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Abstract

Metabolic interactions are common in microbial communities and are believed to be a key factor
in the emergence of complex life forms. However, while different stages of mutualism can be
observed in nature, the dynamics and mechanisms underlying the gradual erosion of independence
of the initially autonomous organisms are not yet fully understood. In this study, we conducted the
laboratory evolution of an engineered microbial community and were able to reproduce and
molecularly track its stepwise progression towards enhanced partner entanglement. The evolution
of the community both strengthened the existing metabolic interactions and led to the emergence
of de novo interdependence between partners for nitrogen metabolism, which is a common feature
of natural symbiotic interactions. Selection for enhanced metabolic entanglement repeatedly
occurred indirectly, via pleiotropies and trade-offs within cellular regulatory networks. This
indicates that indirect selection may be a common but overlooked mechanism that drives the

evolution of mutualistic communities.
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Microorganisms are typically part of communities that display a large taxonomic diversity and in
which members are often linked through obligatory metabolite exchanges!™. These interactions
likely developed through a stepwise process, resulting in a gradual erosion of independence of the
initially autonomous organisms™>¢. Notably, similar processes likely guided eukaryogenesis’® and
the emergence of obligate symbiotic interactions®®. However, whilst communities composed of
partners linked by various degrees of entanglement can be found in nature, the investigation of
these evolutionary snapshots allows drawing only limited conclusions about the dynamics,
molecular mechanisms and selection forces behind transitions towards increased cooperation™”.
Artificial synthetic communities may hence represent valuable models for the controlled
observation of evolutionary processes in a relatively short time!?. This approach was previously
used to assemble mutualistic communities through passive metabolic interactions between
microbial partners'!"!'”, some of which could be evolved towards reinforced metabolite
exchanges!®24. Nevertheless, the next phase of the community evolution predicted by ecological

models? 27

- an increase in the interdependence mediated by the loss of traits - has not been
experimentally reproduced so far, and there is still limited validation for theoretical frameworks
proposed to explain how enhanced cooperation may be evolutionarily favoured over selfish

behavioursﬁ,6,10,l 1,15,25,28,29

Since the most pronounced examples of metabolism reduction are observed for symbiotic

interactions between prokaryotic and eukaryotic partners®-3%-33

, our study aimed to experimentally
reproduce the transition towards increased cooperation by evolving an interkingdom mutualistic
consortium between auxotrophs of Escherichia coli and Saccharomyces cerevisiae (MESCo). We
hypothesised that such interkingdom microbial community between a prokaryote and an
eukaryote, where partners share no natural co-evolutionary history, might be more likely to

118,19,22

undergo an evolutionary metabolic specialisation than previously studied purely bacteria or

eukaryotic?® microbial communities.

Experimental evolution of the MESCo communities leads to a rapid enhancement of growth
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In order to identify a MESCo community that would be suitable for experimental evolution, we
first tested the ability of different auxotrophs of E. coli and S. cerevisiae to complement each other
for growth (Extended Data Fig. 1a,b). Despite previously reported challenges of their co-
culturing®*, we recently described conditions that enable stable propagation of a synthetic
community between S. cerevisiae and E. coli'’. Although growth was observed for multiple pairs
of auxotrophs, the majority of tested communities turned out to be unsuitable for long-term
evolution, either due to a community collapse or because of the spontaneous regaining of
prototrophy by one of the partners. An exception was the MESCo community composed of E. coli
AhisG and S. cerevisiae Aargl strains, which could be stably propagated as a consortium in the
selective cross-feeding minimal medium (CF-MM) lacking histidine and arginine. Moreover, since
E. coli is naturally able to co-aggregate with yeast via fype I fimbriae'’, we could investigate the

possible influence of group selection? 62428

enabled by such physical association between partners,
by comparing the non-aggregating consortia containing fimbrialess (4fimA) E. coli (referred to
simply as MESCo) with the aggregating consortia containing fimbriated (Fim") E. coli (referred

to as MESCo”ge),

Already after 15 regular transfers with a 1:10 dilution into fresh CF-MM, growth of the MESCo
communities greatly improved compared to the ancestral (A) community (Fig. 1a,b). According
to a total of approximately 50 generations of their passage under cross-feeding conditions, these
evolved communities were referred to as CFso. The aggregation status of the CFso MESCo and
MESCo”¢¢ (Extended Data Fig. 1¢), as well as the auxotrophic status of both partners (Extended
Data Fig. 1d), were retained throughout evolution. The growth of bacterial (Ec“"?) and yeast
(SctF30) partners within the evolved communities was nearly proportional, and it was comparable
between CFso MESCo (Fig. 1¢) and MESCo”#¢ (Fig. 1d), despite initially negative effect of
aggregation on growth of the ancestral MESCo”2 community!’”. In our subsequent
characterisation, we thus primarily focused on the detailed analysis of the MESCo communities

evolved in the absence of aggregation.

The communities evolved under cross-feeding displayed both a moderate increase in the maximum
growth rate (umax) (Fig. 1e) and a dramatic reduction in the time that was required to reach pmax
(Fig. 1f). In contrast, when both partners were co-evolved for approximately 100 generations in

minimal medium containing both arginine and histidine (AH-MM), and thus without cross-feeding
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87  (referred to as S, for supplemented), there was only a slight increase in pmax and no shortening of
88 the time to reach pmax (Fig. 1b and Extended Data Fig. 2a-c). Thus, the reduction in the time to
89 reach umax appears to be specific for the co-evolution of community under cross-feeding.
90 Consistently, there was a small but significant additional reduction in the time to reach pmax in
91 three out of four communities obtained by subsequent evolution of CFsp 3, up to a total of 269
92  generations (referred to as CF 269) (Fig. 1f), whereas pumax and the final cell densities only increased
93  for one of the CF 260 communities (Fig. 1b,e). Notably, the ratio between both partners remained

94 relatively stable over the course of evolution (Extended Data Fig. 2d-g).

95  When the ancestral and evolved communities were co-cultured in either CF-MM or AH-MM, both
96 evolved E. coli (Ec®F) and S. cerevisiae (ScF) strongly outcompeted the ancestral strains (Ec? and
97  Sc?)in CF-MM, while being outcompeted in AH-MM (Fig. 1g,h). This confirms that the improved
98  growth of the evolved MESCo communities in CF-MM is due to a specific advantage under
99  conditions of cross-feeding, and this adaptation imposes a fitness cost in the absence of metabolic

100  interdependency.
101
102 A small set of mutations captures genetic changes in evolved communities

103  Sequencing the genomes of evolved populations of E. coli and S. cerevisiae revealed a small set
104  of common mutations, appearing largely in the same sequential order in communities evolved
105  without or with aggregation (Fig. 2a and Supplementary Table 1,2). The first mutations that
106  became fixed in all evolved communities interrupted argR, which encodes the transcription factor
107  that represses the biosynthesis and transport of arginine and histidine and regulates several other
108  metabolic pathways in E. coli*® (Fig. 2b). Whilst inactivation of ArgR may enhance cross-feeding
109  due to the increased production of arginine, such overproduction could also impose a metabolic
110  burden. Indeed, the introduction of AargR (Ec*®) mutation into the ancestral E. coli strain led to a
111 decreased growth rate (Fig. 2c¢), but higher levels of arginine (Fig. 2d) in the histidine-
112 supplemented minimal medium. Given such negative effect on E. coli growth, strong positive
113 selection on argR inactivation was thus counterintuitive. However, we hypothesised that these
114  mutations may also derepress the hisJOMP operon encoding the histidine transporter® (Fig. 2b),
115  which was confirmed by the elevated activity of the hisJ promoter in E¢? strain (Fig. 2¢). Thus,

116  the partner-serving inactivation of argR in E. coli is likely selected indirectly, due to an increased

4
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117  histidine uptake rather than enhanced cross-feeding. Consistent with positive selection on the
118  histidine uptake, another set of E. coli mutations (in 4 out of 8 lines after 50 generations, and in all
119 lines after 269 generations) directly affected the hisJ promoter region, resulting in a further
120  increase in the promoter activity additionally to that provided by the argR deletion (Fig. 2e and
121  Extended Data Fig. 3a).

