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Identify driving forces underlining formation 
of certain biological phenomena

1. Curiosity Observe biological phenomena, get statistical models 
showing the relationship between different variables

2. Define certain biological hypothesis or some “common” 
knowledge in biology

2. A range or space of strategy set or phenotypes is defined
3. Define the targets, or a parameter measuring the fitness of the 

strategy
4. Define each alternatives into a fitness payoffs, i.e. the choice of 

different strategies have different impacts on the fitness. The 
constraints and tradeoffs need to be considered. 

5. Identify optimum and compare with experiments.
6. Suggest validation experiments and make new falsifiable 

predictions

Parker and Smith 1990 Nature
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Interpreting an optimality model

• “The final step in the optimality approach is to test the 
predictions against the observations. If they fit, then the 
model may really reflect the forces that have molded 
the adaptation. If they do not, we may have misidentified
the strategy set, or the optimization criterion, or the 
payoffs; or the phenomenon we have chosen may not 
any longer be adaptive…“

Parker & Maynard-Smith, Nature (1990)
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Adapted LacZ protein levels match
predicted optima

lacZ level measured after more than 550 generations
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Dekel & Alon, Nature (2005)
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 Fitness function of lac protein expression was experimentally determined.

 Fitness function predicts an optimum expression
at each lactose environment�
 Cells can tune protein levels accurately to reach
optimal values within a few hundred generations

 Creates new quantitative research questions

 If we can combine our targets with the fitness function of e.coli, we can systematically engineer e.coli using directed evolution.




Determining Regulation from 
Metabolic Network Structure

As cellular control is achieved by 
genetic regulation, control 
effective flux (CEF) should 
correlate with messenger RNA 
levels.

Theoretical transcript ratios for 
growth on two alternative 
substrates:  
Θ(S1,S2)=CEF(S1)/ CEF(S2)
in comparison with gene 
expression data
(r2=0.6)

Stelling et al 2002 Nature 

Optimality operates at the genome scale!
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As cellular control on longer timescales is predominantly
achieved by genetic regulation, the control-effective fluxes should
correlate with messenger RNA levels. Theoretical transcript ratios
V(S1,S2) for growth on two alternative substrates S1 and S2 were
therefore calculated as ratios of control-effective fluxes and compared
to previously published complementary DNA-microarray
data for E. coli growing exponentially on glucose, glycerol and
acetate10,19. The structure-derived prediction of the differential
expression of 50 genes for acetate versus glucose shows good
agreement with experiment (Fig. 3a).

random deviations21. It leads to identification of three presumable
outliers (Fig. 3b). Two overestimated transcript ratios are linked to
genes involved in acetate metabolism (pta, ackA) and, hence were
expected to be upregulated on acetate. This can be explained by the
fact that the gene acs codes for an enzyme operating in parallel; for
this gene our theoretical prediction is in agreement with experimental
observation19. The transcript ratio of aspA encoding for
aspartase was underestimated. Elementary-mode analysis suggests
that aspartase is required for an effective conversion of excess
NADPH generated by the TCA cycle to NADH (Supplementary
Information). Residual analysis thus sustained or generated
hypotheses amenable to further experimental investigation.
Removal of the three outliers from a total of 50 data sets leads to
to a high correlation between prediction and experiment
(r 2 . 0.60) with a linear regression close to perfect match. For
instance, average expression ratios from independent experimental
studies10,19 correlate with r 2 . 0.84 (not shown).

