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Abstract 24 

The long-term success of introduced populations depends on their initial size and ability 25 

to compete against existing residents, but it remains unclear how these factors 26 

collectively shape colonization. Here, we investigate how initial population (propagule) 27 

size and resource competition interact during community coalescence by systematically 28 

mixing eight pairs of in vitro microbial communities at ratios that vary over six orders of 29 

magnitude, and we compare our results to a neutral ecological model. Although the 30 

composition of the resulting co-cultures deviated substantially from neutral expectations, 31 

each co-culture contained species whose relative abundance depended on propagule 32 

size even after ~40 generations of growth. Using a consumer-resource model, we show 33 

that this dose-dependent colonization can arise when resident and introduced species 34 

have high niche overlap and consume shared resources at similar rates. This model 35 

predicts that propagule size will have larger, longer-lasting effects in diverse 36 

communities in which niche overlap is higher, and we experimentally confirm that strain 37 

isolates show stronger dose dependence when introduced into diverse communities 38 

than in pairwise co-culture. This work shows how neutral-like colonization dynamics can 39 

emerge from non-neutral resource competition and have lasting effects on the 40 

outcomes of community coalescence.  41 
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Introduction 42 

Colonization by new species plays a major role in shaping community composition and 43 

function, but the outcomes of species introductions are notoriously difficult to predict1–7. 44 

To colonize, a species must disperse from its original population8–10, overcome the 45 

stochastic effects of ecological drift11,12, and compete successfully against resident 46 

species for a niche in the community13–17. Models of community assembly place 47 

different emphasis on the role of neutral forces—namely, dispersal and ecological 48 

drift—compared to competition15,18,19, and it remains unclear how these neutral and 49 

non-neutral forces interact to shape colonization outcomes. 50 

 51 

Ecological models differ especially in their predictions about how colonization outcomes 52 

depend on the size and frequency of introduced populations, together known as 53 

propagule pressure5,20. The neutral theory of biodiversity, which assumes that species 54 

are ecologically equivalent, predicts that the abundance of an introduced species will 55 

remain proportional to its initial propagule size15,18,21. In contrast, in classical consumer-56 

resource models, each introduced species reaches an equilibrium abundance 57 

determined by its competitive ability, regardless of its initial abundance19,22. 58 

Investigating the effect of propagule size therefore provides an opportunity to quantify 59 

the impact of neutral and non-neutral forces on colonization. 60 

 61 

So far, empirical studies have come to contradictory conclusions about the effect of 62 

propagule size on colonization. Large propagule size is often associated with successful 63 

colonization23–27, consistent with neutral expectations. However, there are many cases 64 
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in which large propagules fail to colonize or small propagules successfully 65 

establish5,20,21,28–34, showing that propagule size is not always the main determinant of 66 

colonization success. Many of these studies focus on the introduction of a small number 67 

of species24–26,28,31,32,34, making it difficult to generalize their conclusions across species 68 

and community contexts. Resolving these discrepancies requires systematic, large-69 

scale quantification of the effect of propagule size. 70 

 71 

To address this gap, we investigated the impact of propagule size on colonization 72 

during coalescence of in vitro gut microbial communities. Understanding the effect of 73 

propagule size in the human gut is important for designing microbiome therapeutics35,36, 74 

but prior studies have come to inconsistent conclusions about how inoculation dose 75 

affects the outcome of probiotic introductions and fecal microbiota transplants37–42. To 76 

investigate propagule size in a more tractable, laboratory setting, we used stool-derived 77 

in vitro communities, which are stable, diverse, reproducible models of the gut 78 

microbiome that can recapitulate in vivo responses to perturbation22,43–47. We mixed 79 

pairs of in vitro communities at ratios that varied over six orders of magnitude, allowing 80 

us to observe the outcomes of hundreds of species introductions at once. By combining 81 

these experiments with consumer-resource modeling, we show how resource 82 

competition can amplify the effects of initial population size in complex communities, 83 

with lasting effects on the outcomes of community coalescence16,48.  84 
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Results 85 

 86 

Diversity and composition of co-culture communities vary across mixture ratios 87 

but deviate from neutral predictions 88 

We performed coalescence experiments in vitro using a set of diverse, stable 89 

communities of gut microbes. Following a previously established protocol46, we derived 90 

these communities from stool samples of eight healthy human subjects and passaged 91 

them 15 times with a 1:200 dilution in fresh modified Brain Heart Infusion + mucin 92 

(mBHI+mucin) medium every 48 h (Fig. 1a, Methods). To assess community 93 

composition, we performed 16S rRNA gene amplicon sequencing on multiple passages 94 

from each community and tracked the relative abundances of amplicon sequence 95 

variants (ASVs, a rough taxonomic equivalent of species). Community diversity 96 

decreased in the first few passages after initial laboratory inoculation (Fig. 1b, 97 

Extended Data Fig. 1a,b), likely because some taxa in the inoculum were nonviable or 98 

were outcompeted during in vitro passaging. Nonetheless, diversity stabilized after ~3 99 

passages, and most communities thereafter contained ASVs that comprised >50% of 100 

the relative abundance of the stool inoculum (Extended Data Fig. 1c-f). Thus, these 101 

stool-derived in vitro communities are diverse and stable models of stool microbiotas 102 

that can be used to study ecological interactions among gut microbes. 103 

 104 

To systematically assess the effects of initial propagule size on colonization, we mixed 105 

eight pairs of in vitro “parent” communities at seven mixture ratios ranging from 1000:1 106 

to 1:1000 (Fig. 1c, Extended Data Fig. 2, Table S1). We co-cultured mixtures in 107 

triplicate for five passages to allow composition to re-equilibrate, and we passaged two 108 
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replicates of each parent community alongside to allow for comparison. To assess the 109 

impact of propagule size on community composition and the colonization of individual 110 

species, we compared our data to the predictions of ecological neutral theory15,18,21. We 111 

computationally generated a set of theoretical co-cultures whose composition was 112 

determined by the propagule size of each species in the initial mixture (Extended Data 113 

Fig. 3a-c), and we quantified the similarity of our data to these theoretical communities. 114 

 115 

Under neutral expectations, co-culture diversity should be maximal at the 1:1 mixture 116 

ratio. However, we found that experimental co-cultures consistently maintained 117 

diversities similar to or lower than one of the parent communities (Fig. 1d, Extended 118 

Data Fig. 4). This finding suggests that non-neutral competition occurs during 119 

community coalescence, preventing the neutral coexistence of all species. We also 120 

compared each experimental co-culture to its corresponding theoretical co-culture using 121 

the Jensen-Shannon divergence (JSD, Methods). Co-cultures consistently differed from 122 

the corresponding neutral theoretical expectation at every mixture ratio (Fig. 1e, 123 

Extended Data Fig. 5), as we observed with community diversity. Despite these 124 

deviations from neutral predictions, the composition of many, though not all, co-cultures 125 

varied substantially across mixture ratios (Fig. 1e, Extended Data Fig. 5), highlighting 126 

the continued impact of propagule size after ~40 generations of growth. These patterns 127 

of composition suggest that neither neutral theory nor consumer-resource models alone 128 

can fully predict the varied outcomes of community coalescence. 129 

 130 
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Dose-dependent colonizers are present in every community mixture 131 