122 The selective advantage of the identified mutations was confirmed by co-culturing different E. coli
123 strains under cross-feeding conditions in the presence of the ancestral yeast strain (Sc*) (Fig. 2f).
124  The ancestral E. coli strain (Ec”) was outcompeted by Ec?®, and even stronger by a strain carrying
125  both the AargR and a mutation in the AisJ promoter (Ec***), while Ec*R was outcompeted by the
126 Ec*®H* strain. A similar result was obtained when all strains were co-cultured together with Sc*
127  under cross-feeding conditions, with the single mutants outcompeting the ancestral strain but being
128  outcompeted by the double mutant strain (Extended Data Fig. 3b). Consistent with our mutation
129  analysis, Ec?®"* strain largely recapitulated the phenotype of the evolved E. coli, being only
130 slightly outcompeted by the Ec®t2% lines in the co-culture (Fig. 2f).

131 A similarly small set of common mutations was present at high frequencies in the evolved lines of
132 S. cerevisiae (Fig. 2a), along with a number of low-frequency mutations (Supplementary Table
133 2). One prominent group of mutations introduced a premature stop codon in the gene ecm21, also
134  known as art2. Ecm21 is a positive regulator of ubiquitination of several amino acid transporters,
135  including the arginine transporter Canl, which promotes their endocytosis and subsequent
136  degradation’® (Fig. 2g). Inactivation of Ecm21 likely benefits yeast under cross-feeding conditions
137  because of the increased cell-surface levels of transporters and therefore increased uptake of amino
138  acids, including arginine required by yeast. Notably, the emergence of similar mutations in ecm2 1
139  was previously reported after the co-evolution between two different yeast auxotrophs®’. Selection
140  for the increased levels of Canl may also explain the amplification of the entire chromosome V or

141  of its region encoding the canl gene (Extended Data Fig. 4).

142 Another group of mutations in all evolved yeast lines interrupted gdh 1, a gene encoding glutamate
143 dehydrogenase. Gdhl is the primary glutamate dehydrogenase used by S. cerevisiae growing on
144  glucose’’, and it catalyses one of the two major reactions for assimilation of ammonium (Fig. 2g).
145  Although surprising given the presence of ammonium in the growth medium, the apparent

146  selection for the loss of ammonium assimilation during evolution is further supported by the
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147  emergence of nonsense mutations (in 3 lines after 50 generations, and in all, except one, lines after
148 269 generations) in gltl, a gene that encodes the enzyme catalysing the second branch of direct

149  ammonium assimilation (Fig. 2a,g).

150 These common mutations again conferred cumulative fitness advantage under cross-feeding
151  conditions when introduced in the order of their appearance, evidenced by co-incubation of
152  different yeast strains with Ec?® (Fig. 2h). This E. coli strain was chosen as a partner because argR
153  mutations appeared in the community prior to any yeast mutations. Notably, there was a gradual
154  decrease of the relative benefit for fitness provided by each subsequent mutation, with the deletion
155  of gdhl giving the strongest benefit, followed by ecm2/ and then by gl/t/, which likely explains
156 their order of fixation in the population. As for E. coli, these common mutations apparently capture
157  most, but not all, of the beneficial changes in the evolved S. cerevisiae populations, since the

158  Sc“F2%% lines were moderately fitter than the triple knockout (Sc?£¢7) strain (Fig. 2h).

159  The proteomics analysis confirmed that the evolved communities and the community formed by
160  the Sc?E6T and Ec**M* strains exhibit largely similar changes in protein levels compared to the
161  ancestral community. These included upregulation of the HisJQMP transporter and proteins
162  involved in the uptake and biosynthesis of arginine in E. coli (Extended Data Fig. Sa and

CF269 1 and

163  Supplementary Table 3). Besides these common changes, both evolved lines, Ec
164  Ect™% 2 showed a downregulation of the histidine biosynthetic pathway, as well as an
165  upregulation of the outer membrane porin OmpF (Extended Data Fig. Sb-d) that is consistent
166  with the mutations in the ompF promoter in these Ect™® lines (Supplementary Table 1).
167  Similarly, changes in the S. cerevisiae proteome were largely overlapping between the evolved
168  lines and the mutant community, including the expected upregulation of the arginine transporter
169  Canl. However, the interpretation of these data was complicated by the difference in growth
170  between the ancestral and evolved or mutant communities. We therefore analysed the proteome of
171 different S. cerevisiae strains co-cultured with the same Ec?® partner, to ensure similar growth of
172 all tested communities. These results confirmed elevated levels of Canl in the Sc“¥2%° ! line and in
173  the strains carrying key mutations, and further demonstrated the upregulation of several other

174 amino acid transporters as well as proteins involved in arginine assimilation and nitrogen

175  metabolism (Extended Data Fig. 6a,b).
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176  In order to better understand the sequence in which mutations were fixed (Fig. 2a), we
177  reconstructed communities between individual mutants. The inactivation of argR produced the
178  most pronounced effect on growth (Fig. 3a), reflected in the strongly increased growth rate (Fig.
179  3b) and an even more dramatic reduction in the time to reach pmax (Fig. 3¢). The effects of all
180  subsequent mutations were less strong, with no or even negative impact on the growth rate or final
181  density of the communities, but with a gradual reduction in the time to reach pmax. Given that a
182  similar reduction was observed in the evolved communities (Fig. 1b and f), the time to reach pmax
183  may be the main feature under evolutionary selection. The reconstituted communities carrying the
184  major mutations were further able to phenotypically mimic the evolved lines (Extended Data Fig.
185  7a-f), including the ability to outcompete the ancestral community members under cross-feeding
186  conditions, whilst being outcompeted in the supplemented medium (Fig. 3d and Extended Data
187  Fig. 7g,h).

188  We also compared the growth of communities containing only individual mutations. While the
189  deletion of argR or ecm21 improved the growth of the community, the deletion of gdhl and the
190  mutation of the hisJ promoter led to a reduction or cessation of community growth (Extended
191  Data Fig. 7i), likely explains why these latter mutations could only be fixed at subsequent stages

192  of the community evolution.
193
194  Evolved yeast strains have a strongly reduced ability to directly assimilate ammonium

195  Whereas mutations related to the uptake and/or biosynthesis of histidine and arginine could
196  enhance the pre-existing metabolic interactions within the MESCo communities, the fixation of
197 yeast mutations affecting ammonium assimilation was unexpected. Nevertheless, further
198  mutations in genes related to ammonium assimilation were observed in Sc“2% lines (Fig. 4a and
199  Supplementary Table 2), which include mutations in gdh3 (paralogue of gdhl), in mepl and
200 mep3 that encode ammonium transporters, and premature stop codons in g/n3 that encodes the
201  global transcriptional regulator of the nitrogen metabolism. Truncation of GIn3 was reported to
202 produce a constitutively active version of this regulator®®, and upregulation of GIn3 targets

203  (including Canl) was indeed observed in the Sc*¥26°2

yeast line carrying such truncation, when
204  compared to the Sc®F2%° ! line that retained the intact form of g/n3 (Extended Data Fig. 8a). The

205 reduced ability of the evolved lines, as well as the corresponding yeast knockout strains, to
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206  assimilate ammonium was confirmed by growing them in arginine-supplemented minimal
207  medium, either with or without ammonium. While the ancestral yeast strain exhibited much better
208  growth in the presence of ammonium, the benefit from ammonium assimilation was largely
209  reduced for both the evolved and mutant strains (Fig. 4b-d and Extended Data Fig. 8b,c), and
210  such reduction was only marginal for control strains evolved in AH-MM without cross-feeding

211 (Extended Data Fig. 8d,e).

