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SUMMARY
The exchange of metabolites among different bacterial genotypes profoundly impacts the structure and
function of microbial communities. However, the factors governing the establishment of these cross-feeding
interactions remain poorly understood.While shared physiological featuresmay facilitate interactions among
more closely related individuals, a lower relatedness should reduce competition and thus increase the poten-
tial for synergistic interactions. Here, we investigate how the relationship between a metabolite donor and
recipient affects the propensity of strains to engage in unidirectional cross-feeding interactions. For this,
we performed pairwise cocultivation experiments between four auxotrophic recipients and 25 species of po-
tential amino acid donors. Auxotrophic recipients grew in the vast majority of pairs tested (63%), suggesting
metabolic cross-feeding interactions are readily established. Strikingly, both the phylogenetic distance be-
tween donor and recipient and the dissimilarity of their metabolic networks were positively associated
with the growth of auxotrophic recipients. Analyzing the co-growth of species from a gut microbial commu-
nity in silico also revealed that recipient genotypes benefitted more from interacting with metabolically
dissimilar partners, thus corroborating the empirical results. Together, our work identifies the metabolic
dissimilarity between bacterial genotypes as a key factor determining the establishment of metabolic
cross-feeding interactions in microbial communities.
INTRODUCTION

Microorganisms are ubiquitous on our planet and are key for

driving pivotal ecosystem processes.1–3 They contribute signifi-

cantly to the flow of elements in global biogeochemical cycles3,4

and are also crucial for determining the fitness of plants5,6 and

animals,7,8 including humans.9,10 These vital functions are pro-

vided by complex communities that frequently consist of hun-

dreds or even thousands of metabolically diverse strains and

species.11,12 However, the rules that determine the assembly,

function, and evolution of these microbial communities remain

unclear. Understanding the underlying governing principles is

central to microbial ecology and crucial for designing microbial

consortia for biotechnological13 or medical applications.14,15

In recent years, both empirical and theoretical work has

increasingly suggested that the exchange of essential metabo-

lites among different bacterial genotypes is a crucial process

that can significantly affect growth,16,17 composition,18 and the

structure of microbial communities.19 In these cases, one
Current Bio
bacterial genotype releases a molecule into the extracellular

environment, which other cells in the local vicinity can use. The

released substances frequently include building-block metabo-

lites, such as amino acids,20,21 vitamins,22,23 or nucleotides,24

as well as degradation products of complex polymers.19,25

Even though these compounds represent valuable nutritional re-

sources, they are released as unavoidable byproducts of bacte-

rial physiology26,27 and metabolism28 or due to leakage through

the bacterial membrane.29,30 Consequently, the released com-

pounds create a pool of resources that can benefit members

of the same or different species that are present in the same envi-

ronment.31–34 The beneficiaries include metabolically autono-

mous genotypes (i.e., prototrophs) that opportunistically take

advantage of thesemetabolites aswell as strains, whose survival

essentially depends on an external supply with the correspond-

ing metabolite (i.e., auxotrophs). Due to a mutation in their

genome, these auxotrophic genotypes are unable to autono-

mously synthesize vital nutrients, such as amino acids, vitamins,

or nucleotides. By utilizing metabolites that are produced by
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another cell, a unidirectional cross-feeding interaction is estab-

lished. Auxotrophic mutants that use compounds released by

others can gain a significant fitness advantage over prototrophic

cells that produce the required metabolites by themselves.35 In

addition, when co-occurring with strains that can provide the

required metabolite, auxotrophic genotypes are commonly sta-

bilized by negative frequency-dependent selection, which main-

tains their populations in the long run.36–39 As a consequence of

the strong fitness benefits that can result for auxotrophic

genotypes as well as the stabilizing effect of negative fre-

quency-dependent selection, cross-feeding between prototro-

phic donors and auxotrophic recipients is prevalent in all kinds

of microbial ecosystems, including soil,40 fermented food,21

aquatic environments,41,42 as well as host-associated micro-

biota.7,43 Despite the ubiquity of unidirectional cross-feeding in-

teractions in nature, the factors determining their establishment

remain poorly understood.44–47 In particular, it is unclear how the

relationship between the metabolite donor and the auxotrophic

recipient affects the likelihood that a cross-feeding interaction

is successfully established. Two possibilities are conceivable.

First, phylogenetically closely related individuals are more

likely to share physiological features that favor the establishment

of cross-feeding interactions than two more distantly related

strains. For example, an efficient transfer of metabolites from

one cell to another commonly depends on close physical contact

between donor and recipient.48 The attachment to other cells is

generally mediated by surface factors (e.g., adhesive proteins) or

exopolymers that, in some cases, operate more effectively be-

tween cells sharing similar surface structures.49 Moreover,

some species form intercellular nanotubes to exchange metab-

olites between cells,36,48 which in turnmight require an increased

structural similarity between cells for an efficient transport to op-

erate. Another context, in which the phylogenetic relatedness

between donor and recipient could determine the establishment

of a unidirectional cross-feeding interaction, is when both part-

ners can communicate with each other. Certain signals involved

in chemical communication (i.e., quorum sensing) between cells

are more readily perceived by more closely related bacterial

strains than more distantly related individuals.50 Consequently,

quorum sensing between more similar genotypes is also more

likely to regulate processes such as cell-cell adhesion16 or the

establishment of metabolic cross-feeding interactions.51 In the

following, we refer to this possibility as the similarity hypothesis.

Second, unidirectional cross-feeding interactions might be

more likely to emerge among two more distantly related individ-

uals than between two close relatives. For instance, two distantly

related bacterial cells are less likely to share ecological prefer-

ences, such as habitat or resources utilized, than two phyloge-

netically similar bacterial taxa.45,52,53 Consequently, two more

distantly related strains should compete less for the available re-

sources than two individuals that belong to the same or two

closely related species.54 Moreover, two phylogenetically

distantly related cells will tend to have a more dissimilar meta-

bolic network than two closely related individuals.33,55,56 As a

result, both the biosynthetic cost to produce a given metabolite

and its nutritional value are more likely to differ in interspecific

pairs than amongmembers of the same species.57,58 If these dif-

ferences also translate into an enhanced growth of the auxotro-

phic recipient, a positive correlation between the growth of the
5548 Current Biology 31, 5547–5557, December 20, 2021
auxotroph and the phylogenetic and/or metabolic distance to

the donor cell would be observed. In the following, we refer to

this alternative possibility as the dissimilarity hypothesis.

Here, we aim to distinguish between these two hypotheses to

better understand the factors governing the establishment of this

ecologically important interaction. To achieve this goal, we use

unidirectional cross-feeding interactions as a model. Syntheti-

cally assembling pairs consisting of an auxotrophic recipient

and a prototrophic amino acid donor of the same or a different

species ensured that both interaction partners do not share a

coevolutionary history. In this way, all results will represent the

situation of a naive encounter between both interaction partners

and only mirror effects resulting from the phylogenetic related-

ness and metabolic dissimilarity between partners. Using this

synthetic ecological approach, we systematically determined

whether and how the phylogenetic or metabolic distance be-

tween auxotrophic recipients and prototrophic amino acid do-

nors affects cross-feeding in pairwise bacterial consortia.

Our results show that, in the vast majority of cases tested,

unidirectional cross-feeding interactions successfully estab-

lished between a prototrophic donor and an auxotrophic recip-

ient. Strikingly, recipients’ growth was positively associated

with both the phylogenetic and metabolic distance between

donor and recipient. This pattern could partly be explained by

the difference in the amino acid profiles produced by donors.

