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ABSTRACT 22 

Fitness benefits from division of labor in microbial consortia are well documented, but the 23 

dependency of the benefits on environmental context is poorly understood. Two synthetic 24 

Escherichia coli consortia were built to test the relationships between exchanged organic acid, 25 

local environment, and opportunity costs of different metabolic strategies. Opportunity costs 26 

quantify benefits not realized due to selecting one phenotype over another. The consortia 27 

catabolized glucose and exchanged either acetic or lactic acid to create producer-consumer 28 

food webs. The organic acids had different inhibitory properties and different opportunity costs 29 

associated with their positions in central metabolism. The exchanged metabolites modulated 30 

different consortial dynamics. The acetic acid-exchanging (AAE) consortium had a ‘push’ 31 

interaction motif where acetic acid was secreted faster by the producer than the consumer 32 

imported it, while the lactic acid-exchanging (LAE) consortium had a ‘pull’ interaction motif 33 

where the consumer imported lactic acid at a comparable rate to its production. The LAE 34 

consortium outperformed wild type (WT) batch cultures under the environmental context of 35 

weakly buffered conditions, achieving a 55% increase in biomass titer, a 51% increase in 36 

biomass per proton yield, an 86% increase in substrate conversion, and the complete 37 

elimination of byproduct accumulation all relative to the WT. However, the LAE consortium had 38 

the tradeoff of a 42% lower specific growth rate. The AAE consortium did not outperform the WT 39 

in any considered fitness metric. Fitness advantages of the LAE consortium were sensitive to 40 

environment; increasing the medium buffering capacity negated the fitness advantages 41 

compared to WT.  42 

IMPORTANCE 43 

Most naturally occurring microorganisms persist in consortia where metabolic interactions are 44 

common and often essential to ecosystem function. This study uses synthetic ecology to test 45 

how different cellular interaction motifs influence fitness properties of consortia. Environmental 46 
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context ultimately controlled the division of labor fitness as shifts from weakly buffered to highly 47 

buffered conditions negated the benefits of the strategy. Understanding the limits of division of 48 

labor advances our understanding of natural community functioning which is central to nutrient 49 

cycling and provides design rules for assembling consortia used in applied bioprocessing.    50 

 51 

 52 

  53 

  54 
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INTRODUCTION 55 

Division of labor can enhance the fitness of interacting microorganisms via mechanisms that 56 

modulate growth rates or improve biomass yields (1-4). However, constraints on division of 57 

labor due to environmental context are largely undocumented. This knowledge gap includes 58 

division of labor strategies such as the exchange of organic acids. Secretion of organic acids in 59 

the presence of O2, a phenotype often termed “overflow metabolism”, is a common microbial 60 

strategy for acclimating to stresses such as imbalances in electron donors and acceptors, 61 

imbalances in anabolic and catabolic nutrients, constrained cellular volume, and/or limited 62 

cellular surface area (5-11). The secreted organic acids can support food webs where 63 

microorganisms coexist in interdependent communities (12-18).  64 

Cross-feeding organic acids has fitness costs for the producer such as the loss of potential 65 

cellular energy based on the properties of the exchanged metabolite. The accumulation of 66 

organic acids may inhibit the growth of both the producer and consumer due to cytosol 67 

acidification, membrane solubilization, or the reduction of thermodynamic driving forces 68 

necessary for chemical reactions (19-21). Organic acid exchange can also modulate consortia 69 

functioning via the relative rates of metabolite excretion and consumption. A consortium can 70 

display a ‘push’ metabolite interaction where the organic acid is secreted faster by the producer 71 

than imported by the consumer, or the consortium can demonstrate a ‘pull’ metabolite 72 

interaction where the consumer strain imports the metabolite at a comparable rate to its 73 

production (22, 23). Environmental context influences the fitness costs of organic acid 74 

exchange, yet these costs are poorly characterized especially for environments that are weakly 75 

buffered or acidic (24-26). These conditions are relevant to many natural habitats. For example, 76 

the pH of the human colon shifts dynamically from pH 5-8 as a function of axial position, 77 

reflecting the limited buffering capacity of colon contents and a dependency on local microbial 78 

metabolism (27). Additionally, aquatic ecosystems including estuarine and freshwater systems 79 
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have weak buffering capacities (28-30), though complex environments such as blood and some 80 

humic soils can have higher buffering capacities (31-33).  81 

Natural microbial communities are often complex, comprised of hundreds or thousands of 82 

interacting species (34, 35), whereas synthetic consortia can be engineered to have a tractable 83 

number of defined phenotypes and interactions (21, 36, 37). Synthetic consortia can illuminate 84 

basic ecological properties and mechanisms of interaction that can be extrapolated to natural 85 

communities. The ability to control variables within synthetic communities also provides a 86 

powerful tool to investigate ecological theories (38). To this end, synthetic communities have 87 

been applied to problems of understanding the benefits of cooperation, the role of division of 88 

labor in the simultaneous utilization of different sugars, mechanisms for enhanced conversion of 89 

cellulose to biofuels, and the role of quorum sensing in coordinating consortial behavior, among 90 

others (1, 2, 19, 39, 40). 91 

The presented study uses synthetic ecology to test two consortia interaction hypotheses. First, 92 

the study tests the role of environmental context, namely medium buffering capacity, on the 93 

fitness of consortia using division of labor strategies. Secondly, the study tests the effect of a 94 

push or pull metabolite exchanges on fitness when combined with environmental constraints. 95 

These hypotheses were evaluated by constructing two organic acid exchanging consortia: one 96 

consortium was based on acetic acid exchange (AAE) and the other on lactic acid exchange 97 

(LAE). Understanding the limits of division of labor strategies as a function of environment 98 

advances our understanding of consortia design principles essential for rational control of their 99 

catalytic potential.    100 

RESULTS 101 

Organic acids and culture pH are major mediators of growth inhibition. Protonated organic 102 

acids can diffuse across cellular membranes and inhibit cell growth (20, 41). Acetic and lactic 103 
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acids have different pKa values (4.76 and 3.86, respectively) and different molecular weights (60 104 

and 90 g mol-1, respectively); both parameters influence the inhibitory properties of the organic 105 

acids (20). The inhibitory effects of acetic and lactic acids on wild type E. coli K12 MG1655 were 106 

quantified using two different contexts. First, the inhibitory properties of the organic acids were 107 

measured when the metabolites were present as the sole reduced carbon source in M9 medium 108 

and secondly, when the organic acids were present along with glucose in M9 medium (Fig. 1). 109 

The inhibitory properties were quantified using specific growth rate and plotted against (1) the 110 

total organic acid concentration ([HA + A-], where HA is the protonated organic acid and A- is the 111 

base) and (2) the protonated organic acid concentration only ([HA], calculated using the 112 

