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Humpty Dumpty, a traditional English nursery rhyme:

Humpty Dumpty sat on a wall,
Humpty Dumpty had a great fall.
All the king’s horses,

And all the king’s men,

Couldn’t put Humpty together again.

One definition of systems biology is the modeling of
the relationships, or networks, within and /or between
large-scale data sets. As scientists” knowledge of living
systems has grown, it has become increasing difficult
to understand relationships between all the compo-
nents of a biological network by intuitive approaches
alone. The value of systems biology is that it (1) helps
us to organize information about complex systems; (2)
reveals hidden content, or “emergent properties,” of
the system that would not be deduced from a study of
the separate parts of the system; and (3) provides
predictions of how the system would behave under
conditions that have not yet been observed. Such
predictions can then be used to inform and direct
wet bench experiments.

THE SYSTEMS OF SYSTEMS BIOLOGY

There are many different types of biological net-
works that can be investigated using systems biology
approaches. Some systems are typified by a certain
type of biological molecule (e.g. all of the transcription
factors that are activated by cold stress or all of the
proteins that are phosphorylated by a particular ki-
nase). Other systems are studied at a particular level of
organization, such as the subcellular, cellular, tissue,
organ, whole plant, or ecosystem. Systems biology
can yield insights into both developmental processes,
such as the classic ABC model of flower develop-
ment (Weigel and Meyerowitz, 1994), and physiolog-
ical processes, such as pathogen signaling networks
(Agrawal et al., 2004). This Update focuses on the
systems biology of rapid cellular signaling, using as an
example abscisic acid (ABA) signaling in guard cells
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(Figs. 1 and 2). Accordingly, the goal of this Update is
not to review ABA regulation of stomatal movements
per se but rather to use this phenomenon to illustrate
some general aspects of systems biology approaches
toward modeling cellular signaling cascades. Figure 2
shows a signaling network for ABA-induced stomatal
closure (Li et al., 2006) that can be used as a reference
point for the concepts discussed in this Update. Our
knowledge of ABA signaling has progressed substan-
tially since this figure was first published in 2006, and
some of the major advances are also highlighted.

STOMATAL GUARD CELLS

Guard cells are morphologically distinct cells that
are located in pairs in the epidermes of aerial plant
parts, where they define the apertures of stomatal
pores, through which land plants take up carbon
dioxide for photosynthesis but also, inevitably, lose
water vapor (Fig. 1). Guard cells have evolved exqui-
site mechanisms to sense and respond to endogenous
and environmental stimuli such as hormones, light,
carbon dioxide concentrations, temperature, humidity,
and plant water status, with the result that stomatal
apertures are narrowed under water-limiting condi-
tions and widened when conditions for photosynthe-
sis are optimal. Appropriate guard cell function is
vitally important for the survival of land plants and
thus has direct implications for the production of
adequate food and fuel to provision the burgeoning
human population. Moreover, considering the list of
stimuli to which guard cells respond, it can be antic-
ipated that guard cell responses will both be affected
by and will feed back to affect global environmental
parameters such as planetary temperature and atmo-
spheric concentrations of greenhouse gases such as
water vapor and CO, (Kirschbaum, 2004). Indeed, it
has been predicted that stomatal closure resulting
from a doubling of atmospheric CO, concentrations
would decrease water vapor loss through stomata to
such an extent that continental runoff of freshwater
would increase significantly (Betts et al., 2007).

In addition to the relevance of guard cells to the
survival of terrestrial organisms, guard cells have also
become a premier model system for the study of
signaling at the cellular level, in part due to their
accessibility and the availability of techniques to dy-
namically monitor their cellular output. Because guard
cells are located in the outermost cell layer of the plant,
the epidermis, the effects of a stimulus can be readily
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Figure 1. ABA-stimulated solute efflux drives stomatal closure.

and directly monitored in real time at several different
levels. First, at the subcellular level, electrophysiolog-
ical techniques allow the monitoring of stimulus-
induced changes in ion fluxes across the guard cell
membrane. Changes in the concentrations of ions and
other solutes result in osmotically driven water fluxes
across the guard cell membrane that in turn cause cell
swelling or shrinking, resulting in stomatal opening or
stomatal closure, respectively (Fig. 1). Imaging tech-
niques also allow monitoring of changes in the con-
centrations of signaling ions, particularly H" and Ca**,
in real time. Second, responses of individual guard
cells to a stimulus can be quantified by direct obser-
vation of stomatal apertures with a microscope. Third,
effects of a stimulus on stomatal apertures can be
monitored at the integrated whole leaf level by mea-
surements of the rate of water vapor loss (transpira-
tion) from the leaf. From assays such as these, we
know that when plants are drought stressed and guard
cells are exposed to elevated ABA levels, ABA stim-
ulates the efflux of K*, Cl~, and malate’” from the
guard cells as well as Suc efflux or metabolism under
some conditions. The resultant decrease in intracellu-
lar concentrations of these major solutes drives water
efflux, thus shrinking guard cell volume and narrow-
ing stomatal apertures (Fig. 1). In addition to the above
real-time measurements, the ability to isolate large
populations of highly pure guard cells has enabled the
determination of guard cell transcriptomes and guard
cell proteomes (Leonhardt et al., 2004; Yang et al., 2008;
Zhao et al., 2008; Zhu et al., 2009).

