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A goal of systems biology is to provide comprehensive bio-
chemical descriptions of organisms that are amenable to 
mathematical enquiry1. These models may then be used 

to investigate fundamental biological questions1, guide industrial 
strain design2 and provide a systems perspective for analysis of 
the expanding ocean of omics data3. Over the past decade, there 
has been steady progress in developing genome-scale models of 
metabolism (M-Models) for basic research and industrial appli-
cations4–6. M-Models are stoichiometric representations of the 
enzymatic and spontaneous biochemical reactions associated with 
an organism’s metabolic network at the genome scale; however,  
M-Models do not quantitatively describe gene expression (Fig. 1a). 
The lack of an explicit representation for enzyme production pre-
cludes quantitative interpretation of omics data and can result in 
biologically implausible predictions7,8. Because M-Models do not 
contain chemical representations of transcription and translation,  
to date, it has only been possible to use omics data as ad hoc  
constraints for enzyme activities9–12.

A modelling approach that accounts for the production and deg-
radation of a cell’s macromolecular machinery will provide a full 
genetic basis for every computed molecular phenotype (Fig. 1b).  

Such computations in turn enable the direct comparison of simula-
tion to omics data and the simulation of variable expression and 
enzyme activity13,14. In other words, an integrated model of metab-
olism and macromolecular expression (ME-Model) affords a genet-
ically consistent description of a self-propagating organism at the 
molecular level and moves us substantially closer to establishing a 
systems-level quantitative basis for biology.

Here, we developed an ME-Modelling approach for the relatively 
simplistic microorganism, Thermotoga maritima, which metabolizes 
a variety of feedstocks into valuable products including H2 (ref. 15).  
T. maritima possess a number of characteristics conducive to systems-
level investigations of the genotype–phenotype relationship: a com-
pact 1.8-Mb genome16, wealth of structural proteome data17, a lim-
ited repertoire of transcription factors (TFs)18 and reduced genome 
organizational complexity compared with other microbes (H.L. et al., 
Unpublished data). Taken together, T. maritima’s small set of TFs and 
reduced genome complexity impose a narrowed range of viable regu-
latory and functional states (H.L. et al., unpublished data). The exist-
ence of few regulatory states may simplify the addition of synthetic 
capabilities and facilitate metabolic engineering efforts by reduc-
ing unexpected and irremediable side-effects arising from genetic  
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Figure 1 | Genome-scale modelling of metabolism and expression. (a) Modern stoichiometric models of metabolism (M-models) relate genetic loci 
to their encoded functions through causal Boolean relationships. The gene and its functions are either present or absent. The dashed arrow signifies 
incomplete and/or uncertain causal knowledge, whereas blue arrows signify mechanistic coverage. (b) ME-Models provide links between the biological 
sciences. With an integrated model of metabolism and macromolecular expression, it is possible to explore the relationships between gene products, 
genetic perturbations and gene functions in the context of cellular physiology. (c) Models of metabolism and expression (ME-Models) explicitly account 
for the genotype–phenotype relationship with biochemical representations of transcriptional and translational processes. This facilitates quantitative 
modelling of the relation between genome content, gene expression and cellular physiology. (d) When simulating cellular physiology, the transcriptional, 
translational and enzymatic activities are coupled to doubling time (Td) using constraints that limit transcription and translation rates as well as enzyme 
efficiency. mRNA, mRNA half-life; kcat, catalytic turnover constant; ktranslation, translation rate; , reaction flux.