Additional evidence supporting our approach is provided by
three observations. First, predictions based solely on efficiency,
namely on the two flux modes with optimal ATP and biomass
yield, Vopt (Ac, Glc), displayed a weak correlation (Fig. 3c). Only 28
data points appear because many fluxes are zero and, hence, yield
zero or undefined predictions. Such an efficiency analysis corresponds
to the approach followed by FBA. Neglecting flexibility may
explain why FBA—even when supplied with information on regulatory
circuits—only provides qualitative predictions for a subset of
genes22. Secondly, in view of the fact that experimental errors are
large compared to the effects of changes in the medium, the
predictions for other combinations of substrates also agree reasonably
well with experiment (Fig. 3d). Finally, prediction quality was
poor when for elementary-mode analysis a simultaneous uptake of
all substrates was enabled (N . 507,633, not shown). The combination
of these findings points to a multi-level, hierarchical organisation

Transcriptional regulation for
growth on a specific substrate seems to rely on selection of this
substrate regime by the cell, for instance by catabolite repression.
According to the substrate regime, gene expression levels are, at an
intermediate level of control, adjusted to provide a general set-up
for metabolic efficiency and flexibility. At a lower level, short-term
regulation of fluxes for a specific situation, such as for one defined
substrate concentration, can then be achieved, for example, by
allosteric control of metabolic enzymes6.

Elementary-mode analysis decomposes complex metabolic networks
into simpler units performing a coherent function. The
integrative analysis of elementary modes presented here can be
used to reconstruct key aspects of cellular behaviour from metabolic
network topology, namely to reliably classify mutant phenotypes, to
analyse network robustness, and to quantitatively predict functional
features of genetic regulation. Including additional knowledge on,
for example, newly annotated genes is straightforward8. A refined
approximation of bacterial growth could serve to improve our
method. The concept of extreme pathways24 bears strong similarity
with elementary modes7,8,11. For our model of E. coli central
metabolism, both approaches yield equivalent sets of functional
entities and, thus, identical results (not shown). Whereas these
approaches characterize the spectrum of different, potential functionalities
of the metabolic system, FBA focuses on a single flux
distribution. FBA provides similarly good predictions of mutant
phenotypes2, but it fails whenever network flexibility—for instance,
in the analysis of pathway redundancy or in quantitative prediction
of gene expression—has to be taken into account. Elementary-mode
analysis, in contrast, helps us understand the huge amount of
mRNA expression data provided nowadays. Subsequent studies
will apply the analysis developed here to organisms other than
E. coli and further validate it with upcoming transcriptome and
mutant data. More generally, we conclude that robustness of
metabolic networks is linked to redundancy, and that hierarchical
genetic control supports this robustness by finding a trade-off
between network efficiency and flexibility. Like recent studies
demonstrating the power of combining data and methods from
different origins25–27, the systems biology analysis presented here can
thus contribute to elucidation of the fundamental design principles
of living cells.
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Key principles in design of 
biological network 

• Simplicity? 
• Robustness? 
• Flexibility? 
• Combinations of these three?
• Why evolution follows these rules (if 

evolution in deed does so?) 
• Optimality (Does nature follow this rule?)

6
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Evolutionary model as a basic 
tool in modern biology

• Optimality models test and sharpen our understanding 
(constraints, tradeoffs, fitness function)

• Defined structure that ensures rigor, sensitivity, resistance 
to external perturbations, 

• Basic steps: 
– Evolutionary models

– Obtain observations  and derive relationships based on statistics
– Model development (key step)
– Enumeration of solution space for the model under different constraints based 

on certain model
– Enumeration of model types for a particular problem (phenomena) under 

different constraints

– Compare with biological data and gain insights on the fitness and 
cost function

– Experimental validation of the model predictions



Testing the optimality, adaptation and evolution of 
photosynthesis and plant primary metabolism
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Regulatory network
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Leaf anatomy

Material allocation
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Plant level processes

Managing & Engineering 
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Grime 1978 AB

DIVERSITY OF PLANT PHENOTYPES IN NATURE



Aspects needs Investigations
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• Environment
• Organisms functions in dynamic environments
• Multiple environmental factors working together

• Scale issues
• Multi-scale optimization (time and space), optimization only 

works at certain time and space.
• Multi-targets optimization
• Unit of evolution? Not all traits show adaption. 

