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ABSTRACT

Bacteria frequently engage in cross-feeding interactions that involve an exchange of
metabolites with other micro- or macroorganisms. The often obligate nature of these
associations, however, hampers manipulative experiments, thus limiting our mechanistic
understanding of the ecophysiological consequences that result for the organisms
involved. Here we address this issue by taking advantage of a well-characterised
experimental model system, in which auxotrophic genotypes of E. coli derive essential
amino acid from prototrophic donor cells using intercellular nanotubes. Surprisingly,
donor-recipient cocultures revealed that the mere presence of auxotrophic genotypes in
coculture was sufficient to increase amino acid production levels in donor cells.
Subsequent experiments unravelled that this effect was due to the depletion of amino
acid concentrations in the cytoplasm of donor cells, which delayed feedback inhibition of
the corresponding amino acid biosynthetic pathway. This finding indicates that in newly
established mutualistic associations, an intercellular regulation of exchanged
metabolites can simply emerge from the architecture of the underlying biosynthetic
pathways, rather than through the evolution of new regulatory mechanisms. Taken
together, our results show that a single loss-of-function mutation can physiologically

couple the metabolism of two cross-feeding cells in a source-sink-like relationship.
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INTRODUCTION

Bacteria often engage in metabolic cross-feeding interactions with other bacteria and
eukaryotic organisms (Kiers, Rousseau et al. 2003, Belenguer, Duncan et al. 2006,
Vogel and Moran 2011, Johnson, Goldschmidt et al. 2012, McFall-Ngai 2014, Seth and
Taga 2014, Ponomarova and Patil 2015, Zelezniak, Andrejev et al. 2015, Estrela, Kerr et
al. 2016). In many of these cases, two or more interacting partners reciprocally
exchange primary building block metabolites such as amino acids (Payne, Rouatt et al.
1957, Junglas, Briegel et al. 2008, Sieuwerts, Molenaar et al. 2010, Vogel and Moran
2011, Garcia, Buck et al. 2015), vitamins (Croft, Lawrence et al. 2005, Rodionova, Li et
al. 2015), or even nucleotides (Sieuwerts, Molenaar et al. 2010, Dean, Hirt et al. 2016,
Loera-Muro, Jacques et al. 2016). However, why do organisms produce these
compounds to benefit others, rather than using these metabolites for themselves?
Recent empirical and theoretical evidence suggests that adaptive benefits resulting from
the loss of biosynthetic functions may drive the establishment of such metabolic
interactions: Organisms may release metabolites into the extracellular environment, for
example as a consequence of a leaky membrane (Shiio, Ocirc et al. 1962) or overflow
metabolism (Paczia, Nilgen et al. 2012). Any mutant that has lost the ability to produce
the corresponding compounds will start to use these environmentally available
metabolite pools (D'Souza, Waschina et al. 2014, D’'Souza and Kost 2016). Since
auxotrophic mutants save the costs of producing the focal metabolites by themselves,
they gain a selective advantage over other, prototrophic cells that still produce them
(Morris, Lenski et al. 2012, D'Souza, Waschina et al. 2014). Moreover, in some species,
auxotrophy-causing mutations even trigger the formation of intercellular nanotubes
(Pande, Shitut et al. 2015). These are membrane-based structures that help auxotrophic
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88  bacteria to derive amino acids from the cytoplasm of other bacteria, thus enhancing
89  metabolite transfer between cells.

90 The idea that adaptive gene loss causes the establishment of obligate cross-feeding
91 interactions has been termed the black queen hypothesis (Morris, Lenski et al. 2012,
92 Morris 2015). Indeed, finding that metabolic auxotrophies are crucially involved in many
93  naturally-occurring cross-feeding interactions corroborates this interpretation (Croft,
94  Lawrence et al. 2005, Giovannoni, Tripp et al. 2005, Sahu and Ray 2008, Garcia, Buck
95 et al. 2015, Hubalek, Buck et al. 2017). Since gene loss seems to be a key step in the
96 establishment of metabolic cross-feeding interactions, most naturally evolved systems
97 are characterized by obligate dependencies among the interacting parties. This means
98 that the participating genotypes can usually not be cultivated in isolation, thus impeding
99  experimental manipulation (Pande and Kost 2017). As a consequence, mechanistic
100 details on how the transition into a metabolic mutualism affects the physiology of the
101  strains involved remain poorly understood. For example, it is not clear whether or not a
102 unidirectional exchange of amino acids via nanotubes incurs fitness costs to donor
103  cells? Moreover, it is unknown how the consumption of amino acids by a recipient
104  affects amino acid production of a donor cell?

105 Here we address these questions taking advantage of a previously established
106 model system, in which two genotypes of E. coli unidirectionally exchange essential
107 amino acids. These one-way cross-feeding interactions were established by matching
108  amino acid donors with auxotrophic recipients that obligately required the corresponding
109 amino acid for growth. Utilizing genetically engineered single gene deletion mutants for
110 this purpose ruled out pre-existing traits that arose as a consequence of a
111  coevolutionary history among interaction partners. Moreover, a focus on unidirectional
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112 cross-feeding excluded confounding effects that may occur in reciprocal interactions
113 such as for example self-enhancing feedback loops (Kun, Papp et al. 2008). Finally,
114  taking advantage of intracellular reporter constructs allowed analysing both internal
115 amino acid pools as well as their production levels in real-time under in vivo conditions.
116 Our experimental results revealed not only that auxotrophic recipients used
117 nanotubes to derive amino acids from prototrophic cells, but also that this process
118  increased the production of the focal amino acid in donor cells. This was due to a drop in
119  amino acid-concentrations in the cytoplasm of donor cells, which delayed the feed-back
120  inhibition of the corresponding biosynthetic pathway and in this way increased
121 production levels of the focal amino acid. In other words, a nanotube-mediated
122 exchange of cytoplasmic amino acids coupled the metabolism of two interacting partners
123 in a source-sink-like relationship. These results show for the first time that regulatory
124  mechanisms that control the production of amino acids in one cell, can easily be
125 extended to include other cells as well, provided the interaction is based on an
126  intercellular exchange of metabolites via nanotubes.

