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ABSTRACT

The second messenger calcium plays a key role in conveying specificity of signalling
pathways in plant cells. Specific calcium signatures are decoded to generate correct gene
expression responses and amplification of calcium signatures is vital to this process. It is not
known: (1) if this amplification is an intrinsic property of all calcium-regulated gene
expression responses and whether all calcium signatures have the potential to be amplified,
and (2) how does a given calcium signature maintain specificity in cells containing a great
number of transcription factors (TFs) and other proteins with the potential to be calcium-
regulated? The work presented here uncovers the design principle by which it is possible to
decode calcium signals into specific changes in gene transcription in plant cells. Regarding
the first question, we found that the binding mechanism between protein components
possesses an intrinsic property that will nonlinearly amplify any calcium signal. This
nonlinear amplification allows plant cells to effectively distinguish the kinetics of different
calcium signatures to produce specific and appropriate changes in gene expression.
Regarding the second question, we found that the large number of calmodulin (CaM)-binding
transcription factors (TFs) or proteins in plant cells form a buffering system such that the
concentration of an active CaM-binding TF is insensitive to the concentration of any other
CaM-binding protein, thus maintaining specificity. The design principle revealed by this
work can be used to explain how any CaM-binding TF decodes calcium signals to generate

specific gene expression responses in plant cells via transcription.
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INTRODUCTION

Plants are sessile organisms and therefore they must adapt their metabolism, growth, and
architecture to a changing environment. To survive, it is vital for plants to be able to sense
and act upon environmental information. Central to this are “second messengers”: cellular
chemicals that convey information from the outside world to the cells that make up a plant.
Second messengers have evolved to trigger the required response of cells to environmental
cues. Calcium is a ubiquitous second messenger for activating tolerance mechanisms in
plants responding to environmental stresses (McAinsh et al., 1995; Allen et al., 2001; Love et
al., 2004; Miwa et al., 2006; McAinsh and Pittman, 2009; Dodd et al., 2010; Short et al.,
2012; Edel et al., 2017; Yuan et al., 2017; Bender et al., 2018; Kudla et al., 2018).

The majority of plant defence responses against stress is realised by changes in gene
expression in order to produce proteins required to combat the conditions they encounter. It is
thus vital that the correct proteins are produced in response to different environmental
conditions, i.e. different genes need to be switched on in response to different stimuli. This
means that the identity of the primary stimulus must be encoded in a “language” that the cell
can understand. Most stimuli lead to transient elevation in cellular calcium levels.
Importantly, different stimuli produce calcium elevations with different characteristics: a
unique “calcium signature”. Consequently, the specific properties of different calcium
signatures have been proposed to encode information on the identity of the stimulus
(McAinsh et al., 1995; Allen et al., 2001; Love et al., 2004; Miwa et al., 2006; McAinsh and
Pittman, 2009; Dodd et al., 2010; Short et al., 2012)

Experimental data showed that calcium signals can be decoded to generate specific
gene expression responses (Whalley et al., 2011; Whalley and Knight, 2013) and modelling
analysis revealed that amplification of calcium signals is important for decoding calcium
signals (Liu et al., 2015; Lenzoni et al., 2018). However, it remains unclear whether or not
decoding calcium signatures in plant cells is governed by any general principle.

The complexity for plant cells to decode specific calcium signatures is multifaceted.
First, any, even a modest, calcium signature (e.g. in response to ozone (Clayton et al., 1999))
is able to induce gene expression. Second, the specific characteristics of the calcium
signatures produced by different stresses encode stimulus-specific information. Experimental
evidence demonstrates that Arabidopsis (Arabidopsis thaliana) is able to decode specific
calcium signatures and interpret them; leading to distinct gene expression profiles (Whalley
etal., 2011; Whalley and Knight, 2013). Third, a variety of experimental data show that there
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are a large number of calmodulin (CaM)- binding proteins (Reddy et al., 2011; Poovaiah et
al., 2013; Virdi et al., 2015; Edel et al., 2017; Yuan et al., 2017; Bender et al., 2018; Kudla et
al., 2018). CaM has two pairs of Ca**-binding EF-hand domains located at the N- and C-
termini, respectively (Finn and Forsen, 1995; Valeyev et al., 2008). Some transcription
factors (TFs) can bind to Ca**-CaM, allowing them to respond to calcium signals via this
Ca®*~CaM-TF interaction. Clearly, for transcription factors to decode calcium signals, and
therefore generate specific gene expression responses, they must be able to distinguish the
kinetics of different calcium signals in the context of competing for binding CaM with other
CaM-binding proteins. However, how this occurs is unknown. In general, the search for basic
underlying principles is vital for a better understanding of the regulation of signalling
dynamics. Cells navigate environments, communicate and build complex patterns by
initiating specific gene expression responses to specific signals (Brophy and Voigt, 2014).
Studies in other cellular systems (Savageau, 2001; Salvador and Savageau, 2003; Wall et al.,
2003; Salvador and Savageau, 2006; Purvis and Lahav, 2013; Tolla et al., 2015; Karin et al.,
2016) have found that biological networks may be evolutionarily tuned and regulatory
architecture of a biological network is optimised following some basic principles underlying
evolutionary selection (Salvador and Savageau, 2003; Chubukov et al., 2012). Design
principles are the underlying properties of network structures that have evolved to endow the
network functions. Although experimental data showed that calcium signals can be decoded
to generate specific gene expression responses (Whalley et al., 2011; Whalley and Knight,
2013) and modelling analysis revealed that amplification of calcium signals is important for
decoding calcium signals (Liu et al., 2015; Lenzoni et al., 2018), it remains unclear whether
or not decoding calcium signatures in plant cells is governed by any general principle. This
work uncovers the design principle for decoding calcium signals through changes in
transcription by addressing the following two questions: (1) is amplification of Ca*"
signatures an intrinsic property of all calcium-regulated gene expression responses and do all
calcium signatures have the potential to be amplified? And (2) how does decoding of calcium
signals maintain specificity when one messenger (Ca®") is decoded by many transcription
factors and proteins in plant cells? This work establishes the link between the characteristics
of CaM (i.e., it has two pairs of Ca**-binding EF-hand domains and it is capable of binding a
large number of proteins in plant cells) with the intrinsic properties of Ca**~CaM-TF
interactions, to reveal the design principle underpinning how plant cells decode calcium
signals to generate specific gene expression response via changes in transcription. We show

that both a theoretical simple gene expression system and an empirical system of two plant
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immunity genes (enhanced disease susceptibility 1 (EDS1) and isochorismate synthase 1
(ICS1)) (Lenzoni et al., 2018) follow this design principle to decode calcium signatures. The
principle revealed in this work is applicable to study how any CaM-binding TF decodes

calcium signals to generate specific gene expression response in plant cells via transcription.
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RESULTS
Amplification of calcium signal is an intrinsic property of Ca**-CaM-TF interactions

The interaction of Ca®*, CaM, and another (CaM-binding) protein can form many different
binding complexes. CaM has two pairs of Ca®*-binding EF-hand domains located at the N-
and C-termini, respectively (Finn and Forsen, 1995; Valeyev et al., 2008). Experimental
measurement showed that 4Ca®*-CaM is the active CaM-Ca®* binding complex (Pifl et al.,
1984). Therefore, this work assumes that the 4Ca**-CaM-TF complex is the active complex
for gene expression responses. The cooperative binding between Ca®* and the 4 binding sites
of CaM has previously been subjected to both experimental and modelling studies (Fajmut et
al., 2005; Shifman et al., 2006; Pepke et al., 2010; Liu et al., 2015) and the kinetic parameters
have been experimentally determined (Shifman et al., 2006; Pepke et al., 2010).

For any transcription factor with one CaM-binding site, 18 different binding
complexes can form via 33 elementary binding processes (Supplemental Information). For
example, the binding between Ca**, CaM, and calmodulin-binding transcription activators
(CAMTAs), and the binding between Ca?*, CaM and calmodulin binding protein 60g
(CBP60g) have been previously described in detail (Liu et al., 2015; Lenzoni et al., 2018).
For any CaM-binding transcription factor, and following the previous analysis (Liu et al.,
2015), there are six adjustable parameters for fully examining the dynamics of Ca®*-CaM-TF
interactions after using the experimentally-determined parameters and introducing basic
thermodynamic constraints. P describes the cooperative binding between CaM and a TF in

the presence of Ca?*. p>, = or <1 represents the binding affinity of Ca**-CaM complex to the

transcription factor being looser than, the same as, or tighter than binding of free CaM to the
TF, respectively. Ky4 is the dissociation equilibrium constant for the binding of the Ca**-CaM
complex to the TF. Konqis is the on rate for the binding of Ca**-CaM complex to the TF; Q
describes how the cooperative binding between CaM and the TF in the presence of Ca?* is
realised by Kon, Kot Or both. [CaM;] describes the total concentration of CaM, which is the
summation of free CaM and all CaM complexes. [TF] describes the total concentration of the
TF, which is the summation of free TF and all TF complexes.

Here we consider that a “quasi-equilibrium state” is established for Ca**-CaM-TF
interactions according to the detailed balance principle (Alberty, 2004). Establishing a quasi-
equilibrium state requires the “on” and “off” rates for all binding reactions of Ca**~CaM-TF

interactions are relatively fast so that each reaction can establish an equilibrium. In the
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sections “Case study 1: a simple Ca**-regulated gene expression system” and “Case study 2:
plant immunity gene expression”, we will show that this assumption is valid for
experimentally measured parameters of Ca®*-CaM-TF interactions. At a quasi-equilibrium

state, k_.,.and Q become irrelevant. Thus, there are only four adjustable parameters (i.e., P,

on(14)

K, [CaM,], [TF ]) for examining the dynamics of Ca?*-CaM-TF interactions.

At a quasi-equilibrium state and for any calcium concentration, the concentration of each
Ca**-CaM-TF complex can be analytically derived (Supplemental Information). Equation 1

shows the concentration of the active complex, 4Ca**-CaM-TF.

[CaM,][Ca?*]*[TF]
K Ko K3 KuKiy
+(1+[TF])([Ca2+] [Ca2+] [Ca“]z [Caz*]2 [Ca2+]2+[Ca2+]3 [Ca2+]3+ [Ca2+]4)
Kia4 KK, K. K5 K;K, K.K,K; = K K;K, = K;K,K;K,

[4Ca?* — CaM — TF] =

1+PWH

(eq 1)

K1, Kz, K3, and Ky are the dissociation equilibrium constants for binding of first and second
Ca”" to the CaM C-terminus; and for binding of first and second Ca** to the CaM N-terminus,
respectively. [TF] is the concentration of the free transcription factor, and it can be calculated
using the total concentration of the transcription factor and the concentrations of all CaM-TF
complexes. Other symbols in equation 1 are as described above.

At an unperturbed cellular state where a calcium signature has not yet emerged, the
calcium concentration settles onto a steady-state value, [Ca®*]ssIn this state, expression of a
gene, which is regulated by the active signal, 4Ca’*-CaM-TF, is at a fixed level,
corresponding to [Ca®*]ss . Kinetics of different calcium signatures have different temporally
changing features of calcium concentration. Due to the innate properties of the Ca?*-CaM-TF
interactions, different calcium signatures are decoded into different temporally-changing
concentrations of the active complex, 4Ca®*-CaM-TF, which in turn regulates gene
expression. Thus, the first step for elucidating the information flow from a calcium signal to a
specific gene expression response is to examine how the signal is decoded into a temporally-
changing concentration of the active signal, [4Ca®*-CaM-TF].

Equation 2 describes the ratio of [4Ca**-CaM-TF] for any [Ca®*] to that for [Ca®*]ss .

[4ca?*-caM-TF] ( [Ca?*) )4 _ ( [Ca?t] ) gss+P+[TF (1+9ss)
[ [

[4Ca?*—-CaM—TF]ss B Ca?*]ss Ca?*]ss g+P+%(1+ )

(eq 2)

With
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1 P11 fcat]y | [Ca?tly [Cat | [CatE | [Ca*E | [Ca’tTE  [Catlh | [CaE
L R T RDTR R R KRR KK RRGK KRK KRRK
1 P 1 +[Ca2+]2+[Ca2+]2+[Ca2+]2 [CaZ']?  [CaZ*]? [Caz*]*

B SR G SO S O o (i )
[TF] " Kis " MTF] " Kt Ky K3 KK, KiK; KKy~ KKK o K KoKy K KKK,

and

_leat)y, [eatly [Catl [t [t [Catl | [Catl | [Cat')l
9 =%, Ky | KK, | KKy | KoKy | KiKoKs | KiKsKy | K KoKsK,'
_ [Ca2+] + [Ca2+] + [Ca2+]2 [C‘a2+]2 [Ca2+]2 [Ca2+]3 [Ca2+]3 [Ca2+]4
I=7% TR TRK KK | KK, | KKK, | KKK, | KiKGKoK,

Equation 2 shows that, at any calcium concentration, the fold change of calcium signal is

[Ca®*]
[Ca?t]gs

4
always amplified by the power of 4, ( ) , multiplied by a modification term, f. In

order to estimate the magnitude of this amplification, we need to estimate the lower limit of
f. First, f has the following property. f is always less than 1, and it decreases when [Ca?']
increases. This is because increasing [Ca®*]increases term g and simultaneously decreases the
concentration of free transcription factor, [TF], for a constant total concentration of the
transcription factor, [TF] Second, the value of f is dependent on both [TF]ss and [TF], both
of which increase with [TF] . In plant cells, a typical calcium signature can increase
cytosolic calcium concentration from its steady state concentration (ca. 0.05 uM) to up to 2.5
MM with contrastingly different kinetics (Knight et al., 1996, 1997; Aslam et al., 2008). If we
consider that, within this range of [Ca?*], the free TF concentration is only determined by the

total concentration of the TF, we are able to deduce that the lower limit of f is 2

(Supplemental Information), namely f is always larger than %. Thus, when [Ca*"] increases

from [Ca*]ss to [Ca®'] , the minimum amplification of the calcium signal into the active

[4ca?*-CaM-TF] . ( [Ca?*] )4@
[ .

ignal
signal, [4Ca?2*—CaM~TF]gs ' Ca?*]ss/ g

[Ca®*]
[CaZt]gs

4
To determine the values of ( ) %, we need the values of the four parameters (K;, Ky,

Ks and K;). . These four parameters have been experimentally determined and their values
are K; = 10 uM, K, = 0.925 uM, K; = 25 uM, K, = 5 uM (Linse et al., 1991; Shifman et
al., 2006; Kubota et al., 2007; Pepke et al., 2010). To show the ability of Ca’**-CaM-TF
interaction to amplify a calcium signal, we analysed an example, for which [Ca®] increases
to 2.5 uM from its steady-state value of 0.05 uM. For [Ca®*]s = 0.05 uM, g([Ca®*], K) =
0.0073. When [Ca?*] increases to 0.25 pM (i.e. 5 fold), 0.5 uM (i.e. 10 fold), 1.0 uM (i.e. 20
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fold), and 2.5 uM (i.e. 50 fold), the minimum amplification of these calcium concentrations

[4Ca?*—-CaM-TF]
4Ca?t—-CaM—-TF]gs

, is 107 fold, 725 fold, 4390

into the concentrations of their active signals, [

fold, and 37570 fold, respectively. Thus, the Ca?*-CaM-TF interaction possesses an intrinsic
property of nonlinearly amplifying any calcium signal, which is quantitatively described by
equation 2.

