Chapter 10
Crop Systems Biology:
Where Are We and Where to Go?

Xinyou Yin and Paul C. Struik

Abstract The preceding chapters outline approaches in systems biology, genetic
mapping and crop modelling, and have shown whether and how these approaches
could potentially be integrated to form an effective ‘crop systems biology’ approach
in support of crop improvement. To fulfil the great expectations from the integrated
modelling, crop models should be improved based on understandings at lower orga-
nizational levels, in the meanwhile ensuring that model-input parameters can be
easily phenotyped. The ‘crop systems biology’ approach is believed ultimately to
realize the expected roles of modelling in narrowing genotype-phenotype gaps and
predicting the phenotype from genomic data. Such an approach could be an impor-
tant tool to solve some imminent food-, feed-, and energy-related, ‘real-world’
problems.

10.1 Why Crop Systems Biology?

Ecophysiological crop modelling has gradually become a research method and dis-
cipline since the first plant modelling paper was published by de Wit (1959). For
understanding of a system, models appear good tools for heuristics, for example, to
make explicit the importance of properties of system elements in the context of the
whole system. For applications, the modelling approach has been predominantly
devoted to higher aggregation levels (e.g., optimising agronomic management
actions, assessing the impact of climate change on agroecosystems, designing sus-
taining cropping and farming systems, analysing global yield gaps, etc.). Modelling
applications at lower aggregation levels such as designing crop ideotypes and culti-
vars based on analysing genotype-phenotype relationships have progressed slowly
(Jackson et al. 1996; Boote et al. 2013), although use of models as a tool to design
crop ideotypes has long been recognised (see review of Loomis et al. 1979).
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However, applications for higher and lower aggregation levels cannot be separated
absolutely. For example, there have been calls for more mechanistic models to esti-
mate the impact of global CO, fertilisation (Yin 2013; Sun et al. 2014). Also, breed-
ing for better crops is essential to improve global food security in the face of climate
change. To better address the issue at the higher aggregation levels, developing
modelling approaches to study genotype-phenotype relationships becomes increas-
ingly important (Chenu et al. 2009). This latter issue has been addressed interna-
tionally either in conference sessions (e.g., Weiss 2003; Cooper and Hammer 2005)
or in special symposia or workshops (e.g., Spiertz et al. 2007).

Despite the great effort that has been made, current crop models are mostly
crude, in terms of their ability of treating gene-trait-crop relationships. Systems
simulation modelling has long been suggested as a powerful tool to understand crop
yield formation and to support crop improvement (Loomis et al. 1979). Expectations
for modelling in support of modern breeding are high (Dwivedi et al. 2007).
However, according to Lawlor (2002), the lack of truly ‘mechanistic’ crop simula-
tion models (which make use of biochemical information) is a major constraint to
advance the understanding of crop yield traits. Boote et al. (2013) also emphasised
the needs for more mechanisms in crop models when used for characterising
genotype-phenotype relationships. Such a need has been underlined in several chap-
ters of this book.

The modelling studies at the crop level using some knowledge of fundamental
plant biology (e.g., biochemistry) are currently sporadic, modelling results pub-
lished so far to analyse yield traits are inconsistent, and some models are based on
untested hypotheses. We, therefore, have proposed a more systematic modelling
approach — ‘crop systems biology’ (Yin and Struik 2007, 2008, 2010), to analyse
complex traits at the crop level, not only with the aim of establishing close links
with understanding at the gene or genome level, but also in terms of its comprehen-
sive reliance on the whole-metabolism biochemistry and physiology. Therefore, the
proposed crop systems biology is a crop-level approach to modelling complex crop
traits relevant to global food production and energy supply, via establishing the
links between ‘omics’-level information, underlying biochemical understanding,
and physiological component processes. Crop systems biology, as a research realm,
has both fundamental and applied features. For fundamental aspects, crop systems
biology models should provide biological interpretation of those phenomena such
as genotype-by-environment (GXE) interactions, epistasis, and pleiotropy that
prove recalcitrant in genetics. In terms of applications, the goal of crop systems
biology is to become a robust tool in support of crop improvement programmes (Yin
and Struik 2008).

