Supplementary Material
Supplementary Methods
1. Standard FBA for two cell types, each with their own substrate supply: linear growth.
In multicellular organisms most cells have specialized in terms of cell types, each of which belongs to a certain tissue. This situation is potentially hazardous as all cells still have the full potential for cell growth. Should each cell type merely operate towards the objective of its own maximum growth rate, they would not waste resources on helping other cell types.  But does this situation by itself necessarily lead to an unstable system?  This situation was simulated for two cell types called ‘heart cell’ and ‘lung cell’ that each grew on a substrate that was supplied either (Supplementary Fig. 1 and Supplementary Fig. 2) through a common pool for which they could compete or (Supplementary Fig. 3) to each of them separately. We used standard FBA1 to calculate what should happen if the objective was total biomass production with equal preference for both types of biomass (Objective=bH+bL). First, we did the FBA and related FVA2 calculation for two cell types which competed for glucose and had different growth yields. Then, we made two cell types equal biomass synthesis yield and did the FBA and FVA calculation again to check whether the two cell types could lead to co-existence. We also calculated the case that each cell types have their own glucose supplied with diversity growth yields. For all calculation here, we provided glucose with constant rate of 1.

[bookmark: _Toc133254673]2. Kinetic growth model for two cell types
[bookmark: _GoBack]In kinetic model, cell type 1 utilizes glucose to produce intermediate metabolite I1 which is further converted into biomass or a common good X. This reaction requires the consumption of common goods X and Y with stoichiometries of 1 and is motivated by the number of cells of type 1. Simultaneously, cell type 2 also uses glucose to produce intermediate metabolite I2, which contributes to its biomass production or common good Y production. This process is driven by the number of cell type 2. The production of biomass1 or X is activated by the number of cell type 1, whilst the cell type 2 number could induce biomass2 production or Y production. The details of the reaction equations and their rate laws are shown in Supplementary Table 1. The kinetic model is provided at Github. B1(0)=0.5 and B2(0)=0.5; Glc(0)=I1(0)= I2(0)=X(0)=Y(0)=1 (These values will be the same for subsequent kinetic calculations unless specifically stated). The kinetic modelling did not depend on any objective function.

[bookmark: _Toc133254677]3. Regulation in the kinetic growth model for two cell types
For the kinetic growth model, we incorporated the regulation power by the parameter ‘’ from glucose to I1 and I2, and also the regulation power by the parameter ‘’ for producing common goods in the equations below:

                                                 (1)
                                                 (2)
                                                             (3)
                                                             (4)

where vGlc-I1 and vGlc-I2 are the rates from glucose to intermediate metabolites I1 and I2, respectively, vI1-X and vI2-Y are the rates from intermediate metabolites I1 and I2 to metabolite X and Y, whilst kR1 and kR5 are the parameters for the reactions from glucose to the respective intermediary metabolites, kR3 and kR7 are the parameters for the respective intermediary metabolites to metabolite X and Y. In the kinetic model, we did not put regulation in the rate equations of the other reactions (i.e. they were the same as the rate laws in Supplementary Table 1). , , , , , , and  are the concentration of glucose, X, Y, cell type 1 and type 2, respectively, at time ‘t’. After using the regulated function for glucose consumption, we ran the time course algorithm of Copasi3 for the model and calculated the relationship between the cell numbers and time. 

4 kinetic growth model for three cell types
After calculating the kinetic growth model with two cell types, we added another cell type to the system, which could be simulated as a mutant of cell type 1. Again, the new cell type (type 3) could produce common good X and use common goods X and Y to convert glucose to its intermediate metabolite I3, but it lost the regulation by and to cell type 2 (Cell type 3 in this case is more similar as tumor cell). The rate constant values and rate law for equations of cell type 3 are same as cell type 1 only without regulation from type 2. The original concentration values for metabolites in the system were taken from the balance in two cell types system: Glc(0)=0.253; I1(0)=0.125; I2(0)=0.083; X(0)=0.291; Y(0)=2.682; B1(0)=0.375; B2(0)=0.625; b1(0)=0.187 and b2(0)=0.313 (These values are gotten from the coexistence in two cell types system).  And cell type 3 is 0.02 (B3(0)=0.02), I3 is 0.02 (I3(0)=0.02). After building the model and setting the parameters, we ran the time course algorithm in Copasi for the model and calculated the co-existence of the system.

4-1 Regulation for kinetic model of three cell types
We could not find a coexistence for three cell types when we added a mutant of cell type 1 (cell type 3) into the system in kinetic model. As cell type 3 simulated as a tumor cell, it may not lose all regulation from the system. In actual situations, the transformed cell needs support from normal cells, but itself may not support the normal cells in any way. Therefore, we considered to put the regulation from cell type 2 back to type 3 with the reaction transferring glucose to I3. The regulated equation is shown below:

                                                 (5)

where ‘’ is the regulation power (elasticity) from cell type 2 to type 3. Again, we ran the time course algorithm in Copasi and did the calculation for the system after setting the model.
Supplementary results
1. FBA of the metabolic network for cells just competing for common substrate---No co-existence
    Multicellular organisms usually have a single food uptake and circulation system for all their cells: the cells will have to share in, or compete for, a single supply of food.  This suggests that a cell type with a higher inherent specific growth rate will not only grow faster than the others, but also deplete the common substrate, cause the other cell types to stop growing, and thereby obliterate stable co-existence.  We here examine whether this argumentation is supported by FBA.
    For simplicity we shall focus on two cell types together forming an ‘organism’ and competing for the same glucose, which is supplied at a constant rate (Supplementary Fig. 1). New biomass that is synthesized is assumed to leave the system and not to participate in further growth; the flux balance requested is around metabolic intermediates, not around the biomass levels.  In general, cell types will differ in tasks they carry out.  Thereby the amount of glucose they consume per amount of biomass they produce (i.e. the glucose stoichiometry) may differ between them.  FBA is oblivious of kinetic detail, but it does have such substrate consumption and product production stoichiometries on board for every reaction.    
    Our first question was whether at maximum total growth rate there could be any stable coexistence if two cell types competed for growth substrate.  We computed the optimal steady-state flux pattern by standard FBA using total biomass synthesis flux as objective function.  The answer was ‘No’ (Supplementary Fig. 1, the thick orange lines):  Even for the slightest advantage for the biomass reaction of cell type L, the balance of fluxes flipped entirely towards that cell type: no co-existence.  Flux variability analysis (FVA) showed that this was the only optimal steady flux pattern for that difference in growth yield between the two cell types (Supplementary Table 3).  The sole exception was when the two growth yields were taken equal.  Then a stable co-existence would be one (but not the only) steady-state metabolic flux pattern with optimal total biomass production flux (Supplementary Fig. 2 and Supplementary Table 4) if we did not consider the death of cells. Paradoxically, removing the competition for growth substrate led to some sort of stable co-existence in the state of maximal total growth rate even if the two cell types differed in growth yield: then their biomass synthesis rates differed in proportion to the yield differences, but neither became equal to zero (Supplementary Fig. 3).  As we consider it unlikely that the different cell types of a multicellular organism would persistently all have the same growth yield, we conclude that competition for growth substrate is at odds with co-existence of cell types in the optimal state (both at maximum total growth rate) and that the reason for this is the competition. As shown in Supplementary Fig. 3 in which there is no competition for common substrate, both biomasses are synthesized in the optimal states of maximum total biomass synthesis case, even though they differ in glucose-cost.