Finally, analyzing the co-growth of species from a gut microbial

community in silico revealed that recipient genotypes

benefitted more from interacting with metabolically dissimilar

partners, thus corroborating the empirical results. Together,

our work identifies the metabolic dissimilarity between donor

and recipient genotypes as a critical parameter determining

the establishment of unidirectional cross-feeding interactions

in microbial communities.

RESULTS

Auxotrophic recipients commonly benefit from the
presence of prototrophic donor cells
To determine the probability with which unidirectional cross-

feeding interactions emerge between an auxotrophic recipient

and a prototrophic donor genotype, pairwise coculture experi-

ments were performed (Figure 1A). For this, 25 strains that be-

longed to 21 different bacterial species were used as potential

amino acid donors (Figures 1B and 1C). Donor strains were

selected such that they represented different bacterial taxa

and were able to synthesize all nutrients they required for growth

in a minimal medium (metabolic autonomy and prototrophy; Fig-

ure 1C). In addition, none of the strains used were isolated from

the same environment (key resources table), thus minimizing the

possibility of a shared coevolutionary history. These potential

amino acid donors were individually cocultured together with

each of four auxotrophic recipients that belonged to one of two

bacterial species (i.e., Escherichia coli and Acinetobacter baylyi)

and were auxotrophic for either histidine (DhisD) or tryptophan

(DtrpB; Figure 1D).

To test whether the selected donor strains can support the

growth of auxotrophic recipients, the abovementioned strains

were systematically cocultured in all possible pairwise combina-

tions (initial ratio: 1:1). Subsequently, the growth of the recipient
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Figure 1. Unidirectional cross-feeding between prototrophic donor cells and amino acid auxotrophic recipients is common

(A) Overview over the experimental system used. Metabolically autonomous donor genotypes (black cell) were individually cultivated together with an auxo-

trophic recipient that was unable to produce either histidine or tryptophan (white cell). Growth of auxotrophs signifies the successful establishment of a unidi-

rectional cross-feeding interaction, in which the focal amino acid (i.e., histidine or tryptophan [D]) is exchanged between donor and recipient cells.

(B) Phylogenetic tree of bacterial species (donors and recipients) used in this study. Different colors indicate different phyla. The tree was constructed based on

the 16S rRNA gene. Species used as recipients are highlighted in bold. Branch node numbers represent bootstrap support values.

(C) Boxplot shows growth of 25 donor strains in minimal medium (n = 8). Donor genotypes were arranged based on their order in the phylogenetic tree, and colors

correspond to different phyla (B). Recipient strains used in this study are highlighted in bold.

(D) Growth of recipient strains (Acinetobacter baylyi [AB] and Escherichia coli [ECB]) auxotrophic for histidine (DhisD) or tryptophan (DtrpB), which have been

cultivated in the presence (+AA) of the focal amino acid (100 mM) or without amino acid supplementation (�AA). Asterisks indicate the results of a paired sample

t test: ***p < 0.001; n = 4. In both cases (C and D), growth was determined spectrophotometrically (optical density 600 nm [OD600nm]). Boxplots: medians (lines

within boxes), interquartile range (boxes), and 1.53 interquartile range (whiskers) are shown.

(E) Growth of auxotrophic recipients in pairwise coculture with different donor genotypes. Escherichia coli and Acinetobacter baylyi, each either auxotrophic for

histidine (DhisD) or tryptophan (DtrpB), were used as amino acid recipients. The relative fitness of receivers, when grown in coculture with one of 25 donors, is

plotted relative to their growth in monoculture in the absence of the focal amino acid (gray dashed line).

Gray shaded area shows the threshold above (±1.05) and below (±0.95) which recipients have a fitness advantage and disadvantage, respectively, in coculture

with the donor. Depending on whether the recipient’s fitness was above or below the critical threshold, interactions were classified as negative (n = 5), neutral

(n = 135), or positive (n = 240). CFU was calculated 24 h post-inoculation.
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strains in coculture was quantified by determining the number of

colony-forming units (CFUs) at the onset of the experiment (0 h)

and after 24 h. The difference between both numbers was then

compared to the growth, the same strain achieved in a monocul-

ture over the same period without externally supplied amino

acids. In this experiment, the donor’s presence affected the re-

cipient’s growth either positively, negatively, or in a neutral

way. Only 1.3% of tested cases showed a growth reduction,

and in 35% of interactions, auxotrophs did not respond at all

to the presence of a donor cell (Figure 1E). In contrast, in the
vast majority of cocultures tested (i.e., 63.2%), the growth of

auxotrophic cells was significantly enhanced in the presence of

donor cells as compared to their growth in monocultures, sug-

gesting that unidirectional cross-feeding interactions readily

establish (Figure 1E).

Recipient growth depends on amino acid production of
donor genotypes
The main factor causing growth of auxotrophs in the coculture

experiment was likely the amount and identity of metabolites
Current Biology 31, 5547–5557, December 20, 2021 5549



Figure 2. Amino acid production profile of different donors

Heatmap of amino acids released by different donor strains. The amount of

amino acid (mM per cell) produced by 25 donor strains (for abbreviations, see

Figure 1B) is shown (y axis). Cell-free supernatants of exponentially growing

cultures were analyzed via LC-MS/MS. Colors indicate different amino acid

concentrations (legend) and the total amount of amino acids produced by the

donor. Arrows highlight the two focal amino acids used in the experiments (i.e.,

His and Trp). Mean values of four biological replicates are shown (see also

Figures S1 and S2).

Table 1. Total amino acid production of different donors can

predict unidirectional cross-feeding

Recipient n r p value

Total amino acids

AB-his 89 0.29 4.3 3 10�3a

AB-trp 90 0.17 0.12

ECB-his 92 0.35 8.3 3 10�4a

ECB-trp 93 0.33 1.2 3 10�3a

Focal amino acids

AB-his 89 0.23 0.029a

AB-trp 90 0.09 0.37

ECB-his 92 0.47 0.2 3 10�5a

ECB-trp 93 0.43 0.13 3 10�4a

Overview of the statistical relationships between the effect of total

amount of amino acids or the focal amino acids on the density auxotro-

phic recipients reached when supplied with the supernatant of different

donor cultures. Density of auxotrophs was normalized by donor cell den-

sity. Results of Spearman rank correlations are shown (see also Fig-

ure S2).
aSignificant effects (p % 0.05)
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donor cells released into the extracellular environment (i.e., the

exo-metabolome).26 To test whether amino acid production of

donors could explain the observed recipient growth, the super-

natant of monocultures of all 25 donor strains was collected dur-

ing exponential growth. Subjecting the cell-free supernatant of

these cultures to liquid chromatography-tandem mass spec-

trometry (LC-MS/MS) analysis revealed that all tested genotypes

secreted amino acids in varying amounts (Figures 2 and S1). In

this experiment, donors are not expected to specifically produce

the amino acid that the cocultured auxotroph requires for

growth. Moreover, bacteria usually use generic transporters to

import chemically similar amino acids.59–61 Thus, auxotrophic

recipients may benefit not only from the one amino acid they

require for growth but potentially also from utilizing other amino

acids that are produced by the donor. To quantitatively deter-

mine whether the released amino acids could explain the

observed growth of recipients, the cell-free supernatant of donor

cultures (replenished with fresh nutrients; STAR Methods) was

supplied to monocultures of auxotrophic cells and the resulting

growth over 24 h was quantified by plating. As expected, growth

of auxotrophic recipients was positively associated with the con-

centration of the amino acid the corresponding auxotroph

required for growth (Table 1; Figure S2A). Interestingly, however,

was the observation that recipient growth also correlated posi-

tively with the total amount of amino acids present in the donor

supernatant (Figure S2B). Notable in this context was the obser-

vation that the growth of the tryptophan-auxotrophic Acineto-

bacter baylyi (DtrpB) strain was not positively associated with

either the amount of tryptophan produced by donor genotypes

or the total amount of amino acids they had produced. Given

that both the concentration of the focal amino acid (FAA) and
5550 Current Biology 31, 5547–5557, December 20, 2021
the total amount of amino acid (TAA) produced by donor geno-

types could explain the growth of three out of four auxotrophs

tested, we statistically removed the effect of the focal amino

acid and reanalyzed the impact of the total amount of amino

acids on recipient growth. This was achieved by first obtaining

the residuals of a linear regression between TAA and FAA (i.e.,

the variation unexplained by total amino acid concentration).