Fig. 1 shows the numerical results that confirm the above theoretical analysis for a
wide range of total concentrations of a transcription factor (0.01 uM to 1.0E5 puM). Fig. 1A

shows that f is always less than 1, that increasing [Ca®*] decreases the value of f, and that f

is always larger than %. Fig. 1B shows that the term f is relatively unimportant and any

calcium signal is always amplified. Therefore, numerical analysis confirms theoretical
analysis: a calcium signal is always amplified due to Ca**-CaM-TF interaction. In addition,
following the derivation of the lower limit of f in the Supplemental Information, we know
that decreasing the parameter for the cooperative binding between CaM and a TF in the
presence of Ca®*, P (Liu et al., 2015; Lenzoni et al., 2018), or increasing the concentration of
the TF decreases the value of f. Fig. 1, A-D shows that numerical results are in agreement
with theoretical analysis. When P is sufficiently small and [TF] is sufficiently large, fold
amplification of calcium signal is the same as the theoretical minimal fold amplification (Fig.
1, B and D).

Based on the above analysis, it can be seen that any calcium signal is always

2+
amplified by the power of 4 of calcium concentration ratio, ([g;;]]
SS

4
) , multiplied by a factor

that is relatively less important, %. In equation 2, the main factor for amplifying a calcium

4

4
) . Derivation of equation 2 reveals that the term (

[Ca®*]
[CaZt]gs

[Ca®*] )

signal is the term ( Cat .
emerges from two pairs of Ca**-binding EF-hand domains and a TF-binding domain in the
CaM structure. Therefore, the ability of CaM to bind four Ca®* and one TF molecule results
in the amplification of calcium signal. In other words, the Ca**-CaM-TF binding mechanism
naturally leads to amplification of calcium signals. As we will show below, this aspect of the
underlying design principle, which links the Ca**-CaM-TF binding mechanism with the
emerging property of calcium signal amplification, leads to preferential expression of specific

calcium-regulated genes.

10

Downloaded from on November 20, 2019 - Published by www.plantphysiol.org
Copyright © 2019 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org

240
241

242
243
244
245
246
247
248
249
250
251
252

253

254

255

256

257

258

259

260

261
262

263
264
265
266
267

Concentration of a CaM-binding TF-specific active signal is insensitive to changes in

concentration of other CaM-binding proteins

A variety of experimental data show that there are a large number of CaM-binding proteins in
plant cells (Reddy et al., 2011; Poovaiah et al., 2013; Virdi et al., 2015). Thus, when a
calcium signature emerges, a specific TF must compete for the binding of CaM with other
CaM-binding proteins. An important question, therefore, is how is a CaM-binding TF capable
of generating a specific gene expression response by decoding a calcium signature in the
context of competing for CaM binding with many other CaM-binding proteins? To address
this question, the effects of the existence of a large number of CaM-binding proteins on the
concentration of a CaM-binding TF-specific active signal must be examined.

When many proteins compete for the binding of CaM, the concentration of the active
complex of a transcription factor (TF;), 4Ca**-CaM-TF;, can be derived following the method

used for deriving eg. 1 and is described by equation 3.

[4Ca?* — CaM — TF]
[CaM,][Ca**]*[TF;]
K1K2K3K4Kl 14
P [TF] [TF] [Ca“] [Ca2+] [Ca2+]z [Ca2+]2 [Caz+]2 [Ca2+]3 [Ca2+]3 [Caz+]4
T+ B, t A+ I 5t kK T RK TR TRGK KKK, TR GKEK,

(eq. 3),

where TF; and TF; are the free form of the i™ and j™ transcription factor, respectively. P; is
the parameter for quantifying the cooperative binding between CaM and TF; in the presence
of Ca®". K;14 and K; 1, are the dissociation equilibrium constants for the binding of Ca*'-
CaM complex to TF; and TF;, respectively. n is the total number of CaM-binding proteins. In

eq. 3, for simplifying notations, TF, can be any TF or protein that binds with CaM.

Therefore, following eq. 3, the existence of any CaM-binding TF or protein, TF;, could affect
the concentration of the active complex of a transcription factor TF;, 4Ca®*-CaM-TF;, by
competing for the binding of CaM with TF;. In eq. 3, this competition is described by the two

summation terms: 3y, 2= and
Jj14

We consider that the total concentration of CaM is [CaM], and the concentration of
each of the CaM-binding proteins, TF;j, is [TF;]; (j=1,...n). When many proteins compete for
the binding of CaM, the following constraints must apply. The concentration summation of
free CaM and all CaM complexes with different proteins must be equal to [CaM], at any

calcium concentration. The total concentration for any transcription factor is the
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concentration summation of free protein, TF;, and all TF;-binding complexes [TF;]; at any
calcium concentration.

Examination of eq. 3 reveals that the existence of a large number of CaM-binding
proteins in plant cells can form a buffering system such that the concentration of a CaM-
binding TF-specific active signal is insensitive to change in the concentration of another

Pj[TFj]

CaM-binding protein. This is because of the two summation terms, 3.7_; — and
j14
=1 KTFﬂ, in the denominator of eq. 3. Firstly, the existence of any CaM-binding protein,
j14

TF;, always reduces the concentration of the active complex of transcription factor, TF;. This

is because when CaM binds with TF;, the concentration of CaM available for binding with

TF}

TF; will become smaller. In eq.3, this corresponds to X7 and X7-; —— always being

larger than PilTFi]

and E(TF"], respectively. Secondly, since each of the two terms is the

i,14 i,14
summation of the contribution of all CaM-binding proteins, the TF or protein that contributes

PiITE)) and LTE)] IS quantitatively more important. Thirdly, as the number of

a larger value of
j14a Kji14

CaM-binding proteins increases, the contribution of each protein to both summation terms
becomes less important. When there are only relatively few CaM-binding proteins, changing
the concentration of one can change the value of both terms to a relatively large extent.
However, if there are many CaM-binding proteins, changing the concentration of one will
change the value of both terms to a much lesser extent. For example, we consider that
P; =10, Kj 14 = 1.0 uM, [TF;]=100uM with j=1..n. When one TF, TF;, coexists with

another TF, TFj, increasing [TF,] from 10 uM to 100 pM leads to that Y7 K PATE T increases

j14

Pj[TFj]

to 200 from 110, namely an approximate increase of 82% in }.7_, ;{ . However, when one

j14

TF, TF;, coexists with another 100 TF, TF;, increasing [TF ]from 10 uM to 100 uM leads to

that Y.7- K PATEL increases to 10100 from 10010, namely an approximate increase of 0.9% in

ji1a

n Pj[TFj]
J=1 Kjia

Thus, existence of a large number of CaM-binding proteins forms a buffering system,
in which the concentration of a CaM-binding TF-specific active signal is insensitive to
changes in the concentration of another CaM-binding TF or protein. An example of this is

shown in Fig. 2.
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In this example, we assume that [TF;]; , the total concentration of a CaM-binding
transcription factor, TFy is 10 uM. We compare how [4Ca®*-CaM-TF,], which is the
concentration of the active signal of TF; depends upon the concentration of a CaM-binding
protein when different numbers of other CaM-binding proteins coexist. Fig. 2A represents an
experimentally measured calcium signature (Whalley et al., 2011). Fig. 2B shows that, when
the transcription factor, TF;, competes for CaM binding with one CaM-binding protein, TF,,
changing the total concentration of TF;, [TF.],from 1 uM to 10 uM and 100 uM markedly
affects [4Ca®*-CaM-TF,]. Thus, when the calcium signature, as shown in Fig. 2A, emerges,
although the total concentration of the CaM-binding transcription factor TF;, [TFi]; ,
remains unchanged (i.e. 10 uM), changing the total concentration of the CaM-binding protein
TF, , [TF]: , alters the capability of the transcription factor TF; for generating an active
calcium signal. This is because the concentration of the active signal of the transcription
factor TFy, [4Ca®"-CaM-TF4], has changed due to the competition between the CaM-binding
transcription factor, TFj,and the CaM-binding protein, TF,, for binding with CaM. In Fig.
2C, the number of CaM-binding proteins TF;increases to 11 (i.e. j=2,...12). Since the
number of CaM-binding proteins has increased, changing the total concentration of one CaM-
binding protein, [TF,]; (the concentrations of other 10 CaM-binding proteins remain
unchanged), from 1 uM to 10 uM and 100 uM only slightly affects [4Ca®*-CaM-TF4].
Moreover, when the number of CaM-binding proteins TF; further increases to 101 (i.e.
j=2,...102), the effects of changing the total concentration of one CaM-binding protein, [TF1];
, from 1 uM to 10 uM and 100 pM on [4Ca”*-CaM-TF;] becomes negligible (Fig. 2D). Thus,
when a large number of CaM-binding proteins coexist, a calcium signature, as shown in Fig.
2A, can generate a TF specific active signal, [4Ca**-CaM-TF1], to mediate specific changes
in gene expression. The concentration of such an active signal is insensitive to changes in the
concentration of other CaM-binding proteins. Therefore, the existence of a large number of
CaM-binding proteins results in the fidelity of a calcium signature to its TF specific active
signal.

In addition, Fig. 2E shows that the concentration of the active calcium signal of TF,
[4Ca?*-CaM-TF4], is always amplified regardless of the number of CaM-binding proteins.
Therefore, the coexistence of a large number of CaM-binding proteins in plant cells does not
affect the intrinsic property of amplifying calcium signatures for Ca**-CaM-TF interactions.
In this way, the nonlinear amplification of calcium signatures, as demonstrated in Fig. 2E,

allows plant cells to effectively distinguish the kinetics of different calcium signatures to
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produce specific changes in gene expression, in spite of the coexistence of a large number of
CaM-binding proteins in plant cells.

Specific gene expression responses to calcium signatures require an appropriate

relationship between the active signal concentration and DNA binding affinity

Gene expression is a complex process, which involves both transcription and mRNA
degradative processes. Both processes can be regulated in response to signalling. For
example, transcriptional processes can be regulated by calcium signals (Reddy et al., 2011;
Seybold et al., 2014; Fromm and Finkler, 2015; Tsuda and Somssich, 2015; Zhu, 2016).
Moreover, gene expression can form a network, in which the expression of one gene can be
regulated by other genes (Reddy et al., 2011; Seybold et al., 2014; Fromm and Finkler, 2015;
Tsuda and Somssich, 2015; Zhu, 2016).

Here we concentrate on elucidating the mechanism for the information flow from
calcium signals to a specific gene expression response. To do so, we consider a simple Ca?*-
regulated gene expression process: transcriptional rate is regulated by calcium signals. The
principle revealed by this simple example can be applied to more complex gene expression
processes, as will be demonstrated in the Section “Case study 2: plant immunity gene
expression”.

EqQ. 4 describes that the transcription of a gene that is positively regulated by calcium signals.

d[mRNA]

dt =V - kdecay [MRNA] (eq. 4)

[4Ca?t-caM-TF;]

[4Ca2+—C’ccl;iVI—TF-] . Here, V is the transcription rate; k.4, is the decay

- kd

Vmax

With V = kpgee +

constant of the mRNA; kp.s IS the base rate of transcription; V., is the maximal
transcription rate regulated by calcium signals, k, is the binding affinity between the active
complex, 4Ca®* — CaM — TF; , and DNA.

As analysed above, when any calcium signature emerges in an environment of
multiple proteins competing for CaM binding, [Ca2+] is amplified into a robust TF-specific
active complex for any CaM binding transcription factor, 4Ca** — CaM — TF;. Eq. 4 shows
that, since 4Ca?*t — CaM — TF; is always amplified for any calcium signature, the

transcription rate, V, will effectively be different for different calcium signatures, leading to a

different specific gene expression response in each case. Examination of eq. 4 reveals how
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the relationship of kyuse, kg, and [4Ca?* — CaM — TF;] determines Ca®*-regulated gene

[4Ca?*-CaM-TF;]

. Vmax k . . . .
expression. If kpzse > [4Ca2+_Ca’j4_TFi] , the base rate of transcription is more important
1+
kg

than the rate regulated by the calcium signal. Thus, the effects of a calcium signature on gene
expression are negligible under these particular conditions. If k; > [4Ca?t — CaM — TF;],

the effects of a calcium signature on gene expression is limited, this is because the term
[4Ca?t-caM-TF;]

ll[wa”_c';fw_”i] can become very small. If k; « [4Ca** — CaM — TF;], the effects of
. >

Vm ax

any calcium signature would become approximately a constant V,,,,. Thus, in this case
different calcium signatures induce similar transcription rates, leading to similar levels of
mRNA. Therefore, in order for a specific gene expression response to calcium signatures to
be generated, [4Ca?* — CaM — TF;] should be not much larger or smaller (e.g. 2 orders
larger or smaller) than k4. Under this condition, different calcium signatures can be decoded
to generate specific gene expression responses. Fig. 3 summarises the design principle that
governs how the binding mechanism between Ca?*, calmodulin (CaM), and transcription
factor (TF), which emerges from two pairs of Ca®*-binding EF-hand domains, a TF-binding
domain in CaM, and a CaM-binding domain in the TF, leading to specific gene expression.