[bookmark: _Toc136010365][bookmark: _Toc101453489]2. Standard FBA with cell-cell competition and metabolic cross dependence (failing to produce stability)
 Competition for common metabolic substrates did not suffice to produce co-existence. To examine what may then cause co-existence, we incorporate the concept of interdependence observed in multi-tissue organisms, where different tissues support each other.  For instance, ‘lung cells’ serve ‘heart cells’ (and themselves) by transferring oxygen to the blood (and secreting CO2 from it) whilst the ‘heart cells’ serve the ‘lung cells’ by pumping blood with glucose and oxygen to both cell types. And, ‘lung cells’ provide oxygen to both ‘liver cells’ and ‘lung cells’, whilst ‘liver cells’ provide glutamine as nitrogen source to both. (We put the cell types between apostrophes because reality is more complex and tissues rather than single cell types are involved.)  To test our concept, we added to the model that the cell types need each other metabolically: each cell type produced and secreted a unique metabolite serving as ‘common good’ for both cell types.  Supplementary Fig. 4 shows a network diagram where there is a fixed supply of the substrate glucose, which can be used either by cell type 1 (the upper branch in the diagram), or by cell type 2 to make new cells. X and Y are called ‘common goods’ because both are required by each cell type to convert glucose into intermediate I1 or I2. In a multicellular organism, these common goods may correspond to commodities required for metabolic service functions that benefit all cell types, such as respiration, circulation, digestion and detoxification, or to metabolites such as glutamine and oxygen bound to hemoglobin.  
Fig. 1A and Fig. 1C show all possible balanced fluxes through the network of Supplementary Fig. 4.  The glucose secretion flux to the environment can assume any positive value ( >0), and 1(the emergent glucose consumption bias) can assume any value between -and +. All of the subsets of balanced flux patterns that are optimal (in terms of maximal total specific growth rate) lack glucose secretion (i.e., ) (Fig. 1B and Fig. 1D), but otherwise their flux pattern depends on the relative cost of the two biomasses. For example, for biomass 1 costing more I1 and thereby more glucose than biomass 2 is costing I2, only a single (Supplementary Table 5) optimal flux pattern is found, i.e., Supplementary Fig. 5.  This flux pattern corresponds to the one with 1=0.25 and  (1 will equal the initial bias in specific growth rate when the two cell types have equal biomass synthesis yields/stoichiometries) in Fig. 1A, i.e. all carbon flowing to biomass 2.  If biomass 1 is cheaper than biomass 2 (i.e. b<1), again only a single optimal flux pattern exists, but now the one with 1=-0.25 and  in Fig. 1A, all carbon flowing to biomass 1.  In the singular case that biomasses 1 and 2 are equally expensive (i.e., b=1 in Fig. 1A leading to Fig. 1B), flux patterns with all values of  are optimal with respect to the maximum total biomass flux, which amounts to 0.5: multiple choices for flux through each pathway are then optimal (Supplementary Table 6). In all solutions the total biomass synthesis, the I1 to X flux and the I2 to Y flux equaled 0.5/h, 0.25/h, and 0,25/h, respectively, for glucose influx=1/h.  The ratio of the G to I1 flux to the G to I2 flux varied, as did the ratio of the two biomass synthesis fluxes. Except if  was equal to 0, there was no co-existence considering the growth of the system if we consider the death rate for cells; always one cell type would go extinct (Fig. 1D). As we consider the case of a continuous absence of growth bias (=0) unlikely, we conclude that cross dependence of the two cell types through the common goods X and Y is not sufficient for their stable co-existence at maximal total growth rate.
Next, we show that these conclusions are independent of the stoichiometries at which the two biomasses, X, and Y are synthesized from the metabolic intermediates.


3. Cell types competing for common substrate and interdependent through common goods
3-1. Analytical results for arbitrary stoichiometries of X and Y synthesis
Supplementary Fig. 5 shows the only (see Supplementary Table 6) flux pattern predicted for the case where the two biomasses differ in glucose cost with cell type 1 requiring more.  Supplementary Fig. 6 shows one of the multiple solutions obtained when the two biomasses were taken to be equally expensive.  We also calculated that there only cross-dependence and no self-dependence in two cell types, i.e. biomass 1 synthesis only uses Y and biomass 2 synthesis only uses X. The result (not shown here) was similar as what was shown here, just the difference of the total objective value.
Fig. 1B shows the range of steady state (‘balanced’) flux patterns obtained for the network of Supplementary Fig. 5 and Supplementary Fig. 6, where  may assume any value between -0.25 and +0.25 and  equals to 0. ‘’ represents the number of biomass 1 production with 1 unit of I1 molecular; the corresponding number is taken to equal 1 for the synthesis of biomass 2 from I2.   When asking for maximal total biomass synthesis,  becomes equal to zero.  The FVA computations of Supplementary Table 5 show that all possible balanced flux patterns are indicated in Fig. 1B by allowing  to assume any value between -0.25 (only synthesis of cell type 1) and +0.25 (cell type 2 only).  Supplementary Fig. 7A may be used to prove this for a slightly more general case, in which the pathway synthesizing common good X delivers m molecules of X and 1 molecule of CO2, whereas the pathway synthesizing common good Y yields n molecules of Y and 1 molecule of CO2 (The proof is also valid for the cases where metabolism is extended by balanced synthesis and degradation of biomass (Supplementary Fig. 7C).):  Without losing generality, the glucose influx is assumed to equal 1 C-mol per time unit.  Allowing the glucose assimilation fluxes by biomass 1 and biomass 2 to differ by twice the glucose ‘bias’ 1, the flux balance around glucose requires the fluxes to I1 and I2 to equal  1 and 1, respectively (Supplementary Fig. 7A).  Again, without essential loss of generality the reactions towards the intermediates both consume 1 molecule of X and Y each.  This leads to total consumption fluxes of both X and Y of .  The flux balance around X and Y thereby require the fluxes from I1 and I2, respectively to CO2 to equal  and  , respectively. These leaves 1 and 1 for the fluxes towards biomass of type 1 and biomass of type 2, respectively.   Total biomass production flux is given by:

1                                                                                         (6)

Maximization of total biomass production makes the by-product flux disappear (i.e. ) and, if b<1 i.e. biomass 1 cheaper than biomass 2, to 1 being as strongly negative as possible, i.e. (Supplementary Fig. 7C):
                                                                                                        (7)
                                                                                                    (8)
and
                                                                                                   (9)

If biomass 1 is more expensive than biomass 2:
                                                                                                                 (10)
and 
                                                                                                        (11)
                                                                                                  (12)
If both biomasses are equally expensive  
and 
                                                                                       (13)

                                                                                                   (14)       

with their sum
                                                        (15)
Supplementary Fig. 6 and Supplementary Fig. 8 are examples of this equally expensive case. If we consider the growth of the system, biomass 1 should be equal to biomass 2. Then, we could find only one co-existence situation (Supplementary Fig. 8):
                                                                                                          (16)
As we consider this case (=) highly unlikely always, we conclude that cross dependence of the two cell types though the common goods X and Y is not sufficient for their stable co-existence.

3-2. Growth FBA including cell death 
We had anticipated that less synthesis of the more ‘expensive’ biomass (biomass 1 in Supplementary Fig. 5) might lead to a stable co-existence between cell types.  After all, reduction of biomass 1 synthesis should make more glucose available thereby stabilizing the cell system. However, our anticipation was wrong: no reduction in biomass synthesis or X synthesis over time was observed in our computations (particularly those in Supplementary Fig. 7B and Fig. 1B for .  This might reflect the limitation of FBA that it delivers steady state fluxes.  The integration of biomass synthesis flux revealed a continuous increase in biomass 1 concentration for all ’s between -0.25 and +0.25, contrary to our expectations. In the steady state predicted by FBA, X was still produced at some 25% of the constant glucose influx rate, i.e. at a rate of 0.25 moles/h.    
Apparently, the standard FBA that we had used did not model the situation we had anticipated.  Indeed, the FBA of Supplementary Fig. 5, Supplementary Fig. 6 and Supplementary Fig. 8 was calculating the situation of a container supplied with glucose at a constant rate in which both cell types grew without death and the newborn cells exited the container, neither synthesizing nor consuming X nor Y.  Standard FBA does not address the situation we had in mind (Fig. 1C-1D and Supplementary Fig. 7C-7D), in which the newborn cells remain in the system (which was to represent a multicellular organism) and contribute fully to metabolism and further growth.  Neither does it address the situation of the adult organism in which death of existing cells due to damage or apoptosis is balanced by the generation of new cells.  Standard FBA produces flux balance around metabolites, but not around cell densities.  

[bookmark: _Toc133254690]4. Kinetic growth model for two cell types
With our modified FBA we were still unable to predict that two cell types with different growth tendencies (relative to their death rates) could stably coexist when both depended on common goods they produced. It only shows that they should if they both wanted to have such a maximal growth yield. FBA is an optimum-driven procedure however; and our FBA analysis was limited to states with maximal total growth rate. The assumed desire of both cell types to exhibit a flux pattern (and to engage in the corresponding genome expression) that made total growth rate (or rather: yield, as glucose influx was kept fixed) maximal might derive from evolutionary optimization.  However, that same flux pattern may not materialize in a practice that is not the result of the same evolutionary optimization.  
Kinetic models are devoid of such optimization requirements and we therefore examined whether a kinetic model of the same system would produce stable co-existence of the two cell types.  We therefore modelled the network of Fig. 1D, using irreversible, mass action rate equations. We introduced three growth biases to calculate the biomasses for the two cell types (Supplementary Fig. 12). Our results showed that the cell type with lower growth rate out first, followed by the other one due to the limitation of the common good produced by the former cell type. The kinetic model analysis seems to predict the same as what the FBA calculations did, and no coexistence could be established. 
	We conclude that the failure to produce stable coexistence was not due to the optimization criterion used by the FBA.  Rather it must have been due to the interaction between the two cell types not being of the right type or of sufficient strength.


5.Two cell types with competition and common goods; generic considerations
Why is this? We return to the requirement of steady state around cell types 1 and 2:

                                                                                                 (17)

and the same for cell type 2.  Consequently,  

                                                                                                                (18)

That is: for stable coexistence the specific growth rates (hence the cell cycle times) of the two cell types need to be the same modulo their death rates, essentially requiring the growth bias precisely to compensate for any inherent death bias.  Otherwise there can be no stability in this type of stepwise (or exponential) FBA model.  But such a model would require cells to keep track of their own density and adjust their specific growth rate to that density, which is an important, yet highly specific type of growth regulation to which we shall return further below.  We conclude that some additional regulation is necessary to reach such stability of a multicellular system.  Could that regulation be provided by the common goods structure and the maximum metabolic capacities of the two cell types?
Both Biomass1 and  decrease with time and  and Biomass2 increase with time.  For Biomass1 this means that:

                                                                                                (19)

We shall now consider the issue that cell type 1 may have a limited capacity to produce X, which corresponds to a maximum flux per unit biomass and which we shall denote by Vmax.Xsynthesis. At some point in the downward curriculum of , it will reach this critical value:

                                                                                                     (20)

Should Biomass1 continue to decrease then the production flux of X will drop below the 4 times 0.25/h necessary to sustain a production of 0.5 C-mole of biomass per h, implying that the concentration of X should decrease.  Depending on the kinetics of the dependence of the biomass fluxes on the level of X,  or , or both should decrease the objective function, as both  and  should decrease due to lack of X.  Consequently, the increase with time of cell type 2 number should become smaller and the decrease of cell type 1 stronger, thereby aggravating the situation. This process would continue until cell type 2 would begin to decrease thereby making way for an increase in  bringing cell type 1 back to its critical level, or the total biomass would decrease as would the need of X. A stable steady state with constant Biomass1 and Biomass2 should ensure, so that:

                                                                    (21)

And 
                                                                                         (22)
And:
                                                             (23)

This just shows the highest cells number which we can reach for cell type 2, which means the cell number for cell type 2 should be lower than this value if we do not want to reach capacity. But when we use this value as initial values for the cell number, it does not mean the number of cell type 1 and type 2 will not change because the dFBA calculation does not consider the capacity problem (i.e. the model will not increase the biomass synthesis of cell type1 if their cell number is not enough for common good production) and biomass synthesis rate for both cell types changes over time. But if we calculate them by using biomass synthesis equation in steady state (the increased biomass equals to their death part) at the beginning, the cell number will not change. We could get a steady state by using any bias (). The ratio of the growth rates and death rate of the two cell types should follow the equation below.