We then performed a new linear regression between these resid-

uals and the growth of recipients. The results of this analysis re-

vealed a significant correlation of both parameters for E. coli (p <

0.05), but not A. baylyi (p > 0.05; Table 1), thus indicating that

E. coli auxotrophs likely also took advantage of other amino

acids that were produced by the corresponding donors. This

observation points to species-specific differences in the meta-

bolic requirements of auxotrophic genotypes and shows that

auxotrophic recipients can also take advantage of other (non-

focal) amino acids that are produced by donor cells.

Recipient growth correlates positively with amino acid
profile dissimilarity
To distinguish between the two main hypotheses, we asked

whether the difference in the amino acid profile (i.e., the collec-

tion of secreted amino acids) produced by a closely and distantly

related donor strain could explain the growth auxotrophs

achieved in the coculture experiment. To test this, we calculated

the Euclidean distance between the amino acid profiles of all 25

donor strains. Comparing the statistical relationship between the

normalized growth of auxotrophs in coculture with the Euclidean

distance in the amino acid profiles of closely and distantly related

donor genotypes revealed a significantly positive relationship

between both parameters in all four auxotrophs tested (Fig-

ure 3A). In other words, auxotrophs grew better in coculture

with a donor, which produced an amino acid mixture, whose

composition was different to the one a closely related cell would

have produced. Thus, these results support the dissimilarity

hypothesis.
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Figure 3. Cross-feeding increases with an increasing dissimilarity to donor cells
Shown is the net growth of the E. coli and A. baylyi recipients auxotrophic for histidine (DhisD;6) and tryptophan (DtrpB; B) as a function of (A) the amino acid

profile distance, (B) the phylogenetic distance, and (C) the genome-basedmetabolic distance between donor and recipient. Red lines are fitted linear regressions,

and gray areas indicate the 95%confidence interval. Each data point represents a replicate and is color-coded according to its phylogenetic affiliation (Figure 1B).

Growth of recipients is displayed as the logarithm of the difference in the number of CFUs between 0 h and 24 h and was normalized per number of donor cells.

Results of linear regression are shown, and significant results are highlighted in bold. Sample size was 80–100 in all cases.
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Growth of recipients scales positively with the
phylogenetic and metabolic distance to donor cells
Next, we asked whether two phylogenetically closely related ge-

notypes are more likely to engage in a unidirectional cross-

feeding interaction than two more distant relatives. To test this,

we reanalyzed the results of the coculture experiment by

focusing on the phylogenetic relatedness between donor and

recipient genotypes. In this context, only those cocultures

were considered in which auxotrophs showed detectable
growth. These analyses revealed a positive association between

the recipients’ growth and its phylogenetic distance to donor

cells (Figure 3B).

However, given that previous analyses suggested that differ-

ences in the amino acid profiles could predict the growth of

auxotrophic recipients (Figure 3A), we reasoned that the phylo-

genetic distance might only approximate the difference in the

strains’ metabolic networks. To verify this, we additionally

compared the genome-scale metabolic networks of all donor
Current Biology 31, 5547–5557, December 20, 2021 5551



Table 2. Corrected regression analysis of the effect of amino acid profile distance (AAD), phylogenetic distance (PD), and metabolic

distance (MD) on recipient growth

Recipient n R2 p value R2 p value R2 p value

AAD corrected for PD MD corrected for PD

AB-his 87 0.02 0.2 0.003 0.59

AB-trp 100 0.04 0.06 0.09 3 3 10�3a

ECB-his 80 0.17 0.013a 0.08 0.01a

ECB-trp 91 0.19 1.4 3 10�5a 0.07 0.011a

corrected for TAA PD corrected for TAA MD corrected for TAA

AB-his 87 0.12 9.3 3 10�4a 0.37 3.6 3 10�10a 0.19 2.1 3 10�5a

AB-trp 100 0.2 4.2 3 10�6a 0.19 5.6 3 10�6a 1.25 1.0 3 10�7a

ECB-his 80 0.17 1.4 3 10�4a 0.04 0.06 0.1 0.0047a

ECB-trp 91 0.24 7.2 3 10�7a 0.085 0.005a 0.13 0.00042a

AAD corrected for FAA PD corrected for FAA MD corrected for FAA

AB-his 87 0.039 0.065 0.33 6.8 3 10�9a 0.16 8.5 3 10�5a

AB-trp 100 0.05 0.02a 0.08 4.3 3 10�3a 0.15 5.8 3 10�5a

ECB-his 80 0.06 0.02a 0.045 0.059 0.059 0.03a

ECB-trp 91 0.11 1.5 3 10�3a 0.06 0.02a 0.06 0.02a

To disentangle the effect of individual parameters on the growth of auxotrophic recipients ofAcinetobacter baylyi (AB) and E. coli (ECB), a linear regres-

sion for bothMD and AADwas calculated with PD as the independent variable. In subsequent regressions, the residuals (i.e., variation not explained by

PD) were used as independent variables.

To correct the effect that total amino acid (TAA) would have on the ability of AAD, PD, and MD to predict the growth of auxotrophic recipients, we first

calculated a linear regression for AAD, PD, and MD with TAA as the independent variable. In subsequent regressions, the residuals (i.e., variation not

explained by TAA) were then used as independent variables.

To correct the effect the focal amino acid (FAA) would have on the ability of AAD, PD, and MD to explain the growth of auxotrophic recipients, we first

calculated a linear regression for AAD, PD, and MD with FAA as the independent variable. In subsequent regressions the residuals (i.e., variation not

explained by FAA) were then used as independent variables.

See also Figure S3.
aSignificant effects (p % 0.05)
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genotypes. A metabolic similarity matrix between donor and

recipient strains was calculated by identifying similarities and dif-

ferences in both partners’ biosynthetic pathways (hereafter:

metabolic distance). Correlating the resulting data with the

growth of auxotrophic recipients in coculture revealed a positive

association between the metabolic distance and recipient

growth (Figure 3C). Together, these results provide additional

support for the hypothesis that cross-feeding interactions are

more likely to establish between two more dissimilar genotypes.