212 When their preference for the source of nitrogen was directly tested, by growing yeast cells in the
213 presence of the isotope-labelled ammonium and unlabeled arginine (Fig. 4e), the fraction of N-
214  labelled proteinogenic amino acids, except arginine, was indeed much higher in the ancestral yeast
215  strain compared to the evolved lines or to the mutant strains (Fig. 4f and Extended Data Fig. 9a).
216  The effect was even more pronounced for the evolved lines compared to the Sc?£¢7 strain, likely
217  because of the aforementioned additional mutations (Fig. 4a and Supplementary Table 2). The
218  deletion of gdh3 and gdh2 in the Sc?E¢T strain (labelled as Sc’%©) indeed resulted in a further
219  reduction in the amino acid labelling (Extended Data Fig. 9a). Consistent with their increased
220  reliance on arginine, the concentration of arginine in the supernatant of either evolved or mutant
221  yeast strains was much lower compared to the ancestral yeast strain (Fig. 4g), implying an increase

222 in consumption of arginine per ODgoo unit (Fig. 4h).

223 We also tested the production of histidine, the metabolite provided by yeast to the bacterial partner
224  within the consortium. However, in contrast to the general upregulation of arginine biosynthesis
225 by the E. coli partner, only the Sct2% ! line, originating from the fastest-growing evolved
226  community (Fig. 1e), showed increased abundance of histidine, and several other amino acids, in
227  the supernatant (Fig. 4i and Extended Data Fig. 9b). The Sc*Z mutant instead showed an
228  unchanged level, and the Sc#£T mutant and the Sc©F2%° 2 line showed even decreased levels of
229  histidine, in contrast to the previous observation that ecm2 ] mutations increased metabolite sharing
230 in a yeast cross-feeding community?®. Thus, the Sc“¥?%° ! line may have acquired additional
231  mutation(s) that, possibly together with the ecm2/ mutation, enabled it to increase the cross-

232 feeding of its partner.

233 We thus conclude that the evolution under cross-feeding conditions led to the increased reliance
234  of yeast on arginine, supplied by its bacterial partner, as the primary nitrogen source instead of

235 ammonium (Fig. 4j). This occurred despite the fact that ammonium was present in the medium
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236  during the entire course of evolution. To further verify this conclusion, we decoupled the use of
237  arginine as the nitrogen source from the arginine auxotrophy in the yeast strains, by reintroducing
238  the argl gene to restore their arginine prototrophy. Although these “restored” strains could all
239  grow in CF-MM without arginine, their growth on ammonium as the primary source of nitrogen
240  was strongly reduced compared to the arginine-prototroph ancestral strain (Fig. 4k). In contrast,
241  they grew equally well or even faster when arginine was provided instead of ammonium as the
242  primary nitrogen source (Fig. 41), or during residual growth on other supplements present in CF-

243 MM (Extended Data Fig. 10).
244

245  Restoration of prototrophy does not abolish the dependency of evolved yeast on the bacterial

246 partner

247  Strains restored for the respective prototrophies further enabled us to directly test possible evolved
248  dependencies within the community, beyond reliance on the exchange of arginine and histidine,
249 by comparing growth of the prototroph strains in the absence and presence of the respective
250  partner. Although cell counts of arginine prototrophs originating from the evolved yeast lines were
251  lower compared to the restored ancestral strain (Fig. Sa), consistent with their reduced growth on
252 ammonium (Fig. 4K), they grew significantly better in CF-MM in presence of E¢*** (Fig. 5a,b)
253  (one-way ANOVA p=0.001, R’=0.48). Such enhancement was not observed for the restored
254  ancestral strain or for the restored Sc#£¢T prototroph, and it was weak for the restored 5KO
255  prototroph, suggesting that S. cerevisiae indeed evolved additional dependence on the E. coli
256  partner that may go beyond its increased reliance on arginine as the source of nitrogen. Supporting
257  that, the final cell counts of the yeast prototroph strains did not differ significantly between
258  communities containing either the ancestral or evolved E. coli (Fig. 5¢), despite different levels of
259  arginine excretion between these E. coli strains. Conversely, within the same community the
260 evolved E. coli auxotroph partner does benefit more from the presence of the yeast prototroph

261 (Fig. 5d), possibly due to its enhanced ability to scavenge histidine.

262  In contrast, when prototrophy was restored in E. coli strains, no significant difference in growth
263  improvement was observed between the restored ancestral strain, the evolved lines and the EcA*#*
264  mutant (Fig. Se,f) (one-way ANOVA p=0.28, R?>=0.23), Furthermore, E. coli growth was not

265  different when the partner yeast was either the ancestral or the evolved strain, and the evolved
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266  yeast did not benefit more strongly from the bacterial prototroph compared to the ancestral yeast
267  strain (Fig. 5g,h). Thus, whereas yeast evolved additional dependencies on the bacterial partner
268  beyond the originally engineered mutualism, E. coli enhanced its ability to profit from histidine

269  but not from other metabolites provided by the yeast partner.
270
271  Discussion

272 Ecological models predict that enhanced partner addiction should emerge from the co-evolution

273 of interdependent organisms?’-*

, such as those exchanging essential metabolites in mutualistic and
274  symbiotic communities?>*32, In this study, we report experimental observation of an increase in
275 metabolic entanglement during the experimental laboratory evolution of an engineered
276  interkingdom mutualistic community between auxotrophs of E. coli and S. cerevisiae (MESCo).

6,32,33
3

277  Natural symbiotic interactions often involve eukaryotic and prokaryotic organisms and

13,18

278  compared to previously investigated monospecies consortia between either bacteria or

279  yeast!*20,

the two MESCo partners display larger differences in their metabolism and
280  exometabolome profiles*’. This is expected to favour cross-feeding interactions*' and potentially

281  allows for a greater degree of mutual de novo adaptability.

282  Using this synthetic interkingdom community enabled us to mechanistically describe several
283  characteristic steps in the progression of communities towards more efficient cooperation. This
284  evolution firstly included the strengthening of pre-existing interactions, through the self-serving
285  enhanced uptake of the exchanged metabolites by both partners, as previously observed in bacterial

286  or yeast communities!®-202!

. The cooperation was further promoted by the costly increase in
287  sharing the partner-serving metabolite by E. coli, and at least in one instance also by yeast.
288  Previous observations of the enhanced excretion of the partner-serving metabolites were primarily
289  made in the context of laboratory evolution of spatially structured communities'®!-?4, and the
290  formation of multicellular clusters was even favoured by the co-evolution?*. These instances of
291  selection on cooperative traits could thus be interpreted as a consequence of local cooperation
292 within small neighbourhoods*’, favouring group selection that is normally assumed to be a

293  prerequisite for the evolution of cooperation6:10-11:15.28,

10
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294  In contrast, although group selection was specifically enabled in our experiments, the cooperative
295 metabolite sharing rather emerged as a consequence of the pleiotropic mutations in the same
296  regulatory component that simultaneously increased production of the partner-serving metabolite
297 and uptake of the self-serving metabolite. While it has previously been demonstrated that
298  pleiotropy can stabilise existing cooperation against the emergence of cheaters through regulatory
299  coupling between cooperative and private traits***, the relevance of pleiotropy in the evolution
300 of social traits has been questioned*®?°. Nonetheless, in one case pleiotropy was suggested to
301  explain the selection of the ecm2] mutations in a mutualistic yeast community?’, which may also
302  apply to our experiments where the same yeast gene was mutated. Repeated instances of indirect
303  selection during the short evolution of our MESCo communities suggest that pleiotropy may be a
304  generally important, and previously underappreciated, factor in the evolution of sociality,
305 promoting the emergence of social traits. Our results also indicate a mechanism that could favour
306  selection of such pleiotropic over purely self-serving mutations, because of the observed negative

307  impact of the latter on community growth.