Henderson-Hasselbalch equation). Both acetic and lactic acid supported E. coli growth in M9 113 

medium as the sole substrate; specific growth rates increased with increasing organic acid 114 

concentrations up to a critical threshold, after which further increases in organic acid reduced 115 

the specific growth rate. The maximum specific growth rate on acetic acid was ~0.23 h-1 at a 116 

total concentration of ~20 mM ([HA + A-]), while the maximum specific growth rate on lactic acid 117 

was ~0.4 h-1 at a total concentration of ~100 mM (Fig. 1A). Acetic acid was more inhibitory than 118 

lactic acid on a total concentration basis (Fig. 1A). However, the protonated, uncharged form of 119 

the organic acids is a major mediator of inhibition due to enhanced diffusion across cellular 120 

membranes (20). When the specific growth rates were plotted as a function of the protonated 121 

organic acid concentrations ([HA]), lactic acid was more inhibitory than acetic acid at high 122 

concentrations (Fig. 1B). 123 

Adding glucose (56 mM) to the M9 medium changed the metabolic role of acetic acid (Fig. 1C). 124 

E. coli preferentially consumed glucose as the carbon and energy source while acetic acid 125 

served as an inhibitor. The specific growth rates of the cultures in the presence of glucose and 126 

acetic acid never exceeded the specific growth rate of the glucose-only medium. However, 127 

mixtures of glucose and lactic acid increased the specific growth rates of the cultures over 128 
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glucose-only medium (Fig. 1C). The maximum specific growth rate (~0.73 h-1) peaked at a total 129 

lactic acid concentration of ~80 mM, after which the specific growth rate decreased. Acetic acid 130 

was more inhibitory than lactic acid when examined on a total concentration basis in the 131 

presence of glucose (Fig. 1C). However, examination of the data on a protonated acid basis 132 

quantified the more inhibitory nature of lactic acid at higher concentrations (Fig. 1D).  133 

pH and osmotic pressure were also investigated as separate environmental parameters. Growth 134 

inhibition, quantified as culture specific growth rate, was measured for each variable. Specific 135 

growth rate for E. coli cultures grown in M9 medium with glucose decreased sharply as the pH 136 

was decreased (Fig. 1E). The specific growth rate was minimally affected over the tested range 137 

of osmotic pressures, which represented 1 - 2.5X M9 salts with 56 mM glucose (Fig. 1F).  138 

Organic acid and pH inhibition equations were parameterized using culturing data. A variety of 139 

kinetic equations for modeling inhibitory compounds was tested (42). The best fit was selected 140 

for each organic acid and condition (Table 1). Predicted values are plotted against experimental 141 

data in Fig. 1B and 1D, while the results of all tested expressions and code can be found in the 142 

supplementary material. Equations reported in the literature fit the culture properties for acetic 143 

acid as the sole substrate, for combinations of acetic acid and glucose, and for lactic acid as the 144 

sole substrate (42). Published equations did not fit the data well for combinations of lactic acid 145 

and glucose, as the conventional expressions were not designed to reflect co-metabolism of 146 

substrates in conjunction with inhibition. A dual substrate equation was incorporated with an 147 

inhibition term to model the data. The resulting equation showed an improved fit to experimental 148 

data (Fig. 1D, supplementary material).  149 

A pH inhibition equation, separate from organic acids, was also fit to the experimental data 150 

(Table 1). The parameterized equations considering organic acids, glucose, and pH were 151 

combined into a predictive model for E. coli growth under multiple environmental stresses. The 152 

model was tested with an independent experimental data set quantifying E. coli growth in the 153 
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presence of glucose with varying concentrations of acetate, different initial pH values, and 154 

different osmotic pressures. The predicted values matched the experimental data well, with a 155 

Pearson’s correlation coefficient of 0.99 and corresponding p-value << 0.01 (supplementary 156 

material). 157 

Producer-consumer consortia built to exchange either acetic or lactic acids. Acetic acid 158 

and lactic acid display different inhibitory properties, support different specific growth rates, 159 

confer different amounts of chemical energy, and require different enzymatic pathway 160 

investments for their production or consumption (Fig. 1, Fig. 2). Two E. coli-derived synthetic 161 

consortia were designed to test different organic acid exchange strategies hypothesized to 162 

change with both environmental context and interaction motif (push or pull metabolite 163 

exchange). The consortia were assembled by combining pairs of E. coli strains engineered for 164 

different phenotypes termed guilds: the producer guilds catabolized glucose and produced 165 

either acetic acid or lactic acid, and a consumer guild catabolized the organic acids (43, 44). 166 

The producer guilds were designed for overflow phenotypes analogous to published 167 

metabolisms for either nitrogen- or iron-limited E. coli growth (45). The producer strain 168 

specializing in acetic acid secretion (ProdA) was created using four gene deletions (ΔaceA 169 

ΔldhA ΔfrdA ΔatpF). The ΔatpF gene deletion resulted in elevated substrate-level 170 

phosphorylation and high acetic acid secretion from glucose catabolism, analogous to other 171 

published systems (46, 47). A second producer guild specializing in lactic acid secretion (ProdL) 172 

had four respiration-associated operons deleted (ΔcbdAB ΔcydAB ΔcyoABCD ΔygiN) (48). The 173 

consumer strain consumed either acetic or lactic acid (ConsA/ConsL), but not glucose, and was 174 

constructed by deleting four genes associated with glucose transport and phosphorylation 175 

(ΔptsG ΔptsM Δglk Δgcd) (44). Wild type E. coli K12 MG1655 (WT) was used as the generalist 176 

guild for all comparisons. Monocultures of each guild were characterized in conventional M9 177 

medium with their respective substrates to quantify their physiology (Table 2).  178 
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Catabolic efficiency and opportunity costs differ among the guilds. Cellular energy 179 

production was analyzed for all five guilds: 1) generalist (WT), 2) acetic acid producer (ProdA), 180 

3) lactic acid producer (ProdL), 4) consumer based on acetic acid oxidation (ConsA), and 5) 181 

consumer based on lactic acid oxidation (ConsL) using a published E. coli metabolic model (Fig. 182 

2, (49, 50), supplementary material). ProdA produced 4 mol ATP (mol glucose)-1 while ProdL 183 

produced 2 mol ATP (mol glucose)-1. ProdA extracted more energy from glucose via substrate-184 

level phosphorylation using the Pta enzyme. The exchanged organic acids have the same 185 

degree of reduction (4 electron mols Cmol-1) but different chemical energies (quantified here as 186 

enthalpy of combustion (ΔHc°) = 875 and 1362 kJ mol-1 for acetic acid and lactic acid, 187 

respectively), largely due to the difference in the molecular weights of the molecules. 188 

Additionally, the molecules entered central metabolism at different positions, influencing their 189 

potential for substrate level phosphorylation. ConsA and ConsL produced 7 and 12 mol ATP 190 

(mol organic acid)-1, respectively. The in silico model of the WT generalist produced 26 mol ATP 191 

(mol glucose)-1 when the substrate was completely oxidized (Fig. 2, supplementary material). 192 

