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SUMMARY
Mutually beneficial interactions are ubiquitous in nature and have played a pivotal role for the evolution of life
on earth. However, the factors facilitating their emergence remain poorly understood. Here, we address this
issue both experimentally and by mathematical modeling using cocultures of auxotrophic strains of Escher-
ichia coli, whose growth depends on a reciprocal exchange of amino acids. Coevolving auxotrophic pairs in a
spatially heterogeneous environment for less than 150 generations transformed the initial interaction that was
merely based on an exchange of metabolic byproducts into a costly metabolic cooperation, in which both
partners increased the amounts of metabolites they produced to benefit their corresponding partner. The
observed changes were afforded by the formation of multicellular clusters, within which increased coopera-
tive investments were favored by positive fitness feedbacks among interacting genotypes. Under these con-
ditions, non-cooperative individuals were less fit than cooperative mutants. Together, our results highlight
the ease with whichmutualistic cooperation can evolve, suggesting similar mechanisms likely operate in nat-
ural communities.
INTRODUCTION

Mutually beneficial interactions are ubiquitous in nature and

highly diverse in form and function [1, 2]. By providing organisms

with new phenotypic traits, mutualistic interactions represent an

important source of evolutionary innovation that has been key to

the diversification of life on earth [3–6]. Because of their ability to

produce a broad range of different metabolites, bacteria are

frequently involved in mutualistic interactions with both other

bacteria and eukaryotic hosts [7–9].

The evolution and maintenance of cooperative metabolic in-

teractions, however, pose a fundamental problem [10–12]: why

should one organism invest costly resources to benefit another

individual and not use them to enhance its own fitness? Evolu-

tionary theory predicts non-cooperating individuals that reap

benefits without reciprocating gain a significant fitness advan-

tage over types carrying the burden of an increased cooperative

investment [13]. This asymmetry represents not only amajor hur-

dle for the de novo evolution ofmutualistic cooperation but also a

constant threat for its persistence in the long run [14, 15].

One possible solution that could explain the evolution of coop-

erative metabolic mutualisms are localized interactions in

spatially structured environments [16–18]. This hypothesis is

based on the idea that because of limited dispersal, two individ-

uals colocalize in close spatial proximity. If both parties recipro-

cally exchange synergistic benefits, any emerging mutant that

increases its investment into the traded commodity will immedi-

ately gain an advantage: facilitating the growth of its partner
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should also increase the benefits it receives in return. As a

consequence of the resulting fitness feedbacks, selection should

favor cooperation and thus intensify the interaction on both sides

[19]. The simplicity of this idea that does not assume any prior

adaptations, combinedwith the fact that the vastmajority of bac-

terial life exists in spatially structured communities [20, 21], make

this hypothesis particularly appealing.

Despite the plausibility of the above scenario, several factors

might also oppose an intensification of the ancestral synergistic

interaction. First, spatial structure can enhance competition for

nutrients [22–26] or compound detrimental effects resulting

from the secretion of toxic waste products [27], thus hindering

cooperation [28, 29]. Second, insulation effects within densely

packed cell groups can preventmetabolic exchange among syn-

ergistic partners [30, 31]. Third, spatial structures formed by mi-

crobial communities are likely transient, yet undergo intermittent

phases of dissolution and restructuring. The ensuing mixing of

cells can constrain repeated encounters of complementary

types in subsequent rounds of interaction [32].

Here, we use an experimental evolution approach to test

whether cooperation evolves between two synergistic bacterial

genotypes and if so, which evolutionary mechanism can explain

its emergence. To this end, we cocultured pairs of auxotrophic

genotypes of the bacterium Escherichia coli that could only

grow when they reciprocally exchanged essential amino acids.

Thus, the interaction was initially based on a trading of byprod-

ucts that were not produced to benefit the corresponding part-

ner. Given that nutrient-starved bacterial genotypes frequently
sevier Inc.

mailto:christiankost@gmail.com
https://doi.org/10.1016/j.cub.2020.06.100
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cub.2020.06.100&domain=pdf


A

B C

Figure 1. Productivity and Fitness Signifi-

cantly Improved in Cocultures of Auxo-

trophs

(A) Design of the evolution experiment. Three

experimental groups (i.e., monocultures of proto-

trophic wild type (WT), monocultures of auxotro-

phic genotypes (Mono) supplemented with the

two amino acids tyrosine (+Tyr) and tryptophan

(+Trp), and cocultures of auxotrophic genotypes

of Escherichia coli (Co) were serially propagated

for 80 days in shaken liquid medium.

(B) Mean population density (±95% confidence

intervals) quantified as optical density (OD600nm)

over the course of the evolution experiment. WT

monocultures and auxotrophic cocultures signifi-

cantly increased in optical densities, whereas the

growth level of monocultures of auxotrophs re-

mained unchanged (paired sample t test

comparing optical densities after 7 days and

80 days of incubation, WT: *p < 0.05, t = �2.805,

n = 12; Mono: ns p = 0.69, t = �0.397, n = 19; Co:

**p < 0.001, t = �17.365, n = 10).

(C) Change in Darwinian fitness of derived pop-

ulations relative to their evolutionary ancestors.

Relative fitness is the net growth of derived con-

sortia divided by the growth achieved by the cor-

responding ancestors during a 72-h period.

Ancestral and derived populations were cultivated

separated from each other. Different letters indi-

cate significant differences (ANOVA followed by a

least significant difference (LSD) post hoc test: p <

0.001, F = 35.033, df = 34 (WT: n = 6,Mono: n = 19,

Co: n = 10)). Relative fitness of WT and Co is

significantly different to 1 (one-sample t test, WT:

p < 0.05, t = 23.75, df = 5, Co: p < 0.001, t = 10.25,

df = 9), whereas the one of Mono is not (one-

sample t test, Mono: p > 0.05, t = 0.56, df = 18).

See also Figures S1 and S2.
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aggregate to enhance metabolic exchange [33–39], we hypoth-

esized that the resulting spatial structures should also facilitate

the evolution of metabolic cooperation. For this, genotypes

should start to actively increase the amount of amino acid they

produce to benefit their corresponding partner. Moreover, this

increased investment should be costly to the producing cell

yet beneficial in the context of the interaction. As a control, we

used monocultures of auxotrophs that were supplemented

with the required amino acid as well as populations of the meta-

bolically autonomous wild type (WT; i.e., prototroph). All of these

cultures were serially propagated in a rapidly shaken liquid envi-

ronment to facilitate mixing among genotypes.

Our results show that a costly cooperative exchange of amino

acids rapidly evolved in serially propagated cocultures of auxo-

trophic genotypes but not in monoculture controls. The evolution

of cooperative cross-feeding was due to the formation of multi-

cellular clusters that were essential for an efficient transfer of

amino acids among cells. Finally, we demonstrate that despite

significant fitness costs, cooperation was strongly favored

when cells were part of a collective but not when they were

experimentally excluded from multicellular clusters. Taken

together, our data show that reciprocal fitness feedbacks within

dynamic and self-organized multicellular clusters drive the evo-

lution of metabolic cooperation within auxotrophic bacterial

communities.
RESULTS

Design of the Evolution Experiment
To determine whether a cooperative metabolic interaction can

evolve from an interaction that initially depends on a reciprocal

exchange of byproducts, an evolution experiment was conduct-

ed using three different treatment groups (Figure 1A). First, pro-

totrophic WT cells of Escherichia coliwere serially propagated in

minimal medium. Second, two auxotrophic genotypes of E. coli

(i.e., DtyrA and DtrpB) that each lacked the ability to autono-

mously produce one amino acid (i.e., tyrosine [Tyr] or tryptophan

[Trp]) were cultivated in monoculture in a minimal medium that

contained the amino acid each strain required for growth in

non-saturating concentrations (i.e., 50 mM, Mono). Third, the

two auxotrophic genotypes were cocultured in a minimal me-

dium without amino acid supplementation (Co). Under these

conditions, the two auxotrophic mutants showed marginal

growth (Figures 1B and S1), which was likely due to a reciprocal

exchange of essential amino acids. This experimental design

aimed at testing whether serial propagation of cocultured auxo-

trophs favored the evolution of metabolic cooperation, while this

should not be the case in monocultures of auxotrophic and pro-

totrophic WT cells. Twelve replicate populations of each exper-

imental group were serially propagated for a total of 20 cycles

of growth and subsequent dilution into fresh minimal medium
Current Biology 30, 3580–3590, September 21, 2020 3581
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(Figure 1A). Populations were initially transferred every 7 days.