In summary, the design principle of Ca**-CaM-TF interactions includes the following
three key aspects for information flow from calcium signals to gene expression: 1) nonlinear
amplification of a calcium signal; 2) generation of a Ca®*-induced TF-specific active signal;
and 3) once the binding affinity between the active calcium signal and DNA is appropriate,
specific gene expression responses can be generated.

Below, we use two examples to demonstrate how calcium signatures generate specific

gene expression responses following the design principle revealed herein.
Case study 1: a simple Ca**-regulated gene expression system

To test how the design principle summarised in Fig. 3 governs the decoding of different
calcium signatures to generate specific gene expression responses, we first studied a simple
theoretical gene expression system described by equation 4 using artificial calcium
signatures. An advantage of artificial calcium signatures is that the parameters of different
calcium signatures can be compared with each other so that effects of those parameters of
calcium signatures on gene expression can be examined. In addition, investigating both

artificial calcium signatures in this case study and examining experimentally measured
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calcium signatures in case study 2 below allows us to show that the design principle revealed
in this research is generic for any calcium signature.

Fig. 4A shows three calcium signatures with the same type of kinetics. All three
calcium signatures take a sinusoidal form with the same period, but their amplitudes are
different. For simplicity we study one period of these sinusoidal calcium signatures only. Fig.
4B shows that a relatively modest change in the amplitude of these three calcium signatures
(0.2 uM to 0.4 uM) is amplified into large fold differences in the concentration of the active
signal, [4Ca?* — CaM — TF;]. Subsequently, this large difference in the concentrations of
the three active signals leads to different fold changes of mMRNA concentration, Fig. 4C. We
emphasize that the large difference (from ca. max. 6 fold to ca. max. 58 fold) in mRNA
concentrations in Fig. 4C stems entirely from the relatively modest difference in the
amplitude of the three calcium signatures (0.2uM to 0.4uM), as the kinetics of the three

calcium signatures is the same. Derivation of equation 2 in Supplemental Information reveals
that the term (%)4 emerges from two pairs of Ca®*-binding EF-hand domains and a TF-
binding domain in the CaM structure. Therefore, the ability of CaM to bind four Ca®* and one
TF molecule results in the amplification of calcium signal. Fig. 4D further shows that the fold
change of [4Ca?t — CaM] is approximately the same as that of [4Ca?t — CaM — TF;], as
shown in Fig. 4B, and this is also confirmed in Fig. 4E. Therefore, Fig. 4B, D, and E together
reveal that the amplification of the calcium signatures, shown in Fig. 4A, is originated from
two pairs of Ca”*-binding EF-hand domains in the CaM structure and that it is further relayed
to the binding between 4Ca?* — CaM complex and transcription factor.

Fig. 4F shows three calcium signatures with the same average calcium concentration
(0.2 uM). The difference between the three calcium signatures is their Kinetics. Fig. 4G
shows that these relatively slight differences in the kinetics of these three calcium signatures
is amplified into the kinetics of the active signal, [4Ca?* — CaM — TF;]. Subsequently, the
difference in the kinetics of the three active signals leads to different fold changes of mRNA
concentration, Fig. 4H. We emphasize that the difference (from ca. max. 80 fold to ca. max.
148 fold) in the fold change of mMRNA concentrations in Fig. 4H stems solely from the
difference in the Kkinetics of the three calcium signatures, as the average calcium
concentration is the same for the three calcium signatures. Following the analysis represented
by Fig. 4D and 4E, Fig. 4G, 1, and J together reveal that the amplification of the calcium

signatures shown in Fig. 4F also originates from two pairs of Ca®*-binding EF-hand domains

16

Downloaded from on November 20, 2019 - Published by www.plantphysiol.org
Copyright © 2019 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org

421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453

in the CaM structure and that it is further relayed to the binding between 4Ca?* — CaM

complex and transcription factor.

Therefore, Fig. 4A-J show that different calcium signatures, displaying only modest
differences, can generate very different specific gene expression responses following the
design principle.

Another aspect of the design principle is that when a large number of CaM-binding
proteins coexist, a calcium signature is able to generate a specific gene expression response,
which is not affected by the concentrations of another CaM-binding protein. The numerical
analysis shown in Fig. 5 confirms that, when a large number of CaM-binding proteins
coexist, the gene expression response of the simple system remains the same even if the
concentration of a CaM-binding protein has changed from 0.01 uM to 10000 puM.

When the calcium signature shown in Fig. 5A emerges and if one protein and one
transcription factor compete for binding with CaM simultaneously, changing the protein
concentration affects the TF-specific gene expression, resulting in different fold changes of
MRNA, Fig. 5B. However, when a large number of CaM-binding proteins (here 101 proteins)
and one transcription factor compete for the binding of CaM, changing the concentration of
one CaM-binding protein out of 101 (i.e. the concentration of the remaining 100 CaM-
binding proteins remains unchanged) does not affect the TF-specific gene expression,
resulting in no different fold changes of mRNA, Fig. 5C. Therefore, when many proteins
compete for CaM binding, specific gene expression responses to calcium signatures are
robust, and TF-specific. This is because the concentration of a CaM-binding TF-specific
active signal is insensitive to changes in another CaM-binding TF or protein concentration
when a large number of CaM-binding proteins coexist, as analysed in Fig. 2.

Fig. 4 and 5 together explain how the interaction between Ca?*, CaM, and the CaM-
binding transcription factor induces specific gene expression responses in the simple Ca*'-
regulated gene expression process described by equation 4. Therefore, this demonstrates that
the design principle, shown in Fig. 3, establishes the link between calcium signatures and
specific gene expression responses induced by the signatures.

The dynamics for the interactions between Ca**, CaM, and CaM-binding proteins can
be generally examined using differential equations (Pepke et al., 2010; Liu et al., 2015;
Lenzoni et al., 2018). If a quasi-equilibrium state for the interactions of Ca®*, CaM, and CaM-

binding proteins has been established, all differential equations describing the interactions
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between Ca®*, CaM, and CaM-binding proteins become zero and equations 1-3 can be
derived. Fig. 5D further examines the validity and effects of the quasi-equilibrium
assumption for deriving equations 1-3. Fig. 5D shows that, for experimentally measured
parameters of Ca?*-CaM binding constants (Shifman et al., 2006; Pepke et al., 2010), the
gene expression response curve computed without the quasi-equilibrium assumption for the
interactions of Ca®*, CaM, and CaM-binding proteins (i.e. differential equations) overlaps
with the gene expression response curve computed with the quasi-equilibrium assumption
(i.e. equation 3), indicating that a quasi-equilibrium state of Ca®**-CaM —TF interaction in
plant cells has been established.

Although the quasi-equilibrium state assumption is valid for experimentally measured
parameters of Ca**-CaM binding constants, reducing those parameters may make the
assumption invalid. We further test how validity of the assumption affects gene expression
responses. When all “on” and “off’ rate constants for Ca®*-CaM interactions are
simultaneously reduced by the same fold from their experimentally measured values
(Shifman et al., 2006; Pepke et al., 2010), the equilibrium constants for all Ca**-CaM binding
processes remain the same as the experimental values. This is because an equilibrium
constant is the ratio between the “off” rate constant and the “on” rate constant. However, if
all “on” and “off” rate constants are Simultaneously reduced, the quasi-equilibrium
assumption may become invalid due to slow binding rates. Fig. 5D shows that when all “on”
and “off” rate constants for Ca®*-CaM interactions are simultaneously reduced by 100 fold,
the quasi-equilibrium assumption becomes invalid. Once this happens, the calcium signature,
as shown in Fig. 5A, is less capable of inducing a gene expression response. In addition, Fig.
5D also shows that very small Ca?*-CaM “on” and “off” rate constants (i.e. they are reduced
by 1.0E4 fold from their experimental values) render gene expression response to calcium
signatures impossible. This implies that establishing a quasi- equilibrium state is favourable
for a calcium signature to induce gene expression responses.

Another important aspect of the design principle, as described in Fig. 3, is that
specific gene expression responses to calcium signatures require an appropriate relationship
between the active signal concentration, [4Ca?* — CaM — TF;], and DNA binding affinity.
The dissociation equilibrium constant (i.e. the binding affinity) for the binding of the Ca?*-
CaM complex to a transcription factor is an important parameter. Changing the value of the
dissociation equilibrium constant changes [4Ca** — CaM — TF;], and therefore affects the

relationship between [4Ca?* — CaM — TF;] and DNA binding affinity. Supplemental Fig. S1
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shows the effects of the dissociation equilibrium constant for the binding of the Ca®*-CaM
complex to a transcription factor, Ki4, on gene expression regulated by the transcription
factor. Supplemental Fig. S1A shows an artificial calcium signature. Supplemental Fig. S1B
shows that decreasing the value of Ky, increases the steady-state value of [4Ca?" — CaM —
TF;]. Similarly, Supplemental Fig. S1C shows that decreasing the value of Ky, increases the
value of [4Ca?t — CaM — TF;] responding to the calcium signature. Supplemental Fig. S1D
shows that, for the three different values of K4, the calcium signature is always amplified.
Supplemental Fig. S1E, F, and G show that, although decreasing the value of Ki4 increases
both the steady-state mMRNA concentration and the mRNA concentration responding to the
calcium signature, three different values of Ky, lead to three different responses of mRNA
concentration to the calcium signature. Therefore, different transcription factors with
different values of Ki4 can generate different responses of mRNA concentration to a calcium
signature. This indicates that the dissociation equilibrium constant for the binding of the
Ca®*-CaM complex to a transcription factor, K4, is an important parameter for specific gene
expression responses to a calcium signature. Similarly, analysis in Figure S2 for a different
artificial calcium signature also supports the above conclusion.

In summary, this example shows that, for the simple gene expression system
described by equation 4, different calcium signatures can be decoded to generate specific

gene expression responses following the design principle, as described in Fig. 3.
Case study 2: plant immunity gene expression

The CaM-binding transcription factors CAMTA3 (AtSR1) and CBP60g regulate the
expression of two important plant immunity genes: enhanced disease susceptibility 1 (EDS1)
and isochorismate synthase 1 (ICS1) (Zhang et al., 2010; Zhang et al., 2014). Recently, we
developed a dynamic model to determine how expression of both EDS1 and ICS1 is regulated
by different calcium signatures and analysed the model using computer simulation of
differential equations (Lenzoni et al., 2018). It was demonstrated that the model was able to
predict the expression of both EDS1 and ICS1 (Lenzoni et al., 2018). Here we use this system
as an example to study how the expression response of both EDS1 and ICS1 to calcium
signatures is generated following the design principle, as shown in Fig. 3.

Fig. 6A and B show two empirically-derived calcium signatures induced by two
calcium agonists: mastoparan and extracellular calcium (Lenzoni et al., 2018). The model
developed for studying how expression of both EDS1 and ICS1 (Lenzoni et al., 2018) is
regulated by different calcium signatures employed experimentally measured parameters for
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both Ca’*-CaM binding (Shifman et al., 2006; Pepke et al., 2010) and CaM-CAMTAS3
binding (Bouche et al., 2002; Finkler et al., 2007). Fig. 6C and F show that, for these
experimentally measured “on” and “off” rate constants for Ca®*-CaM interactions, the curve
calculated using differential equations overlaps with the curve calculated using equation 3 for
both [4Ca?* — CaM — CAMATA3] and [4Ca?* — CaM — CBP60g], indicating that the
quasi-equilibrium assumption for interactions of Ca®*-CaM-CAMTA3 and Ca®*-CaM-
CBP60g, as well as the interactions of Ca®*, CaM, and 100 other CaM-binding proteins are
valid. Thus, the two active signals in Fig. 6C and F, 4Ca’*-CaM-CAMTA3 and 4Ca**-CaM-
CBP60g, are differentially induced by the two calcium signatures (Fig. 6A and B). Moreover,
Supplemental Fig. S3C and F show that the two active signals are effectively and
differentially amplified.

However, when both “on” and “off” rate constants for Ca®*-CaM interactions are
reduced by 1.0E5 fold from their experimental values, the quasi-equilibrium assumption for
deriving equation 3 becomes invalid, as evidenced by the differences between the curve
calculated using differential equations and the curve calculated using equation 3 (Fig. 6D and
G). Moreover, the two active signals in Fig. 6D and G, 4Ca®*-CaM-CAMTA3 and 4Ca?*-
CaM-CBP60g, are both less effectively amplified (Supplemental Fig. S3D and G) than in Fig.
6C and F, indicating that a valid quasi-equilibrium assumption makes the amplification of
both active signals more favourable. In addition, when the “on” and “off” rate constants are
reduced by 1.0E8 fold, the two active signals, 4Ca**-CaM-CAMTA3 and 4Ca?*-CaM-
CBP60g, cannot respond to either of the two calcium signatures (Fig. 6A and B), as
evidenced by the overlapping of the two flat curves corresponding to the two calcium
signatures in Fig. 6E and H. Furthermore, neither of the two active signals in Fig. 6E and H
can be amplified anymore under these conditions (Supplemental Fig. S3E and H), indicating
that very small Ca’*-CaM “on” and “off” rate constants render amplification of calcium
signals impossible.

