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The phytohormone abscisic acid (ABA) is an endogenous messenger in plant abiotic stress
responses. Drought stress increases the level of ABA triggering the fastest adaptive
physiological response of plants- closure of stomata, individual pores surrounded by two guard
cells on the surface of leaves. Understanding gene/protein expression involved in stomatal
closure has great importance to genetic modification of plants to survive under severe climatic
conditions. However, systems level information that defines the communication pattern of the
related network of cellular molecules is not yet properly understood. Stomatal closure, in broad
terms, is a combined result of organic and inorganic ion regulation to release water from the
guard cells through osmosis (reduction of turgor) and the rearrangement of the cell structure to
facilitate stomatal movement.
This study integrated fragmentary information collected from the literature to define the
dynamics of ABA signalling in the rapid closure of stomata through three computational
approaches (synchronous Boolean, asynchronous Boolean and normalized HillCube models).
Our network consists of 56 nodes and their interaction dynamics (127 interactions) defined in
accordance with the past experimental results. In our network, the input node represents the
ABA signal to the system. Intermediary nodes represent proteins, second messengers, small
molecules, plant lipids and several cellular conditions. These intermediary nodes link the
system signal to the global cellular response (stomatal closure) through a series of
interconnected network edges (reactions), predominantly representing enzyme catalysis,
various post-translational modification activities and ion transport. The first main task was to
update and extend the existing ABA network, with the addition of 22 elements and 84 reactions.
After completing the network topology with the available biological knowledge, we then
studied the topological properties of the ABA signalling network and found that the network
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displays scale-free properties with RbOH, SLAC1, Ca2+, PP2C, PA, Depolarization and Actin
as network hubs to define the functional modules of the system.
The first modelling attempt in this study was to check the system dynamics of the ABA
signalling system with a synchronous Boolean model and compare the model results with the
current mathematical model available in the literature. Our model resulted rapid stomatal
closure with in several arbitrary time steps and then converged the system dynamics to eight
limit cycle attractors. These eight attractors represented the synchronous steady state dynamics
of the ABA signalling system and provided the evidence for experimentally observed Ca2+
oscillations in the guard cells. We found that the advancement of network topology improved
the understanding of network functioning while preserving the core behaviour observed in the
Li et al. (2006)b model. The study was mainly conducted to identify the essential components
of ABA signalling as the most important regulators of the system were decided by the topology.
The results revealed that destruction of the ABA receptor complex (PYR/PYL, PP2C and
SnRK2 proteins) made the stomata insensitive to closure as the result of a disruption of signal
transmission to downstream regulators. It was identified that the plasma membrane outward
ion channels, GORK and SLAC1, are crucial for pumping out water to facilitate guard cell
turgor reduction. Inhibition of MAPK kinases (an important regulator of SLAC1), cytosolic
alkalization (pH) and membrane depolarization also had a drastic effect on stomatal closure.
Loss of the function of actin rearrangement resulted in loss of stomatal closure as structural
rearrangements of the guard cells are necessary to facilitate cell shrinkage. Disruption of
reactive oxygen species or their regulators (RBOH, PA, PLD or RCN1), plant-specific actin
binding protein SCAB1 and overexpression of AtRAC1 showed drastic effects on structural
rearrangements. Perturbation analysis revealed that the number of elements crucial to stomatal
closure comprised about 30% of the network and, thus, stomatal closure was robust against
perturbation to the other 70% of network elements. These results were in agreement with
experimental findings and indicated a potential redundancy and/or the secondary role of a large
percentage of elements with respect to stomatal closure.
The second major modelling attempt was to incorporate time delays into the network
updating method to study the steady state dynamics of the ABA signalling network through an
asynchronous Boolean model. The study was mainly conducted to identify the biologically
reliable dynamics of ABA signalling system as the synchronous Boolean model lacks the
temporal order of state transitions in the system. Results of this study revealed that the model
successfully captured the temporal hierarchy of ABA signalling events, as observed in the
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experimental literature. The system achieved the stomatal closure within five minutes at the
earliest and reached limit cycle attractors during steady state dynamics. Biologicaly most
reliable attractor identified by the model resembled experimentally-observed oscillatory
behaviour of Ca2+ with the measured frequency and transient periods. The model explained
that the attractor was a result of the regulatory activities of 14 non-stationary nodes (defined
by Ca2+) and the frozen states of the remainder of the network nodes. Evaluation of the role of
Ca2+ in the ABA signalling network found that redundancy of [Ca2+]cyt signalling within the
ABA signalling system during stomatal closure played a large role in protecting the system
against various disturbances and accelerating stomatal closure by the fast regulation of SLAC1
channel. Our model further predicted that if ABA enhance the sensitivity of the network
regulatory proteins to [Ca2+]cyt, ABA can hand over the system regulation to [Ca2+]cyt under the
condition that [Ca2+]cyt can independently regulate the enzyme, PLC. This finding corresponded
with the biological hypothesis in the literature that ABA enhances the Ca2+sensitivity of some
proteins.
The third modelling attempt of the research was to identify the minimal model to represent
steady state dynamics of the system and model it with continuous dynamics using the
normalized HillCube approach to better understand the properties of the system. The
transformation of the Boolean dynamics of the core model (consisting of attractor nodes) into
continuous dynamics successfully reproduced the limit cycle attractor of the ABA signalling
system with defined parameters, such as 10 minute transient periods and the peak height of
Ca2+ oscillations equals to 400-600 nM. The model found that the ABA system oscillations
were sensitive to small changes in the regulation of Ca2+ efflux systems. It further revealed that
the system attractor has the potential to decode the Ca2+ signature to achieve steady state
regulation of downstream effectors through Ca2+ sensor proteins, which could be important and
probably used for the maintenance of stomatal closure. The model was able to predict the
kinetic parameters for downstream regulations of CDPK to achieve their steady state regulation
for maintenance of stomatal closure.

Key words: Stomatal closure, ABA signalling, synchronous Boolean, asynchronous Boolean,
attractors, continuous modelling
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Chapter 1 : Introduction
1.1

Drought Stress, Stomata and Stomatal closure

Fresh water scarcity has been identified as one of the principal global problems in this new
century. Therefore, plant productivity is continuously challenged by drought stress as plants
account for around 65% of global fresh water use. Desiccation of crops during periods of
drought causes severe and, often, irreversible damage, leading to large reductions in crop
harvests.
In order to survive and propagate in fluctuating environments, plants have developed a
variety of tolerance mechanisms, including the protection of membranes and the regulation of
osmolytes to maintain water and ion homeostasis. These adaptation mechanisms induce a range
of physiological and biochemical responses in plants at both the cellular and molecular levels.
As a consequence, a variety of proteins, small molecules, cellular conditions and
genes/gene products with diverse functions are induced or repressed accordingly, initiating fast
adaptive responses at the cellular level and, later, establishing stress tolerance at the plant level
(Shinozaki & Yamaguchi-Shinozaki, 2007). Analysis of the functions of these molecules is
crucial to understanding the molecular mechanisms governing plant stress tolerance responses
which, ultimately, can be made use of to enhance stress tolerance in crops through genetic
manipulation.
At the onset of a water deficit, one of the most rapid responses observed in plants is the
closure of stomata. Each stomatal pore in the plant epidermis is surrounded by a pair of guard
cells that are responsible for regulating the size of the opening. Guard cells are able to sense
and integrate multiple internal and external stimuli and regulate gas exchange between the
leaves and the atmosphere (Gonugunta et al., 2008) to maintain favourable internal conditions
in plant cells. Opening of the stomata allows both the entry of CO2 for photosynthesis and
emission of the transpiration stream in higher plants while stomatal closure cuts down both
CO2 intake and transpiration outflow reducing water loss and, thereby, avoiding deleterious
effects such as cell desiccation.
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1.2

Guard Cell Signal Transduction (ABA Signalling)

The production of the phytohormone abscisic acid (ABA), which is triggered in guard cells
by drought causes rapid stomatal closure and induces the expression of stress-related genes to
further activate long term drought responses. ABA levels in plants fluctuate widely in response
to environmental changes, especially drought and salt stresses, activating a complex web of
signalling components through a family of ABA receptors that alter ion homeostasis and the
structure of guard cells. ABA induced stomatal closing is mediated by a reduction in the turgor
pressure of guard cells, which predominantly requires an efflux of potassium and chloride ions
and removal and/or metabolism of organic acid malate to osmotically inactive starch. ABA
recognition by its receptor activates the protein kinase SnRK2 through inactivation of a central
negative regulator, type 2C protein phosphatases (PP2Cs), facilitating the downstream targets
of the network to regulate the ion channel activities to close the stomata through reduction of
guard cell turgor (stiffness). This turgor reduction is facilitated by various types of plant lipids,
protein kinases, protein phosphatases, ion channel proteins, reactive molecules such as ROS
(reactive oxygen species), cytosolic pH, cytosolic calcium and several other molecules causing
guard cells to shrink. Guard cell shrinkage accompanied by turgor reduction is further
supported by structural rearrangements that facilitate the cell to acquire the required shape for
stomatal closure. Changes in structural rearrangements are also a result of various actin binding
proteins that disassemble the radially arranged actin filaments in the open stomata into a
random orientation. The ABA signalling network coordinates both osmoregulation and
structural rearrangements in parallel in a way that ultimately leads to stomatal closure.
As described above, guard cells are a well-developed model system for understanding how
cell components interact within a signalling network of a single cell. They are well suited for
examining the functions of genes and proteins in signalling cascades. Consequently, powerful
techniques have been developed for guard cell signalling studies, enabling combined molecular
genetics, cell biological, biophysical, proteomic and genomic analyses.
Analysis of the functions of stress-inducible proteins or genes is important not only for
understanding the molecular mechanisms of stress tolerance responses of higher plants but also
for improving the stress tolerance of crops by gene manipulation (Roy et al., 2011).
Engineering the stomatal guard cell signal transduction network could, therefore, provide a
major contribution to more sustainable water use during drought periods.
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1.3

Systems Biology Approaches in ABA Signalling

Although genetic studies on guard cell signalling have seen an increase over other system
studies in the plant domain, computational studies are infrequent. The only effort to create a
dynamic model describing the complex ABA signalling network was made by Li et al., in 2006
(Li et al., 2006)b. This study shows how mathematical modelling and theory can create the core
structure of a signal transduction mechanism, with incomplete and qualitative information, and
make use of it to predict the relative importance and behaviour of network components.
Li et al. (2006)b reconstructed a complex signalling network, from inferred and indirect
relationships and pathway data available in the literature concerning interaction strengths and
reaction rates of the components in ABA signalling, using a synchronous Boolean network
approach. This is a kind of qualitative dynamic modelling approach that uses experimental
evidence about the effects of gene knockouts and pharmacological interventions for inferring
downstream targets and the sign of the regulatory effect on these targets. The Li et al. (2006)b
model describes the dynamical properties of the ABA signalling pathway that produces
stomatal closure within a few time steps and distinguishes the steady state dynamics of the
system regulated by Ca2+ oscillations. They further discovered that the steady state dynamics
of the system are governed by cytosolic Ca2+ but the ABA signalling system has a Ca2+
independent pathway to achieve stomatal closure. The model identifies that membrane
depolarization, anion efflux, actin rearrangement, cytosolic alkalization, the phosphatidic acid
pathway, and plasma membrane K+ efflux to be crucial to ABA induced stomatal closure. The
model highlights the incompleteness of network topology and synchronicity in the network
update method as its major limitations.
The literature (Saadatpour et al., 2010; Shreim et al., 2010) also highlights the necessity
and advantages of asynchronous updating of Boolean models in biological systems as they have
greater potential to capture real biological processes and reveal persistent patterns, such as the
attractors in the system. Therefore, Boolean regulation should be combined with continuous
activation and deactivation of signal transduction proteins based on the available kinetic (rate)
data and the imposition of restrictions on the order of updating. However, kinetics data on plant
signalling systems are scarce in the experimental literature. Therefore, the purpose of this study
is to make the first attempt at modelling the ABA signalling network from a holistic perspective
to study its spatial and temporal dynamics through a comprehensive and meaningful integration
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of all available data, novel information, hypothesis and the evidence available in the literature,
as explained in the research objectives.

1.4

Objectives

This study covers a structural and dynamical analysis of the drought induced ABA
signalling pathway for rapid stomatal closure. There are few computational approaches
available in the literature for modelling this protein network. However, evidence for the
involvement of proteins to convey ABA signalling within guard cells is increasing by the day
but studies looking at them through a systems biology approach are rare. There is a great need
for a detailed analysis of all the fragmentary information available to formulate a chain of signal
flows to better understand this mechanism and to generate insights into how, and where, in the
signalling process all this novel information becomes essential to the process of signal
transduction. Therefore, the primary aim of this thesis is to seek solid answers to the question
of how we can formulate a single system, with the lack of available information, to identify the
true dynamics of this signalling pathway.
Through an extensive literature review, we understood that a lack of connectivity between
the information available has stifled the coherent development of biological knowledge from a
systematic perspective.
Therefore, the primary purpose of this study is to enhance the knowledge of the protein
signalling pathway for rapid stomatal closure and generate more insights into how these
proteins are connected to each other and why, and for what reason, they are placed in specific
spatial and temporal regions within the dynamical evolution.
Defining a suitable mathematical model requires a deep understanding of the behaviour of
signalling molecules involved in the signal pathway. As a consequence, the first specific
objective of thesis is to reconstruct the signalling network (sign directed graph) with the
information available. The previous attempt at elucidating this network was reported in 2006;
this was a modelling approach done with a synchronous Boolean model (Li et al., 2006)b. The
Li et al. (2006)b model consists of 43 network elements, proteins and other small molecules,
that are connected with 76 interactions to process the ABA signal to induce stomatal closure.
Li et al. (2006)b modelled all possible updates randomly without considering restrictions on the
relative timing of individual interactions (reflecting the lack of knowledge concerning the
relative reaction speeds at that time). In the last eight years, a significant enhancement in
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knowledge about participatory molecules in ABA signalling has been made. The discovery of
the ABA receptor complex ushered in a new era of research for this network but a systems
biology approach has not been made to discover how these novel findings fit in to the available
systems view or the flow of signalling. We believe that the discovery of new interactions
among the known nodes could simplify the graph by reducing (apparent) redundancy.
ABA signalling involves a large number of proteins and other molecules that are
interconnected to form a complex web of signalling network. It is not an easy task to consider
each and every molecule’s task in a complex environment as in ABA signalling. Therefore,
the second objective of the study is to rearrange the network wiring using topological
overlap properties. We expect to develop an easy to digest system of subsystems to generate
more focused insights with a dynamical analysis. We believe that identification of subsystems
and their relationships in spatial and temporal placement of the network will provide more
space to highlight the biological importance and contribution of each event, task or molecule
to the final output.
The third objective of the study is to understand the dynamics of the network and
compare the results with the results from the existing network. The steady state dynamics
of the system resulting from the existing model are biologically evidenced guard cell signalling
behaviour (Ca2+ programmed Ca2+ oscillations); hence, our model should recapture the generic
behaviour of the system with additional advancements. We formulate this objective, believing
that the addition of novel information will not alter the existing results but complete the missing
links and answer the assumptions previous authors made about the same system. For example,
generate new biological perceptions by evaluating how the core signalling (PYR/PYL/RCARPP2C-SnRK2) pathway and other signalling systems interact or cooperate with each other (the
latest model of ABA signalling does not include this point of view). With the third objective,
our aim is to use our extended network to answer the following questions with the same
mathematical approach (Boolean model with a synchronous update) used in the previous
modelling attempt.
I.

How ABA signal transduction achieves stomatal closure and how the system
performs in steady state dynamics?

II.

Can the model produce the experimentally-observed Ca2+ oscillations (system
attractor) that are believed crucial for Ca2+-programmed long term closure in
steady state dynamics?
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III.

What are the differences made by the new amendments?

IV.

What are the essential components of the network needed to accomplish signal
transduction?

V.

How robust is the ABA signalling network to structural perturbations?

Answering the above questions with novel information may, or may not, provide a
significant contribution to the existing knowledge as a result of the synchronous update.
Synchronicity of events lacks biological reality as we cannot expect a single event in the
network to occur without a time delay; addition of time delays may, therefore, further enhance
our knowledge of the ABA signalling network. Through an extensive literature review, we
realized that there is no single data set that can realistically be used to generate the temporal
dynamics of the network. Therefore, we propose to formulate time delays for network events
by gathering all possible information from published research articles. It is a huge task to
collect scarce data on more than 100 interactions in the literature. This not only points out a
lack of information on the connectivity between some events but also demonstrates
contradictions in the information available. Considering all these uncertainties, we develop the
fourth objective of the research to incorporate time delays into the network updating
scheme and perform dynamical analysis with an asynchronous approach that represents
the temporal development of the events. Asynchronous Boolean analysis of ABA signalling
network will be carried out to answer the following questions:
I.

How does the signal transduction of the ABA system proceed to initiate stomatal
closure and what happens in steady state dynamics (attractor dynamics)?

II.

What are the biological significances of the system behaviour that can be evidenced
by incorporating real time delays into the model updating criteria?

III.

How ABA signal transduction reach and maintain the steady dynamics of the
system?

IV.

What molecules or functional sub systems contribute the most to maintain the
system attractor (Ca2+ oscillations)?

V.

How significant are the above contributing elements for the maintenance of the
steady state of the system?
Identification of the core network that leads to the steady state dynamics will be of great

importance in the development of future research. As the Boolean technique employs a
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qualitative modelling approach, the state of the network nodes can take only two qualitative
values: 0 (inactive/ ‘OFF’) and 1 (active/ ‘ON’), hence it is not possible to generate temporal
development of dynamical events in a continuous form. Therefore, the fifth objective of the
research is to model the steady state of the core regulatory network using a continuous
approach. It is expected to expand the binary (Boolean) regulation of existing models with
continuous transfer functions according to the synthesis and degradation of downstream targets
considering the relative timing of individual interactions. This objective will answer the
following questions.
I.

What are the continuous dynamics of the attractor?

II.

How sensitive are the oscillatory nodes to maintaining system behaviour?

III.

How does the attractor decode the Ca2+ signature to maintain stomatal closure?
This thesis aims to answer all of the above research questions and, thereby, enhance the

knowledge and understanding of the ABA signalling system in plant guard cells. The next
section briefly explains how the thesis is organized to convey the steps taken to achieve the
objectives, the results obtained, to provide a critical analysis of outcomes and gives
recommendations for future directions concerning the study objectives.

1.5

Chapter Overview

This thesis comprises eight chapters, as described below.
Chapter 1 provides a brief introduction to the research problem following the objectives of
the study and a chapter overview of the thesis.
Chapter 2 reviews the available information on the experimental findings, biological
reviews, possible mathematical approaches and existing modelling attempts for the ABA
signalling system. This knowledge will contribute to the field as a comprehensive review of
the ABA system published as a journal article; and expand the topological diagram of the
existing network structure.
Chapter 3 discusses the ABA system as a system of subsystems using the topological
properties of the network. The chapter explains the scale-free properties of the network and
discusses the results of the hierarchical modules identified by two topological distance
measures. The contribution of this chapter is to provide an easy to understand view of a
complex web of signalling.
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Chapter 4 explains the detailed method used in Boolean modelling approaches. This
chapter explains how we developed the Boolean model for the ABA network using general
Boolean concepts and methods combined with the available biological knowledge about
regulatory mechanisms and possible linkages between the molecules of the ABA signalling
system.
Chapter 5 explains the results of the first modelling attempt of this research, a synchronous
Boolean analysis of the network. This is an extension of the study undertaken by Li et al.
(2006)b, and uses our expanded ABA signalling network to compare how new amendments to
the network topology change the existing Boolean dynamics of the system. The chapter focuses
on the study of network dynamics and how these dynamics are generated, the essential
components of the system, and the robustness of the network against small perturbations to the
regulatory functions. The chapter explains that the core characteristics of the ABA dynamics
observed in the existing model are preserved in our study but with some case specific
modifications. This synchronous Boolean modelling approach lacks a proper explanation about
the temporal state transitions of ABA signal transduction. Therefore, the next chapter is
focused on advancing the modelling approach by introducing a new updating (asynchronous)
method to the model.
Chapter 6 explains the second modelling attempt of this thesis using, an asynchronous
Boolean model. This is a result of a comprehensive literature search about biological time
delays in the network, which were then incorporated into the model to enable a more realistic
updating method. The chapter compares the results from the asynchronous Boolean model with
the synchronous model results and the biology. It revealed that the results were in close
agreement with the available experimental literature, proving that the timings used in the study
for network updating were appropriate. The results further highlighted that the new updating
method altered the steady state dynamics of the system by adding more transition states into it,
but the generic behavioural patterns (stationary/non-stationary) of the network nodes were
robust against the updating method. Steady state dynamics were found to be regulated by
cytosolic Ca2+ [Ca2+]cyt and its regulators; hence, the chapter discusses the important properties
of Ca2+ to system performance.
Chapter 7 explains the continuous dynamics of a minimal model extracted from the ABA
signalling system (oscillatory nodes). In this chapter, we developed a continuous homologue
of Boolean dynamics for the asynchronous attractor and explained more properties of the
regulators to understand how sensitive and important they were to maintaining the steady state
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behaviour of the system. The chapter further explains potential decoding mechanisms of Ca2+
sensor proteins to maintain stomatal closure, if needed.
Chapter 8 is the last chapter in this thesis and provides a summary of the results obtained
in achieving each objective of the study. The chapter further presents the conclusions and
contributions of the research and future research directions necessary to better understand the
system dynamics of the ABA signalling network.

9

10

Chapter 2 : Background and Literature Review
This chapter provides a detailed description of the background information necessary to
understand the biological system studied in the thesis – the drought induced ABA signalling
network that closes stomata. It consists of a thorough review of novel biological facts about the
system, systems biology approaches and mathematical modelling attempts that have been taken
to describe the system properties and, finally, a description of gaps in understanding is given.

2.1 Abiotic Stress and Drought
The negative influence of abiotic factors on living organisms to significantly change their
biophysical activities beyond the normal range of variation in a specific environment can be
considered as an abiotic stress. Drought, a kind of abiotic stress, can be identified as the scarcity
of rainfall that is sufficient to deplete soil moisture levels causing the dehydration of plants at
normal, or particularly elevated, temperatures. Depletion of soil moisture levels (decrease in
water potential) interferes with the normal plant processes by limiting plant water absorption,
which is then not adequate to compensate for the water loss driven by transpiration (Tuteja,
2009). This causes adverse effects of drought stress on plants by preventing them from reaching
their full genetic potential, limiting crop productivity causing crop failure worldwide and
reducing average yields by more than 50% in many major crops (Wang et al., 2003).
Drought stress adversely alters plant growth and productivity causing the denaturation of
functional and structural proteins, which ultimately leads to plant cell death. Plants should
therefore activate a defense system to safeguard plant cells and, thereby, withstand the adverse
effects of drought stress. As a result, plants boost the activities of a series of cell signalling
pathways which, ultimately, alter gene expression and the cellular metabolism to prevent the
plants from severe damage by altering the physiological mechanisms for the adaptive responses
(Reddy et al., 2004). In most cases, the first response of plants is the avoidance of low water
potential by maintaining tissue water potential and water content close to the unstressed level.
This can be achieved through absorbing more water by plant roots or limiting water loss to
balance the rates of water movement in both directions. Plants achieve this balance in the short
term mainly by closing their stomata (Verslues et al., 2006), the main gateway for plant water
loss.
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2.2 Stomata and Stomatal Closure
Stomata are microscopic pores bordered by a pair of guard cells on the surface of leaves,
which regulate the exchange of gasses (basically CO2 and H2O) between the interior and
exterior of plant leaves, facilitating both photosynthesis and transpiration (Figure 2.1). The
size of the stomata (10 – 80 µm in length) and their density on leaf surfaces (5 - 1,000 mm-2 of
epidermis) depend on the plant species and the environment where plants are grown.
The aperture size of the stomata (L in Figure 2.1(A)) varies as a result of volume changes
in the pair of guard cells, according to internal and external stimuli, regulating the rate of plant
gas exchange. Therefore, the size of stomatal pores affects photosynthetic efficiency by
controlling the CO2 influx into leaves (Cornic, 2000) and plant water balance, by regulating
water vapour exchange (Pareek and Bohnert, 2010) through a process called transpiration.
Stomatal movement is sensitive to daylight changes (diurnal cycle) and various other biotic
and abiotic factors. Drought, a kind of abiotic factor, boosts the production of abscisic acid
(ABA), a plant hormonal stimuli that evokes several signalling pathways in the guard cells.
These pathways, together, form an intricate signalling web, which modulates the aperture of
the stomata according to the fluctuating water status in the environment to protect plants from
“cell dehydration, runaway xylem cavitation and death” (Jones and Hannun, 2002). This
response, as indicated, reduces extensive water loss by means of transpiration to protect the
plant from the above mentioned deleterious effects. This review is an effort to explain the
protein signalling network involved in modulating the aperture of stomata of guard cells using
a systems biology approach.

2.3

Physics of Stomatal Closure

Variations in guard cell turgor (the state of fullness) relative to the surrounding epidermal
cells change the size of the stomatal aperture with the involvement of metabolic energy and
changes in membrane permeability. Figure 2.1 depicts a surface view of a pair of guard cells
in response to stomatal opening and closing mechanisms. Specifically, stomatal movement
(opening and closing) is regulated by the expansion/contraction of the two surrounding guard
cells through the absorption/release of water from/to the extracellular space and adjustments
of guard cell structure to accommodate the stomatal movement. It is the cumulative effect of
changing solute concentrations inside the cell through ion uptake/discharge that facilitates cell
osmosis. During osmosis water moves from an area of low solute concentration (high osmotic/
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low water potential) to a high solute concentration area (low osmotic/high water potential) until
the two areas have an equal ratio of solute:water. Addition of solutes to the guard cells increases
the water potential inside, promoting an influx of water that increases osmotic pressure on the
plasma membrane, eventually leading to cell expansion and making the stomata open.

Figure 2.1: Changes in guard cell shape in response to stomatal opening and closing.
(A) Cells turgid/stomata open and (B) Cells flaccid/stomata closed. Source:
http://biologytb.net23.net
Most plant cells contain a large vacuole which can occupy as much as 90% of the cellular
volume. In plants, the vacuole constitutes the main site of turgor generation since they
accumulate the majority of cellular minerals and water. Therefore, the vacuole and cytosol
should play significant roles in stomatal opening and closing mechanisms. During stomatal
closure, guard cells need to reduce solute concentration in both the vacuole and the cytosol.
Osmotic regulation of a guard cell is, therefore, supported by various tonoplast (vacuolar
membrane) ion channels/pumps to discharge ions from the vacuole to the cytosol and then
discharge them to the cell exterior using plasma membrane ion channels to achieve the required
osmotic potential inside, leading to net water loss. Efflux of water as a result of the removal of
solutes leads to shrinkage of guard cells facilitating stomatal closure. Figure 2.1 shows the
direction of water movement according to changes in water potential inside cells.
The cytoskeleton of a plant cell is a dynamic structure composed of a complex network of
fibres. Maintenance of the cytoskeleton is a fundamental property of living cells to support the
cell interior. When conditions in the cell interior changes, the cytoskeleton should be
rearranged to maintain cell structure without damaging the cellular components. Therefore,
guard cell shrinkage during stomatal closure and swelling during stomatal opening should be
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supported by rearrangements in the guard cell cytoskeleton (Pareek & Bohnert, 2010) which
adjust guard cell shape and prevent cell burst during opening and closing mechanisms.
Guard cells reduce 20% of their volume during stomatal closure (Tanaka et al., 2007); this
corresponds to a 40% reduction in the stomatal aperture. When stomata are fully closed/open,
water leaves/enters guard cells at approximately the same rate as appropriate for the open or
closed state; no net change occurs in the amount of water in both cases.
Considering the phenomena described in this section, we believe that the signalling
network which facilitates stomatal closure should be organized in a way that facilitates all these
mechanisms and with proper coordination.

2.4 Guard Cell Signalling Flow for Drought Induced Stomatal
Closure
Drought induced stomatal closure is a complex web of signalling which is initiated by the
plant hormone ABA. For ease of understanding, the functional flow of ABA signalling is
summarized in Figure 2.2, as a high level coordination of secondary or sub-goals to achieve
the primary goal. As described in the previous section, two coordinated activities should be
fulfilled to achieve stomatal closure; the guard cell osmotic regulation (Figure 2.2(B)) and the
structural rearrangements (Figure 2.2(C)). In achieving these sub-goals, signal perception and
transduction begins with ABA binding to its receptor complex (Figure 2.2(A)). Following is a
summary of the resulting activation of several signalling pathways from a functional
perspective. The details of the corresponding signalling pathways are discussed in sections
2.4.1 and 2.4.2.
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Figure 2.2: Functional flow of the ABA signalling network (pointed arrows show
positive regulations and diamond-head arrows show negative regulations)
Of the two major functional goals, the fastest visible cell behaviour is ion channel activities
in regulating osmosis of the guard cells. This is facilitated by the regulation of the levels of
osmotic solutes inside the cells to adjust osmotic pressure so it creates a pressure gradient
between the interior and exterior environments of guard cells that allow water flow (follow the
green arrows in Figure 2.2 (B)). Potassium and chloride (K+ and Cl–) ions often act as major
osmotic solutes in plant cells. Generally, in an open stomata status, the guard cells contain high
K+ and Cl- concentrations. The levels of K+ and Cl- in the cytosol are 150-247 mM and 11-50
mM, respectively, and, in the vacuole, 181-454 mM and 40-124 mM, respectively. Potassium
enters/leaves cells under most conditions about 10 to 100 times faster than Cl–. If Cl- ions are
limited, NO3- ions compensate for the required anion content. In addition, osmotically active
organic ions (malate2-) are produced as an intermediate product of photosynthesis. The
accumulation of malate2- in guard cells is estimated to be up to 2 – 25 mM in the cytosol and
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41 – 464 mM in the vacuole. These ions are also employed by guard cells in regulating osmosis.
The reduction of guard cell osmotic pressure needed to achieve stomatal closure is
accompanied by the efflux (reduction) of Cl- ion concentration of up to 3 – 20 mM in the
cytosol and 3 – 40 mM in the vacuole, reduction of K+ ion concentration up to 55 – 93 mM in
the cytosol and 38 – 92 mM in the vacuole as well as a reduction of malate2- up to 0.1 – 6 mM
in the cytosol and 5 – 48 mM in the vacuole. Effluxes of these osmolytes to the cell exterior
and the parallel conversion of malate2- to osmotically inactive starch reduces the osmotic
pressure inside leading to release of water from guard cells causing stomatal closure.
Osmotic regulation basically depends on regulatory mechanisms involved in posttranslational modifications (mainly phosphorylation) of anion channel proteins (e.g., SLAC1,
QUAC) and changing voltages sensing the gating properties of the respective cation channels
(e.g., GORK (Guard cell Outward Rectifier K+ out channel) and TPK1 (outward rectifying
vacuolar ion channel)) in the plasma membrane and tonoplast (vacuole membrane),
respectively, as shown in Figure 2.2(B). It can be hypothesized that channels activated by posttranslational modifications facilitate anion effluxes (Cl-/NO-3 and malate2-) to the guard cell
exterior. As a result of anion loss, the electrical properties of the plasma membrane change to
having a less negative (depolarized) potential causing K+ efflux from the guard cell. The
opening of the K+ channel GORK requires that the plasma membrane is depolarized.
Hypothetically, the ion flows should be from the vacuole to the cytosol and then to the cell
exterior. Therefore, the vacuolar transport system should play a significant role in pumping
osmolytes to the cytosol. However, the significance of the vacuolar transport system
responsible for this mechanism is yet to be discovered and requires unravelling major players
and their detailed properties. There are few vacuolar ion channels reported in the literature and
little functional significance is attributed to this process. According to current findings, we
assume that the release of K+ from the vacuole to the cytosol enhances the membrane
depolarization, further facilitating GORK activity. Loss of both anions and cations through the
coordinated activities of these ion channels maintains the required internal ion equilibrium of
the guard cells, adjusting turgor reduction under drought stress. Details of guard cell
osmoregulation will be discussed in section 2.4.3, highlighting the major players involved in
the process and their functional significance, regulators and mode of regulation.
It is reported in literature that structural rearrangements (Figure 2.2(C)) follows osmotic
regulation. The temporal dynamics of the assembly and disassembly of actin filaments at
spatially defined sites of the guard cells regulate the cytoskeleton of guard cells, determining
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the cell shape needed for stomatal movement mechanisms. It has been discovered that the radial
arrangement of cortical actin filaments and microtubules in guard cells contributes to the
asymmetric cell expansion required for the opening mechanism (Eisinger et al., 2012). In
contrast, disassembly of long actin filaments into a random orientation over the cytoplasm
facilitates stomatal closure (Eun and Lee, 1997) by supporting guard cell shrinkage upon turgor
reduction. Dynamic reorganization of the cytoskeleton in moving stomata is a result of several
processes, such as, depolymerization, nucleation, elongation, capping, stabilization, severing
and crosslinking. These processes are regulated by various actin-binding proteins (ABPs), but
details of the direct regulators or precise mechanisms of how actin dynamics are regulated by
these proteins remain less well understood. What is known, to date, is that the involvement of
proteins (PP2C, SCAB1, ARP2/3), [Ca2+]cyt, phospholipids, and ROS (Figure 2.2(C)) in actin
dynamics change through their interactions with various actin regulatory processes, as
discussed in detail in Section 2.4.4.
In achieving these two major goals of osmotic regulation and structural rearrangements,
plant lipids and ROS signalling pathways play significant roles in coordinating these two
processes in tandem by facilitating the regulatory mechanisms needed to reach each target in a
timely fashion. Without them, ABA signalling cannot proceed with the proper cell
communication flow to reach the goal of rapid stomatal closure at the required rate (within 30
min). Reactive oxygen species (ROS) are quick reacting molecules and are responsible for
redox-signalling processes. They are an essential components in stomatal closure affecting
osmoregulation and the rearrangements of plant cytoskeleton (Huang and She, 2011) (Figure
2.2 and blue arrows). Excessive amounts of ROS however can be harmful to cells. Therefore,
ROS are produced in the plant cells at tightly regulated concentration levels considering the
importance of oxidative modifications to proteins, lipids and other biomolecules required for
stomatal closure. Similarly, there are several plant lipids (phospholipids and sphingolipids)
identified as crucial messengers in the already discussed major functional events in guard cell
signalling (refer to blue arrows in Figure 2.2). Not only osmoregulation and structural
rearrangements, but also both oxidative pathways and lipid dependent pathways are equally
responsible for the direct regulation of guard cell Ca2+ homeostasis. Details of these regulatory
mechanisms are discussed in Section 2.4.6 emphasizing their importance to ABA signalling.
Calcium (Ca2+) is not an osmotically significant cation but it plays a crucial role in cell
communication and self-regulation. Therefore, Ca2+ signalling has become a core regulatory
part of ABA signalling (refer to the purple arrows in Figure 2.2). Calcium (Ca2+) fluxes across
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the cell membranes of the guard cells maintain Ca2+ homeostasis of the guard cell (Figure
2.2(D)). The basal level of Ca2+ in guard cell cytoplasm is about 0.05 – 0.3 µM (Irving et al.,
1992). Some literature reports that cytoplasmic Ca2+ ([Ca2+]cyt) usually reaches the level of 0.11 µM, whereas apoplastic and vacuolar Ca2+ can reach up to 1–10 mM (Pittman et al., 2011),
and the endoplasmic reticulum Ca2+ level can reach up to ~1 mM. Maintenance of [Ca2+]cyt at
a low micro-molar level is an evolutionary constraint of all cell types because Ca2+ can be toxic
at higher concentrations as it causes the aggregation of proteins and nucleic acids. In addition,
higher levels of free [Ca2+]cyt bind with orthophosphates present in ATP causing precipitation
of low soluble calcium salts in the cytoplasm (Sanders et al., 1999). The low solubility of Ca2+
phosphates can alter the biological reactions that require free energy transduction. As a result,
the guard cell has a well-developed signalling network to maintain [Ca2+]cyt at a level not
harmful to cellular functions, as shown in Figure 2.2(D). As shown in Figure 2.2(D), the
accumulation of Ca2+ in the cytoplasm is through pumping Ca2+ from internal organelles by
the cumulative activity of cADPR and inositol hexakisphosphate (InSP6) gated channels and,
from outside of the cell, by various types of calcium channels in the plasma membrane (PM).
Removal of Ca2+ is through the activity of Ca2+-ATPase and H+/Ca2+ antiporters (CAX). The
coordinated activity of these regulators through positive/negative feedback loops in a
functionally-dependent manner generates Ca2+ oscillations in the guard cell cytosol. Within the
ABA signalling network, Ca2+ regulation is tightly connected with many other signalling
pathways (osmoregulation, structural rearrangements and maintenance of closure) placing it as
a core reinforcement to the main system. Generation of Ca2+ spikes in a tightly controlled
environment proves that Ca2+ is a crucial element in the ABA signalling network. However,
the significance of Ca2+ signalling to ABA signalling is yet to be confirmed with more
experimental results. Details of Ca2+ signalling and the importance of decoding Ca2+ signature
to the system are discussed in Section 2.4.5, based on the available literature.
Stomatal closure can be achieved through the above explained functional means. However,
to keep stomata closed until required, there should also be a mechanism that takes the necessary
regulations to prevent reopening of the stomata. This goal is mainly achieved through inhibition
of K+ influx and H+ efflux, which are active during stomatal opening. During stomatal closing,
the average ion efflux rates from guard cells occur at 30 pmol s-lcm-2 of the guard cell plasma
membrane (Schmidt and Schroeder, 1994). Figure 2.2(E) depicts the functional means
responsible for the inhibition of these fluxes and details of the corresponding signal
transduction are presented in Section 2.4.7.
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The detailed description of Figure 2.2, as explained in the above paragraphs, provide a
fundamental overview of guard cell signalling from a functional perspective. The sections,
below, explain how signal transduction mechanisms occur within, and between, each
functional modules to attain the global behaviour of the system. Each section (Sections 2.4.1 2.4.7) discusses the signalling flow, specifying regulators, regulatory mechanisms, mode of
regulations, time delays and the significance of each reaction to the global behaviour of ABA
signalling. The sections will follow the order as outlined below.
2.4.1

ABA: The Drought Signal

2.4.2

Perception of ABA Signalling with Receptor Complex

2.4.3

Osmotic Regulation of Guard Cell (Reduction of Turgor)

2.4.4

Structural Rearrangements

2.4.5

Ca2+ Signalling

2.4.6

Lipid and ROS Signalling

2.4.7

Maintenance of Closure

2.4.1 ABA: The Drought Signal
ABA is a small lipophilic sesquiterpenoid (consisting of three isoprene molecules C15H20O4) (Pareek and Bohnert, 2010) available in plants, which functions as a plant hormone
involved in stress regulation. In the 1960s, it was originally identified as the most ubiquitous
plant growth inhibitor (Takemiya and Shimazaki, 2010). Today, ABA is best recognized as a
plant stress signal. ABA acts as a hydraulic signal in response to drought and regulates plant
water balance; first, closing the stomata and, later, altering gene expression to cope with
prolonged dehydration (Dong et al., 2001). A scarcity of water supply immediately triggers
ABA biosynthesis, primarily in the plastids of vascular tissues (may be in root tissues (Pareek
and Bohnert, 2010, Fricker and White, 1990) or in leaf vascular tissues (Seo and Koshiba,
2011)) and then triggers transport into guard cells by specific ATP-dependent transporters (Zhu
et al., 2012). Table 2.1 shows the levels of ABA in turgid (unstressed) and flaccid (stressed)
leaves of different plant species. It appears that the ABA level increases 3 to 20 fold when plant
cells are stressed.
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Table 2.1: ABA concentration (nM) in turgid and stressed leaves of different plant

species

Plant Species

Turgid

Vicia faba L.

Flaccid
3000 (Wang et al., 2011)
230,000 (Tanaka et al., 2007)

Cocklebur

1,130

17,400 (Li et al., 2014)

Tomato

2,120

6,250 (Li et al., 2014)

Maize

100

2000 (Beardsell and Cohen, 1975)

2.4.2

Perception of ABA Signalling with ABA Receptor Complex

Signal transduction and perception occurs when the signalling molecule (ABA) activates
its receptor allowing it to alter intracellular molecules and create a response. The recently
identified ABA receptor family - PYR/PYL/RCAR (pyrabactin resistance/PYR like/regulatory
component of ABA receptor) - and their biochemical modes of action (Choi et al., 2008, Blume
et al., 2012, Cutler et al., 2010) ushered in a new era of research on ABA signalling.
There are two types of receptors available in the system - monomeric and dimeric.
Monomeric and dimeric receptors have different affinities (Kd =~1µM (monomeric) and 50 –
100 µM (dimeric)) to ABA (LeClaire et al., 2008, Umezawa et al., 2010). These affinities
indicate that the monomeric receptors react faster with 50 to 100 fold lower concentration level
than dimeric receptors. The ABA receptor family, PYR/PYL/RCAR, can exist in both
monomeric and dimeric forms hence the relative abundance of the two types of receptor
strongly influences the behaviour of the system (Dupeux et al., 2011).
The first task of an activated receptor is to trigger or unleash a signalling molecule that
activates a signalling cascade to achieve the end goal - stomatal closure. The molecule
concerned is SNF-related kinase 2 protein (SnRK2) that is kept inhibited by protein
phosphatase 2Cs (PP2C) (Figure 2.3(A)) in unstressed cells. This is because the PP2C lacking
in PYR/PYL/RCAR binding strongly inactivates SnRK2 by dephosphorylating it (Umezawa
et al., 2010, Umezawa et al., 2009). Therefore, release of SnRK2 from PP2C, to facilitate the
guard cell osmosis through activation of various types of ion channels, is the first task of the
ABA signalling cascade. This section explains how the ABA receptor complex works on
releasing SnRK2 to proceed with signal transduction.
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Figure.2.3: Signalling propagation through ABA receptor complex when ABA is: (A) not
available; and (B) available in the system. (Active nodes are in Green and inactive ones
are in Red. Regular arrows represent positive interactions and diamond-head arrows
represent inhibitory interactions)
Conformational changes occurring in the PYR/PYL/RCAR–ABA complex upon binding
to ABA form a new interacting surface to bind with clade A protein phosphatase 2C (PP2Cs).
Binding the ABA receptor complex with PP2Cs covers the catalytic site of PP2Cs, thereby
inhibiting the phosphatase activity of the protein. PP2C inhibition, by blocking the substrate
binding, leads to release of SnRK2 (Figure 2.3 (B)), which unlocks the ABA response in guard
cells. Therefore, PP2C is considered as the core negative regulator of guard cell signalling.
There are six types of PP2Cs cited in the literature in relation to regulation of different ABA
responses. Of them, ABI1, ABI2 and HAB1 are mainly responsible for controlling stomatal
regulation as the core negative regulators of the system. In addition to the receptor complex,
phosphatidic acid (PA) and reactive oxygen species (ROS) negatively regulate ABI1; PA by
decreasing the phosphatase activity of ABI1 by physical binding (possibly through membrane
tethering activity) (Zhang et al., 2004) and ROS through oxidation (Meinhard and Grill, 2001).
In contrast, ROP11 GTPase (ROP11) (Yu et al., 2012) and cytosolic pH (Hong et al., 2010)
enhance the activity of ABI1. ROP11 physically binds PP2Cs to protect them from being
inhibited by the receptor and pH regulates the proton concentration in the cytosol, which
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positively acts on phosphatase activity. As for the ABI2 form of PP2C, negative control by the
ABA-PYR complex, GPX3 (glutathione peroxidase 3) (possibly by oxidation) (Miao et al.,
2006) or ROS, and positive control by ROP11 regulates its state in the guard cell signalling
system. The HAB1 form of PP2C is under the control of the ABA-PYR complex. As there are
many regulators involved in PP2C control (Figure 2.3 (B)), the connection which dominates at
a given time may determine the phosphate activity of the protein.
PP2C binds SnRK2 with the affinity of 2 – 8 µM for half inactivation (Soon et al., 2012),
which occurs in 10 s and peaks after 5 min (Yokota et al., 2005). Down regulation of PP2C
enables activation of SnRK2 protein kinase, which is one of the major positive regulators in
the system. Upon release from PP2C, SnRK2 activation occurs through auto-phosphorylation
which produces the information flow by phosphorylating several other important downstream
proteins (Figure 2.3(B)): SLAC1 (slowly activating anion channel), QUAC (rapidly activating
anion channel), KAT1 (plasma membrane potassium in channel) and RbOH (respiratory burst
oxidase homologues). There are three classes of plant-specific SnRK2 kinases reported in the
literature, in which class 3 SnRK2 kinases are rapidly activated by the ABA receptor complex
and are considered as major players in plant drought responses. SnRK2 mutants lack stomatal
responses to ABA (Fujii et al., 2011, Umezawa et al., 2009) indicating that these kinases are
crucial to the system. Details of SnRK2 regulations are discussed later in the corresponding
sections after describing the functional significance of ion fluxes for stomatal regulation.

2.4.3

Osmotic Regulation of Guard Cells (Reduction of Turgor)

Shrinkage of the guard cell is a result of water efflux from guard cells. Guard cell signalling
regulates water efflux by the reduction of osmotic pressure inside the guard cells by releasing
osmolytes from the vacuole to the cytosol and then to the cell exterior. Vacuoles are flexible
buffer compartments storing minerals in plant cells and the highest osmolyte concentration in
the guard cells can be found in the vacuoles. As a result, it provides the cell turgor and occupies
~95% of the cell volume when cells are fully turgid with water. Therefore, long term release
of osmolytes from the vacuoles is necessary to achieve the turgor reduction required for
stomatal closure. It appears that both the cytosol and vacuolar ionic concentrations should be
reduced to achieve intracellular ion homeostasis and water efflux from the cell when stomata
are closing. Therefore, osmotic regulation of guard cells should be a well-coordinated
functional mechanism allowing cross-talk between vacuolar and plasma membrane transport
systems (ion channels and transporters). However, in comparison to the plasma membrane ion
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channels, the vacuolar transport system responsible for ABA induced stomatal closure has not
been properly discussed in the experimental literature, but as highlighted before they are
significant to the ABA signalling network. This may be because proper players on the tonoplast
membrane are yet to be revealed due to the availability of a diverse transport system on the
tonoplast. Considering that the achievement of the required osmotic pressure gradient between
the guard cell interior and exterior environments is through regulation of all the ion channels
responsible for the fluxes of osmolytes (K+, Cl-/NO-3 and malate), the signalling network
involved in regulating the guard cell osmosis is depicted in Figure 2.4 based on the available
information.

Figure 2.4: Major ion channels involved in osmoregulation of ABA signalling in a guard
cell (regular arrows represent positive interactions and diamond-head arrows represent
negative interactions. Dotted line indicates putative (unknown) regulations)
As shown in Figure 2.4, various proteins and other molecules are involved in regulating
these channels. We discuss all these regulatory mechanisms under two broad categories:
regulation of inorganic (K+ and Cl-/NO-3 ) and organic ion channels (malate). The discussion
considers three major ion channels (SLAC1, GORK and TPK1) under the category of
regulation of inorganic ions and two ion channels (QUAC and ATALMT6) under organic ion
regulation, which are mainly responsible for guard cell ion homeostasis. SLAC1, GORK and
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QUAC are plasma membrane ion channels and TPK1 and ATALMT6 are tonoplast (vacuole
membrane) ion channels (Figure 2.4).

2.4.3.1

Regulation of Inorganic Ions

As discussed in an earlier section, stomatal closure is facilitated by the reduction of two
major inorganic osmolytes, K+ and Cl-. This section discusses the signalling network involved
in regulating these two osmolytes.
The guard cell plasma membrane slowly activating anion channel (SLAC1) mediates the
reduction of anions, mainly Cl- ions, to promote turgor reduction. The required level of K+
concentration is achieved through the positive regulation of the guard cell outward rectifier K+
out channel (GORK) and the outward rectifying vacuolar ion channel (TPK1). The regulation
of the above ion channels are described in detail in the following subsections.

2.4.3.1.1

Regulation of Plasma Membrane Slowly Activating (S-Type)
Anion Channel (SLAC1)

SLAC1 provides the main gateway for anion efflux in the ABA signalling network by
maintaining the anion homeostasis of guard cells. Anion efflux is a key step in ABA induced
stomatal closure because it facilitates the gating properties of K+ efflux (K+ efflux is controlled
by depolarization of the plasma membrane) as well as contributing to the reduction of osmotic
load inside the cell, thereby, reducing the turgor. There is another slowly activating anion
channel of the same gene family, SLAH3 (SLAC1 - homologue protein 3) which is a nitrate
efflux channel in the guard cell plasma membrane, but the involvement of this channel in ABA
signalling is not clear to date. Therefore, we only consider SLAC1 to represent the anion efflux
system in the guard cell plasma membrane during ABA induced stomatal closure.
SLAC1 preferentially conducts anions such as Cl- and NO-3 , whereas conductivity for
malate is negligible (Geiger et al., 2009, Chen et al., 2010). However, a high concentration of
malate changes SLAC1 channel conductance by increasing the current noise (Raschke, 2003).
There are no anion binding sites on the SLAC1 pore. Therefore, the selectivity of ions is based
on the hydration energies of monovalent anions (Chen et al., 2010) and it has been found that
anions with low hydration energy have a higher chance to be selected. Malate2-, being divalent,
has a higher hydration energy than Cl- and NO-3 .
Phosphorylation is a pre-requisite for complete activation of SLAC1 (Schmidt et al., 1995)
but the mechanism that facilitates SLAC1 opening by phosphorylation is still unknown
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(Barbier-Brygoo et al., 2011). As shown in Figure 2.4, SLAC1 activation depends on a large
number of regulators (SnRK2, Ca2+, CDPK, malate, MAPK, ERA1, ABH1, MRP5 and PP2C)
in ABA signalling.
Of these regulators, two regulators are responsible for channel phosphorylation (SnRK2
and CDPK). Protein kinase SnRK2 phosphorylates the channel at the N-terminal tail leading
to channel activation (Vahisalu, 2010) whereas inhibition of the kinase leads to 90% inhibition
of the anion channels. Additionally, cytosolic Ca2+ concentrations between 300 – 500 nM range
are also effective for half maximal activation of S-type anions in guard cells (Geiger et al.,
2010). Ca2+-dependent activation of SLAC1 is either stimulating the peak activity or inhibiting
slow inactivation (Marten et al., 2007) by phosphorylating the channel through activation of
calcium dependent protein kinases (CDPK). Both CDPKs and SnRK2 can independently
regulate SLAC1 as the activation sites are different for SnRK2 and CDPK (Brandt et al., 2012).
SnRK2 can activate the channel at the basal cytosolic Ca2+ level but CDPKs need Ca2+ levels
to rise to activate the channel. In contrast, PP2C can directly bind to the activating site of CDPK
on SLAC1 and down-regulates SLAC1 by dephosphorylation (Brandt et al., 2012).
Both ABA and Ca2+ fail to activate SLAC1 in plants lacking mitogen-activated protein
kinases (MAPK). There is evidence to indicate that MAPKs (AtMPK9/AtMPK12) regulate
SLAC1, acting downstream of ROS (Liu, 2012), but it is not yet known whether the activation
of SLAC1 is direct or indirect (Danquah et al., 2013). To date, the literature supports the
hypothesis of indirect regulation of SLAC1 as it is unlikely to be directly regulated by MAPKs
(Pitzschke and Hirt, 2009). However, it is essential for ABA signalling as MAPK mutants show
ABA insensitive stomatal response with no anion activity (Jammes et al., 2009). The literature
suggests the availability of at least two MAPK pathways that convey diverse signals in ABA
signalling to regulate stomatal aperture (e.g., SLAC1 regulation), but details of them have not
yet been unravelled (Danquah et al., 2013).
In addition, an ATP binding cassette transporter, MRP5, also enhances SLAC1 activity.
There is evidence to consider the b-subunit of Arabidopsis farnesyltransferase (ERA1) and an
mRNA cap binding protein (ABH1) as negative regulators of the channel as both ERA1 and
ABH1 mutants show enhanced S-type currents.
The loss of anions through SLAC1 changes the polarity of the guard cell plasma membrane
making it more positive (depolarized), which is an essential property required for regulation of
K+ efflux. Mutants of SLAC1 abolish ABA induced stomatal closing indicating the
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significance of the channel to ABA signalling but show no impact on cytosolic Ca2+ oscillations
(Vahisalu et al., 2008). It seems that the main role of the production of cytosolic Ca2+
oscillations is not to activate the SLAC1 channel; however, Ca2+ induced CDPK can
reconstitute SLAC1 ion channel activation even without SnRK2 kinases.

2.4.3.1.2

Regulation of Plasma Membrane K+ Efflux Channel (GORK)

GORK provides the main pathway for the efflux of K+ from guard cells and the activation
of the channel depends on voltage-dependent gating and the extracellular K+ concentration
(Dreyer and Blatt, 2009). If the cytoplasm of a guard cell contains high potassium
concentrations (around 170 – 270 mM), the channel responds only to positive voltages
regardless of the extracellular potassium concentration (Lemtiri-Chlieh, 1996). Generally, the
level of cytoplasmic K+ in a guard cell varies from 150 – 247 mM, this is within the range that
is enough to make GORK insensitive to extracellular K+ concentration. Therefore, in ABA
signalling, depolarization of the plasma membrane (potentials more positive than -40 mV) can
induce the activity of GORK, which can reach the steady state level within two seconds of
depolarization (Schroeder, 1989). Cytoplasmic pH acts on GORK (Figure 2.4) by shifting the
half maximal activation voltage to a more positive voltage (Fan et al., 2003). Further, increased
cytosolic pH promotes the efflux of K+ by increasing the number of available GORK channels
in the plasma membrane (a membrane delimited pathway) (Pandey et al., 2007).
However, loss of K+ ions through GORK may make the membrane less positive, but there
are several other means in the system, such as Ca2+ and loss of anions, that can further facilitate
membrane depolarization to maintain the K+ efflux.
Reactive oxygen species (ROS) can also regulate the activities of the guard cell GORK
channels through post-translational modification (Tran et al., 2013) promoting a positive
regulatory mechanism on the active channel; however, ROS activation of GORK strongly
depends on membrane depolarization (Dreyer and Uozumi, 2011).
In contrast, higher concentrations of nitric oxide (NO) (≥20 nM) can reverse the activity of
GORK through nitrosylation within two to five minutes (Sokolovski and Blatt, 2004). Further,
the literature reports that high (0.5 – 1 mM) concentrations of NO inhibit stomatal closure
(Neill et al., 2008). This may be an indication of the inactivation of the plasma membrane
potassium efflux channel (GORK) at high NO concentrations.
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When GORK is knocked out of the system, there is no measurable Kout channel activity in
guard cells, which strongly reduces (Hosy et al., 2003) the rate of stomatal closing (Schroeder,
2003). Inhibition of both effluxes of SLAC1 and K+ currents abolishes ABA-triggered stomatal
closure (Schroeder et al., 2001).

2.4.3.1.3

Regulation of Outward Rectifying Vacuolar K+ Channel (TPK1)

TPK1 is an outward rectifying vacuolar ion channel that is responsible for K+ efflux from
the vacuole to the cytosol. This channel shows very strong selectivity for K+ and is activated
by (Ca2+)cyt (saturated activity at ~300 nM after a lag phase of ~1 minute (Czempinski et al.,
1997)) but not by tonoplast membrane voltage changes (Gobert et al., 2007). The open
probability of the channel is at maximum around cytoplasmic pH 6.7 but under more alkaline
pH, the current drops steeply and it decreases moderately under acidic pH. Therefore, TPK1
shows 20 - 30% of its maximum open probability at the physiological pH range (7.5 - 7.9)
(Gobert et al., 2007). As a result of the reduction of vacuolar K+ release, mutants of TPK1
plants slow down the stomatal closure (Gobert et al., 2007). However, vacuolar K+ channels
should be crucial to stomatal closure because more than 90% of the total K+ during the closure
mechanism is from the vacuole. Therefore, the low functionality of TPK1 at the physiological
pH range is evolutionarily more favourable for the regulation of stomatal opening when
considering the importance of vacuolar K+ release for stomatal closure.
There are reports about three types of K+ fluxes across the tonoplast: fast vacuolar (FV),
slow vacuolar (SV) and K+ selective vacuolar channels. TPK1 (Figure 2.4) belongs to the group
of K+ selective vacuolar channels. The recently identified two-pore channel (TPC1) (Figure
2.4) is considered as an SV channel; it can be regulated for the vacuolar efflux of K+ but
according to the literature does not have any significance in ABA signalling. Therefore, we did
not consider TPC1 as a player in ABA signalling. Theoretically, FV channels should display
an instantaneous K+ efflux from the vacuole but molecular studies are necessary to better
understand how FV channels are involved in guard cell osmoregulation (Pareek and Bohnert,
2010). As the detailed signalling chain is not complete for the tonoplast transport system and
no vacuolar anion channels have been found yet, some studies suggest that slow vacuolar (SV)
and K+ selective vacuolar channels are responsible for effluxes of both anions and cations
(MacRobbie, 1997). Further, it is a well-accepted fact that K+ channels on the plasma
membrane provide the dominant pathway for K+ efflux required for stomatal closure.
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2.4.3.2 Regulation of Organic Ions (Malate2-)
Malate, as a divalent anion, often accompanies K+ cations in the guard cell cytosol to
maintain electrical balance in the cell during stomatal opening and, therefore, it is important as
an osmoticum to regulate guard cell turgor. Carboxylation of phosphoenolpyruvate (PEP) by
PEP carboxylase (PEPC) in guard cells mediates the synthesis of malate as an intermediate
product of photosynthesis. Therefore, stomatal closure needs to limit the production of malate
by either modulating PEPC degradation, facilitating efflux of malate or converting it into
osmotically inactive starch. When stomata are closing ABA acts negatively on PEPC and make
it unavailable in the system (Schnabl et al., 1982) and this is possibly through inhibition of the
pathway responsible for the degradation of the PEPC phosphorylating kinase (Monreal et al.,
2007). It was further reported that malate itself downregulates PEPC activity when stomata are
closing but insensitive when stomata open (Outlaw and Zhang, 2001).
According to the literature, both metabolism and transport of malate are important for
regulating stomatal responses to diurnal changes, but malate transport seems more important
in ABA signalling (Penfield et al., 2012). Transportation of malate is mainly through the
regulation of the plasma membrane rapidly activating anion channel (QUAC) and vacuolar
malate transport system (ATALMT6 in Figure 2.4).
The Quickly (R-Type) activating anion Channel (QUAC) on the plasma membrane is
responsible for the regulation of the cytoplasmic malate concentration in Guard cells. This
channel belongs to Aluminium-activated malate transporter family (AtALMT12) and is
normally activated by plasma membrane depolarization and phosphorylation (Hedrich et al.,
1990). When malate is present as a substrate in the medium, the active potential becomes more
negative (hyperpolarized) (Raschke, 2003). The activation mechanism of QUAC is not yet
fully understood but recent literature highlights the importance of SnRK2 protein kinase for
the activation of QUAC, possibly through phosphorylation (Imes et al., 2013). Mutants of
QUAC (ATALMT12-1) impair the stomatal closure (Sasaki et al., 2010), in which the density
of the R-type (rapidly activating) anion currents show a 40% reduction (the only malatedependent current) compared with the wild type current (Barbier-Brygoo et al., 2011).
AtALMT6, a member of the aluminium-activated malate transporter family located on the
vacuolar membrane, mediates inward rectifying currents of malate under the regulation of
micro-molar concentrations of [Ca2+]cyt (Meyer et al., 2011). The functional behaviour of
accumulating or releasing malate through this channel is determined by the interplay between
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cytosolic malate and vacuolar pH to regulate the activation threshold depending on the
tonoplast potential. Mutant plants display reduced malate current compared to wild type plants,
but the stomatal behaviour under drought stress is not affected (Meyer et al., 2011) indicating
that there may be other transporters involved in vacuolar malate transport. Details of vacuolar
malate fluxes involved in ABA induced stomatal closure needs further investigation.