COLLECTING INFORMATION:
IDENTIFYING NODES

To model a cellular signaling system such as ABA-
induced stomatal closure, the first steps are to identify
the components of the system and to define the rela-
tionships between them. In a systems biology analysis,
the components of the system are depicted as nodes
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and their relationships with each other are depicted as
edges (Fig. 2), thus resulting in the assembly of a
network. Edges can be either directional, indicating
a specific direction of information flow (e.g. as in a
signal transduction network), or nondirectional (e.g.
as in the interaction of two scaffolding proteins). Edges
can either be positive, indicating activation, or nega-
tive, indicating inhibition.

Identification of the nodes of cellular signaling sys-
tems has benefited from the powerful tools of forward
and reverse genetics. For example, forward genetic
screens in Arabidopsis (Arabidopsis thaliana) for ABA
effects on seed germination and seedling growth led to
the identification of ABA-insensitive mutants such as
abil-1 (Koornneef et al., 1984). When the abil-1 mutant
was subsequently analyzed for guard cell properties, it
was found that this dominant mutation conferred
ABA hyposensitivity to guard cell responses as well
(Pei et al., 1997; Allen et al., 1999). Cloning of ABI1
showed that this gene encodes a PP2C-type protein
phosphatase (Meyer et al., 1994; Leung et al., 1997),
indicating that protein de/phosphorylation plays an
important role in ABA signaling. Subsequent identifi-
cation of recessive abil alleles showed that the ABI1
gene product actually functions as a negative regulator
of ABA signaling (Merlot et al., 2001).

Gene identification based on forward genetic
screens such as these has resulted in the identification
of numerous guard cell ABA signaling components. It
is interesting, however, that the majority of these
mutants were initially identified by screening for a
non-guard cell aspect of ABA physiology, in particular
ABA inhibition of seed germination (Wang et al.,
2004), and then the mutant was subsequently assessed
for a possible guard cell phenotype. This is most likely
due to the fact that stomatal apertures are microscopic,
change rapidly, and are also affected by a plethora of
stimuli, making it a challenge to devise a robust
forward genetic screen of guard cell physiology. In
recent years, however, infrared thermography has
been used to screen for mutants with altered leaf
temperature resulting from defects in transpirational
cooling, and this approach has resulted in the identi-
fication of genes that impact guard cell responses to
ABA, humidity, and CO, (Merlot et al., 2002, 2007;
Wang et al., 2004; Xie et al., 2006; Negi et al., 2008).