To investigate how the behaviors of individual species give rise to non-neutral but 132 

propagule size-dependent patterns of community composition, we examined 133 

colonization outcomes at the ASV level. We compared the relative abundance of each 134 

ASV in experimental co-cultures after five passages to the neutral theoretical prediction 135 

determined solely by its propagule size in the initial mixture (Extended Data Fig. 6). In 136 

contrast to neutral predictions, many ASVs that started at higher abundance in one 137 

parent community maintained a consistently high or low relative abundance across 138 

mixture ratios in experimental co-cultures (n=32 (7.8%) of the 410 ASVs above the limit 139 

of detection, Methods; Fig. 2a, Extended Data Fig. 6, 7a,b). We classified these dose-140 

independent ASVs as strong or weak colonizers depending on whether their 141 

experimental relative abundance was greater or less than the neutral prediction, 142 

respectively. For these strong and weak colonizers, deviations from neutral predictions 143 

likely reflect competitive advantages or disadvantages that ultimately outweighed the 144 

effects of propagule size. 145 

 146 

In contrast, many of the remaining ASVs exhibited dose-dependent colonization, with 147 

relative abundances that varied systematically across mixture ratios (n=43/410, 10.5%, 148 

Fig. 2b, Extended Data Fig. 6, 7c). Dose-dependent colonizers were present in every 149 

community mixture (Fig. 2c) and accounted for up to 20% of co-culture relative 150 

abundance at the 1:1 mixture ratio (Fig. 2d). Most of the remaining abundance was 151 

composed of resident ASVs, which were present at approximately the same relative 152 

abundance in both parent communities and across all mixture ratios (n=175/410, 42.7%, 153 
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Fig. 2e, Extended Data Fig. 6, 8a), or by noisy ASVs whose relative abundance 154 

changed non-monotonically across mixture ratios (n=160/410, 39.0%, Fig. 2f, 155 

Extended Data Fig. 6, 8b). The prevalence of dose dependence among these varied 156 

colonization behaviors demonstrates that propagule size can influence the colonization 157 

of a sizeable fraction of species in each community during coalescence, even when 158 

communities show substantial deviations from neutral composition (Fig. 1e, Fig. 2c,d). 159 

Intriguingly, most ASVs exhibited distinct colonization patterns across co-cultures and 160 

relative to closely related taxa (Fig. 2g, Methods), suggesting that these patterns were 161 

influenced more strongly by community context than by species identity or phylogeny. 162 

Taken together, these behaviors reveal that species in the same co-cultures can exhibit 163 

varying levels of dependence on initial conditions. 164 

 165 

Transient dose dependence arises from high niche overlap in a consumer-166 

resource model 167 

We next sought to determine how the combination of neutral and non-neutral forces in 168 

each mixture leads to dose-dependent colonization patterns. In the D1/D2 co-cultures, 169 

we identified three dose-dependent Lactococcus and Enterococcus colonizers from the 170 

D1 parent community. The relative abundances of these ASVs were approximately 171 

anticorrelated with those of another dose-dependent Lactococcus from the D2 172 

community (Fig. 3a). This observation led us to hypothesize that dose dependence 173 

could arise from competition between phylogenetically related taxa that occupy 174 

overlapping niches. 175 

 176 
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We used a standard consumer-resource model19 to investigate the conditions under 177 

which competition for shared resources could give rise to neutral-like colonization 178 

(Methods). We first studied a system in which two species compete for a set of three 179 

common resources: 𝜇ଵ, 𝜇ଶ, and 𝜇ଵଶ (Fig. 3b). Two of these resources, 𝜇ଵ and 𝜇ଶ, are 180 

consumed exclusively by species 1 and 2, respectively, and the third resource, 𝜇ଵଶ, is 181 

consumed by both species at equal rates (𝑅ଵ,ଵଶ = 𝑅ଶ,ଵଶ). We investigated how the niche 182 

overlap of species 1 with species 2, defined as γଵଶ =
ఓభమ

ఓభାఓభమ
, would affect the 183 

colonization behavior of these two species. We varied γଵଶ from 0.025 to 1 while 184 

maintaining the same amount of unique resources for each species (𝜇ଵ = 𝜇ଶ). We 185 

initialized the abundances of the two species at ratios from 1000:1 to 1:1000, as in our 186 

community coalescence experiments, and we simulated the model to test how species 187 

abundances would change over five passages. 188 

 189 

In this system, the dose dependence of both species increased with the amount of 190 

overlap between their niches (Figure 3c). For example, when niche overlap was low 191 

(γଵଶ = 0.75), the two species rapidly reached consistent relative abundances across 192 

mixture ratios (Figure 3c). By contrast, when niche overlap was high (γଵଶ = 0.975), the 193 

relative abundance of both species remained dose dependent, varying by ~20-fold 194 

between the 1000:1 and 1:1000 mixture ratios after three passages (Figure 3c), 195 

consistent with the magnitude of dose dependence that we often observed during 196 

community coalescence (Fig. 2b, Fig. 3a). Similar levels of dose dependence were 197 

present even when the consumption rate of the shared resource varied by ~10% 198 

relative to that of the unique resource (Extended Data Fig. 9a). These results show that 199 
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neutral-like colonization can arise when the growth of two species is dominated by their 200 

consumption of shared resources. 201 

 202 

Although these species showed dose dependence when niche overlap was high, the 203 

magnitude of this dose dependence declined over time (Fig. 3c,d). For example, when 204 

γଵଶ = 0.975, the dose dependence of the two species declined from ~20-fold to ~10-fold 205 

from passage three to passage five (Fig. 3c). This declining dose dependence was 206 

consistent with decreases in dose dependence over passages that we observed 207 

experimentally for some ASVs during community coalescence (Extended Data Fig. 208 

9b). Taken together, our model suggests that high niche overlap can slow a 209 

community’s convergence to equilibrium, creating transient, neutral-like colonization 210 

dynamics. 211 

 212 

Strain isolates show less dose dependence in pairwise mixtures than during 213 

community coalescence 214 

Based on the predictions of our consumer-resource model, we hypothesized that the 215 

Lactococcus and Enterococcus species that showed dose-dependent colonization in the 216 

D1/D2 co-cultures had high levels of niche overlap that would lead them to show 217 

neutral-like colonization in pairwise mixtures as well. To test this prediction, we isolated 218 

representatives of these ASVs (Methods). We performed Sanger sequencing of the 219 

16S rRNA gene and whole-genome sequencing (Methods) to identify the strains from 220 

the D1 community as Lactococcus garvieae, Enterococcus faecalis, and Enterococcus 221 

casseliflavus, and the strain from the D2 community as Lactococcus lactis (Fig. 4a). 222 
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These strains exhibited similar maximum growth rates in monoculture, although small 223 

differences in growth dynamics suggested the potential for distinct profiles of resource 224 

utilization (Fig. 4a). 225 

 226 

We performed a set of pairwise mixtures of L. lactis (from community D2) with the 227 

strains isolated from community D1 at ratios from 1000:1 to 1:1000 (Fig. 4b-d). Most 228 

strains exhibited some degree of dose-dependent colonization after three passages, 229 

suggesting that their niches overlapped to some degree (Fig. 4b-d). However, after five 230 

passages, each strain reached a constant relative abundance across mixture ratios 231 

