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Summary

Metabolic cross-feeding frequently underlies mutualistic relationships in natural microbial 

communities and is often exploited to assemble synthetic microbial consortia. We systematically 

identified all single-gene knockouts suitable for imposing cross-feeding in Escherichia coli and 

used this information to assemble syntrophic communities. Most strains benefitting from shared 

goods were dysfunctional in biosynthesis of amino-acids, nucleotides, and vitamins or mutants 

in central carbon metabolism. We tested cross-feeding potency in 1,444 strain pairs and mapped 

the interaction network between all functional groups of mutants. This network revealed that 

auxotrophs for vitamins are optimal cooperators. Lastly, we monitored how assemblies composed 

of dozens of auxotrophs change over time and observed they rapidly and repeatedly coalesced to 

seven strain consortia composed primarily from vitamin auxotrophs. The composition of emerging 

consortia suggests they were stabilized by multiple cross-feeding interactions. We conclude that 

vitamins are ideal shared goods since they optimize consortium growth while still imposing 

member co-dependence.
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Introduction

Microorganisms in natural habitats are frequently found in complex communities composed 

of multiple species. Such communities feature a myriad of interactions that extend 

beyond just competition and predation and include many social-like interactions such as 

cooperation, communication, and synchronization(West et al., 2007). In such communities, 

the fitness of an individual cell depends not only on its own capabilities but also on its 

interactions with cells from other strains and species. Nutritional cross-feeding between 

organisms is a key mechanism for maintaining the stability and function in microbial 

communities in natural environments(Seth and Taga, 2014). These metabolic cooperative 

interactions rely on the secretion of metabolites that support mutualistic co-dependence 

through the exchange of shared goods. Experimental and theoretical works suggest that in 

many cases the release of shared goods in natural communities does not directly benefit the 

giver but instead facilitates closed cooperative loops between multiple members that assist 

the entire multi-species community(Freilich et al., 2011; Goldford et al., 2018; Louca et al., 

2018; Zengler and Zaramela, 2018).

The observations made in natural microbial communities allowed uncovering the 

fundamental principles of cross-feeding mutualism and facilitated the assembly of microbial 

consortia in-vitro(Fredrickson, 2015; Giri et al., 2020). The experiments in-vitro, in turn, 

allowed to further study and refine the rules of interaction that may take place in natural 

communities(Campbell et al., 2015; Dolinšek et al., 2016; LaSarre et al., 2020; Pierce 
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et al., 2021; Ponomarova et al., 2017). However, beyond their value as models for 

natural communities, synthetic consortia have also emerged as valuable chassis for diverse 

biotechnological applications, as biofuel production, biomedicine, and bioremediation (Hays 

et al., 2015; Jagmann and Philipp, 2014; Zomorrodi and Segrè, 2015). In many cases, 

synthetic consortia were assembled from genetically trackable model organisms that were 

modified to impose co-dependence between the consortia members(Cavaliere et al., 2017) . 

This obligatory syntrophic interaction ensures a robust consortium that maintains its member 

composition over time and therefore allows to distribute a complex task in a cooperative 

manner across multiple consortium members.

E. coli is a valuable model system for studying the design principles underlying cross­

feeding in natural communities and is an ideal chassis for engineering synthetic consortia 

for biotechnological applications. However, to date there was no study that exhaustively 

identified all E. coli mutants that can benefit from metabolites secreted by neighboring cells. 

Consequentially, we are also missing information on cross-feeding interactions between 

such strains and their potential to balance the tradeoff between neighbor dependency and 

overall fast growth. Such co-optimization is likely key for successful mutualism in both 

natural communities and robust synthetic consortia that can be utilized for biotechnology. 

Previous studies on the E. coli model system heavily relied on auxotroph strains that 

are mutated in a handful of central and essential metabolic pathways, as those for the 

biosynthesis of different amino-acids (e.g. (Kerner et al., 2012; Lloyd et al., 2019; Mee 

et al., 2014; Pande et al., 2014; Wintermute and Silver, 2010; Zhang and Reed, 2014; 

Ziesack et al., 2019)). Systematic characterization of these strains revealed that many of 

them are suboptimal as members of a synthetic consortia due to slow growth and frequent 

disappearance in multi-member consortia(Mee et al., 2014; Wintermute and Silver, 2010). 

Overcoming these limitations, at least partially, can be achieved through additional genetic 

changes(Ziesack et al., 2019). Interestingly, studies that used biochemical and computational 

approaches identified additional secreted metabolites, beyond the typically used amino­

acids, that can potentially be exploited as shared goods for imposing mutualism(Carneiro et 

al., 2011; Paczia et al., 2012; Thommes et al., 2019). Taken together, previous works suggest 

that even in the well-studied E. coli system, current understanding of cross-feeding may be 

incomplete.

Here we propose that new insights on optimality in cross-feeding interactions can be 

gained by mapping all possible cross-feeding interactions in E. coli and identifying the top 

beneficiaries of such interactions. In contrast to studies of cross-feeding that rely on natural 

isolates and comparative genomics, a grounds-up systematic approach that relies on a single 

species can clarify which cross-feeding interactions are more beneficial when everything, 

except the pathways in question, is kept constant. For this study, we establish a generally 

applicable approach that uses a collection of single-gene knockouts to unbiasedly identify 

all loss-of-function mutations that can be complemented by cross-feeding. We conducted a 

genetic screen with a library of 3,680 single-gene deletion strains and identified all strains 

that benefited from nutrient-poor media that was conditioned by the wild-type lab strain 

prior to the screen. Beyond the known strict auxotroph strains that arrest without external 

nutrients, we identified a class of “permissive” auxotroph strains – cells that grow well on 

nutrient-poor media but further benefit from nutrients in conditioned media. By monitoring 
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the growth of individual strains on conditioned and unconditioned media, we predicted 

which auxotroph strains will be ideal collaborators, a prediction we later tested across 

1,444 strain pairs. We used the results from the pairwise interaction experiments to infer 

the interaction network between auxotrophy groups. This network revealed that auxotrophs 

for specific vitamins and co-factors are ideal cooperators and simultaneously support fast 

growth while still maintaining strain co-dependency. Lastly, we tested how the composition 

of consortia assembled from dozens of auxotroph strains changes over time. We observed 

that these consortia rapidly and repeatedly coalesced to lower-complexity communities, 

typically composed of seven dominant strains. The interaction network we inferred from 

pairwise interactions supports the hypothesis that the emerging consortia are held together 

by multiple strong interactions between individual strain pairs.

Results

Sequencing based approach identifies auxotroph strains

We first aimed to systematically identify all single-gene knockout strains in E. coli that can 

considerably benefit from metabolites that are secreted by other cells. We used a pooled 

screen methodology similar to the one we recently used to study drug resistance(Rosener 

et al., 2020). Towards this aim, we utilized conditioned media, media filtered after growing 

in it the wild-type strain. We reasoned that the identification of strains that can benefit 

from by-products that are present in conditioned media will help identifying candidates that 

can successfully participate in mutualistic cross-feeding interactions since such “ecological 

beneficiaries” can be paired together to rescued each other. Figure 1A depicts the approach 

of our screen. The wild-type strain was inoculated into nutrient-poor media at four different 

concentrations, ranging from 107 to 5*109 cells/mL, to allow secretion of shared goods. 

After 3.5 hours of growth, we filtered the culture and replenished the carbon, nitrogen, 

phosphorous and sulfur in the spent media. As a control we used unconditioned nutrient­

poor media. Lastly, we inoculated a pooled collection of 3,680 barcoded single-gene 

knockout strains into the filtered media and grew cultures for 8 hours before extracting 

genomic DNA. We did not observe considerable differences in growth rates of inoculums, 

indicating that the majority of strains in the pooled collection grew similarly in all four 

different conditioned media and the unconditioned media control.

In order to evaluate the fitness of each knockout strain, we amplified the unique nucleotide 

region that was cloned into the deletion locus during library construction. These 20 

nucleotide long barcodes allowed us to identify the frequency of each individual knockout 

strain by deep sequencing of the DNA amplified from the pooled culture. Figure 1B 

shows the three categories of barcode frequencies we expected to see in the screen. We 

expected that the relative frequency of the majority of strains will not change in different 

screen conditions. This pattern is indicative of knockout strains that were unaffected by 

extracellular goods (red bars in Figure 1B). We expected to see a monotonic increase in 

frequency with denser conditioned media only for a minority of strains (green bars in 

Figure 1B). This pattern is indicative of knockout strains that were rescued by extracellular 

shared goods. Lastly, we also considered the possibility that strains may experience a 

decline in fitness in conditioned media, such events will be characterized by monotonic 
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decrease in frequency with denser conditioned media (blue bars in Figure 1B). We expected 

that decrease in frequency will be rare since we replenished the metabolites that were 

consumed during conditioned media preparation. Since the key metric indicative of strain 

rescue is change in its frequency relative to unconditioned media, we normalized each 

strain’s frequency to its frequency in the unconditioned media control (Figure 1C). The 

normalization yields a fold-change in strain frequency that marks the strain’s fitness 

improvement relative to its own fitness in unconditioned media.

Figure 1D shows the distribution of individual barcode reads in each screen experiment. 

Overall, barcode distributions were extremely similar across all conditions, with roughly 

3,500 identified individual barcodes in about 1 million sequencing reads in each condition 

(table above Figure 1D). We identified more than 10 reads for the vast majority of barcodes 

(>96%). The median number of reads per individual barcode was 181. Figure 1E shows 

scatter plots for each biological duplicate after normalizing barcode counts to reads per 

million. As the figure shows, biological replicates were highly correlated in all conditions 

(Pearson correlation r > 0.97). Taken together, we observed a similar barcode coverage 

across all experiments and a very high correlation between biological replicates. These 

observations are reassuring since they suggest that differences in strain frequency between 

conditions most likely reflect changes in strain fitness rather than biological variation 

between replicates or technical noise.