308  Besides reinforcements of the pre-existing interactions, the evolved MESCo communities showed
309 repeated emergence of a new level of dependency, with the yeast partner becoming increasingly
310 reliant on E. coli for assimilation of ammonium, the primary nitrogen source in the medium during
311  the co-culture evolution. This increased entanglement evolved through sequential inactivation of
312  the major pathways of ammonium assimilation in yeast. Although the underlying selection
313  pressure remains to be fully elucidated, the reduced ability of yeast to use ammonium may cause
314  a rewiring of the nitrogen assimilatory pathways to enhance the uptake and consumption of
315  arginine, thereby providing mutants with an increased scavenging ability for this metabolite, and
316 thus with a competitive fitness advantage in a cross-feeding community. Additionally, the
317  assimilation of ammonium under conditions of cross-feeding may cause some metabolic
318 imbalance®’, for example in the redox potential*®, which could select for its inactivation. In either
319 case, we conclude that this erosion of autonomy is again selected indirectly, as a consequence of
320 regulatory trade-offs within the yeast metabolic network. Similar mechanisms may drive the
321  emergent division of labour during the evolution of natural communities, as dependencies based

322 on shared nitrogen-containing compounds are common in symbiotic interactions324%-°,
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483  Fig. 1 Design and experimental evolution of the MESCo communities

484  (a) Schematic illustration of the design and experimental evolution of the bipartite MESCo communities
485  between amino acid auxotrophs of S. cerevisiae and E. coli. Laboratory evolution was performed in the
486  minimal media that were either selective for cross-feeding (CF-MM) or supplemented with arginine and
487  histidine (AH-MM). (b) Growth of the non-aggregating ancestral community (labeled as A) or communities
488  evolved either in CF-MM, for 50 (CFso) or 269 (CFa¢0) generations, or in AH-MM (S), measured as optical
489  density at 600 nm (ODsgo) in a plate reader. Colors and numbers denote different lines of evolution, and
490  solid lines and shading indicate the mean values calculated from 3 biological replicates (n) and the
491  corresponding standard deviation (SD). (c,d) Counts of E. coli (blue) and S. cerevisiae (red) cells in
492  ancestral (dashed lines) or evolved (solid lines) communities, without (C) or with (D) aggregation, during
493  growth in CF-MM. Cell counts were measured here and throughout using flow cytometry. Mean values of
494  n =3 biological replicates + SD are shown. (e,f) Maximum growth rate (E) and time required to reach it (F)
495  for growth curves in (B). Mean values of n = 3 biological replicates £ SD are shown. (h,i) Competition
496  between evolved and ancestral community members, labelled with different fluorescent markers, which
497  were inoculated in a co-culture at equal optical densities, and grown for 96 h either in CF-MM or in AH-
498 MM as indicated. Cell ratio of the evolved bacterial (Ec"; H) or yeast (Sc“"; I) lines, calculated as the ratio

499  of the final cell counts for the indicated competing strains, normalized by their ratio at inoculation. A value
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500 of 1 represents absence of growth bias between the competing strains whilst values higher or lower than 1
501 indicate that the first strain respectively outcompetes or is outcompeted by the second one. Mean values of
502  n =15 biological replicates + SD are shown. p values (ns =p > 0.05, ** = p <0.01, *** = p <(0.001) reported
503 in(e) and (f) are from a one-way ANOVA followed by Tukey post-hoc test.
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Fig. 2 Common mutations fixed within the evolved MESCo communities

(a) High-frequency mutations identified within genomes of populations of individual partners in
communities evolved without (MESCo) or with (MESCo”¢¥) aggregation. Evolved lines are numbered

throughout as in Figure 1. The identity and the time of first detection of the respective mutations within
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508 the evolving populations, assessed every two or three passages, are indicated. (b) Functions of affected
509  proteins and expected impact of these mutations on E. coli partner (cross: nonsense mutations; up arrow:
510 increased expression). (¢) Growth of the ancestral E. coli (Ec*) and its AargR derivative (Ec*®) in CF-MM
511  supplemented with histidine, with inset showing the maximum growth rate. Mean values of n = 5 biological
512 replicates = SD are shown. (d) Concentration of arginine measured in the supernatant at different growth
513  phases from Ec* or Ec’® cultures grown as in (c). Mean values of n = 3 biological replicates + SD are
514  shown. (e) Activity of the reporter plasmid, carrying either the wildtype (WT) AisJ promoter or one of its
515  mutated versions (deletion in the nucleotide in position -78 from the start codon of 4isJ; -784) in front of
516 the gfp gene, measured in either Ec* or Ec*® background. Mean values of n = 3 biological replicates + SD
517  are shown. (f) Cell ratios of the indicated E. coli strains (ARH+: AargR and chromosomal Py -784) in
518  pairwise competition in CF-MM, co-cultured with the ancestral yeast partner calculated as the ratio of the
519  final cell counts for the indicated competing strains, normalised by their ratio at inoculation. Mean values
520 ofn=4(Ec™® Ec™) or 5 (Ec“™%) biological replicates = SD are shown. (g) Functions of affected proteins
521  and possible impact of mutations on S. cerevisiae partner (cross: nonsense mutations). (h) Relative growth
522 of the indicated Sc strains (A: ancestral; AG: Agdhl; AEG: Aecm21 Agdhl; AEGT: Aecm21 Agdhl Agltl)
523  in pairwise competition in CF-MM, co-cultured with E¢”* as a partner. Mean values of n =5 to 6 biological
524  replicates = SD are shown. (i) Normalized protein intensity of indicated amino acid transporters regulated
525 by ecm21 and enzymes involved in arginine assimilation, in indicated yeast strains. Each strain was co-
526  cultured in CF-MM for 36 h with Ec?® as a partner. Mean values of n = 4 biological replicates = SD are
527  shown. p values are reported in (Supplementary Table 3). p values (ns =p > 0.05, * =p <0.05, ** =p <
528  0.01, *** = p < 0.001) reported in (C) and (F) are from a two-tailed #-test assuming unequal variance

529  between the samples, in (H) and (K) are from a one-way ANOVA followed by Tukey post-hoc test.
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530 Fig. 3 Impact of mutations on growth of MESCo communities

531 (a-¢) Growth in CF-MM of co-cultures between indicated mutant strains representing consecutive stages
532 of the community evolution (a), and corresponding maximal growth rate (b) and time to reach it (c). Mean
533  values of n = 4 biological replicates = SD are shown. (d) Cell ratio of yeast and bacterial mutants carrying
534  the main mutations observed during evolution, in direct competition either in CF-MM or AH-MM with the
535  ancestral counterparts. Mean values of n = 5 biological replicates + SD are shown. p values (ns =p > 0.05,

536 *=p<0.05, **=p<0.01, *** =p <0.001) in (b,c) are from a one-tailed ¢-test assuming equal variances

537  between samples.
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Fig. 4 Modified nitrogen source preference of the evolved yeast partner

(a) Schematic representation of the ammonium and arginine uptake and assimilation pathways in S.

cerevisiae, highlighting corresponding mutations detected in the evolved yeast lines (cross: nonsense
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542  mutations; asterisk: missense mutations, AC: nonsense mutation causing truncation of GIn3). (b-d) Impact
543  of ammonium on growth of the ancestral and evolved yeast lines in the arginine-supplemented minimal
544  medium. Representative growth curves with or without addition of ammonium (b), final ODsgo relative to
545  the ancestral strain grown in the absence of ammonium (c), and growth increase due to the presence of
546  ammonium (d) for indicated yeast strains. Mean values of (A, n = 11; S¢?*¢, Sc¢**°T n = 9; §¢*™°, n = 5;
547 S n =5 to 8) biological replicates + SD are shown. (e) Schematic illustration of the °N labelling
548  experiment. The ancestral (left) or mutant (right) yeast strains were grown in CF-MM supplemented with
549  N-labelled ammonium and unlabeled ("*N) arginine as nitrogen sources. Expected difference in the
550 isotope labelling pattern is highlighted. (f) Average fraction of '°N-labelling detected in the indicated amino
551  acids in stationary phase of the culture. Mean values of n = 4 biological replicates are shown, with SD (not
552 shown) below 3% for all samples. (g,h) Concentration of arginine present in the supplemented CF-MM
553  medium at inoculation (Suppl) and in the stationary-phase spent media of indicated yeast strains (g), and
554  calculated consumption of arginine per unit of ODggo (h). Mean values of n = 4 biological replicates = SD
555  are shown. (i) Histidine levels per unit of ODsoo detected in the spent media of indicated S. cerevisiae
556  strains. Mean values of n = 4 biological replicates + SD are shown. (j) Schematic representation of the
557  evolved changes in the MESCo communities (see text for details). (k,I) Growth, maximal growth rate and
558  final ODggo of indicated strains with restored arginine prototrophy in minimal media, with either ammonium
559 (k) or arginine (1) as the primary nitrogen source. Mean values of n = 3 biological replicates + SD are shown.
560 pvalues (ns=p>0.05, * =p <0.05, ** = p <0.01, *** = p <0.001) reported in (d,h,L,k,1) are from a one-
561  way ANOVA followed by Tukey post-hoc test.
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Fig. 5 Partner dependencies of the
evolved community members after