However, because cocultures of auxotrophs rapidly increased

in growth, the transfer interval of all three treatment groups

was reduced to 3 days after the fifth cycle.

Cocultures of Auxotrophs Rapidly Improved in Fitness
Following the evolution experiment, we first tested whether

auxotrophic genotypes had reverted to a prototrophic pheno-

type [40]. Plating all derived populations on amino acid-deficient

agar plates revealed that in 10 populations of cocultured auxo-

trophs, both cell types were present and still auxotrophic at the

end of the evolution experiment. However, two populations

completely consisted of reverted phenotypes that had re-

evolved the ability for prototrophic growth. This observation indi-

cates that these populations have found an alternative solution

to overcome the growth limitation imposed by the metabolic

auxotrophy. However, in the context of the current study, these

replicates as well as their cognate controls (i.e., auxotrophic

monocultures) were excluded from further analysis.

To determine whether or not the growth of the three different

treatment groups increased over the course of the evolution

experiment, the optical density they reached after a growth cycle

was quantified at different time points. Comparing the growth

each of the three groups reached at the beginning, with the one

they achieved at the end of the experiment, revealed a marginal

but significant increase in the case of WT populations (1.2-fold;

Figure 1B), whereas the growth of auxotrophic control popula-

tions remained unchanged (1.04-fold; Figure 1B). In contrast, co-

cultures of auxotrophs showed a much stronger increase in

growth (7-fold; Figure 1B) and finally reached levels thatwere sta-

tistically indistinguishable from those of the ancestralWTpopula-

tions (independent sample t test: p = 0.6, t = �0.531, n R 10).

A similar pattern emergedwhen the net improvement in growth

(i.e., a measure of fitness) was directly compared between

derived cultures and their evolutionary ancestors: both WT and

cocultures of auxotrophs significantly increased in fitness (one-

sample t test WT: p < 0.05, t = 23.751, n = 6; CO: p < 0.001, t =

10.247, n = 10), whereas the fitness of monocultures of auxo-

trophs remained unchanged (one-sample t test Mono: p =

0.582, t = 0.560, n = 19; Figure 1C). Strikingly, the fitness increase

of cocultures (2.5-fold) was significantly higher than the ones of

the prototrophic WT (1.2-fold, independent sample t test: p =

0.005, t = �3.281, n R 6). Together, these results indicate that

the synergistic coevolution experienced by auxotrophic types

in coculture enhanced their rate of adaptation relative to the

two control groups that were capable of independent growth.

Coevolved Auxotrophs Diversified Morphologically
Plating ancestral and derived populations on indicator agar

plates, which were used to distinguish individual genotypes, re-

vealed noticeable changes in the colony morphologies (Fig-

ure S2): in 8 out of 10 cocultures of derived auxotrophs (i.e.,

80%), at least one of the two partners contained mutants that

showed a colony morphology, which clearly differed from the

one of its evolutionary ancestor in terms of colony size and color.

In contrast, only 3 out of 19 auxotrophic monocultures analyzed

(i.e., 16%) contained novel morphotypes, whereas none of the

derived WT populations (i.e., 0%) showed an apparent change

in their colony morphology. Thus, the probability of phenotypic
3582 Current Biology 30, 3580–3590, September 21, 2020
diversification was significantly increased in derived cocultures

(chi-square test: p = 0.04, c2 = 4.23, df = 1), whereas it could

not be distinguished from chance in the two control groups

(Mono: chi-square test: p = 0.28, c2 = 1.15, df = 1). To consider

this variation in subsequent experiments, four representatives of

each identified morphotype were isolated.

TheFitness Increase ofCoculturedAuxotrophsWasDue
to the Evolved Overproduction of Exchanged Amino
Acids
The strongly enhanced growth observed in derived cocultures

suggested both parties have increased the amount of amino

acids they produced to support the growth of their corre-

sponding partner. Two different mechanisms are known of

how bacteria can transfer amino acids between cells [41]: first,

via diffusion through the extracellular environment or second,

using contact-dependent structures to derive cytoplasmic me-

tabolites from other bacterial cells (e.g., nanotubes) [34, 42].

Thus, to quantify the total amount of amino acids that is being

transferred between cells via both diffusion and contact-

dependent mechanisms, derived clones as well as their corre-

sponding evolutionary ancestors of all three treatment groups

were individually cultivated in a medium that contained the

amino acid they essentially required for growth. At the same

time, a second genotype of E. coli, which was auxotrophic

for the focal amino acid (i.e., Tyr or Trp), was co-inoculated

into the same cultures. Here, the auxotrophic recipients

served as an amino acid biosensor, whose growth correlates

with the amount of the focal amino acid, produced by the

donor strain [43].

Comparing amino acid production rates of derived clones

relative to the levels of their evolutionary ancestors in this way re-

vealed a significantly increased production of Tyr and Trp in co-

evolved auxotrophs (Mann-Whitney U test: p = 0.002, Z =

�3.171, evolved auxotrophs: n = 420, ancestral auxotrophs:

n = 60; Figure 2A). In contrast, auxotrophic monocultures

showed the opposite trend of producing significantly less amino

acids than their evolutionary ancestors (Mann-Whitney U test:

p < 0.001, Z = �3.541, evolved auxotrophs: n = 264, ancestral

auxotrophs: n = 57), whereas in the prototrophic WT, these mea-

sures remained unchanged for both Trp (Mann-Whitney U-test:

p = 0.220, Z = �1.228, n = 72) and Tyr (Mann-Whitney-U-test:

p = 0.112, Z =�1.588, n = 72; Figure 2A). Additionally, comparing

absolute biosensor-to-donor ratios confirmed these differences

and clearly showed that coevolved auxotrophs produced signif-

icantly more amino acids than derived control groups (ANOVA

followed by a Dunnett’s T3 post hoc test: p < 0.01, F = 5.286,

df = 335 for recipient DtyrA and p < 0.001, F = 29.244, df = 335

for recipient DtrpB; Figure S3A).

Finally, correlating the amount of amino acids coevolved

auxotrophs producedwith the fitness the corresponding consor-

tia achieved over the course of the evolution experiment re-

vealed a strong and significant positive relationship between

both measures (Spearman rank correlation: p < 0.01, rho =

0.404, n = 60; Figure 2B). This observation clearly shows that

the fitness increase observed in populations of cocultured auxo-

trophs (Figures 1B and 1C) was driven by enhanced production

levels of the amino acids that were exchanged among interacting

strains.
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Figure 2. Cocultured Auxotrophs Evolved a Costly Overproduction of the Exchanged Amino Acids

(A) Coevolved auxotrophs, but not isolates of monoculture controls, produce increased amounts of the exchanged amino acid. Shown is the ability of derived

strains to support the growth of a cocultured auxotroph (DtyrA: auxotrophic for tyrosine, DtrpB: auxotrophic for tryptophan) relative to the corresponding

evolutionary ancestor. Growth of the auxotrophic biosensor, which mirrors the amount of amino acid that is produced by the focal donor, was normalized for the

growth of the cocultured donor genotypes. Different isolated morphotypes of evolved populations (nWT = 12, nMono = 88, nCo = 140) and ancestors (nWT = 12,

nMono = 19, nCo = 20) were used. The whole experiment was replicated three times. Different letters indicate significant differences between groups (ANOVA

followed by a Dunnett’s T3 post hoc test: DtyrA: p < 0.01, F = 5.471, df = 419; DtrpB: p < 0.001, F = 51.235, df = 335).

(B) Net growth of consortia of coevolved auxotrophs is positively correlated with the amount of amino acids their constituents produce. Consortia growth was

determined during a 3-day period, and amino acid production was quantified as in (A). A linear regression was fitted to the data (black line; grey area: ±95%

confidence interval). The result of a Spearman rank correlation is shown.

(C) Coevolved auxotrophs pay a cost of adaptation. Growth of 30 coevolved auxotrophs and their corresponding ancestors was determined in amino acid-

supplemented minimal medium. The maximum optical density (ODMAX) and maximum growth rate (mMAX) achieved is displayed as mean (±95% confidence

intervals) ratios of evolved isolates relative to their evolutionary ancestor (n = 4). Dashed lines indicate ancestral levels. A significant Spearman rank correlation

between mMAX and ODMAX points toward a true fitness cost.

See also Figures S3 and S4.
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Together, these results show that auxotrophic genotypes,

which evolved in coculture, started to produce increased

amounts of amino acids—most likely to support the growth of

their respective partner. The fact that this was not observed in

the two control groups suggests the obligate metabolic interac-

tion was driving this pattern.