2.4.4 Structural Rearrangements of Guard Cells
Actin is one of the most ubiquitous proteins responsible for the cytoskeleton of plant cells.
In the beginning of this section, we described the importance of changing the cytoskeleton of
guard cells to adjust the shape changes following turgor reduction. In this section, we discuss
the regulation of actin dynamics in detail according to experimental evidence available in the
literature. Figure 2.5 depicts the ABA induced actin regulatory network demonstrating how
actin dynamics are regulated by [Ca2+]cyt, other proteins (PP2C, ARP2/3, SCAB1),
phospholipids (PI3P and PI4P), ROS and Rho-related GTPases (AtRAC1) through their
interactions with actin regulatory processes, as discussed in the following paragraphs.

Figure 2.5: Actin rearrangement involved in guard cell ABA signalling (Regular arrows
represent positive interactions and diamond-head arrows represent negative interactions)
Depolymerization of F-actin polymers in the cytoskeleton controls the disassembly of
Actin filaments in guard cells. Rho-related GTPases (AtRAC1) inhibit the disassembly of actin
filaments (Lemichez et al., 2001) by inhibiting the Actin binding and depolymerizing activities
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of the actin depolymerizing proteins (“Depolymerization” in Figure 2.5). AtRAC1 is positively
regulated by PP2C, where inactivation of PP2Cs can deactivate AtRAC1 with a half time of
15 min (Lemichez et al., 2001).
The actin-related protein-2/3 (ARP2/3) complex modulates actin remodelling in stomatal
closure (Wang et al., 2011), possibly through enhancing the dispersal of actin bundles to finer
filaments by exerting mechanical force on actin filaments and microtubules (Jiang et al., 2012).
Regulation of ARP2/3 depends on the ABA induced ROS production, but the underlying
mechanism remains elusive (LI et al., 2014a). PIP2 is also a possible target because it has been
identified as the general regulator of ARP2/3 in other systems (Rozelle et al., 2000).
The recently-identified plant specific stomatal closure-related actin binding protein1
(SCAB1) also mediates structural rearrangements by stabilizing the depolymerized actin
filaments (Zhao et al., 2011). Details of regulators or mode of activation of SACB1 is not clear,
but there is evidence suggesting it may be regulated by inositol phosphates (InSP3/InSP6)
(Zhang et al., 2012). Mutation of SCAB1 exhibits stomatal insensitivity to ABA, delaying the
switch of actin filament movement from a radial to a longitudinal configuration during stomatal
closure (Zhao et al., 2011).
In addition to the above proteins, there is emerging evidence supporting the involvement
of phosphoinositides (PI3P and PI4P) in the modulation of actin dynamics by regulating actin
depolymerization (Choi et al., 2008). Generally, it appears that PI3P and/or PI4P binding to
actin bundling and crosslinking proteins, such as fimbrin, villin and profilin (ABPS in Figure
2.5 refers to these proteins), releases these proteins from actin filaments to facilitate the access
of actin depolymerizing proteins to filaments stimulating depolymerization (Huang et al.,
2005). Another possible mechanism for the PI3P effect is through the regulation of ROS, which
induces PI3P mediated actin depolymerization by weakening the inter-monomer bonds of actin
filaments (Choi et al., 2008).
A second messenger, [Ca2+]cyt, also acts as a mediator for guard cell cytoskeleton
rearrangement on concentration basis, such that at low [Ca2+], actin filaments are bundled by
actin crosslinking proteins, whereas elevated [Ca2+] levels modulate capping and
depolymerization (Yokota et al., 2005), facilitating the disassembly of actin.
The localization of organelles, such as the tonoplast and chloroplast (Gao et al., 2009, Wang
et al., 2011), and fragmentation of the vacuole (compare the two stomata in Figure 2.5) further
facilitate the guard cell structural rearrangements, supporting stomatal movement. It was found
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that the ARP2/3 complex is crucial to modulate the dynamics of the vacuole (Wang et al.,
2011).

2.4.5 Calcium Signalling
The Ca2+ signalling pathway is the most connected functional set (Hub) in the ABA
signalling network, indicating that it should be at the forefront of rapid stomatal closure. ABA
induced steady state stomatal closure is characterized by a series of Ca2+ oscillations with
defined frequencies and amplitudes (Allen et al., 2001), signifying the importance of Ca2+ to
the system. However, the role of Ca2+ in ABA induced guard cell signalling is not well
understood. Recently, it was found that ABA induces a weaker and slower stomatal closure
response under conditions that prevent [Ca2+]cyt increases (Siegel et al., 2009). Another
hypothesis about Ca2+ signalling in ABA induced stomatal closure relates its significance to
maintenance of stomatal closure until plants are free of stress. Similarly, another argument
suggests that Ca2+ may enhance the sensitivity of Ca2+ dependent proteins to ABA signalling.
All these hypotheses are yet to receive experimental confirmation. Therefore, this section
discusses the available information about Ca2+ signalling relating to the above hypotheses
wherever possible.
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Figure 2.6: Calcium regulatory signalling in guard cells. Shaded areas depict regulatory
feedback loops of the system where: (A) positive feedback between Ca2+ ↔ NO; (B)
positive feedback between Ca2+ ↔ PLC; (C) positive feedback between Ca2+ ↔ actin;
(D) negative feedback between Ca2+ ↔ Ca2+-ATPase ; and (E) negative feedback between
Ca2+ ↔ CAX1. Only vacuole is shown in the Figure representing all internal organelles
of the guard cell to maintain clarity (Regular arrows represent positive interactions and
diamond-head arrows represent negative interactions)
Figure 2.6 shows the ABA induced Ca2+ regulatory network, which comprises four Ca2+
influx systems and two Ca2+ efflux systems. Of the four different Ca2+ influxes, the initial
contribution is from the voltage-dependent plasma membrane calcium channel (Ica) (unshaded
area in Figure 2.6), which transiently provides Ca2+ currents to the cytoplasm (Trouverie et al.,
2008). In addition, there are two positive feedback loops to enhance the cytosolic Ca2+
concentration by pumping out Ca2+ from the internal organelles. The first feedback loop is
between nitric oxide (NO) ↔ Ca2+ (Figure 2.6(A) - shaded in green) and the other is through
phospholipase C (PLC)-Ca2+ (Figure 2.6(B) - shaded in pink). Further, there are reports to
indicate the contribution of mechanosensitive Ca2+ channels in the plasma membrane to the
influx system at a later stage, as a result of actin filament rearrangements (Figure 2.6(C) shaded in orange). As shown in Figure 2.6, the removal of Ca2+ from the cytoplasm is either
through Ca2+-ATPases (Figure 2.6(D) - shaded in blue) or H+/Ca2+ antiporter activity (Figure
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2.6(E) - shaded in yellow). Details of these regulatory paths are discussed in following
subsections:
2.4.5.1

Regulation of Ca2+ influx through plasma membrane Ca2+ channel (Ica)

2.4.5.2

Regulation of Ca2+ influx from internal organelles through feedback between nitric
oxide (NO) and Ca2+

2.4.5.3

Regulation of Ca2+ influx from internal organelles through feedback between
phospholipase C (PLC) and Ca2+

2.4.5.4

Regulation of Ca2+ influx from the plasma membrane through stretched activated
Ca2+ channels (Icas)

2.4.5.5

2.4.5.1

Regulation of Ca2+ effluxes

Regulation of Calcium Influx through the Plasma membrane Ca2+
(Ica) Channel

The voltage-dependent Ca2+ channel (Ica) plays a prominent role in ABA induced Ca2+
signalling by initiating a Ca2+ influx across the plasma membrane. Two distinct regulators,
ROS and the plasma membrane with voltages above -100 mV (hyperpolarization), regulate Ica
channel activity (Wang et al., 2013). There are three other proteins in the ABA signalling
system that also show regulatory effect on Ica, but the accurate mode of control of these
proteins remains elusive. Of them, the presence of the b-subunit of Arabidopsis
farnesyltransferase (ERA1) in the system shows a negative effect on Ica, possibly through
protein farnesylation (attachment of a lipid (farnese) to the channel protein, modifying its
structure), but the pathway which involves farnesylated protein in the guard cells has not yet
been identified (Allen et al., 2002). We assume that the ABH1 protein may also act in a similar
way to ERA1 as mutants of ABH1 are hypersensitive to ABA and have consistently larger Ca2+
currents (Hugouvieux et al., 2001) than those in the wild type (WT). Similarly, mutants of
MRP5 also impair Ica channel activity in guard cells (Suh et al., 2007) indicating involvement
of the MRP5 transporter protein in regulating Ica. These three regulators do not show critical
effects on Ica independently, but their cumulative effect may be as crucial as ROS and
membrane hyperpolarization.
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2.4.5.2 Regulation of Ca2+ influx from internal Organelles through
Feedback between Nitric oxide (NO) and Ca2+
Ca2+ elevation in the cytoplasm through endomembranes occurs in two different ways. Of
these, the major contribution is assumed to be via the feedback loop between Ca2+ and NO,
which triggers the activity of a Ca2+ releasing second messenger, cyclic ADP Ribose (cADPR).
Ca2+ releasing cADPR-gated channels, located in endomembranes of plant guard cells (Figure
2.6 (A) - green), release Ca2+ from the vacuolar and the endoplasmic reticulum to cytosol. It
is reported in the literature that cADPR-gated channels contribute to 54% of cytosolic Ca2+
increase (Leckie et al., 1998).
Activation of this feedback loop (Ca2+ ↔ NO) depends on the generation of cytosolic ROS
and Ca2+ induced CaM binding. According to the literature, Ca2+ induced CaM directly binds
to plant nitric oxide synthase-like enzyme (NOS) in a NADPH-dependent pathway to generate
NO (Guo et al., 2003, Vidhyasekaran, 2014). NO is further synthesized by nitrate reductase
(NIA1) in a ROS-dependent mechanism (Wang et al., 2010), which is possibly with a
mediatory effect of Ca2+ (Neill et al., 2008). NO then induces the production of cyclic
guanosine monophosphate (cGMP), which then stimulates the activity of cADPR to generate
the Ca2+ influx. Inhibition of guanylyl cyclase (GC) completely suppresses ROS and NO
induced [Ca2+]cyt (Dubovskaya et al., 2011, Leckie et al., 1998).
The Ca2+ permeable channel activated by cADPR is inhibited by Ca2+ >600 nM, which
suggests that there should be other Ca2+ releasing mechanisms that accounts for the prolonged
Ca2+ signals which potentially reaches >2 µM Ca2+ elevation.

2.4.5.3 Regulation of Ca2+ influx from internal Organelles through
Feedback between Phospholipase C (PLC) and Ca2+
Plant phospholipase C (PLC) is a plasma membrane bound enzyme which acts as the sole
mediator for Ca2+ mobilization through the ABA induced phospholipid pathway and this is the
second feedback loop, which releases Ca2+ from the internal organelles (Figure 2.6(B)-pink).
Figure 2.7 depicts the regulatory mechanisms involved in this feedback regulation.
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Figure 2.7: Phospholipase C induced Ca2+ generation in guard cells (regular arrows
represent positive interactions, diamond-head arrows represent negative interactions and
arrows with a broken line represent putative interactions where exact relationships are
not yet known)
As shown in Figure 2.7, Ca2+ binds to PLC and activates it by stimulating the hydrophobic
surface, targeting membrane binding for enhanced catalytic activity of the enzyme (Rupwate
and Rajasekharan, 2012). The literature provides further evidence that ABA induces the
activity of PLC but the mode of action is not clear (Webb and Robertson, 2011); it may be
through the G-protein-coupled receptor as in the mammalian pathway. In addition, there is
evidence for NO-dependent activation of PLC but we suspect that NO regulation may be
mediated through Ca2+ release. PLC stimulates the hydrolytic cleavage of phosphatidylinositol4,5-bisphosphate (PIP2) to produce inositol-1,4,5-trisphosphate (InSP3). Phosphatidylinositol
4-phosphate (PI4P) acts as a precursor of PIP2 synthesis via phosphorylation by the relevant
inositol kinases. Similarly, PIP2 can be hydrolyzed into PI4P by a variety of enzymes available.
In Arabidopsis plants, two peaks of InsP3 are observable (at 30 s and 30 min) in response
to ABA (Perera et al., 2008). This is similar to another report which claims that ABA can
enhance InsP3 level by 90% of the maximum within 10s (Lee et al., 1996). InSP3 is then rapidly
converted into InSP6. This conversion may happen because plant cells lack InSP3 receptors
and InSP6 can release Ca2+ faster than InSP3 with a 10-fold lower concentration level. Lemtiri
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et al., reported that InSP6 enhances [Ca2+]cyt levels to a maximum within 1 s by activating
vacuolar ion channels (Lemtiri-Chlieh et al., 2003). However, it was further reported in the
literature that the InSP6 induced Ca2+ increase only lasts for few min and then decays to the
resting level. This may be in relation to MRP5, an ATP binding cassette transporter with high
affinity for InSP6, which transports InSP6 to the vacuole making InSP6 not available for
channel regulation.

2.4.5.4 Regulation of Ca2+ Influx from Plasma Membrane through
Stretched Activated Ca2+ Channels (Icas)
In addition to the three Ca2+ influxes discussed above, structural rearrangements may
mediate a Ca2+ influx to the cytosol via stretched activated Ca2+ channels (Icas) (Zhang et al.,
2007), where stabilized actin filaments block the channel activation. The activity of these
channels is dominant after 20 min of actin rearrangement (Zhang et al., 2007). We believe that
Ca2+ release by Icas plays a significant role in maintaining the prolonged Ca2+ signal in ABA
induced stomatal closure because it appears that none of the above explained Ca2+ influxes is
able to sustain long lasting Ca2+ signals with defined parameters.

2.4.5.5 Regulation of Calcium Effluxes:
The Ca2+ efflux system is protective against Ca2+ toxicity to plant cells, which is possible
with an elevated [Ca2+]cyt level, as explained earlier, because it lowers the level [Ca2+]cyt by
removing Ca2+ into the extracellular space and /or to internal organelles. There are two major
types of Ca2+ efflux systems available in guard cells, Ca2+-ATPase and Ca2+/H+ exchangers
(Bose et al., 2011). Ca2+-ATPases (Figure 2.6(D) - blue), which are powered by ATP
hydrolysis, show high affinity for Ca2+ (Km =0.1 – 2 µM), but they are low capacity
transporters. The major Ca2+-ATPase, which is responsible for hormonal signalling and
[Ca2+]cyt homeostasis, is auto-inhibited Ca2+-ATPases (ACA). Calmodulin (CaM) suppresses
the auto-inhibitory action of ACA by physically binding to the auto inhibitory N-terminus of
ACA. This interaction activates Ca2+ pumping by increasing the affinity for free Ca2+. The
plasma membrane ACA significantly enhances Ca2+ efflux after 10 min upon ABA (50 µM)
treatment (Beffagna et al., 2000). Inhibition of Ca2+-ATPase, however, causes a rapid transient
reduction in Ca2+ efflux and the accumulation of ROS in the guard cell cytoplasm (Romani et
al., 2004).
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Ca2+/H+ exchangers (CAX) are low affinity (Km =10 – 15 µM), but high capacity, Ca2+
pumps powered by proton-motive forces (Figure 2.6(E) - yellow). In Arabidopsis, CAX1 and
CAX3 are involved in Ca2+ homeostasis. Of them, CAX1 is strongly expressed in leaves where
it is located on the tonoplast membrane and transports Ca2+ into the vacuole (Robertson, 2013).
CAX transporters in plants undergo post-translational regulations through an auto-inhibitory
N-terminus similar to ACA. Further, protein–protein interactions are also possible for the
activation of CAX. There is evidence of a 50% reduction of Ca2+/H+ antiporter activity in the
tonoplasts of CAX1 mutant plants (Cheng et al., 2003) but no alteration to ABA induced
stomatal closure (Cho et al., 2012). However, CAX1 mutants show significantly impaired
opening of stomata after exposure to light, which gives a possible clue to the significant
involvement of [Ca2+]cyt in preventing the reopening of stomata.
In the five subsections, above, we explained how ABA induced Ca2+ signals are generated
and maintained by the coordinated activities of influxes and effluxes. The section below
explains how Ca2+ acts in ABA signal transduction to regulate stomatal closure.

2.4.5.6

Ca2+ Signal Transduction

Signal transduction occurs with free [Ca2+]cyt oscillations induced as a synchronized effect
of Ca2+ influxes and effluxes. There are calcium sensor proteins; some are freely available in
the guard cell cytosol, and some are attached to membranes, which capture the Ca2+ signature
and process the information to decode them for the final target, stomatal closure.
Calcium dependent protein kinases (CDPKs) are high Ca2+ affinity sensor proteins
harbouring regulatory domains at C-terminal EF hand for calcium-binding and an autoinhibitory junction region. Upon binding to Ca2+, CDPK undergoes conformational changes
facilitating kinase activity by covering the auto inhibitory domain, which allows the active site
of the kinase domain to be available for its substrates. The full activation of the kinase is
achieved through the parallel process of auto-phosphorylation. Of 34 CDPKs available in
Arabidopsis, few are identified as regulators/targets of ABA signalling. Regulatory activities
of CDPKs in ABA mediated stomatal closure are: CDPK1(CPK10) inhibits the activity of
inward K+ channels (Zou et al., 2010), CDPK3(CPK6) and CDPK6 (CPK3) activate SLAC1
and regulate Ca2+ channels (Mori et al., 2006), and CPK5/CPK6 and CPK4/CPK11(CDPK2)
regulate ROS production (Boudsocq et al., 2010). CDPKs that function in ABA induced
stomatal responses and are localized in the plasma membrane and the nucleus. After ABA
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treatment, the most rapid and transient activation of CDPK occurs within 15 min (Yu et al.,
2006).
Activation of CDPK depends on the availability of cytoplasmic Ca2+ (She and Song, 2008)
and the inhibition of PP2Cs because PP2C down regulates CDPK kinases by
dephosphorylating them. Mutants of CDPKs lack Ca2+ induced SLAC1 activity (Mori et al.,
2006) and are defective in Ca2+ and ABA induced stomatal closure (Kudla et al., 2010). These
mutants further impair the activity of Ica (plasma membrane Ca2+ influx channel) through
weakening of the activation of RbOH and, thereby, ROS production.
The calcineurin B-like calcium-binding protein (CBL) and CBL interacting protein kinase
(CIPK) function as sensor molecules for decoding the information encoded by cellular Ca2+
signals. Unlike other kinases, CBL-CIPK binding forms a complex signalling structure
combining Ca2+ binding activity in the CBL molecule and kinase activity in the CIPK molecule.
CBLs are multi-localized proteins in the plasma membrane, vacuolar membrane, cytoplasm
and the nucleus (Batistič et al., 2008), but CIPK proteins are mainly localized in the cytoplasm
and nucleoplasm (Batistič et al., 2010). However, CBLs can target CIPKs to different cellular
locations to perform different functions. Binding of Ca2+ bound CBL proteins to CIPK activates
the kinase by releasing the auto-inhibitory domain from the kinase domain (Gong et al., 2002).
The mode of calcium binding (2 – 4 Ca2+ ions) and interactions with CIPKs are different
between individual CBLs. Active tonoplast-localized CBL/CIPK24 complexes mediate the
activity of vacuolar Ca2+/H+ antiporter CAX1 to maintain intracellular Ca2+ homeostasis
((Figure 2.6(E) - yellow) and vacuolar ion transport mechanisms (Cheng et al., 2004). Some
studies report the potential negative regulation of CIPKs by Ca2+ through CBL proteins
(Tominaga et al., 2010). Therefore, the detailed mechanisms of regulation of CBL/CIPK under
drought stress need further exploration. In addition to CBL proteins, protein–phosphatase
(PP2C) mutually, and exclusively, interact within the C-terminus of CIPKs; this interaction
may cause dephosphorylation of target proteins in the complex or direct dephosphorylation of
CIPK (Weinl and Kudla, 2009).
The combined activity of all of the above molecules decodes the Ca2+ signals and transmits
them to their downstream targets.

2.4.6 Other Supporting Signalling Mechanisms/Cell Conditions
In Sections 2.4.1 – 2.4.5, we discussed five major events happening in the ABA signalling
network describing how signal perception occurs with the drought signal ABA, how ABA
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transduces the drought signal into the guard cell through the ABA-receptor complex, how
guard cell osmotic regulation happens, and how structural rearrangements support
osmoregulation and Ca2+ signalling. The majority of these fundamental events cannot occur
independently to achieve their targets without proper coordination. They need to be
synchronized with each other to operate the system with required hierarchy and timely
coordination between each functional component for the required performance. In achieving
this, there are several other regulatory mechanisms, which mediate the activities of the events
discussed above. They can either be altered cellular condition or other supporting signalling
subsystems. Without them in the system, ABA signalling cannot proceed, as proper cell
communication must flow to reach the target at a defined location and in the required temporal
scale. This section provides a detailed explanation of these supporting arrangements in the
ABA signalling network and how they play a significant role in the ABA signal transduction.

2.4.6.1 Lipid Signalling
Several classes of lipids act as lipid messengers in different plant responses, where both
phosphatidic acid (PA) and some species of long-chain base-1- phosphate such as sphingosine1-phosphate (S1P), one of the most predominant sphingoid bases available in plants, promote
ABA-induced stomatal closure (Guo and Wang, 2012).
Sphingolipid signalling is very important to generate phosphatidic acid (PA), one of the
crucial elements of the ABA signalling network. PA is involved in mediating all the functional
sets of the ABA signalling described above through the production of ROS, inhibition of PP2C
and inhibition of AHA1. Figure 2.8 summarizes the regulatory mechanisms involved in this
signalling pathway. This section discusses the main activities involved in sphingolipid
regulation (interactions shown in gold arrows in Figure 2.8) to generate PA and highlights how
PA mediates signal transduction through the main functional sets of ABA signalling, as
discussed elsewhere.
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Figure 2.8: Sphingolipid signalling in plant guard cells (regular arrows represent positive
interactions, diamond-head arrows represent negative interactions and arrows with a
broken line represent positive interactions where exact relationships are not yet known)
Sphingosine kinase (SphK) (Figure 2.8) is an enzyme that catalyses the production of
sphingosine-1-phosphate (S1P) by phosphorylating sphingosine (SP) (Coursol et al., 2005) in
response to an ABA signal, but the physiological function and the mode of regulation of SphK
activation remains elusive (Guo and Wang, 2012). S1P physically binds to the guanine
nucleotide binding site of G-protein α1 subunit (GPA1) stimulating the exchange of GTP for
GDP. In general, phospholipase D (PLDα1) (PLD in Figure 2.8) binds to GPA1 and
reciprocally inhibits the activities of both proteins (GPA1 and PLD α1). If GPA1 is bound to
GDP, the complex inhibits PLDα1 activity, but PLDα1 can inactivate the GPA1 protein by
accelerating its GTPase activity. S1P may regulate GPA1 through the addition of GTP,
permitting the release of PLDα1 to enhance the production of PA by catalysing the hydrolysis
of phosphatidyl choline. As well as PLDα1, PLDδ also contributes to ABA signalling, which
is regulated by nitric oxide (NO) (Distéfano et al., 2012), possibly through S-nitrosylation
(Cys-residues) or nitration (Tyr-residues) of PLDδ. Recent studies suggest that [Ca2+]cyt also
activates PLDα1 (Jiang et al., 2013).
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In Arabidopsis, PLD mutant plants are insensitive to ABA (Wang et al., 2006) and result
in neither the accumulation of ROS (Zhang et al., 2009), NO, alkalization of the cytosol (Uraji
et al., 2012) nor inhibition of inward rectifying potassium (K+) channel currents.
PA is one of the most abundant phospholipids available in guard cells and can be found in
50 – 100 μM levels (Guo et al., 2011). In completing a reinforcing feedback loop PA, in turn,
stimulates SphK activity by promoting its substrate binding capacity (Guo et al., 2012) within
40 s (Guo and Wang, 2012) at a 10 nM to 100 µM range, the level of PA achievable in plant
cells (Guo et al., 2011). This is a self-enhancing mechanism to facilitate the production of PA
even at low concentration levels of SP. Even without a continuous ABA signal, this process
may continue the downstream signalling process of the system.
Interaction between PA and respiratory burst oxidase homologs (RbOH) regulates ABAmediated ROS production (Zhang et al., 2011), which acts as a critical element in all aspects
of the ABA signalling as discussed in the next section.

2.4.6.2 ROS Signalling
ROS is another critical mediator in ABA signalling that communicates with all major
functional sets of the system (explained in Sections 2.4.2 - 2.4.5) in various ways
(osmoregulation, structural rearrangements and Ca2+ signalling). Figure 2.9 depicts how ROS
communicates with the downstream factors and how ROS production is regulated in guard
cells. ROS controls guard cell osmoregulation via regulating GORK through post-translational
modifications and, thereby, increasing the current intensity of the channel. In parallel, ROS
modulate osmoregulation with post-translational modifications to redox-sensitive proteins
(cysteine oxidation) such as MAPK, a protein kinase, which is an essential component for
SLAC1 activation. As a result of enhancement of GORK and SLAC1 activities, both anion (Cl/NO-3 ) and cation (K+) removal from guard cells are supported by ROS. Moreover, ROS
regulates actin rearrangement via facilitating disassembly of actin filaments by weakening of
the inter-monomer bonds of the filaments. Guard cell Ca2+ signalling is also supported by ROS
via initiating Ca2+ influxes to the cytosol by adjusting the gating properties of the plasma
membrane Ica channels and further facilitating NO production to pump Ca2+ from the internal
organelles. The importance of the activities discussed above highlights the essential nature of
ROS signalling to ABA induced stomatal closure. The following paragraphs explain the details
of ROS production as shown in Figure 2.9.
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Figure 2.9: ROS signalling in guard cells (regular arrows represent positive interactions;
diamond-head arrows represent negative interactions and arrows with broken line
represent putative relationships)
ROS are highly reactive molecules (oxygen ions and peroxides) produced on demand either
through reduction of molecular oxygen consumed by plants or by oxidizing polyamines by the
relevant enzymes. Generally, ROS acts as a signalling molecule at low concentration levels but
higher concentrations levels are toxic to plant cells, causing cell death. Therefore, plants have
developed a tightly regulated system to utilize this reactive molecule, at lower concentrations,
as a signalling molecule in the important activities described above. According to the literature,
ROS production occurs within five minutes in response to ABA, which corresponds to a 25%
increase of basal ROS, and this increase is sustained for 30 min (Beguerisse-Díaz et al., 2012).
In the ABA signalling network, ROS are generated via two independent pathways that are
regulated by respiratory burst oxidase homologues (RbOH) and copper amine oxidase (CuAO)
(Figure 2.9).
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There are two prominent respiratory burst oxidase homologues: RbOH-F and D, which are
responsible for ROS production in plants under ABA regulation and share a functional
redundancy. RbOH-F is regulated by SnRK2 (Kwak et al., 2003, Beguerisse-Díaz et al., 2012)
through phosphorylation of Ser13 and Ser174 sites in the N-terminal region (Sirichandra et al.,
2009) and synergistically by Ca2+ (Kimura et al., 2012). ROS production by RbOH-D is Ca2+dependent (Ogasawara et al., 2008). Calcium activates RbOH-D either by inducing
conformational changes or indirectly through activating CDPKs to phosphorylate the protein
(Ogasawara et al., 2008). The current assumption about RbOH is that RbOH-D plays a more
important role in plant–pathogen interactions while RbOH-F is more important in ABA
signalling (Sirichandra et al., 2009).
In addition to SnRK2 and CDPK, there are several important regulators of the activity of
RbOH, such as the regulatory A subunit of protein phosphatase 2A (RCN1), PA, and
phosphatidylinositol phosphates (PI3P and PI4P). PA physically binds to both RbOH
homologues (Zhang et al., 2009) for activation. It was shown that loss of the PA binding motif
abolishes activation of RbOH, showing the essential nature of PA for ROS production.
Furthermore, inhibition of phosphatidylinositol 3- and 4-phosphates (PI3P and PI4P)
inhibits ROS production induced by ABA (Kwak et al., 2006) and gives clues to the regulation
of ROS by these phosphates, directly or indirectly. The literature shows that there is no physical
binding between RbOH and PI3P/PI4P (Zhang et al., 2009). Therefore, the mode of regulation
by PI3P/PI4P may be through the localization of cytoplasmic regulatory subunits of NADPH,
as in animal cells (Ellson et al., 2006). The level of membrane-bound phospholipids PI4P in
guard cells depends on the activity of phosphatidylinositol-4-OH kinases (PI4PK), which
catalyze

the

production

of

PI4P

by

phosphorylating

structural

lipids,

phosphatidylinositols, upon stimulation by ABA (Munnik and Nielsen, 2011). Similarly, PI3P
production is catalyzed by phosphatidylinositol-3-OH kinase (PI3PK). PA may also stimulate
the production of PI4P through PI4PK as PI4PK is identified as a target of PA (Hong et al.,
2010). Inhibiting either the production of PI3P or/and PI4P, or blocking PI3P/PI4P binding
domains, inhibits ABA induced stomatal closure.
RCN1 is identified as an essential regulator of ROS production but activation of RCN1 in
ABA signalling is not clear. Some literature suggests that RCN1 is a possible target of PA (Li
et al., 2009). Mutants lacking RCN1 are ABA insensitive (Saito et al., 2008) with no ROS
production, no anion channel activity (Cutler et al., 2010) and impaired cytosolic Ca2+ elevation
(Zhang et al., 2011) but if ROS is externally added to the system, there are no defective effects
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on stomatal closing (Kwak et al., 2002) providing strong evidence for the role of RCN1 in ROS
production.
In addition to RbOH, ABA enhances ROS production through CuAO that catalyzes the
oxidation of polyamines, such as putrescine, resulting in H2O2 (a type of ROS). Some literature
reports that CuAO is a potential candidate for producing NO as a result of polyamine oxidation
and that it could be mediated either by H2O2 or by an unknown mechanism (Wimalasekera et
al., 2011). Both CuAO and RbOH are independently responsible for ABA induced ROS
production (Trouverie et al., 2008).
Despite its beneficial regulations, ROS can cause cell damage if available in excess.
Glutathione peroxidase 3 (GPX3) acts as a ROS scavenger in guard cells. There is evidence to
suggest that ROS scavengers are activated by high ROS concentrations (Gutscher et al., 2009).
Some studies propose that mitogen activated protein kinases (MAPK) activate the ROS
scavenging system (Lin et al., 2009, Zong et al., 2009). When GPX3 is inactive, guard cells
produce more ROS under stress conditions (Wang and Song, 2008) disrupting the activation of
Ica in response to excess levels of ROS (Miao et al., 2006). However, some studies claim that
the depletion of GPX3 does not show any significant effect on the increase in reactive oxygen
species production in guard cells (Okuma et al., 2011) giving clues to the presence of other
potential ROS scavenging pathways.
According to the above findings, SnRK2, RCN1, PA, PI3P and PI4P (Kwak et al., 2006)
are identified as essential regulators of the initiation of ROS production through regulation of
RbOH. It is not clear that Ca2+ alone can produce ROS because phosphorylation is a
prerequisite for Ca2+-dependent production of ROS. Based on the information available, we
can suggest that SnRK2 activity may be the initial trigger for ABA induced ROS production
and Ca2+ and CDPK may participate later in the process.

2.4.6.3

Cytosolic Alkalization (Rise in pH)

Cytosolic pH is a secondary messenger in guard cell ABA signalling. In open stomata, the
cytosolic pH of guard cells ranges from 7.2 - 7.7; whereas pH varies from 7.4-7.9 in closed
stomata (Hills et al., 2012). Some studies propose that cytosolic alkalization functions
downstream of ROS production (Islam et al., 2010) as modulation of pH has no effect on the
production of ROS (Gonugunta et al., 2009). In contrast, some studies suggest that an increase
of cytosolic pH from 7.0 - 7.5 precedes ROS production (Suhita et al., 2004, Sagi and Fluhr,
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2006) as a result of activation of the vacuolar proton pump through a process that involves
SnRK2.
Lowering cytosolic pH (acidification) in guard cells precedes stomatal opening (Gonugunta
et al., 2009), membrane hyperpolarization and altered NO production (Geiger et al., 2009).
Similarly, cytosolic alkalization does not occur in SNRK2 mutants (Islam et al., 2010),
indicating the involvement of these protein kinases in cytosolic pH increases.
The coordinated activity of the signalling transduction mechanisms explained above leads
guard cells to significantly reduce transpiration by half-closing the stomata within 5 to 10 min
(Hedrich, 2012). However, the resulting closure has to be maintained until plants are relieved
of water stress because light dependent stomatal opening mechanisms may re-open the stomata
when it is still harmful to do so. The following section discusses how ABA induced guard cell
signalling maintains stomatal closure by inhibition of re-opening.

2.4.7 Maintenance of Closure
Stomatal closure has two phases in which the first phase is to initiate rapid stomatal closure,
and the second phase is to maintain long term closure. So far, we have discussed the signalling
network involved in initiating rapid stomatal closure induced by the drought signal ABA. This
section briefly explains the functional requirements for stomatal closure maintenance but
details about the signalling network responsible for this phase is not emphasized as it is not
included in our model.
Maintenance of stomatal closure in the ABA signalling network is via the regulation of two
influx systems in the guard cell plasma membrane to avoid accumulation of osmotic loads in
the cytosol. Significant ion channels deregulated during this process are the plasma membrane
K+ influx channels and proton (H+) pumps. Maintenance of stomatal closure needs
discontinuation of the activity of these two channels to further facilitate turgor reduction.
During stomatal opening, the plasma membrane proton pumps mediate the H+ efflux from
guard cells. The efflux of H+ ions from the cytoplasm causes plasma membrane
hyperpolarization facilitating gating requirements for hyperpolarization activated K+ influx
channel, KAT1. As a result of KAT1 activity, the level of K+ ions increases in the guard cell
cytosol, altering the osmotic potential to a level that is favourable for attracting more water
inside, ultimately leading to guard cell swelling.
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Plasma membrane H+-ATPases (AHA1) responsible for H+ efflux are sensitive to the blue
light spectrum of natural daylight; hence they can be active regardless of drought stress. Proton
pumping is activated via phosphorylation of AHA1 by blue light activating the catalytic subunit
of protein phosphatase 1 (PP1), a Ser/Thr protein phosphatase (Takemiya et al., 2013).
Therefore, down regulation of this protein phosphatase is an essential initial step for stomatal
closure and it is carried out by phosphatidic acid (PA), which inhibits the phosphatase activity
of PP1 (Takemiya and Shimazaki, 2010). Inhibition of PP1 prevents phosphorylation of AHA1
causing impairment in H+ pumping (Takemiya et al., 2013). If AHA1 is dominant in the plants,
stomata are not responsive even up to 100 µM ABA (Merlot et al., 2007). Elevated cytosolic
Ca2+ and cytosolic alkalization (pH) also act negatively on the activity of the proton pump
where a reduction of pump activity enhances the depolarization of the plasma membrane in
guard cells (Gonugunta et al., 2009) further facilitating the K+ efflux through GORK (plasma
membrane K+ out channel).
The plasma membrane hyperpolarization activated (-80 to -100 mV) inward rectifying K+
channel (KAT1) in guard cells plays a key role in stomatal opening by mediating K+ uptake.
There are several other secondary K+ influx channels, such as KAT2, AKT1 and AKT2
available in the system but they only become active when KAT1 does not function well in the
system. Deactivation of KAT1 is done by two protein kinases, SnRK2 and CDPK, by
phosphorylating the channel by two independent pathways. Deactivation by SnRK2 is by
phosphorylating the cytosolic C-terminal region (Thr306 and Thr308) (Sato et al., 2009) and
CDPKs phosphorylate the KAT1 protein in a Ca2+ dependent manner, possibly at one site in
the cytosolic N terminus (Thr45) and five sites in the cytosolic C-terminus (Thr308, Ser312,
Ser589, Ser590 and Ser641) (Sato et al., 2010). Mutant plants lacking KAT1 show reduced
amplitudes of inward K+ currents which correspond to a 38 – 45% lower stomatal opening
(Kwak et al., 2001).
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2.4.8 Holistic View of the ABA Signalling Network in Guard Cells

Figure 2.10: Detailed view of the ABA signalling network
Figure 2.10 depicts the detailed and holistic view of the ABA signalling network when the
signal transduction subsets are combined together, as explained above. The seven functional
sets explained in Sections 2.4.1 - 2.4.7 are represented by different colour schemes in Figure
2.10. Accordingly, the green box represents how ABA signal perception occurs with the
receptor complex; the purple and blue boxes represent two major functional events,
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osmoregulation and actin rearrangement. The orange, pink and yellow boxes, respectively,
represents the signalling flows of Ca2+, ROS and lipids. Maintenance of closure is represented
in the ash coloured box. Figure 2.10 shows the complexity of the ABA signalling network as
we can see that each functional set is dependent on many other sets. Therefore, understanding
this complex web by any means will provide biological insights into the operation of the whole
network through understanding how each functional goal is regulated by correct coordination
to achieve stomatal closure with the maximum efficiency.
In literature, guard cell signaling is described in general terms applicable to all plants (Kim
et al., 2010, Schroeder et al., 2001). It was further reported in literature that ABA induced
stomatal closure is an evolutionarily conserved feature in land plants. However, most of the
experimental information has been generated using the model species Arabidopsis thaliana
because genetic modifications in many other plant species are less accessible until more
advanced technical tools are developed. Therefore, we hypothesized that the ABA signalling
network discussed in the above sections can be generalized to higher plant species as well with
some potential minor kinetic differences based on the reaction sensitivities. Therefore, we
believe that this model can be successfully applied to plants in general but tweaking of
parameters may be necessary if a continuous approach is applied to a specific plant species.
The following sections provide a review of possible mathematical approaches that can be used
to handle this complexity, and modelling attempts to describe ABA signalling using systems
biology approaches.

2.5

Mathematical Concepts and Existing Models

Biological systems are “complex systems” composed of very large numbers of simple and
diverse elements interacting to produce complex behaviours (Kitano, 2002) that are not obvious
from the properties of the individual parts. Biological interactions at many different levels of
living organisms, from interactions of atoms in a single molecule to relationships of an
ecosystem, can be modelled as networks (Alm and Arkin, 2003). In current biology, the most
recent theoretical studies have focused on molecular interaction networks, such as gene
regulatory networks, protein–protein signalling networks and metabolic networks (Alm and
Arkin, 2003, Kim et al., 2010). These networks are designed in such a way that they can reveal
important properties and principles about the functional organization of the network. Cellular
signal transduction plays a complex and fundamental role in integrating parts of the network
and, eventually, converting the external signal into a cellular response (Gilbert et al., 2006).
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Once the extracellular signal binds to the receptor, different processes and signalling pathways
are activated, generating a complex web of intracellular signalling. Intracellular signalling
proceeds by cascades of molecular events, including post-translational modifications such as
phosphorylation/dephosphorylation, oxidation, protein splicing, acylation, nitrosylation and
more.
In biology and biotechnology, modelling signalling networks refers to the efforts of
modelling, analysing and simulating signalling processes, pathways and networks using
various mathematical, statistical and computational approaches. These quantitative and
computational approaches and interpretations have the potential to successfully bridge gaps in
understanding biological systems by uncovering the regulatory principles of the systems,
possible interactions and essential features, by means of mathematical representations. They
provide useful frameworks to generate biological insights into the system by testing various
hypotheses about the structural and functional properties of the system (Gilbert et al., 2006).
Microscopic biological processes are amazingly complex and diverse at different cellular
levels. However, for cellular networks, the availability of comprehensive and quantitative data
are sparse to date due to the high cost of experimentation and the limitations of the available
technologies. As a consequence, precise information on the relevant interactions or regulatory
mechanisms is unknown for the majority of network components. As the accuracy and
efficiency of processing biological information by most computational approaches depend on
the amount of data available, decision making about biological signal processing with a limited
knowledge about cell communication has become a contemporary issue (Kobayashi and
Kamimura, 2012). However, conceptual and ensemble modelling of systems, even with these
limitations, uncertainties and variations in parameter values, have been proven to be successful
and convincing for bridging the gaps in systems biology (Kuepfer et al., 2007) as no other
options are available to provide a unified view of biology as a system.

2.5.1 Modelling Approaches
The exploration of biological networks through data integration and analysis has seen an
explosive development over the last decades. Computational tools and modelling approaches
have, therefore, become the mainstream in the systems biology domain as they elucidate the
mechanisms underlying biological phenomena by providing invaluable help in extracting
information that is not readily apparent. The selection of the modelling approach depends on
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the question being posed, the availability of known information about the biological system of
interest and the quality and type of data collected to describe the relationships.
During the last few decades, the development of high-throughput experimental techniques
in genomics and proteomics and the advancement of various theoretical and computational
approaches have ushered in a new era of systems biology by providing new avenues to handle
the complexity of the field. As a result, significant progress has been made to define various
signal transduction and metabolic pathways, gene regulatory networks and genome-scale maps.
Currently, there are many mathematical and computational approaches available in this field,
including Boolean networks (Li et al., 2006b, Saadatpour et al., 2010), Bayesian networks
(Perrin et al., 2003), Petri nets (Chaouiya, 2007), ordinary/delay/partial differential equations
(Higham, 2011) and stochastic modelling algorithms (Marjoram and Tavaré, 2006).
Modelling approaches can generally be categorized as discrete or continuous models based
on the type of data processed in the modelling framework. Of them, the most straightforward
and elementary techniques are discrete models in the form of logical models, including
graphical techniques, representing the relationships between the network elements and
handling them in a logical sequence of events. In contrast, continuous models can describe the
finer details of the spatial and temporal dynamics of network reactions. These depend on time
delays and molecular concentrations and the expression of the precise relationships between
the instantaneous states of variables.
The most common and successful technique to describe dynamical systems is differential
equations that provide a natural and detailed description of the underlying molecular events.
The success of these techniques relies on prior knowledge of the biological parameters
generated from the experimental data (Shin and Nourani, 2010). As a result, these models are
typically limited to a dozen or so proteins and few pathways (Morris et al., 2011). Because of
these limitations, logic-based models have become more influential in the systems biology field
to construct graph-based representations of biological systems using dependencies of the
system elements based on qualitative experimental literature.
Compared to continuous models, logical models are simpler and easier to handle.
Moreover, they can generate realistic qualitative discrete dynamics of the network by providing
a basic understanding of complex systems. In logical modelling, systems are represented by
edge-node graphs where the elements of the system (proteins, genes, small molecules, etc.) are
represented as nodes and the interactions between them as edges. The states of the nodes
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(presence/absence) are determined by means of specifically defined logic-based rules/gates,
which combine the corresponding nodes and edges to produce the future states of the network.
These logic gates are determined based on the prior knowledge of network reactions observed
in the experimental literature. State transitions of the network occur at any time when the
conditions are satisfied according to logic gates. Logical models, however, are unable to
explain transient states of the system. This may be a limitation because they may be as
biologically important as the steady/final states. However, logical models can be constructed
with less detailed descriptions by simplifying the known and assumed relationships between
signalling molecules and have been successfully applied to modelling signalling networks
consisting of several pathways. The ability to capture multiple pathways is beneficial in that it
is crucial to understand crosstalk mechanisms, which propagate an effect from one pathway to
another; some compounds can interact with several proteins in different pathways (off-target
effects).
Among logical models, in the general sense, Boolean modelling appears to be a common
and an attractive system due to its simplicity in specifying logical relationships between nodes
that can occupy one of two states. However, this alone cannot give a complete picture of how
the metabolism of living things works due to the lack of dynamism in the model. However,
despite all the disadvantages in terms of the lack of precise quantitative explanation, Boolean
models have several advantages when systems are too complex to model with quantitative
approaches. Specially, with the lack of kinetic data available, Boolean modelling becomes the
best available approach to define network properties because Boolean models are powerful
enough to study the expressiveness of any identifiable subset of genes/proteins through
changing Boolean operators. Moreover, Boolean models are simple to program as well as to
explain. Therefore, we cannot always disprefer logical models over continuous models because
selection of a modelling approach should be based on the requirements and information
available.

2.5.2 Computational Approaches in ABA Signalling
Even though genetic studies about guard cell signalling have seen a boost over other system
studies in the plant domain, computational studies are infrequent. The only effort to create a
dynamic model, based on a wide range of experimental observations describing the complex
ABA signalling network, has been made by Li et al., (2006)b. This study shows how
mathematical modelling and theory can create a core structure of the signal transduction
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mechanisms with incomplete and qualitative information and make use of them to predict the
relative importance and behaviour of network components (Gross, 2006).
Li et al. (2006)b reconstructed a complex signalling network from inferred and indirect
relationships and the pathway data available in the literature about the interaction strengths and
reaction rates of components in ABA signalling using a Boolean network approach. This is a
qualitative dynamic model that uses biological evidence from mutational and pharmacological
experiments to determine the node to node interactions and regulatory effects of these reactions
on downstream targets. Their model describes the regulatory mechanisms of 43 nodes
identified from the biological literature. The authors further identify the important elements of
the network and the robustness of the system against a series of perturbations. In conclusion,
they propose “[Ca2+]cyt, depolarization, elevation of pH, ROS, anion efflux, and K+ efflux” as
network hubs. In a different study with a reduced network (three nodes) and different node
state updating schemes with arbitrary timings, the same authors provided some insights into
the role of Ca2+ in the stabilized system (Saadatpour et al., 2010).
In the absence of information about guard cell ABA receptors, in 2006, the authors of the
above study (Li et al., 2006)b have considered eight components of the system as immediate
downstream targets of ABA. However, recent advances in ABA signalling studies discovered
the ABA receptor complex (PYR/PYL/RCAR, PP2C, SnRK2), several other downstream
factors and redundant pathways (Umezawa, 2011, Nishimura et al., 2010, Klingler et al., 2010)
significantly enhancing the topology of the network from the previous model. Hence, the
network topology of the above study is yet to be completed as newly found interactions may
further shed light on the redundancy of signalling elements and, particularly, the robustness of
the network.
Furthermore, Li et al. (2006)b, modelled all possible updates randomly without considering
the relative time delays in network interactions, reflecting the lack of knowledge about
biological time delays associated with reactions (network edges). Notwithstanding this
limitation, the authors suggest that a Boolean model can precisely identify the important
elements of the network with a correct topology without incorporating the actual delay of the
reactions (Li et al., 2006)b. However, the literature (Saadatpour et al., 2010, Shreim et al., 2010)
highlights the necessity and advantages of asynchronous updating of Boolean models in
biological systems. The advantages of asynchronous updating links with the reproducibility of
more realistic occurrences of biological events. Therefore, asynchronous networks may
provide totally different system behaviour compared to synchronous networks. Therefore,
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Boolean regulation should be combined with continuous activation and deactivation of signal
transduction proteins based on the available kinetic (rate) data and the imposition of restrictions
on the order of updates. Therefore, combinations of comprehensive analytical approaches and
novel and improved systems biology approaches are necessary to explain the whole picture of
the ABA signalling network. These approaches should be capable enough to represent the
whole system based on limited data.
In 2012, Hills and co-authors developed a detailed computational model “OnGuard” for
guard cells using the current knowledge of biophysical and kinetic reactions in guard cell
osmoregulation with respect to variations in the diurnal cycle (Hills et al., 2012). This model
explains all the fundamental properties of guard cell transporters and provides accurate
references to the open and closed stomatal states but does not include the protein-protein
signalling behind the outcomes or the shared role of actin remodelling to support the closure.

2.6

Gaps in Understanding

The only available system dynamic approach to guard cell signalling is the study explained
above (Li et al., 2006)b, which is a synchronous Boolean analysis of the protein network of
ABA signalling in stomatal closure. According to them and other reviewers, the systems view
of the network is incomplete as new signalling molecules, interactions and new pathways are
possible with the rapid and dynamic developments in biology. Discovery of new nodes,
interactions among known nodes and/or crosslinks between pathways could enhance biological
knowledge of the system and may lower the existing redundancy by simplifying and clarifying
the network. Computationally, the Li et al. (2006)b model is unable to describe the effect of
time delays on the individual interactions, which may create a functional hierarchy among the
subsystems in producing the global behaviour.
With the absence of knowledge about ABA receptors at that time, the Li et al. (2006)b
model describes several immediate downstream factors assuming that ABA regulates them
independently. However, with current knowledge, some of them can be ascribed directly to the
receptor complex making new connections between the existing nodes and the novel nodes.
Furthermore, detailed analysis is needed for understanding the potential interrelationships of
the immediate downstream factors of ABA, as found in the Li et al. (2006)b model, with the
novel receptor complex. Further, it is beneficial to study how other signalling pathways are
cross-linked with the ABA signalling network because ABA has negative effects on other plant
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hormones (for example, ABA antagonizes seed germination induced by gibberellic acid) and
is involved in various other stress signalling pathways (Umezawa, 2011). However, the current
knowledge of the molecular network in terms of details about the underlying interactions
between different signalling components and pathways is still limited. A systems biology
approach is, therefore, needed to fully understand the identities of additional signalling
components, and how they link known elements into different pathways, how these pathways
are integrated, and how strong these cross links are.
Ca2+ signalling plays a key role in stomatal closure crosslinking with the majority of the
other subsystems. Further, there are hypotheses about the existence of Ca2+ dependent and
independent systems within the ABA signalling network and their roles with respect to Ca2+
reactive (rapid stomatal closure) and Ca2+ programmed stomatal closure (maintenance of
closure/inhibition of reopening). Understanding the mechanistic roles in stomatal closure and
closure maintenance, the links between Ca2+ and other systems, and the systems that decode
ABA signalling will enhance the current knowledge of the role of Ca2+ oscillations in the
stomatal system. Therefore, detailed analyses of existing data and information, including novel
findings, using a system biology approach are necessary for future research directions, such as
in theoretical models.
In this research we combined all the information discussed in this chapter to build up a
mathematical model that can explain the system behaviour of the ABA signalling network. We
focused on analysing ABA induced rapid stomatal closure and studying how the addition of
novel information advanced the understanding of network performance in comparison to the
existing Li et al. (2006)b model while using the same mathematical approach - synchronous
Boolean analysis. In addition, we introduced several methodological advancements to the
extended ABA network to study its behaviour with a more biologically realistic updating
method (asynchronous Boolean analysis) as well as converting the steady state dynamics of the
asynchronous Boolean model into a continuous model. These systems biology approaches
provide better explanations of ABA signal transduction mechanisms, as discussed in the rest
of the thesis.
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Chapter 3 : System of Subsystems
Extension of ABA Signalling Network and Analysis
of Structural Properties
This chapter explains how we amended the novel information available (as explained in
Chapter 2) to ‘rewire’ the existing ABA signalling network and present the results of an
analysis of the topological properties of the expanded network. This was undertaken to
understand the underlying organizational principles and functional properties of the network
from a systems point of view and incorporate the assembly of subsystems. These will later be
used to generate biological insights into ABA signalling more clearly than what can be
undertaken from simply a complex and large web of interacting elements.
The existing Li et al. (2006)b ABA signalling network consists of 43 network elements that
are connected with 76 interactions to induce stomatal closure. Our network consists of 56 nodes
and 127 interactions to convey the ABA signal to reach the ultimate goal of the system. We
identified that 34 nodes and 45 interactions were in common to the both models. The first major
topological difference we found between the two models was the signal perception through the
ABA receptor complex, a newly discovered core regulatory pathway in ABA signalling
system. In addition, our network displays considerable differences in guard cell osmoregulation
and structural rearrangements. Some signalling pathways such as lipid and ROS regulatory
pathways exist in both but with minor amendments; our study however elucidates and
emphasizes the coordinating role of these pathways in the ABA system. Details of new
additions and comparisons between the two networks topologies are discussed in Chapter 5.
This chapter discusses some important topological properties of the ABA signalling
network that can be used to explain the evolutionarily-favourable characteristics of the
network. Finally, the chapter explains the hierarchical modularity of the ABA signalling
network using the topological properties.

3.1

Setup of a Comprehensive ABA Signalling Network

3.1.1 Scale-free Property
Scale-free networks are well recognized in modelling complex natural systems as they are
quite common in various types of biological systems. Scale-free networks are networks whose
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degree distribution follows a power law (P(k) ~ k-γ) (Aldridge, 2005) and consist of a few highly
connected nodes (hubs) and a large number of sparsely connected nodes. “The degree of a node
in a network is the number of connections the node has to other nodes. If a network is directed
then the nodes have two different degrees, the in-degree, which is the number of incoming
edges, and the out-degree, which is the number of outgoing edges” (Wikipedia, 2014).
In 2003, Hetherington and Woodward proposed the guard cell signalling network as a
scale-free network displaying robustness on node removal, instability on hub removal and
system acclimation under a variety of environmental conditions with a rhythmic behaviour
(Hetherington & Woodward, 2003). However, the scale-free properties of ABA signalling are
neither fully understood nor tested with rigorous mathematical analysis, as Hetherington and
Woodward assumed that the guard cell network observed at that time was too small to study
scale-free properties with mathematical approaches (Hetherington & Woodward, 2003).
The existing ABA signalling network used to study the system properties is a proteinprotein signalling network simulated by Li et al. (2006)b. The authors gathered all the
information available on protein interactions in guard cell ABA signalling and synthesized
them with a synchronous Boolean approach (as discussed in Chapter 2). Their objectives were
to study the topology of the network paths that connected ABA to the ultimate response
(stomatal closure) and to identify essential elements which upset the global behaviour of the
network through simulating node perturbations. However, Li et al. (2006)b stressed that their
results may be altered as a result of network topology changes with novel biological findings,
as well as with the availability of kinetic data, which can alter the order of network updates
according to the relative reaction speeds. They further declared that their network was not large
enough to prove that ABA signalling had the properties of a scale-free network.
Our network is drawn as a sign directed graph amending the information available in the
biological literature. Taking the 43 node network identified by Li et al. (2006)b as the base
network, we expanded it by adding newly discovered proteins and interactions and removing,
wherever possible, existing nodes/links that were redundant or irrelevant with no harm to the
network, using a reverse engineering approach.