10.2 Roadmap to Crop Systems Biology; Where Are We?

Development of crop systems biology models certainly depends on what trait a
researcher wants to target. Although other traits have also been modelled (e.g.,
Martre et al. 2003), crop yield is a complex trait that most existing crop simulation
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models have attempted to predict. It may not be surprising that simulation of yield
formation should be a first major focus trait in crop systems biology. In addition, if
crop yield can be modelled accurately, underlying mechanisms for traits related to
resource use efficiencies (such as water use efficiency or nitrogen use efficiency)
can be analysed accordingly.

This book collected papers from several leading groups, where some initial ideas
to develop crop systems biology models have been explored or examples to apply
such models in analysing topical crop physiological and breeding questions typi-
cally for manipulating crop yield or related traits were described. As introductory
material, Chap. 1 by Baldazzi et al. provides some fundamentals of quantitative
genetics (particularly mapping of quantitative trait loci QTL), approaches in sys-
tems biology for modelling cellular, gene regulatory and metabolic networks, and
challenges in integrating these networks into plant or crop models. Chapter 2 by Xu
and Buck-Sorlin describes a new, morphologically explicit modelling approach
called FSPM (Functional-Structural Plant Modelling) and its potential applications
in breeding. Some crop modellers argue that detailed morphological properties have
also been captured in classical crop models. Nevertheless, probably because FSPM
can create virtual plants visualised in dynamic 3-D pictures, there has been a high
level of enthusiasm for applying this FSPM approach, from students to professors,
in various aspects of research and education in plant and crop science. Xu and
Buck-Sorlin describe how FSPM was linked with QTL analysis, which would assist
to breed for various plant traits (morphological and architectural traits in particular).
Both systems biology and crop modelling rely on bioinformatics and biometrics or
statistics in analysing and interpreting either measured or simulated data. Chapter 3
by Bustos et al. provides statistical approaches (linear mixed models as the default
model class) in the context of G X E interactions. While quantitative genetics devel-
oped from statistical approaches is fundamental for guiding classical breeding, the
factorial regression as discussed in Chap. 3 is a statistical approach closest to the
concept of crop growth modelling in capturing the response of physiological and
agronomic traits in response to environmental variables. As discussed by Bustos
et al., statistical models and crop growth models complement each other. For exam-
ple, the factorial regression cannot generate tempo-spatial profiles of the trait under
study and its associated components. In contrast, crop model simulated responses
can be analysed in the context of adapting the crop to the changing environment,
allowing the virtual profiling of plants and analysis of how processes interact when
crops are perturbed by one or several changes. Chapter 4 by Génard et al. showed
how this knowledge generated through in silico profiling can be used to decipher
GxE interactions so as to build genotypes adapted to particular conditions,
i.e., plant ideotypes. Similar line of reasoning is continued in Chap. 5, where Luquet
et al. attempted an in silico prediction of margins for genetic improvement of rice
using Ecomeristem, a model that seems to lie in between FSPM and classical crop
models. The target was to analyse the trade-off between early vigour and drought
tolerance, and to design rice ideotypes that combine the two traits. One of the traits
associated with drought response is the restricted transpiration. In Chap. 6, Sinclair
et al. described the steps of modelling-physiology-transcriptomics-genetic screen-
ing they followed in developing soybean cultivars with the desired trait that restricts
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transpiration. Also based on this restricted transpiration and other examples,
Hammer al. argued in Chap. 7 that crop ecophysiology and functional modelling
can provide an effective link between molecular and organism scales and can
enhance molecular breeding by adding value to genetic prediction approaches. A
physiological framework that facilitates dissection and modelling of complex traits
can inform phenotyping methods for marker/gene detection and underpin predic-
tion of likely phenotypic consequences of trait and genetic variation in target envi-
ronments. This is further consolidated in Chap. 8 by Boote et al., who showed
model-based approaches revealing that manipulating trait values is beneficial in one
environment but not in another environment. They also showed how to link model
input parameters with allelic effects of several known genes to establish gene-based
modelling of growth and seed yield in common bean, based on the framework of
White and Hoogenboom (1996). Perhaps, few model-input parameters are con-
trolled only by pleiotropic effects of a few well characterised major genes; a more
likely scenario is that like other quantitative traits, each model-input parameter has
own specific polygenes underlying its phenotypic variation. This is a basis of the
most active line in this research realm over the last 15 years, i.e., QTL-based crop
modelling, and experiences and future prospects are comprehensively reviewed in
Chap. 9 by Yin et al.