We next aimed to identify all single-gene knockouts that were either positively or negatively 

affected by conditioned media (second and third cases in Figure 1C) with a statistical 

approach that can leverage on biological replicates and the sequencing depth of each 

barcode. Towards this end we used an approach that is similar to the one typically used for 

detecting differentially expressed genes. However, in our implementation we used barcode 

counts instead of gene transcript counts. Specifically, we used the DESeq2 tool(Love et 

al., 2014) that was adjusted for pooled barcode libraries with the DEBRA package(Akimov 

et al., 2020). Figure 2A shows volcano plots representing fold-change in strain frequency 

and associated p-values (false-discovery rate adjusted) across all screen conditions (the 

values also appear in supplementary table 1). As Figure 2A shows, we observed a 

monotonic increase in the number of differently represented strains with conditioned media 

filtered from denser cultures (from only 2 differently represented strains in the least dense 

conditioned media to 69 in the densest conditioned media). This observation is compatible 

with the expectation that conditioned media filtered from a denser cell population will 

contain a higher concentration of shared goods and will therefore rescue more knockout 

strains. We also noted that the number of differently represented strains increased sharply 

with media density, for example by almost 7-fold between media prepared from 108 

cells/mL to media prepared from 109 cells/mL. This considerable increase highlights how 

impactful the density of secreted metabolites is for cross-feeding rescue. The analysis also 

revealed that the vast majority of differently represented strains are over-represented (second 

case in Figure 1C), rather than under-represented (third case in Figure 1C), in conditioned 

media (67 of 69 hits are over-represented in the densest media). This pattern indicates that 

conditioned media typically benefits loss-of-function mutants and only very rarely inhibits 

them.

Guillen et al. Page 5

Cell Syst. Author manuscript; available in PMC 2022 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We next evaluated whether conditioned-media rescued strains can also be rescued by 

nutrient-rich media. We reasoned that this comparison could independently validate some 

of the screen results by showing that the hit strains indeed benefited from extracellular 

metabolites rather than increased their growth due to bacterial signaling molecules 

or secreted enzymes (expected to be present in conditioned media but absent from 

unconditioned nutrient-rich media). Towards this aim we used barcode counts from a 

previous genetic screen we conducted(Rosener et al., 2020) and calculated the fold-change 

of strain frequency in nutrient-rich media relative to nutrient-poor media (supplementary 

Figure 1 and supplementary table 4). Figure 2B shows a Venn diagram of the overlap 

between the hits of the two screens. We observed that most of the conditioned-media 

enriched strains were also enriched in nutrient-rich media (61 of 67). The majority of 

conditioned-media hits that were not hits in nutrient-rich media (5 of 6) were found to 

be enriched in rich media but were not characterized as hits since they did not pass the 

fold-enrichment cutoff we selected. However, the comparison also revealed that conditioned­

media rescued strains are only a small subset of all hits identified in nutrient-rich media (61 

of 503). Figure 2C shows a comparison of strain fold-enrichment in the two screens. The 

comparison revealed that the enrichment of common hits is highly correlated (orange dots in 

Figure 2C, Pearson r = 0.79, p = 3e−14) and that a few additional strains might benefit from 

conditioned media although they were not characterized as hits in the screen (pink dots in 

the upper-right quadrant). These false-negative strains were not characterized as hits due to 

the conservative choice we made for the cutoff by p-value. Thus, we conclude that while at 

least 503 knockout strains can be rescued by extracellular metabolites, only a small subset of 

them can be rescued by metabolites secreted by other cells. A plausible explanation for this 

observation is that many of the rescuing metabolites are either not secreted or are secreted 

and quickly consumed by other strains in the consortia and therefore never accumulate to 

concentrations required to impact dysfunctional cells.

To investigate the cellular pathways that were rescued by conditioned media we assigned 

hits into broad functional categories according to the biological annotation in the EcoCyc 

database(Keseler et al., 2017) (Figure 2D). Most hits (59 of 67) could be assigned to 

four categories: Carbon metabolism, amino acids biosynthesis, nucleotide biosynthesis, 

and biosynthesis of co-factors and vitamins. Supplementary table 2 shows the functional 

affiliation of the hits from all screens. Reassuringly, we frequently identified multiple genes 

belonging to the same biosynthesis pathway (e.g., the cys genes in Figure 2D). While 

many of the pathways we identified were previously used to engineer synthetic E. coli 
consortia(Mee et al., 2014; Wintermute and Silver, 2010), some of them are potentially 

novel targets for this application. Among them are the pathways for biotin, folate, and 

Pyridoxal 5'-phosphate biosynthesis (supplementary table 2). We next used the gene set 

enrichment analysis tool GAGE(Luo et al., 2009) to test for functional enrichment using the 

Gene Ontology (GO)(Ashburner et al., 2000; Carbon et al., 2018) and Kyoto Encyclopedia 

of Genes and Genomes (KEGG)(Kanehisa and Goto, 2000) databases. This analysis is 

complementary to the previous analysis, since it considers the enrichment values from all 

strains, rather than only the limited set of hit strains obtained by imposing fold-change and 

p-value cutoffs. Figure 2E shows the functional enrichment by KEGG pathways (enrichment 

is indicative of a pathway that can be rescued by secreted metabolites). Reassuringly, we 
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observed a high agreement between the functional enrichment by GAGE and our annotation 

of hits into broad functional categories (Figure 2D). However, the GAGE analysis provided 

information on a finer resolution. For example, it indicated that all amino-acid synthesis 

pathways are enriched in conditioned media with the exception of Histidine and Proline. 

This observation supports the previously raised claim that cross-feeding is nonproductive 

with auxotrophs for Histidine and Proline(Mee et al., 2014). The full list of GO and KEGG 

enriched categories is presented in supplementary table 3.

To summarize, our screening approach that relied on improved growth on conditioned 

media revealed dozens of auxotrophs that benefit from secreted metabolites. The results 

allowed us to compile, for the first time, an exhaustive catalog of all single-gene knockout 

E. coli strains that can be potentially utilized for mutualistic cross-feeding interactions (in 

the nutrient-poor media and the aerobic growth conditions we tested). At this stage of the 

analysis, we can only determine that these strains can be rescued by the wild-type strain, 

yet we cannot determine if they can indeed rescue other co-cultured auxotrophs. While 

many of these mutants were previously utilized for assembling cross-feeding consortia, our 

unbiased screen identified mutants from additional pathways that are novel targets for this 

application. Lastly, a comparison to a nutrient-rich media screen suggests that the majority 

of auxotrophs may not be suited for mutualistic cross-feeding interactions since they are 

rescued by secreted metabolites.

Strict and permissive auxotrophy

We identified 67 strains that significantly benefited from the densest conditioned media. 

However, since the screen relies on strain frequency change relative to the unconditioned 

media control (Figure 2A), it was insufficient for determining how well the strains actually 

grow. The growth rate measurements are essential for determining which strains balance the 

tradeoff between neighbor dependency and overall fast growth which is a likely prerequisite 

for fit and stable cross-feeding interactions. We therefore complemented our screen by 

monitoring the growth of top hits when they grew as pure strains in conditioned and 

unconditioned media. We decided to use the area under the growth curve (AUC) as the 

metric of fitness (see methods). We reasoned that AUC measurement will integrate multiple 

fitness parameters, such as growth rate, lag period, and stationary loading capacity. Figure 

3A shows representative growth curves for the wild-type and the pgi knockout strains 

on the two media types. As the figure shows, the growth of the pgi knockout strain is 

considerably improved in conditioned media while the growth of the wild-type strain was 

largely unaffected.

Figure 3B shows the fitness measured for all tested strains in the two media types as a 

scatter plot (the growth curves are presented in supplementary Figure 2). We observed 

that strains varied considerably in their position on this fitness plane, indicating they are 

characterized by a wide range of fitness values in the two media types. First, we observed 

that 80% of the strains (51 of 67) were positioned above the diagonal marking equal fitness 

in both media types. The position above the diagonal indicates that these strains benefited 

from conditioned media and are therefore validated are recused independently from the 

screen. Most of the unvalidated strains (12 of 16) are characterized by very low fitness in 
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both media types. This observation raises the possibility that experimental noise may be a 

confounding factor for validation with this approach. As expected, we observed that multiple 

hit strains grow reasonably well even without rescue. This observation highlights that in 

our experimental setup, rescued strains are not always completely arrested in unconditioned 

media. This lack of complete arrest can be explained if the missing metabolite is either 

nonessential or if cells need only very small amounts of the metabolite to grow. In the 

latter case, trace amounts of the metabolite left intracellularly after washing and diluting the 

overnight culture (grown in nutrient-rich media) may be sufficient for multiple doublings 

even without additional supply of the missing nutrient.

The overall goal of our approach was to identify the strains that can participate in 

robust mutualistic cross-feeding interactions. We assumed that under a potent cross-feeding 

interaction, collaborators grow vigorously in a co-culture yet are completely co-dependent, 

thus ensuring the co-culture is highly fit and that a single member will be unable to 

take over the entire culture. However, our measurements clearly showed that many of 

the fast-growing strains (potential collaborators) were also “permissive” auxotrophs that 

grew reasonably well on unconditioned media (Figure 3B). We reasoned that we could 

predict if individual strains potentially match both requirements for collaboration optimality 

by factoring in their fitness on both conditioned and unconditioned media: An optimal 

collaborator strain will be characterized by fast growth on conditioned media and complete 

growth arrest on unconditioned media (marked as a star in the fitness plane of Figure 3B). 

We therefore measured the Euclidean distance of each of the tested strains from this ideal 

collaborator and calculated how the distance compares to the furthest distance we observed 

in our experiments. Using this method, scores range from 0 (worst collaborator) to 1 (ideal 

collaborator). An alternative collaboration score we tested relied on the distance of each 

strain from the diagonal and we found it to be highly correlated with the collaboration 

optimality score we used (supplementary Figure 3A).

Figure 3C shows the calculated collaboration optimality score for the 51 validated 

knockouts. As the figure shows, our approach revealed a considerable bias in the score 

of different biological functions. Low scoring strains were almost exclusively amino-acids 

and nucleotides auxotrophs and high scoring strains being mostly auxotrophs for vitamins 

and co-factors. We next tested if our optimality scores were correlated with fold-enrichment 

in the genetic screen (Figure 3C, inset). We observed that the two metrics are inversely 

correlated (r = −0.41, p = 0.0027) indicating that highly enriched auxotrophs in our genetic 

screen are likely to be suboptimal members for cross-feeding interactions (these strains 

optimize co-dependency at the expense of fast growth). This is an important observation 

given that many of the amino-acid auxotrophs, that rank low on our optimality score, are 

frequently used to engineer cross-feeding consortia(Kerner et al., 2012; Mee et al., 2014; 

Pande et al., 2014; Wintermute and Silver, 2010; Ziesack et al., 2019). To summarize, 

fitness measurements in pure strains suggest that vitamins and co-factors auxotrophs are 

ideal candidate collaborators for sustaining robust cross-feeding interactions. In contrast, 

strains dysfunctional for biosynthesis of amino acids and nucleotides can still be used to 

successfully impose co-dependence but will be characterized by overall slow growth. Since 

these observations were based on monitoring the rescue of strains on conditioned media, 
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and not testing mutualistic cross-feeding, we still viewed these auxotrophs as candidate 

collaborators.