127

128 RESULTS

129  Construction and characterisation of unidirectional cross-feeding interactions

130 To establish unidirectional cross-feeding interactions within Escherichia coli, five
131  different genotypes served as amino acid donors: Two single gene deletion mutants
132 (Amdh and AnuoN) that produce increased amounts of several different amino acids
133  (Pande, Merker et al. 2014), two deletion mutants that produce increased amounts of
134  either histidine or tryptophan (AhisL and AtrpR) (Pande, Kaftan et al. 2015), as well as
135 unmanipulated E. coli WT cells (Figure 1, Supplementary Table 1). Three genotypes
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136  served as recipients, which were auxotrophic for the amino acids histidine (AhisD),
137 lysine (AlysR), and tryptophan (AtrpB) (Figure 1, Supplementary Table 1) and thus
138  essentially required an external source of these metabolites to grow (Bertels, Merker et
139 al. 2012).

140 As a first step, we quantified the amounts of amino acids the five donor strains
141 produced in monoculture during 24 hours of growth. Analysing culture supernatant and
142  cytoplasm of the focal donor populations using LC/MS/MS revealed that AnuoN
143 produced significantly increased amounts of histidine, lysine, and tryptophan in both
144  fractions relative to the WT (Mann Whitney U-test: P<0.05, n=4, Supplementary Figure
145 1), while production levels of the Amdh mutant did not differ significantly from WT-levels
146 (Mann Whitney U-test: P>0.05, n=4, Supplementary Figure 1). Similarly, both the intra-
147 and extracellular concentrations of tryptophan in the AtrpR mutant were significantly
148  elevated over WT-levels (Mann Whitney U-test: P<0.05, n=4, Supplementary Figure 1).
149  In contrast, AhisL released twice as much of histidine into the growth medium as was
150 released by the WT (two sample Mann Whitney test: P<0.05, n=4, Supplementary
151  Figure 1), while it contained much lower levels of histidine in its cytoplasm than the WT.
152

153 Intercellular transfer of amino acids is contact-dependent

154  Taking advantage of a set of well-characterised genotypes, we addressed the question
155  whether donor and recipient cells exchange amino acids in coculture, and if so, whether
156  this interaction is contact-dependent. To this end, populations of donor and recipient
157  cells were cocultured in a device (i.e. Nurmikko cell), in which both partners can either
158  be grown together in the same compartment or be separated by a filter membrane that
159  allows passage of small molecules, yet prevents direct physical interactions between
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160 bacterial cells (Pande, Shitut et al. 2015). Inoculating donor and recipient strains in
161  different combinations revealed, in all tested cases, growth of auxotrophic recipients
162 when they were not physically separated from donors (Figure 2A-C). Auxotrophic
163  recipients grew significantly better when cocultured with amino acid overproducers
164  (Amdh, AnuoN, AhisL, and AtrpR) than with the WT (Dunnett’s T3 post hoc test: P<0.05,
165  n=4). However, introducing a filter membrane to physically separate donor and recipient
166  cells effectively eliminated growth of recipients in all cases. Surprisingly, the process of
167  coculturing in this way did not affect the growth of donor populations (Figure 2A-C). This
168  observation suggested that even though donor cells had to produce all the amino acids
169  required by auxotrophs for growth (i.e. His, Lys, and Trp), these increased production
170 level did not significantly affect the final growth of donor genotypes. To further evaluate
171 whether the observed increased amino acid production levels did not incur a fithess cost
172 to donor cells, the growth rates of donor populations in mono- and coculture during the
173 exponential phase were compared. This experiment revealed a cost of amino acid
174  production that only affected overproducing genotypes (i.e. Amdh, AnuoN, and AtrpR)
175  when paired up with the tryptophan-auxotrophic recipient AtrpB (Figure 2D). In these
176  cases, the growth rate of donor genotypes in coculture was significantly reduced relative
177 to their growth in monocultures (FDR-corrected paired sample t-tests: P<0.05, n=6). In
178 all other cases, with WT as donor and lysine- or histidine auxotrophic recipients, no
179  fitness cost was detected (FDR-corrected paired sample t-tests: P>0.05, n=6). Three
180  main insights result from this experiment: First, even though producing the amino acids
181  auxotrophs required for growth significantly reduced the growth rate of donors in some
182  cases, this fitness cost was not detectable on the level of the population size after 24 h
183  of growth in coculture. Second, the total productivity of donors and recipients was
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184  significantly increased when cells were cocultured as compared to the situation when
185 they were physically separated by a filter membrane (Mann Whitney U-test: P<0.05,
186 n=4, Figure 2A-C). Third, physical contact between donor and recipient cells was
187  required for a transfer of amino acids between cells.