Cross feeding byproducts, such as organic acids, necessarily entails opportunity costs for the 193 

producer guild. Here, opportunity costs are a quantification of benefits not realized by a cell due 194 

to use of a particular phenotype (5, 22). The exchange of a reduced metabolite precluded its 195 

use by the producer guild for other functions such as cellular energy generation. Opportunity 196 

costs were quantified based on cellular energy that was not generated due to metabolite 197 

secretion (49, 50) (Fig. 2, supplementary material). The opportunity cost for ProdA was 22 mol 198 

ATP (mol glucose)-1 while the opportunity cost for ProdL was 24 mol ATP (mol glucose)-1.  199 

Proteomic investment costs for each guild were heavily influenced by a few enzymatic 200 

steps. Metabolic phenotypes require the assembly of the necessary proteomes (49, 50). An in 201 

silico analysis quantified the amino acid requirements to realize the core proteomes of the five 202 

guilds. In silico analysis considered the minimum proteome proxy for modeling the relationship 203 
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between flux and enzyme concentration, as described previously (49, 50). This proxy assumes 204 

that the concentration of all central metabolism enzymes can be approximated by the 205 

relationship [Ei]/[Ej] ~1; this proxy has been applied with notable successes in E. coli as well as 206 

other microbial species (50, 51).  207 

The generalist, with its complete oxidation metabolism, required the largest total proteome 208 

investment of ~97,000 amino acids although it had the smallest proteome investment per ATP 209 

produced at 3,906 amino acids ATP-1 (Fig. 2). In descending order based on total investment, 210 

ConsL had an investment cost of ~85,000 amino acids (7,471 amino acids ATP-1), ProdA 211 

required ~59,000 amino acids (15,856 amino acids ATP-1), ConsA required ~44,000 amino 212 

acids (8,175 amino acids ATP-1), and finally ProdL required the smallest investment of ~14,000 213 

amino acids (6,831 amino acids ATP-1). The pyruvate dehydrogenase complex (PDHc, 42,096 214 

amino acids per complex), which oxidizes pyruvate to acetyl-CoA, had a large influence on the 215 

investment cost for WT, ConsL, and ProdA (49, 50). The investment cost from this enzyme was 216 

avoided by the ConsA and ProdL guilds. There was also a large investment cost associated 217 

with the citric acid cycle due to the -ketoglutarate dehydrogenase complex and the electron 218 

transport chain enzymes (supplementary material).   219 

The different guilds have different core proteomes that catabolize different substrates with 220 

different metabolic efficiencies complicating inter-guild comparisons. Therefore, the proteome 221 

investment required for each guild was converted into ATP equivalents using the guild-specific 222 

in silico models ((52), supplementary material). The Cmols of substrate required for each guild 223 

to assemble the core proteome were calculated; this quantity of substrate was converted into an 224 

equivalent number of ATP using the guild-specific Cmol substrate (mol ATP)-1 yield. The 225 

proteome resource requirements were calculated as a total investment of ATP equivalents to 226 

construct the proteome and additionally, this investment was normalized to the number of ATP 227 

produced per core metabolism (Fig. 2). The WT proteome had the most efficient ratio of 228 
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proteome investment per ATP produced (99,890 ATP equivalents (ATP produced) -1), followed 229 

by ProdL, ProdA, ConsL, and finally ConsA which required a proteome investment equivalent to 230 

234,899 ATPs to produce an ATP. 231 

Experimental properties of organic acid exchanging consortia. Batch growth properties of 232 

the producer guilds were measured as monocultures and as cocultures with the consumer guild. 233 

Glucose was the sole reduced carbon source in the modified M9 medium, and four initial pH 234 

values were tested (6.0, 6.5, 7.0, and 7.5). The modified M9 medium contained 6.3 mM total 235 

phosphate to represent a low buffering capacity environment. WT monocultures served as 236 

generalist controls. 237 

WT monocultures produced the highest final biomass titer and displayed the highest specific 238 

growth rate at an initial pH of 7.0 (Fig. 3A, 3B). The cultures grown with an initial pH of 7.5 had 239 

the slowest specific growth rate (Fig. 3B). Medium pH decreased with biomass accumulation for 240 

all four initial pH values (Fig. 3C). The WT cultures accumulated acetic acid consistent with an 241 

E. coli overflow metabolism (Fig. 3D). Growth data and calculated rates for all conditions and 242 

guilds are provided in the supplementary material. 243 

Acetic acid-exchanging consortium displayed a push interaction motif. Biomass titers for 244 

the acetic acid-exchanging (AAE) consortium changed with initial medium pH (Fig. 4A). The 245 

highest biomass titer occurred when the initial pH of the medium was 7.5, whereas the highest 246 

specific growth rate occurred when the initial pH of the medium was 7.0 (Fig. 4A, 4B). The 247 

consortium growth rate was an aggregate rate comprised of the ProdA and ConsA growth rates 248 

and was slower than the ProdA monoculture (Fig. 4B, Table 2). The culture pH decreased with 249 

time in trends proportional to biomass production with a final pH range of 4.1 – 4.5 (Fig. 4C). 250 

The AAE consortium accumulated 50% more biomass relative to ProdA monocultures at initial 251 

pH values of 6.0 and 7.5, quantifying a benefit of guild interactions within the tested environs 252 

(Fig. 4D).  253 
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The rate of acetic acid secretion by ProdA exceeded the rate of consumption by ConsA (Fig. 254 

4E), resulting in organic acid accumulation and a cellular interaction motif termed here as a 255 

metabolite ‘push’. The presence of ConsA did not result in the complete consumption of 256 

secreted acetic acid due to low pH and high concentrations of acetic acid arresting guild growth. 257 

The cellular ratio of the two guild members was measured as a function of initial pH and 258 

cultivation time (Fig. 4F). The cellular ratio was approximately 1 ProdA : 1 ConsA at the 259 

cessation of growth regardless of the initial pH.  260 

Lactic acid-exchanging consortium displayed a pull interaction motif. Batch growth of the 261 

lactic acid-exchanging (LAE) consortium produced the highest biomass titers when the initial pH 262 

of the medium was 7.0 or 7.5 (Fig. 5A). The highest specific growth rates occurred when the 263 

initial pH of the medium was 6.5 and 7.0 (Fig. 5B). Culture pH decreased continuously with time 264 

to a final endpoint of ~4, except for the LAE consortium which had an initial pH of 7.5 (Fig. 5C). 265 