All three distance measures alone can explain recipient
growth
The observation that each of the three distancemetrics analyzed

(i.e., amino acid profile distance [AAD], phylogenetic distance

[PD], andmetabolic distance [MD]; Figure 3) correlated positively

with recipient growth, yet none of the regression models of each

parameter alone could explain all of the variation observed in

recipient growth (R2 % 0.45; Figure 3), suggested that all three

factors operate simultaneously to cause the observed growth

pattern. Hence, we asked whether any of these factors alone

was sufficient to independently predict the growth of auxotro-

phic recipients. This question was addressed by replotting the

data of the performed coculture experiments in three-dimen-

sional graphs that display the growth of a given auxotroph, de-

pending on two of the three measures quantified. Fitting a 2D

plane into the resulting graphs indicated that increasing each
5552 Current Biology 31, 5547–5557, December 20, 2021
of the three measures also increased recipients’ growth (Fig-

ure S3). Thus, these graphs suggested that the three explanatory

variables are likely correlated with each other. To subject this

conjecture to a formal statistical test, we repeated the regression

analyses to examine whether MD or AAD was significantly asso-

ciated with the auxotrophs’ growth in coculture when the first

predictor variable, PD, was already included (Table 2). We first

controlled for phylogeny because two more closely related spe-

cies are genetically more similar and are thus also more likely to

share certain traits and biochemical capabilities. In the majority

of cases, the growth of E. coli recipients remained positively

associated with metabolic distance as well as the distance of

the amino acid production profile (p < 0.01; Table 2). However,

the tryptophan auxotrophic A. baylyi strain (DtrpB) showed

only marginally significant effects, while the pattern no longer

held for the histidine auxotroph (DhisD; p > 0.05; Table 2).

Next, we removed the effect of AAD on the metabolic distances

and repeated the regression analysis. In this case, recipient

growth still correlated with the resulting values for A. baylyi

(DhisD, R2 = 0.12, p < 0.0001; DtrpB, R2 = 0.12, p < 0.0001),

but not for E. coli (DhisD, R2 = 0.01, p > 0.05; DtrpB, R2 = 0.02,

p > 0.05).

After that, we asked whether the amount of amino acid pro-

duced by donors was sufficient to explain the growth observed

in auxotrophic recipients. One possibility was that the positive

association between the three distances measures (i.e., AAD,



A B Figure 4. Metabolic simulations of gut

bacterial cocultures predict a growth

advantage that increases with increasing

metabolic and phylogenetic distance

Shown are the results of an in silico flux-balance

analysis of paired models analyzing 334,153

combinations of 818 bacterial species co-occur-

ring in the human gut. A pair of species is

considered as a pair with growth advantage if at

least one of the two organisms is predicted to grow

better in cocultures as compared to the predicted

growth rate in monoculture. The frequency of pairs

with growth advantage is estimated as a function

of the (A) phylogenetic and (B) metabolic distance

by defining 1,000 buckets of uniform distance

widths spanning the range from 0 to the largest distance. Bucket values are only shown and included in logistic curve fitting if the bucket included at least ten

species pairs. The red line shows the optimal fit of a logistic model to the data with the SE interval as gray ribbon (see also Table S1).
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PD, and MD) with recipient growth could have, in fact, been only

due to a positive correlation of these parameters with the amount

of amino acids produced by donor genotypes. To control for this,

we first calculated a linear regression for both AAD, PD, and MD

with the TAAs or the amount of the FAA produced as the inde-

pendent variable. The residuals (i.e., the variation not explained

by TAA or FAA) were used as independent variables in these re-

gressions. In almost all cases, recipients’ growth remained

significantly positively associated with the three distance mea-

sures (Table 2). Together, the set of analyses performed demon-

strates that the three different measures analyzed (i.e., AAD, PD,

and MD) can individually (in the case of E. coli) or in combination

(both species) explain cross-feeding between prototrophic do-

nors and auxotrophic recipients, thus corroborating the dissimi-

larity hypothesis.

In silico model confirms that the metabolic dissimilarity
between species enhances cross-feeding
To verify whether the patterns observed in laboratory-based

coculture experiments also applied to natural microbial commu-

nities, in silico modeling was used to simulate the co-growth of

different bacterial species that co-occur in the human gastroin-

testinal tract. Specifically, all 334,153 pairwise combinations of

818 bacteria commonly found in this environment were consid-

ered. Co-growth phenotypes were predicted by, first, pairing

the individual models of two strains to enable the potential ex-

change of metabolites between the two metabolic networks

and, second, by maximizing the total biomass production (i.e.,

growth) as the sum of both strains’ biomass formation rate.

This approach of pairingmodels for co-growth simulations yields

predictions on the potential ecological interactions between two

organisms by comparing the growth predictions of the organ-

isms in isolation and under co-growth conditions.62 These in sil-

ico simulations indicated that the relationship between both

phylogenetic andmetabolic distance, and the frequency of pairs,

for which at least one of the organisms gains a growth advantage

from a metabolic interaction in coculture, follows a saturation

curve (Figure 4; Table S1). This finding shows that bacteria

residing within the human gut are more likely to engage in

cross-feeding interactions with metabolically more dissimilar

species. Taken together, the set of computational analyses per-

formed is in line with the experimental data shown above: both

datasets reveal that metabolic cross-feeding interactions are
more likely to establish between two metabolically more dissim-

ilar partners.

DISCUSSION

Metabolic cross-feeding interactions among different microbial

species are ubiquitous and play critical roles in determining the

structure and function of microbial communities.16,63,64 Howev-

er, the rules that govern their establishment remain poorly under-

stood. Here, we identify the metabolic dissimilarity between

donor and recipient genotype as a major determinant for the

establishment of obligate, unidirectional cross-feeding interac-

tions between two bacterial strains. In systematic coculture ex-

periments between a prototrophic amino acid donor and an

auxotrophic amino acid recipient, we show that growth of auxo-

trophic recipients in coculture was positively associated with (1)

the compositional difference in the amino acid mixtures various

donors produced (Figure 3A), (2) their phylogenetic distance

(Figure 3B), as well as (3) the difference in their predicted meta-

bolic networks (i.e., their metabolic distance; Figure 3C). Further-

more, in silico simulations of the co-growth of species from a gut

microbial community corroborated that the propensity of cross-

feeding interactions to establish increased when both interacting

partners were metabolically more dissimilar (Figure 4).

In our study, we manipulated the relatedness between donor

and recipient genotypes by performing experiments with strains

that differed in this parameter. A high phylogenetic relatedness

between two genotypes (donor and recipient) in coculture

means that they are more likely to be characterized by overlap-

ping growth requirements.33,47 As a consequence, a high relat-

edness between donor and recipient aggravates the extent of

exploitative competition for limiting resources between part-

ners.54 Moreover, the physiological costs to produce a given

metabolite is more similar between two genetically related bac-

terial cells than between two more distantly related individ-

uals.47,65,66 Assuming that donors should predominantly release

metabolites that have a lower nutritional value for themselves,

auxotrophic recipients are more likely to obtain the required

metabolite when interacting with heterospecific donors.57,58,67

These statistical relationships can explain why, in our coculture

experiments, both the phylogenetic and metabolic distance

were positively associated with the growth of cocultured auxo-

trophs. Thus, our results support the dissimilarity hypothesis to
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explain the establishment of unidirectional cross-feeding inter-

actions. Our findings align with previous studies that analyzed

the effect of the phylogenetic relatedness and metabolic dissim-

ilarity on antagonistic interactions between two different geno-

types. These studies found that bacteria mainly inhibit the

growth of metabolically more similar and related species.45,68

Even though the focal biological process differs drastically be-

tween our (metabolic cross-feeding) and these other studies

(antagonistic interactions), the main finding is conceptually

equivalent: genotypes are more likely to compete against closer

relatives yet support the growth of more dissimilar strains—

either by enhancing their growth (Figure 3) or inhibiting them

less.45,68,69 In addition, our results can help explain the repeat-

edly observed positive association between the productivity of

a microbial community and the phylogenetic distance among

its members:69,70 strains within diverse communities are more

likely to engage in synergistic cross-feeding of metabolites

than those of less diverse communities (this study), which in

turn can increase the total productivity of these communities.48

Our experiments took advantage of synthetically assembled

pairwise interactions between different bacterial genotypes to

assess how the similarity between interacting partners affects

the cross-feeding of metabolites. Even though this approach is

limited by the number of pairwise comparisons that can be

analyzed in one experiment, the obtained results provide a

very clear answer to the focal question. First, the selected donor

strains covered a broad range of taxonomic diversity in bacteria

(Figure 1B). Thus, the spectrum of ecological interactions

analyzed here likely reflects the range of interactions a given

bacterial genotype would typically experience in a natural micro-

bial community. Second, by choosing strains such that the pos-

sibility of previous coevolutionary history is minimized, any result

observed can be attributed to the focal, experimentally

controlled parameter (e.g., phylogenetic or metabolic distance).