188

189  Cytoplasmic constituents are transferred from donor to recipient cells via
190 nanotubes

191 The observation that metabolite cross-feeding among cells was contact-dependent
192  suggested that separating cells with a physical barrier prevented the establishment of
193  structures required for amino acid exchange. A possible explanation for this could be
194  intercellular nanotubes, which would allow direct transfer of cytoplasmic amino acids
195  from donor to recipient cells (Pande, Shitut et al. 2015). Indeed, microscopic analysis
196 revealed the presence of nanotubes connecting cells in a coculture of donor and
197  recipient in media not supplemented with amino acid (Figure 3A). These structures were
198  absent in cocultures when the focal amino acid was externally supplied. Nanotubes were
199  also absent in monocultures of donor and recipient strains indicating a role in amino acid
200 exchange. This hypothesis was further verified by differentially labelling the cytoplasm of
201 donor and recipient cells with plasmids that express either red or green fluorescent
202  proteins. Quantifying the proportion of recipient cells that contained both cytoplasmic
203 markers after 24 hours of growth in coculture using flow cytometry allowed us to
204  determine the exchange of cytoplasmic materials between cells under our experimental
205  conditions. Finding that all cocultures analysed comprised a significant proportion of
206  auxotrophic cells containing both fluorescent proteins simultaneously confirmed that
207  cytoplasmic materials such as protein and free amino acids have been transferred from
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208 donor to recipient cells (Figure 3B). However, it has been previously shown that the
209 presence of the amino acid auxotrophic genotypes require for growth, prevents the
210 formation of nanotubes (Pande, Shitut et al. 2015). Uncoupling the obligate dependency
211 by supplementing the growth medium with saturating concentrations of the focal amino
212 acid provided no evidence for a significant increase in double-labelled auxotrophs
213  (Figure 3B), thus linking the establishment of these structures to the physiological
214 requirement for amino acid cross-feeding.

215

216  Auxotrophic recipients derive amino acid from cocultured donor cells

217 One hypothesis that could explain why recipients were able to grow in donor-recipient
218  cocultures but not when cells were separated by a membrane filter (Figure 2A-C) is that
219  the physical contact between cells increased amino acid production rates of donors.
220  Amino acid production is energetically and metabolically very costly to the bacterial cell
221 (Craig and Weber 1998, Akashi and Gojobori 2002, Kaleta, Schauble et al. 2013). To
222 minimize production costs, bacteria tightly regulate their amino acid biosynthesis, for
223  example by end product-mediated feedback mechanisms that reduce production rates
224 when cytoplasmic amino acid concentrations exceed critical thresholds (Thieffry, Huerta
225 et al. 1998, Carlson 2007). In our case, recipient cells removed amino acids from the
226 cytoplasm of donors using nanotubes. This decrease in the cell-internal amino acid
227 pools could delay feedback inhibition in the donor cell, thus increasing its overall amino
228  acid production (Figure 4). Quantifying the amount of free amino acids in the cytoplasm
229  of donor cells in both the absence and presence of an auxotrophic recipient would allow

230 testing the delayed-feedback inhibition hypothesis.
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231 To determine cytoplasmic concentrations of free amino acids in real-time, we
232 used the lysine riboswitch as a cell-internal biosensor. When free lysine binds to the
233 riboswitch, it undergoes a conformational change, thus down-regulating expression of a
234  downstream reporter gene, in our case gfp (Caron, Bastet et al. 2012). Introducing the
235  plasmid-borne reporter construct (hereafter: Lys-riboswitch, Supplementary Figure 2)
236 into the lysine auxotroph AlysR and exposing the resulting cells to different
237 concentrations of lysine validated the utility of this biosensor: A strong negative
238 correlation between the cells’ cytoplasmic amino acid concentrations as quantified via
239 LC/MS/MS analysis of lysed cells and their fluorescence emission (r=-0.68, P=0.003,
240  Supplementary Figure 3) corroborated that this construct allowed indeed determining
241  levels of free lysine in the cytoplasm of living E. coli cells by simply quantifying their GFP
242 emission.

243 Accordingly, introducing the lys-riboswitch into the lysine auxotrophic recipient
244  (AlysR) and growing the resulting strain in lysine-supplemented media revealed
245  consistently elevated levels of cytoplasmic lysine throughout the experiment (Figure 5B).
246 In contrast, when the same recipient cells were grown in the absence of lysine, cell-
247 internal lysine levels were significantly reduced (FDR-corrected paired sample t-tests:
248  P<0.005, n=4, Figure 5B), indicating amino acid starvation of auxotrophic cells.
249  Interestingly, when recipient cells were grown in the presence of one of the three donor
250  genotypes, their lysine levels resembled that of lysine-starved auxotrophs until 18 hours
251 of cocultivation, after which lysine levels increased back to the level of lysine-
252 supplemented cells (FDR-corrected paired sample t-tests: P<0.04, n=4, Figure 5B). Prior
253  to these coculture experiments, auxotrophs had to be pre-cultured in lysine-containing
254  medium. Thus, the lysine levels measured in auxotrophs under coculture conditions
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255  likely reflected the fact that these cells first used up internal residual lysine pools before
256 switching to other sources, in this case the cytoplasmic lysine of donor cells. Consistent
257 with this interpretation is the observation that the presence of donor cells that provided
258  this amino acid allowed lysine auxotrophs to grow (Figure 5A). A strongly positive
259  correlation between the growth of lysine auxotrophs and their cell-internal lysine levels
260  corroborates that the lysine auxotrophic recipients obtained from cocultured donor cells
261 indeed limited their growth (r=0.625, P=0.003, Supplementary Figure 4).

262

263 The presence of auxotrophic recipients increases cytoplasmic amino acid
264  concentrations in donor cells

265 To test the delayed-feedback inhibition hypothesis, the lys-riboswitch was introduced
266  into the three donors WT, Amdh, and AnuoN. Each of these donor genotypes were then
267  grown in monoculture as well as in coculture with the lysine-auxotrophic strain AlysR. In
268  these donor-recipient pairs only the donor contained the reporter plasmid.