Reverse genetic approaches are also potent tools in
the identification of cellular signaling components. In
reverse genetics, a gene is first identified to be of
interest, and then the impact of the knockout of this
gene on the relevant system is assessed in order to
decide whether or not the gene product should be
included as a node in that network. A gene may be
deemed to be of interest because it has homology to a
protein of relevant function in another organism. For
example, certain phosphorylated lipid metabolites
have been implicated as secondary messengers in
guard cell ABA signaling, and candidates for the
genes that encode the associated kinases were identi-
fied in the Arabidopsis genome based on homology to
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Figure 2. Network of ABA-induced stomatal closure. (Figure and figure legend are reproduced from Li et al. [2006].) The color of
each node represents its function: enzymes are shown in red, signal transduction proteins are green, membrane transport-related
nodes are blue, and secondary messengers and small molecules are shown in orange. The full names of network components
corresponding to each abbreviated node label are indicated below. Small black circles represent putative intermediary nodes
mediating indirect regulatory interactions. Arrowheads represent activation, and short perpendicular bars indicate inhibition.
Light blue lines denote interactions derived from species other than Arabidopsis, and dashed light blue lines denote inferred
negative feedback loops on pH and STP. Nodes involved in the same metabolic pathway or protein complex are bordered by gray
boxes; only those arrows that point into or out of the boxes signify information flow (signal transduction). ABI1/2, Protein
phosphatase 2C ABI1/2; ABHT, mRNA cap-binding protein; Actin, actin cytoskeleton reorganization; ADPRc, ADP-Rib cyclase;
AGB1, heterotrimeric G protein B-subunit; AnionEM, anion efflux at the plasma membrane; AtPP2C, protein phosphatase 2C;
Atrboh, NADPH oxidase; CalM, Ca** influx across the plasma membrane; Ca?* ATPase, Ca®* ATPases and Ca®*/H* antiporters
responsible for Ca’* efflux from the cytosol; Ca2+c, cytosolic Ca”* increase; CADPR, cyclic ADP-Rib; cGMP, cyclic GMP; CIS, Ca’*
influx to the cytosol from intracellular stores; DAG, diacylglycerol; ERAT, farnesyl transferase ERA1; GC, guanyl cyclase; GCR1,
putative GPCR; GPAT1, heterotrimeric G protein a-subunit; HATPase, H*-ATPase at the plasma membrane; InsPK, inositol
polyphosphate kinase; InsP3, inositol-1,4,5-trisphosphate; InsP6, inositol hexakisphosphate; KAP, K* efflux through rapidly
activating K* channels (AP channels) at the plasma membrane; KEV, K* efflux from the vacuole to the cytosol; KOUT, K* efflux
through slowly activating outwardly rectifying K* channels at the plasma membrane; NOS, nitric oxide synthase; NIA12, nitrate
reductase; NO, nitric oxide; OST1, protein kinase OST1; PA, phosphatidic acid; PC, phosphatidylcholine; PEPC, phospho-
enolpyruvate carboxylase; PIP2, phosphatidylinositol 4,5-bisphosphate; PLC, phospholipase C; PLD, phospholipase D; RACT,
small GTPase RACT; RCN1, protein phosphatase 2A; ROP2, small GTPase ROP2; ROP10, small GTPase ROP10; SphK,
sphingosine kinase; Sph, sphingosine; S1P, sphingosine-1-phosphate.

such kinases in mammals (Worrall et al., 2008). A gene
may also be deemed to be of interest because it has
been shown to function in an analogous signaling
pathway in a different cell type in the same organism.
In Arabidopsis, for example, phototropin genes were
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first identified to encode photoreceptors for blue light-
induced phototropic bending (Christie et al., 1998);
subsequently, double knockout mutants of photl and
phot2 were shown to be impaired in blue light-
induced stomatal opening, thus implicating PHOT1
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and PHOT2 as guard cell blue light photoreceptors
(Kinoshita et al., 2001).

A gene may also be deemed to be of interest because
its transcript or protein product is highly abundant or
highly regulated in the cellular system of interest. For
example, the Arabidopsis GORK gene is now known
to encode a K channel protein that mediates K* efflux
during stomatal closure. gork knockouts were initially
targeted for investigation because of high GORK ex-
pression levels in wild-type guard cells, coupled with
the observation that the GORK protein exhibits K*
channel activity when expressed in heterologous sys-
tems (Hosy et al., 2003). At the protein level, a recent
initial identification of the Arabidopsis guard cell
proteome (Zhao et al., 2008) showed that the myrosi-
nase enzyme TGG1, which produces isothiocyanates
by catalyzing the hydrolysis of glucosinolates, is one of
the most abundant guard cell proteins. Reverse genetic
analysis then revealed that TGG1 participates in guard
cell responses to ABA (Zhao et al., 2008; Islam et al.,
2009), thus adding another function to this protein’s
repertoire, in addition to its known roles in herbivore
response. Although there are still only a few reports on
the guard cell transcriptome and proteome (Leonhardt
et al., 2004; Yang et al., 2008; Zhao et al., 2008; Zhu
et al., 2009), these publications nevertheless provide
fertile ground for the mining of additional candidate
nodes to be assessed with respect to stomatal function.

Once a gene (product) has been confirmed as a node
in a cellular signaling system, coexpression analysis of
other transcriptomic (or proteomic) data sets can be
used to identify additional candidates that coexpress
with the first gene/protein both in guard cells and in
other tissues or conditions and, thus, are themselves
implicated as having a functional relationship with the
first gene/protein (Albert and Albert, 2004; Aoki et al.,
2007). Such approaches have not yet been applied to
the guard cell system, but they could be particularly
useful in prioritizing the wet bench assessment of
genes of unknown function.