Adaptation to Coevolved Partner Is Costly
Given that the coevolved auxotrophic genotypes significantly

increased their amino acid production levels, we hypothesized

that this elevated energetic investment into the corresponding

interaction partners should incur fitness costs to the overproduc-

ing cells. To test this, the growth performance of isolates derived

from auxotrophic cocultures was compared to the one of their

corresponding ancestor using minimal medium, to which the

required amino acid has been supplemented in sufficient

amounts (i.e., 150 mM for both Tyr and Trp). Strikingly, despite

supplementation with high concentrations of amino acids, the

growth performance of virtually all derived auxotrophs was

consistently below the level of the ancestral auxotrophs (Fig-

ure 2C). The only exception to this was one isolate whose

maximum growth rate improved in the course of the evolution

experiment by around 10% (Figure 2C). This result implies that

adaptation to the coevolved partner, which included an

increased production of the exchanged amino acid (Figure 2A),
incurred a significant fitness cost to coevolved auxotrophs.

The fact that both the maximum growth rate and the maximum

optical density reached were positively correlated with each

other (Spearman rank correlation: p < 0.001, rho = 0.761, n =

140) points toward a true fitness cost and rules out the possibility

of a rate-yield trade-off. Moreover, the tremendous degree of

variation that was observed among isolates (Figure 2C) suggests

the different morphotypes likely pursued divergent evolutionary

trajectories to evolve mutualistic cooperation. Finally, deter-

mining the statistical relationship between the degree of amino

acid overproduction (Figure 2A) and the cost of adaptation (Fig-

ure 2C) revealed a strongly negative association for both the

maximum growth rate (Spearman rank correlation: p < 0.01,

rho = �0.248, n = 140; Figure S3B) and the maximum optical

density achieved (Spearman rank correlation: p < 0.001, rho =

�0.234, n = 140; Figure S3C). This result suggests that the

drastic differences in the quantified cost of adaptation among

isolated genotypes can—at least partly—be attributed to the

cost of amino acid overproduction.

Cocultures of Auxotrophs Predominantly Interact within
Multicellular Clusters
One possible mechanism to account for the observed evolution

of a mutualistic cooperation is that cells have formed multicel-

lular aggregates [33–39]. These spatial structures would not
Current Biology 30, 3580–3590, September 21, 2020 3583
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Figure 3. Cocultured Auxotrophs Form Multicellular Clusters
(A and B) Multicellular clusters form in coevolved auxotrophs but not the two control groups. (A) Cumulative size distribution in volume percent of derived

populations of WT (gray line, n = 12), monoculture of auxotrophs (yellow, n = 24), and cocultures of auxotrophs (blue, n = 30) during the exponential growth phase

as determined by laser diffraction spectroscopy. Each measurement has been replicated three times. Lines are medians and dotted lines represent 95%

confidence intervals. Particles with a size >10 mmwere considered as cell clusters. (B) Scanning electronmicrographs of ancestral (left column) and evolved (right

column) populations of the WT, monocultures of auxotrophs, and cocultures of auxotrophs during the early exponential growth phase. Scale bars: 5 mm.

(C) Growth of cocultured auxotrophs is contact-dependent. Cocultures of ancestral (striped boxes) and derived (blue boxes) auxotrophs were grown either

together in the same compartment (� Filter) or separated by a filter membrane (+ Filter) that allows passage of free amino acids, but prevents direct, physical

contact between bacterial cells. Letters indicate significant differences between groups (ANOVA followed by a Dunnett’s T3 post hoc test: p < 0.01, F = 49.473,

df = 367 (ancestral cocultures: n = 40, evolved cocultures: n = 144)).
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only enhance an intercellular exchange of metabolites via diffu-

sion [44] but might also generate positive fitness feedbacks

among cells [19] that ultimately could explain the spread of

cooperative phenotypes. To test the propensity of the derived

populations of the three different experimental groups to form

multicellular clusters, the size distribution of cellular aggregates

within populations was analyzed during the exponential growth

phase by laser diffraction spectroscopy. This experiment uncov-

ered that in derived auxotrophic cocultures, the majority of cells

(i.e., between 68 and 97%of all cells) existedwithin clusters of an

average diameter of 45 mm. In contrast, populations of both

derived WT and monocultures of auxotrophs were almost exclu-

sively present in a unicellular form (Figure 3A).

In order to clarify whether cluster formation is a derived trait

that emerged during the evolution experiment or a property

that generally characterizes auxotrophic genotypes, the degree

of cluster formation was compared between ancestral and

derived consortia of auxotrophic genotypes. Analyzing an early

time-point during the growth cycle of the two groups, at which

cells were in their exponential growth phase (i.e., 8 h), revealed

extensive cluster formation in both cases: the majority of cells

(ca. 90%) were part of clusters (Figure S4A). This result indicates
3584 Current Biology 30, 3580–3590, September 21, 2020
cluster formation did not evolve de novo but was already present

in ancestral auxotrophs.

The same patterns were detected when cultures of ancestral

and derived populations were visualized by scanning electron

microscopy (Figure 3B). Also here, cluster formation was

observed in both ancestral and derived populations of cocul-

tured auxotrophs, whereas control populations consisted exclu-

sively of individual cells. Interestingly, when pairs of coevolved

auxotrophs were labeled with green or red fluorescent proteins

and the resulting cocultures were imaged by fluorescence mi-

croscopy, cells within the observed clusters frequently displayed

two fluorescent colors simultaneously (Figure S4B). This obser-

vation suggests an intercellular transport of cytoplasmic mate-

rials such as proteins and amino acids via, for example, intercel-

lular nanotubes [34]. Together, these results show that in

coculture, both ancestral and derived auxotrophic genotypes

formed multicellular clusters.

Growth of Auxotrophic Cocultures Is Contact-
Dependent
The prevalence of multicellular aggregates in all cocultures sug-

gested this behavior is advantageous for auxotrophic mutants.
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Figure 4. Positive Fitness Feedbacks within

Multicellular Clusters Favor Cooperative

Genotypes

(A) Experimental design. The ability of derived,

cooperative auxotrophs (blue cell) to invade a

population of ancestral, non-cooperative auxo-

trophs (gray cells, initial ratio: 1:1) from rare (20:1)

was probed. For this, three consortia, each con-

sisting of a tryptophan-auxotrophic (DtrpB) or a

tyrosine-auxotrophic genotype (DtyrA) were used.

The invader (blue cell) and its ancestral competitor

sharing the same auxotrophy (gray cell, C)

competed for the focal amino acid produced by

the ancestral partner genotype (gray cell, P) either

in the absence (left) or presence of a filter mem-

brane (right) that prevented a physical contact

among cells.

(B) Invasion success of coevolved auxotrophs is

significantly increased when cells can form clus-

ters. Shown is the invasion success (i.e., net

growth of invader relative to net growth of

competitor over 72 h) per generation of derived,

coevolved strains that are auxotrophic for tyrosine

(DtyrA) or tryptophan (DtrpB). Asterisks indicate

significant differences (Wilcoxon signed ranks

test: **p < 0.01, Z = �2.613, n = 15; ***p < 0.001, Z = �3.408, n = 15) between populations grown in the presence (+ Filter, i.e., cluster formation prevented) and

absence of a filter membrane (� Filter, i.e., cluster formation allowed).

(C) Cluster formation results in positive fitness feedbacks among auxotrophic subpopulations. Net growth of the ancestral competitor + derived invader (y axis)

and the ancestral partner (x axis) is significantly positively correlated when cells form clusters. A linear regression was fitted to the data (black line; grey area:

±95% confidence interval). The results of a Spearman rank correlation are shown.

See also Figure S5.
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One likely explanation for this is that the spatial proximity, per se,

allows auxotrophic genotypes to exchange essential amino

acids more efficiently. To test this hypothesis, both ancestral

and derived pairs of auxotrophic genotypes were grown in a de-

vice that allows cultivating both populations either together in the

same compartment or separated by filter membrane (i.e., Nur-

mikko cells). The introduced filter membranes permit passage

of free amino acids in the culture medium, but prevent any phys-

ical contact between bacterial cells [34]. Indeed, separating

interaction partners in this way significantly reduced growth in

both ancestral and evolved cocultures, thus confirming that

physical contact between cells was key for an efficient transfer

of amino acids between cells (Figure 3C). The fact that intro-

ducing the filter membrane affected the net growth of derived

consortia less strongly than the ancestral consortium implies

derived clones feature adaptations that make them less depen-

dent on a very close physical contact with their partner strain.