3.1.2 Sign Directed Graph
In graph theory, a sign directed graph is a set of nodes/vertices (reactive molecules in a
biological system) connected by a set of directed edges/arcs. Each edge is an arrow representing
an interaction between two nodes, which can be any type of regulatory reaction identified in
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biology. All edges are directed from the head node, the source/regulator of the tail node, to the
node which is being regulated (target or tail). The representation of a sign directed graph (SG)
can be in a formal form as in Eq. 3.1.
SG={V, E}

(3.1)

where, set V and set E, respectively, represent the vertices and edges.
Figure 3.1 displays the sign directed graph for our ABA signalling network, which
comprises 56 nodes and 127 interactions based on fragmentary biological information sourced
from an extensive and comprehensive survey of the literature, as explained in Chapter 2. Here,
the direction of the edges reflects the propagation of the signal flow between signalling
molecules, such as proteins, small molecules and ion channels (represented as nodes). All
interactions involved in this network are summarized in Table 3.1 (this table is at the end of
the chapter for reference).
In the preliminary assessment, we probed the network from its functional perspective. The
goal of ABA signalling is to close stomata to prevent water loss under drought conditions.
Upon the drought induced ABA signal entering the guard cell, signalling must accomplish the
tasks required for stomatal closure. This primarily involves removing water from the cell and
facilitating the safe movement of the cell membrane to shrink the cell volume subsequent to
removal of water from the guard cells. Guard cells are in equilibrium with the surrounding
environment and water moves in and out according to the osmotic pressure differential. Key
to this regulation is osmolytes (positively and negatively charged ions such as K+, Cl-/NO-3 and
malate2-). The more ions inside the cell, the more water enters it and the fewer ions inside the
cell, the more water leaves it. Therefore, releasing water requires the removal of ions from
guard cells that sets up an outward osmotic potential gradient. However, opening of the ion
channels in the cell membrane required for releasing water happens only under depolarized
(enhanced positive charge) conditions in the membrane. This requires that negative ions be
released from the cell so the internal environment of the cell is more positively charged.
Therefore, depolarization of the cell membrane is one of the main tasks of ABA signalling. The
node ‘polarization’ in Figure 3.1 represents this phenomenon along with the molecules that
support it. Once the membrane is depolarized, K+ out channels open to release K+ along with
water. The K+ out channel concerned is GORK, shown at the bottom right corner of the box,
which contains teal coloured nodes in the bottom left side of Figure 3.1 (next to closure, which
indicates the final state of the stomata, whether open or closed).
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When water is released, the cell shrinks. However, unless the skeleton of the cell supports
it, the cell can undergo collapse. Therefore, parallel to the release of water, cytoskeleton
rearrangements, such as filament relaxation, must take place. This activity is shown in the upper
right corner of Figure 3.1 (yellow nodes). The release of water and filaments rearrangement
are directly initiated by ABA. Another important aspect of ABA is maintenance of stomatal
closure. The role of Ca2+ in supporting the closure and its maintenance has been reported in the
literature. Ca2+ is shown in the middle of Figure 3.1 (pink nodes) and the sheer number of
connections involved with this node indicates that Ca2+ is an important element in the system.
There are also other highly connected nodes, including ABA (top-most node in Figure 3.1),
SnRK2 (first protein released by ABA – shown in the bottom left corner area of Figure 3.1 in
yellow), RbOH (top left region in Figure 3.1 (purple nodes)) and closure, etc. These and other
nodes are analyzed for scale-free properties of the network in this chapter. More details and
their interactions will be revealed as the discussion progresses, in this chapter and the
subsequent results chapters.
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Figure 3.1: Sign directed graph of the ABA signalling network (regular arrows (black)
represent positive interactions, diamond-head arrows (red) represent inhibitory
interactions and dashed line arrows represent putative relationships)
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3.2

Structural Properties of the Network

As mentioned in Section 3.1.1, the ABA signalling network is hypothetically proposed to
have scale-free topology as in the majority of other biological networks (Hetherington &
Woodward, 2003). However, it has not been mathematically proven that ABA signalling is, in
fact, a scale-free network based on the scale-free properties of the network. As topological
properties of biological networks can provide evidence for the influence of structural properties
on the function and dynamics of the networks, we studied the scale-free properties of the ABA
signalling network. The scale-free properties of a network can be characterized by network
degree distributions. Degree of a node can be defined as the number incoming (in-degree) and
outgoing (out-degree) connections. The degree distribution (p(k)) of a network can be
estimated as the number of nodes with a certain degree (k) as a fraction of the total number of
nodes in the network. If the network is scale-free, p(k) can be represented by a power law
distribution. This, essentially, indicates that there is a smaller fraction of nodes with high
connectivity and a large fraction of nodes are sparsely connected; this provides clarity in terms
of the influential nodes in the system and their potential roles.
We calculated both in- and out-degree distributions of the ABA signalling network, as
defined above. Nonlinear regression analysis with Gauss Newton algorithm was used to check
whether the degree distributions of the network follows a power law distribution.
Even with 56 nodes, the current network approximately follows a power law distribution
for both in- and out- degree distributions. Figure 3.2 depicts the approximation of in- and outdegree distributions of ABA signalling network by a power law.
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Figure 3.2: In-degree and out-degree distributions of the ABA signalling network (filled
circles indicate actual degree distribution and filled triangles indicate power law
distribution fitted to real data in both graphs)
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According to the results shown in Figure 3.2, the in-degree distribution of the network can
be represented by p(k)=0.43(k-1.15 ) and the out-degree by p(k)=0.52(k-1.5 ) with MSE (mean
square error) of <0.001. The degree exponent of both distributions agrees well with many real
world scale-free networks, as reported in the literature, with the power exponents ranging from
1 to 3 (Ke, 2005). According to these results, there is a high chance for the ABA network to be
a scale-free network. The results revealed that more than 50% of the nodes were sparsely
connected. The frequency of highly connected nodes rapidly decreases in the graphs, indicating
that few hubs exist in the network. For example, less than 5% of nodes have 8 or more incoming
signals and even fewer nodes have 8 or more outgoing signals.
When considering total connectivity, SLAC1, ROS, PP2C and Ca2+ can be considered as
the hubs of the ABA signalling network. Further, actin, membrane polarization, RbOH,
cytosolic alkalization (pH), PA, and malate also show comparatively higher chance to be
network hubs. As network hubs have the potential to disturb the functional stability of the
network, these nodes will be evaluated for network robustness in Chapter 5 with network
dynamics analysis. A brief glance at the hub nodes makes it possible to place them in a major
role in the functional organization of the network. For example, the SLAC1 (Slow activating
anion channel) plays a crucial role in membrane depolarization. ROS (reactive oxygen species)
are central to cation efflux, Ca2+ signalling, as well as actin rearrangement. Ca2+ signalling is
believed to play a secondary role in stomatal closure and be primarily responsible for closure
maintenance. PP2C, the principal negative regulator of the ABA signalling network, is tightly
regulated with many connections as inhibition of PP2C is the most fundamental need of the
system for maintaining proper functioning of the osmoregulation and the structural
rearrangements required for stomatal closure under stressed conditions. Actin, representing
actin rearrangement is essential for collapse-free cell shrinkage; malate (a byproduct of
photosynthesis) is important for maintenance of depolarization; and pH (cytosolic alkalization)
which is a required condition for activation of many essential players of the system.
The coefficient of assortativity is another indication of network robustness indicating the
connectivity among network nodes. This is the Pearson correlation coefficient between the
degrees of connected links, which measures the strength and pattern of connectivity in a
network and indicates how fragile the network is to the removal of highly connected nodes.
The coefficient of assortativity varies in the range of -1 and +1. If the network connections are
between network nodes with similar characteristics (of a similar degree), the coefficient is
positive and such networks are called assortative networks. Biological networks studied in the
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literature show ‘disassortative mixing’ (coefficient of assortativity is negative) where high
degree nodes are associated with low degree nodes and vice versa. The ABA signalling
network has a disassortative coefficient of -0.1, which very closely agrees with the cited
disassortative coefficients for biological networks (Newman, 2002). Accordingly, the ABA
signalling network should be sensitive to hub removal but robust to the removal of sparsely
connected nodes.
As observed in the literature, scale-free networks are known as evolutionarily successful
systems, having several dynamical advantages over other network types and favouring the
diversity and reproducibility of attractors. Attractors describe fixed or repeated patterns of
behaviour (oscillations) in biological systems that are thought to have an evolutionary
advantage for cell survival. For example, the ABA system benefits from having a series of Ca2+
oscillations that minimize the harmful effects of Ca2+ on cellular activities, while
communicating with downstream effectors to bring about a continuous signalling flow. These
properties are achieved through generating a smaller number of attractors (reproducibility) in
the system while providing each with the largest space for possible re-arrangements (diversity).
Therefore, the ABA signalling network should, potentially, generate a small number of
attractors with higher reproducibility for any initial condition. This property will be evaluated
through analysis of the dynamical properties of the system, in a later chapter, using a Boolean
approach, which is best suited to understanding large and complex networks compared to
complicated dynamical system analysis based on other quantitative approaches.

3.3

Hierarchical Modularity:

Hierarchical modularity is a novel and popular concept in recent literature for identification
of organization principles of complex networks. As scale-free topology coexists with a high
clustering nature in real world networks, it can be assumed that the ABA signalling network
can more likely be clustered into hierarchical modules. The modularity concept assumes that
the functionality of a system can be partitioned into a bundle of functional segments, such that
the functionality of each segment is independent and separable from each other but the
boundaries between segments are not necessarily clear-cut.
Hierarchical organization can be achieved by decomposing networks based on various
topological properties, such as betweenness centrality (a measure of the centrality of a node in
a network) of the network, topological overlap (similarity of nodes in terms of the common
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nodes they are connected to) and global structure analysis. Centrality measures are useful to
identify the most important players in a system. Topological overlap helps to exclude spurious
connections and identify similar nodes and define the neighbourhoods of nodes based on their
similarities. Global structure analysis studies the topological structure of a network to
understand the organizational principles of the network. All these methods help to classify the
network into a distinguishable set of functional subnetworks by measuring the
similarity/dissimilarity between the network nodes. By doing this, we can achieve a better
understanding of the relationships between different parts of the network, which can help us
gain deeper insights into the principles used by the network for functional coordination of a
large number of elements to achieve the network goal as well as gain deeper insights into the
biology by allowing more space to suggest possible functions for members of a subgroup by
comparing them to known functions of other subgroup members.
However, it cannot be ignored that there can be reactions that do not appear together in the
wiring graph but still can be functionally correlated. It cannot be expected to have perfect
separation of functional subgroups using any of the existing topological approaches. In fact,
such separations may not even be biologically plausible. Therefore, our aim is to reasonably
decompose the ABA signalling network into meaningful subsets with the aid of the available
decomposing techniques mentioned above.

3.4

Decomposition of the ABA Signalling Network

The first step in clustering is to choose a proper distance measure to distinguish the
dissimilarities between the nodes of the network. Of various decomposition methods available
in the literature, ‘path lengths’ between nodes are identified as the best dissimilarity measure
for clustering nodes (Ma et al., 2004). This is because closely related functional reactions
should, biologically, have short path lengths. Hierarchical classification based on the
dissimilarity between nodes should, therefore, satisfy the requirement that each node within a
subset should be more densely and strongly connected to other nodes in the subset, compared
to the interactions with nodes from other subsets.
In this study, the shortest path concept involving topological overlap is used to obtain the
best clustering criteria within the ABA signalling network, as described below.
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3.4.1 Adjacency Matrix
The adjacency matrix is a simple representation of a graph which represents the connection
pattern of the network nodes by means of a matrix of size N x N (N is the number of nodes in
the network) whose (i,j) entry aij is 1 if nodes i and j are connected, and 0 otherwise. The
adjacency matrix is symmetric around the diagonal for undirected graphs.

3.4.2

Dissimilarity Matrix (𝑫𝑫𝑻𝑻,[𝒎𝒎] )

The dissimilarity matrix (Eq.3.5) is defined using the adjacency matrix and the topological
overlap measure based on the neighbourhood size of each pair of nodes in the network.
Topological overlap represents a measure of agreement between the neighbourhoods of a given
pair of nodes, which gives an indication of the size of the set of common neighbours shared by
each pair of nodes. This can be used to define a dissimilarity measure which can then be used
later to identify functional modules using a clustering algorithm. The dissimilarity matrix (Eq:
3.5) computes the shortest path distance using the ‘geodesic distance’ from node i to node j
(dij) for each pair of nodes in the network. This concept was best executed in the GTOM
(generalized topological overlap measure) algorithm in Matlab and it is recommended to refer
to Yip and Horvath (2007) for the details of this methodology. The Eqs. 3.2 and 3.3 (adapted
from Yip and Horvath Yip & Horvath (2007)) show how GTOM values are calculated.
[𝑚𝑚]

𝑇𝑇 [𝑚𝑚] = � 𝑡𝑡𝑖𝑖𝑖𝑖 �

(3.2)
[𝑚𝑚]

where, 𝑇𝑇 [𝑚𝑚] is GTOM matrix of size N x N, m is neighbourhood size, and 𝑡𝑡𝑖𝑖𝑖𝑖
order topological overlap measure between node i and j.
[𝑚𝑚]
𝑡𝑡𝑖𝑖𝑖𝑖

=�

|𝑁𝑁𝑚𝑚 (𝑖𝑖) ⋂ 𝑁𝑁𝑚𝑚 (𝑗𝑗)| + 𝑎𝑎𝑖𝑖𝑖𝑖
𝑚𝑚𝑚𝑚𝑚𝑚{|𝑁𝑁𝑚𝑚 (𝑖𝑖)|,|𝑁𝑁𝑚𝑚 (𝑗𝑗)|} + 1−𝑎𝑎𝑖𝑖𝑖𝑖

1

𝑖𝑖𝑖𝑖 𝑖𝑖 ≠ 𝑗𝑗

𝑖𝑖𝑖𝑖 𝑖𝑖 = 𝑗𝑗

is the mth

(3.3)

where, 𝑁𝑁𝑚𝑚 (𝑖𝑖) represents the neighbours of node i at mth distance, 𝑁𝑁𝑚𝑚 (𝑗𝑗) represents the

neighbours of node j at mth distance, 𝑁𝑁𝑚𝑚 (𝑖𝑖) ⋂ 𝑁𝑁𝑚𝑚 (𝑗𝑗) represents the common neighbours of

node i and j at mth distance, |.| represents the cardinality of the inside argument, and 𝑎𝑎𝑖𝑖𝑖𝑖 is the

adjacency measure of the corresponding nodes. Defined this way, the dissimilarity measure

can fluctuate between 0 - 1. Therefore, the index assumes 0 for its minimum value if there are
no common neighbours and no direct link between the pair. The maximum value 1 is assigned
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to any pair of nodes if the two nodes are directly linked and the neighbours of one node are a
subset of the other. In the implementation of Eq. 3.3, m is increased within a range and the
most suitable m that provides the greatest discrimination is selected.
As 𝑇𝑇 [𝑚𝑚] represents the similarity between each pair of nodes, it is necessary to convert this
𝑇𝑇,[𝑚𝑚]

into a dissimilarity measure (𝑑𝑑𝑖𝑖𝑖𝑖

for the whole dissimilarity matrix.
𝑇𝑇,[𝑚𝑚]

𝑑𝑑𝑖𝑖𝑖𝑖

) using Eq. 3.4 for individual pairs of nodes and Eq. 3.5

[𝑚𝑚]

= 1 − 𝑡𝑡𝑖𝑖𝑖𝑖

𝑇𝑇,[𝑚𝑚]

𝐷𝐷𝑇𝑇,[𝑚𝑚] = �𝑑𝑑𝑖𝑖𝑖𝑖

(3.4)

�

(3.5)

In this study GTOM based dissimilarity measures were calculated with the Matlab GTOM

algorithm and the clustering was based on the Ward’s linkage method.
The topological overlap dissimilarity matrix is symmetric around the diagonal because the
undirected adjacency matrix is used in the study to better represent the total connectivity of the
network nodes. Therefore, different hierarchical modules are located on the diagonal and
represented as a series of squares. In general, modules are clearer with increasing
neighbourhood size such that the higher the size of the neighbourhood, considered up to a
ceiling value, the higher the sensitivity for the specificity of clusters.

3.5

Results

The ABA signalling network was decomposed using the dissimilarity measure described
above and the results are presented in Figure 3.3. Figure 3.3 (A) shows how the network can
be decomposed using neighbourhood sizes 1 and Figure 3.3 (B) represents results for
neighbourhood size 2 for each node in the network. We considered dissimilarity measures
based on neighbourhood size 1 and 2 only because the size of the network became restrictive
at neighbourhood size 3, at which point the ABA signalling network acted as a single module.
This may be because the size of the network is not large enough to represent all the functionally
connected proteins and other molecules (incomplete topology) and/or in broad terms, all these
nodes are cooperatively working together to achieve a single output, i.e. stomatal closure, so
they may not be totally functionally independent. Theoretically, GTOM clustering shows
asymptotic behaviour resulting in larger and tighter modules when the neighbourhood increases
above a certain size, in which each pair of network nodes can be connected (meets the network
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diameter). Further, as the size of neighbourhood increases, the specificity of the
interconnectedness decreases. Therefore, neighbourhood size 2 is proposed as the best for
biological networks in the literature.
According to the results, the network was meaningfully divided into a set of distinguishable
clusters and these clusters represented a true biological functional hierarchy. Both GTOM 1
(Figure 3.3 (A)) and GTOM 2 (Figure 3.3 (B)) dissimilarity measures were highly correlated
(Pearson correlation coefficient = 0.7) meaning that both neighbourhood sizes 1 and 2
retained/displayed the same modular characteristics.

Figure 3.3: Dendogram resulting from ward clustering on the dissimilarity index created
based on topological overlap of the network: (A) Hierarchical clustering for
neighbourhood 1; and (B) hierarchical clustering for neighbourhood 2
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We produced heat maps in Figure 3.3 (on the right side) using dissimilarity measures for
the corresponding neighbourhood sizes, and the clusters identified by heat maps were
illustrated in dendograms because dendograms made it easy to highlight the clusters.
Functional units separated by dendograms and heat maps were analogous to each other so that
the size of the light blue boxes along the diagonal of heat maps in Figure 3.3(A) and the
analogous red boxes in Figure 3.3 (B) correspond to the clustering organization in the
corresponding dendograms. The dashed lines connecting the dendogram and heat maps have
been drawn for greater visibility of the clusters. Comparisons of the similarly coloured axes in
the two dendograms in Figure 3.3 confirmed that the module arrangement was robust for
neighbourhood sizes 1 and 2. The elements in each module were more than 80% in agreement
between the two neighbourhood distances. These clusters represented the functional units in
the ABA signalling. However, the neighbourhood size 2 heat map showed higher dissimilarity
measures. According to both dendograms in Figure 3.3, there were three topologically distinct
functional modules (pruning at Ward distance 2 in panel A and at distance 1.4 in panel B) in
the system representing osmoregulation (ion channels and regulatory proteins), lipid signalling
(inositol, sphingolipid and other lipids) and Ca2+ regulation (see clusters separated by dashed
lines in Figure 3.3). These three modules can be separated further into smaller modules based
on their functional specifications, as discussed below.
The most prominent cluster in both heat maps (upper left light blue square in Figure 3.3(A)
and lower right red square in Figure 3.3(B)) represented the lipid signalling pathways in the
system. Neighbourhood size 2 (Figure 3.3(B)), which proved to be more sensitive, divided the
main lipid cluster into two, putting sphingolipid pathways into one module (red dendogram
axes) and all other phospholipids (light blue and pink dendogram axes) into the other. Clusters
identified by the nearest neighbourhood (m=1) were comparable with neighbourhood size 2
but the dendogram branches were not as distinctive as in neighbourhood size 2. In both
dendograms, sphingolipids were separated from other phospholipids because they form a
feedback regulatory loop displaying a noticeable functional independence. As indicated in the
second cluster, the other phospholipids were found functionally dependent. The sphingolipid
signalling functional set contained nodes involved in phosphatidic acid (PA) production, which
is one of the main regulators of the ABA signalling system contributing to RbOH activation,
inhibition of the plasma membrane proton pump, as well as inhibition of PP2C. The second
lipid cluster mainly contained nodes involved in regulating the Ca2+ influx from the internal
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organelles via Ca2+ ↔ PLC feedback regulation. See Table 3.1 for a quick overview of the
relations; a detailed discussion is given in Chapter 2.
The cluster representing osmotic regulation appeared almost the same in both
neighbourhood sizes (green dendogram axes). Both dendograms can further specify the
functionality within the main cluster, separating the ion channels and their regulatory proteins
(and/or other molecules/conditions) into two modules.
The third cluster mostly represented Ca2+ regulation of the system. In both neighbourhood
sizes, structural rearrangement (actin) was closely associated with the Ca2+ regulatory part.
Even though this cluster was robust to the neighbourhood size, the arrangement of small
modules within the cluster appeared relatively inconsistent between the two approaches. This
was the most variable cluster observed between the two neighbourhood sizes. Consideration of
the two neighbourhood sizes together identified four possible modules in the third cluster: core
Ca2+ regulation, NO signalling, membrane polarization and structural rearrangements.
However, these four modules were functionally linked to each other, as shown in Figure 3.4.

Figure 3.4: Module arrangement within the most variable cluster (regular arrows (black)
represent positive interactions and diamond-head arrows (red) represent inhibitory
interactions)
According to Figure 3.4, it was clear that connections between the shaded nodes in this
cluster were heavily shared. Neighbourhood size 2 broke down this cluster into two - separating
polarization from the others, where neighbourhood size 1 separated NO signalling from the
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others. However, all these functional sets were dependent on each other making it difficult to
further reduce the size of the main cluster. Actin rearrangement is supposed to be an
‘independent’ functional module in ABA signalling network but our results could not place it
in an independent module. It is possible that this result may be due to a lack of knowledge
about actin regulation within the system. As a result, actin regulatory proteins were scattered
in various other functional modules even though these proteins did not share a true functional
similarity with rest of the members in the corresponding classes.
The functional modules discussed above are highlighted on the ABA signalling digraph in
Figure 3.5 using the same colours as on the dendogram axes under three main modules lipid
signalling, osmoregulation and Ca2+ signalling. Figure 3.5 depicts seven functional modules
representing the nitric oxide pathway (dark blue box), Ca2+ regulatory pathway (yellow box),
inositol pathway (purple box), sphingolipid and phosphatidic acid pathway (coral box), anion
control (teal box), osmoregulatory enzymes (green box) and immediate downstream effectors
of ABA (light blue box).
The light blue cluster, which was topologically closely associated with phospholipid
signalling, did not represent any specific signalling pathway but, instead, the reception of the
ABA signal by various lipids, proteins and enzymes on the plasma membrane. This may not
have a true biological meaning as the majority of the reactions in this subset were putative
connections where elements of true regulations are yet to be discovered.
As shown in Figure 3.5, the hub elements of the ABA signalling network identified by their
total connectivity were, primarily, SLAC1, RbOH, ROS, PP2C, PA and Ca2+ (yellow nodes)
and, potentially, actin, membrane polarization, cytosolic alkalization (pH) and malate (red
nodes in Figure 3.5)). They acted as origins for each of the three main modules indicating their
importance for the functioning of the system.
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Figure 3.5: Functional modules identified by decomposing the ABA signalling network
(colour of each sub group matches the colours of the dendogram of neighbourhood size
1). Yellow nodes represent highly connected nodes within each module. (Regular arrows
(black) represent positive interactions, diamond-head arrows (red) represent inhibitory
interactions)
Considering the spatial arrangement and temporal behaviour of these modules, and
incorporating timing into them, the functional flow of the ABA signalling network can be
abstracted as depicted in Figure 3.6. It follows the order of events happening in the network
from the reception of the signal to the generation of output - stomatal closure. This figure shows
the integration of signal transduction through various signalling components between ABA
reception and stomatal closure. From a high level perspective, the functional flow of this
network starts at the plasma membrane of the guard cell followed by the cytoplasm and internal
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organelles. Finally, in the stable situation (stomatal closure), all these components are cross
linked and connected with a series of feedback loops.

Figure 3.6: Functional flow identified by decomposing the ABA signalling network
(arrow heads indicate the direction of signalling flow) (purple colour indicates relations
to Ca2+ signalling and green to osmoregulation)
From a detailed functional perspective, at the plasma membrane, the first module to respond
to the ABA signal is all the membrane proteins and lipids, which are directly regulated by ABA
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(Figure 3.6, panel (A)). This includes the ABA receptor complex (activated in less than a
minute) and several other enzymes (for clarity, individual elements are not shown in Figure
3.6). Enzyme activation at the plasma membrane leads to the activities of lipid signalling
pathways (e.g., PI3KP, PI4KP, SpHK and PLD) that are activated within the first few minutes
(phospholipid within a minute and sphingolipid in two to four min). This confirms that, as the
building blocks of the plasma membrane, lipids have the easiest access to proceed with the
fastest signal transduction. Lipid signalling modules proceed with the signalling mainly by
invoking Ca2+, actin and oxidative signalling pathways (ROS and NO). Some enzymes (e.g.,
primarily SnRK2, MAPK, and CDPK) act on regulating ion channel protein modifications and
on pH changes in the cytoplasm (panel (B) of Figure 3.6).
By means of these processes, ABA boosts the activities of all the functional modules
identified in the network. These modules cross link with each other to achieve specific tasks
needed for stomatal closure (C-E panels in Figure 3.6), while maintaining their activities by a
number of feedback loops. Of them, the fastest visible cell behaviour is ion channel activities
regulating osmosis of the guard cell which takes place within two min from receiving the ABA
signal (note the green arrows in Figure 3.6). Osmotic regulation is basically achieved through
the regulation of ion channels, depending on the gating properties of the respective channels.
These channels can either be regulated by post-translational modifications (mainly
phosphorylation) of channel proteins and/or voltage sensing. It can be assumed that posttranslational modification initiates anion efflux (Cl-/ NO-3 and malate2-). As a result, the
electrical properties of the plasma membrane become more positive facilitating the voltage
potentials required for opening of the voltage sensitive channels for K+ efflux. According to
the time scales observed in the literature, it can be assumed that guard cell osmoregulation
starts by pumping out both anions and cations (K+). Inhibition of influxes of K+ appears
secondary as regulation of these events happen on a slower time scale. However, Ca2+
signalling proceeds with its activities before the inhibition of these influxes.
It is reported in the literature that structural rearrangements follow osmotic regulation.
Topologically, actin reorganization and Ca2+ regulatory subsets are closely connected and are
grouped in the same functional module (yellow box in Figure 3.5 and purple arrows in Figure
3.6). This clustering can be accepted because both oxidative pathways and lipid dependent
pathways directly regulate actin and Ca2+ signalling pathways but osmotic regulation by lipid
signalling is via enhancing oxidative pathways. In addition, Ca2+ and actin are linked by a
positive feedback loop where Ca2+ activates actin and actin, in turn, through other regulators,
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regulates Ca2+. Ca2+ signalling is initiated by ROS and inositol signalling and then by NO and
actin. All of them make feedback regulatory loops with Ca2+, making Ca2+ the most connected
element in the system (note the relative abundance of purple arrows in Figure 3.6). These signal
transduction mechanisms eventually change the guard cell behaviour by reducing the cell
turgor and supporting the cell shrinkage together with structural rearrangements (Panel (D) in
Figure 3.6) to achieve the output of the biological system, i.e. stomatal closure (Panel (E) in
Figure 3.6).

3.6

Summary: A System with Subsystems

Guard cell signalling is a complex system that is coherently organized to control the
stomatal aperture. These are signal perception, sphingolipid signalling, inositol signalling, ion
channels, ion channel regulatory proteins, Ca2+ signalling and NO signalling. This system
comprises an interconnected set of subsystems made of proteins, lipids, small molecules and
various other conditions of the guard cells. The interconnections among the subsystems
facilitate the communication flow of the whole system to respond to the signals by means of a
collection of feedback processes and their relative dominance in time and space.
There are seven self-organized functional subsystems linked together to carry the ABA
signal to close stomata. In systems thinking, this tight binding by feedback loops, which
function differently in time and space with a defined hierarchy, provides the ABA network
with better resilience to function in a variable environment with minimum time delay.
Ion channel signalling and Ca2+ signalling, being hubs in the system, are tightly connected
with many of the other subsystems. Of these two, the largest number of positive and/or negative
feedback loops connect Ca2+ signalling to the majority of subsystems, placing it as the core
reinforcement in the system.
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Table 3.1: Regulatory mechanisms of ABA signalling network considered in the wiring
diagram in Figure 3.5 (coloured according to modules in Figure 3.5)
Node
Target

Regulation

Source

Sphingolipid Signalling
ABA
PA

Not clear

S1P

SK

Phosphorylation of Sphingosine to produce S1P

GPA1

S1P

Addition of GTP permitting PLD release

PLD

GPA1

Binding of GTP to GPA1 (Gα-GTP)dissociates GPA1 from PLD

PLD

NO

May be S-nitrosylation of Cys residues or nitration of Tyr residues

PLD

CA

Strengthen enzyme-substrate binding/targeting membrane
localization of proteins

PA

PLD

Facilitates the hydrolysis of P-choline to produce PA

RCN1

PA

Not clear

SK
SK

Increase the specificity constant to promote substrate binding

Signal Perception via ABA
PYR

ABA

Physical binding (conformational changes)

CuAO

ABA

Induce biosynthesis

PI4P

ABA

Phosphoinositide turnover

PI4P

PA

Phosphoinositide turnover

PI3P

ABA

Phosphoinositide turnover

PIP2

PI4P

Phosphorylation
Inositol Signalling

PLC

ABA

Possibly via phosphorylation

PLC
InSP3

CA
PLC

Ca2+ driven activity and membrane targeting

InSP3

PIP2

InSP6

InSP3

Phosphorylation by respective kinases

InSP6

MRP5

Transport InSP6 to the vacuole

PLC hydrolyse PIP2 to produce InSP3

Osmoregulatory Enzymes/molecules
pH

SnRK2

Not clear

PP2C

PYR

Physical binding (conformational changes)

PP2C

PA

Decreases the phosphatase activity and/or membrane-tethering role

PP2C

ROS

Oxidization
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PP2C

GPX3

Possibly by oxidation

PP2C

pH

Regulating phosphatase activity

PP2C

ROP11

Physically binds to protect from Receptor inhibition

PP2C

ABH1

Not clear

ROP11

ABA

Not clear

ROP11

ERA1

Changing localization

SnRK2

PP2C

Dephosphorylation

MAPK

ROS

May be through post-translational modification of redox sensitive
proteins (cysteine oxidation)

MAPK

CDPK

Not Known

MAPK

CA

Not Known

MAPK

PP2C

Dephosphorylation
Ca2+ binding to the N-terminal lobe

CDPK

CA

CDPK

PP2C

Dephosphorylation

RbOH

SnRK2

Phosphorylation

RbOH

CDPK

Phosphorylation

RbOH

CA

Ca2+ binds to EF-hand motif of RbOH but the significance of this
binding to ROS production is not clear

RbOH

RCN1

Not clear

RbOH

PA

Physically binds and stimulates

RbOH

PI4P

Not clear

RbOH

PI3P

Not clear

RbOH

pH

Not clear

ROS

CuAO

Catabolism of CuAO (oxidation)

ROS

RBOH

ROS

GPX3

O2 �⎯⎯⎯⎯⎯⎯⎯� O-2 (ROS)

GPX3

ROS

separates auto inhibitory domain from the active site

RBOH

GPX3

H2 O2 �⎯⎯⎯⎯⎯⎯⎯⎯� H2 O

High levels of ROS lead the activation of the ROS scavenging
system
NO Signalling

NO

ROS

Not clear

NO

CaM

Ca2+- bound CaM interact NOS like Enzyme to produce NO

CADPR

CGMP

β-NAD+ �⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� cADPR

CGMP

NO

Activates soluble guanylyl cyclase resulting cGMP by nitrosylation

ADP-ribosyl cyclase

Activate ADP-ribosyl cyclase via G-kinase to stimulate cADPR
synthesis

75

Ion Channels
SLAC1

SnRK2

Phosphorylation

SLAC1

CDPK

Phosphorylation

SLAC1

PP2C

Dephosphorylation

SLAC1

MAPK

Not clear

SLAC1

ERA1

Protein farnesylation

SLAC1

MRP5

Not clear

SLAC1

Malate

Increasing current noise

TPC1

CA

Ca2+ induced Ca2+ release by binding to EF-hands

TPC1

DEPOLAR

Voltage gated regulation

GORK

NO

Nytrosylation

GORK

pH

Membrane delimited pathway

GORK

ROS

Post-translational modification increasing current intensity

GORK

DEPOLAR

Setting active potential for channel opening

QUAC

SnRK2

Phosphorylation

QUAC

DEPOLAR

Voltage gated regulation

ATALMT6

CA

Ca2+-dependent current activation

KAT1

CDPK

Phosphorylation

KAT1

SnRK2

Phosphorylation

QUAC

Malate

Malate is a substrate for R-type ion channels

TPK1

CA

Conformational changes induced by binding into EF-hands

TPK1

pH

Not clear

PEPC

Catalyses the b-carboxylation of PEP to yield oxaloacetate (OAA)
and inorganic phosphate (the branch-point step in the malateaccumulation pathway)

Malate

QUAC

PEP(C3) → OAA(C4) → Malate

Malate

ATALMT6

Transport malate

AHA1

PP1

Through phosphorylation, displace C-terminal auto inhibitory
domain

AHA1

CA

Post-translational modulation

AHA1

pH

Not clear

Malate

Transport malate

Calcium Signalling
CA

Icas

Influx of Ca2+ to cytosol

CA

CADPR

Influx of Ca2+ to cytosol

CA

Ica

Influx of Ca2+ to cytosol

CA

InSP6

Influx of Ca2+ to cytosol
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CA

Ca2+-ATPase

Efflux of Ca2+ from cytosol

CA

CAX1

Efflux of Ca2+ from cytosol

CaATPase

CaM

Suppress auto-inhibitory action by binding into N-terminus

CaM

CA

Ca2+ binding enhances catalytic activity

Ica

ABH1

Not known

Ica

ERA1

May be through farnesylation

Ica

MRP5

Not Known

Ica

ROS

ROS modify Ica channel proteins through directly and/or through
additional intermediate proteins

Ica

DEPOLAR

Changes in electrical potential

CBL

CA

Ca2+ binding for activation

CAX1

CIPK

May mask auto-inhibitory domain

SCAB1

ABA

Not clear

SCAB1

InSP6

Not clear

Icas

ACTIN

Stretch activation

CIPK

CBL

Mask auto-inhibitory domain and facilitate localization

CIPK

PP2C

Replace CBL protein to enhance auto inhibition

PP1

PA

Inhibits the phosphatase activity

ABPS

CA

Capping and depolymerization

ABPS
ABPS

PI3P
PI4P

Inactivate actin stabilization and facilitate depolymerization

ACTIN

ARP23

Actin nucleation

ACTIN

SCAB1

Stabilizes actin filaments

ACTIN

ATRAC1

Not clear

ACTIN

ROS

Depolymerize actin ﬁlaments via weakening of inter-monomer
bonds

ACTIN

CA

Facilitate depolymerization

ACTIN

ABPS

Stabilize actin filaments

PEPC

Malate

Binding to inhibitory site (feedback inhibitor-binding site)

ATRAC1

PP2C

Not clear

ARP23

PIP2

PIP2 concentration may induce a ‘switch’ for N-WASP mediated
Arp2/3 actin polymerization

ARP23

ABA

Not clear

DEPOLAR

CA

Accumulation of positive ions makes membrane more positive

DEPOLAR

TPK1

Addition of K+ to cytosol from the vacuole

DEPOLAR

AHA1

Facilitate membrane hyperpolarization

DEPOLAR

SLAC1

Removal of negative charges makes membrane more positive
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DEPOLAR

QUAC

Removal of negative charges makes membrane more positive

CLOSURE

GORK

Removal of K+ (osmotic regulation)

CLOSURE

ACTIN

Rearrangement of cytoskeleton

CLOSURE

Malate

Removal of malate (osmotic regulation)

CLOSURE

SLAC1

Removal of Cl- (osmotic regulation)
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Chapter 4 : Mathematical Framework: Boolean
Model for the ABA Network
Logic-based modelling has been widely used in the literature to map biological networks
and to study their functional interactions. They provide a broader qualitative overview of
network interactions and are the only tool available in the absence of dynamic data, such as
binding constants or kinetic parameters, to unravel the full complexity of networks using
descriptive biological relationships.
This chapter explains how we developed the Boolean model for the ABA network using
general Boolean concepts and methods combined with the available biological knowledge
about regulatory mechanisms and possible linkages between molecules of the target system.

4.1

Boolean Modelling

Boolean modelling is one of the logic-based modelling approaches which define the system
variables (a gene /protein/other molecule) in their simplest qualitative form as inactive (0) or
active (1). The state ‘0’ denotes the activity of a node below the threshold level required to
enhance/inhibit downstream targets. If the activity level of a node is above the threshold to
proceed with the signalling process, that state is referred as the active state. It is not necessary
to know the exact threshold values for each reaction as there is no continuity between state
changes. It can, therefore, be assumed that the concentration level above/below a threshold
value can shift the state from active/inactive to the reverse state.
A Boolean model defines the state transitions of each node of the network using a
predefined transition rule, which is a logical way of representing the cumulative effect of
regulatory nodes on their target following a time delay, as shown in Figure 4.1.
Figure 4.1 shows a sample network with four nodes, the associated Boolean functions (logic
gates) of each node, how these operators define state transitions in each regulation (truth tables)
and the state transition of the network for a given initial condition. For example, A in Figure
4.1 is the signal. B has two regulators - activator A and inhibitor C. C is activated only by A
and D is activated by either B or C. These conditions are depicted in the transition rules in
Figure 4.1(B). The truth table in Figure 4.1(C) depicts all possible transition states for the
network nodes when the transition rules are applied. The resulting states for a particular initial
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state of the network are shown in Figure 4.1(D). The operation of this network is further
explained in later sections where relevant.

Figure 4.1: Definition of a simple Boolean model. A) Sample network; B) state transition
rules (Boolean functions); C) truth tables associated with Boolean functions in B; and (D)
state transition of the network indicated in A for initial condition ‘1000’ (the order of
nodes are A, B, C and D)
As shown in Figure 4.1 (D), a state of the network is a vector of binary values (0/1), where
each value represents the state of a corresponding node at a given time and the dimension of
the vector denotes the number of nodes in the network. These vectors describes the dynamics
of the system on a temporal scale. Considering the first vector in Figure 4.1 (D) as the starting
condition (1000), we calculated the state transitions of the network synchronously; updating
each node according to the transitions rules shown in Figure 4.1(B). Each arrow in Figure
4.1(D) directs the state transition flow of the network. Once the network reaches the third state,
as in the figure, it does not change the network state again, which can be identified as a fixed
point attractor or, in other terms, the steady state of the network. As this is a qualitative outcome
we cannot use it to make any quantitative predictions on network dynamics but to identify the
influence of each element, state or function on the global behaviour of the system.
The accuracy of Boolean modelling depends, basically, on the definition of the transition
rules in the Boolean functions as this is a parameter free modelling technique. Defining the
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correct Boolean functions and the use of different updating schemes to produce Boolean
dynamics are described in the following subsections along with more details.

4.1.1

Boolean Dynamics

In general, Boolean dynamics are represented by a discrete time series of binary vectors (a
state of the network is a binary vector, as explained above and in Figure 4.1(D)) in the state
space of the network. This can be mathematically represented by an M * N matrix where M is
the time steps considered and N is the number of nodes in the network. State space is a set of
values (representing all possible states of a network) any of which can be assumed by a discrete
dynamical system. A Boolean system with N nodes can, theoretically, have a total of 2N states
(finite state space) as each variable is represented by two states.
The temporal evolution of the network dynamics is a result of the Boolean functions
deciding the future states of the network nodes and the updating scheme representing time
delays of reactions.

4.1.1.1 Boolean Functions
A Boolean, or switching function, decides the output of the network, logically evaluating a
set of Boolean inputs combined with specific Boolean rules. The dynamics of the network at
time t are determined by the Boolean rules associated with its regulators and their states at time
t-1. If the state of a node i at time t is denoted by 𝑥𝑥𝑖𝑖𝑡𝑡 and the associated Boolean function by Bi

(Bi = B1, B2,…….BN) with n number of regulators, then the dynamics of the Boolean network

can be generated, as shown in Eq. 4.1.
t-1
t-1
xti =Bi (xt-1
1 , x2 ,…….xn )

(4.1)

Further elaboration of Eq. 4.1 requires a set of logical operators to define the logical
expressions of the model by combining each of the regulators within each Bi. There are three
common Boolean operators widely used in logical modelling: ‘AND’, ‘OR’ and ‘NOT’. The
operator ‘AND’ represents the association of two or more regulators in a dependent manner
where all the regulators are needed for the activation of a node. If the activation of a node can
be induced by any of its regulators, the Boolean function combines these independent
regulators with an ‘OR’ operator. The operator ‘NOT’ represents negative regulation
(inhibition) by an element of a regulatory node.
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The use of Boolean operators can be further explained with the example provided in Figure
4.1. Section (B) of the figure demonstrates how ‘AND’, ‘OR’ and ‘NOT’ operators are used in
Boolean functions. For example, if the regulation of factor B is considered, the corresponding
Boolean function determines the future state of B in a way that the presence of factor A, with
the absence of factor C at the same time, boosts the activity of B. When considering factor D,
the presence of either B or C can enhance the activity of D.
In addition, there is a possibility to represent these Boolean functions with a threshold
function for the network output, as shown in Eq. 4.2. These functions are defined in such a way
that they perform a logical operation based on one or more regulators (Xj j=1….n) of the relevant
node (Xi) and produce a single binary output of 0 or 1. The future state of the node (Xi (t+1))
is determined by the weighted (wji) sum of inputs Xi from the regulators (from nodes j to i).
The inputs are binary [0, 1] and weights (wji) are +1 for positive relationships and -1 for
inhibitory relationships. Changing the node to its active state requires the weighted sum to be
above the threshold value (T) at time t. If the threshold value is set to 1; for example, the system
requires the weighted sum of the regulators of the corresponding node to be net positive for its
activation.
1,
Xi (t+1)= �
0,

if ∑j wji Xj (𝑡𝑡)
if ∑j wji Xj (𝑡𝑡)

≥T
<T

(4.2)

Truth tables associated with each Boolean function help to decide the functional output for
each combination of regulator variables (Figure 4.1(C)). The truth table for a node having n
regulators consists of n+1 columns assigning each regulator a column depicting their activity
at time t. There are 2n rows, one for each combination of regulator states. The last column states
the future state of the output node for all possible combinations of the input nodes.

4.1.1.2 Updating Schemes
In Boolean modelling, time delays associated with each reaction are represented in the
updating scheme. In most cases, a Boolean network state transitions can be produced through
two types of update methods: synchronous and asynchronous. In a synchronous update, the
state of all nodes are updated simultaneously at each time step; whereas, in an asynchronous
update, each node is updated according to its own unique timing. Updating large Boolean
networks with complex topology using different updating methods can result in different
qualitative behaviours (Squires et al., 2013). Both synchronous and asynchronous updates can
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produce the same steady state dynamics (e.g., Ca2+ oscillations) but owing to the realistic
temporal evolution in an asynchronous model to achieve the same outcome in the system, there
could be differences in the nodes involved, trajectories traversed and attractors reached. Steady
states are the final, persistent or unchanging states reached by the system. These states are
called attractors. If there is a unique final state vector, the system has reached a point attractor.
However, if the system has reached a steady state involving a finite number of state vectors
that follow each other and reach the original state in a cycle, it is called a limit cycle attractor.
Networks can also reach chaotic attractors without an identifiable pattern of node transitions.
Synchronous updating assumes that all the interactions within the system happen with equal
time delays. In asynchronous updating, nodes can be either updated randomly (random
asynchronous) or based on a series of discrete time points according to real time delays
associated with system variables. It is believed that an asynchronous update produces rich and
realistic dynamics of the system modelled, making the simple Boolean approach more
biologically plausible.
As an alternative, several different asynchronous updating methods that are biologically
more plausible have been defined in the literature by adding more variability to the updating
scheme. These updating techniques have diverged into several extensions based on how the
updating order is defined.
A random order asynchronous update is the most common, where one node is updated at a
time by keeping all others in their previous state and with the updating node being chosen
randomly with equal probability (Mesot & Teuscher, 2003). A generalized asynchronous
update is very close but with a mild extension to the random order asynchronous update
method. This can be considered a semi-synchronous approach where in each time step, the
model randomly picks up several nodes, which are then updated synchronously. However, the
reliability of this type of nondeterministic asynchrony is questionable in real biological
modelling. It is useful when very little, or no, knowledge is available about the system
dynamics and an exploration of the system for potential steady states or patterns of behaviour
from a large number of trials involving random updates is needed.
The sequential schedule updates each node in every step but in a predefined order. Block
sequential schedules group the nodes of the network into disjoined blocks, which are updated
sequentially while the states of the nodes within the blocks are updated synchronously (Goles
& Noual, 2010).
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A deterministic approach (i.e. with a predetermined order of events) is a biologically
plausible updating method. This method updates one or more nodes at a time step according to
a predefined criterion that is based on time delays associated with the network nodes. The
incorporation of determinism with asynchrony in the model updating scheme appears helpful
in understanding the real dynamics of the Boolean networks, because perfect synchrony is
highly unlikely to be observed in the molecules involved, even within the same cellular
physiological function. According to the literature, there may be some spatial reasons for the
timing of regulatory activities (such as regulation may happen only at defined sites in the cell
but the regulators may be produced in a different place; hence, they need to be transported to
the reaction sites) or differences in delays may be due to the varied speeds of different reactions.
However, it is difficult to know the order of some of the events happening inside biological
systems because their speed exceeds the current experimental capability to capture them. It was
believed that the integration of asynchrony in a deterministic manner in a model will capture
these differences to define the true dynamics of the system through more precise information
processing. Determinism is helpful in identifying periodic behaviours of a system because the
attractors produced by synchronous or random order asynchronous updating may be just a part
of the state space and may not represent or fully capture true attractors that correspond to the
true system dynamics.
All these variations are accepted in the literature because modellers believe that even with
an arbitrary updating scheme the principal properties of the network can be captured.

4.1.2

Attractors

Over the time evolution of a network, the state transition of the network can eventually
settle into a steady state or a set of periodic states called attractors. A steady state can be a fixed
point attractor or a self-loop (limit cycle attractor), at which point the state of the network
remains either fixed or follows a limited number of states in a loop. Limit cycle attractors
represent the long term oscillatory behaviour of the system dynamics.
Attractors are fixed points or closed trajectories in the state space which are repeatedly
visited over the time evolution of a network. These states may serve a function in achieving
system goals and, therefore, exploring attractors can reveal the underlying system dynamics
providing insights into how the system reaches its intended goal(s). A fixed point attractor is a
single state vector that is reached by many initial conditions of the system. Once reached, a
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fixed point attractor remains in that state until a required perturbation disrupts it. A system can
have one, or a number of, fixed point attractors. When more than one attractor is present, they
define the catchment of the initial conditions that drive the system to the corresponding
attractor. Self-loop attractors can either be a simple loop consisting of a set of states with
exactly one successor (Figure 4.2(A)) or a complex loop where one state of a network can have
more than one successor state (Figure 4.2 (B)) in time progression.

Figure 4.2: Attractors in Boolean dynamics (A) a simple loop; and (B) a complex loop
Synchronous updating of Boolean models more often results in simple loops as the long
term behaviour of the system. Asynchronous updating can result in exactly the same attractors
if the state of only one node changes over the state transitions from one time step to the next.
In Asynchronous networks, attractors, in general, can either be simple loops, complex loops or
chaotic limit cycles. Chaotic limit cycles traverse through a number of states without an
identifiable pattern of movements. Depending on the initial state of the network, a system can
develop a number of attractors.

4.2

Model Definition of the ABA Signalling Network

As explained above, Boolean model construction begins with the assembly of network
components (nodes) using biological interactions found in the literature. Chapter 3 explained
how we reconstructed the ABA signalling network incorporating regulatory mechanisms
summarized in Table 3.1. Model construction continues with the definition of Boolean
functions for the reactions, deciding the threshold values for ‘ON’/‘OFF’ states of nodes,
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setting the initial conditions for the model and updating the model with a correctly defined time
schedule. The following sections provide the details of each key step we used to build the
Boolean model for the ABA signalling network.

4.2.1

Definition of Boolean Functions in the ABA Signalling
Network

Section 4.1.1.1 explained the mathematical framework behind the definition of Boolean
functions. In summary, three logical operators were used in the model: ‘OR’ gates to indicate
independent regulation (any one can regulate the target) and ‘AND’ gates to indicate the
cumulative effect of more than one regulators. The operator ‘NOT’ is used to represent the
inhibitory regulations. Symbols representing each operator are summarized in Table 4.1.
Table 4.1: Logical operators used in the Boolean functions and their symbolic
representation.
Rule

Symbol

AND

&

OR

|

NOT

!

No regulator

<>

A description of each Boolean function in the ABA model is given in the following
paragraphs justifying how we formed specific logic gates to represent each of the regulatory
mechanisms.
The model system in this study, the ABA signalling network, is to convey signal
transduction to close the stomata in response to drought conditions. In chapter 2, we described
the ABA signalling network, highlighting the role of each member as has been experimentally
discovered to date. In Chapter 3, we identified several important functional components of the
ABA signalling network. Fundamentally, two major goals, guard cell osmoregulation and
structural rearrangements, are needed to achieve stomatal closure by reducing guard cell turgor.
However, we understand that there are several other functional components, such as ROS
signalling, Lipid signalling and Ca2+ signalling, that play significant roles in achieving the final
goal by mediating the required activities in osmoregulation and structural rearrangements and
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coordinating them in parallel for maximum efficiency in stomatal closure while protecting the
cells from drought stress. Moreover, we discussed the importance of maintaining stomatal
closure by blocking the activities of ion channels that have the potential to reopen stomata
during drought. In this section we refer to all these functional components in their temporal
order of occurrence, as given in Figure 4.3, for ease of explaining the flow of information in
the discussion.

12

Time (min)

9

6

3

Receptor

Lipids

Osmosis
Inactive Stage

KAT

GORK

Depolarization

SLAC1

PA

Sphingolipid

Phosphoinositol

0

Actin

ROS

Ca2+

Closure Maintenance

Active Stage

Figure 4.3: Timing of major signalling events (as available in literature) in ABA signal
transduction
In Figure 4.3 active stages of events are shown in green colour and inactive stages in blue
colour. Each bar represents an event that changes its colour and position when the effect of
ABA alters its state from inactive to active (or vice versa). In other words, the height of a bar
indicates the time when an element or an event gets activated or deactivated upon entry of ABA
into the system and the duration of activation. Accordingly, the flow of ABA signal
transduction can be summarized as follows. The fastest events of the ABA signalling are
identified as ABA receptor activation and lipid signalling. The next events to occur are the
guard cell osmosis (SLAC1, depolariztion and GORK) followed by ROS production. Actin
rearrangement begins after a delay of approximately 3 min from signal perception following
osmosis and ROS. Ca2+ signalling begins at a later stage (approximately 5 min after ABA entry)
but very close to the fastest stomatal closure observed in experimental literature (~5 min).
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Maintenance of closure by inhibition of ion fluxes (H+ efflux and K+ influx) begins last with a
significant time delay. Following this order of occurrence, subsequent sections in this chapter
define Boolean functions for all the regulatory activities in the above functional events while
justifying the reasons for the specific logic gates used in each Boolean function.

(i)

ABA-Receptor complex
ABA signalling begins with the signal perception by the ABA-Receptor complex; this is

the first most fundamental task of the ABA signalling system. Activation of the receptor
complex is primarily for the purpose of osmotic regulation through regulation of ion channels.
Figure 4.4 highlights how three major players in the receptor complex, PYR, PP2C and SnRK2
are regulated in the system upon the command of ABA signal. SnRK2, once activated, directly
controls a number of ion channels.

Figure 4.4: Regulation of the ABA receptor complex
As shown in Figure 4.4, the effect of ABA receptor regulation is to release SnRK2 (one of
the main players in downstream ABA signalling) from PP2C, which holds SnRK2 in the
inactive state by dephosphorylating it. ABA signal transduction does not proceed unless
SnRK2 is released from PP2C. According to Figure 4.3, the process starts immediately and
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SnRK2 stays active until stomatal closure. We defined logic gates for these three important
regulations as shown in Boolean functions (BF) 4.3 – 4.5 (refer to the list of abbreviations on
page xix for the proper name of the elements).
PYR = (ABA)

(4.3)

PP2C = ((! PYR & ! PA & ! ROS & !GPX3 & (ROP11|pH))
|(!PYR & !ROS & !GPX3 & ROP11)| !PYR
| (!PYR & ABH1))

(4.4)

SnRK2 = (!PP2C)

(4.5)

PYR
ABA physically binds in the central hydrophobic cavity of the receptor PYR and make
conformational changes to the receptor protein for active downstream targeting (Cutler et al.,
2010). Therefore, we considered ABA to be the sole regulator of PYR, as in BF 4.3.

PP2C
There are nine clade A PP2Cs cited in the literature as regulators of various ABA responses,
such as stomatal regulation, inhibition of root growth and germination (ABI1, ABI2, PP2CA,
HAB1, HAB2, HAI1, HAI2, HAI3 and AHG1) (Fuchs et al., 2013). Of them ABI1, ABI2 and
HAB1 are strongly considered in relation to the regulation of stomatal closure. These protein
phosphatases show specific interactions with their own target proteins and with various other
plant molecules. We assumed that all PP2Cs are under the negative regulation of ABA
receptors (PYR/PYL/RCAR) by covering the catalytic site as a result of conformational
changes.
ABI1 is negatively regulated by ROS through redox regulation (Meinhard & Grill, 2001).
Oxidized GPX3 physically binds to ABI2 and ABI1 and inhibits 40 - 70% of phosphatase
activity by oxidation (Miao et al., 2006). PA reduces 50% of phosphatase activity of ABI1 by
membrane tethering (Zhang et al., 2004). ROP11/ARAC10, highly expressed GTPases in
stomatal guard cells, physically interact with ABI2 (and ABI1 too) enhancing phosphatase
activity in the presence of GTP (Yu et al., 2012). Therefore, we considered the regulation of
individual PP2C homologues to define the Boolean function for PP2C, as shown in BF 4.4, by
separating types of PP2C involved in ABA signalling with ‘OR’ gates. The reason for putting
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an ‘OR’ gate was that we assumed that the presence of PP2C depends on their specific
regulators and the presence of any PP2C type can deregulate SnRK2.
SnRK2
If PP2Cs are not deactivated, they can dephosphorylate SnRK2s by physically interacting
with the serine residue (Soon et al., 2012) to inactivate the kinase. As PP2C is the only known
regulator of SnRK2, we defined the logic gate for this regulation, as in BF 4.5. As explained
earlier, SnRK2 is primarily responsible for activating osmotic regulation by directly controlling
a number of ion channels.

(ii)

Plant Lipids: Sphingolipid Signalling Pathway
As explained in the last two chapters, plant lipids contribute to the fastest signal

transduction in any type of cell signalling. In the ABA signalling pathway, we identified several
types of lipid (phosphatidic acid (PA), phosphatidylinositol phosphates (PIP2, PI3P and PI4P)
and sphingolipid (S1P)) as important second messengers in signal transduction. Of them, one
of the prominent pathways is sphingolipid signalling (through S1P) to produce PA, which later
acts as an important signalling molecule to regulate guard cell osmosis (indirectly),
cytoskeleton rearrangements, Ca2+ signalling and inhibition of stomata reopening through
influencing the corresponding pathways (which will be discussed later). The production of PA
through the sphingolipid signalling pathway is depicted in Figure 4.5 by coloured nodes. The
coloured nodes indicate the positive feedback regulatory loop in this system. The uncoloured
nodes indicate other regulatory mechanisms secondary to this pathway. BFs 4.6 - 4.10 define
the corresponding logic gates for the regulatory mechanisms shown with coloured nodes in
Figure 4.5.
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Figure 4.5: Regulatory mechanisms of the sphingolipid pathway in ABA signalling
(regular arrows (black) represent positive interactions and dashed line arrows represent
putative relationships). There can be regulatory connections between other nodes but all
of them are not shown to help with clarity
SpHK = (ABA | PA)

(4.6)

S1P = (SpHK)

(4.7)

GPA1= (S1P)

(4.8)

PLD = (GPA1|NO|CA)

(4.9)

PA = (PLD | (PLC & PIP2))

(4.10)

SpHK
ABA regulates SpHK (Jacob et al., 1999) but the mode of regulation is yet to be found
(dashed arrow in Figure 4.5). This is the second ABA activated pathway in the system. PA
physically binds with SpHK and induces S1P production by increasing the specificity constant
of SpHK for binding to sphingosine (SP), the precursor of S1P production (Guo et al., 2012).
Plants lacking PA production produce 33% lower S1P than WT plants. Therefore, we
considered that the two regulators are independent of each other (BF 4.6).

91

S1P
SpHK catalyses the production of S1P through phosphorylating SP, a low abundance
sphingolipid in plants (Coursol et al., 2005). As no other regulators of S1P production were
available in the literature, we defined the logic gate for this reaction as in BF 4.7.

GPA1
S1P may activate GPA1 through addition of GTP (BF 4.8) to GPA1 permitting PLD
release, because GDP-bound GPA1 can inhibit PLDα1 activity.

PLD
There are two types of PLDs (PLDα1 and PLDδ) that contribute to ABA signalling. PLDα1
activation occurs through GPA1, which releases active PLD after binding with GTP. PLDδ is
assumed to be activated by NO (Distéfano et al., 2012) possibly through S-nitrosylation of cysresidues or nitration of Tyr residues. Furthermore, there are reports to indicate the activation of
plant PLDs by Ca2+ through binding to the C2 domain of the enzyme (PLD) facilitating
substrate binding to it targeting the membrane localization of proteins (Qin & Wang, 2002).
However, activation of PLDα appears to be Ca2+ independent as they show lower affinity to
Ca2+ (Qin & Wang, 2002). Therefore, Ca2+ may affect only PLDδ. Considering the
independence of these regulators, we defined the regulatory relationship of PLD with an ‘OR’
gate (BF 4.9).

PA
PA increases in response to drought can be through either activation by PLDs, the
PLC/DAG path or both. DAG is a by-product of PIP2 hydrolysis by PLC. Therefore, we
considered both PLD and PLC & PIP2 as two independent regulators of PA (BF 4.10).

(iii)

Downstream Signalling of PA

Figure 4.6 shows the involvement of PA in downstream signalling of ABA network through
regulating other phospholipids and proteins.
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Figure 4.6: The signalling flow of PA in the ABA signalling network through regulation
of other phospholipids (phosphoinositol) (regular arrows (black) represent positive
interactions, diamond-head arrows (red) represent inhibitory interactions and dashed line
arrows represent putative relationships)
According to Figure 4.6, it is clear that PA (the major signalling lipid) is involved in several
major functional goals of ABA signalling (see dashed arrow heads). The dashed arrow heads
are just to highlight the importance of plant lipids in ABA signalling; their regulatory
mechanisms will be discussed under the corresponding functional goals. Figure 4.6 also shows
the third ABA link to the system through lipids, PI3P and PI4P. The following BFs show the
corresponding logic gates defined for the regulation of other lipids (PI3P, PI4P and PIP2) and
some of the downstream targets of PA (where PA is the sole regulator for them).
PI4P = (ABA|PA)

(4.11)

PIP2 = (PI4P)

(4.12)

PI3P = (ABA)

(4.13)

RCN1= (PA)

(4.14)

PP1 = (! PA)

(4.15)

PI4P
ABA activates PI4P through enhancing phosphatidylinositol 4-kinases (PI4K) activity to
catalyse the production of PI4P from phosphoinositols (PI). PI4P accounts for 80% of total
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plant polyphosphoinositides (Munnik & Nielsen, 2011). PA also enhances the enzymatic
activity of PI4K facilitating the production of PI4P (Stevenson et al., 1998). ABA and PA
appear as two independent regulators of PI4P; hence, we defined the corresponding Boolean
function with an ‘OR’ gate (BF 4.11).