CAMTA3 and CBP60g are the transcription factors that regulate the expression of
EDS1 and ICS1, respectively (Zhang et al., 2010; Zhang et al., 2014). These correspond to
the two active signals shown in Fig. 6C and F, the two calcium signatures inducing different
MRNA levels for both EDS1 and ICS1 genes (Fig. 7A and D), leading to specific gene
expression responses for both genes. Moreover, since the curve calculated using differential
equations overlaps with the curve calculated using equation 3 for the fold change of mRNA
of both EDS1 and ICS1 (Fig. 7A and D), gene expression responses of both EDS1and ICS1 to

the two calcium signatures clearly follow the design principle (Fig. 3 and equations 1-3).
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When the “on” and “off” rate constants for Ca®*-CaM interactions are reduced by
1.0E5 fold, Fig. 7B and E show that less effective amplification of both active signals, 4Ca*'-
CaM-CAMTA3 and 4Ca®*-CaM-CBP60g (Fig. 6D and G, S3D and G), markedly affects the
MRNA level of both ICS1 and EDS1. Furthermore, when the “on” and “off” rate constants
for Ca**-CaM interactions are reduced by 1.0E8 fold, no amplification of either of the two
active signals, 4Ca?*-CaM-CAMTA3 and 4Ca**-CaM-CBP60g, occurs (Fig. 6E and H, S3E
and H), leading to no change in expression of either EDS1 or ICS1. This is evidenced by the
overlapping of the two flat curves corresponding to the two calcium signatures in Fig. 7C and
F, showing no change in gene expression response to either signature.

In conclusion, for experimentally measured “on” and “off” rate constants (Shifman et
al., 2006; Pepke et al., 2010), the two calcium signatures (Fig. 6A and B) are decoded
following design principle to generate specific expression of both EDS1 and ICS1 (Fig. 7A
and D). If the “on” and “off” rate constants for Ca’*-CaM interactions are largely reduced
(e.g. 1.0E8 fold), specific gene expression responses to the two calcium signatures become
impossible (Fig. 7C and F). Therefore, the actual values of “on” and “off” rate constants for
Ca”**-CaM interactions, as experimentally measured in the literature (Shifman et al., 2006;
Pepke et al., 2010), ensure that plant immunity gene expression responses of both EDS1 and
ICS1 follow the design principle to decode the two calcium signatures induced by two
calcium agonists: mastoparan and extracellular calcium (Fig. 6A and B).
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DISCUSSION

Most stimuli lead to a transient elevation in cellular calcium concentration in plant cells.
Importantly, different stimuli produce calcium elevations with different characteristics: a
unique “calcium signature”. These calcium signatures are decoded to generate specific
responses (Edel et al., 2017; Yuan et al., 2017; Bender et al., 2018; Kudla et al., 2018). An
intriguing question is how can one messenger (Ca**) be decoded by so many decoders
(transcription factors and proteins) in plant cells (Edel et al., 2017)?

Design principles are the underlying properties of network structures that have
evolved to endow the network functions. This work reveals the design principle for decoding
calcium signals to generate specific gene expression response in plant cells via transcription.
The design principle links the structural characteristics of CaM and TF with the capability of
decoding calcium signatures in plant cells, and it therefore reveals how the mechanism of
Ca®*, CaM, and TF interactions leads to specific gene expression. It includes the following
three important aspects: Firstly, the binding mechanism between Ca**, CaM, and TF, which
emerges from two pairs of Ca**-binding EF-hand domains and a TF-binding domain in the

CaM structure, possesses an intrinsic property of amplifying calcium signals in the format

2+7 \4
of ([[Ca—]) being multiplied by a factor that is relatively less important. We derived the

Ca2+]gs
equations for describing the amplification of calcium signals (equations 1 and 2) and
mathematically proved that calcium signals are always amplified (Supplemental
Information). Since any calcium signature is always amplified, small differences in the
kinetics or parameters of calcium signatures can be read out to generate relatively much
larger specific gene expression responses (Fig. 4 and 5). Secondly, the existence of a large
number of CaM-binding TFs or proteins in plant cells (Reddy et al., 2011; Poovaiah et al.,
2013; Virdi et al., 2015; Edel et al., 2017; Yuan et al., 2017; Bender et al., 2018; Kudla et al.,
2018) can form a buffering system such that the concentration of a CaM-binding TF-specific
active signal is insensitive to changes in the concentration of another CaM-binding TF or
protein (Fig. 2D). Thus, although many proteins compete for the binding of CaM, Ca*'-
induced TF-specific gene expression will not in fact be affected by the concentration of
another CaM-binding TF or protein (Fig. 5C) in plant cells. Although a TF-specific gene
expression event must be controlled by the concentration of this transcription factor, it would
not be advantageous if it can also be altered by changes in the concentrations of other
proteins. This is a clear example of inbuilt robustness of the network endowed by the design
principle. Our results also show that when a CaM-binding TF competes for CaM binding
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with one or a few CaM-binding TFs and proteins, gene expression regulated by a CaM-
binding TF will be interfered with by another CaM-binding TF or protein (Fig. 5C). Thus,
competition of CaM-binding TFs or proteins for CaM binding may have a role in the
relationship between calcium signals and gene expression response if a small number of
CaM-binding TFs or proteins exist in plant cells. Interestingly, for postsynaptic cells, a model
in which 6 proteins compete for CaM binding, competition plays a role in setting the
frequency-dependence of Ca**-dependent proteins (Romano et al., 2017), and therefore it was
suggested that competitive tuning could be an important dynamic process underlying synaptic
plasticity. Therefore, both our work and the results in the literature (Romano et al., 2017)
suggest that competition of a small number of CaM-binding proteins will cause that the
response of one CaM-binding protein to calcium signals to be affected by other CaM-binding
proteins. Thirdly, an appropriate relationship between a Ca?*-induced TF-specific active
signal concentration and its DNA binding affinity is important for a Ca**-induced TF-specific
gene expression response. For a Ca®*-induced TF-specific active signal to generate gene
expression responses, its concentration needs to be similar to the binding affinity between the
signal and DNA. In general, for any binding to perform biological functions, the affinity
between a ligand and its binding partner should not be very different from the concentration
of the ligand (e.g. the differences not larger than 2 orders) (Kuriyan et al., 2013). Our analysis
reveals this aspect is also applicable to Ca?*-induced gene expression systems.

We used two examples to show how gene expression follows the design principle to
decode different calcium signatures. Gene expression is generally regulated in a complex way
(Karlebach and Shamir, 2008). The simplest gene expression process includes: (1) gene
transcription is activated or supressed by a transcription factor; and (2) the mRNA decays.
Our first example tested how a simple gene expression system decodes different calcium
signatures. We found that different kinetics or different parameters (here testing amplitudes
of a sinusoidal calcium signature) could be decoded following the design principle.
Therefore, this example demonstrated that different calcium signatures, even if their
differences are modest (Fig. 4A and F), can generate specific gene expression responses (Fig.
4C and H) following the design principle. Experimentally any, even a modest, calcium
signature (e.g. in response to ozone (Clayton et al., 1999)) is able to induce gene expression.
Therefore, our results, shown in Fig. 4 and 5, imply that the design principle is a general
principle for governing the decoding of calcium signatures in simple gene expression

systems, in which transcription rates are regulated by calcium signals.
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The second example showed that expression of two plant immunity genes (EDS1 and
ICS1) follows the design principle to decode two empirical calcium signatures induced by
two calcium agonists (mastoparan and extracellular calcium). Calcium signals regulate the
expression of EDS1 and ICS1 at two levels. First, CAMTA3 and CBP60g are well
characterized Ca?*/CaM-regulated transcription factors and both have a CaM binding domain
(Finkler et al., 2007; Galon et al., 2008; Kim et al., 2009; Wang et al., 2009; Zhang et al.,
2010; Reddy et al., 2011; Wang et al., 2011; Bickerton and Pittman, 2012; Poovaiah et al.,
2013). Thus, calcium signals regulate the activities of both CAMTAS3 and CBP60g. Second,
expression of EDS1 and ICS1 forms a regulatory network (Zhang et al., 2014; Lenzoni et al.,
2018) and their expression is regulated by each other via this network (Zhang et al., 2014;
Lenzoni et al., 2018). In spite of this complexity in regulating the expression of EDS1 and
ICS1, the design principle still governs the expression of both EDS1 and ICS1. Thus, our
results, shown in Fig. 6 and 7, imply that design principle is a general principle for governing
the decoding of calcium signature in complex gene expression systems, in which multiple
transcription factors are regulated by calcium signals and gene expression itself forms a
regulatory network.

The design principle, as described in Fig. 3 and summarised above, is generic for
elucidating the decoding of calcium signals which generate specific gene expression
responses via transcription. Therefore, it can be integrated with a wide range of experimental
analysis. For example, we have shown how to study gene expression for both simple and
complex systems that are regulated by any calcium signatures (Fig. 4-7). Arabidopsis genes
responding to simultaneous biotic and abiotic stresses have been experimentally identified
(Atkinson et al., 2013). Following the analysis shown in Fig. 6 and 7, any genes that are
regulated by calcium signals under both biotic and abiotic conditions could be theoretically
investigated based on the experimental measurements of gene expression corresponding to
the relevant calcium signatures. In addition, the role of CaM binding to CAMTAS3 in
regulating immunity genes was experimentally investigated (Kim et al., 2017). The design
principle could be used to quantitatively analyse this role for different binding domains
within CAMTAS. It should be noted that this requires experimental inputs to provide
parameters. For example, the binding affinity constant of CaM to CAMTAZ in the presence
of Ca2+ had been experimentally measured (Bouche et al., 2002; Finkler et al., 2007).
Therefore, it is important that future experiments measure such parameters for the binding
between CaM and other (than CAMTAS3) CaM-binding proteins. CaM and other calcium-
binding proteins have the potential to regulate and modify calcium signatures themselves. We
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could address this important aspect of calcium signalling in the future. Some genes regulated
by calcium signatures encode proteins with roles in transporting/binding calcium in plant
cells (Kudla et al., 2010; Delormel and Boudsocq, 2019). To further study the effects of gene
expression on the generation of calcium signatures, the design principle established in this
work could in the future be combined with the processes for generation of calcium signature
(Medvedev, 2018). This may be important in understanding alterations in calcium signatures
as a result of acclimation to stress, and due to interaction between different stresses. For
example, the design principle developed in this work can be used to study the effects of the
concentrations of CaM and transcription factors on the mRNA levels of gene expression,
which can be linked with the processes of calcium transport to quantitatively examine the
effects of mMRNA levels on generation of calcium signature in the future. In order to further
validate the design principle we present here, the plant immunity system would be a good
model. Future experiments could involve complementation of camta3 and cbp60g mutants
with CAMTA3 and CBP60g in which the protein coding regions have been modified to alter
binding constants to DNA and CaM. The effect of these altered affinities could be predicted
using our mathematical model, and tested empirically in the complemented lines by

measuring ICS1/EDS1 gene expression in response to applied calcium signatures.

Calcium signals are the lead currency of plant information processing (Dodd et al.,
2010; Kudla et al., 2010), and they regulate many different responses in plant cells. However,
little is known about the underlying principle for how information flows from calcium signals
to specific gene expression responses in plant cells. This work reveals the underlying
principles for linking the structure of CaM and TF molecule with calcium-regulated gene
expression response through Ca**-CaM-TF binding mechanism and the emerging property of
calcium signal amplification. The design principle indicates that the existing interaction
network of Ca?*, CaM, and proteins, which may have been evolutionarily tuned (Edel et al.,
2017), effectively navigates calcium signatures to generate specific gene expression responses
in plant cells. Experimental data have shown multiple levels of complexities in decoding
calcium signals in plant cells (Edel et al., 2017; Yuan et al., 2017; Bender et al., 2018; Kudla
et al., 2018). Plants cells possess four main types of Ca®* sensor proteins to relay or decode
Ca®* signalling: CaM, CaM-like proteins (CMLs), calcineurin B-like proteins (CBLs), and
Ca”*-dependent protein kinases (CDPKs or CPKs) (Yuan et al., 2017). These proteins relay
or decode calcium signals at both the transcriptional and post-translational levels (Yuan et al.,
2017). This work has focused on the interactions between Ca’*, CaM, and TFs at
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transcriptional level and revealed that transcriptional decoding of calcium signals follows a
general design principle. Other Ca®* sensor proteins can have different numbers of Ca®'-
binding sites or possess complex molecular structures. For example, CMLs may have one to
six EF-hands and one to four Ca?*-binding sites (La Verde et al., 2018). A Ca*/CaM-
dependent protein kinase (CCaMK) possesses three additional Ca**-binding sites in addition
to its CaM-binding site (Miller et al., 2013). Our methodology for unravelling the design
principle for transcriptional decoding of calcium signals may be further developed to study

the underlying general principle for other Ca?*-regulated signalling systems in the future.
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MATERIALS AND METHODS

Ca**~CaM-protein interactions

The interaction between Ca®*, CaM, and any protein can form different binding complexes.
CaM has two pairs of Ca®*-binding EF-hand domains located at the N-and C-terminus,
respectively (Finn and Forsen, 1995; Valeyev et al., 2008). Thus, for a protein with one
calmodulin binding site, 18 different binding complexes can form via 33 elementary binding
processes. A detailed description of these interactions is previously presented in detail (Liu et
al., 2015; Lenzoni et al., 2018), and the 33 elementary binding processes are included in
Table S1 in Supplemental Information. Experimentally measured parameters for the

interactions between Ca?* and CaM are included in Table S2.

Modelling expression of plant immunity genes

The model used to examine expression of plant immunity genes (ICS1 and EDS1) was
previously described in detail (Lenzoni et al., 2018). The differential equations and
parameters of the model were included in the previous work (Lenzoni et al., 2018). This work
uses this model to study how expression of both ICS1 and EDS1 decodes calcium signatures

following the design principle.

Numerical Method

All  computational results are generated wusing simulator Berkeley Madonna
(www.berkeleymadonna.com). For differential equations, Rosenbrock (Stiff) method is used
with a tolerance of 1.0e-5. Much smaller tolerances (1.0E-6 to 1.0E-8) are also tested and the
numerical results show that further reduction of tolerances does not improve the accuracy of

numerical results.