The pH of this culture initially decreased to ~5 before recovering to ~6.8. This property was 266 

analyzed in more detail in later sections. The LAE consortium had substantially higher biomass 267 

titers and biomass per glucose yields as compared to ProdL monocultures (Fig. 5D). In contrast 268 

to the AAE consortium, the LAE consortium grew faster than the ProdL monoculture, likely due 269 

to the high ConsL specific growth (Table 2).  270 

The LAE consortium had balanced rates of lactic acid secretion and consumption, resulting in 271 

low accumulation of the organic acid (Fig. 5E). The consortial interaction template was termed a 272 

metabolite ‘pull’ mechanism because ConsL imported the organic acid at rates comparable to 273 

the ProdL secretion rates. The secreted lactic acid was nearly exhausted by the end of the 274 

growth phase; any remaining lactic acid was consumed during stationary phase. Selective agar 275 

plating quantified the cellular ratios of the ProdL and ConsL guilds (Fig. 5F). The producer ratio 276 

decreased during growth, reaching an average ratio of 5 ProdL : 95 ConsL by stationary phase. 277 
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LAE consortium properties vary as a function of initial cell ratios. The properties of the 278 

LAE consortium were studied for pH robustness and optimality of biomass titer. Different initial 279 

cellular ratios of ProdL : ConsL were tested (1:1, 10:1, 100:1, 1:2) using an initial medium pH of 280 

7.0 and 7.5. For these experiments, ProdL was inoculated at the same concentration as the 281 

preceding 1:1 cell ratio experiments (Fig. 5), while the ConsL concentration was adjusted to 282 

achieve the desired cell ratios. This design resulted in a near constant volumetric lactic acid 283 

production rate across the conditions, with the primary experimental change being the ConsL 284 

cell concentration. 285 

The consortium behavior was sensitive to the initial conditions. Biomass titers were highest for 286 

an initial 1:1 guild ratio and an initial pH of 7.0 (Fig. 6A); however, this condition did not exhibit a 287 

pH recovery trend. Different initial guild ratios were required to induce the pH recovery trend 288 

when the initial pH was 7.0 (Fig. 6B). Cultures with either higher or lower ProdL : ConsL cell 289 

ratios (100:1, 10:1, 1:2) modulated the pH trajectory after an early pH decrease, demonstrating 290 

a pH recovery phase corresponding to lactic acid consumption (Fig. 6B). Minimal, transient 291 

accumulation of lactic acid was observed before its subsequent consumption (Fig. 6C). Small 292 

amounts of acetic acid accumulated during the pH 7.5 experiments (Fig 6E, supplementary 293 

material). The consumer was postulated to convert the lactic acid into acetic acid, which was 294 

then later consumed in a diauxic manner. ConsL dominated the consortium by the end of batch 295 

growth for all tested conditions (Fig. 6D). 296 

Due to the slow growth rate during the pH recovery phase, the LAE consortium experiments 297 

lasted up to two weeks. Abiotic controls quantified the role of evaporation on medium volume 298 

and changes in pH (supplementary material). Evaporation accounted for less than a 10% 299 

change in liquid volume and did not result in a change to the medium pH. 300 

Consortium fitness was a function of environmental context. The synthetic consortia 301 

properties were compared to the WT generalist to quantify advantages and disadvantages of 302 
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the different metabolite exchange templates. Six metrics of fitness were quantified: 1) final 303 

biomass titer, 2) total glucose catabolized, 3) biomass produced per glucose consumed, 4) 304 

biomass produced per H+ accumulated, 5) accumulation of byproducts, and 6) specific growth 305 

rate. 306 

The AAE consortium did not outperform the WT generalist in any considered fitness metric, 307 

though the biomass per glucose yields of the AAE consortium and generalist were equivalent 308 

when the initial medium pH was 7.0 or 7.5.    309 

The LAE consortium outperformed the WT generalist at four of the six fitness metrics for a 310 

starting pH of 7.0. The LAE consortium produced 55% more total biomass, consumed 86% 311 

more glucose, and produced 51% more biomass per H+ secreted as compared to the WT 312 

generalist (Fig. 7A, 7B, 7C). Additionally, the LAE consortium had minimal byproducts at 313 

stationary phase whereas the WT culture accumulated ~2.5 mM of acetic acid. The LAE 314 

consortium and WT cultures had comparable biomass per glucose yields (Fig. 7D); however, 315 

the WT generalist grew faster (0.53 vs. 0.22 h-1) than the LAE consortium (Fig. 3B and Fig. 5B).  316 

The performance of the LAE consortium was also compared to the WT generalist when grown 317 

in M9 medium with a conventional 64 mM phosphate buffer and an initial pH of 7.0. Increasing 318 

the buffering capacity kept the medium pH ≥ 6.2 for the WT cultures and ≥ 6.8 for the LAE 319 

cultures, which reduced the fitness cost of accumulating organic acids. The buffered 320 

environment altered the competitive properties of the LAE consortium relative to the WT 321 

generalist (Fig. 8). The WT generalist had superior properties in five of the six fitness metrics 322 

(the LAE consortium had no measurable byproduct accumulation at stationary phase), 323 

highlighting the environmental context-dependent nature of competitive microbial interactions 324 

and optimal consortia design principles. 325 
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Ordinary differential equation (ODE) models were developed to further test the fitness properties 326 

of the consortia and WT cultures at an initial pH of 7.0 (supplementary material). Experimentally 327 

measured rate and yield parameters from monoculture producer, consumer, and generalist 328 

guilds were used to parameterize the model. Model predictions for monocultures and consortia 329 

were compared with experimental measurements of biomass, pH change, substrate 330 

consumption, and organic acid accumulation and showed remarkably similar patterns. Most 331 

notably, simulations demonstrated the observed differences between the low and high buffered 332 

medium for the WT cultures and LAE consortium (supplementary material). The cross-validation 333 

further emphasizes the importance of environmental context in dictating the competitiveness of 334 

consortia interactions.  335 

DISCUSSION 336 

Two synthetic E. coli consortia were constructed to test principles governing microbial 337 

interactions. The consortia were designed to catabolize glucose and unidirectionally exchange 338 

either acetic or lactic acid. Collectively, each consortium had the same genomic potential as wild 339 

type E. coli K-12 since the genes deleted in one guild were present in the other guild. However, 340 

the two consortia displayed very different growth properties based on the partitioning of key 341 

genes. The LAE consortium outperformed the WT based on four of six considered fitness 342 

metrics, including the production of 55% more total biomass, the consumption of 86% more 343 

glucose, and the production of 51% more biomass per H+ secreted as compared to the WT (Fig. 344 

7A, 7B, 7C). Additionally, the LAE consortium consumed all reduced byproducts by stationary 345 

phase, while the WT accumulated substantial acetic acid (Fig. 3, 5, 7). These fitness 346 

advantages came with the tradeoff of a slower growth rate. 347 

Synthetic consortia with defined components provide the basis for testing hypotheses and 348 

extracting design principles for community interactions. The first design principle central to the 349 

enhanced consortium properties observed in this study was the relationship between the 350 
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relative rates of secretion and uptake of exchanged metabolites, e.g. push vs. pull interaction 351 

motifs (53). The pull interaction motif used by the LAE consortium was sufficient to prevent 352 

substantial accumulation of the inhibitory metabolite, which created a benefit for both the 353 

consumer and producer. The balance of organic acid production and consumption in the LAE 354 

consortium modulated the environmental pH, which delayed the growth-arresting effects of 355 

accumulated organic acid and low pH experienced by the WT. A second consortial design rule 356 

gleaned from this study illustrated that no metabolite exchange is without cost for the producer; 357 

there are opportunity costs associated with uncaptured energy and often byproduct inhibition 358 