                                                                                                                    (24)
                                                                                                                    (25)

so that:

                                                                                                        (26)

This requires that for steady state:

                                                                                                                                (27)

which again corresponds to the requirement that the growth bias precisely compensates for the death rate bias. For above cases, we choose the same value for and , so only steady state is  which  equals to 0 with same death rate (i.e. ). Trying the equation  for 𝛽 with value of 0.05, 0.1, and 0.2, we could find the steady state situation even if the initial growth bias is not equal to zero (Supplementary Fig. 13). But for this situation, it may not be realistic because we make a higher growth rate for one cell type and also with a high death rate, which will lead to less or no effective on increasing cell number.

[bookmark: _Toc133254694]6. Regulation also produces stability in the kinetic growth model of two cell types
As shown in Supplementary Fig. 14, we found that also in the kinetic model, i.e. in the absence of maximization of total growth rate, regulation from biomass value was effective for various growth biases, but the regulation should combine with regulation for common goods and with production inhibition. However, there may exist other regulation methods.

7. Time variant death rates (or growth rate) leading to coexistence
In order to address the time dependent effect of cell death in the presence of a flux balance, we return to the time independent biomass synthesis flux of cell type 1.  Addition of a death process with fixed probability leads to:

                                                                                                      (28)

With the analogous equation for cell type 2, this equation embodies the flux balance of glucose import with glucose consumption for biomass synthesis.  The death rate may herewith be time dependent if the Biomass concentration changes with time.  Starting with equal densities for the two cell types, this integrates to:

                                                                                       (29)
with:
                                                                                                   (30)
Hence:
                                              (31)
and:
                                              (32)
For the biomass synthesis rate of cell type 1 this implies time dependence:
                                                                                                                         (33)
                                                                                                                         (34)
Here, the  or the  is the specific death rate which satisfy that the biomass synthesis rate equals to death part all the time. However, as we take  to be time independent, this also implies that the specific growth rates of both cell types must be time dependent:  For  >0 the specific growth rate of cell type 1 increases with time and that of cell type 2 decreases from an initially higher value until they ultimately become equal to each other as well as to the death rate constant:

                                                               (35)
                                                               (36)

This change in the specific growth rate with time should be mediated by the time dependence of the substrate concentration necessary to bring about the effect of constant flux ratio of the two biomass fluxes. The relaxation times here are short as compared to the times to be simulated, i.e. 1/kD.  At times more relevant for the developmental process we shall study (i.e. at :

                                                                       (37)

whilst the Biomass concentration has relaxed to the magnitude:

                                                                                                             (38)

so that the biomass synthesis rate equals the death rate.
                                                                        (39)
At these later times, not only do the glucose fluxes balance but so do the fluxes synthesizing and degrading cell types 1 and 2.  Consequently, at the longer, more relevant time scales, the effect of the death processes may just as well be neglected (Supplementary Fig. 15).


8. Kinetic growth model for two social cell types and one mutant (without and with regulation)
We also used kinetic models in Copasi to investigate coexistence among the three cell types, with the third type considered as a tumor cell. Upon removing the regulation from and to the system, the new cell type resulted in a breakdown of the system (Supplementary Fig. 24). The outgrowth of the mutant cells occurred even though it had the same (or lower) inherent growth rate (Supplementary Fig. 24B).  
Then, we reintroduced the regulation from cell type 2 to type 3. As shown in Supplementary Fig. 25, we found that also in the kinetic model, i.e. in the absence of maximization of total growth rate, regulation from cell type 2 to the mutant cell with transferring the glucose to I3 was effective for various regulation strengths (i.e. >1). However, the effect of regulation from I3 to common good X may vary depending on the regulation methodology used. We showed the effective regulation here, and it may exist other useful regulation methodologies.


[bookmark: _Toc101453491][bookmark: _Toc136010378]9. Therapies (decreasing cell numbers or restoring regulation back)
In the perspective that cell type 1 and cell type 2 represent normal cells, and cell type 3 tumor cells, we simulated potential tumor therapies.

[bookmark: _Toc136010379]9-1 Therapy 1: Decreasing the tumor cell number only (Specific cytotoxic therapies)
To simulate the effects of physical or chemical treatment of a tumor, we modelled the cell number development for three interacting cell types (1, 2 and 3) starting at initial cell numbers of 0.39, 0.59 and 0.02 billion, respectively. The inherent specific growth rates of cell types 1 and 3 were taken equal at 0.2, and that of cell type 2 was 0.3. We assumed that all cell types had the same specific death rate of 0.05/ts, where ts is the time step. We chose a critical value of 0.4 for the tumor cell number and simulated the effect of therapy by reducing the tumor cell number by 80% at the first critical point (Supplementary Fig. 26B) or at the first two critical time points (Supplementary Fig. 26C and Supplementary Fig. 26D). Our results showed that continued therapy (i.e. a persistent decreasing the number of the tumor cells) should be necessary to keep the number of tumor cells from again reaching the critical value and from causing the system to break down (which we attribute to cells of type 1 or 2 dwindling to 0.1 billion; Supplementary Fig. 26).  Although instantaneous therapies reduced the number of tumor cells by 80%, they only increased the time at which the system broke down by approximately 10%:  in this sense this therapy is predicted to be fairly ineffective, although perhaps still relevant for elderly people with a slow growing tumor. 
By exposing tumor antigens, this therapy has the potential to activate the immune systems and increase the concentration of antitumor T cells, which presumably outreaches the suppression of immune inhibitory pathways by the tumor cells.  A peculiarity of the immune suppression mechanism (e.g. cells’ competition between tumor cells and immune cells) is that it may disappear when the number of tumor cells decreases to a low value4.  We simulated this by also tripling the death rate constant of the tumor cells once their number had decreased to such a low value (i.e. just after the second therapeutic intervention, Supplementary Fig. 26D).  The results confirm that as adjuvant to immune therapy, this side effect of killing tumor cells might be effective, whereas it would not be in the absence of the immune therapy.


