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Objective of collaboration 

The objective of the collaboration is to integrate a model of plant metabolism developed by the Sweetlove lab1-3, into the Framework Arabidopsis model developed by the Millar lab4,5. The Framework model (FM) is an important foundation towards a multi-scale in silico plant model that may ultimately allow prediction of the genotype-to-phenotype relationship, a key challenge in biology. A key design principle of the FM is modularity: it consists of connected computational modules, each describing a specific sub-process of plant growth, at a variety of time- and space scales. Currently, the Millar group are using the FM to understand the effects of altered circadian clock function on plant growth. While simple photoassimilate partitioning model in the FM has proved sufficient to allow the specific effect of the circadian clock on starch metabolism to be predicted, it provides few opportunities for other points of connection between the molecular processes of metabolism and plant growth. 

To address this, the proposed collaboration will integrate a published, stoichiometric flux-balance model of central metabolism into the FM. The metabolic model has been developed and iteratively refined by the Sweetlove group1-3. The current model has been extensively manually curated and consists of 637 metabolic reactions, detailing their stoichiometry, charge and proton balance and subcellular compartmentation. The model explicitly captures the energetics of cellular and subcellular metabolite transport, subcellular protein trafficking and cellular maintenance costs. Replacing the simple photoassimilate partitioning model in the FM with this detailed metabolic model will allow analysis of several further carbon pools (including pools affected by clock mutations), and also allow the FM  to account for nitrogen, sulphur and phosphorus in metabolism. As a result, the joint model is expected to integrate a wider range of data, to improve the predictive capabilities and breadth of applications, thus benefiting more researchers than the current FM. 

Outcomes of the collaboration visit 

As part of the collaboration visit, Sanu Shameer (a postdoc from Sweetlove group) visited the Millar group for 5 working days from 9th – 13th October. The outcomes of the visit are summarized below.

(i) Training staff to facilitate future work. 
	One of the primary objectives of the visit was to train members of both research group on the other’s modelling approach. This was achieved successfully and both the postdoc from Sweetlove group and PhD student from Millar group were able generate results using the other’s model on their respective machines.

(ii) Integration of the metabolic model into the FM. 
[bookmark: _GoBack]	The metabolic model was integrated with the FM. This enabled the FM to run at hourly timesteps enabling the clock model to control day-night metabolism. A brief description of the initial coupling of models is provide in Fig 1. With this, the foundation to integrate the metabolic model with the FM has been established.    			    (a)			   			       (b)
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Figure 4: (a) Coupling Framework model (FMv25) and metabolic model (FBA model). Depending on the time of the day, net photosynthetic rate, photon uptake rate, starch accumulation rate and minimum malate/fumarate stored or starch degradation rate, total malate/fumarate available at dusk and daylength were provided as inputs to the FBA model. The FBA model then calculates the maximum amount of sucrose and amino acids that can be loaded into the phloem by a fully-grown source leaf given these conditions and feeds this back to the FM. (b) Comparison of results from the FMv2 and the coupled model (FMv2 + FBA) show that the major carbon fluxes in the two models were compatible, hence initial coupling of the models closely recapitulated the FMv2 results. 


(iii) Objectives for future research.
	Expanding upon the initial integration of the metabolic model and FM, ideas for future research were explored. To facilitate this, a new branch from the FM project was created on Github. Two approaches to improve upon the current ‘coupling’ have been identified and are discussed below: 
a) Estimating growth associated respiration from an FBA model representing metabolism in sink tissue. 
The FM uses user-defined parameters to define growth associated maintenance cost. The same can be estimated by the metabolic model based on biomass composition of Arabidopsis cells3. Hence using the metabolic model to predict growth associated maintenance cost reduces the dependency of the Framework model on user-defined parameters and improves the quality of its predictions. 
b) Adapting the coupled model to simulate plant growth in daily timesteps 
Modelling 24-hour leaf metabolism using the metabolic model has been shown to be capable of capturing multiple vital features of leaf metabolism such as diurnal photosynthate accumulation and metabolic interactions between day-time and night-time metabolism2. Running the model in hourly timesteps requires kinetic and user-defined parameters to estimate the same. Hence by switching the modelling timestep from hourly to daily, the coupled model would be able to predict accumulation of starch and organic acids during the day/night without the need for any additional parameters. 
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