(54) (Fig. 1, Fig. 2). However, the opportunity cost for the producer guild can be off set through 359 

increased flux of glucose if consortial interactions can ameliorate the increase in organic acid 360 

secretion. The ProdL guild had a higher opportunity cost (24 mol ATP (mol glucose)-1) than the 361 

ProdA guild (22 mol ATP (mol glucose)-1) but the LAE consortium outperformed the AAE 362 

consortium due largely to the metabolite pull mechanism.   363 

A third design principle demonstrates that environmental context such as buffering capacity 364 

dictates which metabolite exchange strategy, if any, will result in a competitive advantage for 365 

participants (55). Low buffering capacity is common in natural environments (27-30). The LAE 366 

consortium exhibited many enhanced fitness metrics relative to the WT under low buffering 367 

conditions. Consistent with the thought experiment of the Darwinian Demon, which states it is 368 

not possible to optimize all fitness behaviors simultaneously (56), the LAE consortium had a 369 

reduced growth rate compared to the WT. Fast growth rates are major drivers of fitness in well-370 

mixed, spatially homogenous, laboratory environments where cultures are often supplied with 371 

abundant nutrients. In nutrient poor environments, growth rates are reduced and the benefits of 372 

enhanced substrate depletion, enhanced biomass accumulation, and reduced H+ production are 373 

likely important fitness metrics. The current study demonstrates that changing the buffering 374 

capacity changes the fitness of different phenotypes. The WT outperformed the LAE consortium 375 
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when a conventional phosphate buffering capacity (64 vs. 6.3 mM) was used. Enhanced 376 

buffering capacities also alter the fitness afforded by acetic acid exchange. A previous study 377 

measured a 15% enhancement in biomass productivity in an alternative acetic acid-exchanging 378 

E. coli consortium (44). The acetic acid producing strain in that study secreted approximately 379 

10% of the glucose carbon as acetic acid compared to 30-50% in the current study. Tuning the 380 

secretion rate to the consumption rate is an important design parameter that could be optimized 381 

using genetic engineering or adaptive evolution.   382 

Nutrient limitation is a common environmental challenge (57). Overflow phenotypes, where 383 

reduced byproducts are secreted in the presence of external electron acceptors, can be 384 

competitive acclimations to nutrient limitation (49). As demonstrated in Fig. 2, abridged central 385 

metabolism pathways require fewer resources to construct but only partially oxidize substrates, 386 

highlighting the tradeoff between metabolic pathway investment into proteins and the 387 

opportunity cost quantified by carbon source oxidation efficiency. Wild type E. coli secretes 388 

different organic acids, including acetic and lactic acids, in different quantities as a function of 389 

different nutrient limitations and different degrees of nutrient stress (45). The secretion of 390 

reduced byproducts in chemostats can lead to the evolution of cross-feeding populations with 391 

higher biomass titers (4) likely due to a combination of factors highlighted here, including more 392 

biomass per H+ as well as the nonlinear relationship between enzyme velocity and the total 393 

required resource investment (enzymes and metabolites) to achieve that velocity (22, 43, 58, 394 

59). This biomass yield benefit can potentially be realized in consortia without spatial 395 

segregation of populations (60). 396 

The growth of each culture was arrested at a pH of 4.1-4.5 regardless of the initial pH. The pH 397 

decrease was primarily the result of two processes: organic acid secretion followed by H+ 398 

dissociation and secondly, the consumption of ammonium for biomass synthesis, which 399 

released an H+ when the nitrogen source was incorporated into biosynthetic molecules as 400 
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ammonia. Thus, biomass production itself contributed to reaching the critical pH threshold. The 401 

WT drove the pH to the critical level via a combination of biomass production and acetic acid 402 

secretion. The LAE consortium, however, did not accumulate substantial organic byproducts, 403 

allowing more biomass to be produced before reaching the critical pH threshold.  404 

Exchange of organic acids in microbial consortia can also be analyzed from the perspective of 405 

other ecological principles that are typically applied at the macro-scale. For example, the 406 

resource ratio theory suggests that two populations can cooperate to improve overall efficiency 407 

of resource usage. As an alternative to the competitive exclusion principle, it has been proposed 408 

that cooperating populations can exchange resources that they are each more efficient at 409 

utilizing and thereby more effectively deplete total resources (61). The two synthetic consortia 410 

effectively partitioned glucose and O2 between two different populations. The ProdL guild was 411 

constructed by deleting the primary respiration chain enzymes including the O2 cytochromes 412 

(48). ConsL required the external electron acceptor O2 for the complete oxidation of the organic 413 

acid. The lactic acid exchanged between the consortium members drove the glucose 414 

concentration lower than the WT generalist; while not measured directly, it is proposed that the 415 

high biomass concentration in the LAE consortium drove the O2 levels lower than the WT 416 

cultures. This performance would potentially classify the LAE consortium as a “super-competitor 417 

unit” as defined by de Mazancourt & Schwartz (61).   418 

CONCLUSION 419 

The presented work used synthetic consortia to test hypotheses governing microbial 420 

interactions mediated by push or pull metabolite exchange, quantified the inhibitory properties of 421 

the exchanged metabolites, calculated the opportunity costs associated with different 422 

phenotypes, and demonstrated the powerful role of environmental context on consortia 423 

performance. Ultimately, environment constrains whether division of labor strategies can 424 

enhance or decrease the fitness of participants.  425 
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MATERIALS AND METHODS 426 

Culturing media. Two different variations of M9 media were used. Conventional M9 medium for 427 

characterizing strain growth (62) contained 6 g L-1 Na2HPO4 (42 mM), 3 g L-1 KH2PO4 (22 mM), 428 

1 g L-1 NH4Cl, and 0.5 g L-1 NaCl. After autoclaving, 1 mL L-1 1 M MgSO4·7H2O solution was 429 

added along with 1 mL L-1 trace metals solution, containing (per L): 0.73 g CaCl2·2H2O, 0.10 g 430 

MnCl2·4H2O, 0.17 g ZnCl2, 0.043 g CuCl2·2H2O, 0.06 g CoCl2·6H2O, 0.06 g Na2MoO4·2H2O, 431 

and 0.24 g FeCl3·6H2O. Carbon source (glucose, sodium acetate, or sodium lactate) was added 432 

to achieve the desired concentration from a filter sterilized stock solution. The pH of the medium 433 

was adjusted, if necessary, with HCl or NaOH and the medium then filter sterilized. For 434 

experiments investigating pH effect, conventional M9 medium was modified to ensure carbon 435 

limitation at 5 g L-1 glucose by increasing nitrogen, iron, and sulfate content. Modified M9 436 

medium contained 2.5 g L-1 NH4Cl, 1.5 mL L-1 1 M MgSO4·7H2O, and an additional 2.4 mg L-1 437 

