatures induced transient increases in
cytosolic [C&"] throughout the plant and they preceded stomatal closure. The authors noted a
difference between repetitive Eascillations seen in individual guard cells and fispike shouldeo
pattern observed for a population of guard célley investigated whethéow-temperaturenduced
[Caz*]cyt increases measured from a population of guard weltslikely to represent the summation of
cold-induced singlecell [Caz*]cyt oscillations In their model the singlecell cytosolic CA&'
concentration was representggda modified sinevave withpeaks and troughs that decayed with time,
and with the period treated as a normdaligtributed random variable (meab4s[179). The authors
show that thesummation ofa sufficient number ohdividual oscillationscould prodice theobserved
population level signatureThe resultimplies that the difference betweerthe calcium kinetics
measured at the level of an individual cell and of many cells may not be an experimental. artefact
Moreover, it impliesthat the informatiorof the global signature may be misleading if we want to
investigatethe stimulusspecific calcium codthat is relevanat the singlecell level.

To study in more detail the mechanisms underlying the relation between the local and global
signatures,Plieth [180 proposes to modethe propagation of CGa signals between cells The
excitation of a cell results im calcium spike described by a sum of exponentials, and can be
propagatedo neighbar cells according to cellular automata type rulst surprisindy, the overall
signal mostly differs from the individual cellular response when few cells are excited at the start, or
there are many cells, or when it is difficult to transmit the excitation because ofnhggiolds for
excitation. Most interestinglthis modellingapproach permits the consideration of a great variety of
complex geometries common in plaritfie definition of the neighhws depends on th&hapeof the
plant certain geometries will lead to a successive stimulation of a cell at a time whereas others will
lead to the simultaneous excitation of sevemaighboursat once The architecture of delays
determines how much information about the individual signabeatnansmitted to the whole plafb
demonstratethe author shows that when themphology is elongated, branched or dendritic the shape
of anindividual spike is not recogsable ataglobal level.

Moreover, in those more complex shapes, the capatitiieofirst simulated cell to transmit its
signature to the entire plant depends on its particular location on the Ipltns is true, we can
conclude that the shape of the cell organelles influences the calcium sigimaeneforecare must be
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takenduring experimental measuremefsavoidinferring from the global signature the local signal
that a decoding protein is confronted with.

Cellularautomaa type models commonly refer to binary behawics . I n PIl[18@ &adelb s m
is either excited onot, and all the individual excitations look the same. Going beyond a binary rule
could help clarify how the different geometries may affect the transmission spé#uific calcium
kineticsfrom the place where the plant was stimulaie@ distant dé. This is relevant for instance
during symbiosiswhere it was showf43] that particularCa* spiking responseare associatedith
differentkey stages of transcellular infectidvioreover, the efficacy of cetb-cell signal transmission
must necessarily depend on the cell compartntiegut initiates calcium signla@hg. In a symbiosis
context,Ehrhardtet al [181] observethat adjacent celleave an autonomous resporteahizobium
nodulation signals arguably we expect thaif calcium spikingoriginates in the nucleus[47]
propagation to adjacent cefibould be lessfficientthan if it originated near intercellular membranes

10.4. Finite Oscillatory SignaldAre Optimally Decodedby Specific Proteins

C&”" elevationsare finitein time and if they last for long theyend to be oscillatorywith the
interplay between channel€&* feedback and pumps giving rise periodically changingcalcium
levels Beyondthe bblogical advantage atducing the time of exposure to toxic calcium leyvéie
specificity hypothesis implies thdinite oscillatory signalsencode informationMarhl et al [182
focuses on the decoding side, discovering a reason for the finite duaatiooscillatory naturef
the signals.

Assuming that amptimal responsés equivalento maxmal steadystate activationt is puzzling
how this steadytate can result from a natationary sigal. Most surprisingly, the termination of
calcium signalsalso seems to contribute to an optimal respowsde at least36 [183 consecutive
C&" spikes are needed tagger Nodfactordependent gene expressiorMn truncatularoot hais, in
the guard cells o¥icia faba a train of exactly 5 spikes is alie achieve a halfnaximal stomatal
aperturg[184,185. This raises the question of whether and why the finiteness of calciunetrsmns
instrumental in the decoding proces answer this question, theuthors simulate a train of
5 squaresshaped pulss to investigatéhe maximal steady respongeatdistinct proteins with various
kinetics rate of calcium binding and dissociation can readihey find that ifthe kinetics of
associationand dissociation is fasthe activation of proteins will decay dirise following the
oscillatory calcium signal, never reaching a stationary output signal. On the other hand, proteins with
slow kinetics cannot reach a maximal steady state for the duddtiba calcium signal. Ae definition
of slow and fast kineticenly makes sense in relation to the frequency of the calcium signal: for each
frequency there exists a protein with optimal kinetics, not todiastit oscillates with the signahd
not too slowthat it cannot reach a maximal steady state