Signaling networks employ not only proteins but
also ions and metabolites as secondary messengers.
Fluorescent reporters of ion concentration have impli-
cated Ca** and H" ions as important secondary mes-
sengers in single cell systems such as guard cells and
pollen tubes. In particular, fluorescent reporters of
cytosolic Ca®* concentration have illuminated the role
of Ca® as a secondary messenger in guard cell ABA
responses, and elevation of cytosolic pH is also an
important component in guard cell ABA signaling.
Only a few single-cell plant systems, such as trichomes
(Schilmiller et al., 2008), have been subjected to de-
tailed metabolite analysis to date. At present, phar-
macological assays predominate as a tool to identify
metabolite involvement in cellular signaling path-
ways, both for guard cells and for other cell types. In
guard cells, lipid-based signals, cyclic nucleotides,
cADPR, reactive oxygen species (ROS), and nitric
oxide all have been implicated in ABA signaling by
pharmacological approaches. In some cases, this phar-

Plant Physiol. Vol. 152, 2010

Systems Biology of Cellular Signaling

macological evidence is supported by strong biochem-
ical or molecular genetic analyses, while in other cases,
such evidence is still incomplete. Some of these issues
will be resolved once large-scale metabolomics ap-
proaches are applied to the analysis of guard cell
signaling cascades.

After assembling information on candidate nodes,
the researcher must decide what standard of proof will
be required for inclusion of a node in a network. Will
pharmacological evidence be considered as sufficient,
or is genetic and/or biochemical information re-
quired? Is pharmacological evidence less convincing
because of the known lack of specificity of pharmaco-
logical interventions? Or is pharmacological evidence
actually more relevant for the study of rapid physio-
logical responses such as stomatal closure because it is
a short-term manipulation and thus less likely to have
pleiotropic or developmental effects that could con-
tribute to altering the overall cellular status or “set
point” of the cell? Once a standard of proof is decided
on, it obviously should be applied uniformly to all the
nodes under consideration for inclusion in the net-
work.

COLLECTING INFORMATION: DRAWING EDGES

Once the set of nodes has been identified, the
relationships between them must be formalized in
order to actually draw the network. Again, there are
several approaches that can yield useful information.
Geneticists have long employed epistasis analysis to
determine the relationship between genes/gene prod-
ucts, and such analyses provide one mechanism to
place two proteins within the same branch of a sig-
naling network or to determine that the proteins are
functioning independently, additively, or synergisti-
cally. Epistasis analysis, however, does not determine
whether proteins situated in the same path of a net-
work are actually adjacent to each other in the path-
way. In the model of Figure 2, whenever indirect
evidence positioned two nodes as adjacent in a path-
way but direct evidence that the two nodes physically
interacted was lacking, a small black circle (represent-
ing the possibility of additional, intermediate nodes)
was added.

Evidence for direct node-node interactions can be
provided by various protein-protein interaction assays
or by detailed biochemical analyses that determine the
interrelationships between two proteins or between a
protein and a cofactor or metabolite. For example, it
had been observed that mutation of the ABA-activated
protein kinase, OST1, impaired ABA-stimulated pro-
duction of ROS in guard cells and resulted in other
phenotypes that were similar to those observed when
the NADPH oxidases AtrbohD and AtrbohF were
knocked out (Mustilli et al., 2002). Based on such
observations, Li et al. (2006) placed OST1 upstream of
Atrboh in the network of Figure 2. Recently, mass
spectrometric analysis of Atrboh phosphorylation sta-
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tus and in vitro kinase assays have shown that
AtrbohF is indeed a phosphorylation target of OST1
(Sirichandra et al., 2009), thus supporting the posi-
tioning of OST1 and Atrboh in Figure 2.

When drawing edges between two nodes, the re-
searcher must again decide what standard of proof
to apply. For example, there are a variety of methods
for determining protein-protein interaction, some of
which are performed in vitro, others in yeast, and
others in planta (Lalonde et al., 2008). Will demon-
stration that two proteins interact in vitro be consid-
ered sufficient, will the two proteins need to be shown
to interact by two or more independent approaches, or
will the most rigorous (and technically difficult) stan-
dards of proof, such as demonstration of in planta
interaction via Forster resonance energy transfer, be
required?

The most informative signaling networks are those
with edges that indicate the direction and type of
information flow; so in building a signaling network,
the researcher needs to identify not only which nodes
are upstream and which are downstream but also
which are activating and which are inhibitory. Again,
genetic and biochemical approaches yield useful in-
formation, with the caveat that directionality is not
indicated by all assay methods. For example, yeast
two-hybrid or coimmunoprecipitation analyses show
that two proteins interact but are not sufficient to
indicate which protein is upstream and which is
downstream in a signaling cascade, nor do such data
indicate whether the interaction is positive or negative.