PIP2
PIP2 production occurs through phosphorylation of PI4P by phosphatidylinositol 4phosphate 5-kinase (PIP5K). We did not consider the kinases (PI4K and PIP5K) involved in
phosphoinositide turnover with the aim of reducing the complexity of the network. Therefore,
we considered PI4P as the sole regulator of PIP2 (BF 4.12).

PI3P
ABA activates PI3P through phosphoinositide turnover (Lee et al., 1996). As there is no
evidence of involvement of PA in this regulation, we only considered ABA in the BF (BF
4.13).

RCN1
RCN1 is one of the essential regulators of ABA induced ROS production. Activation of
RCN1 in ABA signalling remains elusive. Some of the literature says that RCN1 is a target of
PA (Li et al., 2009). Therefore, we considered PA as the regulator of RCN1 in the model (BF
4.14).

PP1
PP1 is involved in stomatal opening mechanism through regulating the activity of the
plasma membrane proton efflux. PA inhibits the phosphatase activity of PP1, as in BF 4.15
(Jones et al., 2005), to discontinue the activity of the proton pump and thereby inhibits the
reopening of stomata.
The previous three systems (Figure 4.4, 4.6 and 4.6) show how ABA facilitates the required
activities for stomatal closure – activation of SnRK2 to regulate osmosis, regulation of lipid
signalling for indirectly activating osmosis, cytoskeleton rearrangements and Ca2+ signalling.
Activation of SnRK2 is rapid (less than a minute) and lipid signalling takes around 5 min (see
Figure 4.3). In parallel to these lipid regulations, signal transduction proceeds with guard cell
turgor reduction as a result of ion channel regulatory mechanisms as shown in Figure 4.7 (it
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should be noted that there can be connections between regulatory nodes but they are not shown
for clarity of the figure).

(iv) Guard Cell Osmoregulation

Figure 4.7: Regulatory mechanisms involved in guard cell osmoregulation induced by
ABA. Responsible ion channels are shown in green (regular arrows (black) represent
positive interactions, diamond-head arrows (red) represent inhibitory interactions and
dashed line arrows represent putative relationships)
Guard cell osmoregulation is a result of the balanced activities of ion fluxes (green nodes
in Figure 4.7) from the ion channels in the plasma membrane (SLAC1 and GORK) and
endomembranes (ATALMT6 and TPK1). This is one of the main functional goals required for
stomatal closure. We already discussed in Chapters 2 and 3 that effluxes of anions change the
properties of the guard cell plasma membrane to a less negative potential. This satisfies the
gating requirements for K+ efflux by the GORK channel in the plasma membrane, ultimately
leading to the outward water movement required for stomatal closure. We defined logic gates
for ion channel regulation considering all regulators available in the literature, as depicted in
Figure 4.7 and shown in BFs 4.16 - 4.25. Boolean functions for uncoloured regulators shown
in Figure 4.7 will be discussed later.
SLAC1 = (SnRK2| (CDPK & !PP2C)) & MAPK
& (MRP5| ! ERA1| ! ABH1) & ! Malate

(4.16)
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MAPK = ((ROS | (CDPK & CA)) & ! PP2C)

(4.17)

MALATE = (PEPC & ! QUAC & ! ATALMT6)

(4.18)

PEPC = (! MALATE & ! ABA)

(4.19)

QUAC = (DEPOLAR & SnRK2)

(4.20)

ATALMT6 =(CA)

(4.21)

TPK1 = (CA & ! pH)

(4.22)

DEPOLAR = (CA | TPK1 | ! AHA1 | SLAC1 | QUAC)

(4.23)

GORK = ((! NO | ROS| pH) & DEPOLAR)

(4.24)

pH =(SnRK2)

(4.25)

SLAC1
BF 4.16 defines the regulatory activities on SLAC1, the slowly activating anion channel in
guard cells following the biological description, as given below. Protein kinases, SnRK2 and
CDPKs can directly regulate SLAC1 by phosphorylating their own target motifs on the SLAC1
protein in two independent ways (Brandt et al., 2012). PP2C proteins (inhibitors of SnRK2)
also directly bind to the N terminal of the channel protein and down regulate CDPK (Ca2+
dependent protein kinase) induced SLAC1 activation by dephosphorylation (Brandt et al.,
2012). Therefore, we combined CDPK and PP2C with an ‘AND’ gate in BF 4.16.
MAPK (mitogen activated protein kinase) is an essential regulator of SLAC1 as ABA and
Ca2+ fail to activate anion currents in MAPK mutants. However, it is not yet known if the
activation of SLAC1 by MAPK is direct or indirect.
In addition, ERA1 (possibly through farnesylation) (Pei et al., 1998) and ABH1 modulate
a negative regulation of the channel in a very similar manner but possibly through different
regulatory mechanisms (Hugouvieux et al., 2002). MRP5 is also identified as a positive
modulator of ABA and Ca2+ dependent activation of SLAC1 (Suh et al., 2007). As none of
them can abolish the channel activity in their absence, we combined ABH1, ERA1, and MRP5
with ‘OR’ gates in the model (BF 4.16).
Malate also deregulates the channel by increasing the current noise. We combined these
regulatory mechanisms based on the stomatal response to the mutants of respective regulators,
as summarized in BF 4.16.
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MAPK
As highlighted in the previous paragraph, mitogen activated protein kinase (MAPK) is an
important regulator of SLAC1. Neil et al., in 2008 suggested that NO stimulates MAPK activity
(Neill et al., 2008). Later, it was discovered that ROS production precedes the activation of two
MAPKs (MPK9 and MPK12) (Jammes et al., 2009; Salam et al., 2012). Inhibition of MAPK
activity inhibits ABA induced stomatal closing (Liu, 2012). This may be due to the essential
role of MAPK in opening SLAC1. It is shown in the literature that plant MAPKs are potential
targets of PP2C protein phosphatases (Leung et al., 2006) that inhibit MAPK activity for
keeping SLAC1 closed in the state of open stomata. Some of the literature suggests the
involvement of CDPK and Ca2+ in regulating MAPK. Because of the non-availability of proper
regulatory mechanism, we combined ROS and CA & CDPK with an ‘OR’ gate in the model
(BF 4.17).

Malate
Malate is an intermediary product of plant carbon fixation, which acts as a major osmolyte
in guard cell osmoregulation. PEPC is the enzyme responsible for the synthesis of malate
(Figure 4.7), which catalyses b-carboxylation of PEP to yield oxaloacetate (OAA), the branchpoint step in the well-established malate accumulation pathway (PEP (C3) → OAA (C4) →

Malate). Stomatal closure should be facilitated by either malate export or inhibition of
synthesis. However, malate export seems more important than the inhibition of metabolism for
ABA induced stomatal closing (Penfield et al., 2012). In this aspect, we considered that
inhibition of PEPC to stop/reduce malate production or malate transport by both QUAC and
ATALMT6 channels are responsible for lowering cytosolic malate concentration, as shown in
BF 4.18.
During stomatal closure, ABA acts negatively on PEPC and makes it unavailable in the
system (Schnabl et al., 1982) and this is possibly through inhibition of the pathway responsible
for the degradation of the PEPC phosphorylating kinase (Monreal et al., 2007). This is the
fourth direct link of ABA regulation in the system. Malate also inhibits PEPC by binding to its
inhibitory site (feedback inhibitor-binding site) (Paulus et al., 2013) (BF 4.19) during stomatal
closure.
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QUAC
According to Figure 4.3, SLAC1 is open within about 2 min of ABA entry into the system
and stays open until stomatal closure and beyond in the case of closure, maintenance. The
second major anion channel on the plasma membrane is QUAC, which is an R-type (rapidly
activating) channel activated for modulating cytosolic malate concentration. The channel is
activated by plasma membrane depolarization. Recently, it was reported in the literature that
SnRK2 is essential to regulate both SLAC1 and QUAC channels through phosphorylation
(Imes et al., 2013). As both factors (phosphorylation and voltage gating) are essential for
QUAC regulation, we used an ‘AND’ gate to combine them in the model, as in BF 4.20.

ATALMT6
ATALMT6 is a Ca2+-dependent vacuolar malate channel but its proper mechanism of
activation is yet to be discovered (Meyer et al., 2011). Therefore, we only used Ca2 to define
the BF for this regulation (BF 4.21).

TPK1
TPK1 is a voltage-independent K+ channel on the tonoplast responsible for K+ efflux from
the vacuole to the cytoplasm and activated by Ca2+. Conformational changes induced by Ca2+
binding to the two C-terminal located EF-hands lead to TPK1 activation (Latz et al., 2007).
The maximum probability for TPK1 opening is at cytoplasmic pH 6.7 and channel activity
steeply declines in a more alkaline cytosol (Gobert et al., 2007). Therefore, we considered both
regulators (pH and Ca2+) to define the channel activity, as indicated in BF 4.22.

Depolarization
As a result of the activity of above described ion channels, the guard cell plasma membrane
voltage becomes less negative (depolarized). Numerous evidence from the literature, below,
indicates the influence of ion fluxes on plasma membrane property changes. Gonugunta (2009)
experimentally proved that depolarization could be achieved by Ca2+ influx and/or by reduced
activity of the proton pump (AHA1) in the plasma membrane (Gonugunta et al., 2009). Meyer
et al., (2010) noted that malate2- efflux through QUAC also transiently causes membrane
depolarization (Meyer et al., 2010). Similarly, Vahisalu et al., (2008) claimed that long-term
Cl-/NO3- efflux through SLAC1 also mediates membrane depolarization (Vahisalu et al., 2008).
We assumed that the TPK1 channel in the tonoplast can contribute to the same by adding more
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positive ions to the cytosol as it is responsible for K+ efflux from the vacuole. We combined
all these independent regulators with ‘OR’ gates in the model (BF 4.23).

GORK
The principal benefit of plasma membrane depolarization is activation of the guard cell K+
out channel GORK. ROS promote a positive feedback mechanism on GORK activation but
GORK activation requires membrane depolarization (Dreyer & Uozumi, 2011). Furthermore,
the rise in pH also shows a distinct regulation of GORK via a membrane delimited pathway
(Pandey et al., 2007). In contrast, GORK activity can be terminated by NO concentrations
higher than 100 nM (Beguerisse-Díaz et al., 2012). We adapted the Boolean function for this
regulation from the Li et al. (2006) model, as the regulators were the same in our model (BF
4.24) (Li et al., 2006)b.

Cytosolic Alkalization
Cytosolic alkalization (pH increase) is another essential cell condition required for ABA
induced stomatal closure. We assumed that pH increase occurs through the regulation of
SnRK2 as cytosolic alkalization does not occur in SnRK2 mutants (Islam et al., 2010) (BF
4.25). Some studies claim that cytosolic alkalization occurs following ROS production in ABA
signalling (Islam et al., 2010) but looking at the time courses of ROS and pH increases, we
decided that pH increase occurs prior to ROS production.
Figure 4.3 shows that SLAC1 opening, within about 2 min of ABA entry, is rapidly
followed by depolarization of the plasma membrane and K+ efflux through GORK. Therefore,
water efflux can be assumed to start around this time. As ROS activation also happens around
the same time, its involvement in GORK is to open more GORK channels for continued K+
efflux.

(v) Structural Rearrangements
Guard cell osmosis should be supported by structural rearrangements to avoid cell collapse
during shrinkage. Therefore, at some stage of stomatal closure, the cytoskeleton of guard cell
rearranges to facilitate cell shrinkage by disassembling radially arranged actin filaments into a
random orientation. As discussed in detail in the last two chapters, this is a result of coordinated
activity of several actin binding proteins. Figure 4.8 depicts the experimentally observed and
putatively proposed regulatory mechanisms involved in structural rearrangements. The node
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ACTIN in Figure 4.8 refers to the structural rearrangements (disassembly) required for stomatal
closure.

Figure 4.8: Regulatory mechanisms involved in actin disassembly (regular arrows (black)
represent positive interactions, diamond-head arrows (red) represent inhibitory
interactions and dashed line arrows represent putative or indirect relationships)
The following discussion explains how we defined logic gates for the regulatory
mechanisms of actin regulatory proteins (green colour nodes in Figure 4.8), as explained by
BF 4.26 – 4.30.
SCAB1 = (ABA | InSP6)

(4.26)

AtRAC1 = (PP2C)

(4.27)

ARP23 = (PIP2|ROS)

(4.28)

ABPS = (CA & ! PI3P & ! PI4P)

(4.29)

ACTIN = (ARP23 & SCAB1 & ! AtRAC1 & (ROS | (CA & ABPS)))

(4.30)
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SCAB1
The plant-specific actin binding protein (SCAB1) is essential to stabilize actin filaments
once the disassembly is completed, and is activated by ABA but it is insensitive to Ca2+ and
pH (Zhao et al., 2011). There is the fifth link of direct ABA regulation in the system. Another
study suggests that SCAB1 may function under the regulation of InSP6 but the detailed mode
of regulation remains elusive (Zhang et al., 2012). With the uncertainty of the dependency of
two regulators, we used an ‘OR’ gate to combine them in the model (BF 4.26).

AtRAC1
AtRAC1, a negative regulator of actin depolymerisation, is identified as a downstream
effector of PP2C but with a not yet known mode of regulation (Lemichez et al., 2001). If
proved, it shows that PP2C, the most upstream element of the system, is a principal negative
regulator of both osmoregulation and actin stabilization. Therefore, we considered PP2C in the
regulatory function (BF 4.27).

ARP2/3
The actin-related protein C2 (ARP2/3), an essential actin nucleation factor in guard cell
ABA signalling, is known to be regulated by PIP2 and, more recently, by ROS (Li et al., 2014).
In plants, the precise mode of activation of both these factors are yet to be identified. We
considered PIP2 in this model because it has been identified in the literature as a general
regulator of actin cytoskeleton via ARP2/3 (Rozelle et al., 2000) and it is a member of ABA
signalling. We assumed that either ROS or PIP2 can induce the activity of ARP2/3, as defined
by BF 4.28.

ABPs
Some actin binding proteins (ABPs) (e.g., villin1 and fimbrin) bind to actin ﬁlaments and
stabilize them against depolymerization in the open state of the stomata. Elevation of PI3P
and/or PI4P removes ABPs from the filaments allowing access to depolymerizing factors
facilitating depolymerization of actin ﬁlaments in the cortical area (Choi et al., 2008). This
happens in the early stage of ABA signalling (recall that the ABA directly activates PI3P and
PI4P early on in signal transduction). Later, when Ca2+ is available in the cytosol, ABPS may
bind to Ca2+ and become promoters of actin depolymerization (Yokota et al., 2005). As these

101

proteins behave differently with different regulators, we combined all regulators with ‘AND’
gates for the net effect of supporting depolymerization (BF 4.29).

Actin
When considering all actin regulators in the guard cell network together, we identified that
ARP2/3 facilitates the disassembly of actin filaments by actin nucleation (Li et al., 2014). Ca2+
induces depolymerization of actin (a process that facilitates actin disassembly) (Hayes et al.,
2006) together with ABPS. Similarly, ROS weaken the inter-monomer bonds of actin ﬁlaments
facilitating depolymerization. AtRAC1 has a negative effect on actin depolymerization.
SCAB1 is responsible for binding, stabilizing and bundling actin filaments (Zhao et al., 2011)
that are already nucleated. As each regulator shares a specific activity for the final outcome,
i.e., disassembly of Actin, we combined them with ‘AND’ gates. In contrast, we combined the
common regulators of one specific activity with ‘OR’ gates, if they are independent (BF 4.30).
As shown in Figure 4.3, actin rearrangement starts about a minute after osmoregulation (about
3 min after the ABA signal and the process continues until stomatal closure).

(vi) ROS Signalling
So far we have defined logic gates for several important functional sets in ABA signalling
(signal perception, osmoregulation, cytoskeleton rearrangements and lipid signalling). We
understand that there is another important second messenger, ROS, which is involved in many
of the above defined activities as an active regulator. Like Ca2+, ROS also should be produced
in low concentration levels to avoid oxidative cell damage. Figure 4.9 depicts the mechanisms
that tightly regulate ROS at below harmful levels.
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Figure 4.9: Regulatory mechanisms involved in ROS signalling (regular arrows (black)
represent positive interactions, diamond-head arrows (red) represent inhibitory
interactions and dashed line arrows represent putative or indirect relationships)
As shown in Figure 4.9, ROS is involved in guard cell osmoregulation (via activating the K+
outward channel GORK and activating MAPK, which is crucial for the SLAC1 activity (see
Figure 4.7)), structural rearrangements (via facilitating actin depolymerization (see Figure 4.8))
as well as Ca2+ signalling (via regulating Ica and producing NO (see Figure 4.10)). Here we
defined the logic gates for three regulators of ROS (RbOH, CuAO and GPX3) and how they
collaborate in ABA signalling (green nodes in Figure 4.9) to achieve the required level of ROS
using BFs 4.31 – 4.34.
RbOH= (SnRK2 | (CDPK & CA)) & RCN1 & PA & (PI4P| PI3P) & pH

(4.31)

CuAO = (ABA)

(4.32)

GPX3 = ROS

(4.33)

ROS= (((CuAO | RBOH) & ! GPX3)| (CuAO & RBOH))

(4.34)

RbOH
There are two RbOH enzymes in Arabidopsis, RbOH-F and RbOH-D, involved in ABA
induced ROS production. These two enzymes share functional redundancy, but RbOH-F is
reported to be more sensitive in ABA signalling (Zhang et al., 2009b). RbOH-F needs to be
phosphorylated by SnRK2 for its activation (Sirichandra et al., 2009) but ROS-producing
activity of RbOH-D is Ca2+ dependent (Ogasawara et al., 2008). Kimura et al. in 2012
suggested that ROS production by phosphorylated RbOH-F is Ca2+ independent and
phosphorylation of RbOH-D is a prerequisite for Ca2+ dependent ROS production (Kimura et
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al., 2012). Therefore, Ca2+ dependent activation of RbOH-D protein may be through inducing
conformational changes by direct binding of Ca2+ to the EF-hand region and activating CDPKs
(Ca2+ dependent protein kinase) for the phosphorylation of two conserved serins of the RbOHD enzyme (Ogasawara et al., 2008). There are several other regulators of these two enzymes
discussed in the literature, as explained below.
PA also stimulates the activities of both RbOH-F and RbOH-D by direct binding to the
arginine residues in the N-terminal regions (Zhang et al., 2011; Zhang et al., 2009b) but the
regulatory mechanism remains unclear (see also Figure 4.6).
Furthermore, PI3P and PI4P are possible essential regulators of ABA induced ROS
production as inhibitors of these two phosphatidylinositols abolish ABA-triggered ROS
production (Kwak et al., 2006). It is still not clear what the exact association of these
phospholipids with RbOH enzymes is but it is possibly through modulating the membrane
tethering activity (Liu et al., 2012) (see also Figure 4.6).
Cytosolic pH increase appears as a positive regulator of RbOH activation (Sagi & Fluhr,
2006). In addition, ROS production by RbOH enzymes appears to be modulated by the A
regulatory subunit of protein phosphatase 2A (RCN1) as an essential regulator as mutants
plants are ABA insensitive (Saito et al., 2008) (see also Figure 4.6).
Considering all the above regulators and behaviour of mutant plants, we defined the
Boolean function of RbOH assuming that SnRK2 & RCN1 & PA & (PI3P| PI4P) & pH
combination is needed to initiate ROS production to enhance cytosolic Ca2+ and then, with the
increase of Ca2+ concentration, CDPK decodes the Ca2+ signature to create a positive feedback
loop regulating RbOH-D (BF 4.31).

CuAO
In addition to RbOH, drought stress induces ROS production through CuAO (copper amine
oxidase) (del Rio & Puppo, 2009). As CuAO biosynthesis is induced by ABA (An et al., 2008),
we considered ABA as the regulator of CuAO in the model (BF 4.32). This constitutes the sixth
direct ABA entry point to regulate activity in the system.

GPX3
As high ROS concentrations can cause detrimental effects, ROS scavenging systems are
activated in plant cells. We assumed GPX3, a ROS scavenger, to be activated by high ROS
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concentration (BF 4.33) as there are no proper regulatory mechanisms available in the
experimental literature.

ROS
RbOH and CuAO independently contribute to ROS production in two parallel pathways in
response to ABA (An et al., 2008). We assumed that activation of plasma membrane Ca2+
influx (Ica) channels require ROS production by both mechanisms. Glutathione peroxidase
(GPX3), the ROS scavenging enzyme responsible for ABA signalling system, converts ROS
into water to maintain the redox homeostasis of the guard cells (Labudda & Azam, 2014).
Therefore, we defined the logic gate assuming that ROS is maintained at a constant level even
in the presence of active scavengers. We further assumed that either RbOH or CuAO is enough
to reach the threshold level when the scavenger is not active in the system otherwise both are
needed (BF 4.34). Figure 4.3 shows that ROS is activated early on, around the same time as
osmoregulation through ion channels and the process continues until stomatal closure.

(vii) Ca2+ Signalling System
Ca2+ signalling performs as the main hub in the ABA signalling network. There are four
Ca2+ influxes and two Ca2+ effluxes that regulate the Ca2+ homeostasis of the guard cell
cytoplasm producing a series of Ca2+ oscillations. In Chapter 2, we explained why Ca2+
oscillations turn out to be an evolutionary requirement for cell survival. Figure 4.10 depicts all
the regulatory mechanisms involved in this regulation. In Figure 4.10, the different colour
nodes specify different Ca2+ release systems; the four green arrows represent influxes and the
red diamond-head arrows represent Ca2+ effluxes.
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Figure 4.10: Regulatory mechanisms involved in Ca2+ signalling (regular arrows
represent positive interactions, diamond-head arrows represent inhibitory interactions and
dashed line arrows represent putative or indirect relationships)

Ca2+ Influx System 1: Ca2+ ↔ PLC Feedback Regulation
The yellow nodes of Figure 4.10 represent Ca2+ release from internal organelles via the
phospholipase C (PLC) pathway. The following BFs explain how we defined logic gates for
the reactions involved in Ca2+ ↔ PLC feedback regulation.
PLC = (ABA & CA)

(4.35)

InSP3 = (PIP2 & PLC)

(4.36)

InSP6 = (InSP3 & ! MRP5)

(4.37)

PLC
PLC activity is enhanced by ABA but little is known about the mode of activation (Webb
& Robertson, 2011). This constitutes the seventh direct regulation by ABA in this system. PLC
is a membrane bound enzyme that regulates the production of InSP3 through PIP2 hydrolysis
initiating first the Ca2+ release pathway from endomembranes. ABA regulation of PLC may
possibly be through phosphorylation by a putative regulator as there are several
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phosphorylation sites on PLCs. According to the literature, PLC activity is strictly Ca2+
dependent, which is possibly by Ca2+ driven enzymatic activity and membrane targeting
(Munnik, 2014) of PLC substrates. Considering the dependency of these regulations, we used
an ‘AND’ gate to combine them in BF 4.35.

InSP3
Both PLC and PIP2 are necessary for InSP3 production. PLC catalyses the cleavage of
PIP2 and produces InSP3 and DAG as a by-product. Therefore, we used an ‘AND’ gate to
define this regulation (BF 4.36).

InSP6
InSP3 is rapidly converted to InSP6 through a sequence of phosphorylation events by the
corresponding protein kinases (Stevenson-Paulik et al., 2002). InSP6 enhances the Ca2+ release
through endomembranes either through activating the InSP6-gated Ca2+ channels in the
endomembrane or by an unknown mechanism. When the InSP6 concentration is high in the
cytosol, MRP5 transports InSP6 to the vacuole (Nagy et al., 2009). Therefore, we assumed that
the availability of InSP6 depends on the activity of both regulators at the same time (BF 4.37).

Ca2+ Influx System 2: Ca2+ ↔ NO Feedback Regulation
The second Ca2+ influx from internal organelles is regulated by the Ca2+ ↔ NO positive
feedback regulation. The following Boolean functions (BFs 4.38 - 4.40) define the logic gates
for regulatory mechanisms of this feedback loop.
NO = (ROS & CaM)

(4.38)

cGMP = (NO)

(4.39)

cADPR = (cGMP)

(4.40)

NO
BF 4.38 indicates NO regulation by Ca2+ induced CaM and ROS following the biological
explanation, as given below. Nitrate reductase 1 (NIA1) is an enzyme regulating the production
of NO in response to ABA (Wang et al., 2010) through a ROS dependent mechanism (Bright
et al., 2006). It is further reported that NO production does not solely depend on NIA1 but also
on a plant nitric oxide synthase (NOS) like enzyme. The latter is regulated by direct binding to
Ca2+ regulated CaM in an NADPH dependent pathway (Guo et al., 2003; Vidhyasekaran,
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2014). Considering the low levels of NO available in plant cells, we considered the cumulative
effect of both factors necessary for NO production despite the unavailability of a fully
characterized NO producing pathway.

cGMP
NO activates soluble guanylyl cyclase resulting in cGMP; possibly by post-translational
modification (S-nitrosylation) (Moreau et al., 2010) (BF 4.39).

cADPR
NO induced cGMP production modulates cADPR synthesis from aldehyde dehydrogenase
(NAD+) by activating ADP-ribosyl cyclase activities (BF 4.40). In return, cADPR acts as a
second messenger to release Ca2+ to the cytoplasm by opening the gates of cADPR induced
channels on the tonoplast.

Other Ca2+ Influx Channels and Regulatory Proteins
There are two plasma membrane Ca2+ influx channels which release Ca2+ to the guard cell
cytoplasm from the cell exterior. Of them, the first one activated is plasma membrane
hyperpolarization activated calcium channels (Ica).
Ica = ((! ABH1 |! ERA1 | MRP5) & ROS & ! DEPOLAR)

(4.41)

CDPK = (CA & !PP2C)

(4.42)

Ca2+ Influx System 3: Ica
There are several regulators in the ABA signalling system that control hyperpolarization
activated plasma membrane calcium channels (Ica) and they are shown in green nodes in Figure
4.10 and summarized in BF 4.41. Experimental literature reports that hyperpolarization of the
plasma membrane alone cannot activate Ica (Zhang et al., 2009a) because the activity of this
channel depends on both ROS and hyperpolarization (Hedrich, 2012). ROS regulation of Ica
remains to be elucidated; ROS may directly act on channel proteins for post-translational
modifications and/or it may act via different intermediator proteins (Swanson & Gilroy, 2010).
Therefore, we combined ROS and hyperpolarization (! DEPOLAR) with an ‘AND’ gate in the
model. In addition, ERA1 shows a negative effect on the channel as ERA1-2 mutants amplify
ABA activation of Ica channels (Pei et al., 1998). ABH1 also acts similarly to ERA1 but ABA
does not change the ABH1 transcript level in guard cells (Hugouvieux et al., 2002). MRP5 is
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also identified as a modulator of ABA dependent activation of Ica but its regulatory mechanism
is yet to be determined (Suh et al., 2007). We combined these three proteins with ‘OR’ gates
in the model as none of them can abolish the channel activity in their absence (BF 4.41).

CDPK
Cytosolic Ca2+, in turn, activates Ca2+ dependent protein kinases (CDPK) that are essential
to translating the Ca2+ signature to various cell signalling pathways. CDPKs are activated by
Ca2+ through binding to the N-terminal lobe making conformational changes to the protein
which uncouple the auto-inhibitory domain from the active site (Harper & Harmon, 2005). It
is also possible that plant PP2Cs (inhibitor of the ABA receptor complex) can dephosphorylate
CDPKs by down regulating its activity, independent of Ca2+, pointing to a possible regulation
of CDPK from one of the most upstream elements in the ABA system. We combined Ca2+ and
PP2C with an ‘AND’ gate to define this regulation as shown in BF 4.42

Ca2+ Influx System 4: Icas
In addition to Ica, mechanosensitive Ca2+ channels on the plasma membrane have a role to
play in ABA signalling pathway. These channels are believed to be activated through
membrane stretch generated by the disruption of actin filaments (Zhang et al., 2007) (blue
nodes in Figure 4.10). As there is no proper mode of regulatory mechanism defined for this
channel, we assumed actin as its only regulator (BF 4.43).
Icas = (ACTIN)

(4.43)

Ca2+ Efflux System
The presence of the Ca2+ efflux system in ABA signalling helps lower the level of [Ca2+]cyt
to a level not harmful to cell physiological functions. There are two Ca2+ pumps, Ca2+-ATPase
(ACA) and CAX11, active during signal transduction to pump Ca2+ out from the cell cytoplasm
(pink nodes in Figure 4.10). The existence of both pumps are important to the system as they
display unique properties for Ca2+ transport (ACA are low capacity transporters where CAX11
has high capacity but low affinity to Ca2+). The activities of both pumps are Ca2+ dependent
and their regulatory mechanisms are as defined in BFs 4.44 - 4.48.
CaM = (CA)

(4.44)

ACA = (CaM)

(4.45)
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Ca2+ enhances the catalytic activity of CaM by physically binding to it (BF 4.44). The Ca2+
bound CaM then binds to the auto-inhibitory N-terminus of Ca2+-ATPase (ACA) suppressing
the auto-inhibitory action of the pump thereby opening it to facilitate Ca2+ efflux from the
cytosol (BF 4.45).
CBL = (CA)

(4.46)

CIPK = (CBL & ! PP2C)

(4.47)

CAX1 = (CIPK)

(4.48)

CAX1, the second Ca2+ transporter in the efflux system is assumed to be regulated via the
CBL-CIPK complex. CBL binds to Ca2+ ions, which enhances the affinity of the protein to its
substrates enabling subsequent activation or deactivation (Hashimoto et al., 2012) (BF 4.46).
Active CBL then facilitates CIPK kinase activation by masking the auto-inhibitory domain
and localizing it to target sites. PP2C proteins competitively replace the CBL protein from the
kinase and thereby activates auto-inhibition (Weinl & Kudla, 2009). The removal of CBL by
PP2C indicates regulation by an upstream element in the system. The activities of the two
regulators are dependent on each other; therefore, we combined them in the Boolean function
using an ‘AND’ gate (BF 4.47).
We assumed that active CIPK can regulate CAX1 by masking auto-inhibitory domain of
the Ca2+ transporter (Cheng et al., 2004) (BF 4.48).
As explained by BFs 4.35 – 4.48, several regulatory loops are active in the ABA signalling
pathway to define the Ca2+ signature. In summary, increase of cytosolic Ca2+ in guard cells is
a cumulative effect of several Ca2+ channels: the endomembrane located cADPR and InSP6
gated Ca2+ influx channels, plasma membrane located hyperpolarization activated Ica influx
channels and stretch activated Ca2+ influx channels (Icas). Furthermore, there are two Ca2+
efflux pumps, namely, Ca2+-ATPase (ACA) and Ca2+/H+ antiporter (CAX1) involved in Ca2+
homeostasis in the guard cell cytosol. BF 4.49 shows how we combined them through logic
gates to best define the activity of Ca2+.
CA = ((CADPR | InSP6 | Icas |Ica) &! ACA &! CAX1)

(4.49)

When considering the influxes of Ca2+, the literature reports that the main Ca2+ release from
the vacuole is through cADPR-gated channels that contributes 54% of total Ca2+ in the cytosol
(Leckie et al., 1998). InSP6 also triggers the cytosolic Ca2+ increase by releasing Ca2+ from
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endomembrane stores (Lemtiri-Chlieh et al., 2003). Some reports say that InSP3 also
contributes to mobilizing Ca2+ release from internal organelles; but only InSP6 was considered
in this study by assuming that InSP3 is rapidly converted to InSP6 inside the guard cell. As the
influx systems act independently of each other, we combined them with ‘OR’ gates as in BF
4.49. Efflux systems reduce the concentration of [Ca2+]cyt to the resting level; hence they should
not be active during Ca2+ spikes. Therefore, we combined the influxes and effluxes using
‘AND’ gates.

(viii) Ion Channels Responsible for Stomata Reopening
All the activities explained in this chapter work together to perform ABA induced stomatal
closure. However, the stomata can reopen at any moment as the signalling pathways involved
in stomatal opening and closing mechanisms are sensitive to various abiotic factors. Therefore,
the ABA signalling system needs to keep the stomata closed until plants are free from drought
stress. Therefore, the signal transduction should discontinue the two ion channels (KAT1 and
AHA1) which are active during stomatal opening; these channels are very sensitive to light
and, therefore, are active during the daytime. BFs 4.50 and 4.51 stipulate how we defined logic
gates for deregulating these two channels.
AHA1 = (PP1 & ! CA & !pH)

(4.50)

KAT1 = (! SnRK2 & ! CDPK & ! DEPOLAR)

(4.51)

AHA1
PP1 enhances the activity of plasma membrane H+-ATPase (AHA1) but the mode of
regulation remains unknown (Takemiya et al., 2013). Ca2+ inhibits the activity of AHA1 by
post-translational modification (Kinoshita et al., 1995). It is reported that acidification of the
cytosol might activate AHA1 activity (Morsomme & Boutry, 2000). We defined the logic gates
for this regulator assuming that the negative regulators should be below the threshold level to
see the effect of the activator (BF 4.50).

KAT1
The inward K+ channel is active only on hyperpolarization. In ABA signalling, both SnRK2
(the first molecule to be released by ABA) (Sato et al., 2009) and CDPK (Li et al., 1998) kinases
deactivate the channel through phosphorylation. Therefore, together with the two kinases
(SnRK2 and CDPK) we considered depolarization of the plasma membrane as a negative
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regulator in our model and combined them with ‘AND’ gates because the system should be
free of negative regulators to see the activity of KAT1(BF 4.51).

(ix)

Other Molecules

As shown in BFs 4.52 – 4.54, there are several other regulators (ABH1, ERA1 and MRP5)
in the system with unknown or less studied modes of regulation. We have discussed their
importance in regulating SLAC1 and Ica previously elsewhere. Here, we assumed ABH1,
ERA1 and MRP5 as independent regulators.
ABH1=<>

(4.52)

MRP5=<>

(4.53)

ERA1=<>

(4.54)

ROP11 = (ERA1)

(4.55)

ABA=<>

(4.56)

We assumed that ERA1 may modulate the localization of ROP11 for its activation (4.55).
ROP11 acts as a positive regulator of PP2C by blocking PYR binding to PP2C (see Figure 4.4).
As ABA is the signal to our model and we considered it to be independent from the regulatory
molecules in the system (4.56).
CLOSURE = (GORK & ACTIN & ! MALATE & SLAC1)

(4.57)

Stomatal closure is visible around 5 min after the onset of the ABA signal in the system
(Figure 4.3) as a cumulative result of osmoregulation (nodes: GORK, SLAC1 and MALATE)
and structural rearrangements (node: ACTIN). Three nodes, GORK, SLAC1 and MALATE
were considered as respective representatives for removal of the cation (K+), inorganic anions
(Cl-/NO-3 ) and organic anions (malate2-) from the cytosol. We defined the logic gate for the
node ‘CLOSURE’ assuming that both osmotic regulation and actin rearrangement are
compulsory for stomatal closure, as indicated in BF 4.57.

4.2.2

Determination of the Initial Conditions for the Model

The definition of the initial state for the model requires prior knowledge about the
concentration levels of the network nodes and a threshold measure to decide whether these
levels are enough to activate downstream targets. Using biological information, the
concentration level of each node should be abstracted to a binary variable with two qualitative
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states - active and inactive. A level above the threshold concentration/activity refers to the
active state (1) and below the threshold value refers to the inactive state (0). Therefore, in the
Boolean model, the inactive state does not mean that the particular variable is completely
absent in the system but that it is below the threshold level, or at the resting level. Differences
in threshold levels cannot be captured by the model when one node regulates more than one
downstream factor. We need to assume that above a particular concentration/activity level, a
node can activate multiple targets. Further, information about such threshold levels for proteins
and other molecules is rare in the biological literature. Therefore, we assumed an arbitrary
measure based on the level differences in two reference states ‘open’ and ‘closure’ of stomata.
In most cases it is difficult to have a proper idea about the initial levels of each variable as
these can vary under fluctuating environmental conditions. The general approach in Boolean
modelling is to use an exhaustive update with all the states in network state space as starting
conditions. By studying the outputs of the model and comparing them for biological validity,
the initial states can be predicted.
In this study, the states of the majority of network nodes were not known a priori.
Therefore, we used a heuristic approach to study the attractors and the basin (catchment of
initial state vectors) of attractors to approximate possible initial conditions. The subset of states
producing biologically plausible attractors can be considered as probable states that can
produce the corresponding steady state conditions.

4.2.3 Updating Schemes for the ABA Signalling Network
For the first step, we repeated the synchronous analysis with the extended network to see
whether these topological changes alter the identified properties of the existing network, as
studied by Li et al. (2006)b.
We believe that all biological events in the ABA system do not occur simultaneously. After
a comprehensive review of the biological literature, we found that time scales (half activity)
corresponding to the network edges vary from milliseconds to min. Therefore, as the second
step, we generated an asynchronous updating scheme for the model by collecting biological
information on the relevant time durations for each reaction in the network. However, handling
a time scale ranging from milliseconds up to a 0.5 - 1 hour period (time needed to close stomata)
is computationally exhaustive and inefficient; therefore, we produced a new time scale by
grouping the available timings of all events based on their frequency distributions. Details of
the second updating scheme are discussed elsewhere.
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4.2.4 Dynamical Evolution of the Boolean Model
Chapters 5 and 6 discuss the dynamical behaviour of the two Boolean models, synchronous
and asynchronous, with more details about the model analysis and the results.
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Chapter 5 : Modelling Dynamics of ABA Signalling
with Synchronous Boolean Approach
The goal of this chapter is to evaluate certain qualitative properties of the temporal
behaviour of the ABA signalling network using a synchronous Boolean approach. This is the
first part of our study to analyse the dynamical properties of the system. In this chapter, we
focus on analysing the extended/improved ABA signalling network described in the previous
chapters with a synchronous Boolean approach. The aim is to assess how the results corroborate
with the Li et al. (2006)b model and what new insights this network provides about stomatal
closure. Specifically, we discuss the results regarding the state space of the system and its
steady state behaviour (fixed points or limit cycle attractors). First, we compare the results of
our model results with the attractors of the Li et al. (2006)b model. Secondly, we explain the
network components crucial to maintaining the global behaviour of the system. Lastly, we
describe how robust the ABA signalling network is to random perturbations in maintaining its
states and functions. This will further enhance our knowledge of how perturbations alter the
system behaviour to generate favourable or unfavourable outcomes.

5.1

Simulation of the Network

In this study, we simulated the network dynamics with the synchronous Boolean approach
by simultaneously updating the states of all network nodes at each consecutive time point. The
time updating of a node was described by its corresponding regulators according to a set of
Boolean rules that were defined in Chapter 4.
The network was simulated for 100 discrete time points with a large number of random
initial states (10,000) to study the most frequently visited states/attractors of the network. The
initial states for the majority of the network nodes were randomly initiated due to a lack of
previous information on their initial states. Throughout the analysis, the following assumptions
and conditions were maintained in the network.
1.

The states of all nodes were simplified to one of two states– ‘ON’ or ‘OFF’. A state can
only change between these two.

2.

The state of nodes with no input links were left in the starting condition as constants
throughout the simulation.
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3.

The state of the input node, ABA, was always kept at the ‘ON’ (1) state to introduce the
drought signal at the beginning and left in the active state throughout the simulation

4.

The target node (stomata) was set at the ‘OFF’ (0) state for all starting conditions to
consider the open stomata state as the initial reference state for the model.
The probability of success (stomatal closure) was measured according to the formula (Eq.

5.1) specified by Li et al. in 2006 (Li et al., 2006)b.
𝑃𝑃(𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶) = ∑𝑁𝑁
𝑗𝑗=𝑙𝑙 𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑗𝑗) /𝑁𝑁

(5.1)

Where 𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑗𝑗) is the state of the node ‘CLOSURE’ after a specified number of

iterations (100 in this study) in the jth simulation. 𝑆𝑆𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 (𝑗𝑗) = 1 , if the CLOSURE node

settles on the active state in the jth simulation and N is the total number of simulations.

The significance of a specific node on the global behaviour of the network was evaluated
by keeping the state below the threshold level (0) over the simulation to reproduce biological
knockouts and/or pharmacological inactivation. Further, overexpression of a particular node
was mimicked by constantly expressing its state above the threshold level (1) throughout the
simulation period.
The attractor robustness was tested by altering a randomly chosen transition function of the
network one at a time to induce a malfunction in the system behaviour and to study how the
global behaviour of the system was altered as a result.
The dynamics of the network were produced by the R software package BoolNet (Müssel
et al., 2013) and the Boolean model used in the study is given in Appendix 1.

5.2

System Dynamics of ABA Signalling

In Chapters 2 - 4 we discussed how we expanded the ABA signalling network by amending
the most up to date experimental literature. Our ABA signalling network consists of 56 nodes
and 127 interactions which are organized in a scale-free topology to achieve stomatal closure
at maximum efficiency in response to drought stress. In order to maintain an efficient stomatal
closure mechanism, two major events, guard cell osmoregulation and structural
rearrangements, should be regulated in a coordinated fashion through other functional sets,
ROS, lipid and Ca2+ signalling pathways. Our network combines these functional sets to
represent the true biology to the maximum extent according to the latest available experimental
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literature, as discussed in Chapter 4, to find out how the system elements interact and
collaborate in time to reach the intended goal, stomatal closure.
In simulating the model, as described in the above section, we studied how ABA signal
transduction occurs in order to close stomata. Due to a lack of information about the initial
internal states of the functional proteins and concentration levels of the second messengers and
small molecules, we generated the system dynamics for large number of initial conditions to
generalize the system dynamics of ABA signalling. Considering the reference guard cell status
with open stomata as the model starting condition, we assumed that ion channels responsible
for effluxes of osmolytes (SLAC1, GORK, TPK1 and QUAC) are functionally inactive (0) and
ion channels that are responsible for influxes of osmolytes (AHA1 and KAT1) are in the active
state for each initial condition. Further, we assumed the node MALATE to be in ‘ON’ state,
because production of malate is an intermediary step in plant photosynthesis. For the majority
of nodes (>75%) with unknown initial internal states, we let the model pick random initial
states during each simulation. The varied states of different ABA signalling molecules have
been experimentally evidenced even in homogenous experimental setups. In each starting
condition, the signal node (ABA) is considered active (‘ON’ state) and left in the active state
throughout the simulation.
According to the simulation results, the system achieves stomatal closure with an 88%
probability. Figure 5.1 shows the average fraction of stomata closed at each time step in 100
iterations. Accordingly, the system achieves stomatal closure within a maximum of 14 time
steps (arbitrary time steps) (Figure 5.1 (B)) and the highest number of stomata (86%) closes
between 8 and 11 time steps (Figure 5.1(A)). This is a biologically plausible finding as the
ABA network should act rapidly to close stomata with the existing proteins where no synthesis
of protein molecules takes place in this phase of the system.
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Figure 5.1: (A) Fraction of stomata closed at each time step; (B) progress of closure
over time evolution
As a result of observing a large number of stomata, we prove that the majority of network
nodes (41) approach their steady state values before the onset of closure. The states of the nodes
that approach stationary behaviour are robust against the model starting conditions. Of these
nodes that reach stationary states before closure, the ABA receptor complex and lipid signalling
pathways show the fastest stabilization at their steady levels. For example, deactivation of the
major negative regulator of the system, PP2C, occurs within 2 to 3 time steps, releasing SnRK2,
the first major functional protein of ABA signalling, to begin the signal transduction in 3 to 4
steps when ABA is constantly on. At the same time, the system produces a similar behaviour
in the functional lipid molecules that reach their steady states in 2 to 6 time steps to support
guard cell ROS production, Ca2+ signalling and structural rearrangements, when necessary.
ROS production stabilizes within 6 to 9 time steps to facilitate Ca2+ signalling, osmoregulation
and structural rearrangements. Nodes that are responsible for guard cell osmoregulation reach
their steady state values at different time steps; the fastest response to the signal is observed
from membrane depolarization, the K+ out channel GORK and the rapidly activating anion
channel QUAC (QUAC releases malate from the cell) within 2 to 6 time steps. The slow
activating anion channel, SLAC1, shows non-stationary behaviour during the initial time steps
and eventually settles into steady active level in 8 to 11 time steps. The results reveal that the
cumulative results of the initial non-stationary behaviour of SLAC1 and rapid stabilization of
QUAC depolarize the guard cell membrane within 2 to 5 time steps facilitating the steady level
activity of GORK in 2 to 6 time steps. Actin reorganization becomes stable in 7 to 10 time
steps, which coincides with the time frame where the slowly activating anion efflux occurs
through SLAC1. However, K+ efflux has already been activated when structural rearrangement
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begins; hence, we can say that actin reorganization follows guard cell osmosis. Using this
synchronous analysis we cannot capture the biologically reliable order of events because all
nodes get updated at each time step during model simulation. Therefore, we will discuss the
order of signal transduction mechanisms in detail with the asynchronous update in the next
chapter.
The results indicate that the steady state values of all stationary nodes are consistent for any
initial condition except for some downstream targets of three specific nodes. These three
specific nodes are MRP5, ABH1 and ERA1. They are not directly or indirectly regulated by
ABA or any other molecule in the system (their ‘in-degree’ = zero) but their regulatory
mechanisms are significant for ABA signal transduction (‘out degree’ ≠ 0). The downstream
targets of these specific nodes, Ica, SLAC1 and InSP6 (that mediates vacuolar Ca2+ release),
show inconsistent behaviour as a result of varied combinations of initial conditions of MRP5,
ABH1 and ERA1. The ABA induced modes of regulation or regulators of MRP5, ABH1 and
ERA1 are not known, as yet; hence, their states remain constant throughout all simulations.
Therefore, the final steady state values of all three nodes can be in either of two states, ‘ON’ or
‘OFF’, as defined by their starting values. The effects of different combinations of these three
nodes on signal transduction and global dynamics will be discussed later in a more appropriate
place.
In summary, the majority of ABA signalling network nodes reach a steady state within 2
to 11 time steps and became frozen either in an ‘ON’ or ‘OFF’ state irrespective of their starting
conditions. The remainder, a set of 14 nodes, including Ca2+, Ca2+-ATPase, CAX, PLC, InSP3,
InSP6, CaM, CIPK, CBL, CDPK, ATALMT6, NO, cGMP and cADPR, show non-stationary
behaviour even in the stable system dynamics. These 14 nodes show a synchronous oscillatory
pattern which repeatedly pass through a distinctive set of network states in a defined order to
evolve the temporal dynamics of the ABA signalling network through a series of oscillatory
cycles. This indicates that the ABA signalling system dynamically converges into a limit cycle
attractor, as defined by the 14 nodes mentioned above.
In fact, the model results reveal that the dynamics of the network converge on not one, but
8 different stable patterns (limit cycle attractors) with nearly equal probabilities, as shown in
Figure 5.2. Figure 5.2 depicts the state transition graph of the ABA signalling network
representing the dynamical behaviour of the system in response to different starting conditions.
Each dot in the Figure 5.2 represents a state vector of the system at a particular time step. Each
state vector contains 56 binary numbers (0 or 1) representing the states of 56 network nodes.
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Arrow heads joining the dots, in Figure 5.2, direct the flow of state transition in the state space.
The graphs shown in Figure 5.2 are generated using a force-directed graph drawing algorithm,
Kamada and Kawai, to position the nodes of the graph in two-dimensional space (due to the
nature of the algorithm used, few overlapping edges are possible in the graphs).

(A)

(B)

(C)
Figure 5.2: Progression of state transitions of the ABA signalling network with varying
number of random starting conditions. Nodes in the graph represent a state vector of the
system at a given time step and the arrows connecting nodes indicate state transitions
flow from one state vector to another. Attractors are highlighted using red arrows. (A)
Eight different attractors in state space for 10 starting conditions; (B) state graph for 100
starting conditions; (C) state graph for 10,000 starting conditions. Different colours
distinguish different basins of attraction (all three graphs highlight the 8 attractors)
Figure 5.2 proves that the number of attractors are independent of the model starting conditions
where the system produces one of the eight attractors for any given starting condition.
Comparison of Figure 5.2 (A) – (C) indicates that the existence of eight attractors is consistent
in the total state space of the system, where a subset of the total state space becomes the basin
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for one of the eight attractors. In other words, the state space of the system is equally divided
among these attractors as their corresponding basins of attraction (see the nearly equal sizes of
attractor basins in Figure 5.2(C)).
The state transition space describes the time evolution of the global states of the system, which
corresponds to the state of every node in the network. We studied the transitions in the state
space of the ABA signalling network to evaluate the above observed steady dynamic
behavioural patterns for biological plausibility. Further, we evaluated the basin of attraction of
each attractor to generate useful information, such as how the network dynamics evolve and
the way the network operates. Evaluation of the total state space of ABA signalling reveals that
the 8 different steady state patterns/attractors identified above are due to the different initial
combinations of the states (23) of MRP5, ERA1 and ABH1. Therefore, we immediately see
that not all 8 attractors are biologically plausible as not all 8 combinations of initial conditions
are biologically realistic. This is one of the major drawbacks of this kind of analysis where
running a large number of model simulations with all possible initial conditions has been the
only way to compensate for the absence of the real initial conditions of network elements.
We stated previously that these three nodes are among the majority of nodes whose initial states
in the model are not known. Moreover, due to the non-availability of their regulators in the
ABA system, the eight different combinations of initial states of these three nodes stay the
same throughout network transition. As a result of these different combinations, these three
nodes group total ABA state space into eight (23) equal sized subsets resulting in 8 different
global dynamic patterns in the system. Therefore, the state transition of the stressed guard cell
ABA network consisted of eight attractors. As each of the eight subsets of state space converges
to its own attractor, the basin size of the attractor equals the total transition space of each subset.
Out of the 8 attractors, one does not close the stomata. Therefore, there are seven initial
conditions for the 3 elements, MRP5, ERA1 and ABH1, that can close stomata and produce an
attractor that corresponds to the biology. Of these seven initial conditions, only one initial state
may be possible for the most biologically plausible attractor and that cannot be discerned
without knowing the actual initial states of these three nodes. Therefore, there is no comparison
to be done between the basins of attractions for biological relevance. We discuss the details of
each attractor in the next section in order to shed more light on their biological plausibility.
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5.3

Attractors of the ABA Signalling Network

Attractors show the asymptotic behaviour of biological systems, in which the state
transitions of the system reach the attractor states infinitely often. In real biological systems,
attractors are assumed to be short cycles enabling them to describe the oscillatory behaviour of
the system. According to the simulation results of this study, the ABA signalling network
generates 8 simple limit cycles describing the steady state behaviour of the system. These
attractors are of 7 state length defined by the oscillatory behaviour of 14 non-stationary nodes
(PLC, InSP3, InSP6, NO, cADPR, cGMP, CDPK, Ca2+, CBL, Ca2+-ATPase, CaM, CAX,
CIPK, and ATALMT6) accompanied by the stationary states of 42 frozen nodes.
We observed that the system converges to its attractors with the onset of stomatal closure
or following a small delay after the closure. Hypothetically, the system cannot generate any
attractor before the onset of closure because attractors represent the steady level dynamics of
the system; hence, each corresponding node should reach their steady state before forming the
attractor. Therefore, an attractor cannot be seen before the ‘CLOSURE’ node reaches its steady
state (because ‘CLOSURE’ is the last node to reach its steady level in this system).
Accordingly, we argue that the stationary nodes of the system should be frozen at their steady
level states before the system closes stomata, as the nodes that directly regulate the closure are
identified as stationary in the model prior to stomatal closure being observed. In some
situations, the oscillatory nodes take a few more time steps from the onset of closure to adjust
their steady level oscillatory behaviour as that depend on the incoming signal from their
regulatory nodes. We observe that the longer the time taken to stabilize the stationary nodes
that regulate non-stationary nodes, the longer the delay in reaching the system attractors. This
indicates that the stabilization of non-stationary nodes are not a requirement to initiate stomatal
closure. In biological terms, it appears that the attractor is something that meets the system
requirements to maintain/regulate a specific situation for a desired period of time. In this
system, the ultimate requirement is stomatal closure, hence, the requirement of an attractor may
be to maintain the steady level until conditions are safe to open stomata. Therefore, we
evaluated specific characteristics of each attractor for generating unique system dynamics.
We found that the differences between the 8 attractors are only due to the varied
combinations of the three independent nodes, MRP5, ABH1 and ERA1. The state space of
each of the eight attractors is depicted in Figure 5.3, where the order of the attractors
corresponds to the varied initial states of the above three nodes (MRP5, ABH1 and ERA1,
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respectively), following 101, 011, 010, 000, 111, 001, 110, and 100 (0 represents ‘OFF’ state
and 1 represents ‘ON’ state).

Figure 5.3: Eight attractors (Attr 1 - 8) found in the system. Each column represents a
state vector of the system inside the attractor. There are eight sets of columns each set
representing an attractor with seven states. The probability of reaching each attractor is
nearly the same. The active state of nodes are depicted in green and inactive states are in
red. Nodes that behave differently in different attractors have red boxes drawn around
them.
As shown in Figure 5.3 and explained in the last section, the majority of network nodes
(75%) are frozen in a fixed state when the system reaches each attractor. This is a common
feature for all the attractors. We noticed that the steady state value of >90% of the stationary
nodes are identical between attractors. The exceptions are MRP5, ERA1, ABH1 and their
important downstream targets. These three nodes are regulators of the plasma membrane
slowly activating anion channel SLAC1 but have no substantial effect on the ion channel if
altered individually. However, one critical combination of MRP5, ERA1 and ABH1 can cause
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a drastic effect on SLAC1 activity such that when both ERA1 and ABH1 are present (state=1)
in the system, while MRP5 activity stays below the threshold level (state=0), the system cannot
activate SLAC1 channel – notice Attr 2 in Figure 5.3 in terms of how SLAC1 (third red box
from the top) stays inactive for the conditions specific to the three nodes (bottom red box).
Therefore, in this combination of three inputs (MRP5, ERA1 and ABH1) we cannot observe
subsequent stomatal closure in response to the ABA signal (purple box in Figure 5.3 for Attr
2). None of the other state combinations of MRP5, ERA1 and ABH1 can have any substantial
effect on any of the other functional goals of the system. As a result of generating system
attractors for a large number of initial conditions due to the lack of knowledge about
biologically possible protein activity levels at the beginning, the model may produce spurious
system dynamics. Therefore, we suggest that attractor 2 is a spurious guard cell behaviour
resulted by the model and the initial state combination for the three nodes concerned does not
correspond to default biological states of the system. Once more information on the actual
regulation of these three nodes become available in the future, the most biologically plausible
attractor will become evident.
Of the 56 nodes in the network, steady state system dynamics are governed by only 14
nodes (PLC, InSP3, InSP6, NO, cADPR, cGMP, CDPK, Ca2+, CBL, Ca2+-ATPase, CaM,
CAX, CIPK, and ATALMT6) having oscillatory behaviour; 13 show an identical patterns of
oscillation within all the attractors (compare yellow shaded areas in eight panels in Figure 5.3).
The behavior of just one node (InSP6) varies among the attractors in that it was frozen in the
‘OFF’ state when MRP5 was present in the system but shows oscillatory behaviour otherwise
(compare the panels within the first and last red boxes in Figure 5.3). Since InSP6 is responsible
for releasing Ca2+ from plant vacuoles, the presence of MRP5 may decide the steady level Ca2+
oscillations of the ABA signalling system. Therefore, a biologically plausible oscillator
(behaviour of non-stationary nodes) becomes evident when the correct biological information
is available for the assumed states of MRP5.
Despite the variability generated by MRP5, ERA1 and ABH1, we can generalize the system
behaviour of the ABA signalling to produce a limit cycle attractor governed by the above
mentioned oscillatory nodes. According to the literature, the oscillatory behaviour of [Ca2+]cyt
was experimentally evident but the other nodes that showed non-stationary behaviour in the
model have not been biologically explored. A close inspection reveals that all these oscillatory
nodes are closely connected to Ca2+; when Ca2+ is absent in the system, the behavior of the
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system converges to a fixed point. This confirms that the limit cycle attractors of the system
are Ca2+ governed.
A steady level system behaviour induced by a Ca2+ governed attractor, raises the question
why the system needs to raise Ca2+ for the maintenance of closure. This may be due to the
nature of the guard cell signalling system, which is highly vulnerable to stomatal opening in
any moment to facilitate the C fixation required for plant survival. Stomatal closure is a result
of the plant defensive mechanism; hence, it needs tighter regulation to keep the stomata closed
without reopening. Therefore, the purpose of these oscillations (peaks) may be to regulate the
cell signalling pathways to inhibit stomatal reopening, while periodically maintaining [Ca2+]cyt
at a low level (troughs) that is not toxic to plant cells. However, understanding the
communication language by decoding the Ca2+ signal for the relevant pathways needs a
comprehensive modelling approach and experimentation which is beyond the aim of this
research.
So far, this section has explained some of the key properties of the ABA system attractors.
Here we study the reliability of the ABA attractors in diverse environmental conditions.
Hamming distance is a commonly used measure to identify reliable attractors in a system. The
hamming distance between two state vectors (H (s1, s2)) is the number of positions that differ
between corresponding states (e.g., s1 = (1 1 1), s2 = (0 1 0), H (s1, s2) = 2 (of three elements
in two vectors, only the middle value is common to both)). The hamming distance of an
attractor indicates the average state changes per time evolution within a full cycle of the
attractor. If the hamming distance equals one, the attractor is said to be robust against any kind
of perturbation to the system, especially, to changes in the method used to update the nodes
(asynchronous or synchronous). We found that the hamming distance of the current attractor
trajectories of the ABA signalling system is 4, which makes them considerably high hamming
distance attractors. Therefore, synchronous ABA attractors may not resist changes to the order
of node update but it is beyond the aim of this modelling approach to discuss finer details of
attractors, which are liable to change with the updating scheme. If the properties of the current
attractors get altered with an asynchronous updating method (this was suggested for the ABA
system in literature (Saadatpour et al., 2010)), these attractors may not be the real biological
attractors of the ABA system. Therefore, more realistic properties of the system attractors will
be discussed with more biological insights in the next chapter. However, as it appears that
oscillatory behaviour of the system is governed by [Ca2+]cyt, the next section continues with the
discussion on Ca2+ regulated system behaviour.
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5.4

Ca2+ Regulated System Behaviour

In the last section we explained that the attractors of the system are a result of several
feedback loops connected with the activities of [Ca2+]cyt and its regulators, that govern the
system behaviour through a series of oscillations. Chapter 3, which is a network topological
analysis, identified Ca2+ as the main hub of the ABA signalling network. According to both
findings, Ca2+ regulation appears as a co-regulatory network in the ABA signalling network.
Therefore, here we evaluate the system to see why attractors are present and what the
significance of Ca2+ is for stomatal closure.
First, we compare the performance of the wild type (WT) system with a Ca2+ perturbed
system simply by perturbing the Ca2+ node in the network (state of the Ca2+ node was set in the
inactive stage throughout the simulation). We evaluate the probability of closure in both
systems assuming that Ca2+ can enhance the chance of stomatal closure under a variety of
environmental conditions. The results indicate that both systems close stomata with the same
probability (88%), and that the ABA system can work independently of Ca2+. Then why is Ca2+
needed and why is it a core regulator?
It was suggested in the literature that Ca2+ does accelerate stomatal closure. Therefore, both
systems are evaluated for the time taken to achieve the final goal and results are shown in
Figure 5.4(A). The results reveal that when the system has its Ca2+ regulation intact, the stomata
close faster than in the Ca2+ knocked out system. Figure 5.4(A) clearly shows that there is a
very low probability of stomatal closure in 4 - 8 time steps when no Ca2+ is available in the
system, whereas over 25% of stomatal closure takes place during this time in the presence of
Ca2+.
We identify that this delay is primarily caused by the time taken to stabilize the activity of
SLAC1, the slowly activating anion channel in the plasma membrane (Figure 5.4(B)).
According to this figure, within 4 - 7 time steps, 50% of stomata attain SLAC1 activity when
Ca2+ is present; whereas, little or no SLAC1 activity is evident in the system without Ca2+. This
proves that even before the system reaches its attractors, Ca2+ plays an important role in ABA
signalling. In other words, since SLAC1 regulation should happen before the occurrence of
attractors, this signifies the role of Ca2+ during stomatal closure - to speed up the closure. This
finding is supported by the biological fact that the ABA induced Ca2+ elevation strongly
activates S-Type (slowly activating) anion currents by priming its Ca2+ sensitivity (Siegel et
al., 2009). Current scientific arguments (Laanemets et al., 2013) about the biological
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importance of Ca2+ oscillations to guard cell signal transduction also highlight the importance
of Ca2+ for the rapid regulation of SLAC1 and KAT1. However, with this synchronous
modelling, we could not find any significant role for Ca2+ in the regulation of KAT1, either
with the state or the time taken to stabilize the node.
As described above, the results of this study highlights that the elevation of Ca2+ has a role
to play during stomatal closure and this is in addition to the potential maintenance of stomatal
closure.