In this way, confounding effects like an evolved preference for a

particular genotype can most likely be ruled out. Finally, we

analyzed bacterial consortia in a well-mixed, spatially unstruc-

tured environment, in which the exchanged metabolites are

transferred between cells via diffusion through the extracellular

environment. Such a setup minimizes factors that would be

amplified in a spatially structured environment, such as a local

competition for nutrients or the release of metabolic waste prod-

ucts that inhibit the growth of other cells in the local vicinity.

Thus, the experimental approach chosen circumvents the chal-

lenges of manipulating and detecting metabolite exchange in

natural environments and instead capitalizes on analyzing

experimentally arranged and carefully controlled coculture

experiments.

However, the identified metabolic dissimilarity between two

strains is likely not the only factor driving the establishment of

metabolic cross-feeding interactions. For example, growth in

spatially structured environments can significantly affect the

mixing among different genotypes and thus also the probability

of cross-feeding interactions to emerge.71,72 Other mechanisms

include positive chemotaxis towards suitable partner geno-

types,73 direct cell-cell attachment,36,74 or antagonistic behav-

iors, such as the preferential killing of certain strains.75 Thus, in

natural microbial communities, the successful establishment of

a metabolic cross-feeding interaction likely depends on the
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dynamic interplay between the metabolic dissimilarity between

strains, the frequency of suitable interaction partners, and the

other above-mentioned mechanisms.

The guiding principle discovered in this study is most likely

relevant for ecological interactions outside the realm of microbial

communities. Mutualistic interactions, in which two partners

reciprocally exchange essential metabolites or services, usually

involve two or more completely unrelated species.65,76–78 In

contrast, cooperative interactions among closely related individ-

uals usually rely on the uni- or bidirectional exchange of the same

commodity or service.65 Thus, the finding that two more dissim-

ilar individuals have an increased potential to engage in a

synergistic interaction over two more similar individuals may

be a universal rule that guides the establishment of mutualistic

interactions in general.47

Our results highlight the utility of using synthetic, laboratory-

based model systems to understand the fundamental principles

of microbial ecology. In this study, we demonstrated that simple

assembly rules are likely to determine the establishment of inter-

actions in natural microbial communities. These insights enrich

our understanding of the complex relationships among bacteria

in their natural environment and will help to rationally design and

modify them for biotechnological or medical applications.
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STAR+METHODS
KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Chemicals, peptides, and recombinant proteins

Lysogeny broth (LB), Lennox Carl Roth GmbH Catalog # X964.1

Agar-Agar Kobe Carl Roth GmbH Catalog # 5210.2

Dipotassium hydrogen phosphate Carl Roth GmbH Catalog # 26931.263

Sodium dihydrogen phosphate Carl Roth GmbH Catalog # T879.2

Magnesium sulfate heptahydrate Carl Roth GmbH Catalog # P027.2

Potassium chloride VWR Catalog # 26764.260

Calcium chloride dihydrate Carl Roth GmbH Catalog # 5239.2

Ammonium chloride VWR Catalog # 21236.267

Iron (II) sulfate heptahydrate Merck Catalog # 3965

Manganese chloride AppliChem Catalog # A2087.0100

Cobalt chloride hexahydrate AppliChem Catalog # A2087.0100

Boric acid Carl Roth GmbH Catalog # 6943.3

Nickel chloride AppliChem Catalog # A3917.0100

Zinc sulfate heptahydrate Carl Roth GmbH Catalog # K301.1

Copper chloride dihydrate AppliChem Catalog # 131264.1210

Glucose Carl Roth GmbH Catalog # 6887.1

Kanamycin Carl Roth GmbH Catalog # T832.2

Sodium carbonate Merck Catalog # 1063920.500

Acetonitrile Sigma-Aldrich Catalog # 271004

Formic acid Acros-Organics Catalog # 270480250

L-Alanine AppliChem reagents Catalog # A3690,0100

L-Arginine monohydrochloride AppliChem reagents Catalog # A3709,0100

L-Asparagine monohydrochloride AppliChem reagents Catalog # A3721,0100

L-Aspartic acid AppliChem reagents Catalog # A3715,0250

L-Cysteine monohydrochloride AppliChem reagents Catalog # A3694,0050

L-Glutamine monohydrochloride AppliChem reagents Catalog # A3734,0100

L-Glutamic acid monohydrochloride AppliChem reagents Catalog # A3712,0250

Glycine AppliChem reagents Catalog # A1067,1000

L-Histidine monohydrochloride AppliChem reagents Catalog # A3733,0100

L-Isoleucine AppliChem reagents Catalog # A1440,1000

L-Leucine AppliChem reagents Catalog # A3460,0100

L-Lysine monohydrochloride AppliChem reagents Catalog # A3466,0100

L-Methionine AppliChem reagents Catalog # A1340,0100

L-Phenylalanine AppliChem reagents Catalog # A3442,0100

L-Proline AppliChem reagents Catalog # A3453,0100

L-Serine AppliChem reagents Catalog # A3973,0100

L-Threonine AppliChem reagents Catalog # A3969,0100

L-Tryptophan AppliChem reagents Catalog # A3445,0100

L-Tyrosine disodium salt hydrate Sigma Catalog # T1145-25G

L-Valine AppliChem reagents Catalog # A1637,1000

48-well deep well plates Axygen Catalog # P-5ML-48-C-S

96-well deep well plates Eppendorf Catalog # 0030506308D

384-well plates Greiner bio-one Catalog # 781185

Plate sealer Greiner bio-one Catalog # 676070

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Petri dish Greiner bio-one Catalog # 633180

96 well Filter plates (0.2 mm PTFE

membrane)

Pall AcroPrep Catalog # 8047

Deposited data

Peribacillus simplex This study GenBank: MW073531

Variovorax boronicumulans This study GenBank: MW073532

Cupriavidus metallidurans This study GenBank: MW073533

Bacillus licheniformis This study GenBank: MW073534

Nocardia coeliaca This study GenBank: MW080346-

MW080347

Experimental models: Organisms/strains

Donors

Acinetobacter baylyi ADP1 (AB) Lab stock D’Souza et al.79 and Vaneechoutte et al.80