269 The amino acid biosynthesis of WT cells is most stringently controlled, thus
270  preventing accumulation of free lysine in its cytoplasm. In contrast, the cytoplasm of the
271 AnuoN strain was characterized by generally increased amino acid levels
272 (Supplementary Figure 1). Similarly, deletion of the malate dehydrogenase gene caused
273 an accumulation of citric acid cycle intermediates and thus a dysregulated amino acid
274  biosynthesis in the Amdh mutant (Pande, Merker et al. 2014). Hence, removing lysine
275  from the cytoplasm by auxotrophs is expected to trigger the strongest response in WT
276 cells in terms of how much cytoplasmic lysine levels are increased. In contrast, higher

277 concentrations of lysine or its biochemical precursors in the cytoplasm of the Amdh- and
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278  the AnuoN strain may prevent a lowering of the lysine concentration below the critical
279  threshold that triggers a further production.

280 We tested these predictions by monitoring changes in intracellular lysine levels of
281  donor cells using the lys-riboswitch. In monocultures, lysine levels increased steadily
282 over time (Figure 5C). This pattern, however, changed in the presence of the
283  auxotrophic recipient. When E. coli WT cells were used as donor, their cytoplasmic
284  lysine levels first increased significantly over the levels WT cells reached in monoculture
285 (FDR-corrected paired sample t-tests: P<0.03, n=4, Figure 5C). After that lysine levels
286  dropped significantly before increasing back to monoculture levels (Figure 5C). The
287  observed fluctuations in the lysine levels of the donor’s cytoplasm are consistent with a
288  nanotube-mediated cell attachment that is contingent on the nutritional status of the
289  receiving cell. In contrast, when Amdh and AnuoN were cocultured as donor strains
290  together with the auxotrophic recipient, their cytoplasmic lysine levels did not fluctuate
291  as seen before in cocultures with WT (Figure 5C). While the cytoplasmic lysine levels of
292  Amdh did not differ between mono- and coculture conditions, the AnuoN strain showed
293  significantly increased lysine levels in its cytoplasm towards the end of the coculture
294  experiment relative to AnuoN monocultures (FDR-corrected paired sample t-tests:
295 P<0.03, n=4, Figure 5C). Thus, these observations are in line with the above
296  expectations and confirm that an auxotroph-mediated removal of amino acids from the
297  donor’s cytoplasm was sufficient to prompt an increased amino acid biosynthesis levels
298  in donor cells. Conversely, lysine-auxotrophic recipients displayed significantly increased
299  lysine levels when cocultured with one of the donor genotypes relative to lysine-starved
300 monocultures (Figure 5B). Both observations together suggest a unidirectional transfer
301 of amino acids from donor to recipient cells that resulted in an up-regulated amino acid
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302  biosynthesis in donors that depended on the presence of auxotrophic genotypes.
303 Hence, these findings concur with the delayed-feedback inhibition hypothesis (Figure 4).
304

305 The presence of auxotrophic recipients increases transcription of biosynthesis
306 genes in donor cells

307  Bacterial cells use feedback inhibition to maintain homeostasis of certain metabolites in
308 their cytoplasm. Once metabolite levels drop below a certain threshold, production levels
309 are increased to allow optimal growth (Umbarger 1978, Scott, Gunderson et al. 2010). In
310 the case of amino acid biosynthesis, the promoter elements that control transcription of
311  biosynthetic pathways are frequently highly sensitive to intracellular levels of the
312  synthesized amino acid (Thieffry, Huerta et al. 1998), thus enhancing transcription of the
313  operon when the focal amino acid is scarce. As soon as amino acid concentrations
314 reach optimal levels, further transcription is blocked enzymatically (Blasi, Bruni et al.
315  1973) or by direct binding of the amino acid to the operon (Yanofsky, Platt et al. 1981).
316 Taking advantage of this principle, we employed plasmid-borne promoter-GFP-fusion
317 constructs to identify transcriptional changes in amino acid biosynthesis genes
318  (Supplementary Figure 2). These reporter constructs have been previously shown to
319 accurately measure promoter activity with a high temporal resolution (Zaslaver, Bren et
320 al. 2006). For analysing the focal cross-feeding interactions, fusion constructs for hisL
321  and trpL were selected, which respond to changes in the cytoplasmic concentration of
322 histidine (Ames, Tsang et al. 1983) and tryptophan (Yanofsky, Platt et al. 1981, Merino,
323 Jensen et al. 2008), respectively. Correlating GFP emission levels with the cytoplasmic
324  concentration of the corresponding amino acid as quantified chemically via LC/MS/MS,
325 revealed a significantly negative relationship for both histidine (r=-0.407, P<0.001,
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326  Supplementary Figure 3B) and tryptophan (r=-0.237, P=0.038, Supplementary Figure
327 3C), confirming the link between transcription of metabolic genes and the cytoplasmic
328  concentration of the corresponding amino acids.

329 These promoter-GFP-fusion constructs were introduced into donor cells (i.e. WT,
330 Amdh, AhisL, and AtrpR), which were then cultivated for 24 hours in the absence or
331 presence of the auxotrophic recipients AhisD or AtrpB. In line with expectations, the
332  presence of auxotrophic recipients strongly increased transcription of the corresponding
333  biosynthetic genes in both WT and AtrpR donor cells as compared to monocultures of
334  donors (FDR-corrected paired t-tests: P<0.05, n=4, Figure 6). Interestingly, the histidine
335  overproducing donor AhisL, which was characterized by cytoplasmic histidine levels that
336  were significantly lower than the one observed in WT cells (Supplementary Figure 1B),
337 had a four-fold higher promoter activity when paired with the auxotrophic recipient. Only
338  the biosynthetic activity of the Amdh overproducer was unresponsive to the presence of
339  histidine- and tryptophan-auxotrophic recipient.

340 Together, these results demonstrate that the presence of auxotrophic recipients
341  significantly increased the amino acid production of donor cells. By withdrawing amino
342 acids from the cytoplasm of donor cells, auxotrophic recipients prompted donor cells to
343 readjust their amino acid levels by up-regulating the transcription of the corresponding
344  amino acid biosynthesis genes.