Cross-feeding in strain pairs

The collaboration optimality score predicted that many of the hit strains identified by the 

screen will be suboptimal for cross-feeding since they grow slowly even if their metabolic 

needs are met by goods secreted from a dense culture. The effect of slow growth of even 

one pair member is expected to be far enhanced in a truly collaborating co-culture since 

cross-feeding pairs are highly co-dependent and are not necessarily present at a high density. 

We therefore decided to directly test cross-feeding competency in strain pairs by monitoring 

their co-culture growth on nutrient-poor media. These experiments can also confirm that the 

growth is due to secreted metabolites and not due to metabolites that may have been released 

from cells that were lysed during the filtration of conditioned media. For these experiments 

we used 30 strains that were representative of all hit pathways and added 8 additional 

knockout strains that were either functionally relevant to our top hits or were previously 

suggested by others(Mee et al., 2014; Wintermute and Silver, 2010) (see methods). In order 

to confirm that the knockout strains we chose are annotated correctly for their autotrophy, 

we validated that their growth can indeed be rescued by the end-product metabolite of the 

mutated pathway (supplementary Figure 4).

Overall, we monitored 1,444 strain pairs. Figure 4A shows representative growth curves of 

a potent cross-feeding pair that is composed of knockout strains from different functional 

groups, rpe (carbon metabolism) and panZ (vitamin biosynthesis) knockout strains. As the 

figure shows, while each strain grew poorly by itself, their co-culture grew substantially 

faster. As we did previously, we quantified fitness using the area under the growth curve. 

The conditions we used for this experiment were slightly different from the ones used 

for the genetic screen and the hit validation experiments. We therefore confirmed that the 

growth volume and choice of culturing time did not considerably impact the growth of 

single-cultured auxotrophs or auxotroph pairs (supplementary figure 5). Figure 4B shows the 

calculated fitness for all tested pairs. Reassuringly, we observed that duplicate experiments 

(reciprocal elements in the heatmap) were highly correlated (Pearson correlation r = 0.945, 

p < 0.0001). As expected, the experiments showed that potency of pair collaboration was 

highly variable (marked by the wide range of fitness values in the heat map) and that 

many of the co-cultures were likely benefiting from cross-feeding (off-diagonal interactions 

are typically brighter than their matching diagonal interactions indicative of single strain 

growth). Supplementary figure 5B shows the histogram of diagonal and non-diagonal 

AUC measurements. Nevertheless, since many of the strains grew reasonably well on their 

own, interpretation of cross-feeding potency solely by these fitness measurements can be 

misleading.

In order to untangle the cross-feeding competency of pairs from the basal growth of their 

individual members we decided to use the pair’s growth improvement relative to the growth 

of the individual strains as our metric for cross-feeding potency (see methods). Since this 

method is based on measurement of absolute fitness, a high score reflects pairs that were 

considerably more fit when they were co-cultured as compared to their growth as pure 
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cultures. Figure 4C shows a histogram of fitness improvement for all tested pairs. As the 

panel shows, we observed a unimodal long tail distribution for this metric. We decided 

to use a score of 2 as a threshold for determining which cross-feeding interactions were 

highly potent. Figure 4D shows the fitness improvement by pair identity as a heat map. 

As the figure shows, growth improvement is highly biased towards specific strains and 

biological functions. For example, most strains dysfunctional for vitamins and co-factors 

formed potent collaborations with multiple strains from their own functional group and 

from other groups (marked by bright rows and columns in the heatmap). This observation 

is not entirely surprising given the metric we chose. For example, vitamins auxotrophs are 

characterized by a high basal growth (Figure 3B) and therefore their gain from collaboration 

is large in absolute fitness terms (added AUC) even if their fold-improvement was modest. 

Reassuringly, strains from a single pathway, marked by thin frames in the heatmap, tended 

to collaborate more with strains belonging to other pathways, rather than strains from their 

own pathway (biotin synthesis is an exception to this trend). We also noticed that strains 

dysfunctional for the same pathway sometimes differed in their collaboration potential. For 

example, the trpE knockout strain was a better overall collaborator than the trpA knockout 

strain.

In order to distil the numerous cross-feeding interactions we detected into a concise format, 

we used the threshold value we previously chose to separate strong and weak interactions 

(Figure 4C) in order to transform the interaction matrix into a logical one. This logical 

matrix can be represented as a network graph with 38 nodes, representing the knockout 

strains, and 127 edges, representing strong cross-feeding interactions (supplementary figure 

6). The node degree in this graph represents the number of strong cross-feeding interactions 

a strain participates in. Figure 4E shows the number of strong interactions we observed for 

each strain. Compatible with the interaction matrix, we observed that vitamins and cofactors 

auxotrophs tended to participate in multiple interactions, while nucleotides and amino acids 

auxotrophs tended to have fewer interactions. We also observed some notable exceptions 

to this trend, such as the knockouts strains for metC and trpE (amino-acid biosynthesis) 

that participated in multiple strong collaborations. Reassuringly, we also observed a positive 

correlation between the collaboration optimality score, calculated by growing individual 

auxotrophs on conditioned media, and the number of strong interactions an auxotroph can 

support (supplementary Figure 3B).

Figure 4F shows a compact representation of the interaction network after grouping 

strains into functional groups and weighing the number of interactions between groups 

to denote the edge strength. The network representation highlighted the key principles 

underlying cross-feeding interactions that can support vigorous growth. First, we observed 

that knockouts strains from the biotin, nicotinamide adenine dinucleotide (NAD+) and 

pantothenate biosynthesis pathways can form potent interactions with almost any other 

functional groups (node degrees 4-5). In contrast, strains dysfunctional for nucleotide 

biosynthesis can only interact with strains dysfunctional for biotin biosynthesis. Strains 

dysfunctional for amino-acid biosynthesis and mutants in central carbon metabolism interact 

mostly with strains dysfunctional for vitamin and co-factors biosynthesis (node degree 3). 

To further probe the interactions between the different functional groups we decided to 

measure the relative proportion of representative strains in pair cross-feeding experiments 
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by co-culturing pairs with different antibiotic resistance cassettes and plating the co-cultures 

on agar plates after 20 hours. We tested a total of 15 pairs and found that pairs can range 

from extreme proportions such as 0.9:0.1 to a balanced 0.5:0.5 composition (supplementary 

Figure 7A). In agreement with the predicted optimality of vitamin auxotrophs, we observed 

that that uneven proportions were biased towards vitamin auxotrophs over other functional 

groups (supplementary Figure 7B).

Taken together, the observations from pair cross-feeding experiments revealed that multiple 

strains can indeed collaborate when they are co-inoculated at low density into nutrient-poor 

media. The results supported the predictions from single strain experiments on conditioned 

media and showed that strains dysfunctional for biosynthesis of vitamins and co-factors are 

optimal for imposing cross-feeding interactions with an overall fast growth. Such strains can 

form cross-feeding interactions with knockout strains from practically any other auxotrophy 

group.

Synthetic multi-member consortia

Previous studies showed that pairwise cross-feeding interactions can sustain multi-member 

natural communities and synthetic engineered consortia(Freilich et al., 2011; Goldford 

et al., 2018; Mee et al., 2014). An open question is therefore whether an assembly of 

strains that are co-cultured together will coalesce into a co-dependent strain group that is 

stabilized by cross feeding interactions (termed a syntrophic consortium). Previous work in 

E. coli demonstrated that an assembly of 14 strict amino-acid auxotrophs converged into a 

cross-feeding consortia within a few days of growth(Mee et al., 2014). However, it remains 

unclear if an assembly that is composed of both strict and permissive auxotrophs will 

similarly converge to a syntrophic consortium or whether a single permissive auxotroph, 

that can grow reasonably well even without collaboration, will take over the culture. 

Addressing this question is important in order to know if the permissive auxotrophs we 

identified can indeed be members of stable communities (in nature or in-vitro). We therefore 

decided to directly test a multi-strain assembly that was composed of dozens of strict and 

permissive auxotrophs in a long-term multi-day experiment. Since the members of the initial 

assembly grew at very different rates even without collaboration, we reasoned that the 

hallmark of a consortium that is stabilized by potent cross-feeding interactions would be a 

composition that is stable over time and is similar across independent replicates. We also 

expected that the stable consortium will be composed of auxotrophs that we identified as 

optimal collaborators and the co-occurrence of strains we previously identified as potent 

cross-feeding collaborators (connected strain in the network presented in supplementary 

Figure 6). In contrast, a complete takeover by a single fast-growing strain or highly different 

strains composition over replicates would indicate that the assembly failed to coalesce into a 

stable syntrophic consortium.

We inoculated the 38 top auxotroph strains at equal proportions on nutrient-poor media and 

serially transferred and diluted this assembly every day for a period of 14 days. We sampled 

the culture at the end of days 1, 3, 7, and 14 and monitored the strain composition by 

deep sequencing. We conducted the experiment with six independent biological replicates 

in order to detect if similar composition dynamics emerged repeatedly. Figure 5A shows 
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how the composition in these assemblies changed during the two weeks of the experiment. 

Remarkably, we observed almost identical dynamics across all six biological replicates. 

The qualitative common characteristic, that could be readily detected by eye, were fast 

convergence to lower-complexity consortia, relative stable strain composition throughout the 

remaining period, and almost identical member composition post-stabilization (Figure 5A).

In order to quantify the reduction in strain complexity over time and compare the replicates, 

we calculated the entropy of consortia composition, or Shannon diversity, as a function 

of time and normalized it to the maximal entropy possible for a 38-strain consortium. We 

reasoned that the normalized entropy would be a good metric for diversity since it takes 

into account the number of strains in the assembly and the skewness in their proportion 

while remaining oblivious to the biological function of the gene knockouts. The normalized 

entropy is maximized (=1) if all strains are present at equal proportions (as in the initial 

inoculum) and is minimized (=0) if the assembly is completely dominated by a single 

strain. Figure 5B shows the changes in normalized entropy over time after averaging across 

all biological replicates (normalized entropy dynamics in individual replicates were almost 

indistinguishable from one another). As the graph shows, we observed that consortium 

complexity rapidly decreased in the first three days and then stabilized at a normalized 

entropy of 0.5. This stabilization, that was remarkably similar across all replicates, indicated 

that all assemblies rapidly converged to consortia that were still relatively complex.