FeCl3·6H2O. Low phosphate modified M9 medium contained 0.9 g L-1 Na2HPO4 (6.3 mM) and 438 

no KH2PO4. 439 

Strains. Mutant strains were derived from E. coli str. K-12 substr. MG1655. The wildtype strain 440 

served as the metabolic generalist for comparison with the mutant specialist strains. 441 

Producer guild strains. The lactate producer strain, E. coli str. ECOM4LA, was obtained from the 442 

Pålsson group (48). The strain was designed to prevent O2 uptake through deletions of three 443 

terminal oxidases (cbdAB, cydAB, and cyoABCD), as well as deletion of the quinol 444 

monooxygenase ygiN; O2 consumption was reduced ~60-fold and considered negligible. The 445 

strain was received in a frozen glycerol stock. Growth of the initial stock was slow, possibly due 446 

to freeze-thaw cycles. Thus, the stock was serially passaged by transferring during exponential 447 

growth phase to fresh conventional M9 media containing 4 g L-1 glucose. Samples were tested 448 

for growth rate periodically, and serial passaging was continued until growth rate plateaued 449 

(~120 generations). 450 
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The acetate producer, E. coli str. 409, was constructed from E. coli str. 307G100 (ΔaceA, 451 

ΔldhA, ΔfrdA) which was designed in a previous study (44). An additional deletion (atpF) was 452 

added to E. coli str. 307G100 using P1 viral transduction with the KEIO mutant library according 453 

to (37). E. coli str. 409 was designed to function similarly to the homoacetate producing strain 454 

reported in Causey et al. (46). The atpF gene deletion was confirmed with PCR (forward primer 455 

5’-GTTATGGGTCTGGTGGATGC-3’, reverse primer 5’-CGAACACCAAAGTGTAGAACGC-3’). 456 

Consumer guild strain. The consumer strain, E. coli str. 403, was previously constructed (44) to 457 

prevent glucose consumption by blocking the glucose phosphotransferase uptake system and 458 

phosphorylation of glucose via ptsG, ptsM, glk, and gcd deletions. This strain does not grow 459 

readily on glucose as the sole carbon source but is able to metabolize glucose at a slow base 460 

rate (0.016 h-1), whereas lactate and acetate are readily consumed in the presence of O2. 461 

Batch culturing. All cultures were grown at 37°C in a shaking incubator at 150 rpm. Frozen 462 

stock vials prepared from the same culture were used for all experiments. E. coli MG1655 and 463 

producer strain inocula were grown with 5 g L-1 glucose as the carbon source, and consumer 464 

strain inocula were grown with either 1 g L-1 sodium acetate or 2.8 g L-1 sodium lactate. 465 

Disposable test tubes containing 5 mL modified M9, pH 7.0, were inoculated from frozen stock 466 

and incubated until optical density at 600 nm (OD600) reached 0.2 – 0.4. Cultures were 467 

transferred into 25 mL modified M9, pH 7.0, in 250-mL borosilicate glass baffled shake flasks to 468 

an initial OD600 ~0.010 and grown until OD600 reached 0.2 – 0.4. Sufficient culture for inoculation 469 

was aliquoted into 15-mL Falcon tubes and pelleted at 4000 rpm for 10 minutes at 20°C. Cells 470 

were washed in an equal volume of low phosphate modified M9 containing 5 g L-1 glucose to 471 

remove metabolic byproducts and excess phosphate and were pelleted again. 100 mL 472 

experimental batch cultures of low phosphate modified M9 containing 5 g L-1 glucose were 473 

inoculated to an initial OD600 ~0.020. 500-mL borosilicate glass baffled shake flasks with silicone 474 

sponge closures were used to allow gas exchange with minimal evaporation. Consortia were 475 
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inoculated to an initial OD600 ~0.020 of producer and consumer each (to provide the same 476 

density of primary glucose-consuming strain in all conditions). 477 

Flasks were sampled aseptically approximately every doubling time; total culture volume was 478 

not reduced more than 20% by the end of the experiment. OD600 and pH were measured, and 479 

culture supernatant was frozen at -20°C for subsequent metabolite analysis. For consortia 480 

experiments, samples were also analyzed for producer and consumer populations. Samples 481 

were serially diluted 1:10 in phosphate buffered saline (PBS; 42.5 mg L-1 KH2PO4 and 405.5 mg 482 

L-1 MgCl2·6H2O) and drop plated (10 10-µL drops) on selective conventional M9 agar after the 483 

method of (63). Selective plates contained 15 g L-1 Noble agar (Affymetrix) to eliminate bacterial 484 

growth on carbon source contaminants available in the agar. The consumer was selected with 485 

either 1 g L-1 sodium lactate or 1 g L-1 sodium acetate, and the producer was selected with 1 g L-486 

1 glucose. In the lactate consortia experiments, both consumer and producer were found 487 

capable of growth on glucose agar plates due to the slower relative growth rate of the producer 488 

and the high yield of lactate. Therefore, the producer proportion of the population was estimated 489 

by subtracting the consumer counts on lactate agar from the total population (producer and 490 

consumer) counts on glucose agar. Experiments were performed with triplicate flasks for each 491 

condition along with an un-inoculated control flask carried through the entire inoculation and 492 

sampling procedure. 493 

Dry weight and colony-forming unit correlations. Correlation of OD600 to cell dry weight 494 

(cdw) was determined for the producer and consumer strains separately. Producer strains were 495 

grown in conventional M9 containing 4 g L-1 glucose, and the consumer strain was grown in 496 

conventional M9 containing 2.8 g L-1 lactate. Exponentially growing cultures were harvested on 497 

ice, pelleted at 4000 rpm for 20 minutes at 4°C in 50-mL Falcon tubes, re-suspended in an 498 

equal volume of carbon-free M9 to minimize lysis of cells, and pelleted again. The cultures were 499 

combined and concentrated into one tube, and a series of 12 dilutions ranging from OD600 0.25 500 
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to 2.5 was made using carbon-free M9 as the diluent. OD600 of each dilution was measured and 501 

recorded, and 5 mL of each dilution was aliquoted into a pre-dried and pre-weighed aluminum 502 

pan. Three aluminum pans contained 5 mL carbon-free M9 as a media control. Pans were 503 

placed in a drying oven at 80°C for 24 h and weighed. Samples were dried for an additional 24 h 504 

and weighed again to ensure that samples were completely dry. Biomass concentration was 505 

calculated from the difference in mass. Correlation curves were constructed by setting the mass 506 

of the media control as zero and adjusting the sample masses accordingly. The cdw correlation 507 

for E. coli MG1655 was obtained from (64). 508 

Colony-forming unit (CFU) to OD600 correlation curves were constructed in a similar manner. 509 