[bookmark: _Toc136010380]9-2 Therapy 2: Restoring the regulation by cell type 2 
In therapies without activation of the immune system continuous treatment is required for a lasting therapeutic effect. In this study, we investigated the effects of a particular drug or therapy methodology that could potentially restore the regulation to cell type 3 from type 2. This simulation assumed that the drug would increase the elasticity of cell type 3 with respect to regulation by cell type 2 (i.e. 1) from 1 to 1.1 with therapy. The reason for choosing 1.1 is because the number for cell type 3 is dominant when therapy is needed, the regulated strength should be higher than the elasticity between cell types 1 and 2. Additionally, we set 0.4 as the critical value for tumor cell number, and found that the therapy could prevent the breakdown of the system by tumor cells (Supplementary Fig. 27B). Similarly, our results indicate that continuous therapies are also required to maintain the stability of system, unless the regulation could be kept forever after one or a few therapies.  However, comparing with the huge side-effect of chemotherapy, this treatment exhibits the potential for greater effectiveness with fewer adverse effects. 

For tumor therapy, physical or chemical treatment can be used as an alternative to surgery. Although it can be somewhat effective initially, continuous treatment is needed thereafter. Therapies that reinforce the cells’ cross-regulation, perhaps through alternative signaling routes or through an activated immune system, may therefore be more effective and less side-effects (Supplementary Fig. 27B). The development of drug resistance in tumor cells may then still lead to a gradual loss of efficacy.  This also applied to our simulated therapy of increasing the tumor cells’ cross-regulation (Supplementary Fig. 27C, the brown line showing the new drug resistance tumor cells), even though the original tumor cell disappeared (Supplementary Fig. 27C, the red line).

10. Alternative objective functions
We used total biomass synthesis rate as objective function in this study.  This objective function led to results that appeared descriptive of the stability of multicellular organisms and instability in the case of oncogenic mutations.  Perhaps maximum total growth is the standard mechanism in which nonspecific growth factors stimulate the growth of all cells.  In the future alternative objective functions, such as a multi-objective function with varying weights for cell types and metabolites5, should also be considered.  Or, the use of maximum biomass of only one cell type, with proper solutions being obtained through cross regulation and competition by and of the other cell types.  In preliminary work we already anticipated on this: When we used synthesis of the fastest growing cell type rather than total biomass synthesis as objective function results were the same (results not shown).  When we used synthesis of the slowest growing cell type as objective, there was a difference.  In that case stable coexistence could already be obtained with only substrate competition and metabolic (X, Y) cross-dependence (Supplementary Fig. 28A), no additional regulation being required.  A mutant of the slowest growing cell type 1 merely lacking the ability to synthesize X, did not destabilize that system (Supplementary Fig. 29A).  However, when the cells also regulated each other more directly and again reached stable coexistence (Supplementary Figs, 28B-D), the mutant lacking regulation again outgrew other cell types and destroyed the coexistence (Supplementary Figs, 29B-D).  This shows that the main conclusions of the present paper, (i.e. (i) that cell types with different specific growth rates but competing for common substrate can be brought into coexistence through cross talk and (ii) that a-social cells withdrawing from regulation overgrow and then destroy the system), are independent of which biomass synthesis rate is chosen as objective function.


Supplementary discussion
In summary, cell competition plays a crucial role in maintaining tissue homeostasis, but when disrupted, it can lead to diseases such as cancer. We utilized Cobra6,7 and dcFBA calculations to describe the regulation and competition among cells. The perhaps important implication is that cancer may not so much be a disease of enhanced growth rate, as that it is due the tumor cells becoming a-social in the sense of unresponsive to regulatory factors. Thus, therapies aimed at reinforcing the cells’ cross-regulation, possibly through alternative signaling pathways or an activated immune system, may prove more effective in treating cancer.  Other physical or chemical treatments may be effective for a while, but sustained and effective treatment is necessary; otherwise the system will be taken over by tumor cells and eventually break down (supplementary results; there is no one-size-fits-all description, treatment, or prevention of tumor development8. 