This could, for example, include an increased liberation of amino

acids into the extracellular environment in derived but not the

ancestral consortia. Together, this experiment confirmed that a

close proximity among aggregated cells was necessary—partic-

ularly during early stages of the evolution experiment.

Positive Feedback Loops Favor Cooperation within
Multicellular Clusters
Finally, we asked which evolutionary mechanism facilitated the

observed evolution and maintenance of metabolic cooperation.

Given that in all replicates analyzed, auxotrophic cells assem-

bled into multicellular clusters (Figures 3A and 3B) and that these

clusters were key to an efficient growth of auxotrophs (Fig-

ure 3C), we hypothesized that positive fitness feedbacks within
multicellular clusters have benefitted cooperative cells. In

contrast, individual cells outside of clusters should not be able

to take advantage of this effect and thus experience a fitness

disadvantage.

To test this hypothesis, we designed and performed an inva-

sion-from-rare experiment that mimicked the emergence of a

cooperative phenotype within a coculture of otherwise non-

cooperative auxotrophs during the early phases of the evolution

experiment. Under these conditions, a newly evolved cooper-

ator (i.e., the ‘‘invader’’) is initially rare in frequency and com-

petes with its evolutionary ancestor, which is common and

shares the same auxotrophy (i.e., the ‘‘competitor’’) for the

amino acids that are produced by the respective other auxotro-

phic strain (i.e., the ‘‘partner’’). Importantly, both the competitor

and the partner feature ancestral amino acid production levels.

To evaluate the advantage that is gained by interacting within

multicellular clusters, cooperators and their respective compet-

itors were either cocultured together with the partner in the

same environment or, alternatively, separated with a filter mem-

brane, thus inhibiting cluster formation (Figure 4A). If positive

fitness feedbacks operate on cooperative cells when being

part of a cluster, the invasion success of cooperative auxo-

trophs should be high in the absence but low in the presence

of the filter membrane. For this experiment, six cooperative

phenotypes, which have been isolated from different evolved

cocultures, were used as invaders (Figure 4B). In parallel, the in-

vasion success of the corresponding ancestors of selected

phenotypes was also determined in the presence of the filter

(Figures S5A and S5B). Because in these experiments the

invader and the competitor were the exact same genotype

just inoculated in a different ratio, this setup allowed for
Current Biology 30, 3580–3590, September 21, 2020 3585
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quantification of the basal invasion success of non-cooperative

cells outside of clusters.

Analyzing the invasion success of ancestral and derived auxo-

trophic mutants in the presence of the filter membrane revealed

basal invasion levels that did not differ between the two Tyr

auxotrophs (Mann-Whitney U test: p > 0.05, Z = �0.390, n =

25), but marginally increased in case of the Trp auxotrophic mu-

tants (Mann-Whitney U test: p = 0.002, Z = �3.007, n = 30; Fig-

ure S5B). The observation that the invasion success of Trp auxo-

trophic mutants increased over the course of the evolution

experiment even when cells were not allowed to form clusters

suggests these auxotrophic mutants have acquired an improved

ability to grow under the nutrient-limiting conditions of the

experiment.

Comparing the invasion success of derived coevolved auxo-

trophs in the absence and presence of the filter membrane re-

vealed that in the absence of the filter, evolved cooperating

types strongly increased in frequency and that this invasion suc-

cess was significantly reduced when the two competing auxo-

trophs were physically separated from their respective partner

by introducing a filter membrane (Wilcoxon signed ranks

test: DtyrA: p = 0.009, Z = �2.613, n = 15; DtrpB: p = 0.001,

Z = �3.408, n = 15; Figure 4B). Some invaders achieved a

6-fold (DtyrA) or even 25-fold (DtrpB) increase in frequency per

generation and finally reached similar frequencies as their

competitor, thus pointing to a tremendous selective advantage

resulting from metabolic cooperation. Control experiments, in

which the three-partite consortia were analyzed by laser diffrac-

tion spectroscopy, confirmed in all cases that cells formedmulti-

cellular clusters when they were cultivated without filter mem-

branes (Figure S5C). Finally, to clarify whether an increased

cooperative investment also benefitted the corresponding

receiving cells, the statistical relationship between the growth

of competitor and invader that both carry the same auxot-

rophy-causing mutation with the growth of partner cells carrying

the complementary auxotrophy was determined. Both parame-

ters showed a strongly positive and significant correlation in

the absence (Spearman rank correlation: p < 0.01, rho = 0.56,

n = 29; Figure 4C) but not in the presence of the filter membrane

(Spearman rank correlation: p = 0.957, rho = 0.012, n = 23), thus

providing direct experimental evidence for a positive feedback

loop operating between both bacterial subpopulations.

Taken together, these results show that despite significant

fitness costs, cooperative types gained a strong fitness advan-

tage over non-cooperative auxotrophs when they were part of

a multicellular cluster.

Both Amino Acid Overproduction and Cluster Formation
Are Necessary for Cooperation to Evolve
Our empirical results suggested that positive fitness feedbacks

among interacting genotypes drove the evolution of metabolic

cooperation in our evolution experiment. Specifically, reciprocal

cross-feeding interactions among two different auxotrophic ge-

notypes evolved an increased cooperative investment into the

corresponding partner when they were part of a multicellular

cluster but not when they existed in isolation. To test the plausi-

bility of this interpretation and independently vary the underlying

parameters, a theoretical model was developed to identify the

set of conditions favoring the evolution of mutualistic
3586 Current Biology 30, 3580–3590, September 21, 2020
cooperation. This model describes the population dynamics of

individual cells and cells in clusters, which form by aggregation

of individual cells. Mutations arising with a certain frequency in-

crease the production level of the traded commodity at a cost to

the cell, thus giving rise to a cooperative mutant.

Analyzing the effect of both cluster formation and amino

acid overproduction on the evolution of cooperation clearly re-

vealed that both the formation of multicellular clusters and

synergistic interactions among interaction partners within

clusters were key for a costly metabolic cooperation to evolve

(Figure 5). Reducing the values of either parameter drastically

reduced the propensity, with which cooperative alleles in the

population increased in frequency. In contrast, and in line

with the experimental results, when cluster formation and

amino acid production was high, cooperation evolved rapidly

(Figure 5). Thus, this theoretical analysis suggests that coop-

eration emerges automatically because of positive fitness

feedbacks when two genotypes (1) engage in an interaction

that is mutually beneficial and (2) form spatially structured

cell clusters.

DISCUSSION

The evolution of cooperation within populations of well-mixed

bacteria poses a major problem for evolutionary biology [10–

12]: why should individuals start to invest costly resources to

benefit other bacteria rather than utilize these resources to maxi-

mize their own fitness? For these situations, evolutionary theory

predicts that newly emerged genotypes that pay a cost for per-

forming a cooperative behavior, but are not receiving any direct

or indirect fitness benefits for this investment in return, should be

selected against and thus be lost from a given population

[13, 45]. Here, we show both theoretically and experimentally

that cooperative cross-feeding of essential metabolites can

rapidly evolve in populations of bacteria, whose growth requires

a reciprocal exchange of essential metabolites among two bac-

terial genotypes. The transition from the initial byproduct interac-

tion into a costly cooperation was due to the formation of multi-

cellular clusters among bacteria. These structures not only

enhanced the exchange of metabolites between cells in a well-

mixed environment but also resulted in positive fitness feed-

backs that benefitted cooperative mutants when being part of

a multicellular cluster.

Spatial structuring has been previously suggested to facilitate

the evolution and maintenance of cooperative interactions [16,

46–51]. Several causal reasons can account for this phenome-

non. First, surface colonization of randomly mixed cooperative

and non-cooperative genotypes results in local patches that

differ in their genotypic composition. In areas were multiple

cooperative genotypes colocalize by chance, cells can grow

more than in patches, which are dominated by non-cooperators

[51, 52]. Second, if cooperation is based on an exchange of me-

tabolites, released compoundsmay locally accumulate and, as a

consequence, preferentially benefit resident cells [51]. If the

interaction lasts long enough, non-cooperating beneficiaries

may then even start to cooperate by increasing the production

of the exchanged metabolite themselves [48]. Third, as cells

grow, self-organization within expanding populations can lead

to a segregation of cooperative and non-cooperative cells,



A

C

B

Figure 5. Evolution of Metabolic Cooperation Requires Both Spatial Clustering and an Increased Production of the Exchanged Metabolites

Shown are the results of a theoretical model that was developed to identify the causal parameters explaining the evolution of cooperation in our model system.