Exponentially growing cultures were harvested and a series of eight dilutions was made, 510 

ranging from OD600 0.010 – 0.275 for E. coli str. ECOM4LA and 0.010 – 1.1 for E. coli str. 403. 511 

OD600 was measured and recorded, and each dilution was serially diluted 1:10 in PBS and drop 512 

plated on LB agar (63). Plates were incubated overnight, counts from appropriate dilutions (3-30 513 

colonies within a drop) were recorded, and CFU mL-1 values were calculated. 514 

Metabolite analysis. Glucose consumption and organic acid secretion were monitored via high-515 

performance liquid chromatography (HPLC). An Agilent 1200 HPLC instrument was used with 516 

filtered (0.22 μm) 5 mM sulfuric acid as the mobile phase. Samples were stored in a chilled 517 

(4°C) autosampler during the run, and 20 µL sample injections were run on a Bio-Rad HPX-87H 518 

column operated at 45°C. Glucose was detected with refractive index detector (RID) with heater 519 

set at 40°C, and concentrations were normalized by fucose. Organic acids acetate and lactate 520 

were detected with variable wavelength detector (VWD). Cells were pelleted from samples and 521 

supernatant was frozen at -20°C until analysis, before which samples were filtered (0.45 μm) 522 

and prepared 1:1 (v/v) with 2x mobile phase containing fucose as an internal standard. 523 

Concentrations were quantified using calibration curves with limit of detection at 0.1 mM. 524 
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Formate and succinate standards were also measured, but significant levels were not detected 525 

in the samples.  526 

Kinetic expression modeling. A compendium of possible kinetic expressions to describe the 527 

inhibition effect of organic acids was identified (42) and examined against the lactate and 528 

acetate inhibition data both with and without glucose. Additionally, dual substrate models were 529 

explored to improve model fit for data with both glucose and lactate present in the medium (65), 530 

given the observation of co-consumption of the two compounds. Equations and parameters 531 

were defined in Python and the data were fit using the Levenberg-Marquardt algorithm in the 532 

SciPy library (scipy.org). Goodness-of-fit was assessed both visually and with the chi-square 533 

test function in SciPy. The Python fitting routines used are included in the supplementary 534 

material. 535 

To model the dynamics of consortia growth compared to producer and generalist monocultures, 536 

a set of ordinary differential equations describing growth, substrate and product concentrations, 537 

and pH, (based on acidification by organic acid byproducts and using a scaling factor to 538 

compensate for protons contributed by consumption of ammonium) was developed based on 539 

Monod kinetics. The ode45 solver in MATLAB to simulate batch growth. The model files and 540 

parameters used (derived from experimental data for the individual producer and consumer 541 

monocultures) are included in the supplementary material.  542 

Metabolic modeling. A published E. coli central metabolism model was used to quantify the 543 

metabolic efficiencies of the guilds (49, 50). Distinct guild models were created by inactivating 544 

the appropriate reactions. The in silico model was decomposed into elementary flux modes 545 

using CellNetAnalyzer v.2018.1 (66), and individual elementary flux modes were identified using 546 

Excel and the noted optimization criteria.  The in silico model can be found in the supplementary 547 

material. 548 
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 717 

FIGURE LEGENDS 718 

Figure 1. Inhibition of wildtype E. coli cultures as a function of organic acids, pH, and osmotic 719 

pressure. (A) and (B) E. coli specific growth rate in conventional M9 medium as a function of acetic acid 720 

and lactic acid concentration when the organic acids were the sole substrates. (A) Abscissa plots the total 721 

concentration of the metabolite (protonated (HA) and unprotonated (A
-
)). (B) Abscissa plots only the 722 

protonated metabolite (HA) concentration. Colored lines represent the specific growth rate predicted with 723 

best-fit models. Best fit equations and parameters listed in Table 1. (C) and (D) E. coli specific growth rate 724 

in conventional M9 medium as a function of acetic acid and lactic acid concentration when 56 mM 725 

glucose was added in addition to the organic acid. (A) Abscissa plots the total concentration of the 726 

metabolite (protonated (HA) and unprotonated (A
-
)). (B) Abscissa plots only the protonated metabolite 727 

(HA) concentration. Colored lines represent the specific growth rate predicted with best-fit models. Best fit 728 

equations and parameters are listed in Table 1. (E) Specific growth rate of E. coli cultures as a function of 729 

medium pH. Cultures grown in conventional M9 medium with 56 mM glucose as the sole carbon source 730 

(no added organic acids). (F) Effect of osmotic pressure on specific growth rate of E. coli cultures. Growth 731 

was tested at 1X, 1.5X, 2X, and 2.5X the concentration of conventional M9 medium components 732 

(converted to concentration of dissolved solutes with Visual MINTEQ 3.1). Each point represents the 733 

average of at least three biological replicates with error bars representing standard deviation. 734 
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Figure 2.  Schematic representations of the central metabolism of the five E. coli phenotypic 735 

guilds: generalist (Wild type), producer secreting acetic acid (ProdA), consumer catabolizing 736 

acetic acid (ConsA), producer secreting lactic acid (ProdL), and consumer catabolizing lactic acid 737 

(ConsL). Metabolite exchanges necessitate costs which are translated into fitness considerations for the 738 

five guilds including catabolic efficiency of relevant substrate, ATP opportunity costs for a guild 739 

phenotype, and  central metabolism proteome investment costs.  Numbers in figures refer to enzyme 740 

catalyzed reactions, see supplementary material for key. AA = amino acids, Cmol = carbon mole, mol = 741 

mole.   742 

Figure 3.  Wild type culture (generalist guild) properties as a function of initial medium pH. A) 743 

Biomass accumulation with time as a function of initial medium pH. B) Specific growth rate as a function 744 

of initial medium pH. C) pH as a function of time for cultures starting at different initial pH values. D) 745 

Acetic acid concentration as a function of time for cultures starting at different initial pH values. Error bars 746 

represent the standard deviation of three biological samples. 747 

Figure 4.  Acetic acid exchanging (AAE) consortium as a function of initial pH. A) Consortium 748 

biomass concentration with time for four different initial medium pH values. B) Consortium specific growth 749 

rate as a function of initial medium pH. C) Medium pH with time as a function of initial medium pH. D) 750 

Comparison of AAE consortium to acetic acid producer (ProdA) monoculture as a function of initial pH. E) 751 

Acetic acid concentration with time as a function of initial medium pH. F) Cell fraction of ProdA guild to 752 