Accession Numbers
EDS1: AT3G48090 (https://www.arabidopsis.org/servilets/TairObject?id=39706&type=Ilocus)
ICS1: AT1G74710 (https://www.arabidopsis.org/serviets/TairObject?id=28521&type=locus)

SUPPLEMENTAL DATA
Supplemental Figure S1. . Effects of Ky, , the dissociation equilibrium constant for the
binding of the Ca**-CaM complex to the i™ TF, on gene expression regulated by the TF for

calcium signature shown in Figure S1A .
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Supplemental Figure S2. Effects of K4, the dissociation equilibrium constant for the binding
of the Ca**-CaM complex to the i TF, on gene expression regulated by the TF for calcium
signature shown in Figure S2A.

Supplemental Figure S3. Two calcium signatures are decoded to generate specific expression
of EDS1 and 1CS1 following design principle: responses of two active signals, 4Ca”*-CaM-
CAMTAZ3 and 4Ca?*-CaM-CBP60g, to two experimentally measured calcium signatures.

Supplemental Table S1. Interactions of Ca®*, calmodulin (CaM), and one transcription
factor.

Supplemental Table S2. Experimentally measured parameters for the interactions between
Ca’* and CaM.
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FIGURE LEGENDS

Figure 1. Ca®*-CaM-TF interactions always amplify calcium signals. The parameter for the
cooperative binding between CaM and a TF in the presence of Ca** is P. A. value of function
f for P=0.1. Scatter crosses are the theoretical minimum value of f. Blue, red, and green
curves correspond to the total concentration of TF, [TF],, to be 0.01uM, 10 uM, and 1.0E5
MM, respectively. The blue and red curves overlap, indicating that the numerical values of f

are always the same for the two concentrations of TF. B. Corresponding to Fig. 1A, ,

[4ca®t—CaM-TF]
[4Ca?*-CaM—-TF]gs

value for P=0.1 is calculated using equation 2. C. Value of function f for

P=1.0E-4. Blue, red, and green curves correspond to total concentration of TF, [TF];, to be
0.01 uM, 10 pM, and 1.0E5 uM, respectively. The green curve and the scatter crosses

overlap, indicating that the numerical values of f for [TF], =1.0E5 uM are always the same

[4Ca?t—CaM-TF]
[4Ca?t—-CaM-TF]gs

as the theoretical minimum value of f. D. Corresponding to Fig. 1C, value

for P=1.0E-4 is calculated using equation 2.

Figure 2. Effects of changing the concentration of a CaM-binding protein on the
concentration of a CaM-binding TF-specific active signal when the TF and different numbers

of CaM-binding proteins coexist. A. An experimentally measured calcium signature (Whalley
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et al., 2011). The calcium signature is used to calculate [4Ca?*-CaM-TF,] following equation
3. B. The TF coexists with one protein. Blue, red, and green curves correspond to the
concentration of the protein to be 1 uM, 10 puM, and 100 puM, respectively. C. The TF
coexists with 11 proteins. Concentrations of 10 proteins are fixed to be 100 uM. Blue, red,
and green curves correspond to the concentration of the remaining protein to be 1 pM, 10
MM, and 100 puM, respectively. D. The TF coexists with 101 proteins, 100 proteins of which
have the same fixed concentration: 100 uM. Blue, red, and green curve corresponds to the
concentration of the remaining protein to be 1 uM, 10 uM, and 100 puM, respectively. The

three curves overlap, indicating that changing the concentration of the remaining protein does

[4ca?t—caM-TF]
4Ca?¥-CaM~-TF]gs

not affect [4Ca®*-CaM-TF4]. E. [ for all nine curves shown in Fig. 2B and C,

[4Ca?*-CaM-TF]|

Py reaches at least 9000
[4Ca?t—CaM—-TF]gs

indicating that, for all nine cases, the maximum of

fold.

Figure 3. Diagram showing the design principle for transcriptional decoding calcium
signatures to generate specific gene expression. A. The binding mechanism between Ca?*,
calmodulin (CaM), and transcription factor (TF), which emerges from two pairs of Ca*'-
binding EF-hand domains, and a TF-binding domain in CaM and a CaM-binding domain in
TF. B. Nonlinear amplification of Ca®* signal emerges from A. C. An amplified, Ca*-

induced, TF-specific active signal for each of CaM-binding TFs emerges from A and B.

Figure 4. Three similar calcium signatures are decoded to generate specific gene expression
responses for a simple Ca?*-regulated gene expression process. . A. Three artificial calcium
signatures with the same sinusoidal Kinetics (the period is fixed to be 80 s, and amplitudes are

0.2 uM, 0.3 uM, and 0.4 uM, respectively. Only one period of the sinusoidal kinetics is

[4Ca?t—CaM-TF]
4Ca?*—CaM-TF]gg

used.) B. ] calculated using the three calcium signatures in Fig. 4A as the

input of equation 3. C. Fold change of mRNA corresponding to the three calcium signatures

[4Ca?t—CaM]|

in Fig. 4A. D. P calculated using the three calcium signatures in Fig. 4A as the
[4Ca?t—CaM]sg

[4Ca?t—caM]| [4ca?t—CaM-TF|
4Ca?*t-CcaM]gs [4Ca?t-CaM—TF]gs

input of equation 3. E. The ratio of [ . This ratio is always

[4Ca?t—CaM]
[4Ca?*—CaM]ss

[4Ca?t—CaM-TF]
[4Ca?t—-CaM-TF]gs

equal to 1, indicating that is always the same as . F. Three

artificial calcium signatures with the same average calcium concentration (the average of

[4Ca?*—-CaM-TF]|
[4Ca?t-CaM-TF]g

[Ca?*] is 0.2 uM for each of the three curves). G. calculated using the three

29

Downloaded from on November 20, 2019 - Published by www.plantphysiol.org
Copyright © 2019 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org

809

810

811

812

813

814
815
816
817
818
819
820
821
822
823
824
825
826
827
828
829

830
831
832
833
834
835
836
837
838

calcium signatures in Fig. 4F as the input of equation 3. H. Fold change of mRNA

[4ca?t—caM]|

corresponding to the three calcium signatures in Fig. 4F. I. T4Ca? Car]..

calculated using the

24 _
three calcium signatures in Fig. 4F as the input of equation 3. J. The ratio of M to
[4Cca?t—CaM]g

[4ca?t—CaM-TF]
[4Ca?*-CaM-TF]¢s

. L T [4ca?t—caM]|
. This ratio is always equal to 1, indicating that T4Ca?*CaMl..

is always the

[4ca?t—caM-TF]

Same as [4Ca?t—CaM~-TF)gs

Figure 5. Effects of the number of CaM-binding proteins or the binding rates on specific
gene expression responses for a simple Ca**-regulated gene expression process. A. An
artificial calcium signature. B. Effects of the number of CaM-binding proteins on specific
gene expression responses. The TF coexists with one protein. Green, red, and blue curve
corresponds to the concentration of the protein to be 1 uM, 10 uM, and 100 puM, respectively.
C. Effects of the number of CaM-binding proteins on specific gene expression responses. The
TF coexists with 101 proteins, 100 proteins of which have the same fixed concentration: 100
MUM. Green, red, and blue curve corresponds to the concentration of the remaining protein to
be 1 uM, 10 uM, and 100 uM, respectively. The three curves overlap, indicating that
changing the concentration of the remaining protein does not affect fold change of mRNA. D.
Effects of the binding rates on specific gene expression responses. Wide orange curve is
calculated using equation 3. Blue curve is calculated using differential equations with all
experimentally determined “on” and “off” binding rates (Shifman et al., 2006; Pepke et al.,
2010). The wide orange curve and the blue curve overlap, indicating a quasi-equilibrium state
has established. The red and green curves correspond to the “on” and “off” binding rates are
reduced by 100 fold and 1.0E4 fold, respectively.

Figure 6. Responses of two active signals, 4Ca®*-CaM-CAMTA3 and 4Ca**-CaM-CBP60g,
to two experimentally measured calcium signatures. A. Two empirical calcium signatures
induced by two calcium agonists: mastoparan and extracellular calcium (Lenzoni et al.,
2018). B. Enlargement of Fig. 6A, showing the details of the two calcium signatures. C.
Response of 4Ca?*-CaM-CAMTAZ3 to the two calcium signatures. Wide solid orange curve
and wide dashed orange curve are calculated using the two calcium signatures as the input of
equation 3, respectively. Experimentally measured parameters are used. Black and blue
curves are calculated using the two calcium signatures as the input of differential equations,

respectively. The wide orange curve overlaps with the black curve. The wide dashed orange
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curve overlaps with the blue curve. These results indicate a quasi-equilibrium state is
established. D. Same as Fig. 6C, but both “on” and “off” rate constants for Ca®"-CaM
interactions are reduced by 1.0E5 fold from their experimental values. E. Same as Fig. 6C,
but both “on” and “off” rate constants for Ca®*-CaM interactions are reduced by 1.0E8 fold
from their experimental values. Black and blue curves are flat and they also overlap,
indicating that neither calcium signature can induce changes in [4Ca**-CaM-CAMTA3]. F.
Same as Fig. 6C, but it is the response of 4Ca**-CaM-CBP60g to the two calcium signatures.
G. Same as Fig. 6F, but both “on” and “off” rate constants for Ca®"-CaM interactions are
reduced by 1.0E5 fold from their experimental values. H. Same as Fig. 6F, but both “on” and
“off” rate constants for Ca*-CaM interactions are reduced by 1.0E8 fold from their
experimental values. Black and blue curves are flat and they also overlap, indicating that

neither calcium signature can induce changes in [4Ca’*-CaM-CBP60g].

Figure 7. Fold change of both EDS1 and ICS1 mRNA responding to two experimentally
measured calcium signatures. A. Same as Fig. 6C and F, but it is the fold change of ICS1
mRNA. B. Same as Fig. 6D and G, but it is the fold change of ICS1 mRNA. C. Same as Fig.
6E and H, but it is the fold change of ICS1 mRNA. D. Same as Fig. 6C and F, but it is the
fold change of EDS1 mRNA. E. Same as Fig. 6D and G, but it is the fold change of EDS1
MRNA. F. Same as Fig. 6E and H, but it is the fold change of EDS1 mRNA.
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for P=1.0E-4 is calculated using equation 2.

always the same for the two concentrations of TF. B. Corresponding to Fig. 1A, , value for
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proteins of which have the same fixed concentration: 100 uM. Green, red and blue curve corresponds to the
concentration of the remaining protein to be 1 uM, 10 uM and 100 uM, respectively. The three curves overlap, indicating
that changing the concentration of the remaining protein does not affect fold change of mRNA. D. Effects of the binding
rates on specific gene expression responses. Wide orange curve is calculated using equation 3. Blue curve is calculated
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Figure. 6. Two calcium signatures are decoded to generate specific expression of EDS1 and ICS1 following design
principle: responses of two active signals, 4Ca2*-CaM-CAMTA3 and 4Ca%*-CaM-CBP60g, to two experimentally measured
calcium signatures. A. Two empirical calcium signatures induced by two calcium agonists: mastoparan and extracellular
calcium (Lenzoni et al., 2018). B. Enlargement of Fig. 6A, showing the details of the two calcium signatures. C. Response
of 4Ca?*-CaM-CAMTA3 to the two calcium signatures. Wide solid orange curve and wide dashed orange curve are
calculated using the two calcium signatures as the input of equation 3, respectively. Experimentally measured
parameters are used. Black and blue curves are calculated using the two calcium signatures as the input of differential
equations, respectively. The wide orange curve overlaps with the black curve. The wide dashed orange curve overlaps
with the blue curve. These results indicate a quasi-equilibrium state is established. D. Same as Fig. 6C, but both “on” and
“off” rate constants for Ca?*-CaM interactions are reduced by 1.0E5 fold from their experimental values. E. Same as Fig.
6C, but both “on” and “off” rate constants for Ca?*-CaM interactions are reduced by 1.0E8 fold from their experimental
values. Black and blue curves are flat and they also overlap, indicating that neither calcium signature can induce changes
in [4Ca?*-CaM-CAMTAZ3]. F. Same as Fig. 6C, but it is the response of 4Ca%*-CaM-CBP60g to the two calcium signatures. G.
Same as Fig. 6F, but both “on” and “off” rate constants for Ca*-CaM interactions are reduced by 1.0E5 fold from their
experimental values. H. Same as FigwbRlaoet bothcfonévendéofll, rate constants tonGad’ fCaltptindieracgions are reduced by
1.0E8 fold from their experimentalCPRNIE! SIZERLATBIA SORRY SFBIAEHPHR LY BVERN S dicating that neither

calcium signature can induce changes in [4Ca%*-CaM-CBP60g].


http://www.plantphysiol.org

fold change of ICS1 fold change of ICS1

fold change of ICS1

mRNA

mRNA

mRNA

100

10 4
1 —
0.1 T T T T T T
0 5000 10000 15000 20000 25000 30000
.
time (s)
100 ~ B
10 -
1 -
0.1 T T T T T T
0 5000 10000 15000 20000 25000 30000
.
time (s)
100 C
10
1
0.1 T T T T T T
0 5000 10000 15000 20000 25000 30000
.
time (s)

100

fold change of EDS1
mRNA

10 A

NP s

0.1

100

10

fold change of EDS1
mRNA

0.1

100

10

fold change of EDS1
mRNA

0.1

0 5000 10000 15000 20000 25000 30000

time (s)

0 50IOO 10(;00 15(;!00 ZO(IJOO 25(;00 30(I]00
time (s)

0 5000 10000 15000 20000 25000 30000
time (s)

1
Downloaded from on November 20, 2019 - Published by www.plantphysiol.org
Copyright © 2019 American Society of Plant Biologists. All rights reserved.


http://www.plantphysiol.org

Parsed Citations

Alberty RA (2004) Principle of detailed balance in kinetics. Journal of Chemical Education 81: 1206-1209
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Allen GJ, Chu SP, Harrington CL, Schumacher K, Hoffmann T, Tang YY, Grill E, Schroeder JI (2001) A defined range of guard cell
calcium oscillation parameters encodes stomatal movements. Nature 411: 1053-1057

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

Aslam SN, Newman MA Erbs G, Morrissey KL, Chinchilla D, Boller T, Jensen TT, De Castro C, lerano T, Molinaro A, Jackson RW,
Knight MR, Cooper RM (2008) Bacterial polysaccharides suppress induced innate immunity by calcium chelation. Curr Biol 18: 1078-
1083