Figure 5.4: Comparison of wild type (WT) and Ca2+ perturbed systems for; (A) time taken
to close the stomata; and (B) time taken to activate SLAC1 in ABA induced closure
We will study these properties of Ca2+ regulations and their significance to ABA signalling
further in the next chapter using an asynchronous analysis because the attractors found in the
synchronous model are liable to change with the updating scheme. Therefore, important
properties of system attractors with more realistic findings to generate new biological insights
are discussed with the asynchronous model in Chapter 6.
In Chapter 3, we identified that there are several other functional hubs (SLAC1, ROS,
PP2C, actin, membrane polarization, RbOH, pH, PA, SnRK2 and malate) in the ABA
signalling system. Therefore, in the next section we study the importance of these network
hubs, and the secondary nodes connected with them, on the global behaviour of the system.
The next section continues with the discussion to find out the most influential elements for
ABA signalling network performance.
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5.5

Importance of ABA Signalling Elements for Network
Performance

Here, we study the significance of a specific node on the global behaviour of the ABA
network by systematically perturbing the system by setting the state of that node from the active
to inactive (or vice versa) throughout the simulation. This perturbation resembles genetic
knockout or pharmacological inhibition of a particular node. This is beneficial in identifying
the elements that are crucial for network performance. Simulating each mutant model for a
large number of initial conditions (10,000), similar to the WT system analysis, we compare the
steady state dynamics of mutant plants and WT plants. As there are no experimental data to
validate the results of the network, we use the significance of biological mutations reported in
the literature as proof of the validity of the model. Our model compares available properties of
biological mutants (second column of each table) with the corresponding property of the model
mutants (third column of each table) in Tables 5.1 - 5.7.
First, we assessed the performance of the ABA signalling system lacking the components
of the ABA receptor complex, which is identified as the main functional set to initiate signal
transduction of the system. The model results reveal that the ABA signalling system is highly
sensitive to all three elements functioning in the receptor complex (PYR, PP2C and SnRK2).
Table 5.1 compares the performances of model mutants with experimentally evidenced
biological mutants.
Table 5.1: Characteristics of the ABA system lacking the components of the ABA
receptor complex in biological experiments and synchronous Boolean analysis (refer to
Figure 4.4 for a diagram of this pathway)
Node
PYR/PYL/R
CAR

PP2C

Biological Mutant

Model Mutant

•

ABA insensitive (no stomatal
closure) (Kim et al., 2010)

•

•

•

ABA insensitive (no stomatal
closure)

ABA insensitive (no stomatal
closure) (Umezawa et al., 2010)

•

ABA insensitive (no stomatal
closure)

Impair:

•

Impair:

Ca signalling

Ca2+ signalling

ROS production

ROS production

SnRK2 activation

SnRK2 activation

SLAC1 activation

SLAC1 activation

2+
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SnRK2

•

ABA insensitive (no stomatal
closure) (Fujii et al., 2011)

•

ABA insensitive (no stomatal
closure)

•

Impair ROS production (Kwak et
al., 2003)

•

Impair ROS production

•

Cytosolic alkalization (Islam et al.,
2010)

•

Cytosolic alkalization

As shown in Table 5.1, the importance of the ABA receptor complex (PYR, PP2C and
SnRK2) has been highlighted in the recent literature (Umezawa et al., 2010) as mutants of any
of them make the stomata insensitive to ABA induced closure. Umezawa et al. (2010) reported
that PP2C, a global negative regulator of stomatal closure, impairs Ca2+ signalling, ROS
production, SnRK2 and SLAC1 activation. In 2010, Kim et al. reported that PYR mutants are
strongly ABA-insensitive phenotypes and mutation of SnRK2 blocks all ABA responses.
Similarly, our model produces identical performances to biological experiments such that
mutations in any of the above three elements inhibit ROS, SLAC1 and [Ca2+]cyt activities in the
system, producing ABA insensitive phenotypes. Only the model results that correspond to the
available biological findings are shown in Table 5.1. The strong agreement between the model
results with the performance of biological mutants verifies that our Boolean model has
correctly captured the topological placement of the ABA receptor complex and their
downstream targets. Further, the model confirms the fragility of the network in response to
perturbations on a major hub element (PP2C) and potential hub element (SnRK2) of the system.
PYR/PYL/RCAR is not a hub element in the ABA signalling system but removal of it also
makes the system insensitive to the ABA signal, indicating that some sparsely connected nodes
do have essential roles in this system.
According to the WT system performance discussed in a previous section, we observed
that the functional module composed of plant lipids is one of the fastest signalling components
in the ABA signalling system. Here we assess how influential these lipids are for the global
system behaviour. Table 5.2 summarizes the significant performance changes observed in
mutants that lack the components of plant lipid pathways compared to the WT system
performances. Table 5.2 further highlights the experimentally evidenced behaviour of
biological mutants lacking plant lipids to compare them with the model results.
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Table 5.2: Characteristics of the ABA system lacking the components of plant lipid
signalling in biological experiments and synchronous Boolean analysis (refer to Figure
4.4 for a diagram of this pathway)
Node

Biological Mutant

Model Mutant

•

Less sensitive to ABA (Guo et al.,
2011)

•

Less sensitive to ABA (stomata
oscillates without maintaining
closure)

•

17-30% low PA production and 19%
lower in S1P production (Guo et al.,
2012a)

•

Impairs ABA inhibition of PP2C
activity (Ng & Coursol, 2012)

•

Prevents expression of RbOH-D/F and
no ROS production (Zhang et al.,
2011)

•

Impairs RbOH activity and ROS
production

•

Abolish SLAC1 channel activity
(Chakravorty et al., 2011)

•

Less sensitive to ABA (stomata
oscillates without maintaining
closure state due to impairment
in SLAC1 activity)

•

ABA insensitive (no stomatal closure)

•

•

33% lower S1P production (Guo et al.,
2012a)

ABA insensitive (no stomatal
closure)

PLD

•

Abolishes ROS (Zhang et al., 2009b),
NO or PA accumulation (Uraji et al.,
2012)

•

Impairs RbOH activity and ROS
production, impairs NO
production and abolishes PA
production

PA

•

ABA insensitive (no stomatal closure)
(Zhang et al., 2004)

•

ABA insensitive (no stomatal
closure)

PLC

•

Blocks ABA induced [Ca2+]cyt
oscillations (DistÉFano et al., 2008)

•

No changes in [Ca2+]cyt
oscillations

•

No clear difference in stomatal
conductance between WT and mutant
plants (Da Ines, 2008)

•

No difference

•

ABA insensitive (no stomatal closure)

•

PI3P or PI4P alone do not show
any sensitivity but stomata are
insensitive to ABA when both
PI3P and PI4P are removed

•

Inhibits ROS generation (Park et al.,
2003)

•

Impair ROS production

SPHK

GPA1

PIP2

PI3P
PI4P
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As indicated in Table 5.2, Guo et al. (2012b) found that the biological mutants of SpHK
are 17-30% lower in PA and also 19% lower in S1P production than the WTs. With the simple
synchronous approach used, our model could not reproduce the percentage reduction of any
molecule. However, in agreement with the experimental mutants, our model results in severely
impaired ABA sensitivity. According to model results, plants lacking SpHK are unable to reach
a steady level stomatal closure. These SpHK mutants produce 24 different attractors which are
significantly different from the WT steady state behaviour. The model results further indicates
that these mutants are unable to maintain a steady level PA, which is essentially required for
plant ROS production. As a result of altered ROS production, both osmoregulation and
structural rearrangements are affected resulting in defective stomatal behaviour in response to
ABA.
The model mutants lacking GPA1 and PLD (both involve in PA production) produce
comparatively similar results as observed for the SpHK mutants. As shown in Table 5.2, the
experimental literature reported that the biological mutants of PLD lower the production of
S1P by 33% (Guo et al., 2012b), block the productions of ROS, PA and NO (Zhang et al.,
2009a) and prevents cytosolic alkalization, making stomata insensitive to ABA. Zhang et
al.(2011) stated that mutants lacking GPA1 prevent ROS production and SLAC1 activity.
These behaviours are evidenced by our model results, generating severely affected ROS
production and SLAC1 activity; ultimately, leading to “CLOSURE” node oscillations without
maintaining a steady level closure. We notice that both structural rearrangements and
osmoregulation are affected, indicating the importance of plant lipids in ABA signal
transduction.
Comparison of the biological mutants of the phosphoinositol pathway with the model
mutants reveal that there are some inconsistencies between them. This pathway produces InSP6
(from PIP2) facilitating Ca2+ release from plant internal organelles. Hydrolysis of PIP2 is
catalyzed by the enzyme PLC that produces InSP3, which is then transformed into InSP6 via a
series of phosphorylation activities. Biological mutants of PLC result in no Ca2+ oscillations
in the guard cell cytoplasm, but our model could not capture this (our model displays Ca2+
oscillations even without PLC in the system) (compare the third row from the bottom of Table
5.2). In contrast, biological mutants of PIP2 produce no difference between WT and mutant
stomatal response (compare the second row from the bottom of Table 5.2). The behaviour of
the biological mutants of PLC appears to contradict the research findings if both PLC and PIP2
are equally involved in the same process to generate InSP3, as considered in our model. If not,
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PLC should be involved in regulating more than one Ca2+ releasing pathway. Mutants lacking
other phosphoinositols, PI3P and PI4P (regulators of ROS production and actin
rearrangement), show no influence on ABA signalling when they are removed individually but
make stomata insensitive to ABA when both lipids are removed from the system (compare the
last row of Table 5.2).
The third functional set performing the crucial function of mediating guard cell
osmoregulation and structural rearrangements is the ROS signalling pathway. We simulated
mutants lacking the components for ROS production and observed the importance of their roles
to ABA signal transduction. Table 5.3 summarizes the significant observations for model
mutants in relation to the global outcome of the system and compares them with the available
experimental evidence.
Table 5.3: Characteristics of the ABA system lacking the components of ROS signalling in
biological experiments and synchronous Boolean analysis (refer to Figure 4.6 for a diagram of
this pathway)
Node
RbOH

RCN1

pH

Biological Mutant

Model Mutant

•

Insensitive to ABA (no stomatal
closure) (Cousson, 2009)

•

Insensitive to ABA (no stomatal
closure)

•

Insensitive to ABA (no stomatal
closure) (Saito et al., 2008)

•

Insensitive to ABA (no stomatal
closure)

•

Impairs activation of Anion channels
(Cutler et al., 2010; Kwak et al., 2002)

•

Abolishes SLAC1 activity

•

Impairs ROS production and [Ca2+]cyt
elevation (Zhang et al., 2011)

•

Abolishes ROS production

•

Acidification of guard cell cytosol
induces stomatal opening (Gonugunta
et al., 2009)

•

Insensitive to ABA (no stomatal
closure)

•

Changes the patterns of NO production
(Gonugunta et al., 2009)

•

•

Impairs ROS production (Sagi &
Fluhr, 2006)

Changes the patterns of NO
production

•

Impairs ROS production

CuAO

•

GPX3

•

ABA insensitive (no stomatal
closure) (Wimalasekera et al., 2011)
Produce more ROS under stress
conditions (Wang & Song, 2008)

•

•

ABA insensitive (no stomatal
closure)
Shows no difference from the
WT

ROS is another key element identified by the network results as a regulator of both the ion
channel activity and the cytoskeleton of the guard cells. The experimental literature reported
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that the inhibition of ROS production is crucial for rearranging the microfilaments (Choi et al.,
2008). The results of the model for perturbing RbOH, the major regulator of ROS production,
agree with the literature as it results in 100% ABA insensitive stomata (Suhita et al., 2004)
displaying the critical influence of another network hub (ROS) removal on system behaviour.
According to the summary in Table 5.3, mutants of RCN1, pH and CuAO (critical
components in ROS production) display stomatal insensitivity upon ABA signal, similar to
RbOH mutants. We observe that the cause of stomatal insensitivity is due to the lack of
mediator activity of ROS leading to impairement of both SLAC1 activity and the structural
rearrangements. The individual performance of each of these mutants drastically affects ROS
production; hence, the system cannot maintain a steady level closure where the stomata tend
to oscillate through a long limit cycle attractor. However, when ROS is inhibited, the system
behaves in a totally different way, converging on steady dynamics of a fixed point displaying
stomatal insensitivity, with no SLAC1 activity, no structural rearrangements or Ca2+
oscillations. This indicates that Ca2+ oscillations do not occur unless ROS initiates a Ca2+ influx
to the cytosol. Further, cytosolic alkalization (pH increase) is another important condition
(network hub) identified by the model for ABA signalling and supported the fact that
acidification of the guard cell cytosol precedes stomatal opening (Gonugunta et al., 2009). With
these results discussed above, our model concludes that ROS signalling is an essential
component in ABA signal transduction and, therefore, the system lacking ROS functionality
results in stomatal insensitivity to drought stress. In 2008, Wang and Song observed that
biological mutants of ROS scavenger, GPX3, produce more ROS (Wang & Song, 2008) as
shown in Table 5.3, but the qualitative Boolean model cannot produce quantitative changes in
any network node.
Of the two major functional goals required for stomatal closure, osmoregulation is the first
to occur in signal transduction, proceeding with the removal of water from guard cells. We
summarize significant observations of model mutants lacking ion channel activities and
experimental observations of the corresponding biological mutants in Table 5.4.

133

Table 5.4: Characteristics of the ABA system lacking the components of ion channel signalling
in biological experiments and synchronous Boolean analysis (refer to Figure 4.7 for a diagram
of this pathway)
Node
GORK1
SLAC1

QUAC

MAPK

DEPOLAR
TPK1
ATALMT6

MRP5

ABH1

ERA1

Biological Mutant

Model Mutant

•

Causes a loss of outward K+ current
(Fan et al., 2004)

•

Stomata are insensitive to ABA

•

Strong ABA insensitivity (Vahisalu
et al., 2008)

•

Stomata are insensitive to ABA

•

Impairs stomatal closure (Meyer et
al., 2010)

•

•

Reduces R-type current (Meyer et
al., 2010) by 40% compared to the
wild type (Barbier-Brygoo et al.,
2011)

Does not show any difference if
malate metabolism path remains
in the system but impairs closure
if only malate transport is
considered

•

ABA insensitive (no stomatal
closure) (Jammes et al., 2009)

•

ABA insensitive (no stomatal
closure)

•

Abolishes anion channel activity
(Jammes et al., 2009)

•

Abolishes SLAC1 activity

•

Abolishes ABA induced ROS
production (Xing et al., 2008)

•

Does not alter ROS production

•

Induces a large rise in [Ca2+]cyt
(Marten et al., 2007)

•

Insensitive to ABA

•

Slower stomatal closure (Gobert et
al., 2007)

•

No difference

•

Similar to WT plants (Meyer et al.,
2011)

•

Does not have any influence on
ABA sensitivity

•

Less sensitive to drought stress
(Kuromori et al., 2011)

•

Less sensitive to ABA

•

Impairs ABA activation of Ica
channel (Suh et al., 2007)

•

Impairs ABA activation of Ica
channel

•

Hypersensitive to ABA

•

Hypersensitive to ABA

•

Enhances SLAC1 and Ca2+ currents
(Hetherington, 2001; Hugouvieux et
al., 2002; Hugouvieux et al., 2001)

•

Enhances SLAC1 activity

•

Hypersensitive to ABA

•

Hypersensitive to ABA

•

Amplifies activation of Ica channels
(Allen et al., 2002)

•

Amplifies ABA activation of Ica
channel

•

Enhances activation of SLAC1
currents (Pei et al., 1998)

•

Enhances SLAC1 activity
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AHA1

PP1

•

Overexpression makes stomata
insensitive (Merlot et al., 2007)

•

Overexpression makes stomata
insensitive to ABA

•

Interferes with Ca2+ oscillations
(Luan, 2011)

•

Interferes with pattern of Ca2+
oscillation

•

Impairs phosphorylation of the H+ATPase and thereby H+ pumping
(Takemiya et al., 2013)

•

Does not have any effect on the
probability of closure

•

Overexpression makes stomata
insensitive to ABA

As summarized in Table 5.4, the literature provided evidence that deregulation of ion
channels through perturbation of either the GORK (Hosy et al., 2003), SLAC1 (Vahisalu et al.,
2008) or QUAC (Meyer et al., 2010) channel resulted in a severely impaired stomatal closure,
especially for low ABA concentrations (<10 µM). The model results support this biological
fact by showing stomatal insensitivity to ABA in response to perturbed GORK or SLAC1
activity. This may be because these channels are directly responsible for the release of major
osmolytes (K+ and Cl-) from the guard cell. Perturbation of QUAC in our model makes stomata
oscillate in a limit cycle because of the deregulation of malate and, thereby, SLAC1, but this
needs to be validated with biological justification. We assume that involvement of both
metabolism (synthesis and degradation) and transport of malate are possible in ABA signalling
but a recent study (Penfield et al., 2012) highlighted the greater importance of malate export
than the metabolism in ABA signalling. Our model considers both the metabolism and
transport of malate; hence, removing QUAC activity does not have a significant influence on
the system behaviour. In contrast, system behaviour is sensitive to the removal of QUAC
leading to impaired stomatal closure when the metabolism path is removed.
In addition to the removal of ion channels, the model distinguishes the significance of some
of the regulators of ion channels, such as MAPK, to the ABA system. It was observed in the
experimental literature that plants lacking MAPK activity disrupted SLAC1 activity and the
sensitivity of stomata to ABA (Jammes et al., 2009). Our model demonstrates these effects
accurately, as shown in Table 5.4. Further, depolarization of the plasma membrane
(DEPOLAR) is an important condition identified by the model but was not supported by the
literature. However, theoretically, membrane depolarization appears as an essential condition
required to activate the main K+ outward channel because otherwise hyperpolarization induces
K+ influx to the guard cell leading to stomata opening.
Apart from the channels discussed above, two other channels (ATALMT6 and TPK1) do
not alter stomatal behaviour in the model, as indicated in Table 5.4; and although this generally
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agrees with the experimental evidence shown in Table 5.4, TPK1 mutants have shown slower
stomatal closure in biological experiments. The contrasting behaviour of biological and model
mutants of TPK1, highlights the poor definition of the vacuolar K+ transport system in our
model due to a lack of biological information available on the mode of regulation of this
channel. For example, experimental literature reported the maximum activity of TPK1 around
cytosolic pH 6.5 - 6.7. In 2007, Gobert et al. observed steeply reduced TPK1 activity in alkaline
media and 20 – 30% of the maximum open probability at the guard cell physiological pH range
(7.5 - 7.8) (Gobert et al., 2007). Gobert et al. (2007) further highlighted that cytoplasmic Ca2+
levels should be above 50 µM for the optimum activity of TPK1 channel, and channel activity
disappears when Ca2+ concentrations are less than 500 nM (Gobert et al., 2007). According to
the gating requirements of TPK1 (pH <7.5 and Ca2+ >50 µM), it appears that this channel is
nearly inactive during stomatal closure. Further, according to the definition of the Boolean
logic gates in our model (TPK1 = !pH & Ca2+), this channel is active for some time and then
settles into the ‘OFF’ state during steady state dynamics. This is one of the major drawbacks
in logical Boolean modelling due to oversimplification of true biological events as ‘ON’ and
‘OFF’ states that does not allow it to capture the quantitative changes of biological activity of
a particular event. The model identifies three other nodes (MRP5, ABH1, and ERA1) as
influential for SLAC1 activity, either enhancing or reducing the sensitivity of stomata to ABA,
as indicated in Table 5.4.
Further, our model results show that overexpression of the plasma membrane proton pump
(AHA1) makes stomata insensitive to ABA, which agrees with the biological fact that the
dominant positive mutants of AHA1 do not close stomata in response to even up to 100 mM
ABA (Merlot et al., 2007). This is because active AHA1 appears to be a primary cause for
changing intracellular pH and plasma membrane polarization, supporting stomatal opening.
Inhibition of PP1 activity is sensitive to stomatal opening because PP1 regulates the activity of
AHA1, one of the principal ion pumps active during stomatal opening. Therefore, removal of
this protein (PP1) is a favourable condition for ABA signalling but overexpression blocks ABA
induced stomatal closure.
The section above explained how influential the removal of ion channels and their
regulatory proteins are on the global outcome of the ABA signalling system. Accordingly, we
confirm that the removal of network hubs (SLAC1 and depolarization) are crucial to the system
behaviour that abolishes ABA induced stomatal closure. GORK, MAPK and AHA1, potential
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hubs of the ABA signalling system according to the current knowledge, are also strongly
influential on stomatal closure.
Next we study the importance of the proteins responsible for structural rearrangements in
guard cells and Table 5.5 summarizes the characteristics of the ABA systems lacking the
components of actin regulation, as observed in our model and in biological experiments.
Table 5.5: Characteristics of ABA system lacking the components of structural rearrangements
in biological experiments and synchronous Boolean analysis (refer to Figure 4.8 for a diagram
of this pathway)
Node
ACTIN
ARP2/3

Biological Mutant
•

Disrupts both stomatal opening and
closure (Assmann, 2010)

•

Stomata are insensitive to ABA

•

Stomatal insensitivity (Jiang, 2009)

•

Stomata are insensitive to ABA

•

Alter Ca elevation (Jiang et al., 2012)

•

Reduces Ca2+ oscillations

•

Dominant positive mutants inhibit the
ABA induced actin cytoskeleton and
stomatal closure (Lemichez et al.,
2001)

•

Overexpression makes stomata
insensitive to ABA

•

Disrupts Ca2+ increases in 50%
of stomata

Delays stomatal closure (Zhao et al.,
2011)

•

Stomata are insensitive to ABA

•

Effects on Ca2+ increases

ATRAC1

•

SCAB1

Model Mutant

2+

•

Stomatal insensitivity (Jiang, 2009)

•

Reduces actin filament stability
(Thomas, 2012)

The guard cell cytoskeleton plays a crucial role in the regulation of stomata, as inhibition
of actin rearrangement interferes with ABA induced stomatal closure. This may be due to the
failure to rearrange the radially arranged actin filaments into a random orientation that allows
the guard cells to have the required shape for safe stomatal closure without cell wall collapse.
Actin (disassembly of actin filaments) appears to be a potential hub, which is closely connected
with Ca2+ signalling in the ABA signalling network according to its topological properties
(Chapter 3); hence, this section proves the sensitivity of another potential hub (actin) removal
on network performance. Network results further capture the importance of the actin regulatory
proteins ARP23, AtRAC1 and SCAB1, to the regulation of the guard cell cytoskeleton. It
appears that all proteins summarized in Table 5.5 are crucial for guard cell structural
rearrangements and, therefore, ABA induced stomatal closure. However, it should be noted
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that this functional set is poorly defined in the experimental literature hence there may be other
important players in this signalling pathway.
So far, we have compared the experimentally observed performance of biological mutants
of the ABA signalling pathway elements connected to two major regulatory mechanisms,
osmoregulation and structural rearrangements, with their corresponding model mutants. In
addition, the Ca2+ signalling pathway appears to be the central hub (‘in-degree’ = 6 and ‘outdegree’ = 13) in the ABA signalling network. We discussed in a previous section that the
probability of stomatal closure is unaffected by the absence of Ca2+, thus, supporting the
hypothesis of a Ca2+ independent pathway to induce stomatal closure. However, our model
results reveal that elevation of [Ca2+]cyt accelerate stomatal closure, by supporting the rapid
activation of SLAC1 and actin rearrangement, and [Ca2+]cyt oscillations define the steady state
dynamics of the system. Therefore, we study the influence of elements connected to the Ca2+
signalling pathway on acceleration of closure by observing SLAC1 activity and actin
rearrangement. Our model explains that single deletions of Ca2+ signalling pathway elements
have no significant influence on either SLAC1 activity or actin rearrangement except two
nodes, Ca2+ and CDPK (results are not shown). Removal of Ca2+ is influential on both SLAC1
activity and actin rearrangement (discussed in a previous section) and removal of CDPK delays
SLAC1 activity.
In contrast to the model results that supported a Ca2+ independent pathway in ABA
signalling, the experimental literature highlighted the importance of some Ca2+ regulatory
elements to ABA induced stomatal closure, as shown in Table 5.6. This includes the claim that
cGMP and NO reduce the ABA sensitivity to stomatal closure, upon removal of either of them
from the system (first two rows of Table 5.6). If this is to happen, we assume that there may be
some other important regulatory paths under the regulation of NO induced cGMP which are
yet to be revealed. Joudoi et al. in 2013 suggested that this may be through regulation of SLAC1
(Joudoi et al., 2013). Considering what was available in the literature, we can assume that NO
may regulate MAR5, a regulator of SLAC1, through a pathway that involves regulatory
mechanisms of cGMP.
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Table 5.6: Influence of some important components of the Ca2+ signalling pathway (as
observed in biological experiments) to stomatal closure (refer to Figure 4.10 for a diagram of
this pathway)
Node

Biological Mutant

cGMP

•

Impairs ABA sensitivity (Joudoi et al., 2013)

NO

•

20% lower reduction in stomatal aperture
(Ribeiro et al., 2009)

•

Impairs Ca2+ induced stomatal closure and
activation of SLAC1 (Cutler et al., 2010; Wang
& Song, 2008)

CDPK

Cutler et al. (2010) reported that CDPK impairs Ca2+ induced stomatal closure and SLAC1
activation (Cutler et al., 2010). We agree with the biological observations on impairment of
SLAC1 as our model results enhanced SLAC1 channel activity when CDPK is active in the
system. As the steady state dynamics of the ABA signalling system is governed by Ca2+
oscillations, we study how influential the Ca2+ signalling pathway is in down-regulating KAT1
and AHA1 (the two major ion channels responsible for stomatal reopening) that need to be
kept inhibited to maintain the steady level closure. However, the results reveal that Ca2+
dependent regulation of both KAT1 and AHA1 is redundant in the ABA signalling network
where SnRK2 acts as the primary cause for inhibiting both channels. Finally, we conclude that
the role of the Ca2+ signalling pathway to initiate stomatal closure is redundant in the ABA
signalling system and we discuss the importance of this redundancy in the next chapter using
an asynchronous Boolean model.
According to the available literature on biological mutants/inhibitions, as reported in Tables
5.2 - 5.6 and explained in the above paragraphs, we conclude that over 80% of the model results
corroborate the experimental findings. Perturbation results in this study with respect to single
node perturbations indicate that the ABA signalling network is sensitive to hub element
removal but robust against the removal of most of the other elements. According to the results,
76% of the total proteins in this network have five or fewer links and we found that only about
33% of them are essential to network performance. In contrast, the nodes that are highly
connected having more than 5 links (Ica, CDPK, PA, MALATE, pH, ACTIN, RbOH,
DEPOLAR, ABA, SLAC1, ROS, PP2C and Ca2+) seem vital to the network (except Ca2+,
CDPK and Ica). We could not obtain biologically valid results for some of the model
perturbations in cases where a simple Boolean approximation is not sufficient to explain them.
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Some biological mutants with a low ‘in-degree’ make stomata insensitive to ABA indicating
that there may be some missing links joining them to various other unknown/known vertices.
We believe that if the topology of the network remains unchanged, the most important
regulators of the system stay the same, independent of the updating method. Therefore, the
network analysis performed in this section will not be repeated in the asynchronous analysis
presented in Chapter 6.

5.6

Robustness of the ABA Signalling Network

Robustness is the ability of a system to maintain its original functions despite small
perturbations in the elements or regulatory mechanisms of the system. Biologically, it is the
tolerance against random attacks. Robustness can be determined from the effect of the removal
of nodes (gene/protein knockouts) or removal/addition of edges (functional perturbations) that
connect the elements of the network or changes in state of a node (environmental perturbation)
on the behaviour of the system. Functional perturbations and node removals, analogous to
genetic mutations, can be considered as permanent alterations to the system; these are crucial
in genetic engineering for developing biological insights.
Perturbation of the state does not disturb the steady state properties of the network because
state changes have no influence on the structure of the network. This kind of perturbation may
let the system eventually reach the original attractors. However, if a state of an attractor is
perturbed, the system may, or may not, reach the original attractor. If there are more than one
attractor in the system, perturbation of a state on one attractor may converge the network on a
new attractor. If the state perturbed network reaches its original attractors, the network is said
to be robust (Xiao & Dougherty, 2007).
In most studies, the robustness of Boolean networks was evaluated in terms of the
perturbing states (environmental perturbation) or functions of the nodes (removal/addition of
edges) in the system. In this study, we define the robustness as the probability that a random
permutation to a chosen node or transition function of a node results in the same network
behaviour as in the original. We assume that state perturbations are temporary as they represent
environmental fluctuation induced changes in the system, and are not examined in this study.
In the last section involving perturbation to elements, we explained how system
performance is affected by removing secondary and hub elements of the ABA signalling. We
found that the performance of the ABA signalling system is unaffected by the removal of most
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of the sparsely connected nodes but sensitive to hub removal. Thus, the ABA signalling system
is robust against perturbation to a large number of secondary elements (67% of 43) and
sensitive to system hub elements that constitutes 23% (13) of the total network nodes. Now we
ask the question, how robust is the system to perturbation of links representing functional
perturbations. In this section, we perturbed the ABA signalling network by altering one
randomly selected Boolean transition function at a time (transition functions are written as 2n
bit binary numbers where n is the number of regulators. We shuffled the order of the binary
bits in the selected function). We simulated 500 copies of functionally perturbed networks and
compared them with the steady state dynamics of the original network.
The results reveal that nearly 60% of the perturbed networks settled in exactly the same
attractors as the original network. With reference to the results of the output node ‘CLOSURE’,
85% of the perturbed networks functioned in the same way as the original network, having an
85% agreement in the length of the attractors and attractor basins.
The model discovers that functional perturbations influence the global output to different
degrees. Random functional perturbations on a particular node sometimes completely change
the Boolean function of the selected node. If these complete changes occur on the functions of
important network nodes such as PYR, SnRK2, PP2C, SLAC1, ACTIN, GORK and ROS, the
system becomes insensitive to the ABA signal. Even if the perturbation occurs on an important
Boolean function, it may not seriously affect the system output if there are other links available
to compensate for the effect of the damaged link. For example, if the functional link between
the K+ outward channel, GORK, and NO is impaired (the transition function for GORK is (!
NO | ROS| pH) & DEPOLAR)), it does not cause any damage to the activity of GORK as either
ROS or pH can minimize that effect. If the perturbation occurs on a critical link, however, the
degree of the influence is severe (e.g., if the regulatory link between depolarization and GORK
is impaired, it will seriously affect the K+ efflux of the system). In general, we observe that the
nodes found to be critical (explained in the last section) are more sensitive to functional
perturbations.
Functional perturbations are identified to be not as severe as removing a particular node
because removing a node from the system disturbs all the related regulatory functions. We
realize that the ABA system benefits from having extra reinforcing regulatory links to maintain
important elements of the network active and thereby make them the hubs in the network. In
some situations, the ABA signalling system responds to functional perturbations by generating
new system attractors. In general, perturbation derived system attractors are simple limit cycles
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governed by [Ca2+]cyt oscillations with minor changes in the length of the attractors or state of
a frozen node. We found that 85% of perturbation derived attractors preserve the global
outcome of the network - stomatal closure. These results indicate that the ABA signalling
system is a functionally robust system.
So far we have discussed the results of our synchronous Boolean model, which is an
extension of the existing Boolean model for the ABA signalling network defined by Li et al.
(2006)b. The next section compares both models to evaluate the extra knowledge generated by
extending the existing ABA model using the novel experimental findings. The discussion
proceeds by highlighting the similarities and differences between the two models and
advancements of our model over the Li et al. (2006)b model.

5.7 Comparison of Current Model Results with the Li et al.
(2006)b Model
In this section, we discuss the major findings of both models comparing the corresponding
results.
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(A)

(B)

Figure 5.5: Comparison of the sign directed graphs of the two modelling studies. A) Sign
directed graph of the Li et al. (2006)b model; B) sign directed graph of our study (red
nodes indicate the proteins, small molecules or cellular conditions common to both
models)
Figure 5.5 depicts the sign directed graphs used in both studies. Figure 5.5 (B), the sign
directed graph of the current research, shows the topological differences between the two
models by indicating the common nodes in both models in red. According to Figure 5.5, we
recognize that 34 nodes are common to both models. The first major topological difference we
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observe between the two models is signal perception through the ABA receptor complex
(compare two nodes, ABI1 and OST1 in Figure 5.5 (A) and the ABA receptor complex box in
Figure 5.5 (B)), which is, currently, identified as a crucial functional module of ABA
signalling. In the Li et al. (2006)b model, they considered PP2C (ABI1 in their model) and
SnRK2 (OST1 in their model) as two independent nodes but our model clearly defines their
significance to the ABA signalling network. For example, SnRK2 is currently known as one
of the major functioning proteins to initiate the ABA signalling process but such a role was not
defined in the Li et al. (2006)b model. Furthermore, PP2C is the regulator of SnRK2 in our
model.
The lipid regulation pathway and ROS production in both models are comparable but the
Li et al. (2006)b model lacks the feedback regulatory loop between sphingolipid (S1P) and PA,
which is an essential regulation discovered recently for the self-regulation of sphingolipid
induced PA production (compare the top middle boxes in Figure 5.5(A) and the lipid signalling
box in Figure 5.5(B)).
Guard cell osmoregulation is defined differently in the two models. The Li et al. (2006)b
model considered a common anion channel (node AnionEM in Figure 5.5(A)) for the
regulation of all anions (Cl-/NO-3 and malate2-) and two K+ efflux channels (KAP and KOUT)
for the regulation of cations. The KAP channel in the Li et al. (2006)b model represents K+
efflux through rapidly activating K+ channels in the plasma membrane. In our study we do not
consider KAP because the recent literature revealed that GORK is the only available K+ efflux
channel in the guard cell membrane. As a result, our model displays no functional redundancy
in the GORK channel, as it is solely responsible for the K+ efflux from plant guard cells.
Further, the regulation of anions is expanded in our model with current knowledge about
different ion channels (SLAC1, QUAC, and ATALMT6) (osmoregulation box in Figure
5.5(B)) so the significance of each channel to the global output of the system can be revealed.
Due to the lack of knowledge about structural rearrangement at the time, actin regulation
is poorly defined in the Li et al. (2006)b model. Comparatively, our model captures more
scientific knowledge on guard cell structural rearrangements and connect them with several
other important functional sets in the system. However, current knowledge about this
functional set still lacks a proper understanding of the connectivity between the actin regulatory
proteins and their regulations.
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Components of the Ca2+ regulatory pathway are nearly similar but the definition of the Ca2+
signature is considerably contradictory between the two models. For example, Ca2+ release by
the internal organelles is regulated by four independent regulators (InSP3, InSP6, cGMP and
cADPR) in the Li et al. (2006)b model (middle left region in Figure 5.5 (A)) but we assume
that these four regulators are not independent (InSP6 is the phosphorylated product of InSP3
and cGMP enhances the production of cADPR); therefore, our model considers them as two
regulatory paths (calcium signalling box in Figure 5.5(B)). Further, our model considers the
contribution of structural rearrangements to cytosolic Ca2+ increase through stretched activated
Ca2+ channels in the plasma membrane, which is missing in the previous model. Moreover, the
previous model considered the Ca2+ efflux system as a single node (Ca2+ATPase node in Figure
5.5(A)) regulated by Ca2+. We are certain that the Ca2+ efflux system consists of two effluxes
(Ca2+-ATPase and CAX) that are differently regulated by their corresponding regulators.
Therefore, our model considers the individual regulations of Ca2+ effluxes (Calcium signalling
box in Figure 5.5(B)) assuming that this expansion helps identify biologically evidenced
attractors with our asynchronous Boolean model in the next chapter.
The discussion above emphasized the topological differences between the Li et al. (2006)b
model and our model. As shown in the discussion, it is clear that there has been a considerable
amount of new knowledge (important regulators and regulatory links) incorporated into our
model. The following section discusses how this new contribution advances the model results
to generate new insights.
Both models approach the main goal, stomatal closure, in a similar way within several time
steps in response to a constant ABA input. In both models, the majority of nodes approach their
steady state values within a few time steps and their steady state values are independent of the
initial conditions. These findings display a common ground for both models with regard to
stomatal closure.
Initial theoretical analysis of the stable behavior of the system (attractors) from the two
models reveals that the principal regulatory mechanisms are common in both cases but there
are case specific characteristics. This is a good indication that the addition of new nodes or
regulatory paths has not violated the fundamentals of system regulation such that the attractors
are a result of Ca2+ governed regulatory mechanisms in both models. The attractors of the Li
et al. (2006)b model are simple limit cycles, consisting of a set of 12 dynamic nodes, including
Ca2+, Ca2+-ATPase, PLC, InSP3, NO, cGMP, cADPR, K+ efﬂux from the vacuole to the
cytosol, and K+ efﬂux through rapidly activating K+ efﬂux channels at the plasma membrane
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(KAP), with the remainder of the network nodes in a frozen state (the original attractor was not
published in their paper but we obtained a part of their attractor that had been published
elsewhere (Saadatpour et al., 2010)). In comparison, our model results in simple limit cycle
attractors with 14 non-stationary nodes (PLC, InSP3, InSP6, NO, cADPR, cGMP, CDPK, Ca2+,
CBL, Ca2+-ATPase, CaM, CAX, CIPK, and ATALMT6). Of these 14 nodes, there are 7 nodes
common in both models; these are PLC, InSP3, NO, cADPR, cGMP, Ca2+ and Ca2+-ATPase.
Figure 5.6 compares the dynamic part of the major attractors found in the two models. The
major difference between the two systems is the length of the attractors. The attractors from
the Li et al. (2006)b model are 4 states long (Figure 5.6(B)), whereas the lengths of the attractors
found in our study is 7 states (Figure 5.6 (A)). The difference between the two attractors is due
to different regulatory mechanisms considered in the two models. However, we believe that
the state transition patterns in our attractors are more representative of the ABA system as our
model traces novel and more realistic regulatory paths in the system.

Figure 5.6: Comparison of steady state behaviour of the ABA signalling network
(oscillatory nodes only) resulted from; A) our model; and B) the Li et al. (2006)b model.
Red circles represent the inactive states of nodes and green represents the active nodes
Comparison of Figures 5.6 (A) and (B) confirms that the Li et al. (2006)b model produces
more frequent system oscillations by repeatedly visiting shorter limit cycles. We cannot argue
about the reliability of this feature as both models are synchronous; hence, they could not
capture the temporal organization of system events. However, we notice that the Hamming
distance of the attractors are comparatively higher in the Li et al. (2006)b model (Hamming
distance = 5.25 & 6). If shorter Hamming distances are favoured in evolutionary biology and
are more robust against small system perturbations, we can argue that our system (Hamming
distance = 3.85) is comparatively more robust.
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The Li et al. (2006)b model suggests that the steady state system behaviour of the ABA
signalling network is due to Ca2+ governed regulatory mechanisms but the models lacks
knowledge of how Ca2+ proceeds with its signal transduction through various Ca2+ regulatory
proteins, which is important in order to know how and why the system makes use of the Ca2+
signature during steady state dynamics. Both models support the fact that Ca2+ elevation in the
system accelerates stomatal closure prior to reaching the system attractors (Ca2+ oscillations)
but that ABA-induced stomatal closure can happen independent of Ca2+ elevation. However,
the Li et al. (2006)b model does not discuss how disruption of Ca2+ signalling leads to slower
stomatal response than in the WT system. Our system demonstrates the cause of Ca2+ induced
rapidity in relation to regulation of the SLAC1 channel. In conclusion, both models highlight
the importance of Ca2+ for fast activation of stomatal closure as well as maintenance of stomatal
closure but our model provides more clarity with proper reasoning.
Both models support the fact that disruption of sparsely connected nodes does not lead to
negative qualitative effects on the stomatal response. Similarly, both models agree with the
perturbation results obtained from disrupting the lipid signalling pathway, which makes
stomata oscillate as a result. Moreover, both models discover that the loss of membrane
depolarization, disruption of anion efﬂux, and the loss of actin cytoskeleton reorganization
create stomatal insensitivity to ABA. Our model further suggests that elimination of the
receptor complex (PYR, PP2C and SnRK2) completely blocks ABA induced stomatal closure
as a result of impaired SLAC1 activation, actin rearrangement, ROS production and Ca2+
signalling, but in the Li et al. (2006)b model SnRK2 mutants are still responsive to ABA.
SnRK2 appears to be a potential hub in our model, but in the Li et al. (2006)b model it is yet
another sparsely connected node. Similarly, ROS is a clear hub in our model, which
communicates with all the functional nodes in the ABA signalling system. Disruption of ROS
produces similar behaviour to SnRK2, making stomata insensitive to ABA, but the Li et al.
(2006)b model predicts ABA hyposensitivity when ROS is eliminated. This proves that some
of the important elements or their roles are not well represented in the Li et al. (2006)b model.
According to our model, Ca2+, PP2C, ROS, SLAC1, RbOH, depolarization, actin, PA, pH,
SnRK2, GORK, malate, MAPK and a few other Ca2+ related nodes are identified as network
hubs. The Li et al. (2006)b model concluded that Ca2+, depolarization, pH, ROS, anion efﬂux,
and K+ efﬂux through outwardly rectifying K+ channels are network hubs. The network hubs
identified by the Li et al. (2006)b model (6 elements) appears to be a subset of network hubs
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identified by our model indicating that we have targeted more potential elements for genetic
studies.
In summary, we believe that our model is rich with a number of advancements and new
knowledge generated but fundamentally both models preserve the core characteristics of the
ABA signalling network.

5.8

Summary

In this chapter we described the qualitative properties of the ABA signalling network using
a synchronous Boolean analysis. As explained, the system produces eight attractors which are
not chaotic as they do not depend on the initial conditions. These attractors describe the steady
state behaviour of the ABA signalling as summarized below.
The attractors observed in the system are Ca2+ regulated but our model supports the
existence of ABA induced Ca2+independent pathway to attain stomatal closure. However, with
these oscillations in the system, the current model attains faster stomatal closure by means of
accelerating the SLAC1 channel and actin rearrangement.
The significant effect of a single node deletion for 77% of the highly connected nodes
proves their central role in network functioning. This indicates that highly connected proteins
in the ABA signalling network are of much greater importance than those proteins with only a
small number of links.
From a biological perspective, this study proves that the scale-free topology of the ABA
network favors “the evolution and adaptation of network functioning” (Aldana, 2003) with
“robust, yet fragile” properties.
Comparison of the study results with the Li et al. (2006)b model reveals that both models
preserve the fundamentals of ABA system regulation but the results of our model are
comparatively richer with biologically favourable characteristics. Finally, our model targets
more biologically important network hubs in the ABA signalling network for future
consideration in terms of studying their finer properties to gain more biological insights into
the targeted system.

148

Chapter 6 : Asynchronous Boolean Analysis of the
ABA signalling Network
In the synchronous updating mode, the dynamics of the system at a time is defined by
simultaneously applying the Boolean functions of all nodes on the respective previous state
vector of the system. However, the use of synchronous updating in Boolean models does not
correspond to reality as it does not incorporate the proper temporal order of events. In reality,
it can be considered that the cumulative effect of the local activation functions in a given
temporal scale determines the global transition of the system. It should, therefore, incorporate
a realistic update schedule which determines the sequence of the nodes to be updated with
appropriate timing, thus regulating how the local functions collaborate to define the global
picture and the unfolding temporal evolution of the system behaviour.
The aim of this chapter is to discuss how the incorporation of realistic time delays changes
the observed Boolean dynamics of the ABA signalling network while emphasizing the
properties of the attractors. The chapter explains how we define time delays for the network
edges from an extensive literature survey, the modelling framework and the model results.
Under the results section, we discuss the total state space of the system, the steady state
behaviour, specifying properties of the attractors and the importance of attractors to the system
performance and compare them with the results of the synchronous model.

6.1 Updating Scheme of the Network (Deterministic)
There are several approaches to define an updating scheme for deterministic asynchronous
models even with a lack of biological knowledge on precise schedules of network regulation.
Of them, one approach is incorporation of network node edge delays to the updating scheme.
Biologically, time scales associated with interactions can vary from fractions of a second to
hours. Accordingly, some nodes in the network should be updated less frequently than others
because they cannot respond to regulatory signals immediately as they may need a longer time
to complete the reaction. Realistic implementation of update delays, therefore, can cause the
network to have more complex rules which are computationally intensive.
Generally, asynchronous Boolean analysis techniques are based on two assumptions due to
limited availability of biological information on network elements and their interactions. These
assumptions are:
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i)

At most, one node can make a transition during a single discrete time step.

ii)

Nodes that do not have regulators undergo self-transitions such that they remain in the
same state throughout each simulation.
In this analysis, the model updates the state of each node according to their reaction time.

Since ABA is a fast acting network, there can be more than one node changing its state at a
given time thereby incorporating a certain amount of synchronicity in the network events and
this phenomenon agrees with the current biology. In previous asynchronous models, nodes are
ordered with a predetermined sequence of update and one node changes its state at a given time
in each update (Saadatpour et al., 2010). The difference between previous asynchronous
updating methods and our method is that we consider real biological timing without ordering
the events; hence, there may be a chance for a certain level of synchronicity based on the
temporal definition of each node activity. The model adheres to the last assumption such that
those nodes without regulators are left in the starting (initial) state throughout the simulation.
In this study, we consider different, but biologically realistic, time delays for each
interaction in the ABA network and incorporate them into the model in a similar way as in the
autonomous Boolean model developed by Cheng et al. (2013) using discrete time steps. We
assumed that physical bindings, post-translational modifications of proteins, ion channel
activities, membrane charge alterations and other interactions determine the dynamics of the
system with a key role being played by the associated time delays. However, the biggest
problem is the scarcity of kinetic data to order the correct sequence of updates or the length of
each state transition.
Similarly to the synchronous Boolean analysis, nodes are either at 0 in the ‘OFF’ stage or
1 in the active (‘ON’) stage and this active level is assumed capable of regulating its targets.
The only difference between the prior (synchronous Boolean) and the current (asynchronous)
analysis is that when a node turns active, different time delays are required to activate each of
its targets. In this situation, we assume that differences in time delays may be due to different
activation thresholds of the regulatory nodes such that activation of a specific target requiring
a lower expression level of the regulator involves a shorter time delay. This approach can be
considered as the first exploratory step to understand problems that are too complex to model
using partial differential equations or other continuous approaches. At this intermediate level,
the output of a Boolean function is the combined effect of the inputs and their associated time
delays. Therefore, the state transition function for node xi at time = t can be defined as in Eq:
6.1.
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𝑥𝑥𝑖𝑖 (𝑡𝑡) = 𝐵𝐵𝑖𝑖 (𝑥𝑥1 (𝑡𝑡 − 𝜏𝜏1𝑖𝑖 ), … … … … … . . 𝑥𝑥𝑛𝑛 (𝑡𝑡 − 𝜏𝜏𝑛𝑛𝑛𝑛 ))

(6.1)

where Bi is the Boolean function associated with the node i and the 𝝉𝝉’s are the corresponding
edge delays.

6.1.1

Defining Edge Based Delays

Through an extensive literature survey, we collected research findings on associated edge
delays of the ABA signalling network. In this study, we defined the edge delay as the biological
half activation time (𝝉𝝉) of a reaction as explained in Figure 6.1 for an example network. For
the network shown in Figure 6.1 (A), we defined time scales such that if A induces half
activation of B within 𝝉𝝉A and C half activates B within 𝝉𝝉C (Figure 6.1 (B)), 𝝉𝝉A and 𝝉𝝉C represent
the time scales associated with node B.

Figure 6.1: Definition of edge delays. (A) Example three node network; (B) time scales
associated with edges
In situations where no direct information is available, we collected data from similar
interactions occurring in other signalling systems in plants, animals or humans. When edge
timing is not available, we calculated time scales by fragmenting large time scales (as available)
in which the relevant reaction is embedded into a set of smaller time scales. For example, if
node A activates node C via node B (A → B → C), where the time scales for A → C (𝝉𝝉1) and

151

B → C (𝝉𝝉3) are known, the time scale for A → B (𝝉𝝉2) is calculated by considering the difference
𝝉𝝉1-𝝉𝝉3.

As the relative timing of the network edges are obtained from various sources,

heterogeneity in the information pool may significantly influence the accuracy of the model by
introducing some noise into the model results. These differences are possible due to variations
among the sources (plant, animal or human), varietal differences, differences in signalling
systems, whether the reaction is conducted in vitro or in vivo, dosages of reactants used and
experimental conditions. As a consequence of the unavailability of a single data set on
timescales for the ABA system, minimization of noise is considered as the best option that the
model can accommodate. With the aim of minimizing variability, we collected all possible
experimental results for all network reactions and used the mean activation for each edge,
which was found to be in the biological time frame of ABA induced stomatal closure.
Conversely, comparison among various sources surprisingly resulted in the following
favourable observations for many reactions in the model.
1.

Time delays in plant, human and animal systems were comparable on many occasions.

2.

Differences in substrate levels cause differences in the peak level of the product
formation but not the time taken to reach that level. Therefore, we assumed that the half
time will not differ significantly as reactant levels change.

3.

Time delays were consistent between the in vitro and in vivo experiments but we
observed significant differences in other kinetic parameters, such as Kd (dissociation
coefficient), for the two cases.

4.

Experimental conditions (e.g., temperature and pH) were observed to be at
physiologically acceptable levels for plants.
Data within an acceptable range was obtained excluding the extremities and using the

remainder to obtain a representative (mean) value. In this way, all the data available were well
fitted to the time scale of stomatal closure. The best acceptable time delay information is
summarized in Table S1 (refer to the supplementary materials at the end of this chapter).
According to the summarized information in Table S1, time delays in the current system ranges
from milliseconds to min. Using a millisecond scale in the asynchronous modelling update is
expected to be computationally prohibitive. Therefore, we decided to condense the timing data
into smaller analyzable units through creation of categories using a systematic approach. This
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will help avoid too long simulation cycles further reducing random noise. Besides, it is not
expected to explain biological reality with perfect accuracy with this level of abstract
qualitative modelling. Therefore, we coded time delays into a finite series of time intervals
whereby all actual time delays falling into an interval was given the same fixed delay
corresponding to that interval. This will make the model easy to handle with coded discrete
time steps. It is expected that this coding will facilitate the organization and interpretation of
the model. Specifically, coding for the model update is defined in such a way that each 0.5 min
equals 1 time unit (e.g., 0 - 0.5 = 1, 0.5 - 1 =2,…………… 14.5 – 15 = 30). Variability within
30 sec was ignored in the model.

6.1.2 Updating Operator for the Asynchronous Model
In this study, we defined operators for the updating scheme considering the logic gates of
the corresponding nodes.
As an example, let B and C be two regulators of node A in a three node network (Figure
6.2(A)) where either B or C can independently regulate A (interaction of three nodes with a
simple ‘OR’ gate); the updating operator for this case is defined, as in Figure 6.2(C). If, for a
given time step, 𝝉𝝉B < t ≤ 𝝉𝝉C then the state of node A is the same as that of node B. If 𝝉𝝉C < t ≤

𝝉𝝉B then node C defines the state of the node A. However, if t is greater than both 𝝉𝝉B and 𝝉𝝉C,
then the state of node A is defined by the states of either A or B, as given in the corresponding

truth table (Figure 6.2(B)).

Figure 6.2: Updating operator for the ‘OR’ gate. (A) Interaction graph of a three node
network; (B) transition rule and truth table associated with node A; and (C) updating
operator scheme with associated edge time scales 𝝉𝝉B and 𝝉𝝉C
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If two (or more) regulators are needed for the activation of node A (see the truth table in
Figure 6.3(B)); which combines the regulators of A with a simple ‘AND’ gate (A = B and C),
then the updating operator is defined as in Figure 6.3(C). Here, both reactions (B and C) need
to happen to activate node A. So 𝝉𝝉B ≤ t ≥ 𝝉𝝉C, otherwise, node A retains its previous state A(t-1).