ConsA guild with time as a function of initial medium pH. Data is mean of three biological replicates which 753 

error bars representing standard deviation. 754 

Figure 5.  Lactic acid exchanging (LAE) consortium as a function of initial pH. A) Consortium 755 

biomass concentration with time for four different initial pH values. Note the upper time axis for the culture 756 

with an initial pH of 7.5. B) Consortium specific growth rate as a function of initial medium pH. C) pH with 757 

time as a function of initial medium pH. D) Comparison of LAE consortium to lactic acid producer (ProdL) 758 

monoculture as a function of initial pH. E) Lactic acid concentration with time as a function of initial 759 

medium pH. F) Cell fraction of ProdL guild to ConsL guild with time as a function of initial medium pH. 760 

Data is mean of three biological replicates which error bars representing standard deviation. 761 
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 762 

Figure 6.  Lactic acid exchanging (LAE) consortium as a function of different initial guild ratios. A) 763 

Consortium biomass concentration with time for different initial guild cell ratios. B) Medium pH with time 764 

as a function of different initial guild cell ratios. C) Lactic acid concentration with time for different initial 765 

guild cell ratios. D) Cell fraction of ProdL guild to ConsL guild with time as a function of initial cellular 766 

ratios. F) Acetic acid concentration with time as a function of initial guild ratios.  767 

Figure 7.  Summary of fitness metrics for organic acid exchanging consortia compared to 768 

producer monocultures and wild type monocultures.  A) Total glucose consumed during batch 769 

growth. B) Biomass (g cdw) produced per mole H
+
 accumulated in medium. C) Final biomass 770 

concentration (g cdw L
-1

) at stationary phase. D) Biomass yield on glucose (g cdw (g glucose)
-1

). Each 771 

circle represents one biological sample. Mean values for each condition denoted with line. cdw = cell dry 772 

weight. 773 

Figure 8.  Fitness metrics for lactic acid exchanging (LAE) consortium compared to wild type 774 

generalist in highly buffered M9 medium. A) Total glucose consumed during batch growth. B) Biomass 775 

(g cdw) produced per mole H
+
 accumulated in medium. C) Final biomass concentration (g cdw L

-1
) at 776 

stationary phase. D) Biomass yield on glucose (g cdw (g glucose)
-1

). Each circle represents one biological 777 

sample. Mean value for each condition denoted with line. cdw = cell dry weight. 778 

 779 

  780 
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TABLES 781 

Table 1. Best-fit expressions and parameters used to model organic acid growth and inhibition kinetics for 782 
wild type E. coli. 783 
 784 
Condition Best-fit Expression Parameters 

Acetic acid as 
sole substrate 

𝜇 = 𝜇𝐶 (
𝐴

𝐾𝐺+𝐴
) 𝑒

−
𝐴

𝐾𝐼, 

where 𝜇 is growth rate (h
-1

) and 

𝐴 is concentration of protonated acetate (mM) 

𝜇𝐶 = 0.470 h
-1

, 

𝐾𝐺 = 0.0948 mM, and 

𝐾𝐼 = 0.669 mM 

Lactic acid as 
sole substrate  

𝜇 = 𝜇𝐶 (
𝐿

𝐾𝐺+𝐿
) 𝑒

−
𝐿

𝐾𝐼, 

where 𝜇 is growth rate (h
-1

) and 

𝐿 is concentration of protonated lactate (mM) 

𝜇𝐶 = 0.485 h
-1

,  

𝐾𝐺 = 0.0034 mM, and 

𝐾𝐼 = 0.339 mM 

Acetic acid with 
glucose 

𝜇 = 𝜇𝐶 (
𝐺

𝐾𝐺+𝐺
) 𝑒−𝐾𝐴, 

where 𝜇 is growth rate (h
-1

), 

𝐺 is concentration of glucose (set to 56 mM), and 

𝐴 is concentration of protonated acetate (mM) 

𝜇𝐶 = 0.974 h
-1

, 

𝐾𝐺 = 27.29 mM, and 

𝐾 = 1.365 mM 

Lactic acid with 
glucose 

𝜇 = 𝜇𝑚𝑎𝑥 [(
𝐺

𝐾𝐺+𝐺
) + (

𝐿

𝐾𝐿+𝐿
)] 𝑒−𝛼𝐿, where 𝜇 is growth rate 

(h
-1

), 

𝐺 is concentration of glucose (set to 56 mM), and 

𝐿 is concentration of protonated lactate (mM) 

𝜇𝑚𝑎𝑥 = 0.767 h
-1

, 

𝐾𝐺 = 7.051 mM, 

𝐾𝐿 = 0.115 mM, and 

𝛼 = 4.6 mmol
-1

 

pH 

𝜇 = 𝜇𝑚𝑎𝑥 (1 −
𝐻

𝐻∗
), 

where 𝜇 is growth rate (h
-1

), and 

𝐻 is concentration of protons (M) 

𝜇𝑚𝑎𝑥 = 0.665 h
-1

, and 

𝐻∗ = 10
-4.4

 M (critical 
threshold above which 
growth is not possible)  

 785 

 786 
  787 
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Table 2. Physiological properties of E. coli generalist and producer/consumer guilds in monoculture. 788 
Measurements were obtained from growth on conventional M9 medium containing 4 g L

-1
 glucose (for 789 

generalist and producer specialists) or 1 g L
-1

 sodium acetate or 2.8 g L
-1

 sodium lactate for consumer 790 
specialists. 791 
 792 
 Generalist 

(WT) 
Acetate Producer 

(ProdA) 
Lactate Producer 

(ProdL) 
Consumer 

(ConsA/ConsL) 

Carbon source Glucose (n=4) Glucose (n=3) Glucose (n=9) 
Acetic acid (n=2) / 
Lactic acid (n=9) 

Maximum growth 
rate 

0.65 h
-1 

± 0.01 0.54 h
-1

 ± 0.007 0.24 h
-1

 ± 0.003 
0.14 h

-1
 ± 0.003 / 

0.41 h
-1

 ± 0.01  

Biomass yield 
0.43 g biomass 
per g glucose ± 
0.02 

0.20 g biomass 
per g glucose ± 
0.01 

0.05 g biomass 
per g glucose ± 
0.001 

0.24 g biomass per 
g acetic acid ± 
0.005 / 

0.48 g biomass per 
g lactic acid ± 0.01 

Organic 
byproduct yield  

0.11 g acetic acid 
per g glucose ± 
0.01 

0.34 g acetic acid 
per g glucose ± 
0.004 

0.86 g lactic acid 
per g glucose ± 
0.01 

NA 

Notes: the consumer guild is capable of growth on glucose but at a very low rate (0.016 h
-1

). The lactic 793 
acid producer accumulates minor amounts of acetic acid (< 0.06 g/L) and succinic acid (< 0.12 g/L) in 794 
addition to lactic acid during stationary phase, which aligns with results reported in (48). 795 

 796 

 797 

 798 
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Figure 5. 819 

 820 

  821 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted January 21, 2022. ; https://doi.org/10.1101/2022.01.19.477024doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.19.477024
http://creativecommons.org/licenses/by-nc-nd/4.0/


38 

 

 822 

 823 

Figure 6. 824 
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Figure 7. 829 
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Figure 8. 834 
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