There are some simplifying assumptions that can be
applied to aid the process of drawing edges. One
overall simplifying assumption is that of parsimony
(i.e. that one should construct the simplest possible
network that is in accordance with the experimental
data). For example, if A is known to promote both B
and C and C is known to promote the A — B process,
then one can infer the relationship A — C — B. Other
inferences that can be incorporated to satisfy parsi-
mony are given by Li et al. (2006) and Albert et al.
(2007). A software package, NET-SYNTHESIS (http://
www.cs.uic.edu/~dasgupta/network-synthesis/), is
available that takes the causal relationships among
components as defined by the user and incorporates
such inferences to draw the most parsimonious net-
work (Kachalo et al., 2008).

ANALYZING NETWORK PROPERTIES

Once the structure of a network has been finalized,
its properties can be assessed. Emergent properties are
those that could not be deduced by studying individ-
ual components in isolation (Bhalla and Iyengar, 1999).
In Figure 2, the ultimate emergent property is stomatal
closure, but there are also important properties within
a network that can be considered as emergent. Some
general aspects of networks that can be considered as
emergent properties are motifs, modules, and scale.
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Negative and positive feedback loops are familiar ex-
amples of motifs. For example, in the network of Figure
2, cytosolic Ca®* elevation, which activates the Ca>*
extruding ATPase, which in turn decreases cytosolic
Ca’' levels, is an example of a negative feedback loop
(Ca**, — Ca®" ATPase - Ca**,), while cytosolic Ca®" ac-
tivation of the enzyme phospholipase C (PLC), lead-
ing to production of inositol 1,4,5 trisphosphate
(InsP,), which stimulates Ca*" release from intracel-
lular stores, which elevates cytosolic Ca** (Ca**, —
PLC — InsP; — Ca®"), is an example of a positive
feedback loop. Motifs may or may not occur in mod-
ules, which are subnetworks within the main network
that have high interconnectivity (numerous edges)
within the module and low interconnectivity (few
edges) between the module and the rest of the network.

In many types of networks, including biological
networks, it has been observed that there is typically a
large range in the number of edges that the nodes of
the network exhibit; thus, the network cannot be
described adequately by a “typical” or average num-
ber of connections. Such networks are said to be scale
free (Albert et al., 2000; Jeong et al., 2000). The network
of Figure 2 is not large enough to either verify or
disprove its scale-free nature. In scale-free networks,
there will be a minority of nodes that have a much
higher than average number of connections. Such
highly connected nodes are called hubs. Hubs of
cellular networks can be composed of any type of
biological molecule, including proteins, metabolites,
nucleic acids, and so on, depending on the specific
network under consideration. It is easy to envision that
knockout of hubs is, on average, more likely to have a
deleterious effect on a system than knockout of nodes
with only a few connections. This intuition has been
confirmed by studies of gene lethality in yeast (Jeong
et al., 2001; He and Zhang, 2006).

MODELING: CHOOSING A
MODELING FRAMEWORK

One major goal of systems biology is to develop
models that have predictive value. Once a network has
been assembled, the type of modeling that can be
performed with it is dependent on the depth of
knowledge that is available about the system and,
particularly, on whether that knowledge is quantita-
tive or qualitative. If detailed quantitative and kinetic
information is available on the status of the nodes,
then a continuous model can be developed using
ordinary differential equations or partial differential
equations. A good introduction to these types of
models is provided by Eungdamrong and Iyengar
(2004). For guard cell biology, while available tech-
niques readily allow the collection of quantitative
information at the level of the output node (e.g. the
size of the stomatal aperture or the rate of transpira-
tional water loss over time), there are only a handful of
cases in which quantitative information is available
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regarding the status of the internal nodes in this
network. Quantitative information is available from
electrophysiological measurements of ion channel ac-
tivity, and from fluorescent imaging of Ca?* elevations
and oscillations in response to ABA treatment. There is
some quantitative information on other aspects, such
as the rates of production of ROS and some lipid
metabolites, but the information is insufficient to allow
a completely continuous modeling approach.

Fortunately, there are other methods of network
analysis that can be applied to make predictions in the
absence of detailed quantitative information. Hybrid
models can be applied in which some variables are
continuous and others discrete, or a fully discrete
model can be utilized. In a discrete model, nodes are
restricted to particular states (e.g. fully on, partly on, or
off). The most reduced form of a discrete model is a
Boolean model, in which nodes are characterized as
either on or off depending on the status of the up-
stream nodes and their relationship to those nodes
(Albert and Wang, 2009). To date, ABA-induced sto-
matal closure has only been modeled with the Boolean
approach (Li et al., 2006). Since the status of our
knowledge of guard cell signaling is fairly typical of
the status of our knowledge of other cellular signaling
phenomena both in plant and nonplant systems (in
fact, we have more complete knowledge of guard cell
signaling than we do for many other single cell sig-
naling cascades), Boolean modeling is discussed in
more detail below. A primer on this method is also
available (Assmann and Albert, 2009).