[bookmark: _Toc136010383]
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Supplementary figures and tables
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Supplementary Figure 1. Flux balance predicted for cell types 1 (‘Biomass H’) and 2 (‘Biomass L’) competing for a single carbon/free-energy source. An example could be heart cells (‘H’) and lung cells (‘L’) in a tissue-culture dish with the same carbon/free-energy source (1 unit), but without any further cross dependence or cross regulation.  The single glucose input flux equally accessible to both cell types was set to 1. For 1 unit of biomass yield, the glucose consumption for heart cells was taken to equal 1.001, and 0.999 for lung cells (these stoichiometries are indicated as four-digit numbers below the beginning of the line of the corresponding process; all other stoichiometries were taken to equal 1 and are therefore not indicated).  Flux magnitudes (shown as 3-digit numbers) were obtained by standard FBA of this competitive two-cell-types system, with total biomass production as objective. EX_glucose_e: glucose supply flux to both cells (fixed at -1; negative because it is import); GlcT: glucose transport flux from the outside world to the container with the cells; BiomassH: biomass synthesis flux of the heart cells; GlcTBP: glucose to by-product flux; BiomassL: biomass synthesis flux of lung cells; Byprode: degradation flux for by-product formed.  
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Supplementary Figure 2. One of multiple flux balances predicted for equally expensive cell types 1 and 2 competing for a single carbon/energy source without cross talk. Flux balances were obtained by standard FBA with total biomass production as objective. The single glucose input flux equally accessible to both cell types was fixed at -1.  For 1 unit of biomass yield, the glucose consumption by heart cells and lung cells was taken to be the same.  All stoichiometries were herewith taken to equal 1 and are therefore not indicated.  Many other possible flux balances were found for these parameter settings and objective function (see Supplementary Table 4).
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Supplementary Figure 3. Flux balance predicted for cell types 1 and 2 each using their own carbon/free-energy source (i.e. no competition). Only a single flux balance was obtained by standard FBA with total biomass production as objective and without cross talk between the cell types. Both glucose input fluxes were set to 1.  An example could be heart cells (‘H’) and lung cells (‘L’) each with their own carbon/energy source (1 unit), without any cross dependence and cross regulation. For 1 unit of biomass yield, the glucose consumption by heart cells was taken to equal 1.001; 0.999 for lung cells. EX_glucose_h_e: glucose supply flux to the heart cells fixed at -1; GlcHT: glucose transport flux into the heart cells; BiomassH: biomass synthesis flux for the heart cells; GlcTBPH: glucose to by-product flux for the heart cells; ByproHde: degradation flux of the by-product formed by the heart cells; EX_glucose_l_e: glucose flux fixed at -1 and supplied to the lung cells; GlcLT: glucose transport flux into the lung cells; BiomassL: biomass synthesis flux of lung cells; GlcTBPL: glucose to by-product formation flux by the lung cells; ByproLde: degradation flux for by-product formed by the lung cells.  
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Supplementary Figure 4. The metabolic network used for modeling two cell-types that engage in metabolic competition for the carbon/free-energy source (glucose) and depend on each other through the production, one each, of ‘common goods’ (X and Y) that are both essential for their growth.  ‘biomass1’ and ‘biomass2’ refer to the biomass synthesis fluxes of cell types 1 and 2, respectively.  The glucose flows either to a metabolic intermediate in cell type 1 (i.e. I1) or to such a metabolite I2 in cell type 2.  I1 is anabolized into biomass1, or catabolized to X plus CO2, producing X at a stoichiometry of 4 (stoichiometries different from 1 are indicated next to the arrows.).  Similarly, I2 is decomposed into biomass2 or Y, the latter again at the stoichiometry of 4. The reaction from glucose to I1 consumes 1 X and 1 Y per C-mole of glucose and delivers 1 C-mole of I1. The same applies to the reaction from glucose to I2. Both the glucose and the CO2 exchange reactions are irreversible (inward and outward, respectively, both indicated by _e), and accompanied by reversible transport reactions into/out of the space around the cells.
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Supplementary Figure 5. Flux balance predicted for cell type 2 and the more ‘expensive’ cell type 1 competing for a single carbon/energy source, and cross dependent on each other through common metabolic goods X and Y.  The objective function used by the standard FBA was biomass1+biomass2.   Here, one unit of biomass 1 consumes 2 units of intermediate metabolite I1 (as indicated below the lines from I1 to biomass 1), and one unit of biomass 2 costs one unit of I2 (stoichiometries of 1 are not shown). biomass1 represents the synthesis rate of the ‘expensive’ biomass. Glucose influx was set to 1.
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Supplementary Figure 6. Flux balance predicted for cell types 1 and 2 competing for a single carbon/free-energy source, and cross dependent on each other through common metabolic goods (X and Y).  One of multiple cases of flux balance predicted for the objective function biomass1+biomass2 by standard FBA.  The cell types 1 and 2 were taken to have the same biomass synthesis ability (yield per glucose).  Glucose influx was fixed at -1.
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Supplementary Figure 7. Network structure of and optimal balanced fluxes for two cell types competing for a common substrate, depending on common goods X and Y, and growing (C, D).  Stoichiometries equal 1 unless indicated by a small digit in front of the reactant (biomass 1: 1/b; X and Y: m and n, respectively).  Balanced flux values for the optimal state of maximum total biomass production (in C-mol/time unit) are written above or below the reaction arrows.   A: the metabolic network in which CO2 and biomass of both cell types constitute the output, whilst glucose, I1, I2, X and Y are balanced metabolites. B: the optimal balanced flux pattern (FBA solution) through the network of A with b=1. C: The growth and metabolic network with additional balances around the two biomass concentrations.  D: Balanced fluxes for the optimal state, defined by the total biomass production flux being maximal, as obtained whenever biomass 1 was equally expensive as biomass 2 (i.e. b=1). For b=1, the glucose consumption bias is equal to biomass synthesis bias (i.e. =1).
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Supplementary Figure 8. Flux balance predicted for cell types 1 and 2 competing for a single carbon/free-energy source, and cross dependent on each other through common metabolic goods (Objective function=biomass1+biomass2).  Cell type 1 and cell type 2 were taken to have the same specific growth rate of 0.25.  Glucose influx was fixed at -1.
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Supplementary Figure 9.  Cell number changes in time calculated for the exponential growth FBA method for the three  values indicated and their related biomass synthesis rate and required X and Y production ability in unlimited capacities situation.  The equations discussed in Materials and Methods were integrated over time kD=0.5 and ts=0.1, for =0.05 (A&D), 0.1 (B&E), or 0.2 (C&F).   ; . The orange points and purple points (picture A, B and C) represent the cell numbers of cell type 1 (B1) and of cell type 2 (B2), respectively. The orange points and purple points (picture D, E and F) represent the biomass synthesis rate of cell type 1 and of cell type 2, respectively. The red points and green points (picture D, E and F) represent the required X and Y production ability of cell type 1 and of cell type 2, respectively. B1(0)=0.4 and B2(0)=0.6 for =0.05; B1(0)=0.3 and B2(0)=0.7 for =0.1; B1(0)=0.1 and B2(0)=0.9 for =0.2 (These values will be same for next calculation unless specifically stated).
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Supplementary Figure 10. Actual growth bias () in exponential growth at various original growth rate biases  (0.05(A), 0.1(B), 0.2(C)).
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Supplementary Figure 11. Calculated cell number changing with time by dFBA for stepwise growth with three  values (0.05(A&D), 0.1(B&E), 0.2(C&F)) and their related biomass synthesis rate and required X and Y production ability in unlimited capacities situation. The equations discussed in Materials and Methods were used for calculation (; ). The orange points and purple points (picture A, B and C) represent the cell numbers of cell type 1 (B1) and of cell type 2 (B2), respectively. The orange points and purple points (picture D, E and F) represent the biomass synthesis rate of cell type 1 and of cell type 2, respectively. The red points and green points (picture D, E and F) represent the required X and Y production ability of cell type 1 and of cell type 2, respectively.
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Supplementary Figure 12. Calculated cell number changing with time for different  values (0.05(A), 0.1(B), 0.2(B)) in the kinetic model by using Copasi. The initial values were: B1(0)=B2(0)=0.5; Glc(0)=I1(0)=I2(0)=X(0)=Y(0)=1. The rate constants for each equation are according to the different growth biases, as shown in Supplementary Table 2.
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Supplementary Figure 13. Calculated cell number changing with time by dFBA for stepwise growth with different  values (0.05(A), 0.1(B), 0.2(C)). Here the relationship for growth rate and death rate for two cell type satisfies this equation ‘’. A:  B:  C: 
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Supplementary Figure 14. The regulation produced by the kinetic model for growth bias of 0.05(A), 0.1(B), 0.2(C). The regulation power  (regulation from glucose to each inter-metabolites) was taken to equal 1.2, the regulation power  for common goods production was taken to equal -0.2 and with product inhibition.  For the kinetic details see Supplementary materials.
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Supplementary Figure 15. Time variant death rates in three growth biases with constant biomass synthesis rate. (A); (B); (C). For each point of death rate, it satisfies the biomass synthesis rate equaling to death part.
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Supplementary Figure 16. Cell numbers in the three-cell types system with various regulation powers () between cell type 1 and type 2, and also between cell type 3 and type 2. The third cell types had same specific growth rate as cell type 1 (0.2 h-1). (B1, B2 and B3 are the biomass values (cell numbers) for cell type1, cell type2 and cell type3, respectively). The stepwise growth algorithm in three-cell types system with cross-regulation between cell type 1 and type 2, and also cell type 3 and type 2) (i.e. the control case) was used for the dcFBA computations.
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Supplementary Figure 17. Cell numbers in the three-cell types system with various regulation powers () only between cell type 1 and type 2. The third cell types had same specific growth rate as cell type 1 (0.2 h-1). (B1, B2 and B3 are the biomass values (cell numbers) for cell type1, cell type2 and cell type3, respectively). The stepwise growth algorithm in three-cell types system with only cross-regulation between cell type 1 and type 2) (i.e. the autistic-egoistic case 1) was used for the dcFBA computations.
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Supplementary Figure 18. Cell numbers in the three-cell types system with various regulation powers () between cell type 1 and type 2, and from cell type 3 to type 2, but without regulation of cell type 3 by cell type 2 (‘The autistic Case 2’). The third cell type had the same specific growth rate as cell type 1 (0.2 h-1). (B1, B2 and B3 are the biomass values (cell numbers) for cell type 1, cell type 2 and cell type 3, respectively). The stepwise growth algorithm was used for the dcFBA computations. The stepwise growth algorithm in three-cell types system of the autistic case 2 was used for the dcFBA computations.
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Supplementary Figure 19. Cell numbers in the three-cell types system with various regulation powers () between cell type 1 and type 2, and from cell type 2 to type 3, but without regulation of cell type 2 by cell type 3 (‘The egoistic case 3’). The third cell types had same specific growth rate as cell type 1 (0.2 h-1). (B1, B2 and B3 are the biomass values (cell numbers) for cell type1, cell type2 and cell type3, respectively). The stepwise growth algorithm in three-cell types system of the egoistic case 2 was used for the dcFBA computations.
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Supplementary Figure 20. Cell number developing over with time in the three cell types system: with lower inherent specific growth rates for cell type 3 (=0.15< =0.2< =0.3 (A&B)); with higher inherent specific growth rates for cell type 3 (=0.2< =0.3< =0.35 (C&D)). (A&C) represents no regulation among the cell type 3 and other two cell types; (B&D) represents there exists regulation power of 0.8 between cell type 3 and other two cell types. The stepwise growth FBA algorithm in the three cell types’ system with a cross-regulation power of 1 between cell type 1 and type 2 and reciprocal regulation at strength 𝛾 between cell type 3 and the other two cell types was used for the FBA computations.
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Supplementary Figure 21. The relationship between the socialness of the cell mixture and their mutual regulation (‘𝛾’ value). At low ‘𝛾’ value (this is the asocial situation), cell type 3 outgrows the other two cell types. When we increase the value of 𝛾, all three cell types could exist in the system at the same time. With further enhancement of regulation, i.e. for a higher value of 𝛾, cell type 1 and type 2 will outgrow cell type 3.  Results were obtained as in Fig. 8 and Fig. 9.
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Supplementary Figure 22. Cell number values (‘B1’, ‘B2’, ‘B3’) in the three-cell types system with regulation power () of 1 between cell type 1 and type 2, and no cross regulation among three cell types (𝛾=0). (A) represents the low initial cell number (i.e. B1(0)=0.39, B2(0)=0.59, B3(0)=0.02); (B) represents a high initial cell number (i.e. B1(0)=3.9, B2(0)=5.9, B3(0)=0.02). The third cell types had same specific growth rate as cell type 1 (0.2 h-1). We set the cell number value of 0.4 for cell type 3 (‘B3’) as critical value for the system, shown by the solid horizontal black line. When the transformed cell (type 3) number exceeds 0.4, the system will be broken. The stepwise growth algorithm in three-cell types system with cross-regulation power of 1 between cell type 1 and type 2 was used for the dcFBA computations.