How far do these states-of-the-art described in the preceding chapters of this
book reach the high expectations for crop systems biology? In our judgement, these
are just in the juvenile phase of the first of the two-step roadmap that Yin and Struik
(2007) proposed for crop systems biology, i.e., the prototype stage and the advanced
stage. For the first, a widely used framework or concepts in many existing crop
simulation models including processes such as photosynthesis, respiration and
assimilate partitioning can still be used. At the level of these processes, there are
rich physiological and biochemical data and therefore the understandings are of the
highest confidence. For this first step, crop systems biology models may not be nec-
essarily more complex than existing crop simulation models in structure, nor is their
additional input requirement. The latter is important, and model-input parameters
should include those close to the traits breeders score for selection. We should also
seek opportunities to derive model-input parameters in parallel with the develop-
ment of high-throughput phenotyping (White et al. 2012; Parent and Tardieu 2014).
However, model algorithms for individual processes are supposed to be more mech-
anistic than those used in existing crop models. In many cases, a summary form of
a detailed biochemical model — e.g., the photosynthesis model of Farquhar et al.
(1980) coupled to CO, diffusion algorithms (Yin and Struik 2009) — can be incorpo-
rated as a sub-model, and this has been incorporated into the crop model GECROS
(Yin 2013; Gu et al. 2014). In other cases, direct results or stoichiometries from
biochemical studies (e.g., examination of the biochemical pathways for production
of proteins, carbohydrates and lipids from glucose by Penning de Vries et al. 1974)
can be utilized. A prototype of crop systems biology models needs to be made from
this first step, in which physiological and biochemical information at the process
level is assembled and then scaled up to the crop level in a way similar to temporal
and spatial integrations as practised in conventional crop simulation models. In
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relation to crop improvement, a key element of the first step would be to identify the
parts of mechanisms that are conservative in energy and water transfer, and in car-
bon and nitrogen metabolisms, and the parts of mechanisms that show genetic varia-
tion and are potentially amenable to selection. In case of grain yield, the prototype
models should allow identification and quantitative assessment of specific parts of
processes, which could be altered to achieve improvement of yield potential. The
parts showing genetic variation can be identified by genetic analysis. For example,
in Chap. 7, Hammer et al. indicated that the crop model APSIM has been recently
upgraded to structure a generic cereal template for more explanatory approaches to
modelling the hierarchy of physiological determinants of crop growth and develop-
ment. They showcased the stay-green phenotype in sorghum, which was generated
as an emergent consequence of canopy nitrogen dynamics associated with genetic
differences in dwarfing. Taller genotypes required more nitrogen for structural stem
tissue, leaving less available for leaves, which was more rapidly diminished by
translocation to grain during grain-filling. Hence, “stay-green” was generated as an
emergent consequence in the shorter genotypes in response to genetic differences in
plant height.