Response sificity will depend on the affinity of the different sensors for the particGltt
signal resulting in a further positive biolaml reason for oscillatory signaleyond the toxicity
argument,as constant signalgannot activate proteins in r@sonardike manner Naturally, if the
calcium signal lasts for a long time, even slow proteins can become maximally activated over time.
The finiteness of the signal is essential for the selective activation of the prateiafect that the
authors nmeFinitenesResonance.
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An autonomous signal waiting to be decotdgdoroteins that bind to calciuonderlies the analysis
of Marhl et al [182, but there are reasons to question this static .vieneteins are in general
predominantly either buffers @ensos, but sometimes the roles are blurred186,187 and in high
concentrations any sensor acts as a bufighe model of Marhkt al [182], in principleany binding
protein could be considered as a buffer, and thus modulate the-tspapioral characteristics of the
calcium signalGranqvistet al [22] showed how buffers cavary the frequency of the signal abhe
instrumental for its finite duration. the decoding proteins modify the calcium code, toispicates
the decoding procesand the interpretation of the experimentally measwraltium signature.
However, not all buffers can act as sensors, and it should be possible to terminate a sigeetirmy in
buffers in different amounto investigate the resonant effects of signals with different durations.
Higher resolution imaging of loc&&”* fluctuationscoupled with models that account for the feedback
of calcium binding back onto the calciungsal will be required to unravel these finer details of the
decoding process.

11.Conclusions:Calcium and the ExperimentatModelling Cycled Past, Present and Future

We have presented a current snapshot of how mathematical modelling is helping to elucidate
mechanisms and provide insights into calcium signalling in plants. A numlsslexftedexamples
demonstrate the value of this approach, that when combined into a modafegmental cycle, can
greatly enhance progress towards understanding the phymssegs of signal generation, signal
transmission and signal decoding. Mathematialdelling is thus contributing to unravellinghe
mechanisms of calcium signalling in plants and bringing us closer to a quantitative understanding of
such processe$he models are summarised in Table S1sorde usefusoftware given in Table S2.

This is a hugely exciting time for plant signalling and we are witnessing great leaps in progress in a
number of areas, thereby moving some of the grand challenges we &geuiture and food security
within our reach Calcium signding plays a key role in many of these challenges. A number of
important questions remain open, such as understanding the mechanistic link between calcium, ROS
and systemic signallinghe crostalk betweertalcium and plant hormonasich as auxin or cytokinin
the influence of calcium obiomechanics, a detailed reconstruction of the local calcium signatures
during various processes, mechanistic insights of specificity and the regulatoryf d&iom in
plants, a molecular level understanding of signhal decotingame a few. We therefoamticipate an
increasing role for systems biology and mathematical modelling to drill down towards the physics of
these processes.

The powerof modelling n this area is, howevevery much dependent on equivalent advances in
data collection andn particular imaging. The field has benefitted massively from breakthroughs in
visualising calcium ions within live cells. For instan€&|roy et al. [188 employed a fluorescent
indicator to visualise and quantify the®Caoncentration in protoplasts, reporting a basal concentration
of 171 nM and leading the way for many similar quantitative studikder and Sanderg§189
developed a C4 selective intracellular microelectrode to measure bas&l &aa function of light
(from 150 nM to 400 nM). Also using &aselective microelectrodeBelle [190 showed that auxin
induces C& oscillations from 119 nM to 300 nM in maiz®leoptiles.Another example was the
induction of stomatal closure by ABA, which was accompanied by an incref@éih to 600nM in
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Commelinaguard cells that had been injected with the fluoees indicator dye fur2 [191]. Of
special mention is the work &mnight et al. [68] who introducedaequorin into tobacco plants and were
able to show tha variety of stimulinduced C&' stimulated luminescencEor further examplesom
a historical perpsectiveeeHepler[197.

Fluorescent proteins (FPs) and dyes are now prevalent in the study of calcium signald 198ells
The fundamental property that dyes and FPs exploit is the emission or alteration of their visible light
spectra upon calcium binding. The techniques requio accurately infer the calcium concentration
using the signals obtained from the chosen indicator are covered comprehensively elsewhere (for
example see Frickeat al. [194]). The isolation of green fluorescent protein (GFP) in the 1960s led to
its widespread use and the discovery of many other FPsR&B, YFP, CFP and yellecghameleon
(YC). The use ofjenetically encoded calcium indicators (GEGsshow widespreafll95.

Apart from the diverse set of GECIs there are many synthetic dyesueag and indel, which
report altered emission spectra upon calcium binding and are therefore used to infer the calcium
concentration. Although the means by which GECIls and dyes are introduced to cells are different
(GECIs are transfected and dyes are loaded) they are bothrectasing fluorescence microscopy.
By accurate calibration of the sigralCe&* ratio the signal is used to infer an intracellular
high-resolution C&" map for the region of interest. The use of indicators suitable for ratiometric
analysis is generallpreferred due to their ability to avoid signal distortion due to effects such as
heterogeneous indicator distribution. With respect to indicator choice, better resolution may be
achieved by a prudent choice betwesmilar indicators, for example YC3.6 ar¥iC4.6 are both
ratiometric indicators with the latter more appropriate in situations with a higher background
Cd* [196]. Further diversity to the YC group has been achieved with the advent afai¥&
indicators[197] each with distinct emission signais nanomolafCa’]. It will be interesting to see
whether the snapshot reporter concept proposed by [&hfor perineuronal net imaging might be
transferable to plants. The idea hinges on the simultaneous expression of reporter and effector protein
at a specifiCa'] whenan external triggeflight is suggestefi198) is applied The resulwould be a
retrospective C& map with high spatitemporal resolution. The development of calcium reporters
with enhanced properties suited to the system ustigly and question are likely to facilitate an
improved imaging quality thatoupled with microscopy developmemsay provide new insights into
the role of calcium in plant sighing.