Arthrobacter nicotianae (AN) German Collection of Microorganisms

and Cell Cultures, DSMZ

DSM 20123

Agrobacterium tumefaciens (AT) Lab stock Soil

Azospirillum brasilense (AZB) German Collection of Microorganisms

and Cell Cultures, DSMZ

DSM1690

Bacillus licheniformis (BL) This study Soil isolate from sample site coordinates

50.906557, 11.505631

Bacillus megaterium (BM) German Collection of Microorganisms

and Cell Cultures, DSMZ

DSM 32

Peribacillus simplex (BS) This study Soil isolate from sample site coordinates

50.906557, 11.505631

Bacillus subtilis 3610 comIQ12L (BSN) Konkol et al.81 Provided by Ákos T. Kovács, DTU

Bacillus subtilis 168 trpc+ (BSS) Nicolas et al.82 Provided by Ákos T. Kovács, DTU

Cupriavidus metallidurans (CM) This study Soil isolate from sample site coordinates

50.906557, 11.505631

Escherichia coli BW25113 (ECB) Baba et al.83 E. coli Genetic resources at Yale CGSC,

The Coli Genetic Stock Center

Escherichia coli MG1655 (ECM) German Collection of Microorganisms

and Cell Cultures, DSMZ

DSM 18039

Flavobacterium johnsoniae (FJ) German Collection of Microorganisms

and Cell Cultures, DSMZ

DSM 2064

Nocardia coeliaca (NC) This study Soil isolate from sample site coordinates

50.906557, 11.505631

Pseudomonas fluorescens (PF) German Collection of Microorganisms

and Cell Cultures, DSMZ

DSM 289

Pseudomonas fluorescense Pf-5 (PFP) Lab stock Soil

Pseudomonas fluorescens SBW25 (PFS) Lab stock Thompson et al.84, Soil

Pedobacter heparinus (PH) German Collection of Microorganisms

and Cell Cultures, DSMZ

DSM 2366

Pseudomonas putida KT2440 (PP) Lab stock DSM 6125

Pseudomonas syringae pv. tomato

DC 3000 (PSD)

Lab stock N/A

Pseudomonas syringae subsp.

syringae van Hall 1902 (PST)

German Collection of Microorganisms

and Cell Cultures, DSMZ

DSM 50315

Rahnella victoriana (RV) German Collection of Microorganisms

and Cell Cultures, DSMZ

DSM 27397

Serratia entomophila (SE) German Collection of Microorganisms

and Cell Cultures, DSMZ

DSM 12358

Serratia ficaria (SF) Lab stock Provided by Department of Microbiology,

University of Osnabrück

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Variovorax boronicumulans (VB) This study Soil isolate from sample site coordinates

50.906557, 11.505631

Recipients

Acinetobacter baylyi ADP1, DhisD::kanR Oña et al.66 N/A

Acinetobacter baylyi ADP1, DtrpB::kanR Oña et al.66 N/A

Escherichia coli BW25113, DhisD::kanR Oña et al.66 N/A

Escherichia coli BW25113, DtrpB::kanR Oña et al.66 N/A

Software and algorithms

Origin Pro 2017 OriginLab, Northampton, MA https://www.originlab.com/index.aspx?

go=Products/Origin

IBM SPSS statistics 26 IBM Corp. Released 2019. IBM SPSS

Statistics, Version 26.0. Armonk, NY:

IBM Corp

https://www.ibm.com/support/pages/

downloading-ibm-spss-statistics-26

MEGA X Kumar et al.85 https://www.megasoftware.net/

iTOL Letunic and Bork86 https://itol.embl.de/

Softmax Pro 6 software Molecular Devices N/A

R version 3.5.3 R Development Core Team87 http://www.R-project.org

Mathematica N/A https://www.wolfram.com/mathematica/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Christian Kost

(christiankost@gmail.com).

Materials availability
Strains generated and isolated in this study are available from the lead contact upon request.

Data and code availability
The datasets supporting the current study are available from the Lead Contact on request. This study did not generate any code.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Bacterial strains and their construction
Twenty-five bacterial wild-type strains were used as potential amino acid donors (key resources table). Escherichia coli BW25113

and Acinetobacter baylyi ADP1 were used as parental strains, from which mutants that are auxotrophic for histidine (DhisD) or tryp-

tophan (DtrpB) were generated. The gene to be deleted to create the corresponding auxotrophy was identified using the KEGG88 and

the EcoCyc89 database. For E. coli, deletion alleles were transferred from existing single-gene deletion mutants (i.e., the Keio collec-

tion,83) into E. coliBW25113 using phage P1-mediated transduction.90 In-frame knockoutmutantswere achieved by the replacement

of target genes with a kanamycin resistance cassette. In the case of A. baylyi, deletion mutants were constructed as described pre-

viously.36 Briefly, linear constructs of the kanamycin resistance cassette with 50 overhangs homologous to the insertion site were

amplified by PCR, where pKD4 was used as a template (see Table S2 for primer details). Upstream and downstream regions homol-

ogous to hisD and trpB were amplified using primers with a 50-extension complementary to the primers used to amplify the kana-

mycin resistance cassette. The three amplified products (upstream, downstream, and kanamycin) were combined by PCR, resulting

in overhanging flanks with a kanamycin cassette. This PCR product was introduced into the A. baylyiWT strain. For this, the natural

competence of A. baylyi was harnessed. The transformation was done by diluting 20 mL of a 16 h-grown culture in 1 mL lysogeny

broth (LB). This diluted culture was mixed with 50 mL of the above PCR mix and further incubated at 30�C with shaking at

200 rpm for 3 h. Lastly, 1 mL volume was pelleted, washed once with LB broth, plated on LB agar plates containing kanamycin

(50 mg ml-1), and incubated at 30�C for colonies to grow.

Conditional lethality of constructed auxotrophic mutations in MMAB medium was verified by inoculating 105 colony-forming units

(CFU)ml-1 of these strains into 1mLMMABmediumwith or without the focal amino acid (100 mM). After 24 h, their optical density (OD)

was determined spectrophotometrically at 600 nm using FilterMax F5 multi-mode microplate reader (Molecular Devices), and the

mutation was considered conditionally essential when growth did not exceed the OD600nm of the uninoculated minimal

medium.66,83,91
e3 Current Biology 31, 5547–5557.e1–e6, December 20, 2021
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Soil sampling, bacterial isolation, 16S rRNA gene amplification, and taxonomic affiliation
Soil samples were collected from ameadow site in Jena, Germany. A soil column of 50mmdiameter and 50mm length was collected

using a soil sampler and transported to the lab without disturbing its structure. The sample was processed by carefully dissecting the

soil, and three 1mg soil particles, whichwere spaced 2.5 cmapart, were selected for bacterial strain isolation. Soil particles were then

suspended in 500 ml of saline solution (0.9% NaCl) and shaken for 30 mins. After that, 100 ml were transferred into 400 ml saline so-

lution and vortexed vigorously for 5 min. Next, 100 ml of the previously prepared dilutions were spread on agar plates (in three rep-

licates). The medium used for isolation wasMMABminimal mediumwith fructose as a sole carbon source and supplemented with all

twenty biogenic amino acids (200 mM each), five different vitamins (i.e., riboflavin (B2), cobalamin (B12), biotin (B7), thiamine (B1), and

pyridoxine (B6), each at 1 mM). In addition, 100 mg ml-1 of the fungicide Nystatin was added to the media. Plates were incubated for

three days at room temperature. After incubation, all colonies were picked and purified three times on agar plates to finally isolate a

single colony. The resulting isolates were inoculated into 96-well plates containing the previously used medium and incubated under

shaking conditions for 30 hours. Finally, glycerol was added to a final concentration of 50% (vol/vol) to prepare stocks that were

frozen at �80�C until further use.