345

346 DISCUSSION

347 Our study demonstrates for the first time that the deletion of a single metabolic gene
348  from a bacterial genome can be sufficient to physiologically couple the metabolism of
349 two independent bacterial cells. Auxotrophic cells that had lost the ability to
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350 autonomously produce a certain amino acid established intercellular nanotubes to derive
351  the amino acid they required for growth from other cells in the environment. Quantifying
352 cell-internal amino acid levels as well as transcriptional activities of donor cells revealed
353  an intercellular regulation of amino acid biosynthesis between donor and recipient in a
354  source-sink-like manner. This relationship emerged as a consequence of feedback-
355  based control mechanisms in the biosynthetic pathways of individual cells. These results
356  show that a single loss-of-function mutation is not only sufficient to establish a metabolic
357  interaction between two cells, but also that this can result in an intercellular regulation of
358 amino acid biosynthesis that may help to reduce the costs arising from increased
359  production levels.

360 The metabolic network of a cell provides and maintains specific levels of the building
361  block metabolites that are required for growth (Holms 1996). An excess or deficit of
362 metabolites within cells can disturb the cell-internal equilibrium and thus cause stress
363 (Lee, Trostel et al. 2009, Gruning, Lehrach et al. 2010). For example, suboptimal
364 metabolite concentrations in a cell’s cytoplasm can lead to osmotic imbalance (Csonka
365 1989) or cause oxidative stress (Chechik, Oh et al. 2008). To avoid these detrimental
366  effects, bacteria have evolved complex mechanisms to sense and tightly control
367 cytoplasmic metabolite levels. In the case of amino acids, this involves transcription
368 attenuation, transcriptional repression, and feed-back enzyme inhibition (Umbarger
369 1978, Chopin 1993, Yanofsky 2004). If entering into a metabolic interaction with another
370  organism negatively affected cellular homeostasis, this fact would represent a significant
371 hurdle for the establishment of such interactions. However, finding that the same
372 mechanisms that control metabolite production within cells also operate when some of
373  the produced metabolites are transferred to other cells implies that consortia consisting
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374  of multiple cells may also optimally control metabolite production levels according to the
375  needs of the cells involved.

376 When two complementary amino auxotrophic genotypes interact, the cross-
377 feeding consortium can gain a fithess advantage of up to 20% relative to prototrophic
378 cells, when both parties produce sufficient amounts of the metabolite their respective
379  partner requires for growth (Pande, Merker et al. 2014). The results of our study can
380  help to explain this fithess advantage: by selectively upregulating biosynthetic pathways
381 that enhance growth of the consortium, cells only invest resources into those
382 metabolites that help their current interaction partner to grow. In our experiments, the
383  cost of producing increased amounts of amino acids to support the growth of another
384  cell was only detectable for tryptophan on the level of the growth rate achieved (Fig. 2D).
385  This observation is in line with previously published data, which indicates that of all three
386 amino acids analysed in this study, tryptophan is the one that incurs the highest
387  metabolic cost (Akashi and Gojobori 2002, Kaleta, Schauble et al. 2013). Nevertheless,
388 the cell densities all tested donor genotypes reached after growing for 24 h were
389 independent of whether or not auxotrophic genotypes were present in the same
390 environment (Fig. 2A-C), suggesting growing donor cells compensated for these costs.
391  This can also explain the abovementioned strong fitness advantage experienced by cells
392  engaging in reciprocal interactions: if each of two interacting cells slightly increase the
393  production levels of the metabolite their respective partner requires for growth, both cells
394 save the costs to produce another metabolite at all. In total, more resources are saved
395 than invested, thus resulting in a net advantage of cross-feeding relative to metabolic

396  autonomy.
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397 Nutritional stress and starvation of bacterial cells, as is for example induced by
398  auxotrophy-causing mutations, is known to trigger an aggregative lifestyle (Beloin, Valle
399 et al. 2004, Benomar, Ranava et al. 2015). In many cases, this physical contact is
400 followed by an exchange of cytoplasmic contents between interacting cells (Jahn,
401  Gallenberger et al. 2008, Benomar, Ranava et al. 2015, Pande, Shitut et al. 2015).
402  Structurally related intercellular connections are known to be involved in short- and long-
403  distance communication in many multicellular organisms (Wegener 2001, Belting and
404  Wittrup 2008). In both cases, networks of interacting cells are challenged with the
405 question how to optimally distribute molecules within the interaction network. While the
406 intercellular communication within tissues of eukaryotic organisms is notoriously difficult
407 to study, our system provides a paradigmatic case to experimentally study the
408 constraints and rules that determine the assembly and structure of intercellular
409 communication networks. In this context, the results of our study indicate that the
410  distribution of metabolites within networks of interacting bacterial cells may be self-
411 organized by local interactions among neighbouring cells rather than requiring a
412 superordinated regulatory system.

