Figure S1. Minimum number of intracellular reactions needed for growth. (a) Minimum number of
intracellular reactions needed for growth (TIN) as a function of the number of strains (K). (b) Number of
intracellular reactions in common between 2 strains (orange) and 3 strains (purple) at their minimum TIN.
Total number of unique intracellular reactions for (c) 2-strain and (d) 3-strain communities
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Figure S2. (TTR,TIN) landscapes of 1-, 2-, and 3-strain subnetworks. The gray region depicts the infeasible
region in which strain subnetworks cannot grow because there are not enough transport reactions to take
up and secrete metabolites. Strain subnetworks were required to maintain a biomass flux of at least 0.1 hr1
. (a) Growth landscape of 3-strain subnetworks. (b-c) Growth landscape of the difference in growth rates
between 3- and 1-strain subnetworks (b) and the difference in growth rates between 3- and 2-strain
subnetworks (c), where the constraints at which 3-strain subnetworks grow faster than 1-strain (b) or 2strain (c) subnetworks are indicated. Only constraints at which 1- and 3-strain subnetworks (b) or 2- and 3strain subnetworks (c) can both grow are included. (d-g) Metabolic distance landscape of 3-strain
subnetworks. Jaccard distance of strains A and B (d); A and C (e); B and C (f); and the average of the
distances between strains A and B, A and C, and B and C (g). Strains that are more metabolically
differentiated (have less reactions in common) have a larger distance. (h) The number of metabolites
exchanged between strains in 3-strain subnetwork simulations.
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Figure S3. (TTR,TIN) landscapes of 1- and 2-strain subnetworks of the E. coli core model. (a) Growth
landscape of 1-strain subnetworks. Biomass flux values are interpolated to obtain values for when the
number of transport reactions allowed (TTR) are 13–24. (b) Growth landscape of 2-strain subnetworks.
Biomass flux values are interpolated to obtain values for when the number of transport reactions allowed
(TTR) are 17–24. Two-strain subnetworks never grow faster than 1-strain subnetworks. (c) Jaccard distance
of strains in 2-strain subnetwork simulations. Strains that are more metabolically differentiated (have less
reactions in common) have a larger distance. (d) The number of metabolites exchanged between strains in
2-strain subnetwork simulations.
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Figure S4. Transport reactions kept by 1- and 2-strain subnetworks when the number of transport
reactions allowed is 9. ATPS4r: ATP synthase (four protons for one ATP); CO2t: CO2 transporter via
diffusion; CYTBD: Cytochrome oxidase bd (ubiquinol-8: 2 protons); CYTBO3: Cytochrome oxidase bo3
(ubiquinol-8: 2.5 protons); ETOHt2r: Ethanol reversible transport via proton symport; FORt: Formate
transport via diffusion; GLCpts: D-glucose transport via PEP:Pyr PTS; GLCt2: D-glucose transport in via
proton symport; GLYCLTt2r: Glycolate transport via proton symport, reversible; H2Ot: H2O transport via
diffusion; NADH8: NADH dehydrogenase (demethylmenaquinone-8 & 2.8 protons); NH4t: Ammonia
reversible transport; O2t: O2 transport diffusion; PIabc: Phosphate transport via ABC system; PIt2r:
Phosphate reversible transport via symport; PROt2r: L-proline reversible transport via proton symport;
SUCCt2b: Succinate efflux via proton symport; SUCFUMt: Succinate:fumarate antiporter; SULabc:
Sulfate transport via ABC system; THD2: NAD(P) transhydrogenase.
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Figure S5. Distance between 2-strain subnetworks. Jaccard distance between 2-strain subnetwork
reaction binary vectors (a) and the Euclidean distance between 2-strain subnetwork fluxes (b) as a
function of TIN. Distance between 2-strain subnetworks generally decreases as TIN increases, except when
TTR = 9 (a,b) and 11 (b).