We next investigated if the consortia composition can be explained by known cross-feeding 

interactions. Since we knew what the strain identity at each of the tested time points was, 

we were able to impose the member composition on the interaction network we previously 

inferred from pairs (Figure 4D) and test if the assembly we observed can be explained 

by multiple known strong pairwise interactions. The lower panel of Figure 5B shows 

the inferred interaction network at three key time points in this experiment. The initial 

inoculum, that supports collaborations between all six functional groups, coalesced to a 

lower complexity assembly within three days. This assembly included strains from four 

functional groups after extinction of auxotrophs for nucleotides and the co-factor NAD+. In 

this initial period of coalescence, we also observed a substantial contraction in the number of 

strains belonging to each functional group. For example, we observed that the amino-acids 

auxotroph group contracted from 17 strains to a single strain (cysW knockout). The period 

from day 3 to day 14 is characterized by overall stability in member composition. Although 

terminal assembly was still composed of members from the same 4 functional groups as 

the day 3 assembly, we observe a further contraction in the number of strains from each 

functional group. For example, the pantothenate biosynthesis group contracted from 3 to 2 

strains. Notably, even after intra-group contraction, the consortium composition could still 

be explained by previously characterized strong pairwise interactions.

Figure 5C shows the composition of the consortium in the last day of the experiment 

(averaged over all replicates). As the figure shows, the 38-strain assembly stabilized on a 

consortium that is composed of 7 dominant strains (bioC, bioF, bioH, cysW, icd, panD, 

and panZ knockouts). This terminal assembly spans multiple functional groups – biotin, 

pantothenate, and amino-acid biosynthesis and carbon metabolism mutants – and is largely 

dominated by strains that were predicted to be top potential collaborators (70% of cells 
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and 5 of 7 dominant strains were vitamin auxotrophs). It is also important to highlight the 

consistencies across biological replicates. Figure 5D shows the consortium composition on 

the last day of the experiment in each of the six replicates. As the figure shows, the strains 

retained within each biological pathway were likely not a random subset of the auxotrophs 

from this pathway. For example, in all replicates we observed dominance of the panZ 
knockout over all pantothenate auxotrophs and dominance of bioH knockout over all biotin 

auxotrophs. This observation suggests that even within a single pathway, auxotrophs can be 

prioritized by their cross-feeding competency.

While many of the consortia characteristics matched the predictions made according to 

strain-pair experiments, it is also important to note that some of the characteristics were 

unpredictable. For example, only one amino-acid auxotroph was retained in the stable 

consortia (cysW knockout). While cysW knockout is among the top collaborators from 

the amino-acid auxotroph group, other amino-acids auxotrophs, as the trpE knockout, were 

predicted to be even more potent collaborators. A similar observation can be made for 

the icd knockout from the carbon metabolism group. Different explanations may underly 

these discrepancies. First, it is possible that the measurements we made over short time 

scales to estimate the collaboration capacity of strains were limited predictors for technical 

reasons, either due to trace amounts of metabolites available intracellularly in the first hours 

of growth or due to slightly different protocols in the different experiments (e.g., different 

culture volume were used for the two experiments and these can impact multiple parameters 

of growth such as oxygen availability). It is also possible that discrepancies arose due to 

biological reasons, including possible higher-order interactions between knockout strains 

that were not captured in pairwise experiments or that evolutionary adaptation took place 

during the multi-day community experiment(Lloyd et al., 2019; Zhang and Reed, 2014).

The observation that the emerging consortia was fully supported by pairwise cross-feeding 

interaction is reassuring, yet it remains unclear whether such a consortium is also likely 

to emerge by random when multiple strains are co-cultured together. To evaluate the 

statistical significance of our experimental observations we mathematically calculated 

what fraction of all possible alternative consortia are fully consistent with the pairwise 

interaction network. We considered a total ~3*1011 alternative assemblies with 2-38 

members (supplementary figure 8A). We sampled 100,000 random assemblies for each 

assembly size and tested if each one was fully supported by the pairwise cross-feeding 

network in order to infer an empirical p-value for that assembly size (supplementary figure 

8B). Lastly, we integrated across all network sizes and weighted the empirical p-values 

by the number of alternative networks to calculate the p-value of interest (supplementary 

figure 8C). Since our simulations revealed that only a very small fraction of randomly 

selected assemblies (<0.0042) is fully supported by the pairwise cross-feeding network 

we concluded that the observed community emerging in our experiments is nonrandom 

and is likely selected by pairwise cross-feeding interactions. Lastly, as another test of 

our predictions we repeated the community experiment while growing the same set of 38 

strains in nutrient-rich media. We reasoned that since in these conditions cross-feeding is 

nonessential (auxotrophs are rescued by media metabolites) the composition of emerging 

assemblies will be dictated by other forces. Specifically, given our mathematical results 

we predicted that the emerging assemblies mostly likely will not be fully supported by 
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the pairwise interaction network. Reassuringly, we observed multiple differences in the 

dynamics of these assemblies and their end composition when growing on nutrient-poor and 

nutrient-rich media (supplementary Figure 9). In agreement with our prediction, none of 

the emerging consortia was fully consistent with pairwise interactions network and the end 

compositions of emerging consortia were not highly correlated with one-another.

Taken together we conclude that the auxotroph strains we identified as potential 

cross-feeders can indeed support a sustainable multi-member consortium with a stable 

composition. While this observation was previously made for strict amino acids 

auxotrophs(Mee et al., 2014), we can now expand it to include permissive auxotrophs. 

Since some of these strains are characterized by high growth rate, it is possible they will 

support a community that can quickly grow even at low confluence (systematic experiments 

with dozens of communities with different compositions are required to rigorously test 

this possibility). The stable consortia consisted of auxotrophs from 4 biological pathways 

and featured co-occurrence of individual strains that were known to strongly interact as 

pairs. The emerging strain composition of the consortia substantiates our claim that vitamin 

auxotrophs are ideal collaborators by showing that 5 of 7 dominant members and 70% of all 

cells, were indeed vitamin auxotrophs.

Discussion

Metabolic cross-feeding frequently underlies mutualistic relationships in natural microbial 

communities and is often exploited for assembling synthetic consortia. Previous studies 

of cross-feeding interactions in E. coli knockout strains provided insights into the design 

principles underlying mutualism. However, most studies that used E. coli relied on 

existing knowledge of well-characterized auxotroph mutations in a handful of metabolic 

pathways(Kerner et al., 2012; Lloyd et al., 2019; Mee et al., 2014; Pande et al., 2014; 

Wintermute and Silver, 2010; Zhang and Reed, 2014; Ziesack et al., 2019). Here, we 

hypothesized that improvement can be made by developing an unbiased approach for 

identifying all knockout strains that can participate in cross-feeding interactions. We 

expected that an unbiased systematic approach will not only assist in identifying new 

auxotroph strains but will also help prioritizing which auxotrophs are optimal for imposing 

stable and potent cross-feeding interactions that are characterized by overall fast growth.

We developed a pooled genetic screen approach to identify all single-gene knockouts that 

benefited from conditioned media. This approach allowed us to circumvent the formidable 

challenge of testing all possible knockout pairs (~7 million pairs) and to systematically 

identify the small group of strains that benefit from goods secreted by co-cultured cells. We 

find that strains that benefit from conditioned media are a small subset of all auxotrophs that 

can be rescued by extracellular metabolites in rich-nutrient media (Figure 2B). A functional 

enrichment analysis of the screen results revealed that conditioned media enriches for strains 

that are dysfunctional for very specific metabolic pathways (many, but not all, of the amino­

acids, nucleotides, specific vitamins and co-factors, and central carbon metabolism). While 

most of these results agree with the previous studies, some hits are potentially new targets 

for imposing mutualism in E. coli (biotin, folate, and Pyridoxal 5'-phosphate biosynthesis).
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Amino-acids and nucleotides auxotrophs are frequently used to successfully impose cross­

feeding mutualism in E. coli and other organisms(Kerner et al., 2012; Mee et al., 2014; 

Pande et al., 2014; Shou et al., 2007; Wintermute and Silver, 2010; Ziesack et al., 2019). 

While our study does not negate that they can cross-feed, it indicates that pairs composed 

of these auxotrophs may be characterized by an overall slow growth rate. A very plausible 

explanation for the slow growth is that amino-acids and nucleotides are cellular building 

blocks and are therefore required in large amounts for rescue. In contrast, vitamins and 

co-factors are only needed in trace amounts. Here, we assumed that many applications 

that rely on cross-feeding interactions will require vigorous growth and therefore designed 

a scoring metric that considers the resemblance to an “ideal” fast-growing collaborator. 

Strains that scored high using this metric were typically auxotrophs for vitamins and co­

factors and strains with altered carbon metabolism. Later experiments with over a thousand 

strain pairs further supported this prediction and showed that auxotrophs for vitamins and 

co-factors tended to participate in a greater number of interactions that yielded fast growth 

(Figure 4D). The systematic testing of so many strain pairs allowed us to infer the rules of 

interaction and deduce which functional groups collaborate well (Figure 4F). Taken together, 

our experiments in individual strains and in cross-feeding pairs provide a catalog of all 

auxotrophs that can participate in cross-feeding interactions and highlight which strain pairs 

grow vigorously when they are co-cultured. It will be interesting to test if the interaction 

rules we deduced for E. coli also apply to other microorganisms. We expect that addressing 

this question in model microorganisms that are genetically tractable, as the model eukaryote 

Saccharomyces cerevisiae, will be straightforward using a genetic screen approach(Giaever 

et al., 2002), similar to the one described here, or using a co-culturing approach recently 

described for S. cerevisiae and Pseudomonas(N’guyen et al., 2020).

Previous studies suggested that metabolite exchange in natural and synthetic communities 

can facilitate closed cooperative loops that benefit a multi-member community(Freilich 

et al., 2011; Goldford et al., 2018; Louca et al., 2018; Zengler and Zaramela, 2018). 