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

Atkinson NJ, Lilley CJ, Urwin PE (2013) Identification of genes involved in the response of Arabidopsis to simultaneous biotic and
abiotic stresses. Plant Physiol 162: 2028-2041

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

Bender KW, Zielinski RE, Huber SC (2018) Revisiting paradigms of Ca2+ signaling protein kinase regulation in plants. Biochem J 475:
207-223

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

Bickerton PD, Pittman JKC, UK: eLS, (2012) Calcium signalling in plants. In. John Wiley & Sons Ltd., Chichester, UK., pp 1-9

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Bouche N, Scharlat A, Snedden W, Bouchez D, FrommH (2002) A novel family of calmodulin-binding transcription activators in
multicellular organisms. J Biol Chem 277: 21851-21861

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Brophy JA, Voigt CA (2014) Principles of genetic circuit design. Nat Methods 11: 508-520

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Chubukov V, Zuleta IA Li H (2012) Regulatory architecture determines optimal regulation of gene expression in metabolic pathways.
Proc Natl Acad Sci U S A109: 5127-5132

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Clayton H, Knight MR, Knight H, McAinsh MR, Hetherington AM (1999) Dissection of the ozone-induced calcium signature. Plant J 17:
575-579

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Delormel TY, Boudsocq M (2019) Properties and functions of calcium-dependent protein kinases and their relatives in Arabidopsis
thaliana. New Phytologist 224: 585-604

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Dodd AN, Kudla J, Sanders D (2010) The language of calcium signaling. Annu Rev Plant Biol 61: 593-620
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Edel KH, Marchadier E, Brownlee C, Kudla J, Hetherington AM (2017) The Evolution of Calcium-Based Signalling in Plants. Curr Biol
27: R667-R679

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

Fajmut A, Brumen M, Schuster S (2005) Theoretical model of the interactions between Ca2+, calmodulin and myosin light chain kinase.
FEBS Lett 579: 4361-4366

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Finkler A, Ashery-Padan R, Fromm H (2007) CAMT As: calmodulin-binding transcription activators from plants to human. FEBS Lett 581:
3893-3898

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Downloaded from on November 20, 2019 - Published by www.plantphysiol.org
Copyright © 2019 American Society of Plant Biologists. All rights reserved.


https://www.ncbi.nlm.nih.gov/pubmed?term=Alberty RA %282004%29 Principle of detailed balance in kinetics%2E Journal of Chemical Education&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Alberty&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Principle of detailed balance in kinetics&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Principle of detailed balance in kinetics&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Alberty&as_ylo=2004&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Allen GJ%2C Chu SP%2C Harrington CL%2C Schumacher K%2C Hoffmann T%2C Tang YY%2C Grill E%2C Schroeder JI %282001%29 A defined range of guard cell calcium oscillation parameters encodes stomatal movements%2E Nature&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Allen&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=A defined range of guard cell calcium oscillation parameters encodes stomatal movements&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=A defined range of guard cell calcium oscillation parameters encodes stomatal movements&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Allen&as_ylo=2001&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Aslam SN%2C Newman MA%2C Erbs G%2C Morrissey KL%2C Chinchilla D%2C Boller T%2C Jensen TT%2C De Castro C%2C Ierano T%2C Molinaro A%2C Jackson RW%2C Knight MR%2C Cooper RM %282008%29 Bacterial polysaccharides suppress induced innate immunity by calcium chelation%2E Curr Biol&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Aslam&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Bacterial polysaccharides suppress induced innate immunity by calcium chelation&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Bacterial polysaccharides suppress induced innate immunity by calcium chelation&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Aslam&as_ylo=2008&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Atkinson NJ%2C Lilley CJ%2C Urwin PE %282013%29 Identification of genes involved in the response of Arabidopsis to simultaneous biotic and abiotic stresses%2E Plant Physiol&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Atkinson&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Identification of genes involved in the response of Arabidopsis to simultaneous biotic and abiotic stresses&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Identification of genes involved in the response of Arabidopsis to simultaneous biotic and abiotic stresses&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Atkinson&as_ylo=2013&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Bender KW%2C Zielinski RE%2C Huber SC %282018%29 Revisiting paradigms of Ca2%2B signaling protein kinase regulation in plants%2E Biochem J&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Bender&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Revisiting paradigms of Ca2+ signaling protein kinase regulation in plants&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Revisiting paradigms of Ca2+ signaling protein kinase regulation in plants&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Bender&as_ylo=2018&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Bickerton PD%2C Pittman JKC%2C UK%3A eLS%2C %282012%29 Calcium signalling in plants%2E In%2E John Wiley %26 Sons Ltd%2E%2C Chichester%2C UK%2E%2C pp&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Bickerton&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Calcium signalling in plants.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Calcium signalling in plants.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Bickerton&as_ylo=2012&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Bouche N%2C Scharlat A%2C Snedden W%2C Bouchez D%2C Fromm H %282002%29 A novel family of calmodulin%2Dbinding transcription activators in multicellular organisms%2E J Biol Chem&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Bouche&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=A novel family of calmodulin-binding transcription activators in multicellular organisms&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=A novel family of calmodulin-binding transcription activators in multicellular organisms&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Bouche&as_ylo=2002&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Brophy JA%2C Voigt CA %282014%29 Principles of genetic circuit design%2E Nat Methods&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Brophy&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Principles of genetic circuit design&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Principles of genetic circuit design&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Brophy&as_ylo=2014&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Chubukov V%2C Zuleta IA%2C Li H %282012%29 Regulatory architecture determines optimal regulation of gene expression in metabolic pathways%2E Proc Natl Acad Sci U S A&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Chubukov&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Regulatory architecture determines optimal regulation of gene expression in metabolic pathways&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Regulatory architecture determines optimal regulation of gene expression in metabolic pathways&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Chubukov&as_ylo=2012&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Clayton H%2C Knight MR%2C Knight H%2C McAinsh MR%2C Hetherington AM %281999%29 Dissection of the ozone%2Dinduced calcium signature%2E Plant J&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Clayton&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Dissection of the ozone-induced calcium signature&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Dissection of the ozone-induced calcium signature&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Clayton&as_ylo=1999&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Delormel TY%2C Boudsocq M %282019%29 Properties and functions of calcium%2Ddependent protein kinases and their relatives in Arabidopsis thaliana%2E New Phytologist&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Delormel&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Properties and functions of calcium-dependent protein kinases and their relatives in Arabidopsis thaliana&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Properties and functions of calcium-dependent protein kinases and their relatives in Arabidopsis thaliana&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Delormel&as_ylo=2019&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Dodd AN%2C Kudla J%2C Sanders D %282010%29 The language of calcium signaling%2E Annu Rev Plant Biol&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Dodd&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=The language of calcium signaling&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=The language of calcium signaling&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Dodd&as_ylo=2010&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Edel KH%2C Marchadier E%2C Brownlee C%2C Kudla J%2C Hetherington AM %282017%29 The Evolution of Calcium%2DBased Signalling in Plants%2E Curr Biol 27%3A R667%2DR&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Edel&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=The Evolution of Calcium-Based Signalling in Plants&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=The Evolution of Calcium-Based Signalling in Plants&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Edel&as_ylo=2017&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Fajmut A%2C Brumen M%2C Schuster S %282005%29 Theoretical model of the interactions between Ca2%2B%2C calmodulin and myosin light chain kinase%2E FEBS Lett&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Fajmut&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Theoretical model of the interactions between Ca2+, calmodulin and myosin light chain kinase&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Theoretical model of the interactions between Ca2+, calmodulin and myosin light chain kinase&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Fajmut&as_ylo=2005&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Finkler A%2C Ashery%2DPadan R%2C Fromm H %282007%29 CAMTAs%3A calmodulin%2Dbinding transcription activators from plants to human%2E FEBS Lett&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Finkler&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=CAMTAs: calmodulin-binding transcription activators from plants to human&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=CAMTAs: calmodulin-binding transcription activators from plants to human&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Finkler&as_ylo=2007&as_allsubj=all&hl=en&c2coff=1
http://www.plantphysiol.org

Finn BE, Forsen S (1995) The evolving model of calmodulin structure, function and activation. Structure 3: 7-11

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

FrommH, Finkler A (2015) Repression and De-repression of Gene Expression in the Plant Immune Response: The Complexity of
Modulation by Ca2+ and Calmodulin. Mol Plant 8: 671-673

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Galon Y, Nave R, Boyce JM, Nachmias D, Knight MR, Fromm H (2008) Calmodulin-binding transcription activator (CAMTA) 3 mediates
biotic defense responses in Arabidopsis. FEBS Lett 582: 943-948

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Karin O, Swisa A, Glaser B, Dor Y, Alon U (2016) Dynamical compensation in physiological circuits. Mol Syst Biol 12: 886
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Karlebach G, Shamir R (2008) Modelling and analysis of gene regulatory networks. Nat Rev Mol Cell Biol 9: 770-780

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Kim MC, Chung WS, Yun DJ, Cho MJ (2009) Calcium and calmodulin-mediated regulation of gene expression in plants. Mol Plant 2: 13-
21

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

KimYS, An C, Park S, Gilmour SJ, Wang L, Renna L, Brandizzi F, Grumet R, Thomashow MF (2017) CAMT A-Mediated Regulation of
Salicylic Acid Immunity Pathway Genes in Arabidopsis Exposed to Low Temperature and Pathogen Infection. Plant Cell 29: 2465-2477

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Knight H, Trewavas AJ, Knight MR (1996) Cold calcium signaling in Arabidopsis involves two cellular pools and a change in calcium
signature after acclimation. Plant Cell 8: 489-503

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

Knight H, Trewavas AJ, Knight MR (1997) Calcium signalling in Arabidopsis thaliana responding to drought and salinity. Plant J 12:
1067-1078

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

Kubota Y, Putkey JA, Waxham MN (2007) Neurogranin controls the spatiotemporal pattern of postsynaptic Ca2+/CaM signaling. Biophys
J 93: 3848-3859

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

Kudla J, Batistic O, Hashimoto K (2010) Calcium signals: The lead currency of plant information processing. Plant Cell 22: 541-563

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Kudla J, Batistic O, Hashimoto K (2010) Calcium signals: the lead currency of plant information processing. Plant Cell 22: 541-563
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Kudla J, Becker D, Grill E, Hedrich R, Hippler M, Kummer U, Parniske M, Romeis T, Schumacher K (2018) Advances and current
challenges in calcium signaling. New Phytol 218: 414-431

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

Kuriyan J, Konforti B, Wemmer D (2013) The Molecules of Life: Physical and Chemical Principles: Physical Principles and Cellular
Dynamics. Garland Publishing Inc., New York

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

La Verde V, Dominici P, Astegno A (2018) Towards Understanding Plant Calcium Signaling through Calmodulin-Like Proteins: A
Biochemical and Structural Perspective. International Journal of Molecular Sciences 19

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Lenzoni G, Liu JL, Knight MR (2018) Predicting plant immunity gene expression by identifying the decoding mechanism of calcium
signatures. New Phytologist 217: 1598-1609

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Downloaded from on November 20, 2019 - Published by www.plantphysiol.org
Copyright © 2019 American Society of Plant Biologists. All rights reserved.