(A) Cooperation is favoredwhen both amino acid production and cluster formation are high. The frequency of the cooperator allele in a population is displayed as a

function of amino acid production and the rate of cluster formation.

(B) Cluster formation is prevalent, but particularly favored when amino acid production rates are high. The frequency of cells in clusters is plotted as a function of

amino acid production and the rate of cluster formation.

(C) Cooperation evolves when cluster formation and amino acid production is high. Evolutionary dynamics of the cooperator allele under conditions shown in (A)

and (B), where the degree of both amino acid production and cluster formation is low (I) or high (II). The mean frequency of the cooperator allele in a population (±

confidence interval) of 100 replicates is shown. Color code of the line represents the frequency of cells in clusters according to (B).

See also Table S1 and S2.

ll
Article
thus resulting in a spatial exclusion of non-cooperators from

cooperative benefits [51, 52]. However, even though it is known

that bacteria can detach from colonized surfaces [53], it remains

generally unclear how an increased productivity of more cooper-

ative patches can be exported to the next generation of bacteria.

Our work resolves this issue by showing that even in spatially un-

structured environments, cooperation can evolve and persist for

extended periods of time. The key criteria for this to happen is

that bacteria generate a spatial structure that is independent of

a surface-attached growth (Figure 3). By forming free-floating,

multicellular aggregates, similar principles as outlined above

for surface-attached communities apply. Indeed, the invasion-
from-rare experiment strongly suggests local fitness feedbacks

operate within multicellular clusters, which can explain the

observed evolution of cooperation (Figures 4 and 5). Newly

emerged mutants that increase their cooperative investment

immediately benefit when they are part of a multicellular cluster

(Figure 4). This effect is much stronger than a potentially detri-

mental effect of non-cooperating individuals. In fact, our results

show that due to the formation of multicellular clusters, non-co-

operating genotypes were significantly less fit than cooperating

cells. This mechanism can explain the evolutionary transition

from an interaction, in which metabolic byproducts are recipro-

cally exchanged, to a cooperative mutualism, in which both
Current Biology 30, 3580–3590, September 21, 2020 3587
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parties evolved a costly overproduction of metabolites to benefit

their corresponding partner.

Interestingly, the formation of multicellular aggregates was not

a derived trait but characterized already ancestral cocultures of

auxotrophs (Figures 3A, 3B, and S4A). Under our experimental

conditions, auxotrophic cells could only grow when they derived

amino acids from other cells in their environment. By physically

attaching to each other, the spatial distance between donor

and recipient cells is reduced, which likely facilitates an ex-

change of metabolites between cells [38, 54]. However, what

triggered the formation of multicellular aggregates? One likely

explanation is a physiological stress response that resulted

from the starvation of auxotrophs for the two amino acids (Fig-

ure 3B). In our experimental setup, auxotrophs that were grown

in cocultures most likely experienced phases of severe amino

acid deprivation, while this was not (or to a lesser extent) the

case for monocultures of amino acid-supplemented auxotrophs

as well as for populations of prototrophic WT cells. Starvation for

amino acids is known to trigger the so-called stringent response

in auxotrophic bacteria [55], which upregulates the production of

fimbriae [56] or extracellular polymeric substances [57] leading

to autoaggregation [58]. An alternative mechanism could be

the formation of intercellular nanotubes that is also induced by

amino acid starvation in auxotrophic bacteria [34, 42]. The detec-

tion of double-labeled cells in cocultures of auxotrophic geno-

types (Figure S4B) corroborates that auxotrophic cells

exchanged cytoplasmic materials—most likely via nanotubes.

The absence of a starvation response in amino acid-supple-

mented monocultures of auxotrophs as well as in populations

of the prototrophic WT can likely explain the lack of aggregation

in these experimental groups.

The results of our study are also relevant to other mutualistic in-

teractions, in which two partners reciprocally exchange synergis-

tic benefits. Very often, these interactions are strongly localized

and rely on a physical contact betweenpartners,which is concep-

tually equivalent to the formation of clusters observed in our study.

Reciprocityhasbeenpreviouslysuggestedasan importantmech-

anism contributing to the long-termmaintenance of thesemutual-

istic interactions [59]. In addition, the observation that experimen-

tally reducing themutualistic service provided by one partner also

negatively impacted its growth was interpreted as a sanctioning

behavior of the respective other individual to penalize its less-

cooperative partner [60]. Other studies, in which interactions

with more or less cooperative partners were compared, revealed

that more cooperative partners benefitted by also receiving

more resources in return [61, 62]. However, the patterns observed

in these interspecific mutualisms are consistent with the positive

fitness feedbackdescribedhere.By locally assembling individuals

that reciprocally exchange benefits, cooperation can be strongly

favored (Figures 4 and 5). This explanation does not require

derived mechanisms to quantify the investment of a partner and

launch a corresponding response. Instead, positive fitness feed-

backs that emerge automatically from reciprocal interactions in

spatially structured communities are sufficient to account for the

evolution and maintenance of these cooperative interactions.

Our experiment was initiated with a coculture of two auxotro-

phic genotypes, whose growth depended on a reciprocal ex-

change of essential amino acids. This situation is likely common

in natural bacterial communities. Here, nutrient levels are
3588 Current Biology 30, 3580–3590, September 21, 2020
frequently low, which typically results in stress responses such

as the formation of surface-attached or free-floating biofilms

[36]. Similar to the clusters observed in our study, thesemulticel-

lular aggregates also facilitate an exchange of metabolites

among cells [63–66]. In addition, sequencing data suggest auxo-

trophic bacteria are generally common in natural microbial com-

munities [67]. Combining these two observations with the data

presented here suggests similar evolutionary dynamics as

observed in our study are likely common in natural microbial

communities. Future work should identify whether this is indeed

the case and which factors promote or hamper the type of syn-

ergistic coevolution observed in this study.

Taken together, the results presented in this work show how

simple changes in the genomes of bacteria, in this case the

loss of two biosynthetic genes, can set off an evolutionary dy-

namic that drastically reconfigures the ecology and evolution

of the entire microbial community. The fact that these mutations

forced the two resulting strains to interact with each other in or-

der to grow paved the way for the initial byproduct interaction to

evolve into a truly cooperative and costly metabolic interaction.

Key factors driving this change were (1) the assortment of auxo-

trophic bacteria into multicellular clusters and (2) positive fitness

feedbacks that operated on cells within these clusters, which

favored cooperative mutants. Given the prevalence of auxotro-

phic bacteria in natural microbial communities [67], and the

ease with which cooperative interactions evolve between those

auxotrophs (this study), it is likely that cooperative metabolic in-

teractions may be much more common than previously thought.
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6. Litsios, G., Sims, C.A., Wüest, R.O., Pearman, P.B., Zimmermann, N.E.,

and Salamin, N. (2012). Mutualism with sea anemones triggered the adap-

tive radiation of clownfishes. BMC Evol. Biol. 12, 212.

7. Seth, E.C., and Taga, M.E. (2014). Nutrient cross-feeding in the microbial

world. Front. Microbiol. 5, 350.

8. Ankrah, N.Y.D., and Douglas, A.E. (2018). Nutrient factories: metabolic

function of beneficial microorganisms associated with insects. Environ.

Microbiol. 20, 2002–2011.

9. Morris, B.E., Henneberger, R., Huber, H., and Moissl-Eichinger, C. (2013).

Microbial syntrophy: interaction for the common good. FEMS Microbiol.

Rev. 37, 384–406.

10. Hamilton, W.D. (1963). The evolution of altruistic behavior. Am. Nat. 97,

354–356.
11. Hamilton, W.D. (1964). The genetical evolution of social behaviour. I.

J. Theor. Biol. 7, 1–16.

12. Hamilton, W.D. (1964). The genetical evolution of social behaviour. II.

J. Theor. Biol. 7, 17–52.

13. Nowak, M.A. (2006). Five rules for the evolution of cooperation. Science

314, 1560–1563.

14. Sachs, J.L., and Simms, E.L. (2006). Pathways to mutualism breakdown.

Trends Ecol. Evol. 21, 585–592.

15. Ferriere, R., Bronstein, J.L., Rinaldi, S., Law, R., and Gauduchon, M.

(2002). Cheating and the evolutionary stability of mutualisms. Proc. Biol.

Sci. 269, 773–780.