(Fig. 4b-d). This lack of dose dependence contrasted with their behavior in the D1/D2 232 

co-cultures, in which dose dependence was maintained even after five passages (Fig. 233 

3a). This discrepancy suggests that pairwise strain mixtures are unlikely to exhibit the 234 

same magnitude and duration of neutral-like colonization that we observed during 235 

coalescence of more complex communities. 236 

 237 

Dose dependence is enhanced in mixtures of more diverse communities 238 

We used our consumer-resource model to investigate how colonization dynamics would 239 

be affected by the addition of a third species with overlapping niches. We introduced a 240 

third species into the model that consumes a unique resource initialized each passage 241 

at the same level as the other resources (i.e., 𝜇ଷ = 𝜇ଶ, Fig. 5a). Species 3 also 242 

competes with species 1 for a fraction 𝛽 of resource 𝜇ଵ, which it consumes at relative 243 

rate 𝑟 compared to species 1. We varied 𝛽 while keeping 𝑟 constant (Fig. 5b) and vice 244 

versa (Extended Data Fig. 9c), initializing the abundances of species 1 and 2 at a 245 
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range of ratios from 1000:1 to 1:1000 as before, and we set the abundance of species 3 246 

equal to that of species 2 as if they were members of the same community. We 247 

simulated the model to investigate how species abundances changed over five 248 

passages. 249 

 250 

In this three-species model, species 1 showed higher dose dependence as its niche 251 

overlap with species 3 increased (Fig. 5b). When species 3 had minimal niche overlap 252 

with species 1 (𝛽 = 0.1, Fig. 5b) or was a weak competitor (𝑟 ≪ 1, Extended Data Fig. 253 

9c), species 1 showed similar levels of dose dependence as when species 3 was 254 

absent (Fig. 3c), as expected. However, when niche overlap was high (𝛽 > 0.5) and 255 

species 3 was a strong competitor (𝑟 ≫ 1), species 3 effectively outcompeted species 1 256 

for the use of their shared resources (Fig. 5b, Extended Data Fig. 9c). Under these 257 

conditions, the dose dependence of species 1 increased substantially due to its 258 

increased reliance on the resource shared with species 2 (Fig. 5b, Extended Data Fig. 259 

9c). At the same time, the dose dependence of species 2 was essentially unaffected by 260 

the amount of niche overlap between species 1 and 3, showing that the addition of new 261 

species does not necessarily alter the colonization behavior of all community members 262 

(Fig. 5b, Extended Data Fig. 9c). Together, these results predict that neutral-like 263 

colonization dynamics should be longer-lasting and more pronounced in diverse 264 

communities, in which competition with multiple species limits the unique resources 265 

available for any species. 266 

 267 
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To test this prediction, we introduced the L. lactis strain into an equal mixture of E. 268 

faecalis and E. casseliflavus at ratios from 1000:1 to 1:1000. Consistent with our 269 

prediction, after three passages, the degree of dose dependence exhibited by L. lactis 270 

increased to ~200-fold (Fig. 5c) from ~60-fold in pairwise co-cultures (Fig. 4b,c), while 271 

neither E. faecalis nor E. casselifavus exhibited dose-dependent colonization (Fig. 5c). 272 

After five passages, none of the three strains exhibited dose dependence (Fig. 5c). 273 

These results support our model’s prediction that the addition of a new species can 274 

create more pronounced neutral-like colonization dynamics, even if dose dependence 275 

still declines more rapidly than during coalescence of complex communities. 276 

 277 

To test the prediction that introducing strains into a more diverse community would 278 

increase the magnitude and duration of dose dependence, we performed a set of strain-279 

community mixtures in which we mixed each of the two Enterococcus and Lactococcus 280 

strains into the D1 or D2 communities at ratios from 1000:1 to 1:1000 (Fig. 5d,e, 281 

Extended Data Fig. 10). In striking contrast to the pairwise and three-strain mixtures, a 282 

subset of strains in each strain-community mixture showed dose dependence after five 283 

passages (Fig. 5d,e, Extended Data Fig. 10). For instance, E. casseliflavus and L. 284 

lactis were no longer dose dependent after the fifth passage in pairwise co-cultures 285 

(Fig. 4c). However, when L. lactis was introduced into the D1 community, both strains 286 

exhibited dose dependence after five passages, varying by ~10-fold in relative 287 

abundance across all mixture ratios (Fig. 5d). Similarly, when L. garvieae was 288 

introduced into the D2 community, it showed complementary patterns of dose 289 

dependence with L. lactis, even though E. casseliflavus remained at constant relative 290 
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abundance across mixture ratios (Fig. 5e, Extended Data Fig. 10c). Together, these 291 

results demonstrate that dose dependence can increase with community diversity. 292 

These findings are consistent with the model prediction that the presence of additional 293 

species increases niche overlap, prolonging the effect of initial propagule size and 294 

creating neutral-like colonization dynamics.   295 
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Discussion 296 

In this study, we quantified the effect of propagule size on hundreds of simultaneous 297 

colonization events during community coalescence, and we compared the resulting co-298 

cultures to neutral ecological predictions. Community composition deviated 299 

systematically from neutral predictions, but initial population size had a strong effect on 300 

colonization for a subset of species in each mixture, even after ~40 generations of 301 

competition. Using a consumer-resource model, we showed that this dose-dependent 302 

colonization can arise from non-neutral competition for shared resources. These 303 

neutral-like dynamics frequently emerge in diverse communities due to high niche 304 

overlap among community members, even in the absence of more complex phenomena 305 

like resource fluctuations49,50, spatial structure51,52, and environmental modification7,14. 306 

 307 

Our model provides an explanation for how neutral-like colonization can occur in a 308 

community dominated by non-neutral competition. When considering either neutral 309 

theory18,53 or resource competition alone49,54, all species in a community are expected to 310 

show the same colonization dynamics. However, we observed both neutral-like and 311 

non-neutral colonization dynamics in each community mixture. Our model explains this 312 

co-occurrence by showing that neutral-like behavior is neither an intrinsic property of a 313 

species, nor of the community as a whole. Instead, neutral-like dynamics are emergent 314 

phenomena55–58 that arise from non-neutral competitive interactions among subsets of 315 

community members. 316 

 317 
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Another feature of our model is that neutral-like colonization dynamics are transient: 318 

communities eventually converge to a stable equilibrium, as in classical consumer-319 

resource models19. However, both our model and experiments show that neutral-like 320 

dynamics can persist for ~40 generations. The timescales of these transient states59–61 321 

may be long enough for introduced species to affect community composition and 322 

function60,62,63, induce shifts between alternative states50,64, and alter the outcomes of 323 

subsequent species introductions14,65–68—even if the initial species introductions are 324 

ultimately unsuccessful.  325 

 326 

Our findings have several implications for the design of ecological interventions like 327 

microbiome therapeutics35 and agricultural inoculants69. We showed that introduced 328 

species often have higher levels of dose dependence in diverse communities, meaning 329 

that experiments with small, model communities may systematically underestimate the 330 

effects of propagule size in more diverse, natural contexts. Our model also explains why 331 

the same species can show varying levels of dose dependence in different community 332 

contexts, which may explain why previous studies have come to contradictory 333 

conclusions about how propagule size affects colonization success5,20,26,30,33,34,37. 334 