restoration of their prototrophy

(a.b) Growth of indicated S. cerevisiae

strains with  restored  arginine
prototrophy in the presence or absence
of Ec®* in CF-MM for 80 h. Mean
values (n = 3) = SD of the resulting cell
counts (a), and the relative growth
improvement in the presence of E. coli,
calculated as the ratio between cell
counts with and without bacterial partner
(b) are shown. (c¢,d) Counts of yeast (c)
and bacterial (d) cells in the co-cultures
between indicated restored S. cerevisiae
prototroph strains and either ancestral or

evolved (Ec™ 2

) E. coli auxotrophs,
grown as in (a). Each dot in all panels
represents the cell count from individual
transformants and is calculated as the
average of two independent cultures.
(e,f) The growth of indicated E. coli
strains ~ with  restored  histidine
prototrophy in presence or absence of
Sc?E°T in CE-MM for 80 h, with the
resulting cell counts (e) and the relative
growth improvement calculated as the
ratio between cell counts with and
without the yeast partner (f) are shown.
Each dot represents the average of two
biological replicates. (g,h) Counts of
yeast (g) and bacterial (h) cells in the co-

cultures between indicated restored E.
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coli prototroph strains and either ancestral or evolved (Sc**?

) S. cerevisiae auxotrophs, grown in CF-MM
for 80 h. Each dot represents the cell count from individual transformants and is calculated as the average
from two biological replicates. p values (ns = p > 0.05, ** = p <0.01, *** = p <0.001) reported in (b) are
from a one-sample #-test assessing for a difference from a value of 1 while in (c,d,g,h) are from a two-tailed

t-test assuming unequal variance between the samples.
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601 Methods

602 Strain construction

603 E. coli knockout strains interrupted in different metabolic pathways were obtained from the Keio
604  collection’' (Supplementary Table 4). Additional gene deletions in E. coli were introduced using pSIJ8
605  (Supplementary Table 6) as described®?, after rescuing the strain from the kanamycin resistance (kanR)
606  as described in*. Cassettes containing the kanR resistance cassette were amplified using respective gene
607  deletion strains from the Keio collection, with flanking homology regions of 100 to 150 bp. For the
608 introduction of the point mutations in the AisJ promoter region, cassettes containing the neo-ccdB were
609  amplified from pKD45 using the primers GS_288 and GS_289 (Supplementary Table 7), which include
610  a 50-bp homology from both sides for the desired region. This cassette was introduced in the desired E. coli
611  strain as described™, and strains carrying this cassette were then transformed with a fragment containing
612  the desired region amplified from the evolved lines, followed by selection on M9 minimal media plates
613  containing rthamnose as sole carbon source. To distinguish strains during competition experiment using
614  specific fluorescent markers, E. coli strains were transformed with pNB1 and pOB2 (for two-strain

615  competition) or with pGS62-65 (for four-strain competition) (Supplementary Table 6).

616  S. cerevisiae strains were obtained from the respective knockout collection®® (Supplementary Table 5).
617  Additional deletions in S. cerevisiae were obtained by transforming the desired strains with cassettes
618  obtained by PCR amplification of the hygromycin B resistance from pH3FS (Supplementary Table 6),
619  with flanking homology regions of 50 bp targeting the desired locus. Positive candidates were then
620  transformed with the Cre-containing plasmid pPL5071 (Supplementary Table 6) and positive colonies
621  were selected on minimal media plates lacking uracil and further screened via PCR to confirm the correct
622  removal of the cassette containing the antibiotic resistance. Subsequently, after an overnight growth of
623  positive candidates on complete minimal media at 30 °C, a selection on minimal media plates containing
624  5-fluoroorotic acid was performed to select for colonies lacking the pPL5071 plasmid. To distinguish strains
625  during competition experiment via fluorescent markers, cassettes containing the mNeonGreen and
626  mTurquoise2 genes were amplified respectively from pMFMO073 or pGS5 (Supplementary Table 5) and
627  integrated in the his3 locus of S. cerevisiae. For each competition experiment presented, the first strain
628  listed is labelled with mTurquoise2 while the second always with mNeonGreen. For all the other

629  experiments, strains expressing mTurquoise2 were used.
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630 Growth conditions

631  For E. coli pre-cultures, cells were inoculated directly from glycerol stocks into 5 ml lysogeny broth (LB),
632  and if required the appropriate antibiotic was added. Pre-cultures were incubated at 37 °C for 1618 h with
633  shaking at 200 r.p.m. For S. cerevisiae pre-cultures, strains were firstly streaked from glycerol stocks on
634  yeastextract peptone dextrose (YPD) plates, supplemented, when necessary, with the appropriate antibiotic.
635  After incubation for 48 h at 30 °C, six colonies were inoculated in 5 mL YPD, supplemented, when
636  necessary, with the appropriate antibiotic. Pre-cultures were incubated at 30 °C for 16—18 h with shaking at
637  200r.p.m. Cells from 2 ml of the pre-cultures were collected by centrifugation, washed twice with
638  phosphate saline buffer (PBS), suspended in 1 ml PBS and incubated for 5 h, either at 30 °C (S. cerevisiae)
639 or 37°C (E. coli). Cross-feeding experiments were performed in the low fluorescence (LoFlo) yeast
640  nitrogen base (YNB) minimal medium (Formedium Ltd) buffered with 100 mM 2-(N-morpholino)
641  ethanesulfonic acid (MES) (Roth) at pH 6.15, containing 2 % D-glucose as the carbon source and a mixture
642  of 100 mg/l L-leucine, 20 mg/l L-methionine and 20 mg/1 uracil to complement the auxotrophies present in
643  the S. cerevisiae strains in the knockout collection®® (cross-feeding medium; CF-MM). Unless otherwise
644  stated, both organisms were inoculated at ODggo of 0.05 each, values referring to a 1-cm cuvette. For
645  competition experiment, each strain tested for each organism was inoculated in equal amount to a final total
646 initial ODsoo of 0.05. When supplements were used, a concentration of 100 mg/1 of arginine and/or 20 mg/1
647  of histidine were added to the minimal medium (supplemented minimal medium; AH-MM). Growth was
648  measured as ODg in a plate reader (Infinite 200 Pro, Tecan), by inoculating either the monocultures or the
649  co-cultures in 48-well plates in 300 pl of the desired media and incubating the cultures for indicated time
650 at 30 °C with 200 r.p.m. shaking. Growth plots were generated with a custom-written Python script and
651  quantification of growth parameters was done using QurvE>® (non-parametric model). Statistical analyses

652  were performed with GraphPad Prism v9.0.2.