16. Germerodt, S., Bohl, K., Lück, A., Pande, S., Schröter, A., Kaleta, C.,
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Chemicals

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
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Arabinose Carl Roth GmbH Catalog # 5118.2
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L-Tyrosine disodium salt AppliChem Catalog # A2838

Experimental Models: Organisms/Strains

Escherichia coli BW25113 ara-, lacZ- [68] N/A

Escherichia coli BW25113 ara+, lacZ+ This study N/A

Escherichia coli BW25113 ara-, lacZ-, DtrpB::kanR This study N/A

Escherichia coli BW25113 ara-, lacZ-, DtyrA::kanR This study N/A
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Escherichia coli BW25113 ara+, lacZ+, DtyrA::kanR This study N/A

Escherichia coli REL607 [69] N/A

Escherichia coli MG1655 [70] N/A

Recombinant DNA

pKD3 [71] N/A

pKD46 [71] N/A

pJBA24-egfp [43] N/A

pJBA24-mCherry [34] N/A

Software and Algorithms

Origin Pro 2017 OriginLab, Northampton, MA N/A

IBM SPSS statistics 26 Version 26.0., released 2019,

IBM Corp., SPSS Statistics,

Armonk, NY.

N/A

ImageJ [72] https://imagej.nih.gov/ij/

Magellan Version 7.1,

Tecan Group Ltd., Switzerland

N/A

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
This study did not generate new unique reagents.

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

Strain construction
To synthetically design an obligate cross-feeding interaction that was based on a reciprocal exchange of essential amino acids,

Escherichia coli BW25113 [68] was used as wild type (WT). Cells were genetically modified by P1 transduction [73] to generate in-

frame knockout mutants by the replacement of target genes with a kanamycin resistance cassette [68, 71]. The resulting mutants

lacked the genes tyrA or trpB that encode enzymes responsible for the terminal amino acid biosynthesis step of tyrosine or trypto-

phan, respectively. To allow phenotypic discrimination of these two auxotrophic genotypes on agar plates, themarker genes araDAB

(derived from E. coli REL607 [69]) and the functional lacZ-gene (derived from E. coliMG1655 [70]) were additionally introduced by P1

transduction. As a result, strains carrying the functional alleles for arabinose utilization and b-galactosidase appear blue on modified

TA-agar [74] that additionally contained 0.1 mM IPTG (Isopropyl b-D-1-thiogalactopyranoside) and 50 mg ml-1 x-Gal (5-bromo-4-

chloro-3-indolyl-b-D-galactopyranoside), while the WT phenotype appears red. The presence of the resistance cassette, the marker

genes, and the amino acid auxotrophywas first confirmed by plating on selective agar plates and further verified bywhole genome re-

sequencing.

To determine amino acid production rates of a donor genotype, amino acid biosensors were generated to quantify the amount of

tyrosine and tryptophan produced by donor cells [43]. The corresponding genotypes carried the functional lacZ-gene and had either

the trpB or tyrA deleted from their genome as described above. The resulting genotypes E. coli DtrpB::kan lacZ and E. coli DtyrA::kan

lacZ were further modified to enable quantification of colony forming units (CFU) on agar plates, even when present in low fre-

quencies. For this, the kanamycin resistance cassette was replaced with a chloramphenicol resistance cassette [71]. In detail, the

chloramphenicol cassette (camR gene) from pKD3 was amplified by PCR using the reported primers for both FRT sites that direct

site-specific recombination. After transforming the l Red helper plasmid pKD46 into both genotypes, electroporation with the

PCR-product was performed [71]. Generated constructs containing camR were selected on LB agar containing 30 mg ml-1 chloram-

phenicol and restored sensitivity for kanamycin was confirmed.

Plasmids pJBA24-egfp [43] or pJBA24-mCherry [34] that constitutively express the green (eGFP) or red (mCherry) fluorescent pro-

tein aswell as a b-lactamasewere transformed into all derived auxotrophic genotypes that have been isolated from one of the derived

populations.

METHOD DETAILS

Culture conditions and general procedures
In all experiments, cells were grown usingminimalmedium forAzospirillium brasilense (MMAB) [75] without biotin using 0.5%glucose

instead of malate as a carbon source. To obtainMMAB agar, two-fold concentrated Kobe-agar (30 g l-1) was added to 2-fold concen-

trated MMAB medium in a 1:1 ratio. Unless otherwise noted, culture conditions were kept constant between experiments (30�C,
225 rpm) and precultures of auxotrophic genotypes were supplemented with amino acid (150 mM tyrosine or tryptophan, respec-

tively). If not indicated otherwise, these amino acid concentrations were generally used for supplementation. Bacterial strains

were freshly streaked on LB agar and incubated for 24 h or until single colonies showed sufficient size for inoculation of liquid cultures.

Individual colonies were used as biological replicates to inoculate 1 mL overnight precultures in 96 deep-well plates (max. volume:

2 ml, Thermo Scientific Nunc), which were diluted to an optical density at 600 nm (OD600nm) of 0.1 the next day. Unless otherwise

specified, these precultures were used to inoculate 1 mL MMAB medium with a final OD600nm of 0.001. To enable blue-white

screening of colonies, 0.1 mM IPTG and 50 mg ml-1 x-Gal was added to the agar. Antibiotics were used at the following concentra-

tions: kanamycin 50 mg ml-1 and chloramphenicol 30 mg ml-1.

Evolution experiment
The evolution experiment consisted of three main experimental groups: (1) monocultures of E. coliWT that were cultivated in unsup-

plemented minimal medium, (2) monocultures of auxotrophs (i.e., either DtyrA or DtrpB) that were cultivated in minimal medium con-

taining Tyr or Trp in non-saturating concentrations (i.e., 50 mM), or (3) cocultures of auxotrophic genotypes (DtyrA + DtrpB) that were
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cultivated in unsupplemented minimal medium (Figure 1A). To generate the synthetically designed obligate byproduct interaction,

complementary phenotypes (i.e., E. coli Tyr- Ara+ Lac+ & E. coli Trp- Ara- Lac- or the reverse combination of phenotypic labeling

and auxotrophy) were combined in cocultures in an initial 1:1 ratio. Six biological replicates of each genotype (i.e., WT, DtyrA, and

DtrpB either with or without both phenotypicmarkers) were used to start the evolution experiment, adding up to 12WTmonocultures,

24 monocultures of auxotrophs, and 12 cocultures of auxotrophs. Besides differences in the culture medium, all populations were

treated in an identical way during the evolution experiment.

The evolution experiment was initiated by reviving all genotypes frompermanent cultures that were stored at�80�C. For this, stock
cultures were directly inoculated into 4 mL of minimal medium (WT) or 4 mL of minimal medium that contained 150 mM of one of the

two amino acids (auxotrophs). After 24 h of growth at 30�C, these cultures were plated on agar plates containing the samemedium as

before in its solidified form. After incubation of these plates for 48 h at 30�C, individual colonies of each genotype were picked and

inoculated into a preculture using the same medium and culture conditions as before. The next day, the evolution experiment was

started by inoculating 4 mL of minimal medium into 20 mL scintillation vials (Wheaton Industries Inc., USA) with an initial OD600nm of

0.005. Always two precultures of auxotrophs (DtyrA and DtrpB) were used to inoculate two monocultures of auxotrophs and one

coculture of auxotrophs. Since these samples originated from the same two colonies, they were considered asmatched pairs in sub-

sequent experiments. Populations were initially transferred every seven days for a total of five transfers, following 15 transfers every

three days, adding up to a total of 80 days or approximately 150 generations of bacterial growth. At the end of each cycle, optical

densities were determined at 600 nm via spectrophotometry in a plate reader (Spectramax M5, Applied Biosystems). To disrupt

any bacterial aggregate that might have formed during growth, populations were vortexed for one minute to separate cells. Subse-

quent tests with a representative number of samples using microscopy and laser diffractometry (see below) confirmed that this pro-

cedure successfully disrupted multicellular clusters. 20 ml of each culture were transferred into 4 mL of fresh MMAB medium. De-

pending on the length of the cycle (i.e., three or seven days), glycerol stocks (20% glycerol) were prepared every six or seven

days and stored at �80�C. Cocultures were regularly tested for revertant phenotypes that showed prototrophic growth (i.e., that

were capable to grow onMMAB agar without amino acid supplementation). Out of twelve cocultures, twowere excluded from further

analysis due to the detection of prototrophic phenotypes. Accordingly, also the two cognate replicates of auxotrophic monocultures

were excluded from further analysis.