Five bacterial isolates (i.e., Peribacillus simplex, Variovorax boronicumulans, Cupriavidus metallidurans, Bacillus licheniformis, and

Nocardia coeliaca) were characterized by reviving the focal strains and PCR-amplifying and sequencing part of the housekeeping

16S rRNA gene. For this, 1 ml of bacterial biomass from an overnight-grown culture was directly used as PCR template. The 16S

rRNA gene was amplified using the general eubacterial primers FP and RP,92 (Table S2) on a Biometra TProfessional Thermocycler

(Biometra, Jena, Germany) in 20 ml reaction volumes using JumpStart REDTaq ReadyMix (Sigma Aldrich). 96-well plates were sealed

with adhesive film. The following parameters were used: 3 min at 94�C, followed by 32 cycles of 40 s at 94�C, 60 s at 65�C and 60 s at

72�C, and a final extension step of 4 min at 72�C. PCR products were checked on an agarose gel, purified, treated with Shrimp alka-

line phosphatase (Illustra, Fischer Scientific), and sequenced using an ABI 3730XL capillary DNA sequencer (Applied Biosystems,

USA) in the Department of Entomology, Max-Planck-Institute for Chemical Ecology in Jena, Germany.

The forward and reverse 16S rRNA gene sequences were assembled and manually curated using Microsoft Word Office 2011 to

generate contigs after trimming the poor sequences at both ends. Similarity-based searches were carried out using NCBI BLASTn93

for taxonomic assignment of 16S rRNA gene sequences. The species of the five focal strains have been taxonomically identified

based on sequence similarity to their nearest neighbor by using minimum query coverage of 98% and minimum identity values of

99%.

The 16S rRNA gene sequences of the 5 soil-derived strains used in this study have been deposited in GenBank under the following

accession number, Peribacillus simplex (MW073531), Variovorax boronicumulans (MW073532), Cupriavidus metallidurans

(MW073533), Bacillus licheniformis (MW073534), and Nocardia coeliaca (MW080346-MW080347).

METHOD DETAILS

Culture conditions and general procedures
Amodified minimal media for Azospirillum brasilense (MMAB,94) was used for all experiments containing K2HPO4 (3 g L-1), NaH2PO4

(1 g L-1), KCl (0.15 g L-1), NH4Cl (1 g L-1), MgSO4 $ 7H2O (0.3 g L-1), CaCl2 $ 2H2O (0.01 g L-1), FeSO4 $ 7H2O (0.0025 g L-1), Na2MoO4$

2H2O (0.05 g L-1), and 5 g L-1 D-glucose as a carbon source. 10mL of trace salt solution was added per liter of MMABmedia from the

1L stock. Trace salt stock solution consisted of filter-sterilized 84 mg L-1 of ZnSO4. 7H2O, 765 ml from 0.1 M stock of CuCl2. 2H2O,

8.1 ml from 1M stock of MnCl2, 210 ml from 0.2M stock of CoCl2. 6H2O, 1.6 mL from 0.1M stock of H3BO3, 1 mL from 15 gL-1 stock of

NiCl2.
All strains were precultured in replicates by picking single colonies from LB agar plates, transferring them into 1mL of liquid MMAB

in 96-deep well plate (Eppendorf, Germany) incubating these cultures for 20 h. In all experiments, auxotrophs were precultured at

30�C in MMAB, supplemented with 100 mM of the required amino acid. The next day, precultures were diluted to an optical density

of 0.1 at 600 nm as determined by FilterMax F5 multi-mode microplate readers (Molecular Devices).

Coculture experiment
Approximately 50 ml of preculture were inoculated into 1 mL MMAB, leading to a starting density of 0.005 OD. In the case of cocul-

tures, donor and recipient were mixed in a 1:1 ratio by co-inoculating 25 ml of each diluted preculture without amino acid supplemen-

tation. Monocultures of both donors and recipient (with and without the focal amino acid) were inoculated using 50 ml of preculture.

Cultures were incubated at a temperature of 30�C and shaken at 220 rpm. Cell numbers were determined at 0 h and 24 h by serial

dilution and plating. Donor strains were plated onMMAB agar plates, whereas recipients (auxotrophs) were differentiated on LB agar

containing kanamycin (50 mg ml-1) to select for recipient strains. For reagent and resources, see key resources table.

Relative fitness measurement
To quantify the effect of amino acid cross-feeding on the fitness of the recipient, the number of colony-forming units (CFU) per ml was

calculated for monoculture and coculture conditions at 0 h and 24 h. Each donor was individually paired with one of the recipients as

well as grown in monoculture. Every combination was replicated four times. The relative fitness of each recipient was determined by

dividing the growth of each genotype achieved in coculture by the value of its respective monoculture. Since different donor geno-

types showed inherent differences in growth (Figure 1C) and total amino acid production was negatively correlated with growth of
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donors in monoculture (Spearman rank correlation: ⍴ = �0.77, p = 8.8x 10�20, n = 97), growth of recipients in coculture was addi-

tionally normalized for donor growth. For this, growth of recipients in monoculture was first subtracted from its growth in coculture

and then divided by the growth the respective donor genotype achieved under coculture conditions.

Amino acid supernatant experiment
To determine whether cross-feeding was mediated via compounds that have been released into the extracellular environment, the

cell-free supernatants of donor genotypes were harvested and provided to receiver strains. To collect the supernatant, donors were

grown in 2.5 mL MMAB in 48-deep well plates (Axygen, USA) and cultivated at 30�C under shaking conditions (220 rpm). Superna-

tants were isolated in themid-exponential growth phase and centrifuged for 10min at 4,000 rpm. Then, supernatants were filter-ster-

ilized (0.22 mmmembrane filter, Pall Acroprep, USA) and stored at�20�C.Meanwhile, receivers were grown in 1mLMMAB in 96-well

plates for 24 h. After adjusting the receiver OD600nm to 0.1, 5 ml of the receiver culture was added to the replenished donor supernatant

(total culturing volume: 200 ml, i.e., 160 ml donor supernatant + 40 ml MMAB) in 384-well plates (Greiner bio-one, Austria) (total: 50 ml

culture). Four replicates of each comparison were grown for 24 h at 30�C in a FilterMax F5 multi-mode microplate reader (Molecular

Devices). MMAB without supernatant and monocultures of receiver strains were used as control. Growth was determined by

measuring the optical density at 600 nm every 30 minutes, with 12 minutes of orbital shaking between measurements. OD600nm

was measured and analyzed to calculate the maximum optical density (ODmax) achieved by the receiver strain using the Softmax

Pro 6 software (key resources table). For each donor supernatant-receiver pair, ODmax achieved by receivers with supernatant

was subtracted from the values achieved by cultures grown without supernatant and normalized with the OD600nm, the respective

donor strain had achieved at the time of supernatant extraction.

Amino acid quantification by LC-MS/MS
All 20 proteinogenic amino acids in the culture supernatant were analyzed. 100 ml of extracted supernatant was derivatised using the

dansyl chloride method.95,96 Norleucine was added as an internal standard to the sample, and a calibration curve was generated by

analyzing all 20 amino acids at different concentrations. All samples were directly analyzed via LC-MS/MS. Chromatography was

performed on a Shimadzu HPLC system. Separation was achieved on an Accucore RP-MS 150 3 2.1, 2,6 mm column (Thermo Sci-

entific, Germany). Formic acid 0.1% in 100% water and 80% acetonitrile were employed as mobile phases A and B. The mobile

phase flow rate was 0.4 mL min-1, and the injection volume was 1 ml. Liquid chromatography was coupled to a triple-quadrupole

mass spectrometer (ABSciex Q-trap 5500). Other parameters were: curtain gas: 40 psi, collision gas: high, ion spray voltage (IS):

2.5 keV, temperature: 550�C, ion source gas: 1: 60 psi, ion source gas 2: 70 psi. Multiple reaction monitoring was used to determine

the identity of the focal analyte. Analyst and Multiquant software (AB Sciex) were used to extract and analyze the data.