 335 

This work identifies niche overlap as the main reason propagule size has stronger 336 

impacts on colonization in more diverse communities. While niche overlap is 337 

challenging to measure, it is often higher among closely related species, which tend to 338 

consume more similar resources70–72. We might therefore expect higher levels of dose 339 

dependence when introduced species are taxonomically related to existing residents, as 340 
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our Lactococcus and Enterococcus example illustrates. However, more precise 341 

methods to quantify resource utilization, such as metabolomics22,71,73,74, may be 342 

necessary to accurately predict niche overlap in microbial communities. Future studies 343 

that combine controlled colonization experiments with metabolomics of microbial 344 

isolates will improve our ability to predict how neutral forces like propagule size impact 345 

colonization.  346 
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Materials and Methods 347 

 348 

Data availability 349 

Sequencing data will be made publicly available from the NCBI SRA upon manuscript 350 

publication. 351 

 352 

Code availability 353 

The computer code that performs the analysis is available at 354 

https://github.com/DoranG1/dose-dependent-colonization. 355 

 356 

Collection of stool samples from human subjects 357 

Stool samples were collected as a part of a study75 approved by the Stanford University 358 

Institutional Review Board under Protocol 54715. Informed written consent was 359 

obtained from all participants. Samples were provided by healthy, non-pregnant adults 360 

living with at least one roommate or housemate. At least two participants were recruited 361 

to provide samples from each household, one of whom took a five-day course of the 362 

antibiotic ciprofloxacin during sampling. Subjects collected stool samples in sterile 363 

plastic tubes and froze them immediately at -20°C inside multiple layers of insulating 364 

protection. Samples were transported to the laboratory on dry ice within six weeks of 365 

collection and were stored at -80°C. For this study, we derived in vitro communities from 366 

the last pre-antibiotic stool sample collected by eight study subjects from four household 367 

pairs. These eight subjects lived in the San Francisco Bay Area and ranged from 25-30 368 

years old. 369 
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 370 

Derivation of top-down in vitro communities 371 

To obtain stool fragments for inoculation of in vitro communities, we used a Basque 372 

Engineering CXT 353 Benchtop Frozen Aliquotter to drill cores from the frozen stool 373 

samples of eight study subjects: A1, A2, B1, B2, C1, C2, D1, and D2 (Table S1). Cores 374 

were kept frozen by immersing the drill area in liquid nitrogen and were stored at -80 °C 375 

after drilling.  376 

 377 

We generated in vitro communities following methods established in our previous 378 

studies46,47. All steps of community inoculation and passaging were performed in an 379 

anaerobic chamber (Coy Instruments), using sterilized pipette tips. First, a 50-mg 380 

fragment of each stool core was resuspended in 500 µL of filter-sterilized PBS. Next, 20 381 

µL of the stool resuspension were added to 180 µL of Brain Heart Infusion (BHI, BD 382 

Biosciences 237200) supplemented with 0.2 mg/mL L-tryptophan, 1 mg/mL L-arginine, 383 

0.5 mg/mL L-cysteine, 5 µg/mL vitamin K, 1 µg/mL haemin, and 5 g/mL mucin (referred 384 

to here as mBHI+mucin) in a flat-bottom 96-well plate (Greiner Bio-One 655161). Each 385 

sample was inoculated as three replicates in separate wells. All media were autoclaved 386 

before inoculation to ensure sterility. 387 

 388 

After inoculation, communities were grown at 37 °C in the anaerobic chamber and 389 

passaged every 48 h by transferring 1 µL of saturated culture into a new 96-well plate 390 

containing 199 µL of fresh mBHI+mucin. We passaged each community 15 times and 391 
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stored each plate of saturated cultures at -80 °C after passaging by mixing 100 µL of 392 

saturated culture with 100 µL of 50% filter-sterilized glycerol. 393 

 394 

Whole community mixtures 395 

We thawed glycerol stocks of one replicate of each community from passage 15 and 396 

reinoculated these cultures in an anaerobic chamber (Coy Instruments) by adding 3 µL 397 

of glycerol stock to 197 µL of mBHI+mucin. These communities were grown at 37 °C for 398 

48 h. 399 

 400 

To create community mixtures, we first generated a dilution series of each of the 401 

unmixed parent communities. Fresh mBHI+mucin was added to each saturated culture 402 

to create communities with concentrations 1/10, 1/100, and 1/1000 of the parent 403 

community. We generated each dilution in triplicate from the single replicate of each 404 

parent community, resulting in 24 communities for each dilution factor from the eight 405 

parent communities, and 72 dilution communities in total across all three dilution factors.  406 

 407 

To generate each pairwise mixture, we added 1 µL of each dilution community to 1 µL 408 

of another parent community and 198 µL of fresh mBHI+mucin. We mixed communities 409 

in eight combinations: A1/A2, B1/B2, C1/C2, D1/D2, A1/B1, B1/C1, C1/D1, and D1/A1. 410 

Four pairs of communities (A1/A2, B1/B2, C1/C2, D1/D2) were derived from subjects 411 

from the same household, while the other four mixtures (A1/B1, B1/C1, C1/D1, D1/A1) 412 

involved communities from different households. Each pair of communities was mixed 413 

at seven ratios: 1000:1, 100:1, 10:1, 1:1, 1:10, 1:100, and 1:1000. Each mixture was 414 
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passaged in triplicate. This protocol resulted in 168 co-culture communities (8 mixtures 415 

× 7 ratios × 3 replicates), which were passaged in two flat-bottom 96 well plates. We 416 

also inoculated 2 µL of each undiluted parent community in 198 µL of mBHI+mucin in 417 

duplicate, comprising 16 unmixed control parent communities. The four corners of each 418 

96-well plate were filled with 200 µL of mBHI+mucin as blank controls to monitor 419 

contamination. 420 

 421 

Both 96-well plates containing mixture co-cultures and unmixed control communities 422 

were grown at 37 °C and passaged every 48 h five times by adding 1 µL of saturated 423 

culture to 199 µL of mBHI+mucin. Saturated cultures from each passage were stored at 424 

-80 °C. 425 

 426 

16S rRNA gene sequencing 427 

DNA was extracted from 50 µL of each community from each mixture using the Qiagen 428 

DNeasy Ultraclean 96 Microbial Kit (Qiagen 10196-4) according to the manufacturer’s 429 

instructions. Extracted DNA was stored at -20 °C. 430 

 431 

We performed 16S rRNA gene amplicon sequencing targeted to the V4 region. 432 

Extracted DNA was amplified using primers modified from the Earth Microbiome Project 433 

spanning 515F–806R, with gene-specific sequences GTGYCAGCMGCCGCGGTAA for 434 

the forward primer and GGACTACNVGGGTWTCTAAT for the reverse primer76,77. The 435 

16S region was amplified using 27 cycles of PCR with an annealing temperature of 50 436 