https://www.ncbi.nlm.nih.gov/pubmed?term=Finn BE%2C Forsen S %281995%29 The evolving model of calmodulin structure%2C function and activation%2E Structure&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Finn&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=The evolving model of calmodulin structure, function and activation&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=The evolving model of calmodulin structure, function and activation&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Finn&as_ylo=1995&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Fromm H%2C Finkler A %282015%29 Repression and De%2Drepression of Gene Expression in the Plant Immune Response%3A The Complexity of Modulation by Ca2%2B and Calmodulin%2E Mol Plant&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Fromm&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Repression and De-repression of Gene Expression in the Plant Immune Response: The Complexity of Modulation by Ca2+ and Calmodulin&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Repression and De-repression of Gene Expression in the Plant Immune Response: The Complexity of Modulation by Ca2+ and Calmodulin&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Fromm&as_ylo=2015&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Galon Y%2C Nave R%2C Boyce JM%2C Nachmias D%2C Knight MR%2C Fromm H %282008%29 Calmodulin%2Dbinding transcription activator %28CAMTA%29 3 mediates biotic defense responses in Arabidopsis%2E FEBS Lett&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Galon&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Calmodulin-binding transcription activator (CAMTA) 3 mediates biotic defense responses in Arabidopsis&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Calmodulin-binding transcription activator (CAMTA) 3 mediates biotic defense responses in Arabidopsis&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Galon&as_ylo=2008&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Karin O%2C Swisa A%2C Glaser B%2C Dor Y%2C Alon U %282016%29 Dynamical compensation in physiological circuits%2E Mol Syst Biol&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Karin&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Dynamical compensation in physiological circuits.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Dynamical compensation in physiological circuits.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Karin&as_ylo=2016&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Karlebach G%2C Shamir R %282008%29 Modelling and analysis of gene regulatory networks%2E Nat Rev Mol Cell Biol&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Karlebach&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Modelling and analysis of gene regulatory networks&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Modelling and analysis of gene regulatory networks&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Karlebach&as_ylo=2008&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Kim MC%2C Chung WS%2C Yun DJ%2C Cho MJ %282009%29 Calcium and calmodulin%2Dmediated regulation of gene expression in plants%2E Mol Plant&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Kim&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Calcium and calmodulin-mediated regulation of gene expression in plants&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Calcium and calmodulin-mediated regulation of gene expression in plants&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Kim&as_ylo=2009&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Kim YS%2C An C%2C Park S%2C Gilmour SJ%2C Wang L%2C Renna L%2C Brandizzi F%2C Grumet R%2C Thomashow MF %282017%29 CAMTA%2DMediated Regulation of Salicylic Acid Immunity Pathway Genes in Arabidopsis Exposed to Low Temperature and Pathogen Infection%2E Plant Cell&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Kim&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=CAMTA-Mediated Regulation of Salicylic Acid Immunity Pathway Genes in Arabidopsis Exposed to Low Temperature and Pathogen Infection&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=CAMTA-Mediated Regulation of Salicylic Acid Immunity Pathway Genes in Arabidopsis Exposed to Low Temperature and Pathogen Infection&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Kim&as_ylo=2017&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Knight H%2C Trewavas AJ%2C Knight MR %281996%29 Cold calcium signaling in Arabidopsis involves two cellular pools and a change in calcium signature after acclimation%2E Plant Cell&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Knight&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Cold calcium signaling in Arabidopsis involves two cellular pools and a change in calcium signature after acclimation&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Cold calcium signaling in Arabidopsis involves two cellular pools and a change in calcium signature after acclimation&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Knight&as_ylo=1996&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Knight H%2C Trewavas AJ%2C Knight MR %281997%29 Calcium signalling in Arabidopsis thaliana responding to drought and salinity%2E Plant J&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Knight&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Calcium signalling in Arabidopsis thaliana responding to drought and salinity&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Calcium signalling in Arabidopsis thaliana responding to drought and salinity&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Knight&as_ylo=1997&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Kubota Y%2C Putkey JA%2C Waxham MN %282007%29 Neurogranin controls the spatiotemporal pattern of postsynaptic Ca2%2B%2FCaM signaling%2E Biophys J&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Kubota&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Neurogranin controls the spatiotemporal pattern of postsynaptic Ca2+/CaM signaling&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Neurogranin controls the spatiotemporal pattern of postsynaptic Ca2+/CaM signaling&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Kubota&as_ylo=2007&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Kudla J%2C Batistic O%2C Hashimoto K %282010%29 Calcium signals%3A The lead currency of plant information processing%2E Plant Cell 22%3A 541%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Kudla&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Calcium signals: The lead currency of plant information processing.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Calcium signals: The lead currency of plant information processing.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Kudla&as_ylo=2010&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Kudla J%2C Batistic O%2C Hashimoto K %282010%29 Calcium signals%3A the lead currency of plant information processing%2E Plant Cell&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Kudla&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Calcium signals: the lead currency of plant information processing&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Calcium signals: the lead currency of plant information processing&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Kudla&as_ylo=2010&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Kudla J%2C Becker D%2C Grill E%2C Hedrich R%2C Hippler M%2C Kummer U%2C Parniske M%2C Romeis T%2C Schumacher K %282018%29 Advances and current challenges in calcium signaling%2E New Phytol&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Kudla&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Advances and current challenges in calcium signaling&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Advances and current challenges in calcium signaling&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Kudla&as_ylo=2018&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Kuriyan J%2C Konforti B%2C Wemmer D %282013%29 The Molecules of Life%3A Physical and Chemical Principles%3A Physical Principles and Cellular Dynamics%2E Garland Publishing Inc%2E%2C New York&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Kuriyan&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=The Molecules of Life: Physical and Chemical Principles: Physical Principles and Cellular Dynamics.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=The Molecules of Life: Physical and Chemical Principles: Physical Principles and Cellular Dynamics.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Kuriyan&as_ylo=2013&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=La Verde V%2C Dominici P%2C Astegno A %282018%29 Towards Understanding Plant Calcium Signaling through Calmodulin%2DLike Proteins%3A A Biochemical and Structural Perspective%2E International Journal of Molecular Sciences&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=La&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Towards Understanding Plant Calcium Signaling through Calmodulin-Like Proteins: A Biochemical and Structural Perspective.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Towards Understanding Plant Calcium Signaling through Calmodulin-Like Proteins: A Biochemical and Structural Perspective.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=La&as_ylo=2018&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Lenzoni G%2C Liu JL%2C Knight MR %282018%29 Predicting plant immunity gene expression by identifying the decoding mechanism of calcium signatures%2E New Phytologist&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Lenzoni&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Predicting plant immunity gene expression by identifying the decoding mechanism of calcium signatures&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Predicting plant immunity gene expression by identifying the decoding mechanism of calcium signatures&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Lenzoni&as_ylo=2018&as_allsubj=all&hl=en&c2coff=1
http://www.plantphysiol.org

Linse S, Helmersson A, Forsen S (1991) Calcium binding to calmodulin and its globular domains. J Biol Chem 266: 8050-8054

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Liu J, Whalley HJ, Knight MR (2015) Combining modelling and experimental approaches to explain how calcium signatures are
decoded by calmodulin-binding transcription activators (CAMT As) to produce specific gene expression responses. New Phytol 208:
174-187

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Love J, Dodd AN, Webb AA (2004) Circadian and diurnal calcium oscillations encode photoperiodic information in Arabidopsis. Plant
Cell 16: 956-966

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

McAinsh MR, Pittman JK (2009) Shaping the calcium signature. New Phytol 181: 275-294
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

McAinsh MR, Webb A Taylor JE, Hetherington AM (1995) Stimulus-Induced Oscillations in Guard Cell Cytosolic Free Calcium Plant
Cell 7: 1207-1219

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

Medvedev SS (2018) Principles of Calcium Signal Generation and Transduction in Plant Cells. Russian Journal of Plant Physiology 65:
771-783

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

Miller JB, Pratap A Miyahara A Zhou L, Bornemann S, Morris RJ, Oldroyd GE (2013) Calcium/Calmodulin-dependent protein kinase is
negatively and positively regulated by calcium, providing a mechanism for decoding calcium responses during symbiosis signaling.
Plant Cell 25: 5053-5066

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Miwa H, Sun J, Oldroyd GE, Downie JA (2006) Analysis of calcium spiking using a cameleon calcium sensor reveals that nodulation
gene expression is regulated by calcium spike number and the developmental status of the cell. Plant J 48: 883-894

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

Pepke S, Kinzer-Ursem T, Mihalas S, Kennedy MB (2010) A dynamic model of interactions of Ca2+, calmodulin, and catalytic subunits of
Ca2+/calmodulin-dependent protein kinase Il. PLoS Comput Biol 6: 1000675

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

Pifl C, Plank B, Wyskovsky W, Bertel O, Hellmann G, Suko J (1984) Calmodulin X (Ca2+)4 is the active calmodulin-calcium species
activating the calcium-, calmodulin-dependent protein kinase of cardiac sarcoplasmic reticulumin the regulation of the calcium pump.
Biochim Biophys Acta 773: 197-206

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Poovaiah BW, Du L, Wang H, Yang T (2013) Recent advances in calcium/calmodulin-mediated signaling with an emphasis on plant-
microbe interactions. Plant Physiol 163: 531-542

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

Purvis JE, Lahav G (2013) Encoding and decoding cellular information through signaling dynamics. Cell 152: 945-956
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Reddy AS, Ali GS, Celesnik H, Day IS (2011) Coping with stresses: roles of calcium- and calcium/calmodulin-regulated gene expression.
Plant Cell 23: 2010-2032

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

Romano DR, Pharris MC, Patel NM, Kinzer-Ursem TL (2017) Competitive tuning: Competition's role in setting the frequency-
dependence of Ca2+-dependent proteins. PLoS Comput Biol 13: 1005820

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Salvador A Savageau MA (2003) Quantitative evolutionary design of glucose 6-phosphate dehydrogenase expression in human
erythrocytes. Proceedings of the National Academy of Sciences of the United States of America 100: 14463-14468

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title
Downloaded from on November 20, 2019 - Published by www.plantphysiol.org
Copyright © 2019 American Society of Plant Biologists. All rights reserved.


https://www.ncbi.nlm.nih.gov/pubmed?term=Linse S%2C Helmersson A%2C Forsen S %281991%29 Calcium binding to calmodulin and its globular domains%2E J Biol Chem&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Linse&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Calcium binding to calmodulin and its globular domains&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Calcium binding to calmodulin and its globular domains&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Linse&as_ylo=1991&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Liu J%2C Whalley HJ%2C Knight MR %282015%29 Combining modelling and experimental approaches to explain how calcium signatures are decoded by calmodulin%2Dbinding transcription activators %28CAMTAs%29 to produce specific gene expression responses%2E New Phytol&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Liu&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Combining modelling and experimental approaches to explain how calcium signatures are decoded by calmodulin-binding transcription activators (CAMTAs) to produce specific gene expression responses&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Combining modelling and experimental approaches to explain how calcium signatures are decoded by calmodulin-binding transcription activators (CAMTAs) to produce specific gene expression responses&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Liu&as_ylo=2015&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Love J%2C Dodd AN%2C Webb AA %282004%29 Circadian and diurnal calcium oscillations encode photoperiodic information in Arabidopsis%2E Plant Cell&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Love&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Circadian and diurnal calcium oscillations encode photoperiodic information in Arabidopsis&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Circadian and diurnal calcium oscillations encode photoperiodic information in Arabidopsis&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Love&as_ylo=2004&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=McAinsh MR%2C Pittman JK %282009%29 Shaping the calcium signature%2E New Phytol&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=McAinsh&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Shaping the calcium signature&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Shaping the calcium signature&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=McAinsh&as_ylo=2009&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=McAinsh MR%2C Webb A%2C Taylor JE%2C Hetherington AM %281995%29 Stimulus%2DInduced Oscillations in Guard Cell Cytosolic Free Calcium%2E Plant Cell&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=McAinsh&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Stimulus-Induced Oscillations in Guard Cell Cytosolic Free Calcium&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Stimulus-Induced Oscillations in Guard Cell Cytosolic Free Calcium&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=McAinsh&as_ylo=1995&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Medvedev SS %282018%29 Principles of Calcium Signal Generation and Transduction in Plant Cells%2E Russian Journal of Plant Physiology&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Medvedev&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Principles of Calcium Signal Generation and Transduction in Plant Cells&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Principles of Calcium Signal Generation and Transduction in Plant Cells&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Medvedev&as_ylo=2018&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Miller JB%2C Pratap A%2C Miyahara A%2C Zhou L%2C Bornemann S%2C Morris RJ%2C Oldroyd GE %282013%29 Calcium%2FCalmodulin%2Ddependent protein kinase is negatively and positively regulated by calcium%2C providing a mechanism for decoding calcium responses during symbiosis signaling%2E Plant Cell&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Miller&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Calcium/Calmodulin-dependent protein kinase is negatively and positively regulated by calcium, providing a mechanism for decoding calcium responses during symbiosis signaling&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Calcium/Calmodulin-dependent protein kinase is negatively and positively regulated by calcium, providing a mechanism for decoding calcium responses during symbiosis signaling&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Miller&as_ylo=2013&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Miwa H%2C Sun J%2C Oldroyd GE%2C Downie JA %282006%29 Analysis of calcium spiking using a cameleon calcium sensor reveals that nodulation gene expression is regulated by calcium spike number and the developmental status of the cell%2E Plant J&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Miwa&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Analysis of calcium spiking using a cameleon calcium sensor reveals that nodulation gene expression is regulated by calcium spike number and the developmental status of the cell&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Analysis of calcium spiking using a cameleon calcium sensor reveals that nodulation gene expression is regulated by calcium spike number and the developmental status of the cell&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Miwa&as_ylo=2006&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Pepke S%2C Kinzer%2DUrsem T%2C Mihalas S%2C Kennedy MB %282010%29 A dynamic model of interactions of Ca2%2B%2C calmodulin%2C and catalytic subunits of Ca2%2B%2Fcalmodulin%2Ddependent protein kinase II%2E PLoS Comput Biol 6%3A e&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Pepke&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=A dynamic model of interactions of Ca2+, calmodulin, and catalytic subunits of Ca2+/calmodulin-dependent protein kinase II.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=A dynamic model of interactions of Ca2+, calmodulin, and catalytic subunits of Ca2+/calmodulin-dependent protein kinase II.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Pepke&as_ylo=2010&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Pifl C%2C Plank B%2C Wyskovsky W%2C Bertel O%2C Hellmann G%2C Suko J %281984%29 Calmodulin X %28Ca2%2B%294 is the active calmodulin%2Dcalcium species activating the calcium%2D%2C calmodulin%2Ddependent protein kinase of cardiac sarcoplasmic reticulum in the regulation of the calcium pump%2E Biochim Biophys Acta&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Pifl&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Calmodulin X (Ca2+)4 is the active calmodulin-calcium species activating the calcium-, calmodulin-dependent protein kinase of cardiac sarcoplasmic reticulum in the regulation of the calcium pump&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Calmodulin X (Ca2+)4 is the active calmodulin-calcium species activating the calcium-, calmodulin-dependent protein kinase of cardiac sarcoplasmic reticulum in the regulation of the calcium pump&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Pifl&as_ylo=1984&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Poovaiah BW%2C Du L%2C Wang H%2C Yang T %282013%29 Recent advances in calcium%2Fcalmodulin%2Dmediated signaling with an emphasis on plant%2Dmicrobe interactions%2E Plant Physiol&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Poovaiah&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Recent advances in calcium/calmodulin-mediated signaling with an emphasis on plant-microbe interactions&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Recent advances in calcium/calmodulin-mediated signaling with an emphasis on plant-microbe interactions&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Poovaiah&as_ylo=2013&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Purvis JE%2C Lahav G %282013%29 Encoding and decoding cellular information through signaling dynamics%2E Cell&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Purvis&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Encoding and decoding cellular information through signaling dynamics&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Encoding and decoding cellular information through signaling dynamics&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Purvis&as_ylo=2013&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Reddy AS%2C Ali GS%2C Celesnik H%2C Day IS %282011%29 Coping with stresses%3A roles of calcium%2D and calcium%2Fcalmodulin%2Dregulated gene expression%2E Plant Cell&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Reddy&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Coping with stresses: roles of calcium- and calcium/calmodulin-regulated gene expression&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Coping with stresses: roles of calcium- and calcium/calmodulin-regulated gene expression&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Reddy&as_ylo=2011&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Romano DR%2C Pharris MC%2C Patel NM%2C Kinzer%2DUrsem TL %282017%29 Competitive tuning%3A Competition%27s role in setting the frequency%2Ddependence of Ca2%2B%2Ddependent proteins%2E PLoS Comput Biol 13%3A e&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Romano&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Competitive tuning: Competition's role in setting the frequency-dependence of Ca2+-dependent proteins.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Competitive tuning: Competition's role in setting the frequency-dependence of Ca2+-dependent proteins.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Romano&as_ylo=2017&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Salvador A%2C Savageau MA %282003%29 Quantitative evolutionary design of glucose 6%2Dphosphate dehydrogenase expression in human erythrocytes%2E Proceedings of the National Academy of Sciences of the United States of America&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Salvador&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Quantitative evolutionary design of glucose 6-phosphate dehydrogenase expression in human erythrocytes&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Quantitative evolutionary design of glucose 6-phosphate dehydrogenase expression in human erythrocytes&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Salvador&as_ylo=2003&as_allsubj=all&hl=en&c2coff=1
http://www.plantphysiol.org