To perform Boolean modeling, logic rules that de-
fine the on (active) state of each node are first defined,
using the Boolean operators “and,” “or,” and “not.”
For example, when ABA activates the protein kinase
OST1, the model of Figure 2 predicts that this will in
turn activate the NADPH oxidases (Atrboh): since
OST1 is the only input into Atrboh, Atrboh will be
active (on) whenever OST1 is active. For nodes with
more than one input, the rules can become more
complicated. For example, as shown in Figure 2, there
are four secondary messengers (InsP,;, cADPR, cGMP,
and InsP,) implicated in stimulating Ca*" release from
internal stores (node CIS [see Fig. 2 legend]). What is
the most biologically accurate way to define the active
state of node CIS? Possibilities include (InsP, or
cADPR or cGMP or InsP), (InsP; and cADPR and
c¢GMP and InsP;), and various mixed combinations.
The experimenter’s goal is to define each rule so as to
incorporate existing knowledge as well as possible. In
some instances, there will be conflicting or insufficient
data in the literature. Thus, building these rules re-
quires not only logic but extensive application of the
scientist’s expertise.

Once Boolean rules have been designated for each
node, there are two more decisions to make before
modeling can begin. The first decision concerns how to
set the initial status of the internal nodes. When
modeling an irreversible developmental process, it
may be a reasonable simplification to assume that all
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nodes downstream of the input node are inactive (off)
until the input is turned on. However, for a reversible
physiological process, such as stomatal closing and
opening, this assumption seems likely to be invalid,
absent evidence to the contrary, and so alternative
approaches are desirable. One alternative is to ran-
domly set the initial status of the internal nodes. Thus,
when ABA-induced stomatal closure was simulated
using the network of Figure 2, Li and colleagues (2006)
modeled 10,000 in silico stomata, with the on or off
status of each internal node randomly chosen anew for
each in silico stoma, in order to obtain a prediction of
network behavior (although 10,000 does not cover all
random combinations of the node state space, results
did not differ when 100,000 stomata were modeled,
indicating that a sample size of 10,000 was sufficient).
Another alternative is to incorporate prior knowledge
to set the initial status of the internal nodes for which
such information is available, while allowing the ini-
tial status of the rest of the internal nodes to be defined
randomly. For example, in the network of Figure 2, if it
were known that phosphoenolpyruvate carboxylase
(PEPC) was always active in malate production in the
absence of ABA, then the PEPC node could always
initially be set to on for the modeling process.

Once an initial status of all the internal nodes has
been established, randomly or otherwise, the input
node can be turned on and the propagation of the
signal through the network can be assessed. The
second decision involves choosing how such propa-
gation will be modeled (Albert and Wang, 2009). One
possibility is to take recurring “snapshots” of the
status of the network; in each snapshot, every node
is updated simultaneously based on the information
flowing into it from its inputs. For example, for Figure
2, the snapshot at t = 0 would show the ABA node as
off and each internal node randomly set either to on or
off. The second snapshot at t = 1, “instantaneously”
following ABA application, would have the ABA node
on. The next snapshot would show what had hap-
pened as a consequence of the ABA node turning on:
for example, if all internal nodes were initially off, then
in this next snapshot, nodes RCN1, InsPK, SphK,
OST1, and pH, (for definitions, see Fig. 2 legend),
would all get turned on, since all these nodes are
immediately downstream of the ABA node, have as
their input only the ABA node, and are positively
regulated by ABA. The nodes malate and PEPC are
also immediately downstream of ABA and exclusively
regulated by ABA, but this regulation is inhibitory, so
these nodes would turn off, if on, or remain off if they
were off in the initial condition. The next snapshot in
the continued presence of ABA would show the con-
sequences of the new status of the seven above-
mentioned nodes, etc. This process is referred to as
synchronous updating, because all nodes have their
status changed simultaneously, based on the prevail-
ing status of their upstream neighbors.

In the absence of loops, synchronous modeling
results in information percolating from level to level
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in the network, with information flowing most quickly
in the shortest paths (i.e. the paths with fewest nodes).
For developmental processes, this might be reasonable
as a first approximation. However, for reversible phys-
iological processes, this approximation is less likely to
reflect biological reality. An alternative possibility is to
perform asynchronous updating, in which the internal
nodes are updated sequentially in a randomly chosen
order, until every internal node has been updated once
(Albert and Wang, 2009). Whether or not the network
is then in a state such that the output node (in Figure 2,
the output node is “closure”) will turn on is then
assessed. Dynamic modeling with asynchronous (ran-
dom) update is how Li et al. (2006) modeled ABA-
induced stomatal closure in the 10,000 in silico stomata
using the network of Figure 2. However, if some
knowledge concerning rates of signal propagation
along certain paths of the network is available, it is
also possible to impose restrictions on the asynchro-
nous update process such that, for example, certain
nodes always are updated before certain other nodes
in the network, thus allowing a closer approximation
of the true dynamics of the signaling system.