We therefore decided to test if the auxotrophs we identified as potential collaborators 

will coalesce into a multi-member consortium with a stable composition during a long­

term serial transfer experiment. While a previous study with auxotrophs for amino acids 

demonstrated emergence of stable multi-strain consortia(Mee et al., 2014), it was unclear 

if stable consortia will emerge when including permissive auxotrophs. The results from 

our community experiments revealed that permissive auxotrophs can indeed be used to 

engineer a stable multi-member consortium. Moreover, the emerging strain composition 

substantiates our key claim that vitamin auxotrophs are ideal collaborators by showing 

that most of the stable consortium members were auxotrophs for pantothenate and biotin. 

The experiments also uncovered a remarkable degree of consistency across biological 

replicates and highlighted very similar temporal dynamics – rapid convergence into a lower­

complexity consortium that remains stable over multiple days. We therefore expect that the 

7-strain consortium that emerged from our serial transfer experiment may be useful for 

biotechnological applications that require division of labor between members of a synthetic 

multi-strain consortium(Pandhal and Noirel, 2014; Roell et al., 2019; Zhou et al., 2015).

The study of metabolic cross-feeding in model organisms is important for shedding light 

on mutualism in natural microbial communities. Previous works suggest that cross-feeding 
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in diverse natural communities, such as the gut microbiome(Magnúsdóttir et al., 2015; 

Soto-Martin et al., 2020), marine ecosystems(Croft et al., 2005; Gómez-Consarnau et al., 

2018; Seymour et al., 2017), and production of fermented milk products(Blasche et al., 

2021; Ponomarova et al., 2017) can rely on the exchange of amino-acids, vitamins, and 

carbon sources. However, these conclusions should also be treated with caution for multiple 

reasons: First, many works in the field rely on computational analysis and comparative 

genomics to infer that some metabolic pathways are missing. However, results from 

computational approaches can be highly misleading due to imperfect gene annotation (as 

elegantly demonstrated here(Price et al., 2018)). Second, in many natural communities it 

remains unclear if auxotrophs are rescued by metabolites secreted by other community 

members or by high nutrient availability in a rich extracellular environment, e.g., the 

host diet supplying nutrients to the gut microbiome(Soto-Martin et al., 2020). Lastly, 

multiple additional selective pressures, beyond the ability to cross-feed, determine the 

member composition in natural communities, as demonstrated by the varying taxonomic 

composition in the gut microbiota across hosts(Louca et al., 2018). The work we present 

here circumvents these inherent problems for evaluating the selective advantage of cross­

feeding, by allowing us to quantify the fitness value of interactions in a well characterized 

model system where everything, except the pathways in question, is kept constant (media 

formulation, aeration, temperature, genetic background). Our systematic work reveals 

that although cross-feeding interactions can indeed rely on the exchange of multiple 

metabolites, some interactions are more potent than others in sustaining fast cross-feeding 

pairs. Moreover, our community experiments revealed that auxotrophs relying on these 

metabolites eventually prevail over other auxotrophs and persist in a multiple strain synthetic 

community. Thus, our work allows to determine that at least in the environment we tested, 

well-mixed aerated liquid media, vitamin autotrophy is superior to the exchange of amino­

acids, nucleotides, and carbon sources.

An additional important observation of our study is that many of the top collaborating 

auxotrophs are permissive ones (auxotrophs that can grow reasonably well even in poor 

media). While it is very plausible that such auxotrophs will not be able to sustain growth 

indefinitely on nutrient-poor media since they lack essential vitamins and co-factors, 

they possibly maintain their initial growth due to sufficient intracellular reservoirs and 

possible scavenging of metabolites from lysed cells and cellular debris. The observation of 

permissive auxotrophs is reminiscent of a recent study of soil microbiomes that revealed 

that isolates growing reasonably well on their own on nutrient-poor media can still benefit 

from cross-feeding interactions(Goldford et al., 2018). These interactions were shown to be 

strong enough to support a sustainable three-species consortia. Although the identity of the 

secreted goods is unknown in this system, the observation that the three species can grow as 

pure cultures on nutrient-poor media but improve when collaborating and our observations 

of superiority of permissive auxotrophs, together suggest that collaboration that relies on 

permissive auxotrophy may be selected for in nature. Moreover, since the natural isolates 

grew on nutrient-poor media that is similar to the one we used for our study, we expect 

that the genetic approach we used will be instrumental for identifying what are the secreted 

nutrients that support this multi-species community. In these experiments, conditioned media 

filtered from each isolate species would be used to grow the pooled E. coli strain collection 

Guillen et al. Page 16

Cell Syst. Author manuscript; available in PMC 2022 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and analysis of fold-enrichment of knockout strains could be used to infer the identity of the 

secreted metabolites (and possibly even their extracellular concentration).

Work on cross-feeding in E. coli strains continues to provide fundamental insights into 

design principles governing complex multi-species microbial systems as well as to allow 

improved design of biotechnological and biomedical applications. The results presented here 

provide a systematic catalog of all the knockout strains that can be utilized for cross-feeding 

applications and offer detailed information on their growth competency as pure strains, as 

part of a collaborating pair, and as members of a multi-strain consortia. Our work revealed 

that auxotrophs for biotin and pantothenate are ideal strains for assembling cross-feeding 

cultures since they support fast growth while maintaining strain co-dependence.

STAR Methods

RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents 

should be directed to and will be fulfilled by the lead contact, Amir Mitchell 

(amir.mitchell@umassmed.edu).

Materials availability—This study did not generate new unique reagents.

Data and Code availability

• The sequencing datasets generated during this study have been deposited at 

the NCBI Sequence Read Archive (SRA) and are publicly available under 

the accession numbers: PRJNA727839 (auxotroph screen), PRJNA727852 

(community composition in nutrient-poor media), and PRJNA727847 

(community composition in nutrient-rich media).

• All original code has been deposited at GitHub and is publicly available as of the 

date of publication. DOIs are listed in the key resources table.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Barcoded strain library—The E. coli barcoded deletion library was developed and 

provided by Dr. Hirotoda Mori from the Nara Institute of Science and Technology in 

Japan. More details on this resource appear here(Rosener et al., 2020). The parent strain 

of this library is BW38028 with the genotype Δ(araD-araB)567 lacZp-4105(UV5)-lacYλ− 

hsdR514, rph+(Conway et al., 2014). The strain collection has 3,680 individual knockout 

strains. In each strain, the open reading frame of a single gene was replaced in-frame with 

a fragment containing turbo GFP, a chloramphenicol resistance cassette and a unique 20bp 

sequence that serves as an identification barcode. Since the barcode is the only variable 

region across strains, it can be amplified from a mixed culture of strains with a single pair of 

primers.
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METHOD DETAILS

Media and growth conditions.—All experiments were performed in either nutrient-rich 

media (Luria Broth, LB), nutrient-poor media (M9 salts supplemented with 2mM MgSO4, 

0.1 mM CaCl2 and 0.5% glucose), or nutrient-poor conditioned media. Conditioned media 

was prepared by growing the barcoded ybcN strain overnight in nutrient-poor media 

supplemented with 20 μg/mL chloramphenicol. When the overnight culture reached an 

OD600 (optical density at 600 nm) of 1.2, cells were washed twice in water containing 

M9 salts and diluted to multiple inoculating densities. Conditioned media was obtained by 

inoculating the following cell densities: 5*109, 109, 108, and 107 cells/mL, and growing 

them in nutrient-poor media for 3.5 hours. Cultures were then filtered with a 0.22 micron 

filter. We replenished the spent media by adding nitrogen, phosphorous and carbon sources 

by adding x5 concentrated stocks of the M9 salts and glucose. All experiments were 

performed at 37 °C, and overnight cultures were shaken in 14 mL culture tubes (orbital) 

at 200 rpm. Experiments in multi-well plates were conducted with an automated plate reader 

(Tecan Spark/BioTek Eon MicroPlate) at 37 °C with double orbital shaking at 180 rpm.

Pooled Genetic screen – nutrient-poor vs conditioned nutrient-poor media—
For the screen, 50 μL of a frozen glycerol stock of the pooled E. coli barcoded strain 

library was inoculated into 7 mL of nutrient-rich media (LB) supplemented with 20 μg/mL 

chloramphenicol and grown over night. This high inoculum was used to maintain a large 

population size and minimize the sampling bottleneck in the thawing stage. Cells were 

washed twice in water containing M9 salts and inoculated at a density of 5*106 cells/mL in 

7 mL of nutrient-poor media or conditioned media. The screen was performed at 37 °C in 

biological triplicates (nutrient-poor media) or duplicates (conditioned media). Growth was 

halted by flash freezing the cultures when they reached the OD600 range of 0.2-0.3 (typically 

after about 8 hours of growth). Samples were stored at −80 °C for later DNA extraction 

(Zymo Quick DNA Miniprep Plus Kit, Cat#D4068).

Pooled Genetic screen – nutrient-poor vs nutrient-rich media—Full details on the 

genetic screen conducted in nutrient-rich media can be found in our previous study(Rosener 

et al., 2020). For that nutrient-rich media screen, 15 μL of the frozen glycerol stock of the 

pooled strain library was inoculated into 25 ml of the two media types supplemented with 

20 μg/ml chloramphenicol for overnight growth. The culture was then diluted to OD600 of 1, 

and again diluted 1:200 into 7ml of nutrient-rich media (LB). The screen was performed at 

37 °C in biological duplicates. The optical density of cultures was monitored throughout the 

screen. When the cultures reached OD600 of 0.6, the experiment was stopped and DNA was 

immediately extracted (Zymo Quick DNA Miniprep Plus Kit, Cat#D4068).

Limitations of pooled genetic screening—The pooled genetic approach we used 

for this study is relatively easy to implement and is powerful for the identification of 

auxotrophs that can be rescued by secreted metabolites. However, it is also important to 

note that pooled screening has an inherent limitation in this context. A pooled approach 

its inadequate for detecting unique interactions that only transpire between very specific 

strain pairs. For example, it is plausible that some knockout strains may be characterized 

by altered metabolite secretion profiles (e.g., they secrete metabolites that are not typically 
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secreted by most strains in our library) and therefore possibly rescue auxotrophs that are not 

typically rescued by media that was conditioned by the wild-type strain. Such pair specific 

interactions will not be detected by pooled screening. However, while an ordered genetic 

screen that systematically tests the interactions of all individual strain pairs can likely 

uncover such interactions, the experimentation scale it requires makes it highly impractical 

since it requires monitoring the growth of over 7 million interacting pairs (3,6802/2 different 

pairs).