653

654  Experimental evolution

655  For the evolutionary experiments, co-cultures were inoculated in 1 ml of either CF-MM or AH-MM
656  supplemented with 50 png/ml kanamycin in 24-well plates and grown at 30 °C with 200 r.p.m shaking. For
657  the evolution in CF-MM, the co-cultures were transferred into fresh medium at a ratio 1:10 every seven
658  days for the first fifteen transfers (approximately 50 generations), at a ratio of 1:10 every 3.5 days between
659  the 16™ and the 35" transfer, and at a ratio of 1:200 until the 55™ transfer (for a total of approximately 269
660  generations). For lines evolved in AH-MM, co-cultures were transferred fourteen times at a ratio of 1:100

661  every 24 h (approximately 100 generations). In order to isolate different organisms from the co-cultures,
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662  communities were streaked respectively on YPD supplemented with 50 pg/ml of streptomycin to isolate
663  yeast, and on LB supplemented with 50 pg/ml of nystatin to select for E. coli. The majority of colonies
664  present on the plates were then pooled and grown in liquid cultures in the respective selective rich media,

665  and these cultures were used to prepare glycerol stocks.
666  Aggregation assay and microscopy

667  The aggregation assay was performed as described before'’. Bacterial and yeast cells from pre-cultures,
668  grown as described above, were washed twice with PBS and mixed together in 1 ml PBS in a 24-well plate
669  (Greiner Bio-One GmbH) at a final ODggo of 0.7 for S. cerevisiae and 0.2 for E. coli. Plates were then
670  incubated with shaking at 200 r.p.m. for 1 h at 30 °C and imaged using a Nikon SMZ745T stereo

671  microscope.
672
673  Sequencing

674  For Sanger sequencing, the genomic region of interest were firstly amplified by PCR (Q5-NEB), and the
675  products were purified using the DNA Clean & Concentrator kit (Zymo Research). For the next-generation
676  sequencing (NGS), genomic DNA extractions were performed using the NucleoSpin Microbial DNA Mini
677 kit (Macherey-Nagel) following manufacturer’s instructions. In brief, pellets from 2 ml of LB-grown
678  overnight cultures of . coli were resuspended in 2 ml of the lysis buffer and homogenized (2 x 20 s at 6800
679  r.p.m. using Precellys Evolution, Bertin Technologies SAS). Pellets from 2 ml of YPD-grown overnight
680  cultures of S. cerevisiae were resuspended in the lysis buffer, transferred to 400 pl suspension of HCI-
681  treated glass beads (Merck KgAA) and vortexed with a Vortex Genie 2 (neoLab Migge GmbH) for 5
682  minutes at maximum speed. DNA concentration was quantified using a Qubit 4 Fluorometer (Thermo
683  Fisher Scientific). For sequencing of CFsocommunities, libraries were prepared using the Nextera XT DNA
684  Library Preparation Kit (Illumina), and then sequenced using a Miniseq (Illumina). For CF2¢ communities,
685  Dboth library generation (NGS DNA Library Prep set-Novogene) and sequencing (Illumina NovaSeq 6000
686  S4 flowcell- Illumina) were performed by Novogene Co. Analysis of the sequencing data was performed
687  using breseq™ and Integrative Genomics Viewer (IGV- version 2.8.9)°". Original fasta sequencing data are
688  deposited in NCBI under the Bioproject PRINA 1049669 for CFso and under the Bioproject PRINA1051099
689  for CFas.
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690  Construction and analysis of promoter reporters

691  Plasmids carrying the gfp reporter under the control of different versions of 4isJ promoter were constructed
692  using the NEBuilder HiFi DNA Assembly (NEB). Primers used to amplify the backbone or the promoter
693  regions from the evolved bacterial lines are reported in the primer list. £. coli strains transformed with the
694  reporter plasmid were grown in 500 pl CF-MM supplemented with 20 mg/1 histidine in a 48-well plate for
695  45hat 30 °C, and afterwards fluorescence was measured via flow cytometry. In this case, the Ec”* rescued

696 from kanR resistance was used as ancestral strain.

697
698  Flow cytometry analysis

699  Flow cytometry measurements were performed using the BD LSR Fortessa SORP cell analyzer (BD
700  Biosciences). A 488-nm laser line, with a power set to 20%, was used to determine both side scatter (SSC)
701  and forward scatter (FSC) values, and combined with a 510/20 BP filter to detect GFP fluorescence. A 447-
702  nm laser line combined with a 470/15BP filter was used to detect mTurquoise2 fluorescence, while the
703  same laser line combined with a 586/15 BP was used to detect Iss-mOrange. mCherry fluorescence was
704  measured using a 561-nm laser line combined with 632/22 BP filter. S. cerevisiae and E. coli populations
705  were distinguished by FSC and SSC, and the respective different strains used for competitions experiments
706  were distinguished according to their respective fluorescent labelling (mCherry, GFP, mNeonGreen,
707  mTurquoise2 and Iss-mOrange for E. coli, mNeonGreen, mTurquoise2 for S. cerevisiae). Measurements
708  were performed using the BD High Throughput Sampler (HTS) with a fixed flow rate set at 0.5 pl/s for an
709  acquisition time of 20 s, with samples diluted in PBS to yield of 10°~10* cell counts per second. If necessary,
710 8. cerevisiae-E. coli aggregates were disrupted as described previously'’, by diluting the community in PBS
711  supplemented with 4% mannose followed by pipetting. The abundance of cells in the defined volume
712 (10 ul) was inferred from the sample dilution, flow rate and sampling time. Flow cytometry data were

713 analyzed using FlowJo (BD Biosciences).

714

715  Proteomics sample preparation and liquid chromatography-mass spectrometry (LC-MS)

716 measurements

717  To facilitate the collection and preparation of samples for the proteomic analysis, incubation was performed
718 in trans-wells, where S. cerevisiae and E. coli partners are separated by a membrane (0.4 um, Cellquart),
719  which allows the metabolite exchange. Specifically, 3 ml of CF-MM containing E. coli partner at an initial
720  ODeoo of 0.083 were transferred into each well of a 6-well plate (SARSTEDT AG & Co. KG), a trans-well
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721  was inserted, and 2 ml of CF-MM containing S. cerevisiae partner at an initial ODgoo of 0.125 was added.
722 Cultures were grown at 30 °C with shaking at 110 r.p.m.

723 Cells (equivalent to a total ODggo of 3.0) were harvested and washed three times with ice-cold PBS (15,000
724 g, 10 min, 4 °C) and resuspended in 300 pl of the lysis buffer containing 2% sodium lauroyl sarcosinate
725  (SLS) and 100 mM ammonium bicarbonate. E. coli samples were then heated for 10 min at 90 °C, while S.
726  cerevisiae samples were heated for 90 min at 90 °C. Samples were then ultra-sonicated for 10 seconds at
727  maximum power (Vial Tweeter, Hielscher). Proteins were reduced with 5 mM tris (2-carboxyethyl)
728  phosphine (Thermo Fisher Scientific) at 90 °C for 15 min and alkylated using 10 mM iodoacetamid (Sigma
729  Aldrich) at 20 °C for 30 min in the dark. After centrifugation for 10 min at 13 000g, supernatants were
730 transferred into a new tube. For S. cerevisiae, extracts were acetone-precipitated with a 4-fold excess of
731 ice-cold acetone and incubation for 18 h at -20 °C, washed twice with methanol and dried for 10 min at
732 room temperature. Dry pellets were then reconstituted in 200 pl lysis buffer. For both organisms, the amount

733  of proteins was determined by bicinchoninic acid protein assay (Thermo Fisher Scientific).

734  For tryptic digestion, 50 pg of protein samples were incubated in 0.5% SLS and 1 pg of trypsin (SERVA
735  Electrophoresis GmbH) at 30 °C overnight. After digestion, SLS was precipitated by adding a final
736  concentration of 1.5% trifluoroacetic acid (TFA) (Thermo Fisher Scientific) followed by an incubation step
737  of 10 min at room temperature. Peptides were desalted by using C18 solid phase extraction cartridges
738  (Macherey-Nagel). Cartridges were prepared by adding acetonitrile (ACN), followed by equilibration with
739  0.1% TFA. Peptides were loaded on equilibrated cartridges, washed with 5% ACN and 0.1% TFA
740  containing buffer and finally eluted with 50% ACN and 0.1% TFA.

741  Dried peptides were reconstituted in 0.1% trifluoroacetic acid and then analyzed using liquid-
742  chromatography-mass spectrometry carried out on a Exploris 480 instrument connected to an Ultimate 3000
743  RSLC nano and a nanospray flex ion source (all Thermo Fisher Scientific). Peptide separation was
744  performed on a reverse phase HPLC column (75 um x 42 cm) packed in-house with C18 resin (2.4 um; Dr.
745  A.Maisch HPLC GmbH). The following separating gradient was used: 94% solvent A (0.15% formic acid)
746  and 6% solvent B (99.85% acetonitrile, 0.15% formic acid) to 35% solvent B over 60 minutes at a flow rate

747 of 300 nl/min.