After a number of rounds of update, the output of a
Boolean network will either reach a steady state or
start to cycle. In the case of the ABA network of Figure
2, outputs reached steady state within eight rounds of
updates. It can be readily understood that this type of
modeling requires programming for all but the sim-
plest networks. Fortunately, Albert and colleagues
(2008) have developed online software tools to facili-
tate this process.

MODELING: EVALUATING THE NETWORK AND
MAKING PREDICTIONS

The first goal in running simulations such as those
described above is to assess whether the model reflects
the reality of the wild-type response of the cellular
signaling system. In the case of Figure 2, the model
satisfied this condition in that it did indeed predict
ABA-induced stomatal closure. It has also been ob-
served that many biological signaling systems are
robust; that is, the outcome is, to some extent, resilient
against perturbation. The signaling network of Figure
2 was found to be robust against random rewiring, a
typical approach to evaluate robustness (Shen-Orr
et al., 2002). Had robustness not been observed, this
would have suggested that reevaluation of the net-
work structure and Boolean rules was warranted or
that insufficient information was available to apply
this modeling approach.

If the model satisfies initial requirements, then one
can proceed to use the model to simulate interesting
conditions and make predictions regarding which of
the simulated changes are most likely to affect the
output. For ABA-induced stomatal closure, 65% of
single node knockouts were predicted not to alter
ABA-induced stomatal closure, which is also consis-
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tent with a robust system; this percentage dropped to
38% for double node knockouts (Li et al., 2006). These
simulations accordingly lead to specific hypotheses as
to which nodes in the system represent particular
vulnerabilities. Such predictions can then be tested
experimentally using reverse genetic and other
methods. Inevitably, not all predictions will be sup-
ported, and this new information can be incorporated
into a revised model. Thus, experiments that are
designed based on such simulations provide informa-
tion to improve the model, which then leads to
resimulation and more predictions, in an iterative
positive feedback loop. A situation that both the
modeler and the reader must live with is that, espe-
cially in these early days of cellular systems biology,
models are likely to become obsolete almost as soon as
they are published. As one article states, “...models
such as these should not be considered as definitive
descriptions of networks within the cell, but rather as
one approach that allows us to understand the capa-
bilities of complex systems and devise experiments to
test these capabilities” (Bhalla and Iyengar, 1999). On
the other hand, if the model is robust, much of the new
information, while adding biologically important de-
tail, may not substantively change the network prop-
erties or model outcome.

RECENT DISCOVERIES IN GUARD CELL
ABA SIGNALING

Guard cell signaling is a rapidly advancing area of
research, and it is not possible within the constraints
of an Update article to cover more than a small fraction
of the recent publications in the field. This section very
briefly summarizes some of the new information on
guard cell signaling, focusing only on information that
is relevant to ABA-induced stomatal closure, and thus
could be used in the future to generate a revised
network for this process.

Channels and transporters for ions and other solutes
are the effectors of the membrane potential and water
potential changes that drive stomatal movements. In
response to ABA, inhibition of H"™-ATPase-based H"
extrusion and activation of Ca*" influx channels and
anion efflux channels all contribute to membrane
depolarization, which activates the voltage-regulated
K" channels through which K" efflux occurs; this
solute efflux results in water efflux and stomatal
closure (Fig. 1). Previously identified transport pro-
teins of the guard cell tonoplast and plasma membrane
have been described in detail in recent review articles
(Pandey et al., 2007; Ward et al., 2009). Recent ad-
vances have correlated additional gene products with
the electrophysiological and transport signatures of
channel and pump activity. For example, one of a
dozen Arabidopsis H™-ATPases, AHA1, has been par-
ticularly implicated as a specific target for down-
regulation during ABA-induced stomatal closure
(Merlot et al., 2007). Glutamate receptors and cyclic
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nucleotide-gated channels have been implicated as
channel types that could mediate Ca®" influx across the
plasma membrane (Ali et al., 2007; Cho et al., 2009).
There is now strong evidence that the gene SLOW
ANION CHANNEL ASSOCIATEDI encodes a slow
anion efflux channel of guard cells (Negi et al., 2008;
Vahisalu et al., 2008; Geiger et al., 2009; Lee et al., 2009).
Solute efflux across the guard cell membrane must be
preceded by solute release from the vacuole, and the
gene TPKI has recently been shown to encode a
channel that mediates K" flux across the guard cell
tonoplast (Bihler et al., 2005; Gobert et al., 2007).