Barcode Sequencing and Analysis—The genomic DNA (gDNA) concentration of 

each screen sample was measured with Qubit dsDNA high sensitivity assay kit (Thermo­

fisher, Cat#Q32854) and 6.25 ng of gDNA was used to prepare DNA libraries. A region 

of ~350 bp around the barcode locus was amplified with custom forward and reverse 

primers using 2x KAPA HiFi HotStart ReadyMix (Kapa Biosystems, Cat#KK2602). The 

primers sequences were: 5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-(4-6xN)­

TGTAGGCTGGAGCTGCTTCG 3' 

5’ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG­

GCAAATATTATACGCAAGGCGACAAG 3’ The Following thermocycler protocol was 

used: initial denaturation at 95° C for 3 minutes, 23 cycles of 95 °C for 30 seconds, 55 

°C for 30 seconds, 72 °C for 30 seconds, followed by a final extension at 72 °C for 5 

minutes. PCR products were purified using standard AMPure XP bead protocol (Beckman 

Coulter, Cat#A63881) with beads added at 0.9x volume. The standard Nextera XT Index 

Kit protocol (Illumina, Cat#FC-131-1024) was used to add indices and Illumina sequencing 

adapters to each PCR sample followed by the same AMPure XP bead purification protocol. 

The libraries were then run on a 2.5% Agarose gel with the product extracted using NEB 

Monarch DNA Gel Extraction Kit standard protocol (NEB, Cat# T1020L). Quality control 

of libraries was performed using BioAnalyzer/Agilent High Sensitivity DNA Kit (Agilent 

Technologies, Cat# 5067-4626). Library concentrations were assessed by Qubit dsDNA 

high sensitivity assay. Libraries were normalized to the same concentration, denatured, 

and diluted according to Illumina MiniSeq System Denature and Dilute Libraries Guide. 

Sequencing was performed using MiniSeq High Output Reagent Kit, 75-cycles (Illumina, 

Cat# FC-420-1001) on Illumina MiniSeq device.

Growth of auxotroph strains—We individually grew the 67 rescued hits form the 5*109 

cells/mL conditioned media overnight in nutrient-rich media (LB) supplemented with 20 

μg/mL chloramphenicol. We washed them twice in water containing M9 salts and seeded 

them at a density of around 5*106 cells/mL in either nutrient-poor media or conditioned 

media filtered from a 109 cells/mL culture. We grew them in 75 μL in 384-well plates and 

monitored by measuring absorbance at 600 nm (A600) every half hour with an automated 

plate reader (BioTek Eon MicroPlate). Plates were shaken and maintained at 37 °C between 

the reads.

Cross-feeding competence in strain pairs—We tested cross-feeding competence for 

a total of 38 strains. 27 of these strains were in the top 32 collaborators according to 

our collaboration score (five cys strains were omitted to avoid saturation of strains from 

the same pathway). We also included four additional strains belonging to the top 42 of 
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collaborators due to their high log2(fold-change) in the genetic screen. Additionally, we 

included seven strains despite not being characterized as hits on our screen in conditioned 

media from 5*109 cells/mL condition (six of these strains were found to be enriched 

in our screen but did not qualify as hits according to our enrichment cutoff). The 

additional strains we included according to this reasoning: bioD and bioF were included 

to complement the auxotrophs belonging to the biotin biosynthesis pathway and because 

they were significantly enriched in conditioned media from 109 cells/mL, purA, ilvE, and 

pheA, were included because they were shown to participate in successful cross-feeding 

pairs in previous works(Mee et al., 2014; Wintermute and Silver, 2010). We chose the 

other three knockout strains nadA, metE and rpe to complement hit strains from the same 

biological pathways of strains with high collaboration scores. All the added strains were 

still found to be highly enriched in conditioned media but were not characterized as hits 

in our screen due to our conservative choice for cutoff values for the fold-enrichment or 

adjusted p-value (supplementary table 1). We picked these 38 strains from a glycerol stock 

stored at −80 °C and grew them overnight in nutrient-rich media (LB) supplemented with 

20 μg/mL chloramphenicol. After washing twice in water containing M9 salts, we diluted 

the individual cultures to a density of 3x108 cells/mL. We combined equal volumes and 

inoculated them into 75 μL of nutrient-poor media at a final density of 4x107 cells/mL. We 

grew them in 384-well plates and monitored growth by measuring A600 every half hour with 

an automated plate reader (Tecan Spark).

Growth of auxotroph strains in supplemented nutrient-poor media—We 

supplemented media with amino acids, purines, pyrimidines, biotin, pantothenic acid, or 

niacin in order to test for auxotroph rescue. For the amino acid auxotrophs, the nutrient-poor 

media was supplemented with protein hydrolysate amicase (Sigma Aldrich, Cat#82514) 

0.2% (weight/volume). For rescue of tryptophan auxotrophy we supplemented the media 

with tryptophan (Sigma Aldrich, Cat#T0254) 0.2% (weight/volume), we did this because 

tryptophan concentration in the amicase is too low (<0.5 mg/g) to rescue tryptophan 

auxotrophs. For the purine auxotrophs, we supplemented the nutrient-poor media with 

adenine sulfate (USBiological, Cat#A0865) 200 μM. For the pyrimidine auxotrophs, we 

supplemented the nutrient-poor media with uridine (Alfa Aesar, Cat#A15227-06) 200 uM. 

For the nicotinamide auxotrophs, we supplemented the nutrient-poor media with niacin 

(Spectrum, Cat#NI100) 0.001 g/L. For the biotin auxotrophs, we supplemented the nutrient­

poor media with biotin (Sigma Aldrich, Cat#B4639) 0.001 g/L. For the pantothenic acid 

auxotrophs, we supplemented the nutrient-poor media with pantothenic acid (Sigma Aldrich, 

Cat#P5155) 0.001 g/L. We tested the rescue of 31 of the 38 strains used to test cross-feeding 

(we did not test rescue of mutants in carbon metabolism since it was not clear which exact 

carbon source can be used for rescue). We grew the 31 strains overnight in nutrient-rich 

media supplemented with 20 μg/mL chloramphenicol. We washed them twice in water 

containing M9 salts and seeded them at a density of around 5*106 cells/mL in nutrient-poor 

media or nutrient-poor media supplemented with the rescuing metabolite (the end-product of 

the mutated pathway). We grew them in 5 replicates in a volume of 75 μL in 384-well plates 

and monitored them by measuring A600 every hour for 24 hours with an automated plate 

reader (Tecan Spark). Plates were shaken and maintained in 37 °C between the reads.
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Growth of auxotroph pairs in different culture conditions—We selected 24 

auxotrophs that form 16 pairs ranging from poor to successful cross-feeding interactions 

to test if growth conditions (culture volume and culture container) considerably impact 

the ability of pairs to cross-feed. We inoculated the 24 strains from a glycerol stock 

stored at −80 °C and grew them overnight in nutrient-rich media supplemented with 20 

μg/mL chloramphenicol. After washing twice in water containing M9 salts, we diluted the 

individual cultures to OD600 of 1. We combined equal volumes and inoculated them into 

30 mL of nutrient-poor media to reach a final density of 4*107 cells/mL. We split each 

co-culture into culture tubes (7 mL), 96 deep well plates (1 mL), and 384 well plates in 

triplicates. We grew 384-well plates and monitored their growth by measuring A600 every 

hour with an automated plate reader (Tecan Spark). Plates were shaken double orbital at 180 

rpm and maintained in 37 °C between the reads. We grew the 96 deep-well plate and culture 

tubes at 37 °C and with orbital shaking at 200 rpm. We took 200 μL aliquots from the 7 mL 

cultures every 3 hours and measured A600 in an automated plate reader (Tecan Spark). We 

took 50 μL aliquots from the 1 mL cultures every 3 hours, diluted into 150 μL of PBS, and 

measured A600 in an automated plate reader (Tecan Spark).

Proportion of auxotrophs in representative cross-feeding pairs—For each 

functional group, we selected an auxotroph with a high number of interactions, nadC, panC, 
bioC, purE, icd and metC. With those 6 auxotrophs, a total of 15 different pairs can be 

formed. To be able to grow auxotroph pairs and then calculate the relative proportion of 

each strain from the pair, we decided to take one auxotroph from the barcoded library, 

which is resistant to chloramphenicol, and one auxotroph from the Keio knockout strain 

collection(Baba et al., 2006), which is resistant to kanamycin. The pairs used are shown in 

the following table:

Kanamycin Chloramphenicol

nadC panC

nadC bioC

nadC purE

nadC icd

nadC metC

panC bioC

panC purE

panC icd

panC metC

bioC purE

bioC icd

bioC metC

purE icd

purE metC

icd metC
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We picked the strains from a glycerol stock stored at −80 °C and grew them overnight 

in nutrient-rich media supplemented with either 20 μg/mL chloramphenicol or 50 μg/mL 

kanamycin. After washing twice in water containing M9 salts, we diluted the individual 

cultures to OD600 of 1. We combined equal volumes and diluted 1:100 into 1 mL of nutrient­

poor media at a final density of 107 cells/mL. We grew every co-culture in triplicates, at 

37 °C and with orbital shaking at 200 rpm. After 20 hours, we plated 1/103 dilutions on 

selective LB agar plates (either 20 μg/mL chloramphenicol or 50 μg/mL kanamycin). After 

24 hours, we imaged the plates with an EOS Rebel T3i camera, and we counted colonies 

were using an automated MATLAB script. We used the CFUs to estimate the proportion of 

each auxotroph in the pair.

Temporal dynamics of synthetic consortia—We individually picked the same 38 

strains used to test cross-feeding from a glycerol stock stored at −80 °C and grew them 

overnight in nutrient-rich media (LB) supplemented with 20 μg/mL chloramphenicol. After 

washing twice in water supplemented with M9 salts, we diluted the individual cultures to 

a density of 109 cells/mL. We combined equal volumes and diluted 1:100 into 1 mL of 

nutrient-poor media at a final density of 107 cells/mL. We grew the assemblies in a 96 

deep-well plate containing 1 mL of nutrient-poor media per well at 37 °C with orbital 

shaking at 200 rpm. After 24 hours, we thoroughly mixed the assemblies and transferred 5 

μL to 995 μL of fresh nutrient-poor media. We stored the remaining culture at −80 °C for 

later DNA extraction. We repeated this 24-hour cycle for 14 days to track changes in the 

assembly composition over time.