°C, and successful amplification of the 16S region was confirmed using gel 437 
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electrophoresis. Sequencing primers were attached using 10 cycles of PCR with an 438 

annealing temperature of 54 °C. Excess primer was removed using a 0.8X Ampure 439 

bead cleanup. Libraries were pooled to contain equal volume from each sample and 440 

sequenced using an Illumina NovaSeq SP at the DNA Services Lab, Roy J. Carver 441 

Biotechnology Center, University of Illinois at Urbana-Champaign.  442 

 443 

Raw reads were annotated and demultiplexed using UMI-tools78, and primer and 444 

adapter sequences were trimmed using cutadapt79. To remove the blank media 445 

controls, samples with <100 reads were excluded. DADA280 was used to filter and 446 

truncate reads and to assign amplicon sequence variant (ASV) taxonomy based on the 447 

SILVA (release 138) reference database81, and to obtain a phylogeny of all ASVs. 448 

 449 

Our final community coalescence dataset contained 91,504,441 reads with a median of 450 

201,425 reads (standard deviation 69,902) per non-blank sample. Two samples in our 451 

dataset (A1 replicate 1 from passage 3, and D1/A1 100:1 replicate 1 from passage 5) 452 

received zero sequencing coverage, so these were excluded prior to subsequent 453 

analyses. 1715 unique ASVs were detected across all samples, and 198 of these were 454 

present at ≥10-3 relative abundance in at least one sample, which we estimated as the 455 

limit of detection. Although subjects from the same households often shared a higher 456 

proportion of gut microbial strains compared to subjects from different households75, we 457 

observed no differences in the proportion of ASVs shared in mixtures of communities 458 

from the same versus different households (Extended Data Fig. 3). We used the 459 

relative abundance of each ASV to calculate Jensen-Shannon divergence. 460 
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 461 

In addition to our community coalescence dataset, we obtained a second dataset 462 

representing the L. garvieae/L. lactis co-cultures after five passages and the D2/L. lactis 463 

co-cultures after five passages. This dataset contained 48,347,562 reads with a median 464 

of 683,158 reads (standard deviation 370,504) per non-blank sample. We also obtained 465 

a third dataset representing the E. faecalis/L. lactis, E. casseliflavus/L. lactis, three-466 

strain, and all strain-community co-cultures after three and five passages. This third 467 

dataset contained 9,429,310 reads with a median of 12,927 reads (standard deviation 468 

12,375) per non-blank sample. We excluded one replicate each from the L. garvieae/L. 469 

lactis, D1/L. lactis, L. garvieae/D2, and E. casseliflavus/D2 (passage 5) mixtures based 470 

on poor sequencing coverage at one or more mixture ratios in those replicates. 471 

 472 

Estimation of theoretical community compositions 473 

To assess the effect of propagule size in our community mixtures, we computationally 474 

generated a set of theoretical community mixtures according to the predictions of 475 

ecological neutral theory18. The expected abundance of each ASV across mixture ratios 476 

was calculated based on a weighted average of the relative abundance in the parent 477 

communities: 
௫భ

஺
+

௫మ

஻
, where 𝑥ଵ and 𝑥ଶ represent the relative abundance of the ASV in 478 

parent community 1 and 2, respectively, and 𝐴 and 𝐵 represent the dilution factor of 479 

parent community 1 and 2, respectively, at the given mixture ratio. For example, the 480 

predicted abundance of an ASV in a 1:100 mixture of A1 and A2 in which the propagule 481 

size of A2 is 100 times greater than that of A1 is 
௫ಲభ

ଵ଴଴
+ 𝑥஺ଶ. We normalized these 482 

weighted averages to calculate a theoretical relative abundance for each ASV in a 483 
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mixture, and we ignored ASVs with predicted relative abundance <10-3, our sequencing 484 

limit of detection. We generated two theoretical communities for each pair of parent 485 

communities based on the two replicates of each parent community in our experiments. 486 

We generated separate sets of theoretical communities from passages 3 and 5 of the 487 

parent communities to account for changes to parent community composition that may 488 

have occurred during passaging. 489 

 490 

Categorization of ASVs by colonization behavior 491 

We developed a set of summary statistics for each ASV based on its average change in 492 

relative abundance across mixture ratios and the deviation from predicted neutral 493 

relative abundances, which enabled us to systematically categorize each ASV into one 494 

of six distinct patterns: low abundance, noisy, resident, dose-dependent, strong 495 

colonizer, or weak colonizer (Extended Data Fig. 5). 496 

 497 

For each ASV in each mixture, we calculated four measures. The average log10 fold 498 

change in relative abundance across mixture ratios (net dose difference) and average 499 

absolute value of log10 fold change in relative abundance across mixture ratios 500 

(magnitude dose difference) were used to quantify each ASV’s level of dose 501 

dependence. The average log10 fold difference between experimental and theoretical 502 

relative abundances across mixture ratios (net theoretical difference) and average 503 

absolute value of log10 fold difference between experimental and theoretical relative 504 

abundances across mixture ratios (magnitude theoretical difference) were used to 505 
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quantify each ASV’s deviation from neutral predictions and distinguish between 506 

resident, strong colonizing, and weak colonizing ASVs. 507 

 508 

Net dose difference was calculated as 
∑(௫೔ି௫೔షభ)

௡
, where 𝑥௜ represents the log10(relative 509 

abundance) of an ASV at a single mixture ratio (e.g., 100:1), 𝑥௜ିଵ represents the 510 

log10(relative abundance) at the preceding mixture ratio (e.g., 1000:1), and 𝑛 = 7 511 

represents the total number of mixture ratios. Magnitude dose difference was calculated 512 

as 
∑|௫೔ି௫೔షభ|

௡
. Both net dose difference and magnitude dose difference were first 513 

calculated individually for each replicate of the ASV and then averaged across 514 

replicates.  515 

 516 

Net theoretical difference was calculated as 
∑(௫̅ೌି௫̅೟)

௡౨౗౪౟౥
, where 𝑥̅௔ and 𝑥̅௧ represent the 517 

average experimental and theoretical, respectively, log10(relative abundance) across 518 

replicates at a single mixture ratio. Magnitude theoretical difference was calculated as 519 

∑|௫̅ೌି௫̅೟|

௡౨౗౪౟౥
. For ASVs that were not detected in the co-cultures at some mixture ratios 520 

and/or parent communities, we set the relative abundance to 10-3. 521 

 522 

To categorize ASVs, we used five binary decisions based on our summary statistics and 523 

other measures (Extended Data Fig. 5). First, ASVs were classified as “low 524 

abundance” if their relative abundance was <10-2.6, a threshold slightly above our limit of 525 

detection, in both parent communities. Next, ASVs were classified as “noisy” if the ratio 526 

of magnitude dose difference to the absolute value of net dose difference was >2.25, 527 
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indicating large, non-monotonic changes in relative abundance over mixture ratios. To 528 

prevent ASVs with extremely low change over mixture ratios (absolute value net dose 529 

difference <0.1) from artificially inflating the number of noisy ASVs, we replaced these 530 

low values with 0.1 as a pseudocount.  531 

 532 

If ASVs were not classified as low abundance or noisy, they were classified as “dose-533 

dependent colonizers” if the absolute value of the net dose difference was >0.09, 534 

meaning that they exhibited large monotonic changes in relative abundance over 535 

mixture ratios. Of the remaining ASVs, if the magnitude theoretical difference was >0.3 536 