In addition, one replicate of the monocultures of auxotrophs (i.e., E. coli DtyrA DaraDAB DlacZ) was excluded from further analysis

due to a contamination of the culture. Terminal populations were spread on modified TA agar plates to isolate evolved clones based

on differences in color and colony morphology. For each detected colony morphology (i.e., morphotype) that arose in one of the

auxotrophic populations, four individual colonies were isolated as biological replicates for subsequent analyses. Isolates were stored

at �80�C until further use.

Relative fitness of ancestral versus evolved populations
To determine whether and to which extent growth of evolved populations has changed in the course of the evolution experiment,

fitness of derived genotypes relative to the one of the corresponding ancestor was determined. For this, cultures of evolved popu-

lations as well as their respective ancestors were inoculated from cryo-stocks and incubated separated from each other for 72 h in

4 mL MMAB medium. The number of colony-forming units (CFUs) was determined at 0 h and after 72 h by plating on modified TA

agar.

Quantification of amino acid production levels using biosensors
To compare the amount of tyrosine or tryptophan that was produced by ancestral and evolved strains, both types were used as

amino acid donor in coculture experiments with auxotrophic biosensor strains. Auxotrophic donors were supplemented with the

required amino acid (150 mM), whileWT cells were cultivated in unsupplementedminimal medium. Because the growth of biosensors

depended on the amount of amino acid provided by the donor, biosensor growth can be used as an integrative measure to quantify

the amount of amino acid produced by the donor genotype [43]. For this, the generated strains E. coli DtyrA DaraDAB lacZ camR and

E. coliDtrpBDaraDAB lacZ camRwere used as biosensors, since their numbers could be determined in coculture with a donor - even

at a low frequency. Cocultures of donors and amino acid biosensors were inoculated in a 1:1 ratio in 1 mL MMABmedium and incu-

bated for 72 h. The number of CFUs of donor and biosensor was determined at 0 h as well 72 h post inoculation by plating. To pheno-

typically discriminate both types, populations were plated on either LB agar plates containing x-Gal as well as IPTG (resulting in white

and blue colonies, respectively) or TA agar plates (resulting in white and red colonies, respectively). In addition, cocultures were

spread on LB agar containing chloramphenicol to determine cell numbers of biosensors in a very low abundance.

Cost of adaptation
To determine whether adaption of derived auxotrophs to their coevolved partner was costly, 30 isolated clones were cultivated in

amino acid-supplemented minimal medium (150 mM) and their growth compared to the growth of their corresponding evolutionary

ancestor cultivated under the same conditions. In this experiment, a reduced growth of derived clones will indicate a cost of adap-

tation. Growth kinetics were determined bymeasuring the optical density at 600 nm every 30min for a total of 72 h in a Tecan F200pro

plate reader (Tecan Group Ltd., Switzerland). Strains were cultivated in a 384-well plate containing 50 ml of medium per well. During

each cycle (i.e., 30min), the microtiter plate was shaken trice for 3min. The resulting growth data was used to calculate themaximum

growth rate (mMAX using six time points) and the maximum density achieved (ODMAX using eight time points) with the Magellan
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software 7.1 (TecanGroup Ltd., Switzerland). For a better comparison, values of evolved genotypes were divided by averaged values

of their corresponding ancestors.

Contact-dependent growth
To determine whether physical contact between cells is necessary to facilitate the exchange of amino acids and thus enhance

growth, interacting genotypeswere cultivated in a device that allows to grow two populations of cells either in the same compartment

or separated by a filter membrane (0.2 mm, polyethersulfone, Pall GmbH, Germany), which prevents a physical contact between

cells, but allows a transfer of free amino acids through the extracellular environment (i.e., Nurmikko cells [34]). In this experiment, pairs

of ancestral auxotrophic genotypes and consortia of derived genotypes were analyzed. In cases were multiple morphotypes have

been detected, all isolated clones were mixed in equal ratios according to the auxotrophy-causing mutations. Each combination

was replicated four times. The initial OD600nm was set to 0.001 with each auxotrophy representing 50% of the initial population. In

cases were multiple isolates have been isolated from the same derived population of cocultured auxotrophs, their initial density

was adjusted such that their combined density reached an OD600nm of 0.001 as well. Each Nurmikko cell contained 4mLMMABmin-

imal medium andwas incubated under shaking conditions (i.e., 150 rpm, 30�C). Total numbers of CFUswere determined after 0 h and

72 h incubation on modified TA agar.

Cluster formation
In order to determine the propensity of the differentially treated populations to form multicellular clusters, cultures were analyzed by

laser diffraction spectroscopy. This technique utilizes diffraction patterns of a laser beam that is passed through a solution to pre-

cisely quantify particle size distributions. To this end, ancestral or derived populations of the three experimental groups (i.e., proto-

trophicWT, auxotrophicmonocultures, and auxotrophic cocultures) were directly inoculated from cryo-stocks into glass bottles con-

taining MMAB medium. Monocultures of auxotrophs were additionally supplemented with 50 mM of the respective amino acid. The

total culture volume was adjusted to the optical density reached during the exponential growth phase (i.e., WT: 20 ml, auxotrophic

monocultures: 50 ml, coculture: 100 ml). Due to the increased variation observed in test experiments, each coculture population (n =

10) was replicated three times, while each population of control groups was only replicated once (n = 12 for WT and n = 24 for auxo-

trophic monocultures). Cluster formation was verified for ancestral (0 days) and evolved populations (80 days). Analysis of particle

size distribution was performed utilizing a Beckman Coulter LS 13 320 laser diffractometer with universal liquid module using the

Fraunhofer optical model. If necessary, precultures were diluted until a sufficient obscuration (�5%) was reached. Analysis was per-

formed with precultures in exponential growth phase with pump speed set to 6% to minimize shear forces that degrade cell clusters

over time. Each sample wasmeasured three times for oneminute. Averaged output files of these individual measurements were used

for further analysis.

Scanning electron microscopy
Precultures of wild type, auxotrophic monocultures, and auxotrophic cocultures were inoculated in 96-well plates containing 1 ml of

unsupplemented or amino acid-supplemented MMABmedium and incubated for 20 h. Afterward, cells were pelleted and the media

supernatant removed. To start cultures, scintillation vials containing 4 mL of minimal medium were inoculated to a final density of

0.005 OD600nm. Monocultures of auxotrophs were supplemented with amino acids, while auxotrophic cocultures and populations

of WT were cultivated in unsupplemented medium.

Samples were allowed to settle on coverslips (Thermo Scientific, Nunc, Thermanox) for 15 min and then fixed for 1 h with 2.5%

glutaraldehyde and dehydrated with ethanol in serially increased concentration, followed by critical point drying with a Leica EM

CPD300 Auto (Leica, Germany). Samples were sputter-coated with gold (layer thickness: 5.5 nm) in a Leica EMACE600 high vacuum

coater (Leica, Germany) and analyzed at different magnifications with a JEOL JSM-IT200 InTouchScop scanning electron micro-

scope (Joel, Germany) at 15 kV acceleration voltage and a working distance of 8.8 mm using an in-lense secondary electron

detector.

Invasion-from-rare experiment
To determine whether or not physical contact among cells was essential for newly evolved cooperative genotypes to increase in fre-

quency, an invasion-from-rare experiment was conducted. For this, the invasion success of cooperative phenotypes within a pop-

ulation of non-cooperative auxotrophswas quantified usingNurmikko cells. Tripartite populations (i.e., two ancestral auxotrophs plus

one invader – an evolved cooperator) were either grown separated by a filter membrane (based on their auxotrophy) or under con-

ditions that allowed mixing among genotypes (i.e., without filter membrane). To determine baseline invasion levels using this assay,

also the invasion success of ancestral cells was quantified as described above. Cooperative phenotypes were selected based on

their ability to support the growth of a cocultured auxotrophic biosensor strain. In this way, six isolates were chosen with at least

one representative for each of the four genotypic combinations of auxotrophy and phenotypic marker genes, which have been

used in the evolution experiment. Two ancestral auxotrophs were used to found a coculture in a 1:1 ratio and an initial OD600nm of

0.005, to which an invader (i.e., evolved or ancestral auxotroph) was added with a 0.05% initial frequency. Each combination

including a particular invader was replicated five times and conditions were identical to the Nurmikko cell experiment mentioned

above. CFUs were determined by plating during the onset of the experiment and after 72 h of incubation. To discriminate ancestral

invaders in established tripartite consortia, cultures were plated on MMAB agar plates containing one of the required amino acids.
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Further discrimination of the respective auxotroph (i.e., competitor) and the invader sharing the same auxotrophy required the use of

indicator dyes in the respectiveMMABagar plates as described above for the biosensor experiment. To determine low frequencies of

invaders, plating was additionally performed on LB agar plates containing 50 mg ml�1 kanamycin.