10.3 Roadmap to Crop Systems Biology; Where to Go?

Perhaps in parallel with the first step, crop systems biology modelling could move
to the second step as progresses at the ‘omics’-level understanding are being made,
towards reaching down to lower organizational levels. For this, it is necessary to
map the organization levels and the communication systems between these levels
for the different key processes (Struik et al. 2007). Modelling for reaching down to
the lower levels is most likely to be done in a manner of one-process-at-a-time; and
in this respect, a modular design of the model is important to ensure that changes of
a sub-model will not affect other parts of the model. Welch et al. (2003) have already
developed a neural network model of Arabidopsis flowering time control, based on
studies on qualitative, genetic characterization of major flowering time genes in this
model plant species. Wilczek et al. (2009) continued the work, using the concept of
dynamic simulation as commonly used in crop modelling, by linking individual
model coefficients to the activities of specific genes and their regulators involved in
the transitions to flowering in Arabidopsis thaliana. Similar modelling studies could
be performed for phenology of crop species (see an example for maize, Dong et al.
2012, and for wheat, Brown et al. 2013). Further, existing modelling of metabo-
lisms, such as the Benson-Calvin cycle of photosynthesis and the photorespiratory
cycle (cf. Giersch 2000) and nitrogen assimilation in relation to the activity of key
enzymes (e.g., nitrate reductase and glutamine synthetase), could also be added.
With the rapid development of functional genomics in the wake of high-throughput
technologies, combined studies of physiological components with gene expression
profiles should illustrate the function of genes, biochemical pathways and cellular
processes that are affected in a coordinated manner (Stitt and Fernie 2003). Such
studies should lay the groundwork for elucidating regulatory networks and causal
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linkages among gene products, biochemistry and whole-plant physiology. Summary
models for a particular metabolism or process are expected to increasingly become
available. Sometimes, models capable of assessing the impact of altered biochemi-
cal pathways are not necessarily too much more complex than existing models. For
example, von Caemmerer (2013) showed that the models that can simulate the pho-
torespiratory bypass and the bicarbonate pumps (both have been explored as targets
to reduce the CO, compensation point in C; photosynthesis) are only slightly more
complex than the standard photosynthesis model of Farquhar et al. (1980). Such
summary models can potentially be embedded into crop systems biology models.
Clearly, different temporal, spatial and structural scales are required for different
components, pathways, and processes of the model; and this has been showcased in
the recent multiscale model of Chew et al. (2014) for Arabidopsis that integrates
gene dynamics, carbon partitioning, organ architecture, and development response
to endogenous and environmental signals. Chapter 1 of this book by Baldazzi et al.
discussed the challenges in the multiscale modelling by combining information
from molecular biology and genetics with crop models in relation to environmental
factors and agricultural practices. Ultimately, crop systems biology may develop
into a highly computer-intensive discipline. Such coupled models should inform
how and where those recalcitrant genetic phenomena (G X E interactions, epistasis
and pleiotropy) come about. They should also allow identification of specific parts
of metabolic pathways and processes, which could be altered via genetic engineer-
ing to achieve improvement of crop yield potential (Zhu et al. 2011). These specific
parts should be amenable to the analysis by the ‘omics’ approach in terms of the
expressions of specific genes, proteins or enzyme activities. For example, gene
expression of aquaporins, the putative proteins involved in regulation of water and
CO, diffusion inside leaves (see also Chap. 6 of this book by Sinclair et al.) have
been found to explain most of the variation of stomatal and mesophyll conductance
during water stress and recovery in olive (Perez-Martin et al. 2014). In short, these
models should ultimately enable in silico assessment of crop response to genetic fine-
tuning under defined environmental scenarios, thereby being powerful tools in sup-
porting breeding or genetic engineering for complex crop traits. Again, the parsimony
rule, especially in terms of the number of required parameters, also applies to models
for navigating biological complexity across scales (Hammer et al. 2006), as estimating
many parameters in any model is a daunting task (see also Chap. 8 by Boote et al.),
even when using advanced bioinformatics or data mining tools (Martin et al. 2015).
After all, model sophistication should not be achieved at the cost of model heuristics.

10.4 Crop Systems Biology Needs Cross-Discipline Efforts
in Concert

Manipulation of a relatively small number of genes (notably, dwarfing and
photoperiod-insensitivity genes in many crops) had resulted in the first ‘Green
Revolution’. For the next ‘Green Revolution’ to happen, we have to deal with many
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genes so that they work in concert. Advances in genetics and genomics, when inte-
grated via systems biology approaches, can offer unprecedented opportunities to
examine crop genetic variation and utilize this variability for breeding purposes in
different target environments. However, alterations made at the genome level,
although substantial, could have little effect on the crop-level phenotypes (Sinclair
et al. 2004; Yin and Struik 2008). Systems biology should not be the privilege of
only those working on molecular, sub-cellular or cellular levels. To allow genomics
and systems biology to have significant impact, the information from fundamental
plant biology should reach up to the crop level, and ‘crop systems biology’ should
be established to deal with complex ‘gene-trait-crop’ relationships and to enhancing
the prediction of the phenotype from genomic information. Recent work of Chew
et al. (2014) has shown the promise of such a multiscale approach, based on under-
standings for the model species Arabidopsis. For that to happen for crop species, it
is necessary to have the long-term, multi-disciplinary efforts to build the links
between geneticists, systems biologists, breeders and crop ecophysiologists towards
the next ‘Green Revolution’ to solve some imminent food-, feed-, and energy-
related, ‘real-world’ problems. By then, the chain as envisaged in Chap. 6 by Sinclair
et al., i.e., ‘from model to phenotype to genotype to cultivar’, can become a reality
more than ever. However, at this moment, as expressed in Chap. 8 by Boote et al.,
“the disciplines have diverged so much that geneticists are not well connected with
the field phenotyping, and crop modellers are not connected with the geneticists”.

We hope that the publication of this book on crop systems biology promotes
cross fertilization between disciplines and can catalyse some joint efforts from the
science community to correct that divergence.
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