Amino acid profile-based distance calculation using supernatant data
The similarity in the amino acid production profiles of different donor species was determined by calculating the Euclidean distance. If

the amino acid production of a donor that is closely related to the focal auxotroph is given by CR = ðcr1;cr2;/; cr20Þ, and the amino

acid production of a distantly related donor is given by DR = ðdr1; dr2;/; dr20Þ, the Euclidean distance between recipient and

donor is:

EDðCR;DRÞ =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðcr1 � dr1Þ2 + ðcr2 � dr2Þ2 +/+ ðcr20 � dr20Þ2

q

Index numbers (1-20) refer to individual amino acids.

Phylogenetic tree construction and distance calculation
To cover a broad taxonomic diversity of donor strains, we chose 25 well-characterized species, belonging to four different phyla. The

16S rRNA gene sequences of 20 strains were retrieved from the NCBI GenBank and 5 strains from 16S rRNA gene sequencing (STAR

Methods). The phylogenetic tree of this marker gene was generated using the maximum likelihood method in MEGA X software.85

16S rRNA gene locus sequences of all strains were aligned with MUSCLE. Maximum-likelihood (ML) trees were constructed using

the Kimura 2-parameter model, where rates and patterns amongmutated sites were kept at uniform rates, yielding the best fit. Boot-

strapping was carried out with 1,000 replicates. The phylogenetic tree was edited using the iTOL online tool (key resources table).86

Pairwise phylogenetic distances between donor and receiver strains were extracted from a phylogenetic distance-basedmatrix. The

resulting values quantify the evolutionary distance that separates the organisms.

Reconstruction of metabolic networks
Genome-scale metabolic networks for all organisms (key resources table) were reconstructed based on their genomic sequences

using the gapseq software (version v0.9, https://github.com/jotech/gapseq).97 In brief, the reconstruction process is divided into

two main steps. First, reactions and pathway predictions, and second, gap-filling of the network to facilitate in-silico biomass pro-

duction using flux balance analysis. For the reaction and pathway prediction step, all pathways from MetaCyc database98 that are

annotated for the taxonomic range of bacteria were considered. Of each reaction within pathways, the protein sequences of the cor-

responding enzymes were retrieved from the SwissProt database99 and aligned against the organism’s genome sequence by the

TBLASTN algorithm.100 An enzyme, and thus the corresponding reaction, was considered to be present in the organism’s metabolic
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network if the alignment’s bitscore wasR200 and the query coverageR75%. Reactions were considered to be existing, if more than

75% of the remaining reactions within the pathway were predicted to be present by the BLAST-searches or if more than 66% of the

key enzymes, which are defined for each pathway by MetaCyc, were predicted to be part of the network by the blast searches. As

reaction database for model construction, we used the ModelSEED database for metabolic modeling.101

The second step (i.e., the gap-filling algorithm of gapseq) solves several optimization problems by utilizing a minimum number of

reactions from the ModelSEED database and adding them to the network to facilitate growth in a given growth medium. Here, the

chemical composition of theM9medium (which is qualitatively identical toMMAB) with glucose as sole carbon source was assumed.

The genome sequences for the 25 strains used in this study’s experiments (key resources table) were retrieved from the genome

assembly database from NCBI Refseq. For 19 out of the 25 strains, genome assemblies for the same strains were available from

NCBI Refseq. For the remaining six strains (S. entomophila, N. coeliaca, B. simplex, C. metallidurans, B. licheniformis, V. boronicu-

mulans) an assembly of a closely related strains was identified by usingNCBI’s BLASTN algorithm to align the strains’ sequenced 16S

rRNA gene sequence (see method) against all available bacterial genome assemblies in Refseq. A complete list of the strain-assem-

bly-mapping is provided in the Table S3. The genome-scale metabolic models of the 818 human gut microorganisms were recon-

structed on the basis of genomes provided by the Virtual Metabolic Human (VMH) online platform (https://www.vmh.life/

#microbes/search).

Calculating the genome-based metabolic distance of organisms
To estimate the pairwise metabolic distance between donor and recipient genotypes, the structure of their metabolic network was

compared. For this, a flux balance analysis was performed on each individual metabolic networkmodel with the biomass reaction flux

as objective function. Subsequently, the biomass reaction flux was fixed to predictedmaximum flux, and a second flux balance anal-

ysis was performed to minimize the sum of absolute fluxes throughout the entire network.102 Pairwise distances of flux distributions

between organisms were calculated as the Euclidean distance between the predicted flux vectors. Only reactions with a non-zero

flux in at least one of the two organisms were included in the distance approximations. In case a reaction was absent in one of the

models, the flux was considered zero.

In silico simulation of bacterial co-growth
To further investigate the relationship between the metabolic distance between organisms and the likelihood of entering into a cross-

feeding interaction, we extended our analysis to a larger number of bacterial organisms using in silico co-growth simulations. For this,

we reconstructed 818 bacterial metabolic networkmodels as described above. The selected 818 organisms are the same as from the

AGORA-collection, representing common members of the human gut microbiota.103 For co-growth simulations, the models were

merged in a pairwise manner, as described previously.104,105 The predicted flux values of the two individual biomass reactions

(i.e., growth rate) were compared to the predicted growth rates of the respective models in monoculture, which enabled the predic-

tion of potential growth benefits from metabolic interactions between both species. If at least one of two models was predicted to

have a 20%higher growth rate in coculture than inmonoculture, the pair was considered as an interaction pair with growth advantage

(Figure 4). A logistic curve function of the form y = a/(1 + Exp[-b (x - c)]) was fitted to the data.

QUANTIFICATION AND STATISTICAL ANALYSIS

Normal distribution of data was evaluated employing the Kolmogorov-Smirnov test, and data was considered to be normally distrib-

utedwhen p > 0.05. Homogeneity of variance was determined using Levene’s test, and variances were considered homogeneous if p

> 0.05. Differences in recipient growth in coculture versus monocultures were assessed with paired sample t tests. P values were

corrected for multiple testing by applying the false discovery rate (FDR) procedure of Benjamini et al.106,107 Linear regressions

were used to assess the growth support of recipients in cocultures as a function of different variables (i.e., amino acid profile distance,

phylogenetic distances, and metabolic distance). Spearman’s rank correlation was used to assess the relationship between amino

acid production and growth of recipient as maximum density when cultured with donor supernatants. The relationship between each

proxy tested and recipient growth was depicted as a 2D plane and analyzed by fitting a linear regression. Regression analyses was

also used to disentangle the effect of more than one interacting predictor variable. In these cases, the phylogenetic signal or amino

acid produced was controlled for the respective other predictor variable (e.g., metabolic distance or amino acid production profile

distance) used to predict the growth of recipient. To rule out collinearity between variables, the variance inflated factor (VIF) was

calculated for all potential pairs of variables that have been used to predict growth. In all cases, VIF values were well below the critical

threshold (VIF = 5),108 thus suggesting no multicollinearity.
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