Population dynamic model
To disentangle the effect of amino acid overproduction and cluster formation on the evolution ofmutualistic cooperation, a population

dynamicsmodel of individual cells and cells in clusters was developed and analyzed. In thismodel, wild type andmutant cells differed

significantly in their replication rate to reflect the differential cost of amino acid production in each case. Moreover, amino acid pro-

duction and reciprocity within clusters increased cell replication through a positive feedback loop. Consequently, the fitness of a cell

depended on i) whether or not it was part of a cluster and ii) the composition of the cluster (i.e., ratio of cooperative to non-cooperative

cells). Clusters could increase in size via the growth of the constituent cells as well as by a ‘coming together’ process, where free-

living cells attach to previously existing clusters.

We investigated the effect of cluster formation and amino acid production within clusters on the evolution of cooperation. Sce-

narios where amino acid production and cluster formation are both low, are characterized by a population consisting mainly of indi-

vidual, free-living cells, with a small population size. Under these conditions, a mutation causing a cooperative overproduction of

metabolites will decrease the average fitness and thus frequently drive the whole population to extinction. Therefore, cooperation

cannot evolve if cluster formation is below a certain threshold and only individual cells are present. If cluster formation is high, but

reciprocity between cells within clusters is low, cooperation cannot evolve either, and the population consists mainly of non-coop-

erative clusters. Our results show that only when the rate of cluster formation and amino acid production levels of cells within clusters

and are both high, cooperation can evolve (Figure 5). In our model, we do not keep track of clusters that only contain one partner, as

their fitness is expected to be too low and their role in the dynamics is negligible.

The full model is given by the following set of differential equations:

dx

dt
= a x � kx2 � bx z0 � bx zx + gz0 + gzx � mx
dy

dt
= a y � ky2 � by z0 � by zy +gz0 +gzy � my
dxm
dt

= am xm � kx2m � bxmzy � bxm z1 +gzy +gz1 +mx
dym
dt

= am ym � ky2m � bymzx � bym z1 +gzx +gz1 +my
dz0
dt

= z0 ðrc0 + bx + by �g�m� K z0 �dÞ+mR

�
zx � zy

�

dzx
dt

= zx

�
4rc x + bx + bym �g�m + m

z0
zx

�K zx �d

�
+mR ð z1 � zxÞ
dzy
dt

= zy

�
4rc y + bxm + by�g�m + m

z0
zy

�K zy �d

�
+mR

�
z1 � zy

�

dz1
dt

= z1

�
4rc 1 + bxm + bym �g + m

zx
z1

+ m
zy
z1

�K z1 �d� 2 mR

�

Individual ‘wild type’ cells are given by variables x and y, representing the two different partners, while individual ‘mutant’ cells are

given by variables xm and ym for each partner, respectively. The replication rate of cells outside clusters is given by parameters a and

am for wild types and mutants. Individual free-living cells are assumed to have a logistic growth, with a rate of self-limitation given by

parameter k. Events where individual cells join a cluster occur at a rate b, contributing to cluster formation. Cells mutate from non-

cooperators into cooperators at a rate m.
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The number of cells in clusters is given by variable zp. The subscript p refers to the type of cluster ð p = ð0; x; y; 1 Þ Þ. From this

result four types of clusters including clusters that mainly contain non-cooperating cells ðz0Þ, clusters thatmainly consist of one coop-

erative auxotroph ðzx; zyÞ, and clusters, where both partners are cooperators ðz1Þ. Reciprocal interactions between cells in clusters

can increase cell replication above baseline levels ðrÞ via a positive feedback loop. The enhanced replication rate resulting from this

process is also affected by the baseline amino acid production rate (4) as well as the specific amino acid production rate for each

cluster type (cp). Cooperators in clusters can revert to non-cooperation at a rate mR. In our implementation of the model, we set

the rate at which a mutation deactivates a cooperative phenotype ðmRÞ to be two orders of magnitude above the rate at which a

non-cooperator turns into a cooperating cell ðmÞ. This rather conservative approach was used to challenge the proposed evolutionary

mechanism by limiting the supply of cooperativemutants. Cells in clusters were assumed to have a logistic growth, with a rate of self-

limitation given by parameter K. Mutations can occur within clusters, leading to a process, where clusters of one type can form clus-

ters of a different type. Clusters release cells at a rate g and cells within clusters die at a rate d. Given that our model describes the

dynamics of cells in clusters and not cell clusters themselves, events that do not directly affect cell growth are not explicitly included

in the model. For example, the number of clusters can increase by cluster fission, but this event will in itself not affect the number of

cells in clusters. Therefore, our approach is consistent with processes occurring on a cluster-level (e.g., cluster fission and fusion)

without explicitly accounting for them in the model.

We analyzed a deterministic as well as a stochastic dynamic of the model. The stochastic dynamic of the model was implemented

using theGillespie algorithm, which allowed us to study the evolution of the allele frequency of cooperators in scenarios, in which only

single cells are present. In this case, although cooperation can emerge, the cooperation alleles frequently go extinct, because of the

small population sizes.

QUANTIFICATION AND STATISTICAL ANALYSIS

Relative fitness
The Malthusian parameter M [69] was used to describe the reproductive capacity of a given number of individuals during a certain

period of time. M was calculated as a measure for fitness of evolved populations (Evo) relative to their respective ancestor (Anc) as:

MEvo=MAnc = lnðNf;Evo

�
Ni;EvoÞ

�
ln ðNf;Anc;

�
Ni;AncÞ

with Ni representing the initial number of CFUs and Nf the final CFU-count after 72 h. Each evolutionary lineage was analyzed using

six replicates.

Amino acid production levels
The net growth of amino acid biosensors in the presence of an evolved (DEvo) or ancestral (DAnc) donor cell was determined by sub-

tracting the initial count (0 h) from CFU numbers after 72 h. Afterward, the resulting values were normalized per donor cell, to control

for the effect of donor growth on biosensor growth measurements. The final results of this experiment were expressed as relative

biosensor growth (DB), for which the normalized net growth values of biosensors that have been cocultivated with a derived donor

(BEvo), were divided by the corresponding values obtained from cocultures with ancestral donor genotypes (BAnc). Thus, relative

biosensor growth levels were calculated as follows:

DB =
��
CFU BEvoð72 hÞ � CFUBEvoð0 hÞ

� � �
CFUDEvoð72 hÞ � CFUDEvoð0 hÞ

�����
CFUBAncð72 hÞ � CFUBAncð0 hÞ

� � �
CFUDAncð72 hÞ

�CFUDAncð0 hÞ
��

The experiment was replicated three times for each ancestral population as well as each isolated clone from evolved cocultures.

Invasion success
First, the invasion success was determined as:

Invasion success =
��
CFUInvaderð72 hÞ

�
CFUInvaderð0 hÞ

� � �
CFUCompetitorð72 hÞ

�
CFUCompetitorð0 hÞ

��
Second, the number of generations was calculated:

Number of generation = ðlnðCFU 72 hÞ � ln ðCFU 0 hÞ = lnð2ÞÞ
Third, the invasion success per generation was estimated as the change in final invader-to-competitor ratio over three days divided

by the number of generations populations achieved during this time.

Statistical analysis
Normal distribution of data was analyzed using Kolmogorov-Smirnov tests. Homogeneity of variances was determined by applying

Levene’s test and varianceswere considered to be homogeneouswhen p > 0.05. Non-parametric tests were usedwhen datawas not

normally distributed or variances were inhomogeneous. Statistical test procedures used and sample size (n) are specified in the re-

sults section, figure captions, and STAR Methods. In all cases, n refers to the number of independently replicated bacterial
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populations. Asterisks indicate significant differences in pairwise comparisons (* p < 0.05, **p < 0.01, ***p < 0.001). In boxplots, the

thick line indicates the median of values, the box the 25th and 75th percentiles, and the whiskers 1.5x the interquartile range from the

25th to the 75th percentile. Unless specified otherwise in the figure legend, data is displayed as mean values ± 95% confidence in-

terval. No statistical methods were used to predetermine sample size and the experiments were not randomized. Statistical analyses

were performed using SPSS (version 25) and R (https://cran.r-project.org/).
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