• Factors influencing fitness of biological processes
• Reproductive success 
• Productivity 
• Ability to deal with environmental variations and random effects



Perspectives through Systems Level Analysis
• Models, capacity of the current knowledge in explaining 

existing phenomena. 
• Understanding current biology

– Importance of different parameters at different regions of the 
solution space

– Importance of different parameters for current plants
– Structural or parameter basis underlining the transition between 

different states

• Why nature evolved existing structure or parameters
– Optimality
– efficiency and cost
– Structural and parameter basis of robustness and plasticity 

during evolution
– Phylogenetics and 

• These perspectives should be examined for models or 
processes at different spatial and temporal scales.

11



General models and specific 
models

• “General models have a heuristic function; they give qualitative 
insights into the range and forms of solution for some common 
biological problem. The parameters used maybe difficult to measure 
biologically, because the main aim is to make the analysis and 
conclusion  as simple and as direct as possible”.

• “Specific  models are designed to be applied quantitatively to 
particular species, and include parameters that can readily be 
measured. They are often modified (and more complex) versions of 
some general model, devised specifically for comparison with a 
particular set of observations. If the predictions of the model match 
the biological observations, we may hope that we have made correct 
assumptions about the nature of adaptations”. 

12Parker and Smith 1990 Nature
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Heuristic (pronounced /hjʊˈrɪstɨk/, from the Greek "Εὑρίσκω" for "find" or "discover") is an adjective for experience-based techniques that help in problem solving, learning and discovery. A heuristic method is used to rapidly come to a solution that is hoped to be close to the best possible answer, or 'optimal solution'. A heuristic as a noun is a "rule of thumb", an educated guess, an intuitive judgment or simply common sense. A heuristic is a general way of solving a problem. Heuristics as a noun is another name for heuristic methods.




How to identification of processes 
showing adaption/evolution

 No all traits are optimal
 Phylogeny and development has major effects - frozen accidents 

(Rubisco?) 
 Random drift (bottleneck, founder effects etc) is often a dominant 

force (alleles can become fixed in a population in spite of natural 
selection, again Rubisco might be an example)

 Identification of adaptive processes
 Molecular level 
– ratio between sense/nonsense mutation (Ancient evolutionary events)
– Polymorphism around the site of mutation (recent evolutionary events)
 Processes
– Correlation of the changes of the process with changes in the fitness 

(most possibly reproductive success)

13
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http://www.lassp.cornell.edu/sethna/

Unviable phenotype

Phenotype I

Phenotype II

Phenotype III

PC1

PC2



Resource Development 
Required for the Anlysis

• Models and databases
– Basic numbers related to Cell (BioNumbers）
– Basic numbers related to photosynthesis
– Basic numbers related to photosynthesis at stand or 

ecosystem levels
– Basic environmental parameters
– We need to develop a database to systematically 

document these information. 
• Analysis techniques

– Course development: nonlinear dynamics
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Key mathematical concepts required to conduct such research: 
Introduction to nonlinear dynamics (Zhu and Yang)

• Basic concept
– Orientation (2 hours;  Yang + Zhu)
– ODE building and solving (2 hours; Yang)
– Analysis of systems properties

• Oscillations, limit cycle, and damped oscillations (2 hours; Yang)
• Bifurcations, bistability and multistability (4 hours; Yang)
• Chaos (2 hours; Yang)
• Robustness (2 hours; Yang)
• Introduction to complex systems (multibody system) (2 hour; Yang)

• Biological application of dynamic systems theory in biology
– Stable switching (2 hours; paper: Novik and Wiener 1957; Zhu)
– Robustness and sloppiness of biochemical networks (2 hours; Baikai and Leibler 

1997; Zhu)
– Ultrasensitivity (2 hours; Goldbeter and Koshland 1981; MAPK Cascade; Zhu)
– Adaptation (2 hours; Cell paper; Zhu)
– Specificity (2 hours; Hopfield 1974; Zhu)
– Design principle (Savaguae UC Davis; Zhu)
– The role of noise in biological dynamic systems (2 hours; TBD; Zhu)

16
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