One of the most important recent discoveries is the
identification of membrane-associated and soluble
ABA receptors. Membrane-associated receptors,
GTGs, interact with and are regulated by the Go
protein GPA1 (Pandey et al., 2009), and a plasma
membrane-localized Leu-rich repeat receptor-like ki-
nase, RPK1, has also been implicated in ABA percep-
tion (Osakabe et al., 2005). The soluble PYR1/PYL/
RCAR ABA receptors (Ma et al., 2009; Park et al., 2009;
Santiago et al., 2009a, 2009b) interact with and inhibit
the negative regulator ABI1 and related PP2C protein
phosphatases (Saez et al., 2004, 2006; Kuhn et al., 2006),
and ABA activates the protein kinase OST1 by virtue
of inhibiting these PP2C phosphatases (Yoshida et al.,
2006; Fujii et al., 2009; Santiago et al., 2009b; Umezawa
et al., 2009). Thus, while in the model of Figure 2 ABI1
is both a target of inhibition by ROS (Meinhard and
Grill, 2001) and upstream of ROS by virtue of the
observation that the dominant abi1-1 mutation inhibits
ABA-induced ROS production (Murata et al., 2001), it
now seems plausible that the inhibitory effect of ABI1
on Atrboh should be positioned farther upstream in
that branch of the signaling cascade (i.e. upstream of
OST1). It will be interesting to ascertain whether
members of these new receptor types interact with
any of the other seven nodes that are positioned
adjacent to ABA in Figure 2 by virtue of the fact that,
at the time the network was drawn, there was no
evidence for components acting between these nodes
and ABA. Note that in Figure 2 all of these nodes have
black circles immediately above them, indicating that
there was also no evidence for direct interaction of
ABA with any of the nodes.

Further evidence for the central importance of pro-
tein de/phosphorylation in guard cell physiology comes
from the latest reverse genetic studies on several types
of protein kinases. Members of mitogen-activated pro-
tein kinase cascades have been implicated in the reg-
ulation of guard cell physiology as well as guard cell
development (Colcombet and Hirt, 2008). The CBL-
interacting protein kinase, CIPK23, regulates K" chan-
nels (Xu et al., 2006), and regulation of CIPK23 by
the concerted action of the calcineurin B-like pro-
teins CBL1 and CBL9 has been implicated in stomatal
aperture control by ABA (Cheong et al., 2007). The
CBL proteins interact with target CIPKS upon Ca?*
binding, and certain members of the large family of
plant calcium-dependent protein kinases (CDPKs)
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also modulate guard cell ABA signaling in a Ca*'-
dependent manner. The CDPKs CPK6 and CPK3 are
required for full ABA activation of slow anion chan-
nels and Ca**-permeable channels of guard cells (Mori
et al., 2006). The CDPKs CPK4 and CPK11 phosphor-
ylate transcription factors ABF1 and ABF4, and ABF4
is known to interact with ABA response elements
to regulate gene expression (Kang et al., 2002; Zhu
et al., 2007). Down-regulation of certain AP2-type
(Song et al., 2005) and MYB transcriptional regulators
(Cominelli et al., 2005; Jung et al., 2008; Ding et al.,
2009) has also been shown to alter ABA responsive-
ness and drought tolerance by targeting the expression
of stress signaling elements. While these studies con-
tribute new nodes to the network of ABA-induced
stomatal closure, other recent studies further address
relationships among the extant nodes (i.e. the “wiring”
of the network; Bright et al., 2006; Fan et al., 2008;
Gonugunta et al., 2008; Perera et al., 2008; Saito et al.,
2008; Worrall et al., 2008; Zhang et al., 2009).

CONCLUSION

These are still early days for cellular systems biol-
ogy. For example, the network of Figure 2 was, at the
time, the most complex network to have been modeled
by Boolean modeling with asynchronous update. Yet,
ensuing rapid progress in guard cell signaling has
provided a number of new nodes and edges, with still
more to come. Thus, we are quite some time away
from having a comprehensive model of ABA-induced
stomatal closure. In addition, since ABA is just one
facet of the multisensory capacities of the guard cell, in
order to fully predict stomatal behavior it will be
necessary to integrate the ABA signaling network with
those for other hormones and for light, CO,, humidity,
temperature, and pathogen sensing. Nevertheless, the
promise of systems biology is that the wealth of
information being made available by reductionistic
approaches can be synthesized to yield a greater
understanding of biological systems. In other words,
after decades of taking apart Humpty Dumpty to
figure out his components, systems biology offers the
kings’ soldiers a path by which Humpty might indeed
eventually be put together again.
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