and the absolute value of the net theoretical difference was ≥0.2, indicating a strong 537 

deviation from neutral predictions, they were classified as “strong colonizers” or “weak 538 

colonizers” based on whether the sign of net theoretical difference was positive or 539 

negative, respectively. All other ASVs, which showed little dose dependence or 540 

deviation from neutral predictions, were classified as “resident”. All numeric cutoffs 541 

between categories were chosen to minimize the number of ASVs classified as low 542 

abundance, noisy, resident, or low abundance, while ensuring that dose-dependent, 543 

strong, and weak colonizers could be readily distinguished by inspection. 544 

 545 

Consumer-resource model 546 

We implemented a standard consumer-resource model19: 547 

𝑑𝑋௜

𝑑𝑡
= 𝑋௜ ෍ 𝑅௜,ఓ𝑌ఓ

ெ

ఓୀଵ

 548 
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𝑑𝑌ఓ

𝑑𝑡
= −𝑌ఓ ෍ 𝑅௜,ఓ𝑋௜

ே

௜ୀଵ

 549 

where 𝑋௜ denotes the absolute abundance of species 𝑖, 𝑌ఓ the amount of resource 𝜇, 550 

and 𝑅௜,ఓ the consumption rate of resource 𝜇 by species 𝑖. Species abundances were 551 

simulated in Matlab (Mathworks, Inc.) using the ode45 solver until all resources were 552 

depleted. After each such passage, the abundances were diluted 1:200, and resource 553 

concentrations were refreshed. We initialized the abundances of the two species at a 554 

range of ratios from 1000:1 to 1:1000, as in our community coalescence experiments, 555 

and we simulated five passages for each community. We defined dose dependence as 556 

the ratio of a species’ relative abundances at starting ratios of 1000:1 and 1:1000. 557 

 558 

We first investigated a simple system in which two species, denoted 1 and 2, compete 559 

to consume use a set of three common resources: 𝜇ଵ, 𝜇ଶ, and 𝜇ଵଶ (Fig. 3b). Two of 560 

these resources, 𝜇ଵ and  𝜇ଶ, are consumed exclusively by species 1 and 2 respectively, 561 

and the third resource, 𝜇ଵଶ, is consumed by both species at equal rates (𝑅ଵ,ଵଶ = 𝑅ଶ,ଵଶ =562 

1). To investigate how the niche overlap of species 1 with species 2, defined as γଵଶ =563 

ఓభమ

ఓభାఓభమ
, would affect the colonization behavior of these two species (Fig. 3c), we varied 564 

γଵଶ from 0.025 to 1 while maintaining the same amount of unique resources for each 565 

species 𝜇ଵ = 𝜇ଶ = 1. To test how varying the rates of shared resource consumption 566 

affects colonization behavior, we varied 𝑅ଵ,ଵଶ from 0.9 to 1.1 while maintaining a 567 

constant 𝑅ଶ,ଵଶ = 1 (Extended Data Fig. 8a).  568 

 569 
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We investigated how dose dependence would be affected by the addition of a third 570 

species. We introduced a third species into the model that consumes a unique 571 

resource, 𝜇ଷ = 𝜇ଶ = 1. Species 3 also competes with species 1 for a fraction 𝛽 of 572 

resource 𝜇ଵ, which it consumes at relative rate 𝑟 =
ோయ,భయ

ோభ,భయ
 compared to species 1. To 573 

investigate how the presence of this new species affects colonization, we varied 𝛽 from 574 

0 to 0.9 while maintaining a constant 𝑟 = 10 (Fig. 5b). As before, we initialized the 575 

abundances of species 1 and 2 at a range of ratios from 1000:1 to 1:1000, and we set 576 

the abundance of species 3 equal to that of species 2. To investigate how the 577 

consumption rate of this shared resource affects colonization behavior, we also tested 578 

the effect of varying 𝑟 from 10-2 to 102 while maintaining a constant 𝛽 = 0.5 (Extended 579 

Data Fig. 8d).   580 

 581 

Strain isolation 582 

Lactococcus garvieae, Lactococcus lactis, Enterococcus faecalis, and Enterococcus 583 

casseliflavus strains representing dose-dependent ASVs were isolated by sorting single 584 

cells from communities D1 and D2 into mBHI-filled wells of a 96-well plate using a 585 

fluorescence-activated cell sorter (FACS)82. To do so, communities were transported 586 

from the anaerobic chamber to the FACS facility in an anaerobic container (BD 587 

Biosciences) to ensure minimal oxygen exposure. We confirmed the purity of each 588 

strain isolate by streaking multiple times on BHI agar plates supplemented with 5% 589 

horse blood and submitted individual colonies for Sanger and whole-genome 590 

sequencing. Colonies verified as pure were grown for 48 h in 200 µL of mBHI+mucin in 591 
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a 96-well plate, and 75 µL of each saturated culture were mixed with 75 µL of 50% 592 

glycerol and stocked in plastic crimp vials (ThermoFisher C4011-11) for future use. 593 

 594 

To confirm isolate purity, we performed Sanger sequencing targeted to the V4 region of 595 

the 16S rRNA gene. We amplified the 16S gene with 35 cycles of PCR with an 596 

annealing temperature of 55 °C using the previously described primers. The resulting 597 

PCR products were sent to Elim Biopharmaceuticals for sequencing. 598 

 599 

We determined the species identity of strain isolates using whole-genome sequencing. 600 

DNA was extracted from isolate cultures using the DNeasy Ultraclean 96 Microbial Kit 601 

(Qiagen 10196-4) according to the manufacturer’s instructions. Libraries were prepared 602 

for whole-genome sequencing using the Nextera DNA Flex Library Prep Kit (Illumina 603 

20018705) according to the manufacturer’s instructions. The DNA concentration of each 604 

library was quantified using the Quant-iT High-Sensitivity dsDNA Assay Kit (Invitrogen 605 

Q33130) and a Synergy HT Microplate Reader (Biotek Instruments), and libraries were 606 

pooled at equal DNA input. Pooled libraries were sequenced at the DNA Services Lab, 607 

Roy J. Carver Biotechnology Center, University of Illinois at Urbana-Champaign. 608 

 609 

Co-cultures of strain isolates and strain-community mixtures 610 

We performed a set of four mixtures of two or three strains (L. garvieae/L. lactis, E. 611 

faecalis/L. lactis, E. casseliflavus/L. lactis, and E. faecalis/E. casseliflavus/L. lactis) and 612 

five strain-community mixtures (D1/L. lactis, L. garvieae/D2, E. faecalis/D2, E. 613 

casseliflavus/D2, E. faecalis/E. casseliflavus/D2) using the glycerol stocks of our four 614 
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strain isolates and of the D1 and D2 parent communities. We performed mixtures at 615 

ratios from 1000:1 to 1:1000 in triplicate as described above for whole community 616 

mixtures. For mixtures that included both E. faecalis and E. casseliflavus, 0.5 µL of each 617 

strain culture were used. Mixtures were passaged in mBHI+mucin for 48 h at 37 °C five 618 

times.  619 

 620 

Analysis of pairwise mixture composition using Sanger sequencing data 621 

To analyze the composition of co-cultures from the L. garvieae/L. lactis mixture after 622 

three passages, we performed Sanger sequencing of each co-culture as described 623 

above and used the CASEU R package83 to quantify the relative abundance of both 624 

strains at each mixture ratio.  625 

 626 

Quantification of strain isolate growth 627 

Growth curves were obtained using an Epoch 2 Microplate Spectrophotometer (Biotek 628 