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Figure S6. More metabolites are exchanged as the Jaccard distance increases.
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Figure S7. Simple metrics cannot predict how often a metabolite will be exchanged. (a) There is no
relationship between the metabolites secreted in 1-strain subnetwork simulations and the metabolites that
are exchanged in 2-strain subnetwork (orange) and 3-strain subnetwork (purple) simulations. (b)
Metabolites exchanged in 2-strain subnetwork simulations have a weak relationship to the metabolites that
are exchanged in 3-strain subnetwork simulations. (c) Cost to produce a metabolite is not associated with
the number of times a metabolite is exchanged. Cost to produce a metabolite is the fractional change in
biomass flux compared to wild-type when the lower bound on the metabolite exchange flux is 1
mmol/gCDW/hr. (d) The number of reactions associated with an exchanged metabolite is not associated
with the number of times a metabolite is exchanged. (e) The biomass coefficient is weakly associated with
the number of times a metabolite is exchanged.
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Figure S8. Principal component analysis. Each subplot shows the PCA plot for strain “A” (solid line,
downward triangle) and strain “B” (dotted line, upward triangle) of 2-strain subnetworks at the indicated
TTR. Color of the marker indicates if the point is a large TIN (red) or small TIN (purple).
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Figure S9. (TTR,TIN) Jaccard landscapes of metabolic differentiation by pathway. Jaccard distance
between reaction binary vectors (t) of each pathway in 2-strain subnetwork simulations. Strains that are
more metabolically differentiated (have less reactions in common) have a larger distance.
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Figure S10. (TTR,TIN) Euclidean landscapes of metabolic differentiation by pathway. Euclidean
distance between flux vectors (x) of each pathway in 2-strain subnetwork simulations. Strains that are more
metabolically differentiated have a larger distance.
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Figure S11. Metabolite secretion profiles for 1-strain subnetwork simulations. Constraints at which 1strain subnetworks secrete metabolites. Values are interpolated to obtain values for when the number of
transport reactions allowed (TTR) are 23, 25–33, 35–37, and 39–45.
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Figure S12. Metabolite exchange profiles for 2-strain subnetwork simulations. Constraints at which 2strain subnetworks exchange metabolites.
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Figure S13. Metabolite exchange profiles for 3-strain subnetwork simulations. Constraints at which 3strain subnetworks exchange metabolites.
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Figure S14. Glucose and ammonium are not always used as the carbon and nitrogen source. Locations
in the (TTR,TIN) landscape where glucose (a,b), ammonium (b,c), and oxygen (e,f) are used in 2-strain (a,c,e)
and 3-strain (b,d,f) subnetwork simulations.
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Figure S15. Phi coefficient of metabolite exchange profiles in 2-strain simulations. Positive phi
coefficient indicates that metabolites are exchanged at the same constraints in the (TTR,TIN) landscape.
Negative phi coefficient indicates that metabolites are not exchanged at the same constraints in the (TTR,TIN)
landscape.
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Figure S16. The structure of the universal stoichiometric matrix S. Block 𝐒𝐒 𝐞𝐞 represents the set of
extracellular reactions used to take up nutrients from or secrete nutrients into the environment. Blocks
[ 𝐒𝐒 𝐭𝐭𝐭𝐭 , 𝐒𝐒 𝐭𝐭𝐭𝐭 ] represent the set of transport reactions between extracellular and intracellular metabolites. Block
Si represents the set of intracellular reactions among intracellular metabolites.
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Figure S17. The structure of the stoichiometric matrix for the whole community 𝑺𝑺𝐜𝐜 ∈ ℝ𝑴𝑴𝒄𝒄×𝑵𝑵𝒄𝒄 .
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Figure S18. Correlation between pathway distance and metabolite exchange profiles in 2-strain
simulations. (a) Point-Biserial correlation of Euclidean distance or (b) phi coefficient of Jaccard distance
and metabolite exchange profiles of 2-strain subnetwork simulations.
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