[image: ]
Supplementary Figure 23. Comparing the effect of death rate (kD) on cell number in the three cell types system. The cell number of 0.4 is again the critical value for the transformed cells. ‘kD1’, ‘kD2’ and ‘kD3’ are the death rate for cell type 1, type 2 and type 3, respectively. (A) represents the same death rate (i.e. 0.5/h) for three cell types; (B) represents higher growth rate for normal cells (i.e. 0.9/h to 0.5/h for type3); (C) represents the increased death rate (i.e. 0.9/h) for all cell types; (D) represents higher growth rate for type3 (i.e. 0.9/h to 0.5/h for normal cells). The stepwise growth algorithm in three cell types system with cross-regulation power of 1 between cell type 1 and type 2 was used for the dcFBA computations.
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Supplementary Figure 24. Calculated cell number changing with time for same (A) or lower (B) inherent growth rate as cell type 1 for type 3 in the kinetic model by using Copasi. For the kinetic details see Supplementary materials.
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Supplementary Figure 25. The regulation produced by the kinetic model for cell type 3 with growth rate of . The regulation power  (regulation from glucose to I3) was taken to 0(A), 0.2(B), 0.5(C) and 1.2(D).  For the kinetic details see Supplementary materials.
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Supplementary Figure 26.  Simulated therapy of decreasing only the tumor cell number by 80% when it reaches a critical value 0.4. The different values of ‘t’ refer to the time of treatment.  A: no treatment. B: single instantaneous treatment at time 9.5 months.  C: dual instantaneous treatment at times 9.5 and 12.1 months.  D: the same as C but also increasing the death rate constant of cell type 3 at t=12.1 months by a persistent factor of 3. The stepwise growth algorithm in three cell types’ system with cross-regulation elasticity of 1 between cell type 1 and type 2 and no regulation of cell type 3 by the other two cell types was used for the stepwise-growth dcFBA computations with maximal total biomass synthesis as objective. = 
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Supplementary Figure 27. Simulated therapy of restoring the regulation (to elasticity=1.1) of the tumor cells by cell type 2 when the tumor cell number attains a critical level (i.e. 0.4), and also the drug resistance for tumor cell. ‘t’ means the treatment time. A: without treatment.  B: Treatment at t=9.5.  C: treatments at t= 9.5 and t=50 (brown line:  same as tumor cell (i.e. the red line, cell type 3) arising drug resistance.  The stepwise-growth FBA algorithm in the three cell types’ system with cross-regulation elasticity of 1 between cell type 1 and type 2 and no regulation of cell type 3 by the other two cell types was used for the stepwise-growth dcFBA computations with maximal total biomass synthesis rate as objective. = 
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Supplementary Figure 28. The two cell types system with biomass 1 production as objective function at various magnitudes of the regulation power  with growth rate bias of 0.05, and with capacities of metabolic reactions limited as in Fig. 3. A:  (no such cross regulation). B: . C: D: The stepwise-growth-with-regulation FBA algorithm was used.
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Supplementary Figure 29. Cell numbers in the three-cell types system with biomass 1+ biomass 3 production as objective function at various regulation powers (), but only between cell type 1 and type 2. The third cell types had the same specific growth rate as cell type 1 (0.2 h-1). B1, B2 and B3 are the biomass values (cell numbers) for cell type1, cell type2 and cell type3, respectively. The stepwise growth algorithm in three-cell types system with only cross-regulation between cell type 1 and type 2) (i.e. the autistic-egoistic case 1) was used for the dcFBA computations.