Instruments). Strains were grown overnight and then diluted 1:10, 1:100, or 1:1000 into 629 

fresh BHI+mucin in 96-well plates. We measured the optical density at 600 nm (OD600) 630 

of 10 replicates of each strain over 48 h of anaerobic growth at 37 °C with continuous 631 

orbital shaking. Instantaneous growth rate was quantified as d ln(OD600)/dt using the 632 

gcplyr R package84.  633 
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Figures 654 

 655 

Figure 1: Diversity and composition of co-cultures vary by mixture ratio and 656 

deviate from neutral predictions. 657 

a) In vitro communities were inoculated in triplicate from stool samples collected from 658 

eight healthy human subjects and passaged 15 times to reach stability. 659 

b) The diversity of each community over time, quantified as the effective number of 660 

species (𝑒ுᇲ
) calculated from the Shannon diversity index (𝐻ᇱ), initially decreased 661 

and then plateaued by passage 3. 662 

c) Experimental design: eight pairs of in vitro communities were mixed in triplicate at 663 

mixture ratios ranging from 1000:1 to 1:1000. The resulting co-cultures were 664 

passaged five times. 665 

d) The diversity of co-culture communities was similar to or lower than the diversity of 666 

parent communities across mixture ratios. Gray lines represent both replicates of 667 

predicted neutral mixtures for an example mixture based on the diversity of replicate 668 

parent communities (1:0 and 0:1, shown in green), and orange lines represent three 669 
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replicates of experimental community mixtures. Diversity was quantified by the 670 

effective number of species (𝑒ுᇲ
) calculated from the Shannon diversity index (𝐻ᇱ). 671 

e) Variation of community composition across example mixtures and mixture ratios. 672 

Each plot shows the Jensen-Shannon divergence (JSD) of all co-culture and 673 

theoretical communities relative to both parent communities (brown and gold) for a 674 

single mixture. Grey points along the dotted line represent theoretical mixtures, and 675 

colored points represent data from experimental co-culture communities. Points 676 

show averages and error bars show full range of values across inoculation 677 

replicates.  678 
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 679 

Figure 2: Colonization behaviors of individual ASVs influence community 680 

composition. 681 

a) Representative examples of strong and weak colonizers. Each panel shows an 682 

individual ASV from one mixture. Gray lines represent both replicates of predicted 683 

neutral relative abundances for each ASV, and orange lines represent three 684 

replicates of experimental relative abundances. 685 

b) Dose-dependent colonizers exhibit large changes in relative abundance across 686 

mixture ratios. Lines are colored as in (a). 687 
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c) The number of ASVs that displayed a strong, weak, or dose-dependent colonization 688 

pattern in each set of mixtures. ASVs were counted as present if they were detected 689 

in the 1:1 mixture at the fifth passage. 690 

d) Total relative abundance of each type of colonizer in each set of mixtures. Only the 691 

1:1 mixture is shown. Black lines indicate separate ASVs. Relative abundances are 692 

averaged across the three inoculation replicates. 693 

e) A representative example of a resident ASV that was present at similar relative 694 

abundances in both parent communities. Lines are colored as in (a). 695 

f) A representative example of a noisy ASV whose relative abundance showed large, 696 

non-monotonic fluctuations between adjacent mixture ratios. Lines are colored as in 697 

(a). 698 

g) Colonization behavior is not associated with ASV phylogeny. The heatmap shows 699 

the number of times each ASV exhibited a dose-dependent (DD), strong (S), or 700 

weak (W) colonization pattern in any mixture.  701 
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 702 

Figure 3: A consumer-resource model predicts transient dose dependence. 703 

a) ASVs from the Enterococcus and Lactococcus genera showed dose dependence 704 

during community coalescence. Enterococcus faecalis, Enterococcus casseliflavus, 705 

and Lactococcus lactis were isolated from the D1 community, and Lactococcus lactis 706 

was isolated from the D2 community. Gray lines represent both replicates of 707 

predicted neutral relative abundances for each ASV after five passages, and colored 708 

lines represent three replicates of experimental relative abundances after five 709 

passages. 710 

b) Schematic of a simple consumer-resource model in which two species compete 711 

neutrally (equal consumption rates 𝑅ଵ,ଵଶ = 𝑅ଶ,ଵଶ = 1) for resource 𝜇ଵଶ, and resources 712 

𝜇ଵ and 𝜇ଶ are unique to species 1 and 2, respectively (Methods). 713 

c) The dose dependence of both species in the consumer-resource model increases as 714 

the niche overlap of species 1 with species 2 (γଵଶ) increases. Dose dependence also 715 

decreases from passage 3 (dotted line) to passage 5 (solid line). Colored points 716 

highlight three values of γଵଶ for which the relative abundances over mixture ratios of 717 
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each species are shown at right. Dose dependence is defined as the ratio of relative 718 

abundances after passaging starting from a 1000:1 versus 1:1000 mixture ratio.  719 

d) Dose dependence declines over passages in the two-species consumer resource 720 

model, even when niche overlap (γଵଶ) is high.  721 
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 722 

Figure 4: Transient dose-dependent colonization in pairwise strain mixtures. 723 

a) Growth of the Enterococcus and Lactococcus strains in monoculture. Instataneous 724 

growth rates (bottom right) were calculated from blank-subtracted growth curves 725 

(bottom left) after smoothing over a 5-min window (Methods).  726 

b-d) Species relative abundances in co-cultures of (b) E. faecalis and L. lactis, (c) E. 727 

casseliflavus and L. lactis, and (d) L. garvieae and L. lactis. Lines are colored as in 728 

Fig. 3a. Dose dependence decreased substantially from passage three (dotted 729 

lines) to passage five (solid lines).  730 
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 731 

Figure 5: Dose dependence increases in mixtures with more diverse 732 

communities. 733 

a) Modification to the consumer-resource model in Fig. 3a in which a third species 734 

competes with species 1 for a fraction 𝛽 of resource 𝜇ଵ with relative consumption 735 

rate 𝑟 compared to species 1. 736 

b) The dose dependence of species 1 after five passages increases with increasing 737 

niche overlap between species 1 and 3 (𝛽) at constant 𝑟 = 10, while the dose 738 
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dependence of species 2 is largely unaffected. Dose dependence is defined as in 739 

Fig. 3c. 740 

c-e) Species relative abundances in co-cultures of (c) E. faecalis, E. casseliflavus, and 741 

L. lactis, (d) the D1 community and L. lactis, and (e) L. garvieae and the D2 742 

community. Lines are colored as in Fig. 3a. Dotted lines with open points show data 743 

after three passages, and solid lines with closed points show passage five. 744 
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Extended Data Figures 745 

 746 

 747 

Extended Data Figure 1: Diversity and composition of stool-derived communities. 748 

a) ASV richness of each community over passages. Only ASVs present in the 749 

community at relative abundance >10-3 were included in the richness calculation. 750 
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b) Family-level richness of each community over passages. Families were counted as 751 

present if an ASV in the family was present in the community at relative abundance 752 