413 A functionally fused metabolism of two previously independent organisms as
414  observed in this study, is strikingly reminiscent of the metabolic relationships that are
415  frequently observed in symbiotic or pathogenic bacteria that infect eukaryotic hosts. For
416  example, in the obligate association between aphids (Acyrthosiphon pisum) and their
417  endosymbiotic bacteria Buchnera aphidicola, the aphid host regulates the amino acid
418  production levels of its symbionts by changing its intracellular precursor concentrations
419  (Russell, Poliakov et al. 2014). This functional link is afforded by a mutational elimination
420 of feedback control in the corresponding biosynthetic pathway of the bacterial
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421 symbionts. Another case is the intracellular pathogen Nematocida parisii that secretes
422  hexokinases to upregulate nucleotide biosynthesis of its host Caenorhabditis elegans
423  (Dean, Hirt et al. 2016). Secretion of these enzymes results in increased levels of
424  nucleotide biosynthetic precursors in the host cell, which the pathogen in turn utilizes for
425  growth (Cuomo, Desjardins et al. 2012). Thus, by manipulating the biosynthetic pathway
426  of their metabolite-producing partner, receiving individuals can ensure a sufficient supply
427 with the required metabolite. Together, our study and the abovementioned examples
428  exemplify, for metabolic interactions, how one partner can affect the biosynthesis of
429  required metabolites of its counterpart by (i) increasing precursor levels (Dean, Hirt et al.
430  2016), (ii) enhancing the amount of key enzymes (Cuomo, Desjardins et al. 2012), or (iii)
431 removing end products to delay feed-back inhibition (this study). Given that a metabolic
432 complementarity on a genetic level is commonly observed in many symbiotic
433  associations (Zientz, Dandekar et al. 2004) and free-living bacterial communities
434  (Garcia, Buck et al. 2015), attempts to manipulate metabolite production levels of other
435 interaction partners in favour of the acting individual are likely prevalent as well. If
436  production and transport of traded metabolites is limiting the performance of the
437  obligately interacting consortium as a whole, natural selection should act on optimizing
438  these features to maximize fitness on a consortium-level.

439 Our work highlights the ease, with which newly emerged auxotrophic bacterial cells
440 can derive the required nutrients from other cells in their environment. Contact-
441  dependent exchange mechanisms that are induced upon nutritional stress facilitate the
442  establishment of metabolic interactions as well as safeguard the transfer of cytoplasmic
443  materials from one cell to another one (Dubey and Ben-Yehuda , Benomar, Ranava et
444  al. 2015, Pande, Shitut et al. 2015). The intercellular regulation discovered in this study
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445  limits the amount of the traded metabolite that needs to be produced to meet the actual
446  demand of the receiving cell. This mechanism should help to economize invested
447  resources on a cell-level, thus allowing optimal growth of the interacting community.

448 Given that a loss of seemingly essential biosynthetic genes is very common in
449  bacteria (D'Souza, Waschina et al. 2014), it is well conceivable how this type of
450  reductive genome evolution can result in the formation of multicellular networks of
451  metabolically interacting bacteria (Pande and Kost 2017). Once a biosynthetic gene is
452 lost, the resulting auxotrophic genotype is more likely to lose additional genes than to
453  regain the lost function via horizontal gene transfer (Puigbo, Lobkovsky et al. 2014).
454  Because dividing metabolic labour in this way can be highly advantageous for the
455  bacteria involved (Johnson, Goldschmidt et al. 2012, Pande, Merker et al. 2014), in their
456  natural environment bacteria may exist within networks of multiple bacterial cells that
457  reciprocally exchange essential metabolites.

458

459 EXPERIMENTAL PROCEDURES

460  Strains and plasmids used in the study

461  Escherichia coli BW25113 was used as wild type, from which mutants that overproduce
462 amino acids (Amdh, AnuoN, AhisL, and AtrpR) and mutants that are auxotrophic for
463  histidine (AhisD), lysine (AlysR), or tryptophan (AtrpB) were obtained by a one-step
464 gene inactivation method (Pande, Merker et al. 2014, Pande, Shitut et al. 2015)
465 (Supplementary Table 1). Deletion alleles were transferred from existing single gene
466  deletion mutants (i.e. the Keio collection (Baba, Ara et al. 2006)) into E. coli BW25113
467 using phage P1. The cytoplasm of all donor and recipient strains was labelled by
468  introducing one of the two plasmids pJBA24-egfp and pJBA24-mCherry. These plasmids
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469  constitutively express the ampicillin resistance gene (bla) as well as either the
470  fluorescent protein EGFP (egfp) or mCherry (mCherry). Two reporter constructs were
471 used: (i) lys-riboswitch (pZE21-GFPaav-Lys) for measuring internal amino acid levels
472 (lysine) and (ii) promoter fusion plasmids (pUAA6-His and pUAG66-Trp) for measuring the
473  transcriptional activity of the promoters hisL and trpL, respectively (see supplemental
474  experimental procedures for plasmid construction and characterization of reporter
475  constructs).

476

477  Culturing methods and general procedures

478  Minimal media for Azospirillum brasiliense (MMAB) (Vanstockem, Michiels et al. 1987)
479 without biotin and with fructose (5 gI™') instead of malate as a carbon source served as
480  the growth media in all experiments. The required amino acids (histidine, lysine, and
481  tryptophan) were supplemented individually at a concentration of 100 pM. Cultures were
482  incubated at a temperature of 30 °C and shaken at 220 rpm for all experiments. All
483  strains were precultured in replicates by picking single colonies from lysogeny broth (LB)
484  (Bertani 1951) agar plates and incubated for 18 hours. The next morning, precultures
485  were diluted to an optical density (OD) of 0.1 at 600 nm as determined by a Tecan
486  Infinite F200 Pro platereader (Tecan Group Ltd, Switzerland). 10 ul of these precultures
487  were inoculated into 1 ml of MMAB. In case of cocultures, donor and recipient were
488  mixed in a 1:1 ratio by co-inoculating 5 ul of each diluted preculture. To cultivate strains
489 containing the lys-riboswitch, ampicillin was added at a concentration of 100 pg mi™* and
490 kanamycin was added at 50 pg ml™ in case of strains containing the promoter-GFP-
491  fusion constructs. Anhydrotetracycline (aTc) (Biomol GmbH, Hamburg, Germany) was
492 added at a concentration of 42 ng ml™ to induce expression of the lys-riboswitch.
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493

