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From systems biology to photosynthesis and whole-plant physiology
A conceptual model for integrating multi-scale networks
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Network analysis is now a common
statistical tool for molecular biolo-

gists. Network algorithms are readily
used to model gene, protein and meta-
bolic correlations providing insight into
pathways driving biological phenomenon.
One output from such an analysis is a
candidate gene list that can be responsi-
ble, in part, for the biological process of
interest. The question remains, however,
as to whether molecular network analysis
can be used to inform process models at
higher levels of biological organization. In
our previous work, transcriptional net-
works derived from three plant species
were constructed, interrogated for ortho-
logy and then correlated with photosyn-
thetic inhibition at elevated temperature.
One unique aspect of that study was the
link from co-expression networks to net
photosynthesis. In this addendum, we
propose a conceptual model where tradi-
tional network analysis can be linked to
whole-plant models thereby informing
predictions on key processes such as
photosynthesis, nutrient uptake and
assimilation, and C partitioning.

Recent interest in modeling molecular
network interrelationships can be attri-
buted, in part, to the technical advances in
high-throughput technologies (e.g., cDNA
sequencing, metabolomics) and the need
to reduce the dimensionality of those data
to better understand the plant as a system.
This is commonly termed ‘systems bio-
logy,’ and although numerous definitions
exist most agree that systems biology
entails the study of biological processes
in terms of dynamic interactions among
the components that identify emergent

properties of the respective system.1

Numerous studies have leveraged publicly
available microarray data and subjected
them to network algorithms in which
individual gene transcripts are clustered
into subnetworks called modules based
on expression pattern.2,3 Such clusters
exploit the “guilt by association para-
digm,” whereby genes that are highly
correlated in expression pattern are likely
to be involved in the same biological
process. Lists of candidate genes and
potential pathways can be created and
further interrogated using molecular bio-
logy techniques (e.g., transgenesis, immu-
nolocalization) to decipher gene function
underlying pathways of interest.

Grouping genes and metabolites into
like functions with network analysis is
becoming a useful way to describe the
biological system, especially if the system
represents a relatively simple bacterium.4

Plants, however, encompass additional
layers of biological complexity including
numerous organelles, tissues, organs and
genome complexity (e.g., ploidy levels,
alternative splicing). Therefore, for net-
work models to begin to accurately
describe plant processes, they must first
come to terms with this added comple-
xity. Recently, we characterized a net-
work for the heat stress transcriptome of
three species (Populus, Arabidopsis and
soybean) and discovered gene orthologs
representing functional equivalents based
on gene expression and enzyme activity
assays.5 An interesting outcome from this
study was that the expression of one
module was negatively correlated with
leaf-level photosynthesis. Although this
represents an initial step in scaling
molecular networks to higher levels of
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biological organization, a common frame-
work is still needed to test, improve and
define these relationships mathematically.

We propose a conceptual model that
uses our recent work5 as an initial starting
point and is expanded to whole-plant
scales using examples from the literature.
Tissue samples for biochemistry and gene
expression were taken at defined states
of photosynthetic thermoinhibition for
Arabidopsis, soybean and Populus. Net-
work algorithms clustered genes into
respective modules, one of which was
enriched for genes encoding heat shock
proteins and antioxidant enzymes. This
heat responsive module were then evalu-
ated for orthologous gene members among
species to reveal a conserved representation
of the response of the underlying network
to warming. A fundamental property of
functional gene networks is the coales-
cence of many genes into simplified
modules and the ability to correlate
module information (e.g., eigenvalue) to
external information, photosynthesis in
our case.6,7 Figure 1 shows a schematic
representation of the relationship among
net photosynthesis and the heat responsive
module to temperature. Expression of this
module is negatively correlated with net
photosynthesis until a critical temperature
where cellular function is disrupted.

The final step, and by far the most
challenging aspect to this conceptual
framework is the integration of molecular
networks with whole-plant processes
(Fig. 2). Although a single representative
module is useful in predicting our response
variable (net photosynthesis) from our
independent variable (temperature), we
still need to consider the complicating
factors associated with biological com-
plexity and environment. For example,
how do we account for C partitioning into
different processes, such as defense and
stress pathways or root growth? These
processes can modify sink strength and
carbon skeleton supply, thereby influenc-
ing photosynthesis.

Network and systems biology approaches
are being applied independently at tissue
and plant scales,8 suggesting that we may
be able to link these levels to molecular
networks. One commonality between many
tissue and whole-plant models is that
both relate spatial development of the plant

(or tissue) to its physiology.8 This rela-
tionship allows the plant to be spatially
represented by network nodes that are
connected to neighboring nodes (Fig. 2).
Node edges are associated with mathemat-
ical functions that can describe various
biological processes and hierarchical con-
cepts can be included to determine which
signals are passed to higher levels of
biological organization (purple hub nodes;
Fig. 2). For example, ion concentrations
within the rhizosphere initiates plant signal-
ing and hormonal networks driving root
growth that ultimately influence whole-
plant development.9 The sink strength
provided by this signaling cascade would
ultimately determine the availability of C
skeletons for proteins mitigating leaf stress
and defense responses, both of which are
metabolically costly.10,11 Models based on
source-sink relationships assume that C
partitioning depends on the relative ability
of different sinks to import available
assimilates from sources. They can provide
a basis for changing partitioning in rela-
tion to environmental heterogeneity.12 The
rules for determining sink strength can be

difficult to determine, and this level of
mechanistic detail is currently missing
from whole-plant models; molecular net-
works could be used to parameterize such
functions.

Better representation of C partitioning
at the whole-plant level could have
implications at still higher levels of
biological organization. Ecosystem and
terrestrial C cycling models would be
improved with a more dynamic repre-
sentation of partitioning of photosynthate
into various metabolites and tissues.
Partitioning within the plant alters the
subsequent fate of C in ecosystems,13

but incomplete understanding of carbon
partitioning currently limits the capacity to
>model forest ecosystem metabolism and
accurately predict the effects of global
change on carbon cycling.14 We have
described a framework for the potential
integration of metabolic processes indicated
by molecular networks into whole-plant
models for application to higher-level pro-
cesses (e.g., net photosynthesis, nutrient
uptake and assimilation, antioxidant pro-
duction). In this framework, molecular

Figure 1. Visualization and characterization of network architecture in relation to net
photosynthesis. (A) Arabidopsis, soybean and Populus multi-dimensional scaling plots of
co-expression network. The distance between circles is a function of topological overlap and
provides a visual representation of gene and module relationships within network. Circled modules
are enriched for genes participating in warming (e.g., heat shock protein and antioxidant enzymes).
(B) The relationship between the expression of the warming module and net photosynthesis.
Data from reference 5 produced a significant negative correlation between warming module
expression and net photosynthesis (Pearson r = -0.82, p = 0.02). Note that data was not available at
high temperatures compromising membrane integrity (dotted vertical line), so relationships
beyond this point are entirely conceptual.
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networks provide a means by which
mechanism can be linked to key para-
meters used in estimating metabolic
processes governing C partitioning. As
the links between molecular biology,
physiology and ecology develop, we will
have the opportunity to consider ways in
which inference from one discipline can
inform another. Here, we suggest a start to
this exciting endeavor, and the maturation
of this collaboration will improve our
ability to not only to understand, but to
predict whole-plant performance.
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