Salvador A Savageau MA (2006) Evolution of enzymes in a series is driven by dissimilar functional demands. Proc Natl Acad Sci U S A
103: 2226-2231

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

Savageau MA (2001) Design principles for elementary gene circuits: Elements, methods, and examples. Chaos 11: 142-159

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Seybold H, Trempel F, Ranf S, Scheel D, Romeis T, Lee J (2014) Ca2+ signalling in plant immune response: from pattern recognition
receptors to Ca2+ decoding mechanisms. New Phytol 204: 782-790

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Shifman JM, Choi MH, Mihalas S, Mayo SL, Kennedy MB (2006) Ca2+/calmodulin-dependent protein kinase Il (CaMKIl) is activated by
calmodulin with two bound calciums. Proc Natl Acad Sci U S A103: 13968-13973

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Short EF, North KA, Roberts MR, Hetherington AM, Shirras AD, McAinsh MR (2012) A stress-specific calcium signature regulating an
ozone-responsive gene expression network in Arabidopsis. Plant J 71: 948-961

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

Tolla DA Kiley PJ, Lomnitz JG, Savageau MA (2015) Design principles of a conditional futile cycle exploited for regulation. Mol Biosyst
11: 1841-1849

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

Tsuda K, Somssich IE (2015) Transcriptional networks in plant immunity. New Phytol 206: 932-947
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Valeyev NV, Bates DG, Heslop-Harrison P, Postlethwaite |, Kotov NV (2008) Elucidating the mechanisms of cooperative calcium-
calmodulin interactions: a structural systems biology approach. BMC Syst Biol 2: 48

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

Virdi AS, Singh S, Singh P (2015) Abiotic stress responses in plants: roles of calmodulin-regulated proteins. Front Plant Sci 6: 809
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Wall ME, Hlavacek WS, Savageau MA (2003) Design principles for regulator gene expression in a repressible gene circuit. J Mol Biol
332: 861-876

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

Wang L, Tsuda K, Sato M, Cohen JD, Katagiri F, Glazebrook J (2009) Arabidopsis CaM binding protein CBP60g contributes to MAMP-
induced SAaccumulation and is involved in disease resistance against Pseudomonas syringae. PLoS Pathogens 5: 1000301

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

Wang L, Tsuda K, Truman W, Sato M, le NV, Katagiri F, Glazebrook J (2011) CBP60g and SARD1 play partially redundant critical roles in
salicylic acid signaling. Plant Journal 67: 1029-1041

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Whalley HJ, Knight MR (2013) Calcium signatures are decoded by plants to give specific gene responses. New Phytol. 197: 690-693
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Whalley HJ, Sargeant AW, Steele JFC, Lacoere T, Lamb R, Saunders NJ, Knight H, Knight MR (2011) Transcriptomic analysis reveals
calciumregulation of specific promoter motifs in Arabidopsis. Plant Cell 23: 40794095

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

Yuan P, Jauregui E, Du L, Tanaka K, Poovaiah BW (2017) Calcium signatures and signaling events orchestrate plant-microbe
interactions. Curr Opin Plant Biol. 38: 173-183

Pubmed: Author and Title

Google Scholar: Author Only Title Only Author and Title

Zhang L, Du L, Shen C, Yang Y, Poovaiah BW (2014) Regulation of plant immunity through ubiquitin-mediated modulation of Ca2+-
calmodulin-AtSR1/CAMT A3 signaling. Plant J 78: 269281
Pubmed: Author and Title

Google Scholar: Author Only Title ObpwWalhadeddrGtteon November 20, 2019 - Published by www.plantphysiol.org
Copyright © 2019 American Society of Plant Biologists. All rights reserved.


https://www.ncbi.nlm.nih.gov/pubmed?term=Salvador A%2C Savageau MA %282006%29 Evolution of enzymes in a series is driven by dissimilar functional demands%2E Proc Natl Acad Sci U S A&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Salvador&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Evolution of enzymes in a series is driven by dissimilar functional demands&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Evolution of enzymes in a series is driven by dissimilar functional demands&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Salvador&as_ylo=2006&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Savageau MA %282001%29 Design principles for elementary gene circuits%3A Elements%2C methods%2C and examples%2E Chaos&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Savageau&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Design principles for elementary gene circuits: Elements, methods, and examples&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Design principles for elementary gene circuits: Elements, methods, and examples&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Savageau&as_ylo=2001&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Seybold H%2C Trempel F%2C Ranf S%2C Scheel D%2C Romeis T%2C Lee J %282014%29 Ca2%2B signalling in plant immune response%3A from pattern recognition receptors to Ca2%2B decoding mechanisms%2E New Phytol&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Seybold&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Ca2+ signalling in plant immune response: from pattern recognition receptors to Ca2+ decoding mechanisms&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Ca2+ signalling in plant immune response: from pattern recognition receptors to Ca2+ decoding mechanisms&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Seybold&as_ylo=2014&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Shifman JM%2C Choi MH%2C Mihalas S%2C Mayo SL%2C Kennedy MB %282006%29 Ca2%2B%2Fcalmodulin%2Ddependent protein kinase II %28CaMKII%29 is activated by calmodulin with two bound calciums%2E Proc Natl Acad Sci U S A&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Shifman&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Ca2+/calmodulin-dependent protein kinase II (CaMKII) is activated by calmodulin with two bound calciums&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Ca2+/calmodulin-dependent protein kinase II (CaMKII) is activated by calmodulin with two bound calciums&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Shifman&as_ylo=2006&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Short EF%2C North KA%2C Roberts MR%2C Hetherington AM%2C Shirras AD%2C McAinsh MR %282012%29 A stress%2Dspecific calcium signature regulating an ozone%2Dresponsive gene expression network in Arabidopsis%2E Plant J&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Short&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=A stress-specific calcium signature regulating an ozone-responsive gene expression network in Arabidopsis&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=A stress-specific calcium signature regulating an ozone-responsive gene expression network in Arabidopsis&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Short&as_ylo=2012&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Tolla DA%2C Kiley PJ%2C Lomnitz JG%2C Savageau MA %282015%29 Design principles of a conditional futile cycle exploited for regulation%2E Mol Biosyst&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Tolla&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Design principles of a conditional futile cycle exploited for regulation&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Design principles of a conditional futile cycle exploited for regulation&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Tolla&as_ylo=2015&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Tsuda K%2C Somssich IE %282015%29 Transcriptional networks in plant immunity%2E New Phytol&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Tsuda&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Transcriptional networks in plant immunity&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Transcriptional networks in plant immunity&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Tsuda&as_ylo=2015&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Valeyev NV%2C Bates DG%2C Heslop%2DHarrison P%2C Postlethwaite I%2C Kotov NV %282008%29 Elucidating the mechanisms of cooperative calcium%2Dcalmodulin interactions%3A a structural systems biology approach%2E BMC Syst Biol&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Valeyev&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Elucidating the mechanisms of cooperative calcium-calmodulin interactions: a structural systems biology approach.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Elucidating the mechanisms of cooperative calcium-calmodulin interactions: a structural systems biology approach.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Valeyev&as_ylo=2008&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Virdi AS%2C Singh S%2C Singh P %282015%29 Abiotic stress responses in plants%3A roles of calmodulin%2Dregulated proteins%2E Front Plant Sci&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Virdi&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Abiotic stress responses in plants: roles of calmodulin-regulated proteins.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Abiotic stress responses in plants: roles of calmodulin-regulated proteins.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Virdi&as_ylo=2015&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Wall ME%2C Hlavacek WS%2C Savageau MA %282003%29 Design principles for regulator gene expression in a repressible gene circuit%2E J Mol Biol&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Wall&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Design principles for regulator gene expression in a repressible gene circuit&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Design principles for regulator gene expression in a repressible gene circuit&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Wall&as_ylo=2003&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Wang L%2C Tsuda K%2C Sato M%2C Cohen JD%2C Katagiri F%2C Glazebrook J %282009%29 Arabidopsis CaM binding protein CBP60g contributes to MAMP%2Dinduced SA accumulation and is involved in disease resistance against Pseudomonas syringae%2E PLoS Pathogens 5%3A e&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Wang&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Arabidopsis CaM binding protein CBP60g contributes to MAMP-induced SA accumulation and is involved in disease resistance against Pseudomonas syringae.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Arabidopsis CaM binding protein CBP60g contributes to MAMP-induced SA accumulation and is involved in disease resistance against Pseudomonas syringae.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Wang&as_ylo=2009&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Wang L%2C Tsuda K%2C Truman W%2C Sato M%2C le NV%2C Katagiri F%2C Glazebrook J %282011%29 CBP60g and SARD1 play partially redundant critical roles in salicylic acid signaling%2E Plant Journal 67%3A 1029%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Wang&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=CBP60g and SARD1 play partially redundant critical roles in salicylic acid signaling.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=CBP60g and SARD1 play partially redundant critical roles in salicylic acid signaling.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Wang&as_ylo=2011&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Whalley HJ%2C Knight MR %282013%29 Calcium signatures are decoded by plants to give specific gene responses%2E New Phytol%2E 197%3A 690%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Whalley&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Calcium signatures are decoded by plants to give specific gene responses.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Calcium signatures are decoded by plants to give specific gene responses.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Whalley&as_ylo=2013&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Whalley HJ%2C Sargeant AW%2C Steele JFC%2C Lacoere T%2C Lamb R%2C Saunders NJ%2C Knight H%2C Knight MR %282011%29 Transcriptomic analysis reveals calcium regulation of specific promoter motifs in Arabidopsis%2E Plant Cell 23%3A 4079%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Whalley&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Transcriptomic analysis reveals calcium regulation of specific promoter motifs in Arabidopsis.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Transcriptomic analysis reveals calcium regulation of specific promoter motifs in Arabidopsis.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Whalley&as_ylo=2011&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Yuan P%2C Jauregui E%2C Du L%2C Tanaka K%2C Poovaiah BW %282017%29 Calcium signatures and signaling events orchestrate plant%2Dmicrobe interactions%2E Curr Opin Plant Biol&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Yuan&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Calcium signatures and signaling events orchestrate plant-microbe interactions&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Calcium signatures and signaling events orchestrate plant-microbe interactions&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Yuan&as_ylo=2017&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Zhang L%2C Du L%2C Shen C%2C Yang Y%2C Poovaiah BW %282014%29 Regulation of plant immunity through ubiquitin%2Dmediated modulation of Ca2%2B%2Dcalmodulin%2DAtSR1%2FCAMTA3 signaling%2E Plant J 78%3A 269%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Zhang&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Regulation of plant immunity through ubiquitin-mediated modulation of Ca2+-calmodulin-AtSR1/CAMTA3 signaling.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Regulation of plant immunity through ubiquitin-mediated modulation of Ca2+-calmodulin-AtSR1/CAMTA3 signaling.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Zhang&as_ylo=2014&as_allsubj=all&hl=en&c2coff=1
http://www.plantphysiol.org

Zhang Y, Xu S, Ding P, Wang D, Cheng YT, He J, Gao M, Xu F, Li Y, Zhu Z, et al. (2010) Control of salicylic acid synthesis and systemic

acquired resistance by two members of a plant-specific family of transcription factors. Proceedings of the National Academy of
Sciences, USA 107: 18220-18225

Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Zhu JL (2016) Abiotic Stress Signaling and Responses in Plants. Cell 167: 313-324
Pubmed: Author and Title
Google Scholar: Author Only Title Only Author and Title

Downloaded from on November 20, 2019 - Published by www.plantphysiol.org
Copyright © 2019 American Society of Plant Biologists. All rights reserved.


https://www.ncbi.nlm.nih.gov/pubmed?term=Zhang Y%2C Xu S%2C Ding P%2C Wang D%2C Cheng YT%2C He J%2C Gao M%2C Xu F%2C Li Y%2C Zhu Z%2C et al%2E %282010%29 Control of salicylic acid synthesis and systemic acquired resistance by two members of a plant%2Dspecific family of transcription factors%2E Proceedings of the National Academy of Sciences%2C USA 107%3A 18220%26%23x&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Zhang&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Control of salicylic acid synthesis and systemic acquired resistance by two members of a plant-specific family of transcription factors.&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Control of salicylic acid synthesis and systemic acquired resistance by two members of a plant-specific family of transcription factors.&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Zhang&as_ylo=2010&as_allsubj=all&hl=en&c2coff=1
https://www.ncbi.nlm.nih.gov/pubmed?term=Zhu JL %282016%29 Abiotic Stress Signaling and Responses in Plants%2E Cell&dopt=abstract
https://scholar.google.com/scholar?as_q=&num=10&as_occt=any&as_sauthors=Zhu&hl=en&c2coff=1
https://scholar.google.com/scholar?as_q=Abiotic Stress Signaling and Responses in Plants&num=10&btnG=Search+Scholar&as_epq=&as_oq=&as_eq=&as_occt=any&as_publication=&as_yhi=&as_allsubj=all&hl=en&lr=&c2coff=1
https://scholar.google.com/scholar?as_q=Abiotic Stress Signaling and Responses in Plants&num=10&btnG=Search+Scholar&as_occt=any&as_sauthors=Zhu&as_ylo=2016&as_allsubj=all&hl=en&c2coff=1
http://www.plantphysiol.org

	Parsed Citations
	Article File
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Figure 6
	Figure 7
	Parsed Citations