494  Contact-dependent exchange of amino acids

495  To determine if physical contact between cells is required for an exchange of amino
496  acids between donor and recipient cells, a previously described method was used
497  (Pande, Shitut et al. 2015). In brief, each donor (i.e. WT, Amdh, AnuoN, AhisL, and
498  AtrpR) was individually paired with each recipient (i.e. AhisD, AlysR, and AtrpB) and
499  every combination was inoculated together into a Nurmikko cell that allows cultivation of
500 both populations either together in the same compartment or separated by a membrane
501  filter (0.22 pum, Pall Corporation, Michigan, USA). The filter allows passage of free amino
502  acids in the medium, but prevents direct interaction between cells. After inoculating 4 ml
503 of MMAB, the apparatus was incubated for 24 h. Bacterial growth after 24 h was
504 determined as colony forming units (CFU) per ml culture volume by plating the serially-
505  diluted culture on MMAB agar plates that did or did not contain ampicillin or kanamycin
506 for selection. The increase in cell number was calculated as the logarithm of the
507  difference between the CFU counts determined at the onset (0 h) of the experiment and
508 after 24 h. Each donor-recipient combination was replicated 4-times for both
509 experimental conditions (i.e. with and without filter).

510

511  Relative fithess measurement

512  To quantify the effect of amino acid production on the fithess of donors, the growth of
513 donor genotypes in terms of CFU per ml was calculated for mono- and coculture
514  conditions at 4 time points in the exponential phase of growth (i.e. 14 h, 16 h, 18 h, and
515 20 h). Each donor (i.e. WT, Amdh, AnuoN, AhisL, and AtrpR) was individually paired
516 with one of each recipient (i.e. AhisD, AlysR, and AtrpB) as well as grown in
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517  monoculture. Every combination was replicated six times. A regression line was fitted to
518 the individual data points of a given condition (mono- or coculture) and the slope of this
519  line was calculated to obtain the growth rate. The relative fitness of different donors was
520 determined by dividing the growth rate each genotype achieved in coculture by the value
521 of its respective monoculture.

522

523  Scanning electron microscopy

524  Donor and recipient genotypes were either mono- or cocultured in 1 ml of liquid MMAB
525  with and without amino acid supplementation for 24 h. 1 ml of culture was then fixed
526  using a 2.5% glutaraldehyde solution prepared in a sodium cacodylate buffer (0.1 M, pH
527  7.0) for 1 h at room temperature. All fixed samples were allowed to sediment onto poly-
528  L-lysine-coated glass coverslips (Sigma-Aldrich) for an additional 1 h time period. The
529  glass coverslips were sputter-coated with a gold layer (25 nm) in a BAL-TEC SCD005
530  Sputter Coater (BAL-TEC, Lichtenstein). The gold-coated samples were visualized using
531 a LEO 1530 Gemini field emission scanning electron microscope (Carl Zeiss, Jena) at 5
532  kV acceleration voltage and a working distance of 5 mm using an in-lens secondary
533  electron detector.

534

535  Flow cytometric analysis of cytoplasmic protein transfer

53 A previously established protocol was applied to identify a transfer of cytoplasmic
537  material from donor to recipient genotypes (Pande, Shitut et al. 2015). For this, pairs of
538 donor and recipient cells with differentially labeled cytoplasm (i.e. containing EGFP or
539  mCherry) were co-inoculated into 1 ml MMAB. At the beginning of the experiment (0 h)
540 and after 24 h of growth, the sample was analyzed in a Partec CyFlow Space flow
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541  cytometer (Partec, Germany). In the flow cytometer, cells were excited at 488 nm with a
542 blue solid-state laser (20 mV) and at 561 nm with a yellow solid-state laser (100 mV).
543  Green (egfp) and red (mCherry) fluorescence emission was detected at 536 nm and 610
544  nm, respectively. E. coli WT devoid of any plasmid was used as a non-fluorescent
545  control. The number of single- and double-labeled cells in a population was quantified at
546  both time points. Data analysis and acquisition was done using the FlowMax software
547  (Partec GmbH, Germany). The experiment was conducted by coculturing eGFP-labelled
548 donor with mCherry-labelled recipient gentoypes and vice versa in all possible
549  combinations (i.e. each donor paired with each recipient, except in case of AhisL and
550  AtrpR, which were only paired with AhisD and AtrpB, respectively) for 24 h. Each
551  combination was replicated 4-times.

552

553  Fluorescence measurement

554  The fluorescence levels of cells containing the lys-riboswitch or the promoter-GFP-fusion
555  constructs were measured by transferring 200 ul of the culture into a black 96-microwell
556  plate (Nunc, Denmark) and inserting the plate into a Tecan Infinite F200 Pro platereader
557  (Tecan Group Ltd, Switzerland). The plate was shaken for 5 seconds prior to excitation
558  at 488 nm followed by emission detection at 536 nm. Fluorescence values were always
559  recorded together with a cognate control measurement. In case of the lys-riboswitch, the
560 uninduced plasmid-containing culture served this purpose, while in case of the promoter
561  fusion constructs, the promoter-less plasmid (pUA66) was used as control.

562

563  Statistical analysis
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564  Normal distribution of data was assessed using the Kolmogorov-Smirnov test and data
565 ~was considered to be normally distributed when P > 0.05. Homogeneity of variances
566 ~ was determined using the Levene’s test and variances were considered homogenous if
567 P > 0.05. One-way ANOVA followed by a Dunnett's T3 post hoc test was used to
568 compare growth differences in the contact-dependent growth analysis. Differences in the
569  fluorescence emission levels of donor cells in the presence and absence of a recipient
570 were assessed with paired sample t-tests. The same test was used to compare the
571 number of recipient (AlysR) CFUs at the start and at the end of the coculture
572 experiments to detect donor-enabled growth. The False Discovery Rate (FDR)
573 procedure of Benjamini et al. (2006) was applied to correct P values after multiple
574  testing. Pearson product moment correlation provided identification of the statistical
575  relationship between cytoplasmic amino acid levels and fluorescence emission as well
576  as between cytoplasmic lysine level and growth of the AlysR recipient.