748  MS raw data was acquired on an Exploris 480 (Thermo Fisher Scientific) in data independent acquisition
749  mode with a method adopted from™. In short, Spray voltage was set to 2.3 kV, funnel RF level at 40, 275
750  °C heated capillary temperature, and 445.12003 m/z was used as internal calibrant. For DIA experiments
751  full MS resolutions were set to 120.000 at m/z 200 and full MS, AGC (Automatic Gain Control) target was
752 300% with an IT of 50 ms. Mass range was set to 350-1400. AGC target value for fragment spectra was
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753 set at 3000%. 45 windows of 14 Da were used with an overlap of 1 Da. Resolution was set to 15,000 and
754  IT to 22 ms. Stepped HCD collision energy of 25, 27.5, 30% was used. MS1 data was acquired in profile,
755  MS2 DIA data in centroid mode.

756  Analysis of DIA data was performed using DIA-NN version 1.8% using Uniprot databases for Escherichia
757  coli or Saccharomyces cerevisiae to generate a data set specific spectral library for the DIA analysis. The
758  neural-network based DIA-NN suite performed noise interference correction (mass correction, RT
759  prediction and precursor/fragment co-elution correlation) and peptide precursor signal extraction of the
760  DIA-NN raw data. The following parameters were used: full tryptic digest was allowed with two missed
761  cleavage sites, and oxidized methionines and carbamidomethylated cysteins. Match between runs and
762  remove likely interferences were enabled. The neural network classifier was set to the single-pass mode,
763  and protein inference was based on genes. Quantification strategy was set to any LC (high accuracy). Cross-
764  run normalization was set to RT-dependent. Library generation was set to smart profiling. DIA-NN outputs
765  were further evaluated using the SafeQuant®*! script modified to process DIA-NN outputs. The SafeQuant
766  script was executed on the “report.tsv” file from DIA-NN analysis to sum precursor intensities to represent
767  protein intensities. The peptide-to-protein assignment was done in SafeQuant with redundant peptide
768  assignment following the Occam’s razor approach. Median protein intensity normalization was performed
769  followed by imputation of missing values using a normal distribution function. Log-ratio and significance
770  value (Student’s t-Test) calculation was performed as a basis for volcano plots with Perseus®?. The mass
771  spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE®
772 partner repository with the dataset identifier PXD047443. Protein association network analysis and

773  functional enrichment were performed with STRING®,
774
775  Sample preparation for metabolite quantification

776  Inorder to quantify the arginine concentration in the E. coli supernatants, the cultures of the bacterial strains
777  grown in 48 wells plates containing 300 pl of CF-MM supplemented with 20 mg/1 histidine were filtered
778  through a 15 mm 0.2 pm pore size reconstitute cellulose filters (Phenomenex Ltd) and flow-through
779  samples were stored at -80 °C until measurement without any further treatment. In this case, the Ec* rescued
780  from the kan resistance gene was used as ancestral strain. For S. cerevisiae metabolites measurement in
781  presence of ’N ammonium, cells were inoculated with an initial OD of 0.01 in 24-well plates containing
782 1500 ml of CF-MM without ammonium, supplemented with 100 mg/l arginine and 5g/1 98 % "N
783  (NH4),SO4 (Merck KgAA), and grown at 30 °C until stationary phase. For metabolite quantification from

784  supernatants, cultures were filtered and stored as above. For proteinogenic amino acid hydrolysis and
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785  extraction, samples were adjusted to equal biomass according to ODggo, cells were collected by gentle
786  centrifugation (3000 g, 10 min), and the pellets were washed three times with PBS. Washed pellets were
787  suspended in 6N HCI solution and transferred to glass vials with conical base (ROTILABO-Carl Roth) and
788  stored at 98 °C for 6 h. Samples were then dried under a nitrogen stream, suspended in 250 pl double
789  distilled water and transferred into clean Eppendorf tubes. These were centrifuged at maximum speed for
790 10 minutes and the supernatants were transferred into clean Eppendorf tubes and stored at -80 °C until

791  measurement without any further treatment.
792
793  Metabolite quantification via LC-MS

794  Both quantitative and qualitative determination of the target metabolites were performed using HRES LC-
795  MS. The chromatographic separation was performed on a Vanquish HPLC System (Thermo Fisher
796  Scientific) using a ZicHILIC SeQuant column (150 x 2.1 mm, 3.5 pm particle size, 100 A pore size)
797  connected to a ZicHILIC guard column (20 x 2.1 mm, 5 um particle size) (Merck KgAA), with a constant
798  flow rate of 0.3 ml/min. The temperature was maintained at 25 °C. The two mobile phases were a solution
799  of 0.1 % Formic acid in 99:1 water:acetonitrile (Honeywell research chemicals ) as mobile phase A, and a
800  solution of 0.1 % formic acid 99:1 acetonitrile:water (Honeywell research chemicals) as phase B. The
801 injection volume used per each sample was set to 5 ul. The following steps and linear gradients were used
802  for the mobile phase profile: 0 — 8 min from 80 to 60 % B; 8 — 10 min from 60 to 10 % B; 10 — 12 min
803 constant at 10 % B; 12 — 12.1 min from 10 to 80 % B; 12.1 to 18 min constant at 80 % B. ID-X Orbitrap
804  mass spectrometer (Thermo Fisher Scientific) was used in positive mode with a high-temperature
805  electrospray ionization source and the following conditions: H-ESI spray voltage at 3500 V, sheath gas at
806 50 arbitrary units, auxiliary gas at 10 arbitrary units, sweep gas at 1 arbitrary units, ion transfer tube
807  temperature at 350 °C, vaporizer temperature at 350 °C. Detection was performed in full scan mode using
808  the orbitrap mass analyser at a mass resolution of 60 000 in the mass range 50 — 250 (m/z). Extracted ion
809  chromatograms of the [M+H]+ forms were integrated using Tracefinder software (Thermo Fisher
810  Scientific). For the reported intensity levels of the different amino acids, values were obtained by summing
811  the area under the peaks from LC-MS measurements for the different isotopologues. Absolute

812 concentrations were then calculated based on external calibration curves.

813
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814  Data and materials availability

815  Original proteomics and sequencing data have been deposited in public repositories as indicated in
816  Materials and Methods. All the other data are available in the main text or in Supplementary Information.
817  All materials are available from the corresponding author upon request. The proteomics data have been
818  deposited to the ProteomeXchange Consortium via the PRIDE partner repository with the dataset identifier
819 PXDO047443 and are accessible for reviewing under username: reviewer pxd047443@ebi.ac.uk and
820  password: P75czZut.
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838  Extended Data Fig. 1. Design and evolution of MESCo communities

839  (a,b) Growth of pairwise co-cultures between different E. coli and S. cerevisiae strains carrying indicated
840  deletions of metabolic genes, assembled using either fimbriated (Fim"; a) or a fimbrialess (fimA; b) E. coli
841  partner strains. Color scale indicates density of the co-culture (ODsoo) after 120 h of cultivation at 30 °C
842  and 200 r.p.m. in CF-MM. Squares indicate communities that have been co-cultured over multiple passages
843  (between 10 and 15), with different colors illustrating their stability and auxotrophy maintenance, as

844  indicated. (¢) Aggregation test for the non-aggregative (MESCo) and the aggregating (MESCo”)
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communities, either ancestral (A) or after co-culture evolution for 50 generations in CF-MM (CFs). To test
their aggregation, the communities were incubated in PBS for with shaking at 200 r.p.m. for 1 h at 30 °C
in a 24-well plate (Greiner Bio-One GmbH). Also shown is the control culture of the ancestral yeast partner
(Sc*) alone. (d) Growth, measured as ODgoo using a plate reader, of monocultures of indicated strains in

CF-MM.
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851  Extended Data Fig. 2. Characterization of growth parameters of the evolved communities

852  (a) Growth profiles of all the eight MESCo communities evolved in AH-MM compared to communities
853  shown in Figure 1b. (b,c) Maximum growth rate (b) and time to reach it (c) for the ancestral MESCo (A)
854  andthe MESCo evolved in AH-MM (S), calculated from the curves shown in (a). The value for A represents
855  the mean from three independent cultures, with the error bar indicating SD. Different colors used for S
856  represent different individual evolved cultures. (d,e) Cell counts of E. coli (d) and S. cerevisiae (¢) measured
857  using flow cytometry at the final time point (144 h) of the curves shown in Figure 1c. The different colors
858  used for the evolved organisms indicate individual evolved lines. Mean values of n = 3 biological replicates
859  +£ SD are shown. (f,g) Cell counts of E. coli (f) and S. cerevisiae (g) for the indicated MESCo communities,
860  measured at the final time point of the curves shown Figure 1b. Different colors for the evolved organisms
861 indicate individual evolved lines. Mean of n = 3 biological replicates + SD. p values (ns =p > 0.05, * =p
862  <0.05, **=p<0.01, *** = p <0.001) reported in (b) and (c) are from a two tailed ¢-test assuming unequal
863  variance between the samples while in (d,e,f,g) from a one-way ANOVA followed by Tukey post-hoc test.