As a control, we repeated the experiment while growing the assemblies in nutrient-rich 

media. We picked the same 38 strains from a glycerol stock stored at −80°C and grew them 

overnight in nutrient-rich media (LB) supplemented with 20 μg/mL chloramphenicol. We 

diluted the individual cultures to a density of 109 cells/mL. We combined equal volumes and 

diluted 1:100 into 1 mL of nutrient-poor media at a final density of 107 cells/mL. We grew 

the assemblies in a 96 deep-well plate containing 1 mL of nutrient-poor media per well at 

37 °C with orbital shaking at 200 rpm. After 12 hours, we thoroughly mixed the assemblies 

and transferred 5 μL to 995 μL of fresh nutrient-rich media (LB). We stored the remaining 

culture at −80 °C for later DNA extraction. We repeated this 12-hour cycle 14 times to track 

changes in the assembly composition over time.

We extracted DNA from time points 1, 3, 7 and 14 and prepared it for sequencing as detailed 

above for the genetic screen. For the nutrient-poor media experiment, sequencing was 

performed using MiSeq Reagent Kit v3, 150-cycles (Illumina, Cat# MS-102-3001) on an 

Illumina MiSeq device. For the nutrient-rich media experiment, sequencing was performed 

using MiniSeq High Output Reagent Kit, 150-cycles (Illumina, Cat#FC-420-1002) on an 

Illumina MiniSeq device.

Random simulation of synthetic consortia—Using a custom Matlab (MathWorks) 

script, we developed a mathematical simulation that allowed us to estimate the likelihood of 

obtaining a strain assembly that is fully supported by the network of pairwise cross-feeding 

interactions that we inferred experimentally. We reasoned that an assembly compatible 

with our pairwise interaction network would be one were all the member strains (nodes) 
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can be rescued (edges) by at least one other member in the assembly. Mathematically, 

a network that is fully supported by pairwise interactions is defined as a getting a 

connected graph when selecting the subset of nodes from the full pairwise interaction 

graph. In our simulation, for each assembly with a given size (2 to 38 strains), we sampled 

without replacement 100,000 random assemblies. We then counted how many times, out 

of 100,000 generated assemblies, resulted in a connected graph. This fraction represents an 

empirical p-value for the likelihood of obtaining a strain assembly that is fully explained 

by the pairwise interaction network by random chance for a given assembly size. We also 

calculated separately the total number of unique strain assemblies that can be formed from 

38 auxotrophs. Finally, we weighed empirical p-values (calculated by our simulation) by 

the number of alternative networks for each assembly size. This p-value represents the 

likelihood of obtaining an assembly with 2-38 strains that is that is fully explained by the 

pairwise interaction network by random chance. The weight of each network size is given by 

the following equation:

wi =
ni

∑j = 2
38 nj

where ni marks the number of unique alternative subsets with i strains that are chosen out 

of 38 strains without replacement. The empirical p-value can be calculated by summing 

the weighted empirical p-value across all possible network sizes (2-38) with the following 

equation:

P = ∑
i = 2

38
piwi

where, pi is the empirical p-value of getting an assembly of size i that is supported by the 

pairwise interaction network and wi is the number of unique alternative subsets with i strains 

that can be chosen without replacement out of 38 strains.

Extracellular metabolites due to cell lysis of debris—Multiple experiments 

throughout this study relied on conditioned media that was filtered and may have likely 

also contained cellular debris and metabolites that originated from cell lysis during sample 

handling. To minimize cell lysis during conditioned media preparation we used a filtering 

method that relied on a weak vacuum pressure (250 mL vacuum-based filter flasks). We 

avoided filtering media by more aggressive methods (e.g., by applying pressure on syringe 

filters). Moreover, the conditioned media experiments were used only for the initial steps 

of this work that focused on the identification of candidate collaborators. All candidate 

collaborators we used for later experiments were tested by monitoring their growth in 

co-culture experiments (as pairs or in a community). Such co-culture experiments did not 

include any filtering step. We therefore reasoned that auxotroph growth in these experiments 

reflects predominantly rescue due to metabolites secreted by live cells and not due to cell 

lysis.
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QUANTIFICATION AND STATISTICAL ANALYSIS

Barcode Sequencing and Analysis—We converted the raw reads to barcode counts 

using a custom MatLab (MathWorks) script that searched for exact match of barcodes with 

15-25bp in each individual read. We masked any nucleotide with a quality score of 10 

or less. We identified knockouts that influenced bacterial growth in conditioned media by 

comparing the relative frequency of individual barcodes when the pooled library grew in 

conditioned media and in unconditioned media. We identified knockouts that influenced 

bacterial growth in nutrient-rich media by comparing the relative frequency of individual 

barcodes when the pooled library grew in nutrient-rich media (PRJNA645605) and in 

unconditioned media (this study). For both analyses, we used the barcode counts to identify 

strains with significant changes in their relative frequency with DEBRA(Akimov et al., 

2020). DEBRA is an R package that allows the run of DESeq2(Love et al., 2014) analysis 

on barcode libraries. For both analyses we chose the Wald statistical test and cutoffs of 3 

log2-fold for enrichment and false-discovery-rate adjusted p-value of 0.05. We discarded 

barcodes with less than 10 counts in a single screen condition. We performed gene-set 

enrichment analysis with GAGE(Luo et al., 2009) with a false-discovery-rate adjusted 

p-value of 0.1.

Growth of auxotroph strains—To assess absolute fitness in each condition, we used 

the area under the growth curve (AUC) after subtracting the absorbance of the first time 

point. We used fitness measurements from both conditioned and unconditioned media to 

predict which strains are likely to be potent collaborators that can support fast growth. For 

the purpose of this study, we defined an ideal collaborator as an auxotroph that will be 

unable to grow on unconditioned media and will grow rapidly on conditioned media. We 

assigned the minimal nutrient-poor AUC value measured in nutrient-poor media and the 

maximum AUC value measured in conditioned media to this ideal collaborator. Then, we 

measured the Euclidean distance of each knockout strain from this ideal collaborator. To 

define a collaboration optimality score, we subtracted the Euclidean distance value of each 

strain from the maximum distance value of all the validated strains, then we normalized 

the result to that same maximum distance. This gives a collaboration optimality score that 

ranges between 0 and 1, where one would be the score of an ideal collaborator and 0 is the 

score of the worse collaborator.

Cross-feeding competence in strain pairs—To assess the interaction competency 

between strains, we calculated the difference between the AUC of the pair and the max AUC 

of its individual members. We chose the minimum AUC value of all the pairs containing 

each strain as the representative AUC of that individual strain, based on the assumption 

that this growth curve represents growth when there is no interaction. We chose that 

measurement instead of the AUC of the culture of the individual strains because, given the 

experimental setting, the single strain inoculum initially has twice the number of cells of a 

single strain than the number of cells that same strain starts with in a pair. The cross-feeding 

potency can be described by the following equation:

cross − feeding potency = AUCi, j − max min(AUCi, 1:n), min(AUC1:n, j)
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where i and j represent unique strains and n is the total number of strains. This value was 

used to build a heatmap of cross-feeding potency. We set the diagonal, corresponding to 

cultures of single strains, to zero. We ignored the diagonal since it marks experiments that 

started from an inoculum that had twice the number of cells from a single strain (relative to 

all co-culturing experiments that had two strains). We considered nteractions with a potency 

value greater than 2 positive and we used them to build an interaction network using the 

Circa software. To build a compact version of the same network, we pooled together all the 

strains that belong to the same functional group into a single node and plotted the graph with 

Cytoscape(Shannon et al., 2003). We then counted how many interactions exist between 

the nodes (functional groups) to calculate the interaction strength. We weighted each edge 

according to the following equation:

Edge weigℎt =
2 ⋅ Inta, b
Sa ∗ Sb

where a and b represent different functional groups, Inta,b represents the number of positive 

interactions between members of functional groups a and b, Sa represents the number of 

deletion strains belonging to functional group a, and Sb represents the number of deletion 

strains belonging to functional group b. In this way, every edge is weighted by the total 

number of possible interactions between the deletion strains of each group.

Temporal dynamics of synthetic consortia—As previously described for the genetic 

screen, we concerted raw reads to barcode counts using a custom MatLab (Mathworks) 

script. After that, we calculated the frequency of each strain in the community. We used 

the Shannon entropy (H) to quantify the diversity of each community. Shannon entropy is 

defined as:

H(X) = − ∑
i = 1

n
p(xi) log p(xi)

where p(xi) is the proportion of strain i in the sample. We calculated the normalized entropy 

by dividing the entropy of each day by the entropy of the initial strain assembly (where all 

the strains were equally represented). We defined a proportion cutoff of 0.02 to estimate 

the number of dominant strains in a consortium at a given point in time. Strains appearing 

at lower proportions were still used for the normalized entropy calculation, but we not 

considered as dominant strains.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Genetic screens uncovered all E. coli knockouts benefiting from conditioned media.

Co-culture experiments identified potent cross-feeding auxotroph strain pairs.

Multi-day consortia experiments revealed persistent mutualistic collaborations.

Vitamins emerged as ideal shared goods that co-optimize growth and co-dependence.
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Figure 1. Pooled genetic screen of knockout strains in conditioned media.
(A) Overview of screen approach. We inoculated the wild-type E. coli strain at four different 

concentrations into nutrient-poor media and grew it for 3.5 hours before filtering. We 

replenished the carbon and nitrogen sources and then inoculated a pooled collection of 

3,680 knockout strains into the filtered media (marked by cells with different colors). 

We grew the cultures for 7 hours before we extracted genomic DNA and amplified 

the barcode region. Lastly, we sequenced the amplicon and calculated the frequency of 

individual barcodes that correspond to individual knockout strains. The orange gradient 

color marks conditioned media filtered from cultures inoculated at different densities. 