Tables

	Reaction Name
	Reaction Equation
	Rate law

	Glc to I1
	﻿Glc + Y + X -> I1; B1 
	v=kR1⋅[Glc]⋅[X]⋅[Y]⋅[B1]

	I1 to b1
	I1->b1; B1
	v=kR2⋅[ I1]⋅[B1]

	I1 to X
	I1->4⋅X + CO2; B1
	v=kR3⋅[ I1]⋅[B1]

	﻿Glc to by-product
	Glc->by-product;
	v=kR4⋅[Glc]

	Glc to I2
	Glc + X + Y -> I2; B2
	v=kR5⋅[Glc]⋅[X]⋅[Y]⋅[]

	I2 to b2
	I2->b2; B2
	v=kR6⋅[ I2]⋅[B2]

	I2 to Y
	I2->4⋅Y + CO2; B2
	v=kR7⋅[ I2]⋅[B2]

	b1 to B1
	b1->B1;
	v=kR8⋅[b1]

	b2 to B2
	b2->B2;
	v= kR9⋅[b2]

	﻿Glc out to Glc in
	﻿ -> Glc
	v=kR10

	﻿Death of Cell type1
	﻿B1 ->
	v=kR11⋅[B1]

	﻿Death of Cell type2
	﻿B2 ->
	v=kR12⋅[B2]


Supplementary Table 1. Reaction and rate equations of the kinetic model. The values of the rate constant are shown in Supplementary Table 2. 





	Rate Constant
	=0.05
	=0.1
	=0.2

	kR1
	9
	8
	6

	kR2
	4
	3
	1

	kR3
	5
	5
	5

	kR4
	0.001
	0.001
	0.001

	kR5
	11
	12
	14

	kR6
	6
	7
	9

	kR7
	5
	5
	5

	kR8
	1
	1
	1

	kR9
	1
	1
	1

	kR10
	1
	1
	1

	kR11
	0.5
	0.5
	0.5

	kR12
	0.5
	0.5
	0.5


Supplementary Table 2. The rate constant values for all reactions with three growth biases in two cell types system.



	Reaction ID
	Minimum flux
	Maximum flux

	EX_glucose_e (fixed)
	-1.000
	-1.000

	BiomassH
	0.000
	0.000

	BiomassL
	1.001
	1.001

	Byprode
	0.000
	0.000


Supplementary Table 3. Possible flux ranges in the substrate competition network with different glucose costs of the two cell types’ biomass synthesis (Supplementary Fig. 1).  For each process the flux range that can still produce the maximum objective value (by the other fluxes adjusting) is shown, as obtained by FVA. (For 1 unit of biomass yield, the glucose consumption per unit biomass synthesized was taken as 1.001 for heart cells (H) and 0.999 for lung (L) cells.  Glucose influx was fixed at -1.  Flux units are C-moles/arbitrary time unit).





	Reaction ID
	Minimum flux
	Maximum flux

	EX_glucose_e
	-1.0
	-1.0

	BiomassH
	0.0
	1.0

	BiomassL
	0.0
	1.0

	Byprode
	0.0
	0.0


Supplementary Table 4. Possible flux ranges in the substrate competition network in which the two biomasses are equally expensive (Supplementary Fig. 2), as obtained by FVA. For each process the flux range is shown that can still produce the maximum objective value (by the other fluxes adjusting), as obtained by FVA. The two cell types were assumed to have the same growth yield on glucose. Flux units are C-moles/arbitrary time unit.



	Reaction ID
	Minimum flux
	Maximum flux

	EX_glucose_e
	-1.00
	-1.00

	GTI1
	0.25
	0.25

	GTI2
	0.75
	0.75

	biomass1
	0.00
	0.00

	biomass2
	0.50
	0.50

	DI1X
	0.25
	0.25

	DI2Y
	0.25
	0.25

	EX_CO2_e
	0.50
	0.50


Supplementary Table 5. Possible flux ranges for two cell types competing for substrate and interacting through common goods where the two cell types differed in terms of glucose expense per unit biomass (the network of Supplementary Fig. 5).  For each process the flux range is shown that is still compatible with the same maximum total growth rate value (by the other fluxes adjusting, as obtained by FVA). The two biomasses were taken to be differently expensive.  Flux units are C-moles/arbitrary time unit.



	Reaction ID
	Minimum flux
	Maximum flux

	EX_glucose_e
	-1.00
	-1.00

	GTI1
	0.25
	0.75

	GTI2
	0.25
	0.75

	biomass1
	0.00
	0.50

	biomass2
	0.00
	0.50

	DI1X
	0.25
	0.25

	DI2Y
	0.25
	0.25

	EX_CO2_e
	0.50
	0.50


Supplementary Table 6. Possible flux ranges for two equally expensive cell types competing for substrate and interacting through common goods (the network of Supplementary Fig. 6 and Supplementary 8).  For each process the flux range is shown that is still compatible with the same maximum total growth rate value (by the other fluxes adjusting, as obtained by FVA). The two biomasses were taken to be equally expensive.  Flux units are C-moles/arbitrary time unit.
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