Figure 6.3: Updating operator for the ‘AND’ gate. (A) Interaction graph of a three node
network; (B) transition rule and truth table associated with node A; and (C) the updating
operator scheme with associated edge time scales 𝝉𝝉B and 𝝉𝝉C

In this part of the research, we simulated the ABA signalling network with the

asynchronous updating method discussed in the above sections. The network topology,
Boolean transition functions and the assumptions made in simulating the synchronous model
(Section 5.1) are well preserved in the asynchronous model. Specifically, similar to the
synchronous model simulation, the asynchronous model is also simulated for a large number
of initial conditions (20,000) to study the transitions in the state space of the network for
potentially different steady level dynamics. The network was evaluated with longer simulation
cycles of 500 discrete time points as asynchronous attractors are expected to be longer than the
synchronous attractors. The probability of stomatal closure was assessed using the same
formula used in the synchronous model (Eq. 1 in Chapter 5). The following sections discuss
the results of the asynchronous Boolean model and compare them with the synchronous results.
Methodological differences between the asynchronous and synchronous approaches will be
explained, as applicable, in the relevant places. If not specified, the method used in both models
is identical except the updating rules.
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6.2

Stomatal Closure and System Dynamics

In Chapter 5, we discussed the global steady state behaviour of the ABA signalling network
on rapid stomatal closure, the fastest plant adaptive mechanism to drought stress, using a
synchronous Boolean model. The results of the synchronous Boolean model revealed that the
guard cell ABA signal transduction occurs as a well-defined efficient signalling system to
achieve the ultimate goal. The synchronous model simulated on an arbitrary time scale captured
the steady state behaviour of the ABA signalling network, which was observed in the
experimental literature and this agrees well with a previously published mathematical model.
The results were robust on initial conditions of the network but are found liable to change
depending on changing network updating methods. Therefore, the asynchronous approach is
used to identify the effect of changing the updating method on the global steady state behaviour
of the system in order to gain more biologically reliable results. We will recall the results of
the synchronous analysis to compare them with the asynchronous results as needed.
The results of the asynchronous analysis reveal that stomatal closure occurs with ~85%
probability and this is comparable with the synchronous results. Figure 6.4 depicts the progress
of stomatal closure observed in the asynchronous model results. As shown in Figure 6.4, the
fastest closure is observed at the 10th time point (which approximates to a 5 min time period)
and the longest time taken to half close the stomata is 27 time points (~13.5 min). The majority
of stomata (58%) approach steady level closure between 12.5 – 13 min (between the two red
dots in Figure 6.4). According to the experimental literature, the stomata half closes
approximately by 5 - 10 min (Levchenko et al., 2005; Vahisalu et al., 2008) in response to ABA
and our model results (5 – 13 min) agree with the biological evidence.
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Figure 6.4: Progress of stomatal closure over evolution of time
Table 6.1 compares the biological time frame for a few nodal activities occurring in the
ABA signalling system in response to ABA treatment (the biological information shown in
Table 6.1 is not used in deciding edge delays in the network updating method) with the model
results. We observe that many of the available time scales of the system are comparable with
the model results. Minor variations between biology and the model results may be due to the
definition of our class intervals that has concealed the temporal variability of these nodes due
to the negligence of biological variability within 30s intervals. However, the closeness of the
occurrences of many events to the actual ABA processes proves that the timing used in the
study is reasonable.
Table 6.1: Biological activation time (min) of selected nodes of the network from ABA
treatment
Node
Depolarization
SLAC1

Biological time
2 (Levchenko et al., 2005)
5 (t1/2 = 1.5) (Marten et al., 2007)
2 (Levchenko et al., 2005)

Model time (t1/2)
1.5 - 3
3.5 - 12

S1P

2 (Coursol et al., 2003)

1.5 - 2

PYR

0.5 - 1 (Hao et al., 2011)

1

PA

10 (Zhang et al., 2009)
2.5 - 5, 15 - 25 (Jacob et al., 1999)
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3-4

2 (t1/2 = 1) (Trouverie et al., 2008)
30 (t1/2 = 10) (Suhita et al., 2004)
ROS

24 (t1/2 = 6) (Puli & Raghavendra, 2011)

3-8

t1/2 = 5 (ABA 50µM) (Zhang et al., 2009)
10 (t1/2 = 6) (ABA 50µM) (Zhang et al., 2011)
12 (t1/2 = 6) (Gonugunta et al., 2008)
pH

15 (t1/2 = 5) (Suhita et al., 2004)

6

24 (t1/2 = 3) (Puli & Raghavendra, 2011)
10 - 20 (Allen et al., 1999)
Ca2+

1 - 15 (Staxén et al., 1999)

1 - 20

5 (Allen et al., 2002)
PP2C

3.3 (t1/2 = 10s) (Ma et al., 2009)
2.5 (t1/2 = 30s) (Szostkiewicz et al., 2010)

2

30 (t1/2 = 6) (Eun & Lee, 1997)
ACTIN

15 (Lemichez et al., 2001)

7 - 10

t1/2 = 3 (Blume et al., 2012)
KAT1

t1/2 = 8 - 14 (Sutter et al., 2007)

PIP2

P1 - 10s P2 - 3 (Lee et al., 1996)

GORK

t1/2 = 2 (Becker et al., 2003)

4 - 10
2
2-4

Next, we explore the steady state behaviour of the network nodes and the sensitivity of the
network global state to different starting conditions. The results show that majority of the
network nodes (42) stabilizes either in the ‘ON’ or ‘OFF’ state within steady state dynamics.
We observe similar results as in the synchronous Boolean model where the nodes that reach
their steady level with a frozen state are identical in both models. Similarly, the 14 nonstationary nodes found in synchronous steady state dynamics show oscillatory behaviour in the
asynchronous steady state dynamics. Unlike in the frozen nodes, the oscillatory behaviour of
the non-stationary nodes show different state transition frequencies in the two modelling
approaches (details to be discussed in a later section).

6.2.1 Time Evolution of Network Events
Different initial conditions of the system cause behavioural differences in non-stationary
nodes and differences in stabilization time of stationary nodes in the network. Here we attempt
157

to infer the temporal dynamics of the functional sets, as discussed in Chapters 3 and 5, to
describe how each functional event of ABA signal transduction reach their stability to promote
an efficient stomatal closure. Mainly we focus on the initiation of receptor activity, lipid
signalling, ROS production, membrane depolarization, Ca2+ signalling, ion channel activity
and actin rearrangement to understand how delays of occurrence in each event influences each
other.
Figure 6.5 displays the temporal variability in the activity of a set of representative elements
from each major functional event in the ABA signalling system (as mentioned above) in
response to different initial conditions (Figure 6.5 considers four different initial conditions).
These representatives are SnRK2 (receptor activity), S1P and PA (lipid signalling), ROS (ROS
production), depolar (membrane depolarization), Ca2+ (calcium signalling), SLAC1 and
GORK (ion channel activity) and actin (actin rearrangement). Comparison of each node in
Figure 6.5 (A) – (D) confirms that the temporal dynamics of the stationary network nodes,
before the system reaches a steady level, are liable to change with the changing initial
conditions, but stabilizes in the same state after reaching the steady level. Unlike the stationary
nodes, the 14 non-stationary nodes show different dynamics in response to different initial
conditions generating different steady level dynamics in the system (compare the
representative node Ca2+ in Figure 6.5 (A)-(D)); these differences will be discussed under
system attractors in a later section.
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Figure 6.5: Results for some of the important nodes in the model results for changing
starting conditions (A - D represent four different starting conditions)
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In comparing a large number of model outputs (as shown in Figure 6.5), we assess the
temporal variability for the occurrence of each event in the ABA signalling network. We notice
that ABA receptor activation shows the least temporal variability and the fastest activation
within ABA signal transduction. The model confirms that ABA receptor activity releases
SnRK2 from PP2C within the first 3 - 3.5 min of ABA signalling.
Lipid signal transduction in the ABA signalling network is also rapid where S1P production
occurs with a 2 - 2.5 min delay following the ABA signal. S1P production leads to the
production of the major lipid signalling molecule in the network, PA, at 3 - 4.5 min after the
ABA signal and these observations are supported by the experimental literature (Coursol et al.,
2003; Zhang et al., 2004). However, there are some contradictory evidence for transient peaks
of PA production; according to biological experiments, initially these peaks are at 2.5 - 7.5 min
and, later, at 20 - 25 min after ABA treatment (Jacob et al., 1999). Our model supports the
occurrence of the first peak at the correct time but there was no transient activity to produce a
second peak as PA production becomes stationary after 3 - 4.5 min.
Release of SnRK2 (from PP2C) and production of PA, together, support the production of
ROS, a key signalling molecule in the ABA signalling network to modulate both ion channel
activities and actin rearrangement, as discussed in previous chapters. According to our model,
ROS production occurs 3.5 – 8 min after the ABA signal. By this time, the guard cell plasma
membrane has already started to change its voltage properties to a less negative stage
(depolarization) and steady level depolarization was observed in 1.5 – 5 min following the
ABA signal.
Of the three major ion channels (SLAC1, GORK and QUAC) on the plasma membrane,
SLAC1, the main anion channel, initially shows transient activity (see in Figure 6.5 (A) and
(C)) later stabilizing into the active stage around 7 – 12 min. However, SLAC1 activity causes
transient anion discharge from 3.2 – 5 min of the ABA signal. Our model confirmed that QUAC
(the rapidly activating channel) reaches its steady level activity faster than SLAC1. GORK, the
main K+ efflux channel, reaches its steady level at around 6.5 – 7 min of the ABA signal. It
appears that both anion and cation effluxes occur prior to the onset of the structural
rearrangements of guard cells, which stabilize in about 7 – 10 min after the ABA signal.
In many cases, the stomata also oscillate prior to reaching steady level closure in 7.5 – 13
min. Model results further reveal that the two most decisive factors that influence closure time
are SLAC1 and actin rearrangement. Therefore, factors affecting these two nodal activities are
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influential in achieving a faster stomatal closure. We observe that the faster the production of
ROS, the faster SLAC1 and actin reach their steady levels. Therefore, the production time of
ROS in the system is one of the most influential factors deciding stomatal closure at the right
time.
In addition to the stationary nodes, the steady state dynamics of the system are governed
by 14 other non-stationary nodes regulated by [Ca2+]cyt and its regulators. Of all the major
nodes shown in Figure 6.5, Ca2+ appears to have the most variation in its temporal behaviour
according to the starting conditions. Further, it can be noted that the oscillatory pattern of Ca2+
is irregular before stomatal closure and rhythmic oscillations occur after the onset of closure.
Similar to Ca2+, the other 13 nodes, PLC, InSP3, InSP6, NO, cGMP, cADPR, CAX1, ACA,
ATALMT6, CDPK, CaM, CBL and CIPK, also show transient activity throughout the model
simulation. The random and irregular oscillations of all these non-stationary nodes at the
beginning are later transformed into a series of regular oscillations with a specific period after
the onset of closure (results not shown in Figure 6.5). The stationary elements in Figure 6.5 (all
except Ca2+), as well as all the other stationary elements, are oscillatory before stomatal closure
and remain in either ‘ON’ or ‘OFF’ state after reaching steady level dynamics.

6.2.2

Temporal Hierarchy of the System

Based on the model results explained in the section above, we summarized the time scale for
each major event occurring in ABA signal transduction. The temporal placement of each event
on the ABA signalling time scale is shown in Figure 6.6 which highlights the variation in
activation time for the main events occurring in the ABA system demonstrating the temporal
hierarchy among them. Here, we attempt to describe the hierarchy of the ABA signalling flow
to integrate the information across all signalling modules.
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Figure 6.6: Temporal variability observed for the occurrence of major functional events
in ABA signal transduction based on the time frame of their detection in the model output
In a previous chapter we discussed that stomatal closure is a result of ion channel activity
and structural rearrangement of the guard cells in response to the ABA signal. Therefore, the
ABA signalling flow is to achieve these two activities with proper coordination of the
supporting signalling pathways. According to Figure 6.6, the first module activated in the ABA
signalling network is the receptor complex that perceive the drought signal. Figure 6.6 shows
that the receptor complex is activated within the first 3 min of receiving an ABA signal to
initiate the protein signalling network in the guard cells. Model observations further indicate
that the occurrence of membrane depolarization, lipid signalling and ROS production follow
the receptor activation. These three signalling activities are noticed prior to observing steady
level activities of ion channels and structural rearrangements. The occurrence of membrane
depolarization and lipid signalling show lower variability on the ABA signalling time scale
(both activities occur within 0.5 - 3.5 min). It appears that ROS signalling is the most decisive
factor in initiating ion channel activities (ROS production occurs within 3 - 7.5 min). The
activities of the guard cell ion channels stabilize within 3.5 - 12 min of the ABA signal. Actin
rearrangement is next to begin, following a ~3.5 min delay from the ion channel activity
indicating that the guard cells can discharge osmolytes from the cell for a few min duration
without altering its structure.
We identify that the Ca2+ regulatory system functions with the highest variation (Ca2+
increases and oscillations occur between 1 - 12.5 min (before or after the closure) according to
Figure 6.6) in the temporal dynamics space, giving clues that Ca2+ does not have a temporal
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order within this system. The lack of temporal order may be due to the redundancy of the role
of Ca2+ in rapid stomatal closure. The model results also prove that ABA can induce stomatal
closure independent of Ca2+, even without altering the normal probability of closure. It is
surprising that Ca2+ has been the focus as the central hub element in the system, communicating
with almost all the other functional sets, while lacking a temporal order and a primary role to
play in rapid stomatal closure. We highlighted earlier that Ca2+ speeds up stomatal closure. We
can also suspect that Ca2+ may play a buffering role in the system adjusting the signalling or
reaction delays made by other crucial elements thereby minimizing the potential mishaps in
the global system output. All other events has a hierarchical order to follow from the beginning,
based on their significance to the succeeding events. Ion channel regulation also shows a
comparatively large variation but that variation significantly affects the final outcome
indicating its place in the temporal hierarchy of stomatal closure.
As discussed earlier, we identify that the system reaches a limit cycle attractor, as also
observed in the synchronous model. In contrast, however, a comparatively large number of
different steady state dynamics (attractors) are observed in the asynchronous system in
response to different starting conditions. The next section discusses the attractors, attractor
variability and their dominance in determining transitions in the state space, as a result of
asynchronous updating of the ABA signalling.

6.3 Asynchronous Attractors
Similar to synchronous models, asynchronous models can produce three types of attractors:
fixed points (consisting of only one state), simple loops (a limit cycle consisting of a number
of states of length “k” where, the state at time “t” is equal to the state at time “t+k” in the state
space, and all the states within the attractor have only one successor state) and complex loops
(limit cycles consisting of a number of states where each state can have more than one
successor state).
It was reported in the literature that changing the updating scheme may change the number
of attractors and their lengths (Ackermann et al., 2012). Fixed points in a stable system are
stationary but complex cyclic attractors vary with time. Therefore, there is high probability of
observing different attractors between synchronous and asynchronous updating methods. This
does not mean, however, that synchronous and asynchronous attractors are always different.
Existing attractors in the synchronous model may not totally disappear in the asynchronous
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model but they may either stay exactly the same, lose some states or gain extra states. In
general, the asynchronous rules produce lengthy attractors with a large number of transient
states (complex limit cycles) as a result of having multiple successor states for each state.
The asynchronous Boolean model for the ABA signalling system results in limit cycle
attractors comprising the dynamics of 14 non-stationary nodes (Ca2+, PLC, InSP3, InSP6, NO,
cGMP, cADPR, CAX1, ACA, ATALMT6, CDPK, CaM, CBL and CIPK) and 42 stationary
nodes of the network. As mentioned previously, the states of the frozen nodes and the number
of oscillatory nodes are the same as in the synchronous model. The long-lasting oscillatory
behaviour observed in the active nodes is the only difference between the two approaches. Both
models supported that Ca2+ regulatory elements govern the stable oscillatory status of the
system while all other nodes are frozen in their stable states.
The dynamic part of the system evolves all the attractors through 21 state transitions, which
are repeatedly visited over the time evolution of the network. The synchronous attractors had
only 7 state transitions. In contrast to the 8 attractors in the synchronous model, the
asynchronous model produces a large number of different attractors (~80) as a result of
simulating the asynchronous model for a large number of starting conditions (20,000). There
may be many more attractors but an exhaustive approach is computationally intensive with
large networks. Unlike in the synchronous model, the asynchronous model results attractors
with different probabilities. We suspect that these variations are primarily caused by the noise
introduced by the associated time delays extracted from various sources and the unknown
initial conditions of the three stationary nodes (ABH1, ERA1 and MRP5) discussed in Chapter
5.

6.3.1 Comparison of Asynchronous and Synchronous Attractors
The most prominent asynchronous attractors display some generic properties of the
synchronous attractors with respect to the pattern of oscillations in the dynamic nodes, as
shown in Figure 6.7. Figure 6.7 compares the dynamics part of the two most frequent attractors
of the asynchronous model with the corresponding attractors of the synchronous update. The
difference between the top panel and bottom panel of Figure 6.7 is the behavioural difference
made by one non-stationary node, InSP6, based on the availability of its regulator, MRP5 (high
affinity InSP6 transporter), that accelerates the depletion of InSP6 from the system, thus
terminating the InSP6 pathway (we discussed this issue in detail in Chapter 5).
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According to Figure 6.7 one commonality between the attractors of the two models
(asynchronous and synchronous) is the occurrence of one consecutive active (or inactive)
period followed by a consecutive inactive (or active) period in a repeating pattern (follow the
green and red dots for the individual elements in Figure 6.7). Another commonality is that
these attractors are simple limit cycles having one successive state in each state transition.
However, the attractor lengths and states are significantly different between the two models.
As shown in Figure 6.7, the asynchronous attractors are three times as long as the synchronous
attractors with only one shared state vector observed between them (see red arrows in Figure
6.7).

All other asynchronous attractors do not produce any common features with the

synchronous attractors. Therefore, we can conclude that changes to the ABA signalling
network updating method has generated a set of new attractors with a significantly large
number of transient states unshared by the synchronous attractors.
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Figure 6.7: Comparison of asynchronous attractors with synchronous attractors. (A)
Dynamic nodes of the synchronous attractors; and (B) dynamic nodes of the
corresponding asynchronous attractors (top panel: InSP6 is stationary (MRP5=1), bottom
panel: InSP6 is non-stationary (MRP5=0)). Each column with coloured circles represents
one state within the attractor. Green indicates active state of nodes and red indicates
inactive nodes

6.3.2

Attractor Dominance in the Asynchronous State Space

We evaluated the asynchronous attractors of the ABA system to understand their
dominance in the state space and to find biologically reliable attractors. As observed, all
attractors are a result of different state transition behaviours of the 14 non-stationary Ca2+
regulated nodes in response to different initial conditions.
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The states of the stationary nodes within each attractor are found to be robust on changing
the initial states as well as between attractors, except for three nodes (MRP5, ERA1 and ABH1)
and the three nodes regulated by them (ROP11, InSP6 and SLAC1). MRP5, ERA1 and ABH1
stay in the initial state throughout the model simulation as a result of no incoming regulations,
thereby providing different combinations of states that produce different attractors. We
discussed the effect of these three nodes on network behaviour in detail in Chapter 5. The
influence of these three nodes appear common to both modelling approaches; hence, they are
not repeated in this discussion. Apart from minor differences created by MRP5, ERA1 and
ABH1, the majority of stationary nodes remain in the same stable state within each attractor in
both models. We identified that each attractor is defined by a unique pattern of oscillatory
behaviour in its non-stationary nodes. In fact all non-stationary nodes, except InSP6, share this
commonality.
Ca2+ transients have been reported in the experimental literature but the oscillatory
behaviour of other non-stationary nodes has not yet been reported. Therefore, we evaluated the
Ca2+ transients observed in different attractors to compare them for biological reliability.
Therefore, from here onwards, we describe the attractor features with respect to behavioural
differences of the Ca2+ node.
Of all (~80) attractors observed in the asynchronous system, attractors with four
distinguishing Ca2+ oscillatory behaviours occupied ~50% of the total state space. Four
different patterns of Ca2+ oscillations observed in these attractors are depicted in Figure 6.8
with the corresponding attractor probability. Figure 6.8(A) shows the most common Ca2+
oscillatory behaviour observed in asynchronous attractors in the ABA signalling system having
the highest probability of recurrence (over 24%). The attractors with second most frequent Ca2+
oscillatory behaviour (Figure 6.8(B)) occupies ~14% of the total state space whereas the two
Ca2+ oscillatory behaviours shown in Figure 6.8(C-D) are found less frequently; each occupies
9% of total state space. The rest of the attractors are not common and were less frequently
found with 0.1-3% probability for each and therefore are not considered in the study.
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Figure 6.8: Pattern of Ca2+ oscillations in the four most common attractors found in the
asynchronous system. The corresponding probabilities are: (A) 0.24, (B) 0.14, (C) 0.09
and (D) 0.09
As shown in Figure 6.8, only attractor 1 (Figure 6.8(A)) and attractor 4 (Figure 6.8(D))
produce equal, or nearly equal, sizes of Ca2+ spikes at regular intervals. In other words, the
most prominent attractor found in the system shows Ca2+ peaks with transient durations
(duration of Ca2+ spikes) of 3.5 min and one cycle lasts for nearly a 10 min period. The fourth
attractor (Figure 6.8(D)) generates Ca2+ peaks with transient durations of 1.5 – 2 min and one
cycle lasts for nearly a 5 min period. The other two attractors (Figure 6.8 (B-C)) generate
synchronous oscillatory behaviour but the frequency of Ca2+ spikes are not consistent within a
cycle. It appears that the most common attractor corresponds to the reported biological kinetics
where ABA induced [Ca2+]cyt oscillations in guard cells are of a 10 min period with 3 - 5 min
transition duration (Allen et al., 1999). Figure 6.9 depicts a detailed view of the transient
frequencies of [Ca2+]cyt generated by the most common attractor (attractor 1). It can be seen in
Figure 6.9 that one Ca2+ spike lasts for 7 time units (3.5 min) and the length of an oscillatory
cycle lasts for 21 time units (10.5 min). With these results, we can conclude that attractor 1 is
the biologically most reliable attractor found in the asynchronous Boolean model. The intial
conditions producing this attractor may contain the most representative initial conditions for
the ABA system.
The attractor that is identified as more common and biologically reliable follows shorter
paths in its transition trajectories (Hamming distance =1.3). It appears that even in the absence
of protein synthesis or time consuming events, all rapid events within the attractor in the ABA
signalling system follow a hierarchical temporal order represented by changing one node state
at each transition evolution.
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Figure 6.9: Oscillatory behaviour of [Ca2+]cyt in the most frequent asynchronous attractor
of the ABA signalling system
Next, we evaluated the system to find when the system generates attractors. In many cases
in the synchronous update the onset of closure and convergence to the attractor coincide.
However in the asynchronous update, the system converges to the attractor after the onset of
closure. For example, as shown in Figure 6.10, the onset of closure occurs at the 25th time step,
whereas the attractor behaviour starts at the 36th time step.
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Figure 6.10: Stomatal closure (A) and onset of the attractor (B)
This raises the question as to why the attractors are needed after the closure. Is it just a
result of the stabilization of all network nodes or does the system require oscillatory behaviour
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during the steady state of stomatal closure? Biologically, if the ABA system does not need any
signalling communication after the onset of closure, the steady state dynamics of the system
should be a fixed point attractor; otherwise, oscillatory behaviour should be assigned some
important role to play during the steady state.

6.3.3 Potential Role of Attractors in Steady State Dynamics of
ABA Signalling System
The observation that the attractor appears after stomatal closure supports the notion that
there are two phases in ABA induced stomatal closure. The first phase induces rapid closure
of the stomata and the second phase maintains the closure while inhibiting the reopening of the
stomata. This hypothesis was supported by the experimental literature on ABA signalling,
which defined: “Short term ‘calcium-reactive’ closure that occurred rapidly when [Ca2+]cyt
was elevated, and ‘calcium programmed’ long-term steady-state closure that occurred with
[Ca2+]cyt oscillations with a defined range of frequency, transient number, duration and
amplitude” (Allen et al., 2001). Supporting this, Ca2+ oscillations in the ABA signalling system
have been frequently observed in experimental studies (Allen et al., 2001; Evans et al., 2001;
Staxén et al., 1999).
According to the above biological hypothesis, it is possible that the role of attractors is
required for the second phase (maintenance of closure) to keep the stomata closed without
reopening whereas the induction of closure has no relationship with the attractor. In a previous
chapter we discussed the necessity of maintaining closure because stomata are liable to open
during daytime, depending on the availability of favourable abiotic signals, such as blue light.
However, this cannot be tested with our model as it has not specifically incorporated the
relevant pathways that control the inhibition of stomatal reopening. However, we shed some
light on the potential role of attractors in the ABA system considering the available biological
facts, as discussed below.
In general, down regulation of the plasma membrane K+ inward channels and H+-ATPase
are important requirements for ABA induced inhibition of stomatal reopening in order to
maintain the steady closure state. This is because the plasma membrane H+-ATPase (AHA)
that is activated by a sunlight-induced pathway establishes a negative voltage potential in the
guard cell plasma membrane which, in turn, facilitates the opening of the voltage sensitive
plasma membrane K+ inward channels, leading to stomata reopening. K+ is the major osmolyte
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that directs the flow of water into, or out of, the guard cells. Therefore, the direction of the net
flux of K+ decides the opening or closing of stomata; hence, down regulation of K+ influxes
appears essential.
There are five voltage-gated (hyperpolarization activated) inward K+ channels,
predominantly KAT1 and KAT2 and, to a lesser extent, AKT1, AKT2/3 and AtKC1 that are
expressed in guard cells. Only KAT1 features in our model but the others are mentioned here
for the sake of completeness, and for pointing to the potential role of an attractors in down
regulating them. Of them, AKT2/3 and AtKC1 show special characteristics, such that they are
not capable of being a channel by themselves but can modify the gating properties of other K+
inward channels by co-assembling with them, resulting in homomeric or heteromeric channels
that are subject to post-translational modification; thereby shifting their activation potential to
a more positive voltage (Riedelsberger et al., 2010). Therefore, there is a chance that K+ inward
channels are active in the membrane depolarized state if there are active AtKC1 or AKT2/3 in
the system.
We note that even during the rapid stomatal closure phase, there are mechanisms to down
regulate the plasma membrane AHA; hence, there is very little chance to re-establish a negative
potential required for the regular K+ inward channel opening (KAT1 and KAT2). However,
since deregulation of AHA is Ca2+ dependent, we can argue that Ca2+ signalling is required to
keep AHA under inhibition as it is sensitive to activation in response to sunlight. If K+ inward
channels tend to open during the closure maintenance phase, there should be some other
mechanisms that are influential in reopening of K+ inward channels with altered gated
properties (at depolarized potentials).
The recent experimental literature conferred that the Ca2+ regulated CBL-CIPK complex
activates AKT1 and AKT2 channels (Hashimoto et al., 2012) but these regulatory mechanisms
are not fully investigated. Accordingly, we can assume that CBL-CIPK induces AKT1 channel
activity and production of the AKT2 subunit, the latter to modify the gating properties of other
K+ inward channels (predominantly KAT1 and KAT2), to cause them (KAT1 and KAT2
channels) activated at depolarized plasma membrane voltages. Co-expression of multiple K+
in channels (KAT1, KAT2 and AKT1) potentially activated by the above mechanisms, result
in functional redundancy of individual channels; hence, knocking out one channel may not
have significant effect on stomatal action (Szyroki et al., 2001). Therefore, investigation of the
role of the ABA signalling attractor in relation to inward K+ channel regulation needs proper
incorporation of pathways regulating these K+ channels into the model.
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It is known in the literature that the guard cell major K+ inward channel KAT1 is inhibited
by two protein kinases (SnRK2 and CDPK) and CDPK regulation of KAT1 is Ca2+ dependent.
Therefore, Ca2+ induced down regulation of KAT1 by CDPK has functional redundancy in the
ABA signalling system, as active SnRK2 is available in the system. Therefore, the role of the
attractor may not be in the down regulation of KAT1. When KAT1 is not active, the second
prominent K+ inward channels, KAT2, can be functionally dominant in the system. According
to a study undertaken by Acharya et al in 2013, there is no physical interaction between SnRK2
and KAT2 (Acharya et al., 2013), hence, regulation of inward K+ channels by SnRK2 needs
further investigation. Therefore, we can assume that the role of the attractor may link to the
regulation of KAT2 or other existing K+ in channels (e.g., AKT1). To date, there is no
convincing hypothesis on the importance of Ca2+ oscillation (attractor) to the ABA signalling
pathway but it is beyond our objectives to study the attractor importance with this Boolean
model. However, we investigated the ABA signalling network to understand how attractors are
formed and maintained within the system. We studied the attractors in terms of Ca2+
oscillations, as they govern the behaviour of the rest of the dynamic nodes, to generate some
insights into the generation of oscillatory behaviour of Ca2+ in the system.

6.3.4

Sensitivity of Attractors to Feedback Regulatory Loops
Connected to Ca2+

A system more likely tends to oscillate when there is a delay in balancing a feedback loop
(Meadows, 2008) which can be due to signal perception, response, or reaction delays. We
understood that the attractor of the ABA signalling network is also a result of several feedback
regulatory loops connected with [Ca2+]cyt in different spatial and temporal scales, ultimately
leading the system to oscillate. Therefore, we studied the sensitivity of the attractor to feedback
regulatory loops connected to [Ca2+]cyt and their signal transduction, that usually involves
response and reaction delays. We investigated the regulators of Ca2+ influxes and effluxes
(these are the feedback regulatory loops) to study how influential they are to generate and
maintain the global behaviour of the ABA system.

6.3.4.1

Sensitivity of the Attractor to Ca2+ Influxes

According to the results of the network analysis, there are four regulators responsible for
enhancing [Ca2+]cyt in response to an ABA signal (Ica, InSP6, cADPR and Icas). Of these four
influxes, two influxes, Ica and Icas (hyperpolarization activated plasma membrane Ca2+
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channel and stretch activated plasma membrane Ca2+ channel, respectively), show stationary
behaviour in the attractors. The network results revealed that the plasma membrane
hyperpolarization activated Ca2+ channel (Ica) initially shows transient activity to elevate the
cytoplasmic Ca2+ concentration but ceases the activity once the plasma membrane becomes
depolarized. Therefore, it appears that Ica does not contribute to the steady state oscillations of
the system. It was shown in the literature that Ica currents are prominent at membrane potentials
less than -100mV (hyperpolarized) (Hamilton et al., 2000; Murata et al., 2001). In contrast, the
plasma membrane stretch activated Ca2+ channels (Icas) that are triggered by actin
rearrangement stabilize in their active state during the steady state dynamics of the system;
hence, positively and continuously contributing to the attractors, although they are not a part
of the set of non-stationary nodes determining the attractor.
The other two influxes, InSP6 and cADPR, are part of the dynamic attractor where both
are connected to Ca2+ through two positive feedback loops. These two feedback loops comprise
seven non-stationary nodes, as follows: Ca2+ → PLC → InSP3 → InSP6 → Ca2+ and Ca2+ →
NO → cGMP → cADPR → Ca2+. Our model proposes that the cytoplasmic InSP6 level decays
to the basal level with the time progression as a result of being transported into the vacuole by
MRP5 available in the system. The decayed level of [Ca2+]cyt induced by InSPs in the cytoplasm
within 5 - 10 min has been shown by Leckie et.al (1998) suggesting cADPR as the main
contributor to releasing [Ca2+]cyt from internal organelles.
It appears that the presence of InSP6 within the attractor is uncertain as it depends on the
availability of MRP5 in the system. Besides, our model supports the fact that the system can
generate identical oscillatory behaviour for Ca2+ with or without InSP6 in the system. In other
words, the ABA system can maintain steady level dynamics regardless of the presence or
absence of InSP6 in the system. Conversely, the model generates consistent transient activity
of cADPR in the system even before and after reaching steady level dynamics. When
considering all four regulators as explained above, we can deduce that the two regulators, InSP6
and Ica, are only responsible for initiating the [Ca2+]cyt flow into the cytoplasm. The remaining
Ca2+ regulators, cADPR and Icas, therefore, appear to be the main contributors to the system
attractor to generate a steady level Ca2+ dynamics.
In this section, we evaluated the influence of cADPR and Icas on the system attractor
assuming that no InSP6 is available in the system. In other words, the attractor has no
contribution from InSP6 to define Ca2+ oscillations as MRP5=1 in the system. We removed
one Ca2+ regulator from the system at a time to evaluate the attractor for the steady level Ca2+
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dynamics. We will evaluate the effect of InSP6 for the amplitude changes of Ca2+ spikes in the
next chapter with a continuous model because the Boolean approach cannot capture such
details of the attractor with a binary output. Results showing the effect of cADPR and Icas on
the steady level Ca2+ dynamics are depicted in Figure 6.11.
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Figure 6.11: Changes to attractor (Ca2+ oscillations) in response to varying combinations
of two potential Ca2+ influxes. Ca2+ oscillations generated by: (A) both cADPR and Icas;
(B) Icas alone (cADPR is removed); (C) cADPR alone (Icas is removed); and (D) both
cADPR and Icas are removed in the system
According to Figure 6.11, the WT system (with both cADPR and Icas present) shows a
gradual development of Ca2+ oscillations into a stable pattern (Figure 6.11(A)), which is
comparable with the biological findings. First, we removed the feedback regulatory loop
connection between Ca2+ and cADPR by keeping cADPR in the ‘OFF’ state during model
simulation. It was noted in Figure 6.10(B) that when cADPR was perturbed in the system, there
are regular Ca2+ spikes but they are initiated with some delay. It appears that removal of cADPR
regulation from the system upsets the original attractor but the system still produces a different
attractor that is different from what has been observed in the experimental literature. In
contrast, for some starting conditions with attractor 1, the removal of cADPR does not disturb
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the frequency or transient durations of Ca2+ oscillations observed in the original attractor
(results not shown). This raises the question as to whether the system original attractor (with
respect to the behaviour of the Ca2+ node) can survive without cADPR.
According to the experimental literature, cADPR is one of the main contributors to the
cytosolic Ca2+ increase (54% of total); hence, we cannot exclude cADPR from the system.
Therefore, we can assume that there may be changes to the amplitude of Ca2+ peaks as a result
of removing cADPR from the system, which we cannot observe in a Boolean model. In the
next chapter we will discuss more about the frequency and magnitude changes of oscillatory
nodes in response to varied combinations of regulators to better understand their importance.
However, as shown in Figure 6.11(B), some of the model results support the importance of
cADPR to maintain the original oscillatory behaviour. The difference between Figure 6.11(A)
and (B) confirms that cADPR acts as a balancing feedback regulatory loop in the system in
some situations where delay, or absence, of getting the feedback from cADPR changes the
balance of the system producing disturbed and irregular oscillatory behaviour.
Removal of the feedback from Icas results in a drastic reduction of Ca2+ currents in the
system (Figure 6.11(C)). This proves that elimination of a steady level supply of Ca2+ does not
disturb the rhythm of the oscillation but the duration of Ca2+ spikes. The system is unable to
maintain Ca2+ oscillations when both Icas and cADPR are removed. Figure 6.11(D) confirms
that limit cycle attractors are destroyed by removing both cADPR and Icas regulation of
[Ca2+]cyt, and the system reaches a fixed point attractor. The effects of fixed point attractors on
steady state closure cannot be tested by our model but the model highlights the importance of
both cADPR and Icas for the maintenance of long-lasting symmetric Ca2+ oscillations.

6.3.4.2

Sensitivity of Attractor to Ca2+ Effluxes

In this section, we evaluated the two feedback regulatory loops that are negatively
connected with [Ca2+]cyt (Ca2+ effluxes) to study the effect of the removal of them on the
attractor behaviour. These two negative regulators, CAX1 and Ca2+-ATPase, transport Ca2+
from the guard cell cytosol.
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Figure 6.12: Changes of attractor (Ca2+ oscillations) in response to removal of negative
feedback loops connected to Ca2+ (effluxes) when: (A) both CAX1 and Ca2+ -ATPase are
available (WT system); (B) CAX1 is removed in the system; (C) Ca2+-ATPase is removed
in the system; and (D) both CAX1 and Ca2+ -ATPase are removed in the system
Figure 6.12 compares the changes observed in the original attractor (Figure 6.12 (A)) in
response to the removal of CAX1 and Ca2+-ATPase, individually (Figure 6.12 (B-C)) and
together (Figure 6.12 (D)). The results confirmed that both CAX1 and Ca2+-ATPase are needed
to maintain the characteristics of the original attractor of the system. Removal of either CAX1
or Ca2+-ATPase from the system alters both the frequency and magnitude of the Ca2+ transients
(compare Figure 6.12(B - C) with (A)). Specifically, when Ca2+-ATPase is removed from the
system (Figure 6.12 (C)), we observed that the Ca2+ transients appear as a plateau for a
considerably longer period than those observed in WT. When CAX1 is removed from the
system (Figure 6.12 (B)), we observed that the Ca2+ transients appear more frequently with
shorter periods than that observed in WT. When both feedback loops are removed, the system
reaches a fixed point attractor, in which all the remaining dynamic nodes (in the original
attractor) are stabilized in their active steady states. In the biological literature, a study
conducted with different Ca2+ oscillation frequencies, to study their effect on steady state
closure, confirmed that a [Ca2+]cyt oscillation period of 10 min is required for optimal stomatal
closure whereas reduced stomatal closure was observed for longer or shorter periods of
[Ca2+]cyt oscillations (Allen et al., 2001). Biological findings and the results shown in Figures
6.11 and 6.12 revealed that different delays in responding to Ca2+ by the above mentioned
positive and negative feedback loops have defined the parameters of [Ca2+]cyt oscillations and,
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therefore, the system attractors. Therefore, a disturbance to any of the feedback regulatory
loops discussed above will drive the system through a set of infrequent attractors that are not
biologically beneficial to the system performance. Without knowing the requirement or role of
the attractors in the ABA signalling system properly, we cannot determine the influence of
perturbation derived attractors on the system performance. Therefore, a comprehensive
modelling approach is needed to define Ca2+ decoding and closure maintenance to study the
requirement of Ca2+ oscillations with defined frequency, magnitude and duration.
Until now, we have discussed the steady state dynamics of the ABA signalling network as
observed by our asynchronous Boolean model. We highlighted how stomata close following a
series of hierarchical temporal events. Further, we have discussed the properties of steady state
dynamics based on the system attractors. The discussion emphasized how system dynamics are
generated and maintained and why such behaviour is needed for the ABA signalling system.
Accordingly, we discovered that the system dynamics are governed by [Ca2+]cyt oscillations
and regulatory feedback loops connected to Ca2+. We noticed that Ca2+ elevations do occur
before, and after, the onset of stomatal closure but rhythmic oscillations can only be seen after
the closure, signifying the steady state dynamics (attractors) of the system. Based on the
literature, we explained the potential benefits of rhythmic Ca2+ oscillations to maintain the
stomatal closure until needed. However, we could not properly define how Ca2+ signalling, the
central hub of the system, is important in ABA signal transduction. In fact, ABA induced Ca2+
signalling has become one of the key foci in the ABA signalling research field and is still
holding several unresolved hypotheses about its role in this signalling network. Therefore, we
further attempted to understand how Ca2+ communicates with other signalling molecules and
what benefits the system gains by keeping Ca2+ as the network hub. Therefore, the following
discussion attempts to generate some insights into the importance of Ca2+ to ABA induced
stomatal closure.

6.4

Importance of Ca2+ Regulation to the System

In Chapter 5, the synchronous Boolean analysis of the network confirmed that ABA
induced stomatal closure occurs independent of Ca2+ oscillations but the elevation of Ca2+ in
the system accelerates the closure. Further, the asynchronous model confirmed that the guard
cells have a Ca2+ independent pathway for ABA induced stomatal closure. We simulated the
model and evaluated the system for the probability of closure with, and without, Ca2+ in the
system. The model results confirmed that Ca2+ elevation is not required for the induction of
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closure, as the probability of closure remains the same in both systems (Ca2+ dependent and
independent). Further, we observed that some of the model stomata do not produce Ca2+
elevations before the system reaches the attractors. Both observations suggest that there is a
Ca2+ independent pathway to initiate stomatal closure. In 1997, Blatt and Grabov reported that
Ca2+ elevations were not observed in some of the guard cells treated with ABA in their study
(Blatt & Grabov, 1997) supporting the fact that Ca2+ elevation is not needed for stomatal
closure. Our model observations are further supported by the experimental literature proving
that the inhibition of Ca2+ elevation in guard cells has no effect on the occurrence of
downstream events, such as ion channel regulation (Levchenko et al., 2005; Romano et al.,
2000). Moreover, Allan et al. (1994) suggested that there may be two transduction routes for
ABA induced stomatal closure where activation of either pathway is sufficient to induce
stomatal closure (Allan et al., 1994). However, simulation of the model for a large number of
starting conditions without an ABA signal confirmed that the system cannot generate Ca2+
oscillations indicating that ABA signal produces [Ca2+]cyt oscillations as it may have some role
to play in stomatal closure. Since our model does not include the signalling pathways involved
in inhibition of stomata reopening, in detail, to combine them with stomatal closure
maintenance, it cannot produce results to show the significance of the Ca2+ regulatory system
to the second phase of stomatal closure. However, since Ca2+ elevation occurs even during the
first phase of stomatal closure, the following hypotheses were evaluated to identify the
importance of the Ca2+ signature to the rapid stomatal closure.

6.4.1 Does Ca2+ Accelerate Stomatal Closure?
Similar to the synchronous analysis, we compared the timing of stomatal closure for Ca2+
dependent and independent systems. A comparison was undertaken between the time taken to
close the stomata by the two systems in response to a given set of initial conditions (1000 trials
used here). The initial conditions used in the simulation are identical for both systems. Figure
6.13 depicts the results of our model supporting acceleration of stomatal closure by elevated
Ca2+ in the guard cell cytoplasm. Figure 6.13(A) shows the fraction of stomata (of 1000) closed
with time in the Ca2+ dependent (green line) and independent (red line) systems. In both
systems, 100% of the stomata close by the 27th time step. There is no much difference observed
in the probability of closure in the initial steps (10 - 18 time steps). The insignificance of Ca2+
in these initial time steps may be because the random starting conditions that produced the
fastest closure even without Ca2+ may already have everything needed to close stomata. The
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difference in the closure probabilities between the two systems are clearer, however, from the
19th to the 25th time steps. These starting conditions are probably still quite favourable for the
Ca2+ accelerating the closure. Similar to the initial steps, there was little difference observed in
the probability of closure in the 26 - 27th time steps. These starting conditions are such that the
system has to work all the way from the beginning, producing everything needed to close the
stomata. In total, it is only 20% of the total stomata that get accelerated in response to Ca2+
elevations. We then compared the degree of acceleration of the response time in terms of the
time differences observed between the two systems with the Mann-Whitney U test
(nonparametric version of the paired t-test), which indicated that the differences between these
pairs are statistically significant with

a 0.02 probability. This confirmed that the Ca2+

oscillations in the system accelerate stomatal closure.
Figure 6.13(B) shows the degree of acceleration (measured in time steps) observed in
stomata in the Ca2+ dependent system compared to the Ca2+ independent system. The results
identified that the Ca2+ dependent system closes stomata earlier by 1 - 10 time steps that is
equivalant to 0.5 - 5 min. However, of the 20% stomata that experienced an accelerated closure
with Ca2+, ~6% achieves just 1 time step faster closure than the Ca2+ independent system. The
probability of acceleration drops substantially with the degree of acceleration such that very
few (< 1%) of these Ca2+ responsive stomata show accelerations over 10 time steps. However,
even if there has been a slight acceleration in terms of stomatal responsiveness, that may still
have significant benefits to the guard cells under actual drought conditions. As observed in the
reaction delays associated with ABA induced stomatal closure, we can assume that there can
be molecules that can negatively act on the global responsiveness of the system within a
fraction of a second. Accordingly, even the slightest acceleration of the stomatal closure can
have a substantial advantage to the system.
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Figure 6.13: Acceleration of stomatal closure by Ca2+ oscillations: (A) Probability of
closure achieved with time; (B) degree of acceleration (by time steps) and associated
probabilities; (C) acceleration of stomatal closure in a WT system compared to a Ca2+
independent system for a given starting condition (for simulation example 1); and (D)
acceleration of stomatal closure by stabilizing the steady state in a WT system compared
to a Ca2+ independent system for a given starting condition (for simulation example 2)
As identified earlier, this acceleration of stomatal closure is accompanied by an
enhancement of the activity of SLAC1 and actin rearrangement. The activation time for both
SLAC1 and actin rearrangement is significantly lower in the Ca2+ dependent system (with
<0.001 probability for the significance). Figure 6.13(C) depicts a sample stomata that has
achieved a faster stomatal response through Ca2+ dependency. Accordingly, the respective
stomata in Figure 6.13(C) closes 0.5 min (1 step) earlier when Ca2+ is elevated in the system
before the system reaches the attractor. In some situations, the acceleration is not in a single
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step, as shown in Figure 6.13(C) (top image) but the stomata tend to oscillate before achieving
the steady state closure. Figure 6.13(D) compares how Ca2+ stabilizes the stomatal behaviour
by minimizing the fluctuations and thereby reaching the steady state faster. These results help
us conclude that with the elevated Ca2+ levels in the system during ABA signal transduction,
the system can achieve improved rapidity and steadiness in stomatal responsiveness.

Does Ca2+ Resist Sudden shocks?

6.4.2

The second hypothesis was to check whether [Ca2+]cyt can act as a balancing loop to resist
sudden system changes. A balancing loop tends to bring a phenomenon into balance or
stability. In evaluating the system performance with perturbations to essential elements, we
studied whether the redundancy of Ca2+ signalling is essential to the ABA network. First, we
generated a perturbed system that experiences a delay in getting a continous ABA signal. This
was carried out initially, by providing the ABA signal as a series of pulses, each accompanied
by a fixed delay and re-establishing it into a continous signal after 10 min. When the ABA
signal was set as pulses to the system, Ca2+ tends to stabilize the stomatal oscillations
minimizing the fluctuations and, thereby, reducing the potential damage to stomata. Figure
6.14 shows the system behaviour with a pulsed ABA signal in the WT system (in blue) and in
a Ca2+ perturbed system (in red). It clearly shows that Ca2+ minimizes the effect of short term
stomatal oscillations by acting as a balancing loop.
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Figure 6.14: The ABA signal was initially provided as a pulse with a 1 min delay between
each pulse. Stomatal closure in the WT system (blue) and the Ca2+ perturbed system (red)
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It is not only buffering the system against any delays in getting an ABA signal that Ca2+
achieves in the system; Ca2+ may also enhance the system performance when some important
functional events of the system are disturbed. The importance of balancing activities of Ca2+
oscillations to the system was further evaluated by observing the system performance in the
WT and Ca2+ independent systems in response to perturbations to the subsystems identified in
Chapter 3. Our results found that disturbances to the receptor complex, major ion channels
(SLAC1 and GORK), polarization of the membrane, actin rearrangement and ROS production
make the stomata insensitive to ABA regardless of whether Ca2+ is present in the system or
not. Therefore, we can conclude that the redundancy of Ca2+ is of no importance to the system
when the hubs of each major functional set (SLAC1, depolarization, ROS etc,) are damaged.
However, Ca2+ has an important role in supporting their regulation in the absence of upstream
regulatory elements or functional links.
The most significant effect was observed in the disturbed sphingolipid pathway. Figure

Stomatal Closure (Ca2+
dependent with no S1P)

Stomatal Closure (Ca2+
independent with no S1P)

6.15 shows how two systems performed when sphingolipds (S1P) are knocked out.
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Figure 6.15: Importance of Ca2+ redundancy to the system when the lipid signalling
pathway is altered. (A) Stomatal closure induced by ABA in a Ca2+ and S1P perturbed
system; and (B) stomatal closure induced by ABA in the S1P perturbed system for a given
initial condition
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As shown in Figure 6.15, the Ca2+ dependent system repeatedly attempts to reach stomatal
closure by evoking Ca2+ dependent pathways (Figure 6.15(B)). In contrast, stomatal closure is
inconsistent throughout the period of simulation when Ca2+ is not available in the system
(Figure 6.15(A)). Similar behaviour was observed in response to the perturbations to QUAC
(malate transport channel) where Ca2+ promotes stomatal closure through regulation of the
vacuolar malate transport channels (e.g., ATALMT6). Ca2+ also attempts to recover stomatal
closure when the ROS producing and regulating enzymes, as well as PA, are perturbed; thus,
recovery is facilitated through modulation of SLAC1 (via MAPK) and actin. Considering all
these cases, it can be concluded that the redundancy of Ca2+ signalling is essential to the ABA
signalling pathway.

6.4.3 Can Ca2+ Take up the Role of ABA to close the Stomata at a
Later Time Point?
No biological system produces something that consumes energy but is not necessary for its
regulation. The literature suggests that ABA enhances the sensitivity of Ca2+ interacting
proteins to Ca2+ so those proteins can function even under the normal cytosolic level of Ca2+.
From a modelling perspective, this is similar to the situataion where Ca2+ is turned ‘ON’ after
some time steps and is kept in the ‘ON’ state throughout the rest of the simulation. Therefore,
we analysed the system behaviour by keeping Ca2+ in the ‘ON’ state and ABA in the ‘OFF’
state after some time to see whether ABA can hand over the system regulation to Ca2+.
If the system can function independently from ABA to close the stomata, Ca2+ should take
up the principal roles of ABA to continue both osmoregulation and structural rearrangement.
The results revealed that Ca2+ does indeed take up the role of the ABA receptor to inhibit PP2C
through the production of PA and ROS (inhibitors of PP2C), thereby activating SnRK2, one of
the principlal regulators released by ABA to induce osmoregulation in the system. In addition,
Ca2+ activated CDPK can also act as a functional homologue of SnRK2 that induces ROS
production and SLAC1 activation, supporting osmoregulation. As a result, osmoregulation of
the guard cell can be continued without continous ABA signal.
In contrast to osmoregulation, the structural rearrangement is found disturbed due to a lack
of knowledge about the mode of actions of actin regulatory proteins. According to our model,
actin disassembly is a cooperative effect of several actin regulatory proteins (SCAB1, ARP2/3,
ABPs and ATRAC1, as in Figure 4.8). Of these proteins, ARP2/3, ABPs and ATRAC1 can be
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regulated through Ca2+ dependent pathways. Conversely, Ca2+ could not activate SCAB1, a
protein that was found essential for structural rearrangements, due to the direct regulatory
connection between SCAB1 and ABA, where the details of the regulatory mechanism between
these two molecules are not yet known. However, the experimental literature suggests that
SCAB1 is potentially regulated by inositol phosphates (InSP3/InSP6) (Zhang et al., 2012) in
guard cells. Production of InSP3/InSP6 strongly depends on the hydrolysis of PIP2 by the
enzyme PLC. However, the ABA induced PLC regulatory mechanism in guard cells is not
clearly understood but the activity is reported to be strongly dependent on Ca2+. Therefore, we
considered that both ABA and Ca2+ are needed for PLC regulation in our model, which was
adopted from the existing Boolean model of ABA signalling (Li et al., 2006)b. However, if we
can assume that ABA induced regulation of PLC is through GPA1, as evidenced in the Gprotein signalling pathway in plants (Apone et al., 2003), Ca2+ alone can stimulate stomatal
closure because GPA1 can be activated as an effector of Ca2+. According to our results, Ca2+
alone can induce stomatal closure even without ABA, but only if it can activate PLC enzyme
without the involvement of ABA, as proposed. If this condition is satisfied, it appears that ABA
can hand over the system regulation to Ca2+ at some later time, once the Ca2+ dependent
proteins attain the sensitivity to work with low Ca2+ concentrations. However, as these results
are based on a binary response (direct changes from ‘ON’ and ‘OFF’ states) of all the reactants
involved in the ABA signalling, continous analysis is needed to refine and validate the
suggestions made by our research.

6.5

Summary

In this chapter we demonstrated an asynchronous Boolean model which describes the ABA
signalling network regulating rapid stomatal closure in response to drought stress. The model
integrates novel findings about the regulatory proteins in the system and the time delays
corresponding to each interaction.
The model describes how the system state transitions happen under drought stress and
predicts that ABA can take the system predominantly into the basin of four main attractors.
Further, the model identifies the key dynamical behaviours of the system and highlights the
importance of the core functional set (Ca2+ regulatory system) that governs the stable system
behaviour through a series of oscillatory cycles depending on the situation.
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The behaviour of the nodes are comparable with the synchronous results as the nodes that
are frozen after some time delay and the nodes that show oscillatory behaviour are identical in
both models. Both models identify that the attractors are a result of [Ca2+]cyt oscillations and
Ca2+ regulatory proteins.
We demonstrate that nearly 50% of the transition sequences of the asynchronous model are
artificial as they generate attractors not been reported in the experimental literature and they
occur with very low probabilities. We, therefore, suggest that the four most common attractors,
that occupy >50% of the total state space of the system, define the dynamical behaviour of the
ABA signalling network.
With the current asynchronous Boolean model we studied the influence of the Ca2+ influx
systems on the dynamical properties of the attractors. The model identifies the importance of
influxes and effluxes of [Ca2+]cyt for the maintenance of regular long-lasting Ca2+ oscillations.
The model predicts that the ABA induced stomatal closure can happen independently of Ca2+.
However, our model demonstrates that the system benefits in various ways by having Ca2+ in
the system. First, the model suggests that Ca2+ accelerates the stomatal closure in some
situations by enhancing the activity of SLAC1 and actin rearrangement. Second, [Ca2+]cyt
oscillations enhance the perturbation resistance of the system by stabilizing stomatal
oscillations. Further scrutiny of the model indicates the potential for Ca2+ to regulate stomatal
closure in the absence of ABA if certain conditions are satisfied, information on which may be
revealed in future.
The current model does not represent the signalling pathways involved in the inhibition of
stomata reopening in detail. Therefore, it does not produce any results to show the significance
of the Ca2+ regulatory system to the second phase of stomatal closure, which is the maintenance
of steady state closure. However, the model produces regular Ca2+ oscillations only after the
onset of stomatal closure indicating that this synchronicity has some important role to play in
the second phase.
According to the above results, [Ca2+]cyt increases seem to be a requirement for both phases
of stomatal closure for several reasons as has been described here.
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6.6 Supplementary Materials
Supplementary Table 1 specifies the biological edge delays used to define the asynchronous
updating scheme along with a brief description of the data sources and/or reasoning for the
edge delay computation wherever necessary.
Table S1: Biological time scales of reactions in the ABA signalling network
Interaction

Halftime
(sec)

ABA → SphK

90

ABA signalling (observed no difference between in vivo
and in vitro results) (Coursol et al., 2003; Guo et al., 2011)

PA → SphK

40

ABA signalling (in vivo) (Guo et al., 2011)

SphK → S1P

<30

ABA signalling (Coursol et al., 2005)

S1P → GPA1

<30

GPA1 → PLD

<30

S1P induced PLD activity reaches maximum in 1min in C6
glioma cells (in vivo) (Sato et al., 2000). This figure well
agrees with ABA → PLD time course in guard cells (Jacob
et al., 1999)

NO → PLD

60

Plants (in vivo) (Lanteri et al., 2008)

Ca → PLD

<60

Ca2+ activates maximum PLD activity in 3min in humans
(in vivo) (Kessels et al., 1991)

ABA → GTG

60

Assumed

PLD → PA

<30

Considering the time frame of PA activation by ABA via
several intermediary steps (Guo et al., 2012)

ABA → RCN1

60

Assumed

ABA → CuAO

150

Peak activity of CuAO after adding ABA is 5 min (in vivo)
(An et al., 2008)

ABA → PI4P

100

Generally PIP level peaked by 200 s in response to ABA in
Vicia faba (Lee et al., 1996)

PA → PI4P

100

Assumed same activation time scale as by ABA

ABA → PI3P

100

Assume same as PI4P

PI4P → PIP2

2.5

Both PIPs (PI4P) and PIP2 levels peaked by 200 s in
response to ABA in Vicia faba (Lee et al., 1996). Therefore,
the time delay between PI4P to PIP2 is assumed to be rapid.

<30

This was assumed based on ABA activation of InSP3,
which occurs within 10 - 60s time scale (assumption: PLC
is needed for InSP3 synthesis)(Lee et al., 1996; Munnik &
Vermeer, 2010; Perera et al., 2008)

ABA → PLC

Data Extraction Source
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Ca → PLC

30

Assumed

PIP2 → InSP3

40

PLC → InSP3

40

Kinetic model for humans (Suh & Hille, 2006) and various
other sources

InSP3 → InSP6

15

This reaction is reported as rapid (Michell et al., 2003;
Munnik & Vermeer, 2010) and the life time of InSP3 as 15s
(Suh & Hille, 2006)

MRP5 ⟞ InSP6

138

Maximum uptake of InSP6 is at 5.5 min in Arabidopsis
(Nagy et al., 2009)

<10

ABA signalling (in vitro) (Hao et al., 2011)

350

Based on the fact that pH increase is noticeable after 6 min
in ABA signalling (in vivo)

ABA → PYR

SnRK2 → pH

(Gonugunta et al., 2008)
PYR ⟞ PP2C

10

ABA signalling(in vitro) (Ma et al., 2009)
ABA signalling (in vitro)

ROS ⟞ PP2C

360

PA ⟞ PP2C

10

GPX3 ⟞ PP2C

280

pH → PP2C

60

Assumed

ABH1 → PP2C

60

Assumed

ROP11 → PP2C

60

Assumed

ERA1 → ROP11

60

Assumed

PP2C ⟞ SnRK2

10

ABA signalling (in vitro) (Jones et al., 2005)

SnRK2 → RBOH

60

Considering the time course of CDPK → RBOH because
both SnRK2 and CDPK are kinases in the same family

CDPK → RBOH

60

In Arabidopsis (in vivo) (Ogasawara et al., 2008)

Ca → RBOH

60

RCN1 → RBOH

60

PA → RBOH

60

PI3P → RBOH

60

PI4P → RBOH

60

pH → RBOH

60

(Meinhard & Grill, 2001)
Based on general deactivation of protein phosphatases by
lipids (Castagnet & Giusto, 2002)
Based on the time scale ROS ⟞ PP2C (Meinhard & Grill,
2001; Meinhard et al., 2002)

Assumed similar to other edge delays connected to RBOH
with an ‘AND’ gate
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RBOH → ROS

<30

Assumed rapid because in all experiments involving RBOH
→ ROS, RbOH activity is measured in terms of ROS
production (refer the condition 3 below the table)

CuAO → ROS

300

In Vicia faba (in vivo) (An et al., 2008)

ATGPX ⟞ ROS

120

In mitochondria (in vitro) (Quintana-Cabrera et al., 2012)

ROS → GPX3

200

Based on the time taken to oxidize redox regulated
peroxidase in mammalian cells (in vivo)(Gutscher et al.,
2009)

ROS → NO

<10

ABA signalling (in vivo) (Dubovskaya et al., 2011; Lum et
al., 2002)

CaM → NO

60

ABA signalling (in vivo) (Wang et al., 2012)

NO → cGMP

<30

Human smooth muscle (in vitro) (Bellamy et al., 2000;
Held & Dostmann, 2012)

cGMP → cADPR

<30

Indirect calculation based on NO → Ca2+ (1.25min)
(Dubovskaya et al., 2011), cADPR → Ca2+ (40s) (Leckie
et al., 1998) and NO → cGMP (20s) (Bellamy et al., 2000)
time frames because this regulation flow is as NO → cGMP
→ cADPR → Ca2+.