The quantification oin vivo observations is likely to transform theoretical biolpgynajor limiting
issue faced by modellers is the availability of experimentally quantified parameters for use in their
models. The development of experimental processes that can help fill suehilgapf huge benefit
to the development of our understandiagd will result in more accurate models. One such
experimental technique that may be of great benefit to the field of calcium signalling is Fluorescence
Correlation Spectroscopy (FC3199 201], reviews:[202203). FCS involves a statistical analysis of
intensity fluctuations arising from number fluctuations from, for example, molecules diffusing into and
out of a small detection volume. Correlation analysis of the resulting signal cardie eséract local
concentrations, diffusion coefficients, binding parameters and structural dynamics of important
biomoleculesn vitro as well asn vivo. It has been used, for example, to study the diffusive properties
of the C&" binding protein calmadlin [204. The technique can be used wittstandard confocal
microscope, and advances in such technology have allowed the application of FCS to entire image
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stacks, in which each pixel becomes a detection volume. This enables the construction of diffusio
flow maps for the fluorescently tagged partic[@905206. Consideration of the cros®rrelation
between different cellular compartments allows for resolution of diffusion barriers, as has been applied
to the study of single molecule translocatidhough nuclear porgl07]. With sufficient temporal
resolution, such an approach could be of great use in determining fluxes of calcium through channels
during signalling processes.

A single fluorescent molecule may be aboi hm in size but when imadehrough a microscope
this nanoscale source of light appears as a fuzzy spot with an intensity profile that defines the point
spread function (PSF). If the distance that separates two identical sources of light is less than the
distance of the PSF they @gar as a single unresolved object. Even under optimal conditions the
optical resolution of conventional fluorescence microscopy is limited to approximately half of the
wavelength of the light used, which means that only obgsgiarated bgt least 200a 350 nm can be
resolved. This is the approximate size of intracellular organtlesleaving fundamental biological
processes beyond reach. Supsolution technique08 217 overcome this limitation by activating
the fluorophores in sequence so thdjacent molecules do not emit simultaneously.effgctively
Abreakingo the diffraction barr i~8mmwHchdpensup os s i
whole new realms iplant biology[218 22(.

With the increasing resolution of imaging technology and our enhanced understanding of processes
within the cell, it is not impossible that a number of the basic assumptions underlying standard enzyme
kinetics (and the models that use them) may need tiegisiThe concept and validity of a
concentration and its associated continuous change has already been shown to deviate from discre
models for small particle numbers and the importandéstfchasticity, i.e., fluctuations due to low
copy numbers, isdyond doubt. Likewise, thi vitro dilution ranges and relatives enzyme/ligand
ratios for which the equations of enzyme kinetics were derived are far from physiological conditions.
How diffusion varies locally in a crowded environment and how local clsaingaubstrate and enzyme
availability affect cellular processes is relatively poorly understood. In particidarcalcium
signalling these local properties are likely to be of importance for both the encoding and decoding
processs It is not known howthe physics of transport in temporally and spatially heterogeneous,
crowded, viscous fluids might influence, for instance, channel gating, or other conformational changes.
In the same way that concentrations becomeldfined for small compartments witlow copy
numbers, ionic currents, temperature and other macroscopic quantities that determine the behaviour o
many moded involving calcium may need reconsideration.

There is thus an enormous potential in thesgerging experimentaiechniques to furtherhe
understanding of calcium signalling. The relevant components can only be imaged byesajsion:

e.g., the overall size of an JR channel is about 20 nm, with internal structures of the order of
213 nm [221], and the central pore of the nuclgaores complexes in plants is abouitl® nm

large [222). Moreover, in some systemscalciumrelease site of100'200 nm is actually a cluster
comprising around 2&0 release channels that are distributed more closely than the resolution of
conventional nmeroscopy. This leads to a hierarchy of calcium signals of differing magnitudes, from
the release by a single channel up to the flux by a cluster and a global calcium wave. The transition
between different levels has dre the object of several modg23 230] that highlight important
dimensions of calcium sigralg, such as stochasticity or otheffie applicability of these and other
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models to the plant field can only be ascertained by the confrontation with experiresote at the
relevant scale$231i 235. Particularly fruitful methods may arise frothe integration ofdifferent
techniques: combining patatamp methods with supeesolution microscopyBhargavaet al [236
were able to resolve both the activity and localization of calcium relehaenels within a
microdomain. In the intersection between méidgland techniques such as supesolutionand FCS
lies an exciting opportunity for advancing the understanding of calcium ksngniad plants.
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