864
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Extended Data Fig. 3. Impact of mutations on E. coli and on its fitness

(a) Median fluorescence intensity of GFP reporter plasmid, measured using flow cytometry for reporters
carrying point mutations identified in the promoter of the 4isJOMP operon in evolved E. coli lines. Reporter
plasmids were transformed into ancestral (Ec*) or dargR mutant (Ec*®) E.coli strain, as indicated, and
cultures were grown in CF-MM supplemented with 20 mg/l histidine for 45 h. Mean values of n = 3
biological replicates + SD are shown. (b) Average final fraction of indicated E. coli strains, initially co-
inoculated at the same initial density (ODgoo= 0.0125 each) together with the ancestral S. cerevisiae strain,

and grown in CF-MM for 72h. Mean values of n = 6 biological replicates are shown, with SD (not shown)
below 1%.
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876  Extended Data Fig. 4. Duplications and aneuploidies in chromosome V in the evolved yeast lines

877  Read coverage depth obtained in [llumina sequencing on chromosome V in yeast lines in aggregating (left)
878  or non-aggregating (right) MESCo communities evolved for 269 generations in CF-MM. Light blue and
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purple lines represent the read coverage from paired-end reads matching only once in the reference genome,
with the dark blue line indicating their sum. Yellow and orange lines represent the read coverage from pair
ends reads matching more than once in the reference genome (e.g. repetitions) and normalized by the
number of repetitive sequences found in the genome, with the red line representing their sum. The pink area
represents the chromosomal region between nucleotides 10 000 and 60 000 that underwent repetitive events
of duplications during evolution, with genes present in this region shown in the area. The dashed black line
indicates the mean total read coverage depth for the other chromosomes in each yeast line.
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Extended Data Fig. 5. Proteins with different expression levels between indicated E. coli strains and
the ancestral strain

(a-d) STRING®* analysis depicting proteins that are upregulated (a,c) (log2(FC) > 1, -Log(p) > 1.5) or
downregulated (b,d) (log2(FC) < 1, -Log(p) > 1.5) either in both the mutant and two of the evolved E. coli
(a,b) or only in the evolved E. coli lines (c,d) compared to the ancestral strain. Highlighted are clusters of
proteins sharing common functions. Comparison was performed between the evolved communities, the
reconstituted communities of mutants carrying major mutations, and the ancestral community. Because of
differences in growth between the ancestral and the evolved or mutant communities, only proteins with
different expression levels at both 36 h and 100 h were selected. FC = Fold change in total protein
intensities.
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. Amino acids transporters
897  Extended Data Fig. 6. Proteins upregulated in different S. cereevisiae lines compared to the
898  ancestral strain in co-cultures with E. coli AargR
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(a,b) Volcano plots representing the proteome difference from the ancestral strain and STRING® analysis
depicting proteins upregulated (log2(FC) > 2, -Log(p) > 2) compared to the ancestral yeast strain in the
Sc*ETmutant (a) and in one of the evolved yeast line (Sc** ') (b). All strains were co-cultured with the Ec*®
mutant strain for 36 h in CF-MM. For STRING analysis, highlighted are the clusters of proteins involved
in either amino acids uptake (blue) or in the regulation of nitrogen utilization and allantoin degradation
(green). In volcano plots, the enzymes involved in direct ammonium assimilation (purple) and the amino
acid transporters regulated by ecm21 (orange) are highlighted.
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908 Extended Data Fig. 7. Assessing how well communities of mutants recapitulate the growth
909  parameters of evolved communities
910 (a) Growth of communities of ancestral and mutant E. coli and S. cerevisiae strains in CF-MM, in
911  comparison with the lines evolved for 50 and 269 generations, as shown in Figure 1b. Mean values of n =
912 3 biological replicates = SD are shown. (b-f) Maximum growth rate (b), time to reach it (c), yeast cell
913  fraction (d), the E. coli cell count (e) and the yeast cell count (f) from communities shown in (a) and in
914  Figure 1b. Mean values of n = 3 biological replicates = SD are shown. (g,h) Cell ratios to the ancestral
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strain calculated as in Figure 1g,h, either in CF-MM or in AH-MM, respectively, for the bacterium (g) or
the yeast (h) mutants, in comparison with the evolved strains shown in Figure 1g,h. Mean values of n =5
biological replicates + SD are shown. (i) Growth of the community assembled with the ancestral strains,
compared to the communities in which one of the organisms is replaced by a strain carrying one of the high-
frequency mutations. Mean values of n = 3 biological replicates = SD are shown. p values (ns =p > 0.05,
*=p<0.05, ** =p <0.01, *** = p <0.001) are from a one-way ANOVA followed by Tukey post-hoc
test.
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923  Extended Data Fig. 8. Impact of GIn3 truncation on expression of its targets and effect of ammonium
924  on growth of communities evolved under aggregation or in presence of supplements

925  (a) Volcano plot comparing proteome of the two evolved yeast lines, Sc“*** ' and Sc“**%°? grown in CF-
926 MM for 36 h. Sc“"** 2 carries mutation leading to expression of the truncated version of GIn3, whereas
927  Sc®%!has the full-length variant of GIn3. Mean values of n = 4 biological replicates are shown. Known
928  targets of GIn3 are highlighted in green. (b,c) Final ODgoo of the yeast lines originating from evolved
929  MESCo” communities, grown in CF-MM with arginine and either with or without ammonium, relative to
930 the final ODggo of ancestral yeast strain grown in absence of ammonium. (d,e) Relative final ODggo for yeast
931  strains isolated from MESCo communities evolved for 100 generations in AH-MM and grown in CF-MM
932  with arginine either with or without ammonium. In each panel, values represent the average from two
933  biological replicates, except for the Sc* (same as Figure 3d) where 11 biological replicates where averaged.
934  Error bars for Sc* represent SD. p values (ns = p > 0.05, * = p < 0.05, ** = p < 0.01, *** = p < 0.001) are
935 in (c) from a one-way ANOVA followed by Tukey post-hoc test while in (e) are from a two tailed #-test
936  assuming unequal variance between the samples.
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938 Extended Data Fig. 9. Isotope labeling patters and amino acids exometabolome profiles in indicated
939  yeast strains
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(a) Average fraction of "N-labelled atoms detected for the full set of proteinogenic amino acids measured
in samples described in Figure 4e,f. Mean values of n = 4 biological replicates are shown, with SD values
(not shown) below 3% for all samples except alanine (4%) and valine (13%) for the Sc*““ strain. (b) Levels
of indicated amino acids expressed in arbitrary units (a.u.), measured as area under the peak from LC-MS
measurements of the culture supernatant and normalized to ODggo. Cultures were the same as in Figure 4f
and (a). Mean values of n = 4 biological replicates + SD are shown. p values (ns = p > 0.05, * = p < 0.05,
** =p<0.01, *** = p <0.001) are from a one-way ANOVA followed by Tukey post-hoc test.
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948  Extended Data Fig. 10. Growth of S. cerevisiae in CF-MM with or without ammonium

949  The ancestral and one of the evolved yeast strains with restored arginine prototrophy grown in CF-MM
950  with or without ammonium. Mean values of n = 3 biological replicates = SD are shown.
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