>10-3. 753 

c) Stability of each community over passages, as quantified by the Jensen-Shannon 754 

divergence (JSD, Methods) between consecutive passages. 755 

d) Proportion of the stool inoculum (passage 0) retained at each subsequent passage. 756 

Each point shows the total ASV or family relative abundance of the stool inoculum 757 

represented by taxa retained in communities at a given passage. Taxa were counted 758 

as retained if they were detected at a relative abundance >10-3. 759 

e) Correlation of family-level relative abundance across passages 0, 3, and 7 760 

(Pearson’s tests, left: n=25, ρ=0.25, P=0.23; right: n=22, ρ=0.93, P<10-9). Points are 761 

colored by family. The dashed line indicates a perfect correlation in relative 762 

abundance between passages. 763 

f) Composition of one replicate of each community over passages. ASV relative 764 

abundances are separated with solid lines and colored by family. Only the most 765 

abundant families are shown in the key.  766 
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 767 

Extended Data Figure 2: Composition of co-culture communities. 768 

ASV relative abundances are separated with solid lines and colored by bacterial family. 769 

Only the most abundant families are shown in the key. The first replicate of the 100:1 770 

mixture ratio of the D1/A1 mixture had low sequencing depth and was removed from 771 

subsequent analyses.  772 
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 773 

Extended Data Figure 3: Theoretical community composition is dose dependent, 774 

even though many ASVs are shared between parent communities. 775 

a) The theoretical neutral community composition of an example mixture after five 776 

passages. The 1:0 and 0:1 ratios represent unmixed parent communities. ASV 777 

relative abundances are separated with solid lines and colored by family. 778 

b) Most ASVs in each co-culture were present in both parent communities. ASVs were 779 

counted as originating from one or both parent communities if they were present at 780 

relative abundance >103. 781 

c) Relative abundances of ASVs at the 1:1 mixture ratio, colored by parent community 782 

of origin. Black lines indicate separate ASVs. Relative abundances were averaged 783 

across the three inoculation replicates.  784 
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 785 

Extended Data Figure 4: Diversity is limited in co-culture communities. 786 

a,b) Diversity of each co-culture community, quantified by (a) the effective number of 787 

species (𝑒ுᇲ
) calculated from the Shannon diversity index (𝐻ᇱ), or (b) ASV richness, 788 
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assuming a detection limit of 10-3 relative abundance. Lines are colored as in Fig. 789 

1d. 790 

c) Distribution of diversity across parent and co-culture communities. The effective 791 

number of species at each mixture ratio more closely resembled the diversity of the 792 

parent communities than the higher-diversity theoretical prediction (Wilcoxon rank-793 

sum one-sided tests, parent (n=32) vs. theoretical (n=16) co-cultures: P=6.1×10-5; 794 

theoretical vs. experimental 1:1 (n=24) co-cultures: P=6.6×10-7; theoretical vs. other 795 

(n=48 at each mixture ratio) co-cultures: P<10-4). 796 

d) Distribution of ASV richness across parent and co-culture communities. 797 
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 798 

Extended Data Figure 5: Composition of co-culture communities varies by 799 

mixture ratio but differs from neutral predictions. 800 

a) Comparisons of co-culture communities to theoretical communities. Violin plots 801 

represent the distribution of Jensen-Shannon divergence (JSD) between all pairs of 802 

parent communities (including those that were not mixed), theoretical and 803 

experimental mixtures at the 1:1 mixture ratio, and inoculation replicates of the 1:1 804 

mixture ratio (significance calculated using Wilcoxon rank-sum one-sided tests, 805 

parents (n=56) vs. replicates (n=174): P<10-15; parents vs. theoretical-experimental 806 

(n=334): P=1.8×10-7; theoretical-experimental vs. replicates: P<10-15). 807 

b) Variation of community composition across mixtures and mixture ratios. Each plot 808 

shows the Jensen-Shannon divergence (JSD) of all co-culture and theoretical 809 
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communities relative to both parent communities (brown and gold) for a single 810 

mixture. Points are colored as in Fig. 1e.  811 
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 812 

Extended Data Figure 6: Classification scheme for ASV colonization behavior. 813 

The total number of ASVs across all mixtures is provided for each category of behavior. 814 
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 815 

Extended Data Figure 7: Examples of strong, weak, and dose-dependent 816 

colonizers from the C1/C2 mixture. 817 

a-c) Relative abundance of (a) strong, (b) weak, and (c) dose-dependent colonizers 818 

from the C1/C2 mixture. Each panel shows one ASV. Lines are colored as in Fig. 819 

2a.  820 
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 821 

Extended Data Figure 8: Examples of resident and noisy ASVs from the C1/C2 822 

mixture. 823 

a,b) Relative abundance of (a) resident and (b) noisy ASVs from the C1/C2 mixture. 824 

Each panel shows one ASV. Lines are colored as in Fig. 2a.  825 
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 826 

Extended Data Figure 9: Predicted effects of niche overlap and resource 827 

consumption rates in a consumer-resource model. 828 

a) Dose dependence after five passages in a two-species consumer-resource model is 829 

robust to ~10% variation in relative consumption rates 𝑅ଵ,ଵଶ and 𝑅ଶ,ଵଶ of a shared 830 

resource 𝜇ଵଶ. 831 

b) The dose dependence of an ASV in the Tannerellaceae family declined substantially 832 

between passages three and five. Lines are colored as in Fig. 2a.  833 

c) In our consumer-resource model, the dose dependence of species 1 after five 834 

passages increases with the relative resource consumption rate of species 3 835 

compared with species 1 (𝑟) at constant 𝛽 = 0.5, while the dose dependence of 836 

species 2 is largely unaffected. 837 

Dose dependence is defined as in Fig. 3c.  838 
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 839 

Extended Data Figure 10: Colonization behavior in strain-community mixtures.  840 

a) Species relative abundances in the E. faecalis/D2 co-cultures after five passages. 841 

Only L. lactis was classified as dose dependent. 842 
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b) Species relative abundances in the E. casseliflavus/D2 co-cultures after five 843 

passages. E. faecalis, E. casseliflavus, and L. lactis were classified as dose 844 

dependent. 845 

c) Species relative abundances in the L. garvieae/D2 co-cultures after three passages. 846 

L. garvieae and L. lactis were classified as dose dependent. 847 

d) Species relative abundances in the E. faecalis/D2 co-cultures after three passages. 848 

Only L. lactis was classified as dose dependent. 849 

e) Species relative abundances in the E. casseliflavus/D2 co-cultures after three 850 

passages. E. faecalis, E. casseliflavus, and L. lactis were classified as dose 851 

dependent. 852 

Lines are colored as in Fig. 2a.  853 
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Table S1. Sample origin of each in vitro community. 854 

In vitro communities were derived from day 0 pre-antibiotic samples collected from 855 

healthy adults75. 856 

Community Subject Household 
A1 XBA XB 
A2 XBB XB 
B1 XCA XC 
B2 XCB XC 
C1 XDA XD 
C2 XDB XD 
D1 XFA XF 
D2 XFB XF 

  857 
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