(B) Inference of conditioned-media impact on individual knockout strains by monitoring 

changes in barcode frequency. We calculated the frequencies of each knockout strain 

(barcode) across all screen conditions. We calculated the fold-change in strain (barcode) 

frequency in conditioned-media (orange tube) relative to the unconditioned-media control 

(grey tube). We identified strains unaffected by conditioned media (red bars), strains 

benefiting from conditioned media (green bars), and strains compromised by conditioned 

media (blue bars). (C) We used the fold-change in knockout strain frequency to measure 

impact of conditioned media on knockout strains. (D) The genetic sequencing yielded 

similar barcode coverage across all experiments. The violin plots show the number of times 

each knockout strain (individual barcode) was detected in each screen experiment. The 
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table above shows the number of unique strains (barcodes) we detected in each screen 

condition and the total of number barcodes we identified in DNA reads. (E) High correlation 

between strain frequency in biological duplicates. The scatter plots show the strain (barcode) 

frequency after normalization to reads-per-million (RPM) in biological duplicates. The 

Pearson correlation coefficient is shown in the upper left of each scatter plot.
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Figure 2. Knockout strains dysfunctional in biosynthesis of amino-acids, nucleotides, vitamins 
and co-factors, and central carbon metabolism benefit from condition media.
(A) Analysis of fold-change in strain representation and the statistical significance across 

the four screen conditions. The number of significantly enriched or depleted strains are 

shown on the upper corners (the vertical and horizontal black lines mark the fold-change 

and p-value cutoffs we used). The vast majority of hits were enriched, rather than depleted, 

in conditioned media. The total number of hits increased with conditioned media filtered 

from denser cultures. (B) Only a subset of auxotrophs that were enriched on nutrient-rich 

media also benefited from conditioned media. The Venn diagram shows the overlap between 

hits found to be enriched on nutrient-rich media (pink) and those found to be enriched on 

conditioned-media (orange). (C) A comparison of fold-change in knockout strain frequency 

on nutrient-rich media and on conditioned media. The fold-enrichment of common hits 

is correlated in the two screens (colors as in B). (D) The conditioned media enriched 

knockout strains are associated with specific metabolic functions. The colored bars show the 

fold-enrichment of hit strains in conditioned media filtered from the densest culture. 59 of 

67 of the strains can be annotated as dysfunctional in biosynthesis of amino acids (green), 

nucleotides (blue), vitamins and co-factors (red), and central carbon metabolism (purple). 

Eight of the enriched strains belong to other biological categories (gray). (E) Analysis of 
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KEGG pathway enrichment across all conditions. The circle plots show the number of genes 

belonging to the enriched pathway and gray-scale color marks the statistical significance.
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Figure 3. Absolute fitness measurements suggest that strains dysfunctional for specific pathways 
will be optimal collaborators for cross-feeding interactions.
(A) Growth curves of the wild-type and pgi knockout strains in conditioned and 

unconditioned media. The area under the curve (AUC), shown as a shaded area, was used 

as the fitness metric. The fitness of the pgi knockout strain considerably increased on 

conditioned media. (B) Fitness measurements of 67 knockout strains in conditioned and 

unconditioned media revealed that strains occupy diverse positions on the fitness plane. The 

experiment shows that many of the validated hits (strains above the diagonal line) grow 

reasonably well even in unconditioned media (permissive auxotrophs). The colors mark 

the biological function of the gene knockout (as in Fig. 2). Knockout strains that are not 

observed to benefit from conditioned media are marked in white. The star marker indicates 

the position of a theoretical ideal collaborator, a strict auxotroph that completely arrests on 

unconditioned media and grows fast on conditioned media. The Euclidean distance from 

the ideal collaborator, shown as a red segment, was used to calculate the collaboration 

potential score for each strain. (C) The collaboration optimality score, calculated by each 

strain’s distance from the ideal collaborator, shows a bias towards some biological functions. 

The bar graph marks the collaboration optimality score of each knockout strain. Strains 

scoring high in their collaboration potential are mostly strains dysfunctional for vitamin 

and co-factor biosynthesis or mutants for carbon metabolism. The inset shows the inverse 

relationship between the collaboration score and the fold-enrichment measured in the 

genetic screen.
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Figure 4. Fitness measurements in co-cultured strain pairs uncovers the underlying principles 
for pairwise cross-feeding.
(A) The panels show growth curves of rpe and panZ knockout strains inoculated individually 

or together as a co-culture. (B) The systematic measurement of fitness in co-cultured 

pairs reveals multiple instances of likely cross-feeding. The heatmap shows the area 

under the growth curve measured during 20 hours of growth across all 1,444 co-culture 

experiments. The thick colored frames mark similar biological function. The thin colored 

frames marks members belonging to the same biological pathway. (C) A histogram of all 

growth improvements calculated from pair co-culturing experiments. We used a cutoff of 

2 to identify potent cross-feeding interactions that yield vigorous growth. (D) The growth 

improvement inferred across all co-culture experiments reveal that strains dysfunctional 

for vitamin and co-factor biosynthesis are potent collaborators (bright columns and rows). 

The heatmap shows the growth improvement calculated for all co-culture experiments. (E) 

The number of strong interactions each knockout strain participates in. (F) The network 

of cross-feeding interactions reveals the rules underlying potent collaborations. The graph 

shows a compacted version of the full interaction network (supplementary figure 6) after 

merging strains with a similar biological function into a single network node. The pie chart 

of each node shows how many strains from the node participate in potent cross-feeding 

interactions. The edge width marks the number of observed interactions between nodes 
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normalized to total number of possible interactions given the number of strains in each of 

the two connected nodes.
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Figure 5. Assemblies composed of 38 knockout strains quickly coalesce into lower-complexity 
consortia with highly consistent member composition that are stable over time.
(A) Changes in strain composition across biological replicates revealed highly similar 

dynamics. The panels show the inferred member composition of individual assemblies 

over 14 days of serial transfer. The assemblies initially had equal proportions of all 

knockout strains. The member composition was measured by deep sequencing samples 

from days 1, 3, 7, and 14. (B) Strain diversity in serially transferred assemblies rapidly 

decreased and then stabilized. The graphs show the mean normalized entropy across the 

six biological replicates, the bars mark the standard deviation. The normalized entropy 

for individual assemblies is marked by different shapes (typically indistinguishable from 
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the mean). The lower panel shows the member composition overlayed on the interaction 

network and highlights the two phases taking place over time. The networks show the 

strain composition (averaged over replicates) at days 0, 3 and 14. Most changes in the 

assemblies conclude by day 3. This period is characterized by loss of many strains and a 

shift in the proportion among remaining strains (shown by the node size). The numbers 

next to the node indicate the number of strains remaining in the node. The assembly 

composition remains highly conserved from day 3 to day 14. The node area marks the 

total proportion of all strains belonging to its functional group from all detected strains. 

(C) The composition of assemblies at day 14 reveals multi-member consortia that are likely 

stabilized by multiple strong pairwise cross-feeding interactions. The networks show the 

strain composition (averaged over replicates). The node area marks the total proportion of all 

strains belonging to its functional group from all detected strains. The identity of dominant 

strains within each node is shown next to the node, the numbers mark the proportion of the 

strain from the entire assembly. (D) Strains retained within each biological pathway were 

likely not a random subset of all auxotrophs from this pathway. The pie charts show the 

composition of dominant strains in each biological replicate at day 14. We observed a high 

consistency in the knockouts dominating each dysfunctional pathway. A list of the individual 

dominant strains and their proportions is presented to the right of each pie chart.

Guillen et al. Page 39

Cell Syst. Author manuscript; available in PMC 2022 November 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Guillen et al. Page 40

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

 

 

 

 

 

Bacterial and virus strains

E. coli barcoded deletion library Laboratory of Hirotoda 
Mori

N/A

 

 

 

 

Biological samples

 

 

 

 

 

Chemicals, peptides, and recombinant proteins

AMPure XP bead Beckman Coulter Cat#A63881

KAPA HiFi HotStart ReadyMix Kapa Biosystems Cat#KK2602

Difco M9 Minimal Media Salts, 5X BD Cat#248510

Protein hydrolysate amicase Sigma Aldrich Cat#82514

Tryptophan Sigma Aldrich Cat#T0254

Uridine Alfa Aesar Cat#A15227-06

Adenine sulfate USBiological Cat#A0865

Biotin Sigma Aldrich Cat#B4639

Niacin Spectrum Cat#NI100

D-pantothenic acid Sigma Aldrich Cat#P5155

Critical commercial assays

BioAnalyzer/Agilent High Sensitivity DNA Kit Agilent Cat# 5067-4626

Qubit dsDNA high sensitivity assay Thermo-fisher Cat#Q32854

Quick DNA Miniprep Plus Kit Zymo Cat#D4068

Nextera XT Index Kit Illumina Cat#FC-131-1024

MiniSeq High Output Reagent Kit, 75-cycles Illumina Cat#FC-420-1001

MiniSeq High Output Reagent Kit, 150-cycles Illumina Cat#FC-420-1002

MiSeq Reagent Kit v3, 150-cycles Illumina Cat#MS-102-3001
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Auxotroph screen This study PRJNA727839

Assembly dynamics in nutrient-poor media This study PRJNA727852

Assembly dynamics in nutrient-rich media This study PRJNA727847

Pooled library in nutrient rich media Rosener et al., 2020 PRJNA645605

 

Experimental models: cell lines

 

 

 

 

 

Experimental models: organisms/strains

 

 

 

 

 

 

Oligonucleotides

Forward primer for barcoded library: 
5’ TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-(4-6xN)­
TGTAGGCTGGAGCTGCTTCG 3'

Rosener et al., 2020 N/A

Reverse primer for barcoded 
library: 5’ GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG­
GCAAATATTATACGCAAGGCGACAAG 3’ 

Rosener et al., 2020 N/A

 

 

 

Recombinant DNA

 

 

 

 

 

Software and algorithms

Cystoscape Shannon et al., 2003 https://cytoscape.org

Matlab(R2020a) Mathworks https://www.mathworks.com/
downloads/

Circa OMGenomics https://omgenomics.com/circa/

DEBRA, R package Akimov et al., 2020 https://github.com/
YevhenAkimov/DEBRA
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REAGENT or RESOURCE SOURCE IDENTIFIER

GAGE, R package Luo et al., 2009 https://bioconductor.org/
packages/release/bioc/html/
gage.html

DESeq2, R package Love et al., 2014 https://bioconductor.org/
packages/release/bioc/html/
DESeq2.html

Code to analyze data and generate plot This study DOI: 10.5281/zenodo.5106763

Other
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