ABH1 ⟞ Ica

30

MRP5 → Ica

30

ERA1 ⟞ Ica

30

Assumed

DEPOLAR ⟞ Ica

18

Guard cell (in vivo)(assume Ca2+ increase/decrease upon
changing the polarity of the plasma membrane is due to Ica)
(Stange et al., 2010)

ROS → Ica

120

ABA signalling (in vivo) (Köhler et al., 2003)

SnRK2 → SLAC1

<30

ABA signalling (in vivo) (Geiger et al., 2009)

CDPK → SLAC1

<30

ABA signalling (in vivo) (Geiger et al., 2010; Marten et al.,
2007)

PP2C ⟞ SLAC1

10

Considering the time scale, in which PP2C
dephosphorylates SnRK2

MAPK → SLAC1

<30

Assumed the same time scale as for other activating kinases
(assume equal to SnRK2/CDPK → SLAC1)

MRP5 → SLAC1

30

Assumed

ERA1 ⟞ SLAC1

<30

ABA signalling (Pei et al., 1998)

30

Assumed

ABH1 ⟞ SLAC1
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MALATE ⟞ SLAC1

10

Assumed

ROS → MAPK

150

Human (in vivo) (Chen et al., 1995)

CDPK → MAPK

120

Ca → MAPK

120

This time scale is common for phosphorylation of MAPK in
general (Huang et al., 1995)

PP2C ⟞ MAPK

10

Considering the time scale in which PP2C dephosphorylates
SnRK2

Ca → CDPK

10

Calculated based on Ca2+ dependant activation of SLAC1
(Geiger et al., 2010; Marten et al., 2007)

PP2C ⟞ CDPK

10

Considering the time scale in which PP2C dephosphorylates
SnRK2

Icas → Ca

<30

Guard cells (Cosgrove & Hedrich, 1991)

cADPR → Ca

40

ABA signalling (in vivo) (Leckie et al., 1998)

Ica → Ca

<30

Assumed rapid

InSP6 → Ca

<1

ABA signalling (in vivo) (Lemtiri-Chlieh et al., 2003)

CaATPase ⟞ Ca

5

CaATPase activation is immediately after Ca2+ binding to
its transport site (Bose et al., 2011)

CAX ⟞ Ca

100

In Arabidopsis leaves (Zhai et al., 2012)

Ca → CBL

<30

Indirect calculation based on Ca2+ dependent inhibition of
AKT1 channel (Li et al., 2006)a
[CBL → AKT1 10ms, Ca2+ → AKT1 115ms]

NO ⟞ GORK

120

Guard cells (Sokolovski & Blatt, 2004)

ROS → GORK

360

ABA signalling(in vivo) (Köhler et al., 2003)

pH → GORK

0.45

Guard cells(in vivo) (Fan et al., 2003)

DEPOLAR → GORK

<2

Guard cells(in vivo) (Schroeder, 1989)

CaM → CaATPase

5

Based on the time course from Ca2+ to Ca-ATPase (Bose et
al., 2011)

Ca → CaM

5

In Rat (Teruel et al., 2000)

SnRK2 → QUAC

2

Based on the time taken to activate SLAC1 by SnRK2 (both
SLAC1 and QUAC are activated by phosphorylation)

DEPOLAR → QUAC

<1

Guard cells (Hedrich et al., 1990; Schmidt & Schroeder,
1994)
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MALATE → QUAC

<30

Assumed rapid

CIPK → CAX

12

Indirect calculation based on Ca-CAX time course
(~1.5min) (Zhai et al., 2012)

ABA → SCAB1

240

As this is responsible for the bundling of actin filaments in
ABA signalling, time taken to appear bundling is
considered (Wang et al., 2011)

InSP6 → SCAB1

150

ABA signalling (Zhang et al., 2012)

ACTIN → Icas

1200

In guard cells (Zhang et al., 2007)

CBL → CIPK

78

Plants (Tominaga et al., 2010)

PP2C ⟞ CIPK

30

Considering the timescale in which PP2C dephosphorylates
SnRK2

Ca → TPK1

<30

Arabidopsis (Czempinski et al., 1997)

pH ⟞ TPK1

25

Arabidopsis (Becker et al., 2004)

165

ABA signalling (Takemiya & Shimazaki, 2010)

PP1 → AHA1

<30

ABA signalling (Hayashi et al., 2010)

Ca ⟞ AHA1

30-60
20

Plants (Ma et al., 2002)

PI3P ⟞ ABPS

360

Assumed

PI4P ⟞ ABPS

360

Assumed

Ca → ABPS

42

Indirect calculation

ARP23 → ACTIN

150

Human (in vitro) (LeClaire Iii et al., 2008)

SCAB1 → ACTIN

180

ABA signalling (Zhao et al., 2011)

AtRAC1 ⟞ ACTIN

120

ABA signalling (Lemichez et al., 2001)

ROS → ACTIN

90

G-actin in general (in vitro) (DalleDonne et al., 1995)

Ca → ACTIN

90

Arabidopsis (Ma et al., 2012)

ABPS → ACTIN

50

Arabidopsis (Ma et al., 2012)

MALATE ⟞ PEPC

130

ABA signalling (Outlaw & Zhang, 2001)

PEPC → MALATE

1800

Plants (Tovar-Méndez et al., 2000)

PP2C → AtRAC1

60

PA ⟞ PP1

pH ⟞ AHA1

Guard cells (Fava Bean) (Tran et al., 2013)

Assumed

190

PIP2 → ARP23

110

Calculated based the time taken for nucleation of actin
filaments in guard cells and was similar in human (Higgs &
Pollard, 2000; Wang et al., 2011)

ROS → ARP23

30

Assumed

Ca → DEPOLAR

<30

ABA signalling (Trouverie et al., 2008)

TPK1 → DEPOLAR

0.001

AHA1 ⟞ DEPOLAR

30

SLAC1 → DEPOLAR

0.004

ABA signalling (Linder & Raschke, 1992)

QUAC → DEPOLAR

0.025

Guard cells (Kolb et al., 1995; Meyer et al., 2010)

Ca → ATALMT6

120

CDPK ⟞ KAT1

1

Common for all ion channels (Lipscombe, 2001)
Human (Demaurex, 2012)

Guard cells (Meyer et al., 2011)
In Xenopus laevis oocytes (Berkowitz et al., 2000)

SnRK2 ⟞ KAT1

660

ABA signalling (Sutter et al., 2007)

DEPOLAR ⟞ KAT1

30

Assumed

GORK → CLOSURE

30

Assumed

SLAC1 → CLOSURE

30

Assumed

ACTIN → CLOSURE

30

Assumed

MALATE ⟞ CLOSURE

30

Assumed

For the interactions where there is no information available in the literature, we made
assumptions considering the most relevant factors as given below.
1.

For the nodes that are connected with an ‘AND’ gate, similar timescales are assumed.

2.

In some situations, we generalized the reaction type such that
a) If it is a phosphorylation reaction induced by a specific kinase, we assumed that
such reactions happen in similar timescales.
e.g., SnRK2, MAPK, CDPK → SLAC1
b) If the same protein induces dephosphorylation in kinases, similar time scales were
assumed for all reactions.
e.g., PP2C ⟞ SnRK2, MAPK, CDPK, CIPK
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3.

If there is no separation between two timescales in experimental measurements, such
time delays are assumed to be rapid as explained below.
a) Ion discharge from an ion channel (Ica → Ca2+)
e.g., The ROS induced Ica channel activity is measured as a one-step measurement in
experiments by means of Ca2+ discharge. In the model, we assumed ROS → Ica →
Ca2+ as two reactions between input and output. In such situations, we assume the time
delay involved in Ica → Ca2+ as rapid.
b) The timescale of product formation induced by an enzyme (PLD → PA, RbOH →
ROS) is assumed to be rapid. This is because timescales of activating these enzymes
are measured by means of their product formation (PA and ROS) in the experimental
literature.
e.g., In the model Ca2+ → PLD → PA (two steps)
In experiments the effect of Ca2+ on PLD is measured by the production of PA (one
step)

4.

For arbitrary nodes like ‘CLOSURE’, a minimum timescale was assumed for all its
regulators.
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Chapter 7 : Continuous Analysis of Attractor
Dynamics
7.1

Introduction

Qualitative dynamical modelling approaches are important in biology to generate valuable
insights into global properties, such as temporal steady state behaviours and the robustness of
biological networks, if the underlying biological properties for large parts of the network are
unknown. They take advantage of the known properties, such as the direction of information
flow, to build up a signalling network to generate biological insights into the system. According
to biology, there are a series of intracellular signalling pathways connected to each other in the
form of activation and inactivation thresholds of the participating elements that receive and
process an external signal, eventually leading to a global response. Therefore, logical models
assume that the direction of the signalling flow is sufficient to model a system mathematically
to obtain the stable global behaviour of the network, and many studies have successfully
adopted this approach (Ackermann et al., 2012; Li et al., 2006b; Peixoto & Drossel, 2009).
However, there are some disadvantageous of logical modelling approaches such that studying
the temporal kinetics or quantitative predictions of the model variables are not possible. In such
situations, continuous modelling approaches are more advantageous in that they provide more
space to understand, compare and predict the true biological behaviour of the continuous
reaction dynamics involved in the network.
If large parts of the data is unknown for a large network, the best approach is to first model
the whole system with a logical approach to obtain global properties and then focus on the
resulting stable behaviour with a continuous approach. According to Mendoza and Xenarios
(2006), “It is advantageous to focus on modelling stable steady states because of the minimum
quantity of data required (as there is no need to describe the transitory response) and the easiness
of verifying the predictions experimentally,” especially for rapid signalling networks such as
ABA. Therefore, in this chapter, we modelled the dynamics of the steady states of the ABA
signalling network identified by the asynchronous Boolean model, with a continuous approach,
as described below.
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7.2

Methodology

7.2.1 Reduction of the Boolean Network to Identify the Dynamic
Core Network
We adapted the network reduction method defined by Saadatpour et al. (2013). As
explained by them, we reduced the network by observing the dynamics of each node when the
network behaviour is stable (asynchronous attractors). Accordingly, we identified the stationary
(frozen in an active or inactive state) nodes of the network and eliminated them from the core
network because the dynamics of the network in the region of stability is defined only by the
fluctuating nodes traversing the attracting state transitions. Therefore, the core network consists
of nodes with non-stationary behaviour along with a small number of stationary nodes needed
to conserve the original attractors of the system.

7.2.2 Transformation of Boolean Models to Continuous Models
State transformation of the Boolean variables occurs like a binary switch that directly
changes the state of a variable from 0 to 1 (or vice versa). As a result, Boolean models cannot
explain continuous temporal variations in the concentration of the variables. Therefore, the first
step in obtaining a continuous model from a Boolean one should be the conversion of discrete
variables in to continuous variables. This conversion needs a proper transfer function, which is
a continuous homologue of the Boolean function. In addition, the discrete update should be
replaced with a continuous update by incorporating biological realities, such as reaction rates.
Incorporation of these two concepts together should produce a set of ordinary differential
equations to generate the continuous temporal development of the variables. Krumsiek et al.,
developed HillCube, a mathematical approach to transform discrete models into continuous
ones using the Hill function as the base function, where multivariate polynomial interpolation
of Hill functions converts qualitative Boolean models into a system of ordinary differential
equations (Krumsiek et al., 2010). This approach has been proven successful after testing on
several biological networks (Franke et al., 2010; Wittmann et al., 2009) and is stated as the most
simple, nonlinear interpolation technique to successfully capture the biological complexity over
other alternative methods to transform the Boolean models to continuous form.
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7.2.3

Use of the Hill Function in Continuous Modelling

The Hill function (Eq. 7.1) has been widely and successfully used to describe various types
of non-linear chemical reactions in biology, such as ligand binding on receptor proteins, ion
discharge from ion channels and enzymatic reactions while, in physiology, nonlinear and
saturable mechanisms give a physical meaning to each parameter of the model (Goutelle et al.,
2008). The Hill function can further be used for reactions whose cooperative behaviour is
assumed but details of intermediate steps are not known. The successful use of the Hill function
in a variety of fields may be due to its potential to represent mechanistic and probabilistic
properties of nonlinear relationships.
𝑋𝑋 𝑛𝑛

(7.1)

𝑓𝑓(𝑥𝑥) = 𝐾𝐾𝑛𝑛 +𝑋𝑋 𝑛𝑛
𝑑𝑑

There are two parameters in the Hill function - Kd (dissociation constant of the reaction)

and n, the Hill coefficient (degree of cooperativity) - and they need to be determined from the
experimental data - X represents the substrate concentration. The Michaelis-Menten function,
one of the most well-known functions used in enzymology, is a special derivative of the Hill
function and the Michaelis-Menten constant (Km) is analogous to Kd.
In this chapter, transformation of the synchronous Boolean attractor of the ABA signalling
system to a continuous attractor was carried out using the normalized HillCube approach
developed by Krumsiek et al., (2010) because of the attractive properties of the Hill function.
Its ability to represent suspected/assumed behaviour between two molecules where details of
intermediate steps are not clear is very helpful as some interactions considered in the attractors
of the ABA signalling network have not yet been fully explored (biological details of these
interactions are explained in a later section).
A brief introduction to the normalized HillCube approach developed by Krumsiek et al.,
(Krumsiek et al., 2010) is given in the following section.

7.2.4

Normalized HillCube Approach

The normalized HillCube approach is the best possible continuous homologue of a Boolean
function to convert the Boolean models into a system of ordinary differential equations (ODEs).
Conversion of the Boolean model into a normalized HillCube model was carried out using the
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following steps, as described by Wittmann et al. (2009) and Krumsiek et al. (2010). The
equations and descriptions here are adopted directly from these two journal articles.
General abbreviations used in each equation are described below:
N – Number of network nodes
xi – Discrete (Boolean) variables in the model representing network nodes
Bi – Boolean update function for xi
𝑥𝑥̅𝑖𝑖 - Continuous variables of xi taking values between 0 and 1 (as a result of normalization)

Step 1:

The Boolean functions (𝑥𝑥𝑖𝑖 (t+1) = Bi (𝑥𝑥1 (𝑡𝑡), 𝑥𝑥2 (𝑡𝑡),…….𝑥𝑥𝑁𝑁𝑖𝑖 (𝑡𝑡) )={0,1}𝑁𝑁𝑖𝑖 – (as defined in

Chapter 4) were linearly interpolated using a multivariate polynomial interpolation technique.
The resulting functions are called BooleCubes (𝐵𝐵�𝑖𝑖𝐼𝐼 ) (Eq. 7.2).

𝑥𝑥̅𝑖𝑖 (t+1) =𝐵𝐵�𝑖𝑖𝐼𝐼 (𝑥𝑥̅1 (𝑡𝑡), 𝑥𝑥̅2 (𝑡𝑡),…….𝑥𝑥̅𝑁𝑁𝑖𝑖 (𝑡𝑡)

(7.2)

BooleCubes appear as affine (vector valued) multilinear functions. Eq. 7.3 displays the

detailed view of a BooleCube obtained by multilinear interpolation of the Boolean function B
(subscript i is omitted for simplicity) in a computationally efficient manner (refer to the
Methods section in Wittmann et al., (2009) for details).
𝐵𝐵� 𝐼𝐼 �𝑥𝑥̅1, 𝑥𝑥̅2, … . . , 𝑥𝑥̅𝑁𝑁 � ∶= ∑1𝑥𝑥1=0 ∑1𝑥𝑥2=0 … ∑1𝑥𝑥𝑁𝑁 =0�𝐵𝐵(𝑥𝑥1 , 𝑥𝑥2 , … , 𝑥𝑥𝑁𝑁 ). ∏𝑁𝑁
𝑖𝑖=1�𝑥𝑥𝑖𝑖 𝑥𝑥̅𝑖𝑖 + (1 − 𝑥𝑥𝑖𝑖 )(1 − 𝑥𝑥̅𝑖𝑖 )��

(7.3)

Step 2:

The step functions of BooleCubes were replaced with Hill functions to produce a switch
like behaviour, the most common behaviour observed in molecular reactions. The resulting
functions were called HillCubes (Eq. 7.4).
𝐵𝐵�𝑖𝑖𝐻𝐻 � 𝑥𝑥̅𝑖𝑖1 , 𝑥𝑥̅𝑖𝑖2 , … 𝑥𝑥̅𝑖𝑖𝑁𝑁𝑖𝑖 � ≔ 𝐵𝐵�𝑖𝑖𝐼𝐼 �𝑓𝑓𝑖𝑖1 (𝑥𝑥̅𝑖𝑖1 ), 𝑓𝑓𝑖𝑖2 (𝑥𝑥̅𝑖𝑖2 ), … , 𝑓𝑓𝑖𝑖𝑁𝑁𝑖𝑖 �𝑥𝑥̅𝑖𝑖𝑁𝑁𝑖𝑖 � �

(7.4)

𝑥𝑥̅ 𝑛𝑛

Where 𝑓𝑓(𝑥𝑥̅ ) = 𝑥𝑥̅ 𝑛𝑛+𝑘𝑘 𝑛𝑛

Step 3:

Finally, the Hill functions in the HillCube were normalized to the unit interval yielding
normalized HillCubes, which are perfect homologues for the Boolean update functions (Eq.
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7.5). Normalization is necessary because Boolean models assign the states of variables to either
0 or 1. A perfect Boolean representation, therefore, should confine system dynamics over the
range 0 - 1 but Hill functions are typically unbounded. More importantly, this normalization
also improves the computational efficiency and helps with interpreting the results better and
compare the relative behaviour of the elements.
𝑓𝑓 (𝑥𝑥̅ 𝑖𝑖1 ) 𝑓𝑓 𝑖𝑖2 (𝑥𝑥̅ 𝑖𝑖2 )
𝐵𝐵�𝑖𝑖𝐻𝐻𝐻𝐻 � 𝑥𝑥̅𝑖𝑖1 , 𝑥𝑥̅𝑖𝑖2 , … 𝑥𝑥̅𝑖𝑖𝑁𝑁𝑖𝑖 �: = 𝐵𝐵�𝑖𝑖1 � 𝑓𝑓𝑖𝑖1 (1)
, 𝑓𝑓 (1) , … ,
𝑖𝑖1

𝑖𝑖2

𝑓𝑓 𝑖𝑖𝑁𝑁 (𝑥𝑥̅ 𝑖𝑖𝑁𝑁 )
𝑖𝑖
𝑖𝑖
𝑓𝑓 𝑖𝑖𝑁𝑁 (1)
𝑖𝑖

�

(7.5)

The final ODE describing the temporal development of node xi is shown in Eq. 7.6. Eq. 7.6

is defined with two components describing the production of xi and a first-order decay term.
Additionally, the life-time of node i is introduced to the system as an additional parameter (τi)
to describe the time delay of the corresponding node.
𝑑𝑑(𝑥𝑥̅ 𝑖𝑖 )
𝑑𝑑𝑑𝑑

1
= 𝜏𝜏 (𝐵𝐵�𝑖𝑖𝐻𝐻𝐻𝐻 � 𝑥𝑥̅𝑖𝑖1 , 𝑥𝑥̅𝑖𝑖2 , … … … … … 𝑥𝑥̅ 𝑖𝑖𝑁𝑁𝑖𝑖 � − 𝑥𝑥̅𝑖𝑖 )
𝑖𝑖

(7.6)

The expression within outer brackets represents the concentration change ∆xi of a substrate

within time period 𝜏𝜏𝑖𝑖 .

The following is an example of a resulting ODE in the normalized HillCube approach

(expanded version of Eq.7.6) for a simple Boolean function with an ‘AND’ gate (e.g., A = B &
!C):
𝑑𝑑(𝐴𝐴)
𝑑𝑑𝑑𝑑

𝐵𝐵𝑛𝑛1

𝐶𝐶 𝑛𝑛1

= ((𝐵𝐵𝑛𝑛1 + 𝐾𝐾 ) ∗ �1 − (𝐶𝐶 𝑛𝑛2 +𝐾𝐾 )� − 𝐴𝐴)/𝐴𝐴𝜏𝜏
1

2

where, A,B and C are three variables, n1 is Hill coefficient between A and B, n2 is Hill

coefficient between A and C, K1 is the dissociation coefficient between A and B, K2 is the
dissociation coefficient between A and C, and 𝐴𝐴𝜏𝜏 is the lifetime of A.

7.2.5

Theoretical Comparison between the Boolean and
Continuous Models

It is known from the literature that if continuous model functions can act like perfect
homologues of the Boolean function, the steady states of both models are comparable.
Therefore, the steady state of a Boolean model must correspond to those of the continuous
model when the system is modelled using the normalized HillCube approach. However, in
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continuous models, there is a possibility to generate additional steady states (Wittmann et al.,
2009).
Further, it is known that if the transformation from Boolean to continuous happens through
Hill functions, it can perfectly reproduce Boolean trajectories with realistic Hill coefficients.
However, if the Hamming distance of Boolean attractor is greater than 1, it is difficult to
reproduce them by continuous homologues. In that case three different results can happen as
follows:
1) The continuous model produces oscillations different from the Boolean trajectory or
produces the same oscillations but in a different order. Proper selection of the parameters
can minimize this problem.
According to the literature, the continuous trajectory may not agree with the Boolean one
even with high Hill coefficients because of the occurrence of states in a different order
from the Boolean state. This often occurs as a result of a given node switching its state
before its target node reaches its threshold. Larger Hill coefficients cause the
concentrations to pass the threshold much faster, solving this problem.
2) The continuous model dynamics end up on a regular fixed point near 0 or 1 for small Hill
coefficients.
3) The continuous model dynamics end up on fixed points where one or more nodes have
concentration values near their thresholds. This happens more often if there is a node that
flips twice in two consecutive time steps due to self-regulation. As a result, the continuous
dynamics might not be able to generate a sufficient degree of activation and inhibition and,
therefore, the concentration is trapped at values near its threshold value (Ackermann et al.,
2012).

7.3

Core Network Used for Continuous Analysis

The core network of the ABA signalling system consists of the 14 nodes that have shown
non-stationary behaviour in the steady state (Figure 7.1) dynamics of the asynchronous Boolean
model. According to the network reduction method used, the rest of the network nodes that
have shown stationary behaviour at the steady state of the asynchronous model were excluded
from the core network. The selected core corresponds to the most probable attractor, as
presented in Chapter 6.
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The core network shown in Figure 7.1 consists of the nodes of the Ca2+ signalling pathway
involved in ABA induced stomatal closure. In Chapters 5 and 6, we discussed that the steady
state dynamics of the ABA signalling system is governed by Ca2+, where oscillatory nodes of
the attractor defined the Ca2+ signature required for the global output of the system, presumably
stomatal closure maintenance. The oscillatory nodes shown in Figure 7.1 describe two negative
feedback loops (red nodes) connected to Ca2+, representing Ca2+ efflux systems, and two
positive feedback loops (green nodes) representing Ca2+ influx systems from internal organelles
in plant guard cells. The cumulative activity of these feedback loops in different temporal scales
generate the steady state oscillations of [Ca2+]cyt with a defined frequencies and various
magnitudes. In addition, there are two nodes that do not contribute to any of these feedback
regulations but are Ca2+ regulated. These two nodes, CDPK and ATALMT6 represent Ca2+
decoding proteins (blue nodes).

Figure 7.1: Core network identified from the asynchronous attractors in the ABA system
(red nodes indicate Ca2+ efflux systems and green nodes indicate Ca2+ influx systems)
We could further minimize the model if we left out simple mediator nodes and nodes with
zero ‘out-degree’ (e.g., CDPK and ATALMT6 (blue nodes in Figure 7.1)), but one of our aims
is to understand how Ca2+ sensing proteins decode the [Ca2+]cyt signature to continue signal
transduction.

Therefore, all the nodes that contribute to non-stationary behaviour were

considered in the model.
We simulated this 14 node core network with an asynchronous approach to evaluate
whether this reduced system can produce the original system attractors, as discussed in the last
chapter. The results of the asynchronous analysis revealed that oscillatory nodes alone cannot
reproduce the original attractors of the ABA signalling system unless one stationary node is
incorporated into the core model. The stationary node that is crucial to reproduce the original
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attractor is Icas, the plasma membrane stretch activated Ca2+ channel, which is frozen in the
active level in the steady state dynamics of the system. In the original asynchronous Boolean
model, Icas significantly contributes to the [Ca2+]cyt signature by acting as a continuous Ca2+
influx. Without Icas in the core system, the frequency of the original attractor dynamics could
not be generated. Therefore, Icas (stretch activated Ca2+ channels) is also introduced to the core
network to preserve the original attractors within the network. The wiring graph of the core
network used in the continuous analysis is shown in Figure 7.2 (A).

Figure 7.2: Wiring graphs of two networks used in continuous modelling. (A) With; and
(B) without Ca2+ ↔ PLC feedback (this Ca2+ ↔ PLC feedback system is shown within a
dashed line boundary in (A))
As shown in Figure 7.2, the model consists of two positive feedback loops (green nodes),
two negative feedback loops (red nodes) and one continuous supply of Ca2+ via Icas. According
to the asynchronous full model in the last chapter, activation of Icas is also a result of the
feedback regulation of Ca2+ on actin rearrangement. However, the actin-Ca2+ feedback loop was
not considered in this minimal model as actin does not show non-stationary behaviour due to
the functional redundancy of Ca2+ in actin regulation. However, the state of Icas is considered
above the threshold level during the whole simulation considering its importance, as explained
above.
In both the synchronous and asynchronous analyses, we found two major attractors showing
identical features of Ca2+ oscillations but with a different behaviour in two regulatory nodes;
one stationary (MRP5) and one non-stationary (InSP6). We explained in the previous chapters
that this difference is due to the inhibition of InSP6 activity in the system by transporting it to
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the vacuole when MRP5 is available in the system. In functional terms, InSP6 inhibition by
MRP5 abolishes one feedback regulation system of Ca2+ (dashed line boundary in Figure
7.2(A)) but results in an identical Ca2+ signature to the wild type with the core network specified
in Figure 7.2(B). However, in reality, the amplitude of oscillations can be affected by these
perturbations, or by adding more feedback loops, but the asynchronous model is not able to
capture such changes. Therefore, in this chapter, we consider the model shown in Figure 7.2(A)
for preliminary analyses but later will discuss the significance of InSP6 induced Ca2+ release
on system behaviour. The following section explains the biology of each reaction shown in
Figure 7.1(A) following the order of reactions of the core network numbered on the
corresponding edges in Figure 7.2 (A).

7.3.1

Biology of the Core Network Reactions and Biological
Parameters

There are 18 reactions between the 15 regulatory molecules considered in the core network
model, as shown in Figure 7.2(A). Through an extensive literature review, the kinetic
parameters of each of these reactions were obtained from various sources, due to the lack of the
availability of experimental data. Here we provide a brief introduction to the mode of regulation
and relevant kinetics of each.

Positive Feedback Loop 1
(Ca2+ → CaM → NO → cGMP → cADPR → Ca2+)
1.

Nitric Oxide synthesis by CaM (CaM → NO)
NO synthesis in the ABA signalling system is induced by CaM activated plant NOS-like

enzymes and nitrite reductase (NR) activity (ROS dependent mechanism). CaM interacts with
plant the NOS-like enzyme to catalyse the hydrolysis of L-arginine (Precursor of NO synthesis)
(Eqs. 7.7 and 7.8). The reaction kinetics for NOS binding to CaM is rapid and has no rate limits
in both mammalian and plant systems.
𝑁𝑁𝑁𝑁𝑁𝑁 + 2𝐶𝐶𝐶𝐶𝐶𝐶 ↔ 𝑁𝑁𝑁𝑁𝑁𝑁. 2𝐶𝐶𝐶𝐶𝐶𝐶

(7.7)
𝑁𝑁𝑁𝑁𝑁𝑁.2𝐶𝐶𝐶𝐶𝐶𝐶

𝐿𝐿 − 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴 + 𝑂𝑂2 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 �⎯⎯⎯⎯⎯⎯� 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐻𝐻2 𝑂𝑂 + 𝑁𝑁𝑁𝑁𝑁𝑁𝑃𝑃+ + 𝑁𝑁𝑁𝑁

(7.8)

We did not consider the intermediary reactions involved in CaM induced NO production.

The dissociation coefficient (Kd) (which represents the amount of CaM required for half
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formation of NO) between NO and CaM is 7.13nM in Arabidopsis and 8.9 nM in tobacco
(Chandok et al., 2003). The binding coefficient is assumed to be two because plant NOS has
two putative binding sites (Tobacco) (Chandok et al., 2003).
2.

Synthesis of cGMP by NO (NO → cGMP)
The synthesis of cGMP in the ABA signalling network is induced by NO, which activates

soluble guanylyl cyclase (GC) through nitrosylation (Eq. 7.9) to generate cGMP.
𝑘𝑘1�
𝑘𝑘−1

𝑘𝑘2�
𝑘𝑘−2

𝑁𝑁𝑁𝑁 + 𝐺𝐺𝐺𝐺 �⎯⎯⎯� 𝑁𝑁𝑁𝑁 − 𝐺𝐺𝐶𝐶6 + 𝐺𝐺𝐺𝐺𝐺𝐺 �⎯⎯⎯� 𝑁𝑁𝑁𝑁 − 𝐺𝐺𝐶𝐶5∗ + 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(7.9)

The biological parameters for NO induced cGMP production in smooth muscle are
estimated as: Km (analogous to Kd) is 23 nM and the binding coefficient is between 1.1 - 1.5
(Condorelli & George, 2001). Another study reported that a concentration of 120 nM NO is
required for half activation of GC for neurotransmitter receptor activation (Bellamy et al.,
2002). In plants, the level of cGMP in the cytoplasm varies between 20 nM - 2µM and these
activities are comparable with other systems (Isner & Maathuis, 2011). Therefore, it was
assumed that the biological parameters of other systems can be successfully applied to plant
systems.
3.

Activation of cADPR by cGMP (cGMP → cADPR)
As shown in Eqs. 7.10 and 7.11, cGMP enhances the enzymic activity of ADP-ribosyl

cyclase via G-kinase, to stimulate cADPR synthesis from NAD+ (oxidized form of nicotinamide
adenine dinucleotide). The half activity of cADPR has been detected at a cGMP concentration
around 7 µM in sea urchin eggs (Wilson & Galione, 1998). Stoichiometric ratios for this
reaction could not be found in the biological literature.
(7.10)

𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 → 𝐺𝐺 𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾 → 𝐴𝐴𝐴𝐴𝐴𝐴 − 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐
𝐴𝐴𝐴𝐴𝐴𝐴−𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

(7.11)

𝑁𝑁𝑁𝑁𝐷𝐷 + �⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐

4.

cADPR induced Ca2+ release (cADPR → Ca2+)
Ca2+ release from internal organelles by cADPR gated Ca2+ channels (Eq. 7.12), increases

[Ca2+]cyt within a range from 50 to 450 nM (Leckie et al., 1998). According to the available
biological parameters for plants, Km is 24 nM for this reaction (Leckie et al., 1998). The Hill
coefficient n for this binding was estimated as 1.8 based on a study with sea urchin eggs (Xu &
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Tashjian Jr, 1995). Some studies claim that cADPR gated Ca2+ channels in plant vacuoles,
homologous to ryanodine receptors in animal cells, are made of four equal subunits (Allen &
Sanders, 1995); hence, each subunit may have potential for Ca2+ binding. Therefore, the
potential binding coefficient for this reaction should be between 1- 4.
2+
𝑅𝑅. 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝐶𝐶𝐶𝐶2+ → 𝑅𝑅. 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐. 𝐶𝐶𝑎𝑎2+ → 𝑅𝑅. 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 + 𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖

(7.12)

Negative Feedback Loop 1 (Ca2+ → CaM → ACA ⟞ Ca2+)
5. Activation of CaM by Ca2+ (CaM → Ca2+)

CaM is a Ca2+ binding protein available in the guard cell cytoplasm. Generally, in plants,
one molecule of CaM can bind to four Ca2+ ions (Eq. 7.13) with an affinity of 0.1 - 1µM. The
concentration of CaM in cytoplasm varies from 1 - 10 µM (Medvedev, 2005).
2+
𝐶𝐶𝐶𝐶𝐶𝐶. 𝐶𝐶𝑎𝑎42+ ↔ 𝐶𝐶𝑎𝑎𝑀𝑀 + 4𝐶𝐶𝑎𝑎𝑖𝑖𝑖𝑖

(7.13)

6. CaM induced auto-inhibited Ca2+-ATPase (ACA) activation
(CaM → Ca2+-ATPase)
The plasma membrane auto-inhibited Ca2+-ATPase (ACA) is activated by CaM. At elevated
[Ca2+]cyt levels, CaM binds to an auto-inhibitory c terminal domain of Ca2+-ATPase, and
releases the catalytic domain of the pump for its activation. The CaM binding to Ca2+-ATPase
is shown in Eq. 7.14. According to Luoni et al. (2006), the association of these two molecules
is fairly rapid, such that the interaction of Arabidopsis thaliana Ca2+-ATPase with bovine brain
CaM results in Kd = 25 nM (Luoni et al., 2006). Another study observed 50% activity of Ca2+ATPase in Arabidopsis at 30 nM CaM (Harper et al., 1998). The binding stoichiometry between
these two proteins is observed as 1:1 in plants (Gao et al., 2001; Yamniuk & Vogel, 2004).
(7.14)

𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐴𝐴𝐴𝐴𝐴𝐴 ↔ 𝐶𝐶𝐶𝐶𝐶𝐶. 𝐴𝐴𝐴𝐴𝐴𝐴

7. Pumping of Ca2+ by Ca2+-ATPase (ACA ⟞ Ca2+)

ACAs are low capacity Ca2+ pumps with a high affinity (Km=0.1-2 µM) to bind Ca2+ ions

(Medvedev, 2005). The Hill coefficient for this reaction is taken as two, based on a
mathematical model available in the literature (Tang et al., 1996).
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2+
𝐶𝐶𝐶𝐶𝐶𝐶. 𝐴𝐴𝐴𝐴𝐴𝐴 + 2𝐶𝐶𝑎𝑎2+ → 𝐶𝐶𝐶𝐶𝐶𝐶. 𝐴𝐴𝐴𝐴𝐴𝐴. 𝐶𝐶𝑎𝑎2+ + 𝐴𝐴𝐴𝐴𝐴𝐴 → 𝐸𝐸2 𝑃𝑃 + 𝐴𝐴𝐴𝐴𝐴𝐴 + 2𝐶𝐶𝑎𝑎𝑜𝑜𝑜𝑜𝑜𝑜

(7.15)

Eq. 7.15 displays how ACA releases Ca2+ through the plasma membrane.

Negative Feedback Loop 2
(Ca2+ → CBL → CIPK → CAX1 ⟞ Ca2+)
8. Ca2+ binding to CBL (Ca2+ → CBL)

CBL is a Ca2+ sensor protein available in the guard cell cytosol that was assumed to be
responsible for activating the second Ca2+ efflux system (CAX1) in our model. CBL proteins
consist of four Ca2+ binding EF hands and, therefore, the binding coefficient is considered to be
four (Batistic & Kudla, 2004). The binding affinity (Kd) between CBL and Ca2+ is 100 µM for
CBLs lacking EF hands. The thermodynamics for CBLs with EF hands are not available in the
literature but structurally similar other proteins show Kd = 0.7 µM for Ca2+ binding. Therefore,
we consider Kd = 0.7 µM for CBL proteins in this network (Tominga et al., 2010). The binding
of Ca2+ to the CBL protein is shown in Eq. 7.16.
(7.16)

4𝐶𝐶𝑎𝑎2+ + 𝐶𝐶𝐶𝐶𝐶𝐶 → 𝐶𝐶𝑎𝑎42+ . 𝐶𝐶𝐶𝐶𝐶𝐶

9. CBL and CIPK binding (CBL → CIPK)
The interaction between CIPK and CBL (Eq. 7.17) can be explained by Kd=0.72 µM
(Tominaga et al., 2010) and with a binding molar ratio of 1:1 (Akaboshi et al., 2008).
𝐶𝐶𝐶𝐶42+ . 𝐶𝐶𝐶𝐶𝐶𝐶 + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 → 𝐶𝐶𝐶𝐶42+ . 𝐶𝐶𝐶𝐶𝐶𝐶. 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶
10.

(7.17)

CIPK activation of CAX1 (CIPK → CAX1)

The binding of CAX1 with CIPK is putative in our model. This was assumed based on the
activation of the plant Na+/H+ exchanger (through phosphorylation) by CIPK (salt overlay
sensitive family of Ca2+ sensors) (Gong et al., 2004) and shown in Eq. 7.18. In animal systems,
regulation of the Ca+/Na+ exchanger by protein kinases are shown by the phosphorylation of
the antiporter at three putative sites (Iwamoto et al., 1998).
3(𝐶𝐶𝐶𝐶42+ .𝐶𝐶𝐶𝐶𝐶𝐶.𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶)

𝐶𝐶𝐶𝐶𝐶𝐶1 + 𝐴𝐴𝐴𝐴𝐴𝐴 �⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯� 𝐶𝐶𝐶𝐶𝐶𝐶13𝑃𝑃 + 𝐴𝐴𝐴𝐴𝐴𝐴
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(7.18)

The kinetic parameters for this reaction are not available in the experimental literature.
These parameters will be estimated evaluating the model results.
11.

Pumping of Ca2+ by CAX1 (CAX1 ⟞ Ca2+)

Ca2+ pumping by CAX can be mathematically described with the parameters of Kd=10 - 15 µM,
Vmax=12.3 nmol/mg protein/min (Hirschi et al., 1996) and Hill coefficient=2 (Veresov et al.,
2003). For this reaction, exchanger activity is illustrated as in Eq. 7.19.
2+
+
+
2+
𝐶𝐶𝐶𝐶𝐶𝐶1𝑝𝑝 + 2𝐶𝐶𝐶𝐶𝑖𝑖𝑖𝑖
+ 𝑛𝑛𝑛𝑛𝑜𝑜𝑜𝑜𝑜𝑜
→ 𝐶𝐶𝐶𝐶𝐶𝐶1𝑝𝑝 + 𝑛𝑛𝑛𝑛𝑖𝑖𝑖𝑖
+ 2𝐶𝐶𝑎𝑎𝑜𝑜𝑜𝑜𝑜𝑜

(7.19)

Positive Feedback Loop 2
(Ca2+ → PLC → InSP3 → InSP6 → Ca2+)
12.

Ca2+ binding to PLC (Ca2+ → PLC)
Ca2+ binding to membrane bound PLC represents another positive feedback loop, regulating

an influx of Ca2+ from the internal organelles of the guard cells. In general, mammalian PLC
has four catalytic domains (EF) and one PH domain. EF hands are identified as Ca2+ binding
sites and the PH domain is the target domain for PIP2 hydrolysis (Katan & Williams, 1997). In
contrast, plant PLCs lack the PH domain, but contain two Ca2+ binding domains (EF and C2
domains) (Dowd & Gilroy, 2010). Therefore, the binding coefficient for Ca2+ can be considered
as two (Eq. 7.20 was written based on this). In regard to binding affinity, Khurana et al., reported
that a significant increase in PLC activity were observed at 1 µM Ca2+ (Khurana et al., 1996) in
a different animal system. This is comparable with another study by Dowd and Gilroy, who
reported that membrane bound plant PLC requires micromolar Ca2+ for activation (Dowd &
Gilroy, 2010).
2𝐶𝐶𝑎𝑎2+ + 𝑃𝑃𝑃𝑃𝑃𝑃 → 𝐶𝐶𝑎𝑎22+ . 𝑃𝑃𝑃𝑃𝑃𝑃
13.

(7.20)

InSP3 production by PLC (PLC → InSP3)

InSP3 production is induced by PLC by hydrolysing PIP2, as shown in Eq. 7.21. We could
not find biological parameters for this reaction in plants but the reaction has been defined with
Kd = ~2 µM and stoichiometry is 1:1 in a mammalian reaction (Nomikos et al., 2007).
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𝑃𝑃𝑃𝑃𝑃𝑃2 + 𝑃𝑃𝑃𝑃𝑃𝑃 → 𝑃𝑃𝑃𝑃𝑃𝑃2. 𝑃𝑃𝑃𝑃𝑃𝑃 → 𝑃𝑃𝑃𝑃𝑃𝑃 + 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼3 + 𝐷𝐷𝐷𝐷𝐷𝐷
14.

(7.21)

Conversion of InSP3 into InSP6 (InSP3 → InSP6)

Addition of phosphate groups to the two, three and six carbon positions of the inositol ring
in InSP3 by their respective kinases results in InSP6 (Eq. 7.22).
3 & 6−𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘

2−𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘

𝐼𝐼𝐼𝐼𝐼𝐼(1,4,5)𝑃𝑃3 �⎯⎯⎯⎯⎯⎯⎯⎯⎯� 𝐼𝐼𝐼𝐼𝐼𝐼(1,3,4,5,6)𝑃𝑃5 �⎯⎯⎯⎯⎯� 𝐼𝐼𝐼𝐼𝐼𝐼𝑃𝑃6

(7.22)

The kinetics of these reactions were not available in the literature so the parameters for this

reaction will be estimated by comparing the model results with the available biological
information.
15.

Ca2+ release by InSP6 (InSP6 → Ca2+)
As reported in the literature, InSP3 can increase the [Ca2+]cyt level by 170 nM (150 - 200

nM) above the basal level (Perera et al., 2008). InsP3 concentrations as low as 0.5 µM can
stimulate Ca2+ release (Km=0.6 µM) where near maximum release was reported for 1.5 µM
concentration of InSP3 in oats (Schumaker & Sze, 1987) and Km equals 0.2 µM in beets
(Alexandre et al., 1990). In a review, Isayenkov and co-authors claimed that there is one ligand
binding site on the vacuolar Ca2+ channel for InSP3 (Isayenkov et al., 2010). However, the
current hypothesis about InSP induced Ca2+ release proposes that plant InSP3 rapidly converts
into InsP6 and InSP6 induces vacuolar Ca2+ release. InsP6 is shown to release Ca2+ at a 10‐fold
lower concentration than InSP3, and Ca2+ - InSP6 binding occurs with the molar ratio of 2 - 3
(Luttrell, 1993). In contrast, some reports say that there are no InSP induced plant Ca2+ channels
(Gillaspy, 2011) and InSP induced Ca2+ release is through an unidentified mechanism.

Activation of Ca2+ Sensing Proteins
(Ca2+ → CDPK and Ca2+→ ATALMT6)
16. Activation of CDPK by Ca2+ (Ca2+ → CDPK)
CDPK is one of the main Ca2+ sensor proteins responsible for decoding the Ca2+ signature.
The Ca2+ induced half activity of CDPK can be observed at 277 nM [Ca2+]cyt (Geiger et al.,
2010) in which, activation of CDPK requires binding of four Ca2+ ions to one CDPK molecule
(Eq. 7.23).
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4𝐶𝐶𝑎𝑎2+ + 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶 → 𝐶𝐶𝑎𝑎42+ . 𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶

(7.23)

17. Activation of AtALMT6 by Ca2+ (Ca2+ → ATALMT6)
Meyer et al.(2011) observed ATALMT6 channel activity (in vacuolar transport) at Ca2+
concentrations near 1 µM but the kinetic parameters or thermodynamics of this reaction are still
not available in the literature.
𝑛𝑛𝑛𝑛𝑎𝑎2+ + 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑇𝑇6 → 𝐶𝐶𝑎𝑎2+
𝑛𝑛 . 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑇𝑇6

(7.24)

Continuous Ca2+ Influx to the Cytosol
18. Influx of Ca2+ by stretch activated Ca2+ channels (Icas) (Icas → Ca2+)
The thermodynamics for this reaction were not available in the literature for this reaction
involving the activation of the plasma membrane bound Ca2+ channel that depends on the level
of stretching experienced by the membrane during actin disassembly.

7.3.2 Model Parameters
The normalized HillCube approach requires three parameters to define the reaction
dynamics of each variable (enzymes, ions, ion channels and transporters) in the model: these
are the Hill coefficient (n), the normalized Kd (dissociation coefficient) and the half-life of the
species (𝝉𝝉). We started model building with a set of reference parameters (Kd =0.5, n=3 and
𝝉𝝉=1) which are suggested in the literature for reproducing continuous homologues from

Boolean trajectories (Wittmann et al., 2009). We simulated our model with these parameters
and compared the model results with the asynchronous attractors. We found that the reference
parameters could not reproduce the features of the asynchronous Boolean attractors of the ABA
signalling system. We, therefore, used the biological information explained in the previous
section to build the model parameters.
The model parameter Kd can be explained biologically as the dissociation coefficient
between two molecules involved in the reaction; hence, we used the biological Kd values
(summarized in the second column of Table 7.1) to define parameter Kd (details will be
explained later). The second parameter set, the Hill coefficients (n) (shown in the last column
of Table 7.1), is extracted from the experimental literature based on biological binding
coefficients, stoichiometric ratios and, in some situations, from Hill estimates of the
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corresponding reactions. The third parameter set, the lifetime of each variable (𝝉𝝉) in the model,
was calculated based on the reaction delays used in the asynchronous model. We assumed that
the half activation time (t1/2) of a reaction can be defined as t1/2 = 0.693(𝝉𝝉); hence, we calculated
the model 𝝉𝝉 using a simple conversion such as 𝝉𝝉 = t1/2 / 0.693.

Table 7.1: Biological Kd values and Hill coefficients (n) for the model reactions (NAinformation not available)
Interaction

Kd (nM)

CaM → NO
NO → cGMP

7.13
23
7000
(in vitro)
24
100-1000
25
100-2000
700
720
NA
13000
1000
2000
NA
50
277
<1000
NA

cGMP → cADPR
cADPR → Ca2+
Ca2+ → CaM
CaM → ACA
ACA ⟞ Ca2+
Ca2+ → CBL
CBL → CIPK
CIPK → CAX1
CAX1 ⟞ Ca2+
Ca2+ → PLC
PLC → InSP3
InSP3 → InSP6
InSP6 → Ca2+
Ca2+ → CDPK
Ca2+ → ATALMT6
Icas → CA

n
2
2
2
2
4
1
2
4
1
3
2
2
1
NA
2-3
4
NA
NA

We had to use a relatively crude normalization approach for the biological Kd values for the
model because the normalization is a pre-requirement in the approach. We could not proceed
with standard normalization techniques due to the non-availability of a single set of data (lack
of knowledge of concentration level changes in the model variables). Therefore, the biological
Kd values are reduced to a unit length (between 0 - 1) by expressing them as a fraction of the
levels of concentration of the variable concerned (regulator) within the cell cytoplasm. The
results of this approximation are summarized in Table 7.2 and details are provided in the
following paragraphs.
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Table 7.2: Scaling of biological Kd values to a normalized range (NA- information not
available, **- to be determined by model analysis)
Interaction
CaM → NO
NO → cGMP
cGMP → cADPR
cADPR → Ca2+
Ca2+ → CaM
CaM → ACA
ACA ⟞ Ca2+
Ca2+ → CBL
CBL → CIPK
CIPK → CAX
CAX ⟞ Ca2+
Ca2+ → PLC
PLC → InSP3
InSP3 → InSP6
InSP6 → Ca2+
Ca2+ → CDPK
Ca2+ → ATALMT6
Icas → Ca2+

Biological Kd
(nM)
7.13
23
7000
(in vitro)
24
100 - 1000
25
100 - 2000
700
720
NA
13000
1000
2000
NA
50
277
<1000
NA

Kd for the model
0.1
0.1
0.8
0.1
0.4
0.1
0.5
0.5
**
**
0.8
0.8
0.1
0.1
0.1
0.2
0.7
**

We formulated the threshold Kd values for the model in such a way that the lowest is 0.1,
the maximum is 0.9 and the others are between 0.1 - 0.9 in 0.1 intervals; for example, 0.1, 0.2,
0.3,…,…, 0.9. Biologically, a high Kd value between two molecules in a reaction means a low
affinity for binding, hence a low level of product formation is observed for a given
concentration level of the enzyme/substrate. In contrast, a low Kd value signifies a high affinity
between two molecules, resulting in a higher level of complex/product formation for a given
concentration level of enzyme/substrate. That means the model Kd value closer to 0.1 represents
high affinity reactions while a Kd value closer to 0.9 represents low affinity reactions.
Considering the biological definitions, the following paragraphs discuss how we formulated
base estimations for Kd, for each reaction in the model, as shown in the third column of Table
7.2 to maintain parameter values in the model to be biologically relevant.
The plant CaM levels vary between 1 – 10 µM. CaM induced NO generation is a rapid
reaction where half maximum NO synthesis occurs at low nanomolar concentration levels of
CaM. Therefore, Kd for CaM → NO was considered as 0.1 in the model. Similarly, Kd for CaM
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→ ACA was considered as 0.1 because the half activity of ACA has been detected at 30 nM
CaM levels.
As explained by Eq. 7.8, NO is required to produce cGMP targeting the production of
cADPR to induce Ca2+ release from plant vacuoles. There is a very low concentration of NO
found in plants and a level closer to the basal level is enough to activate cGMP production,
which is 23nM. There are no reports to be found that explain the level of NO in plant guard
cells or any other leaf tissue because of the difficulty in detection and quantification due to its
high reactivity and short life time. However, it is known that ABA induced NO production
happens via two regulatory pathways that use nitrite molecules as a substrate to produce NO
(Małolepsza, 2006). The steady state concentration of nitrite in the leaf tissue is about 10 µM
(Vanin et al., 2004). Later, it was found that the production of nitrite is 20 times higher than
reported in the study above (Vanin et al., 2004), and in vivo NO generation is 0.01- 0.1% of NR
activity (Arasimowicz & Floryszak-Wieczorek, 2007). Therefore the basal NO level can
assumed to be greater than 20 - 200 nM. Considering all facts available, the model Kd for this
reaction is considered to be 0.1.
As mentioned earlier, cGMP enhances the production of cADPR to release Ca2+ from plant
vacuoles. Basal cGMP level in plants cells varies from 20 nM to 2 µM. The production of
cADPR through a cGMP induced mechanism is not a direct interaction between cGMP and
cADPR (Eqs. 7.9 and 7.10). Therefore, there is no real affinity measure between these two
molecules. However, we found that the half maximal cGMP concentration for activating
cADPR has been reported to be around 7 µM (an in vitro assay) in sea urchin eggs. As this is a
concentration value above the maximum potential cellular concentration level of cGMP in
plants (2 µM), we could not accept this Kd value as a representative measure for the cGMP
induced cADPR production. However, it can be assumed to have a two to three-fold lower value
if the reaction is conducted in vivo (as per all the comparisons of in vivo and in vitro Kd for
similar reactions) for the real biological Kd between cGMP and cADPR. Even with a three-fold
reduction, this Kd value falls to around the maximum concentration level in plants. Therefore,
we considered a high Kd value for this reaction (0.8 - 0.9).
The level of cADPR in the plant cell cytoplasm is reported to be 50 - 100 nM and
concentration levels in mammalian cells ranged from 100 - 200 nM (Sih, 1997). According to
the experimental literature, 24 nM of cADPR is enough to half activate vacuolar Ca2+ release
(Allen & Sanders, 1995). Therefore, cADPR induced Ca2+ release can be considered as a fairly
rapid reaction and the Kd of the model is considered to be 0.1.
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The cytoplasmic Ca2+ level in a resting guard cell is usually about 100 – 250 nM. This has
the potential to increase the concentration up to millimolar level as the internal organelles and
the extracellular space of the guard cell share millimolar concentration levels of Ca2+. When
considering the regulators of Ca2+, it is known that the contribution of cADPR is 50 - 450 nM,
for InSP it is 150 - 200 nM and for ROS it is <400 nM. According to these ranges, we can
assume that the maximum possible level of Ca2+ that ABA can induce is less than 1300 nM.
Therefore, the Kds of the model for the reactions depending on [Ca2+]cyt are estimated based on
this maximum possible range. For example, CaM is activated by [Ca2+]cyt levels of between 0.1
- 1 µM (mean 0.55 µM). Therefore, we assumed the model Kd for this reaction to be 0.4 (0.55
µM/1.3 µM).
The binding of CBL and CIPK proteins occur at 720 nM of CBL. With a lack of clear
information about this reaction and the nature of the available information, it is suspected to be
a weak reaction (Sánchez-Barrena et al., 2013). We decided to generate Kd though the model
results.
Activation of CAX1 by CIPK is a putative reaction proposed in this study. Therefore, Kd of
the model is expected to be generated though model results.
In the literature, CAX1 is identified as a low affinity Ca2+ pump, which means this is a slow
reaction. Therefore, the model Kd for this reaction was assumed to be between 0.8 - 0.9.
The hydrolysis of PIP2 to produce half maximum InSP3 by PLC occurs at a 2 µM substrate
concentration. The literature provides evidence that this reaction is a fast reaction (Nomikos et
al., 2007; Thore et al., 2007). Therefore, the model Kd is assumed to be 0.1.
It was assumed a low Kd value (0.1) is needed for the conversion of InSP3 to InSP6 as this
reaction is known to be very rapid in ABA signalling.
The level of InSP6 in most plant and animal cells largely varies above 10 µM (Bentsink et
al., 2003; Murthy, 1996). Ca2+ release by InSP6 can be considered as a very rapid reaction
because a 0.05 µM (10-fold lower than InSP3) level of InSP6 can stimulate Ca2+ release from
plant vacuoles. Comparing the availability and required level of InSP6, the model Kd can be
assumed to be 0.1.
The Kd values defined above are used as initial parameter values in the model and further
fine-tuning was undertaken to assess the model output. In considering the biological facts
described above, the experimentally observed oscillatory patterns of [Ca2+]cyt and results of the
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asynchronous attractors, the system parameters were adjusted to best explain the dynamics of
the core regulatory network of ABA signalling without altering network topology. System
parameters not known biologically were manually adjusted to reproduce the continuous
homologue of oscillatory behaviour observed in asynchronous Boolean analysis. There were
six parameters (see Tables 7.1 and 7.2) not found in the biological literature; these are the
binding coefficients (n) for the Icas → Ca2+, InSP3 → InSP6 and Ca2+→ ATALMT6 reactions
and Kd values for the Icas → Ca2+, CIPK → CAX and CBL → CIPK reactions. Hence, they
were estimated based on the results. The best fitting parameters are shown in Table 7.3. In
addition to Kd and n parameters, Table 7.3 displays 𝝉𝝉 values for all variables in the model.

These 𝝉𝝉 values are calculated based on the time delays used in the asynchronous Boolean model,

as explained elsewhere.

Table 7.3: Model parameters which produced the best approximation of experimentally
validated Ca2+ oscillation. X_ 𝝉𝝉 means half-life of variable X, X_k_Y means Kd between X and
Y variables and X_n_Y means binding coefficient between X and Y
Parameter
NO_𝝉𝝉
NO_n_CaM
NO_k_CaM

Value

3
2
0.1

cGMP_ 𝝉𝝉
cGMP_n_NO
cGMP_k_NO

1.4
2
0.1

cADPR_ 𝝉𝝉
cADPR_n_cGMP
cADPR_k_cGMP

1.4
2
0.8

CA_ 𝝉𝝉
CA_n_InSP6
CA_k_InSP6
CA_n_cADPR
CA_k_cADPR
CA_n_Icas
CA_k_Icas

5.8
3
0.1
2
0.3
3
0.3

Parameter
CA_n_ACA
CA_k_ACA
CA_n_CAX1
CA_k_CAX1

Value

2
0.5
2
0.9

CBL_ 𝝉𝝉
CBL_n_CA
CBL_k_CA

3
4
0.5

CIPK_ 𝝉𝝉
CIPK_n_CBL
CIPK_k_CBL

4.3
1
0.1

CAX_ 𝝉𝝉
CAX1_n_CIPK
CAX1_k_CIPK

1.4
3
0.1

CaM_ 𝝉𝝉
CaM_n_CA

1.4
4

Parameter
CaM_k_CA

Value
0.4

ACA_ 𝝉𝝉
ACA_n_CaM
ACA_k_CaM

1.4

PLC_ 𝝉𝝉
PLC_n_CA
PLC_k_CA

1.4
2
0.8

InSP3_ 𝝉𝝉
InSP3_n_PLC
InSP3_k_PLC

1.4
1
0.5

InSP6_ 𝝉𝝉
InSP6_n_InSP3
InSP6_k_InSP3

1.4
1
0.1

1
0.5

During parameter estimation, we observed that some parameters are crucial to maintaining
the oscillatory behaviour of the system, as the oscillators were highly sensitive to them. Among
these, changes to parameter 𝝉𝝉 alter the peak amplitudes of the oscillatory spikes. According to
the model results, the peak amplitude of the Ca2+ spikes are most sensitive to the half-life of
CAX1; it has been biologically proven that CAX1 are high capacity transporters.