577
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769  Figure 1. Experimental system used. (A) Design of genotypes. Single genes were
770 deleted from E. coli BW25113 wild type (WT) to generate mutants that produce
771 increased amounts of amino acids (overproducer) as well as mutants that essentially
772 require a certain amino acid to grow (auxotroph). (B) Coculturing an amino acid donor
773 (i.e. WT or overproducer) together with an auxotrophic recipient results in a one-way
774 cross-feeding interaction that is obligate for the recipient, but not the donor.
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Figure 2. Contact-dependent exchange of cytoplasmic amino acids. (A-C) Amino
acid exchange is contact-dependent. Amino acid donors (circles) were cocultured with
auxotrophic recipients (Rcpt, triangles); AhisD, AlysR, AtrpB. Strains were cultured
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 cells. Growth over 24 h was determined as number of colony-forming units
(CFU) per ml by subtracting the value at O h from that reached at 24 h. Different letters
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784  indicate significant differences (Dunnett's T3 post hoc test: P<0.05, n=4). (D) Cost of
785  amino acid overproduction. The growth rate of the donors (WT and overproducers) when
786 grown in coculture with auxotrophic recipients is plotted relative to that in monocultures
787  (dashed line). Growth rate was calculated as slope of the growth curve over the
788  exponential phase (14 h to 20 h after inoculation). Asterisks indicate significant
789  differences of growth rates between mono- and cocultures (paired t-test: ** P< 0.01, *
790 P<0.05, n=4). In all cases, mean (x95% confidence interval) are shown.
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793  Figure 3. Exchange of cytoplasmic content through nanotubes. (A) Scanning EM
794 images of recipient (AhisD) and donor (AhisL) in monoculture (black) and donor-
795  recipient coculture (grey) conditions in the absence (- AA) and presence (+ AA) of amino
796  acids after 24 hours of growth. Nanotubes (white pointer) were only observed in
797  coculture without amino acid supplementation (Coculture - AA). Scale bars = 1 um. (B)
798  Cells exchange cytoplasmic material. The cytoplasm of donors and recipients were
799  differentially labelled with the fluorescent proteins EGFP and mCherry, respectively.
800  Quantifying the proportion of double-labelled auxotrophs containing both cytoplasmic
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markers after 0 h and 24 h of coculture allowed assessing an exchange of cytoplasm
between bacterial cells. The experiment was conducted in the absence (grey triangles)
and presence (black triangles) of the focal amino acid (100 pM). Asterisks indicate
significant differences (paired t-test: ** P< 0.01, * P<0.05, n=4). In all cases, mean
(x95% confidence interval) are shown.
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Figure 4. Delayed feedback inhibition hypothesis. In monoculture (left panel, black),
amino acid concentrations in the cytoplasm of donor cells build up over time. When a
certain concentration threshold is reached, these metabolites inhibit their own production
by supressing the expression of the corresponding amino acid biosynthesis genes (i.e.
end product-mediated feedback inhibition). In coculture (right panel, grey), auxotrophic
recipients reduce cytoplasmic amino acid concentrations of donor cells. As a
consequence, feedback inhibition of biosynthesis genes is delayed, thus resulting in an
increased amino acid biosynthesis.
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819 Figure 5. The presence of auxotrophs increases cytoplasmic amino acid levels in
820 donor cells. (A) Growth of each partner in cocultures of donor (D, circles) and recipient
821 (R, triangles) populations was determined as the number of colony-forming units (CFUSs)
822 ml™ over 24 h. (B, C) Cytoplasmic lysine levels were quantified by measuring GFP
823  fluorescence emission from a cell-internal reporter and normalized per cell containing
824  the reporter. Low fluorescence levels indicate high lysine levels (note the inverted y-
825 axes). (B) Lysine levels in lysine-supplemented monocultures (+ AA) and un-
826  supplemented cocultures were measured relative to lysine-starved monocultures
827  (dashed line). In the presence of lysine, monocultures of the recipient (black triangles)
828  showed constantly increased cytoplasmic lysine levels. In coculture with the donor (grey
829  triangles), lysine levels in the recipient first declined and then increased back to the level
830 of the +AA condition. (C) In coculture with lysine-auxotrophic recipients, cytoplasmic
831 lysine levels of WT donor cells were significantly increased at 15 h of growth and
832  significantly decreased at 18 h of growth in coculture (C, grey circles) relative to
833  monoculture conditions (M, black circles). However, in case of the overproducers Amdh
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834 and AnuoN, cell-internal lysine levels did not vary between mono- and coculture
835  conditions. In all cases, mean (x95% confidence interval) are shown and asterisks
836  indicate the results of FDR-corrected paired sample t-tests (*P<0.05, ***P<0.001, n=4).
837
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839 Figure 6. The presence of auxotrophs increases transcription of biosynthetic
840 genes in the donor. (A, B) Top panels show growth of donor (D, circle) and recipient
841 (R, triangle) in coculture over time quantified as the number of colony-forming units
842 (CFU) per ml. Bottom panels show promoter activity of the donors’ amino acid
843  biosynthesis gene in monoculture (M, black circles) and coculture with an auxotrophic
844  recipient (C, grey circles). Promoter activity was quantified as the emission of GFP
845  fluorescence from a promoter-GFP-fusion construct and normalized per number of
846  donor cells (CFUs) containing the construct. Asterisks indicate significant differences of
847  the promoter activity of donor cells in mono- and coculture conditions (FDR-corrected
848  paired t-test: * P<0.05, n=4). Populations of donor cells (D, circles) were grown in
849  monoculture or cultivated together with (A) the histidine auxotrophic recipient (AhisD) or
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850  (B) the tryptophan auxotrophic recipient (AtrpB). In all cases, mean (£95% confidence
851 interval) are shown.
852

853

854
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