We studied the effect of changes in the Hill coefficients on system behaviour. However,
due to the lack of data, the available biological information about binding coefficients in general
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were applied in studying this effect so as to conform to the biology. For reactions where the
relationship of binding stoichiometry is not known a priori, binding coefficients were evaluated
for the model by trial and error but considered their biological relevance. Among these, it was
identified that changing parameter n for CIPK_CBL and CAX_CIPK make significant changes
to the system behaviour. For example, if CIPK_n_CBL is fixed at 1 (as in Table 7.3 based on
the available information), the use of n <3 for CAX_n_CIPK binding does not produce
continuous oscillations but a gradual damping off in the oscillatory pattern over the period of
the update. Therefore, the best binding coefficient for CAX_n_CIPK is accepted as three as it
agreed with that evidenced in animal systems. We cannot biologically comment on
ATALMT6_n_CA but the model resulted in significantly lower activity of the ATALMT6
channel with greater n values. Further, CA_Icas (stretched activated channels induced Ca2+
release) is not an experimentally validated reaction for mass kinetic parameters. We found that
changing CA_n_Icas between one and four does alter the system behaviour only a little.
Therefore, we evaluated the system results for varying combinations of n and k. We found the
best CA_n_Icas and CA_k_Icas to be three and 0.1 respectively, for which the system produced
the best matching frequencies of Ca2+ spikes.
The initial model Kd values were derived by normalizing the available biological mass
action kinetic parameters (Kd) to a unit value, as described in a previous section. However, the
model required some minor variations in them to approximate the biologically-evidenced
frequencies of the Ca2+ spikes, which was also produced in the asynchronous attractors, as
shown in Table 7.3. Evaluation of the effect of Kd values on system behaviour revealed that
Kd values of the Ca2+ efflux systems (ACA and CAX) are crucial to maintaining an oscillatory
behaviour, since Kd <0.5 for either ACA or CAX leads to a damping off of oscillations. As
mentioned in the previous paragraph, the parameters for CBL and CIPK binding and activation
of CAX1 by the CIPK-CBL complex were also generated through model analysis by evaluating
the system behaviour. Comparison of several combinations of Kd values for these two reactions
revealed that when Kd values for both reactions increase (slowing the reactions), the amplitude
of oscillations becomes progressively smaller. The smaller the Kd values are, the higher the
amplitude is and, therefore, the higher the chance of maintenance of a regular frequency of the
oscillator (Ca2+). Therefore, we suggest that these reactions need to be biologically rapid to
maintain stomatal closure.
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7.4

Results: Dynamics of the System

Experiments have revealed that a wide range of ABA concentrations can elicit a series of
Ca2+ oscillations in the guard cell cytosol. Table 7.4 shows the evidence from the literature for
the amplitude and transition duration changes of Ca2+ oscillation patterns in response to
concentration level changes of ABA.
Table 7.4: Experimental evidence for cytosolic Ca2+ oscillations induced by different ABA
concentration levels [ABA] in plant guard cells
[ABA]

Ca2+ oscillations
Reference

Transition duration

Peak height

(min)

(µM)

0.01

11 ± 0.9

0.5

1

18 ± 0.9

~0.4

5

10.3 ± 0.7

-

(Allen et al., 2001)

5.55 ± 0.58

0.5

(Allen et al., 2000)

10

-

(Islam et al., 2010)

(µM)

10

(Staxén et al., 1999)

As shown in Table 7.4, the occurrence of Ca2+ oscillations is robust to changes in the
concentration of [ABA] but the transient durations (period of oscillations) vary inconsistently
among different levels of ABA. However, the frequency of oscillations with 10 min transient
duration appears reasonably common for the range of ABA presented in Table 7.4. The peak
level of Ca2+ (amplitude of oscillations) varies within 400 – 500 nM above the basal [Ca2+]cyt
level.
We simulated the model for 100 initial conditions for the dynamics nodes that produced the
four attractors in the asynchronous update to check whether the continuous model produces
these same attractors.
As described in Section 7.2.5, if the Hamming distance of the Boolean attractors is greater
than 1, it is difficult to reproduce them by continuous homologues. The four dominant
asynchronous attractors found in this study had Hamming distances of 1.3, 2.5, 2.5 and 5.0.
Therefore, the continuous model is expected to produce oscillations different from Boolean
trajectories in terms of transition order. We attempted to minimize the dissimilarity between
the two approaches by proper selection of parameters. The simulation results of the continuous
model with manually determined parameters presented in Table 7.3, are shown in Figure 7.3.
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Figure 7.3: Results of continuous simulation of variables in the ABA signalling core
network (model including Ca2+ → PLC regulation)
As shown in Figure 7.3, all network nodes produce non-stationary behaviour with different
frequencies and amplitudes. It should be noted that the activity of some of the nodes, such as
ATALMT6, InSP3, PLC, CaM, and CBL, are maintained at comparatively low levels.
However, there is no biological evidence describing the activity levels of these molecules,
except that CBL shows a low expression level in leaves (Mahajan et al., 2006). According to
Figure 7.3, the normalized HillCube approach reproduces the oscillatory behaviour of the ABA
attractors in a similar way as in the asynchronous analysis. However, the biggest contrast
between two modelling approaches (asynchronous and normalized HillCube) is that the features
of the steady state dynamics produced by the continuous model are independent of initial
conditions. In other words, the continuous model does not reproduce four different attractors as
in the asynchronous model, but only a close homologue of the most common asynchronous
attractor that has shown the lowest Hamming distance (1.3). Further, the normalized HillCube
model could not regenerate oscillatory behaviour of each node identical to that observed in the
asynchronous attractor, except for Ca2+. Specifically, there are amplitude differences between
the steady level dynamics of network nodes depending on the parameters connected to each
node. However, the oscillation frequency and length of the attractor agree well with that of the
original asynchronous attractor.
Figure 7.4 compares Ca2+ oscillations between the four asynchronous attractors and their
best fit continuous homologues. Each pair of line graphs in Figure 7.4 (A) - (D) correspond to
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the same starting conditions. The results indicate that the shapes and timing of the oscillations
are nearly identical in Figure 7.4 (A). Figure 7.4 (B - D) shows inconsistent oscillatory
behaviours between the two modelling approaches. The continuous model could not produce
more frequent Ca2+ spikes as was shown in the asynchronous attractors. It appears that the steplike oscillations from the asynchronous update with ‘ON’-‘OFF’ state changes are masked by
smooth and gradual changes in the normalized HillCube approach.
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Figure 7.4: Comparison of Ca2+ oscillation patterns in asynchronous and continuous attractors
(green – continuous; blue - asynchronous) (note that the vertical axes for the asynchronous and
continuous attractors are different)
The consistent pattern of oscillations, which is unaffected by the initial conditions, is not a
surprising result with continuous analysis as factors that decided the stable frequency of events
and the period of oscillations are the three parameters in the model, not the initial conditions.
The initial conditions affected only the initial amplitude of the Ca2+ spikes. As a result of being
independent of initial conditions, the model produces the biologically more reliable attractor,
identified by the asynchronous model, with continuous dynamics. This proves that the low
Hamming distance attractors are robust against this type of modelling approach. Therefore, we
can again confirm that the common attractor resulting from the asynchronous model, which is
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identified as displaying steady state system dynamics, appear to be persistent in the ABA
signalling system.
We further studied system behaviour to investigate how influential the model parameters
(Kd, n and τ) are in changing the properties of steady state behaviour using two sensitivity
analysis measures, as discussed in the next section.

7.4.1 Sensitivity of Attractor to Initial Conditions and Network
Parameters
Sensitivity analysis is a beneficial tool to examine the effect of variation in initial conditions
or parameters on the dynamics of the system. We analysed the system sensitivity by changing
the network initial conditions (1000) and parameters. Our aim is to study the robustness of
system behaviour in the presence of uncertainty and, thereby, identify the network parameters
that can cause significant variations to the system behaviour. We expect that identifying such
parameters would help in understanding the most important factors in the network that decide
the characteristics of the behaviour and, therefore, can become the focus of attention in future
research. We, therefore, studied the effect of the initial conditions, as well as both local and
global perturbations of network parameters, on system behaviour features such as amplitude
and the period of sustained oscillations of the system.

7.4.1.1

Sensitivity of the Attractor to Initial Conditions

Similar to that observed in the last section (in response to initial conditions of four different
asynchronous attractors), the network produces oscillations that are not affected by the 1000
different starting conditions. The network results for a few of the different initial conditions are
depicted in Figure 7.5. As shown in Figure 7.5, the initial transients are different based on the
initial conditions, but the system eventually reaches oscillations with identical frequency and
magnitude for each case. However, the results exhibit a mild shift in oscillatory phases in
response to different initial conditions. For example, the four time series in Figure 7.5 behave
differently for about 10 iterations and then they stay close together thereafter. Therefore, we
can conclude that this oscillator is robust against perturbation to the initial conditions and
generates only the oscillatory behaviour observed in the most common attractor of the
asynchronous model.
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Figure 7.5: Network sensitivity to initial conditions with respect to changes in Ca2+
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7.4.1.2

Local Sensitivity Analysis

Local sensitivity analysis measures the effect of individual parameter perturbations (one at
a time) on system output based on the partial differentiation (first order derivative) of the output
with respect to the input parameter that has been perturbed. The local sensitivity analysis
studied the impact of small perturbations on the model output to understand how influential
each input is on system output, using two sensitivity measures - normalized period and
amplitude sensitivity. The normalized period and amplitude sensitivities capture the change in
length of the oscillatory periods and amplitude of oscillations upon changes in a parameter with
respect to the nominal response. If the model output is highly sensitive to a given parameter, it
implies a lower robustness in the corresponding element of the model.
In the local sensitivity analysis, we observe system behaviour by changing each parameter
of the system one at a time. Parameters are perturbed by 1% to 20% from their nominal values
to observe the robustness in the oscillatory behaviour of the system. Only a single parameter is
perturbed in each simulation. The initial states used in the simulation are identical for the
nominal and perturbed systems.
First, we analyse network sensitivity to the parameters that directly connected Ca2+ influxes
and effluxes with the Ca2+ node (CA_n_cADPR, CA_k_cADPR, CA_n_InSP6, CA_k_InSP6,
CA_n_Icas, CA_k_Icas, CA_n_ACA, CA_k_ACA, CA_n_CAX1, CA_k_CAX1 and CA_tau)
because it was identified in a previous chapter that [Ca2+]cyt regulates the system behaviour. Of
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these 11 parameters, six parameters are connected with three Ca2+ influxes (CA_n_cADPR,
CA_k_cADPR, CA_n_InSP6, CA_k_InSP6, CA_n_Icas, and CA_k_Icas) and four parameters
are connected with two Ca2+ effluxes (CA_n_ACA, CA_k_ACA, CA_n_CAX1 and
CA_k_CAX1). The results revealed that the sensitivity of the ABA signalling attractor to these
11 parameters are consistent among all perturbation sizes considered (1% - 20%) in the analysis.
Figure 7.6 shows the results of the local sensitivity analysis of the system to the above
mentioned parameters when they were perturbed by 10%. Local sensitivity analysis results
further revealed that Ca2+ influx parameters, CA_n_cADPR, CA_k_cADPR, CA_n_InSP6,
CA_k_InSP6, CA_n_Icas and CA_k_Icas, are not influential for system behaviour (sensitivity
<6x10-9) and, therefore, are not shown in Figure 7.6. We expected that the influx parameters
would show their influence, specifically, on the amplitudes of Ca2+ oscillations but none shows
a significant effect on Ca2+ oscillatory behaviour. This may be due to the functional redundancy
of the Ca2+ influx systems as a result of having multiple influxes. Therefore, altering one influx
may not reveal their real effect on system behaviour. We will discuss the effect of global
sensitivity of influx systems later in this chapter.
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Figure 7.6: (A) Sensitivity of amplitude and (B) period of network oscillations to the
parameters that connect the Ca2+ efflux system with the Ca2+ node (CA_n_ACA,
CA_k_ACA, CA_n_CAX1, CA_k_CAX1 and CA_tau). Coloured bars represent the 15
regulatory nodes in the network
In contrast to the Ca2+ influx systems parameters, the parameters of the efflux systems show
considerable impact on the system behaviour, as shown in Figure 7.6. Of the four parameters
that connect [Ca2+]cyt to the Ca2+ efflux system (CA_n_ACA, CA_k_ACA, CA_n_CAX1 and
CA_k_CAX1), three parameters (CA_n_ACA, CA_k_ACA and CA_k_CAX1) show a
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comparatively greater influence on both the period and amplitude of oscillations in the system.
We observed that the changes to the relative periods are comparatively lower than the changes
observed for amplitude changes (compare Figure 7.6 (A) and (B)). The impact of these
parameters on the amplitude of system oscillations are comparatively inconsistent among the
network nodes (Figure 7.6(A)). For example, parameter CA_n_CAX1 exerts a high negative
influence (< -0.4) on the oscillatory amplitudes of CAX1 but the influence on the amplitude of
Ca2+ oscillations is positive and comparatively lower (< +0.2). Normalized period sensitivity
measures for a given parameter value are identical on each node of the network because all
nodes are needed to be synchronized, with the same frequency of oscillations, to result a
repeated pattern in state transitions. Overall, we noted that parameter CA_tau (life time of Ca2+)
is the most influential parameter to change the oscillatory periods of all network nodes.
Local sensitivity analysis for other model parameters reveals that the majority of the
parameters have little impact on system behaviour, in general, (the observed normalized
sensitivity measures are less than ±0.3 for >80% of the model parameters) indicating that this
system is fairly robust against small individual parameter changes. The exception is a set of
parameters that regulate the negative feedback regulation between Ca2+ and CAX (CBL_n_CA,
CBL_k_CA, CAX_n_CIPK, CAX_k_CIPK, CIPK_n_CBL, CaM_n_CA and CaM_k_CA).
These parameters have distinctive effects on both the amplitude and period of system
oscillations. Of these parameters, CBL_k_CA exerts the greatest influence on the period
(sensitivity measure < -0.3) for all network nodes and has a considerably high impact on the
amplitude of Ca2+ oscillations (~0.5). Three other parameters, CaM_k_CA (~0.5),
CAX_n_CIPK (~1) and CIPK_n_CBL (~0.75), display the greatest effect on the amplitude of
the Ca2+ oscillations. However, it should be noted that CDPK, one of the main proteins that
decode the Ca2+ signal to proceed with signal transduction is the least affected by the alteration
of these parameters. It is an evolutionary favourable phenomenon for an important molecule
like CDPK to maintain steady level activation/deactivation of its downstream targets regardless
of any perturbations present in the system. In general, local sensitivity analysis indicates that
the influence of a parameter on the amplitude of oscillations is significantly higher than that
observed in the period of oscillations.
Figure 7.7 displays the generalized summary of the above results with special focus on changes
in the oscillatory behaviour of Ca2+ (because Ca2+ is the driver of system oscillations) in
response to changes made to the parameters that are the most influential.
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Figure 7.7: Sensitivity of Ca2+ oscillations to some of the most influential parameters of
the system where changes are made on: (A) the half-life of Ca2+ (nominal value = 5.8);
(B) dissociation coefficient between CaM and Ca2+ (nominal value = 0.4); (C)
cooperativity of binding in CAX1 and CIPK reaction (nominal value = 3); and (D)
dissociation coefficient between CAX1 and CIPK reaction (nominal value = 0.1)
We observed differences in the features of Ca2+ oscillations, while changing the four most
influential model parameters from their nominal values but keeping the remainder in their
nominal state; the results are shown in Figure 7.7. Comparison of Figure 7.7(A - D) provides a
clear picture of how important each parameter is to defining the system features (Ca2+
oscillations). Figure 7.7(A) displays changes in the period and amplitude of Ca2+ oscillations in
response to raising and lowering the half-life of Ca2+. Lowering this parameter value from the
model value lowers the amplitude of Ca2+ transients by 10% and the period by 32% whereas
increasing it lowers the amplitude of Ca2+ transients by 15% but enhances the period by 20%.
The results show that the half-life of Ca2+ is highly influential for the period of Ca2+ transients,
where the higher the half-life higher the duration of Ca2+ transients. As shown in Figure 7.7(B
- D), either lowering CAX1_n_CIPK, raising CAX1_k_CIPK or raising CaM_k_Ca2+ abolish
the Ca2+ transients by directing the system dynamics to a fixed point. Considering all these three
parameters, we identify that if the model parameters are defined in a way that lowers the
availability of CAX1 transients below a threshold value, it can stop the oscillatory behaviour
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of the system. Moreover, Ca2+-ATPase (ACA) can induce a similar effect on system dynamics
if the normalized dissociation coefficient between Ca2+ and Ca2+-ATPase is lower than 0.2
(nominal value is 0.5). Taken together, we can argue that there should be a balance between
Ca2+ efflux systems to maintain the steady state behaviour (attractor) of the ABA signalling
network.
As explained above, we find that changes made on parameters that connect Ca2+ with its
positive regulatory loops are less influential on system properties. We assume this may be due
to the functional redundancy of Ca2+ influxes as a result of having a continuous supply of Ca2+
from Icas and two other transient suppliers (cADPR and InSP6). Therefore, we decided to study
the importance of each Ca2+ influx system to maintaining the Ca2+ signature by perturbing one
system at a time as discussed later in section 7.4.2.

7.4.1.3 Global Sensitivity Analysis
The section above described the effect of small parameter changes, one at a time on the
features of system oscillations. Investigation of the way various parameters control the period
and amplitude of oscillations helped us to study the importance of each parameter to system
behaviour. Global sensitivity analysis (GSA) quantifies the sensitivity of the model output with
respect to simultanious variations of model parameters. GSA is, therefore, helpful in assessing
the relative contributions of the different sources of uncertainty to the variability in the model
output. It was reported in the literature that results of local sensitivity analysis of the parameters
are consistent with the global sensitivity properties of the system (Kent et al., 2013) indicating
that network parameters are independent from each other.
We analysed our network to see how the system properties change in response to
simultaneous perturbations to parameters in a given parameter space, based on Sobol’s
approach (Sobol, 2001), which is available in the MATLAB System Biology Toolbox. Sobol’s
sensitivity analysis method calculates the global sensitivity of the model output, quantifying the
overall effects of a parameter, in combination with any other parameters, on the model output.
Sobol’s method decomposes the variance of the model output function 𝑦𝑦 = 𝑓𝑓(𝑥𝑥) (the variance

of the output function is estimated using Monte Carlo integrations on a random sampling basis)
into summands of variances in combinations of input parameters in increasing dimensionality.
The Sobol’s sensitivity indices are defined based upon the fraction of related partial variances
in the overall variance. “First-order sensitivity indices characterize the impact of individual
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parameters on the model output, whereas total effect sensitivity indices describe a mixture of
effects that a parameter, in combination with any other parameter(s), have on the model output”

Global Sensitivities: SOBOL Total Effect method

(Zheng and Rundell, 2006).
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Figure 7.8: Magnitude of global sensitivities (SOBOL total effect method). Coloured bars
represent 15 regulatory nodes of the network and the overall sensitivity measure (the first
bar in each parameter)
We perturbed all the parameters by changing the order of magnitude of perturbation by 1%
- 20%. The results of the GSA for 10% perturbation of all model parameters are shown in Figure
7.8. Parameters that are found less influential were not displayed in Figure 7.8 to maintain
clarity. According to the results, the model parameter, CA_tau, has the highest impact on model
output and, thereby, accounts for most of the uncertainty in system behaviour (see the overall
measure of CA_tau in Figure 7.8). As shown in Figure 7.8, CA_tau affects considerable
changes to properties of all network nodes and it is the only parameter that has higher global
sensitivity measure above 1 indicating that the model is most sensitive to this parameter.
Overall, 84% of the total numbers of parameters (50) show <0.1 overall sensitivity measure to
change the behaviour of system oscillations. Exceptions are the seven parameters, CA-tau,
CBL_n_CA, CBL_k_CA, CBL_tau, CAX_n_CIPK, ACA_n_CaM and CaM_k_CA (not
shown in the Figure 7.8), which show comparatively higher overall sensitivity. These statistics
indicate the comparative impact of each parameter on the global behaviour of the system.
We find that the results of both local and global sensitivity analyses are comparable. In
summary, parameters that connected with Ca2+ effluxes (negative feedback regulation loops)
show a comparatively greater influence on the behaviour of nodes, especially on changing Ca2+
and CDPK oscillations. Accordingly, we identify that the positive feedback loops connected to
Ca2+ are less influential on behavioural changes in system oscillations; in contrast, negative
feedback loops are highly influential in deciding the signature of each oscillator.
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Comparison of Ca2+ Dynamics with Different Positive

7.4.2

Regulators
As discussed in Section 6.2.3, we studied the importance of Ca2+ influxes in generating the
system attractor and found that each Ca2+ influx alone can generate steady state Ca2+ oscillations
in the asynchronous Boolean model system but with different frequencies. This may be because
binary approaches like Boolean modelling with ‘ON’/’OFF’ inputs have no capacity to handle
finer threshold level changes in influxes and effluxes to account for the concentration level
changes and, thereby, to define the correct oscillatory patterns. In contrast, the normalized
HillCube model considers finer kinetics and, thereby, avoids sudden concentration peaks and
produce gradual changes. Therefore, we suspect that the continuous model may not be
responsive to individual influxes, as had been observed in the synchronous model. Further, in
the last section we observed that all Ca2+ influxes are less influential on system behaviour than
the Ca2+ efflux systems. Studying the response of system behaviour to different combinations
of Ca2+ influxes may reveal how the guard cell attractor is generated and how important each
influx is to defining the system attractor. Therefore, we evaluate the continuous system by
simulating the model with each influx system individually and in combination (23
combinations).
First, we evaluate the Ca2+ oscillatory pattern with all three influxes present in the model.
Then, we consider the presence of all combinations of the two systems (cADPR-Icas, cADPRInSP6 and Icas-InSP6) in the model. Lastly, we check how system oscillations are maintained
in the presence of each regulator alone. Figure 7.9 depicts the dynamics of [Ca2+]cyt in response
to the presence of varied combinations of positive regulators of [Ca2+]cyt.
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Figure7.9: Comparison of dynamics of [Ca2+]cyt in response to combination of different
positive regulators of the system: (A) Cumulative effect of three Ca2+ influxes; (B) InSP6
and Icas; (C) cADPR only; (D) cADPR and Icas; (E) InSP6 or Icas only; and (F) cADPR
and InSP6
Figure 7.9 (A and D) compare the oscillatory behaviour of Ca2+ in the original model (all
three regulators are present) with a system lacking Ca2+ release by InSP6. Comparison of the
results of the two models reveals that InSP6 has an insignificant contribution to the features of
Ca2+ oscillations when the two other Ca2+ influxes are available in the system. We observe that
both the amplitude and period of Ca2+ oscillations are not affected when InSP6 is absent from
the system. Similarly, comparison of two other pairs (InSP6-cADPR (Figure 7.9(F)) and IcasInSP6 (Figure 7.9(B))) with the original model reveals that the features of the original Ca2+
behaviour can be preserved in each system if they have two Ca2+ influxes. We then evaluated
all three Ca2+ influxes alone in the model to see whether they can individually regulate the guard
cell attractor. As shown in Figure 7.9 (C), in contrast to the asynchronous analysis, the
continuous model does not produce oscillatory behaviour when only cADPR is present in the
system. Conversely, the other two influxes, Icas and InSP6 (Figure 7.9(E)), produce nearly
identical features of the original Ca2+ oscillations, indicating that the presence of either of them
is sufficient to maintain the steady state oscillatory patterns of the ABA system. The results
reveal that due to being a constant supplier of Ca2+, Icas can regulate the attractor even with
less efficient reaction kinetics to release Ca2+. It appears that the effects of Icas and InSP6 is
similar on system behaviour but have no added advantage when both are present together.
Therefore, if available in the system, InSP6 appears to be a more stable Ca2+ influx than cADPR
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to maintaining system behaviour. According to what have been noted in the experimental
literature, the most likely combinations for generating Ca2+ oscillations in the cytosol are
cADPR and Icas (according to the biological literature, the availability of InSP6 in the steady
level dynamics is uncertain). The presence of Ca2+ efflux systems strictly control the amplitude
of Ca2+ oscillations to stop them reaching a toxic level that can cause harmful effects to the cell.
Therefore, having multiple Ca2+ influxes has no added advantage to enhancing [Ca2+]cyt at a
given time, rather than making the system more robust to perturbations by keeping functional
redundancy between each other. This indicates that the ABA signalling system is a very robust
system that can maintain system behaviour under significant changes to its core (attractor) by
means of a strong functional redundancy within the system.
The final objective of this chapter is to study the behaviour of Ca2+ decoding proteins
available in this attractor to evaluate how their activity levels are defined by Ca2+ to convey the
necessary information to downstream targets. Therefore, the following section explains how
the activity levels of plant Ca2+ sensors are maintained during system oscillations.

7.4.3 Decoding the Ca2+ Signature for Stomatal Closure
Maintenance
To date, it remains largely unknown in the experimental literature how the
[Ca2+]cyt signature is decoded to maintain stomatal closure by regulating downstream effector
proteins in response to the ABA signal. There have been several proteins, CDPKs, calmodulins
(CaMs) and calcineurin B-like proteins (CBLs), identified as the major families of plant Ca2+
sensors in plant signalling systems. However, their role in regulating the downstream factors
essential for maintenance of stomatal closure is poorly understood. We can assume that CDPK,
one of the major Ca2+ sensor protein kinases, can potentially decode the Ca2+ signature for the
maintenance of stomatal closure. CaM and CBLs actively participate in defining Ca2+ signature
and their role in inhibition of K+ influx channels are not yet known. Therefore, we focus on
CDPK, the most likely potential target for inhibiting K+ influxes through phosphorylation.
Therefore, we study the behaviour of CDPK in response to [Ca2+]cyt oscillations. Further, we
generate a hypothetical downstream target (A) for CDPK and studied the behaviour of A in
response to changing parameters that connect A with CDPK. Figure 7.10 displays the temporal
dynamics and phase plane trajectories of CDPK over a period of 100 time units.
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Figure7.10: CDPK dynamics in the system. (A) Time course of CDPK activity; and (B)
phase plane trajectories for CDPK dynamics (time course was extended to 1200 time
units)
According to what has been explained in Chapters 5 – 7, and shown in Figure 7.10, it is
clear that the trajectory of the CDPK dynamics evolves through a stable limit cycle (note the
trajectories of CDPK have converged to a closed curve in Figure 7.10(B)). It should be noted
that the behaviour of CDPK at the steady state is independent of the starting conditions. Next,
we study whether this stable oscillatory behaviour can regulate its downstream factors to
maintain steady state activity. Therefore, we define a hypothetical downstream factor that is
inhibited by CDPK and observe its behaviour by changing the parameter values.
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Figure 7.11: Comparison of dynamics of A in response to different parameters that
connect A to CDPK: (A) (n=3, k=0.5 and τ=1); (B) (n=3, k=0.5 and τ=6); (C) (n=3, k=0.1
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and τ=1); (D) (n=1, k=0.5 and τ=1); (E) (n=1, k=0.1 and τ=6); and (F) (n=3, k=0.1 and
τ=6)
Figure 7.11 depicts the different behaviours of hypothetical node, A, in response to
changing parameters in the model. Comparison of the six time courses in Figure 7.11 reveal
that timecourses in panels E and F have biologically more favourable characteristics than those
in panels A, B, C and D. This is because the duration of the activity level of A that remains
above 0.5 is comparatively lower in panels E and F which is evolutionary favourable if
continous deactivation of A is needed (e.g., K+ in channels) for the global output of the system.
We evaluated the parameters that generated each time course in Figure 7.11. We observe that
parameter k is the most influential in lowering the activity of A below the threshold level. The
lower Hill coefficients(<3) (co-operativity of binding) and the high lifetime further enhances
the effect. Therefore, we predict that if there is a downstream factor of CDPK, and the system
requires it to be in the steady state activity (for example, K+ in channel in the ‘OFF’ state), the
best possible parameter combinations are n = 1, k = 0.1 and τ≥6 (note the red arrow in Figure
7.11(E)) to define its regulation by CDPK. We conducted a similar analysis assuming that
CDPK activates factor A and find similar results, as explained above for negative regulation,
indicating that the predicted parameters can be used for both positive and negative regulations
of CDPK.

7.5

Summary

In this chapter, we extracted a minimal model of the ABA signalling network that
reproduces the steady state dynamics of the system. The minimal model consists of 14 nodes
that were found oscillatory in asynchronous attractors and one stationary node that is extremely
influential in defining the frequency of Ca2+ oscillations observed in the original asynchronous
attractor.
Next, we developed a continous homologue of Boolean attractor using the normalized
Hillcube approach, which transfers the binary Boolean dynamics to continous dynamics
through a set of ODEs by linearly interpolating (multivariate polynomial) the Boolean
functions. In this approach Boolean functions are replaced by normalized Hill functions.
We collected biological parameters (n, k and τ) for many of the reactions in the normalized
Hillcube model through an extensive literature survey. Those parameters that are not available
in the literature were estimated using the model output. Validation of the model for the accuracy
of parameters was carried out by comparing the model output with the dynamics of
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asynchronous attractors, as found in Chapter 6. We generated a model that reproduced the most
common attractor found in the asynchronous Boolean model. The Ca2+ dynamics resulting from
the continous model agreed well with the biological evidence available for guard cell ABA
induced Ca2+ oscillations. According to the model results, the system at a steady state produces
Ca2+ oscillations with 10 min transient periods (in biology, the observed Ca2+ oscillations are
of 10 min periods in many cases). The amplitude of the model Ca2+ oscillations varies from
~400 - 600 nM (0.3 - 0.48 in model values), where the biological literature reports them as ~400
- 500 nM. The oscillatory behaviour of the other variables (network nodes) could not be
biologically validated as no information is available to compare with the results.
We then studied the system behaviour to understand the most influencial parameters in the
system that can cause significant variations to system behaviour. Evaluation of these important
parameters are helpful to understand the most important regulators of the system, which can be
of an interest in future research. We understood that the parameters connected with the negative
feedback loops of the system (Ca2+ effluxes) are the most influencial for maintaining the steady
state system behaviour. Parameters that connected to positive feedback loops (Ca2+ influxes)
are found less influential due to the high functional redundancy within the system. Of all the
parameters that directly linked with the Ca2+ node, the lifetime of Ca2+ appears the most
influential in changing both the amplitude and period of Ca2+ oscillations. The global sensitivity
analysis results are reasonably comparable with the local sensitivity analysis results but the
specificity of each parameter for the changes in system properties is fairly different. According
to local sensitivity analysis, the model identifies CAX_k_CIPK as the most influencial
parameter for the oscillatory periods of the attractor. Further, CAX_n_CIPK and CIPK_n_CBL
are found most influential on the amplitude of Ca2+ oscillations. The global sensitivity analysis
signifies the importance of CA_tau in accounting for most of the uncertainty in system
behaviour. We discussed the requirement for maintaining balanced Ca2+ efflux systems to keep
the global oscillatory behaviour of the system because changes to the parameters of either
CAX1 or Ca2+-ATPase (ACA), which keep either one of them at a low level, can change the
limit cycle attractor of the system to a fixed point.
Assuming that the functional redundancy of the three Ca2+ influxes makes each other less
influential to the system, we evaluated different combinations of Ca2+ influxes to study how the
characteristics of the global Ca2+ signature get altered by the missing elements. First, we
analysed the system behaviour by perturbing the Ca2+ influxes one at a time to observe their
contribution to the system. We found that it is only cADPR that cannot keep system oscillations
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without having either Icas or InSP6 in the system. Icas is identified as the most robust influx to
the system because of the generated steady state activity even with less efficient reaction
kinetics. InSP6, however, can maintain the original attractor without the contribution from any
other influx system. Further, it is known that cADPR induced channels are inactive above a
certain level of [Ca2+]cyt, hence, from the model results it can be biologically accepted that
cADPR alone cannot maintain the system behaviour. On considering both the biology and the
model results we suggest that cADPR and Icas are the potential regulators of the system
oscillations.
Finally, we evaluated the system with potential Ca2+ sensor proteins to study how the Ca2+
signature is decoded to proceed with the signalling flow to achieve the required output of
closure maintenance. We then found that the potential parameter set for CDPK regulation of its
downstream targets for achieving this output. Accordingly, we predict that if CDPK is bound
to regulate a downstream factor A to maintain its steady level activation or deactivation for the
maintenance of stomatal closure, such regulation can be achieved with n=1, k=0.1 and τ≥6
parameters for CDPK_A regulation.
Thus by doing the continuous analysis we could study more precise temporal behaviour and
quantitative kinetics of the ABA signalling core network than the parameter free Boolean
modelling approach that was not able to generate such insights.
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Chapter 8 : Summary, Conclusions, Contributions
and Future Research
In this thesis, we studied, ABA, the drought signal hormone that induces the protein
signalling pathway in plant guard cells that closes stomata upon sensing the drought signal.
This is the fastest adaptive physiological response in plants needed to survive drought stress
conditions by maintaining plant water balance. In responding to a depletion of soil moisture,
ABA rapidly induces stomatal closure and then inhibits light induced stomatal opening to
maintain closure until the plants are free from stress. The closure of stomata is a result of loss
of turgor in the guard cells as a consequence of effluxes, predominantly, K+, Cl- and malate2ions. This is further supported and followed by guard cell structural rearrangement that provide
the required shape for the shrinking cells. Guard cell turgor reduction and structural
rearrangement are a cumulative result of a complex web of signalling consisting of a large
number of proteins invoked by the ABA signal. It has been reported in the literature that the
guard cell signalling system is a well-studied signalling pathway in the plant research domain.
In the last few decades, a significant enhancement to the knowledge about the participatory
molecules in ABA signalling has been made. However, we realized that the lack of synthesis
of the available information has retarded the development of a systemic view of this signalling
system. Therefore, the primary purpose of this study was to study the protein signalling pathway
for rapid stomatal closure to understand how these proteins communicate through signal
transduction mechanisms to achieve the global system output - stomatal closure.
This chapter summarizes previous chapters of the thesis following the order of research
objectives noted in Chapter 1. Under each section, an explanation of each objective and a
summary of the results is provided. The end of each section highlights the conclusions and
contributions made under each objective giving suggestions or directions for future research,
as appropriate.

8.1

Reconstruction of the ABA Signalling Network (Sign
Directed Graph) from the Available Information

The last attempt at modelling ABA signalling was reported in 2006, which is a qualitative
binary computational approach undertaken with a synchronous Boolean model (Li et al.,
2006)b. We understood that the Li et al model lacks the current knowledge about network
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topology and relative reaction speeds of the signalling elements connected in the network. This,
consequently, led to a poor understanding of the sequence of signalling event in the network.
Since 2006, the discovery of the ABA receptor complex highlighted a new era for this network
research but a systems biology approach has not yet been taken to discover how these novel
findings affect the current view of the system and flow of signalling. Moreover, dozens of other
important proteins crucial to the ABA signalling system have been discovered using improved
biological approaches. Consequently, we believed that the enhanced knowledge about new
proteins, new interactions and interactions among known nodes could significantly transform
the existing network into a better system that can generate more biological insights into the
system. Therefore, we incorporated the available novel information into the existing ABA
signalling network by adding new nodes and interactions and modifying the existing
connections, while considering the available knowledge about biological interactions and their
modes of reaction.

8.1.1

Summary of the Results

The extended network consists of 56 network nodes (proteins, small molecules and cellular
conditions) and 127 interactions in total. The Li et al. (2006)b network had 43 nodes and 76
interactions. The two networks (the Li et al. network and our network) share 34 nodes and 43
interactions in common. According to these figures we believed that the topology has been
significantly altered in the extended ABA signalling network. For example, the extended
network highlights the role of the ABA receptor complex and regulatory connections that
combine the downstream effectors of the ABA signalling system through the receptor complex.
Further, we believed that expansion of the components of cellular structural rearrangement and
their connections with other network elements better explain the idea of coordination of signal
transduction between guard cell turgor reduction and structural rearrangement. In addition,
regulatory components that are newly added for regulating guard cell turgor reduction,
Ca2+signalling and various other signalling events (ROS) have significantly distinguished to
deviate the two network topologies from each other.

8.1.2
•

Conclusion

The extended ABA signalling network has a significantly enhanced topology with the new
amendments.
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8.1.3

Contribution and Future Directions

We expanded the ABA induced guard cell signal transduction network with novel biological
findings to study it using a systems biology approach, an urgent current need in the guard cell
research field to bridge the gaps in understanding.
We cannot conclude that our network is a topologically complete network. There are still
many missing elements and links to complete the gaps in understanding. For example, in our
network, there are several network elements directly linked to ABA as a result of not knowing
their proper regulatory mechanisms. In this regard, we believe that precise knowledge of
SnRK2 substrates or other potential ABA receptors and their regulatory mechanisms will help
reveal more about precise signal transduction. Furthermore, the actin rearrangement
mechanisms should be given more importance to discover the biological significance of this
functional set in the ABA signalling system.

8.2

Understanding the Underlying Organizational Properties of
the Network Using Topological Overlap Properties

As topological properties of biological networks can reveal the influence of structural
properties on the functional and dynamical properties of a system, we studied the topological
properties of the ABA signalling network.

8.2.1

Summary of the Results

The results of the analysis concluded that the ABA signalling system is a scale free system
where the ‘in-degree’ distribution of the network can be represented by p(k)=0.43(k-1.15 ) and
the ‘out-degree’ by p(k)=0.52(k-1.5 ) with MSE (mean square error) <0.001.
Guard cell signalling is a complex system coherently organized to control the stomatal
aperture. This system comprises an interconnected set of subsystems and the interconnections
among the subsystems facilitate the communication flow of the whole system to respond to the
signals by means of a collection of feedback processes and their dominance in time and space.
Decomposition of the ABA signalling network based on the topological differences shared by
neighbourhood sizes 1 and 2 identified three main self-organized functional subsystems that
are linked to carry the ABA signal to close the stomata. We identified that decomposition is
relatively distinctive for neighbourhood size 2, which displays higher Ward distances
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(discrimination) between the functional subsystems. Both neighbourhood sizes 1 and 2 identify
lipid signalling, Ca2+ signalling and guard cell osmoregulation (ion channels and regulatory
enzymes) representing guard cell turgor reduction as functionally separable hierarchical
modules in the system. Several other subsystems inside each of these major subsystems are
mostly centred around hub elements in the ABA signalling network identified by their total
connectivity, displaying the functional specificity of each subset (mainly Ca2+, ABA, RbOH,
SLAC1, PP2C and then less so, PA, depolarization, actin). Ion channel signalling and calcium
signalling, as hubs in the system, are tightly connected with many of the other subsystems. Of
them, the largest number of positive and/or negative feedback loops connect Ca2+ signalling
with the majority of the subsystems, placing it as the core reinforcement to the system. In
general, it appears that there is no clear functional boundaries between these modules to
consider them as totally independent functional sets from the others. For example, structural
rearrangement should hypothetically represent one clear functional module in the ABA
signalling network but here it overlaps with the functional module of Ca2+ signalling due to a
lack of proper knowledge about all the functional proteins and regulatory mechanisms of actin
regulation in guard cells.

8.2.2
•

Conclusions

The ABA signalling system is an evolutionarily successful system as it is a scale free
system that hypothetically has a larger space to reach the global output through diverse
arrangements of signalling events.

•

Potential hubs of the network, mainly Ca2+, ABA, RbOH, SLAC1, PP2C and then to a
lesser extent, PA, depolarization, actin, define the functional specificity of the network
representing major events, such as signal perception, lipid signalling, ROS production, ion
channel regulation, Ca2+ signalling and structural rearrangement.

•

Ca2+ signalling acts as the core reinforcement to the system.

•

The tight binding by feedback loops, which function differently in time and space with a
defined hierarchy, provides the ABA network with better resilience to function in a
variable environment with minimum time delay.
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8.2.3 Contribution and Future Directions
We believed that identification of the subsystems and their relationships in the spatial and
temporal placements of the network will allow more space to highlight the biological
importance and contribution of each event, task or molecule, and show their coordination in the
final output rather than considering every molecule’s task individually in a complex
environment. As a consequence, the topological properties of the ABA signalling network were
studied here for the first time. However, some of the known functional modules of the network
are masked by the size of the ABA signalling network as it is still too small to distinguish all
hierarchical modules due to a lack of understanding of the correct regulatory mechanisms.
Therefore, these properties should be studied in future research using a more expanded network
topology.

8.3

Understanding Network Dynamics and Comparing Results
with the Existing Network Results (Synchronous Boolean
Model)

Believing that the addition of novel information will not alter the existing results of the Li et al.
(2006)b model, but complete the missing links and assumptions the previous authors have made
about the same system, we evaluated the system dynamics with a synchronous Boolean model
to answer the following questions.
•

What are the dynamics of the ABA signalling network?

•

What are the differences made by new amendments?

•

What are the essential components of the network to proceed with the signal
transduction?

•

Is the ABA signalling network robust to structural perturbations?

8.3.1 Summary of the Results
We identified that both models (the Li et al. (2006)b model and our model) display a
common ground with regard to stomatal closure as each approached the main goal in a similar
way and within several time steps in response to a constant ABA input. Initial theoretical
analysis of the stable behaviour of the system (attractors) by the two models agree, with the
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principal regulatory mechanisms common to both cases, but with case specific characteristics.
This is a good indication that the addition of new nodes or regulatory paths have not violated
the fundamentals of system regulation, such that both models found that the steady state
dynamics of the system are a result of Ca2+ governed regulatory mechanisms. We believe that
our model is rich with advances in information generation but, fundamentally, both models
preserve the core characteristics of the ABA signalling network.
The steady state dynamics of our model resulted in simple limit cycle attractors that are
seven states long and governed by non-stationary behaviour of 14 network nodes (PLC, InSP3,
InSP6, NO, cADPR, cGMP, CDPK, Ca2+, CBL, Ca2+-ATPase, CaM, CAX, CIPK, and
ATALMT6). All other nodes except the above 14 nodes stabilize on a stationary steady state,
either active or inactive. The model supports that the Ca2+ elevation in the system accelerates
stomatal closure prior to the onset of system attractors (Ca2+ oscillations) but ABA induced
stomatal closure can happen independently of Ca2+ elevation. The model revealed that Ca2+
induced acceleration of stomatal closure is caused by the faster regulation of the SLAC1
channel.
The results showed that elimination of the receptor complex (PYR, PP2C and SnRK2)
completely blocks ABA induced stomatal closure as a result of impairing SLAC1 activation,
actin rearrangement, ROS production and Ca2+ signalling. The model further suggests that loss
of membrane depolarization, disruption of anion efﬂux, and the loss of reorganization in the
actin cytoskeleton create stomatal insensitivity to ABA. Similarly, ROS is a clear hub in our
model communicating with all functional nodes in ABA signalling system where disruption of
ROS produces similar behaviour to SnRK2 disruption making the stomata insensitive to ABA.
According to our model, Ca2+, PP2C, ROS, SLAC1, RbOH, depolarization, actin, PA, pH,
SnRK2, GORK, malate, MAPK and a few other Ca2+ related nodes are identified as network
hubs. According to the results, 76% of the total number of proteins in this network have five or
fewer links and, of them, we found that only about 33% are essential to network performance.
In contrast, the nodes which are highly connected having more than five links (Ica, CDPK, PA,
MALATE, pH, ACTIN, RbOH, DEPOLAR, ABA, SLAC1, ROS, PP2C and Ca2+) seem vital
to the network (except Ca2+, CDPK and Ica). The single deletion of 77% of highly connected
nodes proves the central role of them in network functioning. This indicates the significance of
highly connected proteins in the ABA signalling network. Perturbation results in this study with
respect to single node perturbation justify that the ABA signalling network is sensitive to hub
element removal but robust against removal of the others. Moreover, the study revealed that
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small changes to the ABA signalling network functions cannot disturb the network from
reaching the end goal further proving the robustness of the system.

8.3.2
•

Conclusions

The ABA signalling system rapidly reaches stomatal closure and then evolves its steady
state dynamics through a limit cycle attractor (not chaotic) indicating that the system needs
the oscillatory regulation of Ca2+ for signal transduction during stomatal closure
maintenance.

•

Ca2+ elevation during stomatal closure accelerates the slowly activating anion efflux
thereby accelerating stomatal closure.

•

Highly connected proteins and other molecules in the ABA signalling network (SnRK2,
PA, MALATE, pH, ACTIN, RbOH, DEPOLAR, ABA, SLAC1, ROS, PP2C and Ca2+)
are more important than the molecules that are sparsely connected within the network.

•

The network is identified as robust against small changes to network functions and to
removal of >50% of the network nodes that are poorly connected with other elements.

We will not make conclusions about network dynamic behaviour with this approach because
of the synchronicity used in the updating method.

8.3.3

Contributions and Future Directions

We believe that the state transition patterns in our attractors are more representative of the
ABA system as our model traces novel, and more realistic, regulatory mechanisms in the
system. For example, the Li et al. (2006)b model suggests that the steady state system behaviour
of the ABA signalling network is due to Ca2+ governed regulatory mechanisms but the model
lacks the knowledge of how Ca2+ influences signal transduction through various Ca2+ regulatory
proteins. However, it is important to know how and why the system uses the Ca2+ signature
during steady state dynamics and our model incorporates the roles of Ca2+ sensor proteins
within the network. Further, the model revealed that elimination of the receptor complex (PYR,
PP2C and SnRK2) completely blocks ABA induced stomatal closure as a result of impairing
SLAC1 activation, actin rearrangement, ROS production and Ca2+ signalling. The network hubs
identified by the Li et al. (2006)b model is a subset of the network hubs identified by our model,
indicating that we have targeted more potential elements for genetic studies. For example, a
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member of the ABA receptor complex, SnRK2, appears to be a potential hub in our model but
in the Li et al (2006)b model it is yet another sparsely connected node. This proves that some
of the important elements or their roles explained by our model are not well represented in the
previous model. As summarized above, we believe that the generation of this additional
knowledge about the ABA signalling system signifies a major contribution of our research to
the field.
We understood that some of the nodes with currently unknown regulatory mechanisms
unnecessarily and spuriously produce different attractors based on their initial state
combinations (e.g., MRP5, ERA1 and ABH1). Therefore, how these network nodes are
regulated within the ABA signalling system needs to be revealed.
Both models lack explanations of how steady state dynamics are used in the second phase
of stomatal closure - the inhibition of reopening. Therefore, a future model should incorporate
the regulatory mechanisms of the ABA induced inhibition of stomatal opening to better
understand the role of the attractor in the system.
Further, future research should focus on potential hubs identified by our research
(especially, ROS and PA) to discover their role in coordinating osmoregulation and structural
rearrangements.

8.4

Modelling the ABA Signalling Network with an
Asynchronous Boolean Approach

The synchronous Boolean model lacks biological reality on the time evolution of the state
transitions of the network elements. Therefore, we decided to incorporate biological time delays
into the network updating method, assuming that this addition of extra knowledge may further
enhance our understanding of the ABA signalling network. Through an extensive literature
review we realized that there is no single data set which can more realistically be used to
generate the detailed dynamics of the network. Therefore, we decided to formulate time delays
for network events by gathering all possible information from published research articles. It
was a huge task to collect scarce data on more than 100 interactions with poorly defined
connectivity in the literature and that was exacerbated by contradictions in the available
information. With all these uncertainties, we developed a single data set approximating the
available biological information on various signalling pathways by fitting the available
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knowledge into the ABA signal transduction time frame. Using that data set, we simulated our
asynchronous Boolean model of the ABA signalling network to answer the following questions.
•

What are the dynamics of the new approach?

•

How do these dynamics differ from the synchronous analysis results?

•

What governs the steady state dynamics of the system?

•

What are the important contributions to the maintenance of the steady state?

•

How significant are the elements contributing to the steady state for the system output?

8.4.1

Summary of the Results

The model describes how the system state transitions progress under drought stress and
predicts that ABA can take the system into the basin of one of four main attractors, depending
on the initial conditions. Further, the model identifies the key dynamical behaviours of the
system and the temporal hierarchy in the state transitions. The occurrence of major events in
model signal transduction agrees well with the available biology. Accordingly, it was identified
that recognition of the ABA signal by the receptor complex is the first to occur (in 1 to 3
minutes) in this system. The model identifies how the activities supporting two major events osmoregulation and structural rearrangements - begin their activities next in signal transduction
supporting the initiation and coordination of these two events. Ca2+ elevations are identified as
a non-hierarchical event in the network but the results highlight the importance of the Ca2+
signalling that governs the stable system behaviour through a series of oscillatory cycles
depending on the situation.
In contrast to the synchronous model, the asynchronous model demonstrates that nearly
50% of the states of the asynchronous state space are artificial as they generate attractors that
are not known experimentally in the literature and occurring with a very low probability. We
therefore suggest that the four most common attractors, which occupy >50% of the total state
space of the system, define the dynamical behaviour of the ABA signalling network. Of these
four attractors, the most common attractor distinguishes the biologically-observed oscillatory
behaviour of [Ca2+]cyt with a defined frequency. The behaviour of the nodes within the attractors
are comparable with the synchronous results as the nodes that are frozen and oscillatory in the
steady state behaviour of the system, are identical in both models. Both the asynchronous and
synchronous models identify that the attractors are a result of [Ca2+]cyt oscillations and feedback
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regulations that connect [Ca2+]cyt with the Ca2+ regulatory proteins. However, although both
models agree with the existence of a Ca2+ independent pathway to regulate ABA induced
stomatal closure, our model demonstrates that elevation of Ca2+ before the system reaches the
attractor accelerates stomatal closure (by 0.5 - 5 min in some situations) by enhancing the
activity of SLAC1 and actin rearrangement.
The asynchronous model further highlights the importance of the functional redundancy in
Ca2+ elevations to guard cell signalling, acting as a balancing loop to many essential functional
events. The most significant balancing effect of Ca2+ for improving the perturbation resistance
of the system was observed when the sphingolipid, QUAC channel, ROS producing and
regulatory enzymes and phosphatidic acid pathways are disturbed. Similarly, we found that if
ABA can enhance the sensitivity of network elements to Ca2+ and, if the ABA induced PLC
regulation is via GPA1, then Ca2+ alone can stimulate stomatal closure. The model further
identifies the importance of cADPR and Icas for the maintenance of symmetric long-lasting
system oscillations in steady state behaviour.

8.4.2
•

Conclusions

The model correctly captured the temporal hierarchy of signalling events in the ABA
signalling system.

•

The model generates biologically reliable steady state dynamics of the ABA signalling
system that is a simple limit cycle attractor, governed by the regulatory mechanisms of
[Ca2+]cyt and regulatory elements connected to [Ca2+]cyt.

•

The properties of the biologically reliable attractor of the system proves the robustness of
the system to network perturbations.

•

Redundancy of [Ca2+]cyt within the ABA signalling system during stomatal closure plays
a great role in maintaining system robustness against various disturbances.

•

If [Ca2+]cyt can enhance the sensitivity of network regulatory protein, ABA can handover
the system regulation to [Ca2+]cyt under the condition that [Ca2+]cyt can independently
regulate the enzyme PLC (if PLC regulation is via GPA1).
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8.4.3

Contributions and Future Directions

Our major contribution in this research objective is the incorporation of realistic time delays
that describe the temporal evolution of the ABA signalling system into the network updating
method. This was a very time consuming task due to the non-availability of a single time series
data set for the ABA system. It was a huge task to collect fragmentary data from various sources
and approximating them to fit the ABA time scale by minimizing the discrepancies in data.
This was the first asynchronous modelling attempt with the ABA signalling system.
The current model does not support the signalling pathways involved in inhibition of
stomata reopening in detail. Therefore, it does not produce results to show the significance of
the Ca2+ regulatory system to the second phase of stomatal closure – the maintenance of closure.
However, the model produces synchronous Ca2+ oscillations only after the onset of stomatal
closure indicating that this synchronicity has some important role to play in the second phase.
Therefore, future models should incorporate the regulatory mechanisms of the ABA induced
inhibition of stomatal reopening to better understand the role of the attractor in the system.
Further, the system should incorporate how plants sense drought conditions to decide when to
end the adaptive responses and how plants define the magnitude of their drought response.

8.5

Modelling the Steady State of the Core Regulatory Network
with a Continuous Approach (Continuous Homologue of
Asynchronous Boolean Attractor)

Identification of a core network that leads the steady state dynamics is of great importance
for the development of ABA research. As the Boolean technique employs a qualitative
modelling approach assuming that the state of the network nodes can have two qualitative
values: 0 (‘inactive’/ ‘OFF’) and 1 (‘active’/ ‘ON’), it is not possible to generate the temporal
development of the dynamical events. Therefore, it was expected to expand binary (Boolean)
regulation of existing models with continuous transfer functions, according to the synthesis and
degradation of downstream targets considering relative timing of the individual interactions.
This objective was to answer the following questions.
• What are the continuous dynamics of the system attractor?
• How important are the oscillatory nodes to the maintenance of system behaviour?
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• How does the attractor decode the Ca2+ signature to maintain stomatal closure?

8.5.1

Summary of the Results

We extracted a minimal model of the ABA signalling network and developed a continous
homologue of a Boolean attractor using a normalized Hillcube approach, which transfers the
binary Boolean dynamics to a continous one through a set of ordinary differential equations by
linearly interpolating (multivariate polynomial) the Boolean functions. In this approach the
Boolean functions are replaced by the normalized Hill functions.
The normalized Hillcube model reproduced the most common attractor found in the
asynchronous Boolean model. The dynamics of Ca2+ resulting from the continous model agreed
well with the biological evidence available for guard cell ABA induced Ca2+ oscillations.
According to the model results, the system at steady level produces Ca2+ oscillations with 10
min transient periods (in biology, the observed Ca2+ oscillations had of 10 min period in many
cases). The amplitude of the model Ca2+ oscillations varies from ~400 - 600 nM (0.3 - 0.48 in
model values) where the biological literature reports it as ~400 - 500 nM. It was also reported
in the literature that transient Ca2+ oscillations are relatively stable in guard cells (Siegel et al.,
2009) with relatively uniform peak heights. Oscillatory behaviour of the other variables
(network nodes) could not be biologically validated as no information is available to compare
the results.
According to local and global sensitivity analysis results, the parameters connected with
negative feedback loops of the system (Ca2+ efflux systems) are found to be most influential in
maintaining the steady level system behaviour. Parameters that connected to positive feedback
loops (Ca2+ influx systems) are found less influential due to a high functional redundancy within
the system. The results highlighted the requirement of maintaining a balanced Ca2+ efflux
system to keep the global oscillatory behaviour of the system, because changing parameters of
either CAX1 or Ca2+-ATPase (ACA) activity, so that one of them remain at a low level, can
change the limit cycle attractor of the system to a fixed point attractor.
Assuming that the functional redundancy of three Ca2+ influxes each had less influence on
the system, we evaluated the different combinations of Ca2+ influxes to study how the
characteristics of the global Ca2+ signature get altered by the missing elements. Here we found
that it is only cADPR that cannot maintain the system oscillations without having either Icas or
InSP6 in the system. Icas is identified as the least variable Ca2+ influx to the system because of
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steady level activity even with less efficient reaction kinetics. InSP6, on the other hand, can
maintain the original attractor without the contribution of any other influx system. However,
according to the biological literature, the availability of InSP6 in the steady level dynamics is
uncertain and the presence of cADPR is evident even during steady states. Further, it is known
that cADPR induced channels are inactive above a certain level of [Ca2+]cyt; hence, the model
results can biologically accept that cADPR alone cannot maintain the system behaviour. After
considering both the biology and the model results we can suggest that cADPR and Icas are the
potential regulators of the system oscillations.
Finally, we evaluated the system with potential Ca2+ sensor proteins to study how the Ca2+
signature is decoded to originate the signalling flow to achieve the required output. We found
out a potential parameter set for CDPK regulation of its downstream targets. Accordingly, we
predict that if CDPK is bound to regulate a downstream factor A to have a steady level
activation or deactivation for the maintenance of stomatal closure, such regulation can be
achieved with n=1, k=0.1 and τ≥6 parameters for the CDPK_A regulation.

8.5.2
•

Conclusions
The transformation of Boolean dynamics into continuous dynamics appears accurate as
the normalized Hillcube model successfully reproduces the biologically-observed
attractor of the ABA signalling system.

•

The non-stationary nodes of the ABA signalling system attractor produce rhythmic
oscillations having consistent transient periods but with different amplitudes of
transients.

•

The ABA system oscillations are sensitive to small changes in the regulation of plasma
membrane Ca2+-ATPase or Ca2+/H+ antiporter (CAX1).

•

Even with oscillatory behaviour of Ca2+ within very high and very low values, the
system attractor can decode the Ca2+ signature to achieve a continous steady level
activation or deactivation of downstream effectors through Ca2+ sensor proteins that
oscillate comparatively above or below the required threshold value, which is assumed
to be important to maintaining stomatal closure.
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The model was able to predict kinetic parameters of different downstream effectors of

•

the attractor element CDPK, to achieve steady level regulation of them for stomatal
closure maintenance.

8.5.2

Contribution and Future Directions

Our contribution in this objective is the transformation of the Boolean dynamics of the ABA
system attractor into continuous dynamics to better understand the steady state dynamics of the
system. This was a successful attempt to define the non-stationary behaviour of the ABA
signalling network nodes. However, without having adequate biological evidence we could not
validate the behaviour of the majority of oscillatory nodes except for Ca2+. Fortunately, the
observed Ca2+ oscillations in the model output are well confirmed by the biological evidence;
hence, we hypothetically assumed that the Ca2+ governed behaviour of other nodes is to be as
observed. However, this needs biological validation with future research.
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Appendix A
A.1 The Boolean Model used in the Study (in both the Synchronous
and asynchronous Approaches)
This model is a collection of statements collected on node dependencies from literature as explained in
Chapter 4 and expresses as Boolean rules according to:
TARGETS, FACTORS
SK, (ABA | PA)
S1P, (SK)
GPA1, (S1P)
PLD, (GPA1 | NO|CA)
GTG, (ABA & ! GPA1)
PA, (PLD | (PLC & PIP2))
RCN1, (PA)
CuAO, (ABA)
PI4P, (ABA|PA)
PI3P, (ABA)
PIP2, (PI4P)
PLC, (ABA & CA)
InSP3, (PIP2 & PLC)
InSP6, (InSP3 & ! MRP5)
PYR, (ABA)
pH,(SnRK2 & ! AHA1)
PP2C, (! PYR &! PA &! ROS &! ATGPX3 & (pH | ROP11))| (! PYR &! PA &! ROS &! ATGPX3 &
ROP11)|! PYR| (! PYR & ABH1)
ROP11, (ERA1)
SnRK2, ( ! PP2C )
RBOH, (SnRK2 | (CDPK & CA)) & RCN1 & PA & (PI3P|PI4P) & pH
ROS, ((CuAO | RBOH) & ! ATGPX3)|(CuAO & RBOH)
ATGPX3,(ROS)
NO, (ROS & CaM)
CADPR, (CGMP)
CGMP, (NO)
Ica, ((! ABH1 |! ERA1| MRP5) & ROS & ! DEPOLAR )
SLAC1,((SnRK2|(CDPK & ! PP2C ))& MAPK & (! ERA1 | MRP5|!ABH1))& !MALATE
MAPK, ( ROS|(CDPK & CA) ) & ! PP2C
CDPK, (CA & ! PP2C)
CA, ( (Icas | CADPR | Ica | InSP6) & ! CaATPASE & ! CAX )
CBL, (CA)
GORK, ((! NO | ROS| pH) & DEPOLAR)
CaATPASE, (CaM)
CaM, (CA)
QUAC, (SnRK2 & DEPOLAR)
CAX, (CIPK)
SCAB1, (ABA | InSP6)
Icas, (ACTIN)
CIPK, (CBL & ! PP2C)
TPK1, (CA & ! pH)
PP1, (! PA)
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AHA1, (PP1 & ! CA & ! pH)
ABPS, (CA & ! PI3P & ! PI4P)
ACTIN, ((ARP23 & SCAB1) & ! AtRAC1 & (ROS|(CA & ABPS)))
PEPC, (! MALATE & ! ABA)
MALATE, (PEPC & ! QUAC & ! ATALMT6)
AtRAC1, (PP2C)
ARP23, (PIP2 | ROS)
DEPOLAR, (CA | TPK1 | ! AHA1 | SLAC1 | QUAC)
ATALMT6, (CA)
KAT1, (! CDPK & !SnRK2 & ! DEPOLAR)
CLOSURE, (GORK & ACTIN & ! MALATE & SLAC1)
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